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Electrophysiological Approaches to the Study of Neuronal Exocytosis 

Preview 

The cornerstone of synaptic transmission is the calcium-dependent fusion of 
synaptic vesicles with the plasma membrane and the release of neuro- 
transmitter into the synaptic cleft. Renewed interest in the mechanisms that 
regulate these important first steps in neuronal communication has been 
sparked by recent advances in the identification of molecular interactions 
that underlie these processes and by the development of electrophysiological 
techniques that permit the direct examination of these processes in real- 
time. This review will present the emerging view of neuronal exocytosis and 
endocytosis that has developed as a consequence of these new electrophysio- 
logical approaches. Where instructive, results will be discussed in light of 
other new developments in the field in order to give the reader a compre- 
hensive understanding of our current knowledge. To set the stage, we begin 
with an overview of the traditional approach to the study of neurotransmit. 
ter release, electrical recordings from pairs of synapticalIy-connected ceils 
and discuss the applicibility of this approach to the study of exocytosis and 
synaptic vesicle dynamics in the central nervous system. The review will 
then focus on its main theme, the use of membrane capacitance measure- 
ments and whole-terminal patch-clamp recording techniques to directly 
monitor calcium-dependent synaptic vesicle fusion and retrieval in central 
neurons. Next, carbon fiber amperometry wiU be introduced, and informa- 
tion about the mechanics of secretory vesicle fusion and neurotransmitter 
release obtained with carbon fiber amperometrg will be presented. Finally, 
combinations and refinements of these electrophysiological approaches will 
be discussed. 

1 
Paired Recordings 

1.0 
Introduction 

Communication between neurons can occur chemically via synaptic trans- 
mission. This communication process begins when an invading depolariza- 
tion opens voltage-gated calcium channels in the nerve terminal of the pre- 
synaptic neuron, allowing calcium from the extracellular fluid to enter into 
the nerve terminal. The resultant elevation in presynaptic calcium somehow 
triggers the fusion of synapfic vesicles with the presynaptic plasma mem- 
brane and the release of vesicular contents into the synaptic cleft. Secreted 
neurotransmitter molecules then diffuse passively across the synaptic cleft 
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to the postsynaptic neuron, where they may bind to cell-surface receptors. 
The postsynaptic receptor with the appropriate number of bound neuro- 
transmitter molecules may either change its conformation to allow ions to 
cross the postsynaptic membrane and create an electrical signal and/or acti- 
vate a second-messenger-mediated cascade that might modulate ion channel 
activity. To complete the signalling process, neurotransmitter is cleared 
from the synaptic cleft, and the membrane that was added to the presynaptic 
plasma membrane by the fusion of synaptic vesicles, or its equivalent 
amount, is retrieved to preserve the surface area of the nerve terminal. 

1.1 
Introduction to Paired Recordings 

Synaptic transmission was first examined at the vesicular level by Katz and 
his colleagues at the frog neuromuscular junction using intraceUular record- 
ing techniques to monitor electrical activity. In their classic manuscript, FaR 
and Katz described the "chance observations" of randomly occurring spon- 
taneous miniature electric discharges at the endplates of resting muscle 
fibers (Fatt and Katz 1952). These miniature discharges ,"minis," were found 
to share a number of important characteristics with end-plate potentials, 
such as being localized to innervated regions of the muscle fiber and being 
blocked by curare. More importantly, when the release probability was low- 
ered, the amplitudes of the end-plate potentials were found to vary in a step- 
like fashion that corresponded to multiples of the mean mini amplitude 
(CastiUo and Katz 1954). Based upon these and other observations, FaR and 
Katz proposed that the endplate potential at the neuromoscular junction was 
comprised of multiple, summed miniature potentials, and they coined the 
term "quantum" to describe the mean size of these minis (FaR and Katz 
1952). Katz and colleagues went on further to hypothesize that synaptic 
vesicles were the physical representation of these quanta (Castillo and Katz 
1956; Katz 1966; Katz 1969). 

1.2 
Paired Recordings in the Central Nervous System 

In a manner analogous to recording from a presynaptic motor neuron and a 
postsynaptic muscle fiber, neurotransmitter release can also be studied in 
synaptically-connected pairs of neurons. In the central nervous system, 
patch-clamp recording techniques are often preferred over conventional 
sharp electrode intraceUular recordings because of the more favorable sig- 
nal-to-noise ratio of the patch-clamp technique and because the patch- 
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his colleagues at the frog neuromuscular junction using intraceUular record- 
ing techniques to monitor electrical activity. In their classic manuscript, FaR 
and Katz described the "chance observations" of randomly occurring spon- 
taneous miniature electric discharges at the endplates of resting muscle 
fibers (Fatt and Katz 1952). These miniature discharges ,"minis," were found 
to share a number of important characteristics with end-plate potentials, 
such as being localized to innervated regions of the muscle fiber and being 
blocked by curare. More importantly, when the release probability was low- 
ered, the amplitudes of the end-plate potentials were found to vary in a step- 
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1952). Katz and colleagues went on further to hypothesize that synaptic 
vesicles were the physical representation of these quanta (Castillo and Katz 
1956; Katz 1966; Katz 1969). 

1.2 
Paired Recordings in the Central Nervous System 

In a manner analogous to recording from a presynaptic motor neuron and a 
postsynaptic muscle fiber, neurotransmitter release can also be studied in 
synaptically-connected pairs of neurons. In the central nervous system, 
patch-clamp recording techniques are often preferred over conventional 
sharp electrode intraceUular recordings because of the more favorable sig- 
nal-to-noise ratio of the patch-clamp technique and because the patch- 
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clamp technique allows one to record from small neurons or parts of neu- 
rons, such as dendrites or nerve endings, that would not tolerate impale- 
ment with sharp electrodes. Even with these improvements, the application 
of quantal analysis to synaptic transmission in central neurons has been 
hampered by the fact that results can be difficult to interpret. One reason for 
this difficulty is that the release of neurotransmitter from a synaptic vesicle 
may open only a small number of low conductance ion channels on the 
postsynaptic neuron (e.g. Bekkers et al. 1990; Edwards et al. 1990; Korn and 
Faber 1991; Kraszewski and Grantyn 1992; KuUmann and Nicoll 1992; Jonas 
et al. 1993). Under these circumstances, single quantal events may be below 
the limit of resolution (Manabe et al. 1992). In addition, distinct peaks may 
not be apparent in the amplitude histograms of evoked responses (e.g. 
Bekkers and Stevens 1989; Bekkers et al. 1990). Statistical arguments and 
deconvolution techniques have been developed to extract quantal informa- 
tion from postsynaptic recordings (e.g. Redman 1990; Korn and Faber 1991), 
but these methods are indirect, and the outcomes tend to vary depending on 
the mathematical approach adopted (reviewed in Redman 1990; Korn and 
Faber 1991; Korn and Faber 1998). Indeed, complex statistical arguments 
have been used for the past twenty years to argue both for and against a 
presynaptic origin of long-term potentiation (Korn and Faber 1998). 

In addition to small signals, another complication in central neurons 
arises from that fact that a given neuron may receive multiple synaptic con- 
tacts along its dendritic tree, and these inputs may activate more than one 
kind of postsynaptic receptor. Furthermore, because the synaptic contacts 
may be located at different places in the dendritic tree, the signals derived 
from these contacts will be fdtered to varying extents by the dendritic cable 
properties. Therefore, it is highly unlikely that the summated signal re- 
corded at the soma will reveal information about the exocytotic state of any 
one specific bouton or active zone unless the synaptic inputs can be isolated. 
The importance of isolating synaptic inputs in order to study quantal release 
is weU-appreciated (e.g. Bekkers and Stevens 1989; Bekkers et al. 1990), and 
a recent study indicates just how critical this aspect of experimental design 
can be to the interpretation of the data (Forti et al. 1997). In this beautiful set 
of experiments, miniature responses were simultaneously recorded from the 
neuronal soma, which come from multiple boutons located throughout the 
dendritic tree, and at identified single boutons along the dendritic tree in 
cultured hippocampal neurons. Comparison of the time course of the minis 
revealed that the minis from an individual bouton were more consistent in 
amplitude than those recorded at the soma (Fig. 1.1). Indeed, the minis from 
a single bouton gave rise to an amplitude histogram that could be fitted with 
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Fig, 1.1, Simultaneous recordings from pairs of identified synapses and somata. A. 
Simultaneously acquired current traces from a synapse (upper trace in each pair) 
and soma (lower trace in each pair) of a hippocampal neuron. To make the synaptic 
recordings, a synapse was visualized by its ability to take up the fluorescent dye 
FM1-43 in an activity-dependent manner. This fluorescently-labelled region was 
then sucked into a large patch pipette and a loose-dectrical sea} (~ 10 m ~ )  was 
formed. Minis originating from the synapse enclosed in the loose-patch pipette 
appear synchronously in both traces, whereas minis from other synapses are seen 
exclusively in the somatic recording. Note the consistency of the waveform of the 
synaptic minis versus the variability in waveform of the somatic minis. B. Single 
synapse and population minis recorded at the soma. Minis arising from a single 
synapse are more similar in waveform than are minis that arise from a pop~ation of 
synapses. (Reprinted by permission from Nature 388:874-878, copyright 1997, 
MacmiUan Magazines Ltd.) 
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a single gaussian distribution, whereas the minis recorded in the soma, ex- 
hibited a high degree of amplitude variability and a broad, skewed ampli- 
tude distribution. Broad, skewed amplitude histograms have commonly 
been reported in the central synapse literature (e.g. Edwards et al. 1990; 
Manabe et al. 1992; Jonas et al. 1993), and the data of Forti et. al. suggest that 
at least some of this reported skewing might reflect the spontaneous release 
of neurotransmitter from multiple boutons rather than the quantal charac- 
teristics of any one particular bouton. Thus, these findings highlight the 
tremendous level of difficulty involved when one attempts to infer informa- 
tion about quantal release from small postsynaptic responses in cells receiv- 
ing numerous synaptic contacts located at a variety of electronic distances 
from the site of the recording. 

If the goal of an experiment is to extract information about exocytosis by 
applying the principles of quantal analysis, then the ideal situation would be 
to record from a postsynaptic neuron that is innervated exclusively on its 
soma and by a single presynaptic nerve fiber, situation analgous to the neu- 
romuscular junction. This would diminate concerns about diverse inputs 
and cable filtering. There are two synapses in the central nervous system 
where this has been possible, and both are located in the auditory pathway. 
The first of these is the fast glutamatergic synapse between the auditory 
nerve and neurons in the anteroventral cochlear nucleus. The second is the 
fast glutamatergic synapse between neurons in the anteroventral cochlear 
nucleus and neurons in the medial nucleus of the trapezoid body (the calyx 
of Held). At both synapses, a single presynaptic axon terminates in a caly- 
ceal-style ending that engulfs the soma of a single postsynaptic neuron. 
Similar to neuromuscular junction, exocytosis at these synapses was ob- 
served to be both quantal and stochastic, and the time course of full-sized 
post-synaptic currents at physiologic external calcium could be recreated by 
summing the miniature currents at low external calcium (Isaacson and 
Walmsley 1995; Burst and Sakmann 1996). This indicates that the release 
probability has the same time course regardless of whether the concentra- 
tion of external calcium is high or low and is independent of the amount of 
release. In addition, the synaptic delay, measured as the time between the 
peak of the calcium influx and the start of a miniature synaptic current, and 
the temperature sensitivity of release were nearly identical to that reported 
at the neuromuscular junction (Katz and Miledi 1965; Isaacson and 
Walmsley 1995; Borst and Sakmann i996). Thus, the most fundamental 
properties of exocytosis at these central synapses are comparable to those at 
the neuromuscular junction. This observation supports the idea that the 
basic exocytotic machinery is conserved among synapses, as portended by 
the highly-conserved nature of the individual proteins that comprise the 
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fusion machinery (Rothman and Orci 1992; Sudhof et al. 1993; Rothman 
1994; Sudhof 1995; Weber et al. 1998). 

Finally, it should be kept in mind that the above approaches to the study 
of synaptic vesicle fusion and neurotransmitter release rely entirely on the 
accuracy of postsynaptic receptors to report the timing and magnitude of 
neurotransmitter release. However, it cannot be assumed that postsynaptic 
receptors are always accurate reporters of exocytosis. For example, if the 
postsynaptic receptors desensitize with stimulation or undergo a decrease in 
number or activity (e.g. TrusseU and Fischbach 1989; Trusser et al. 1993; 
Tang et al. 1994; Liao et al. 1995), this wiU result in an underestimation of the 
amount of neurotransmitter that has been released. In addition, not only can 
the amount of time that it takes to clear the synaptic cleft of neurotransmit- 
ter affect the extent to which postsynaptic receptors desensitize, but slow 
clearance from the synaptic cleft may give the appearance of a delayed or 
asynchronous component of neurotransmitter release even though exocgto- 
sis has ceased. Finally, it has been suggested that at some synapses a single 
quantum can saturate the postsynaptic response (e.g. Edwards et al. 1990; 
reviewed in Redman 1990; Stevens 1993), although this interpretation is not 
without controversy (see Stevens 1993; Forti et al. 1997). The question of 
whether quantal size is pres~mapticaUg or postsynaptically determined is 
clearly of fundamental importance if one wishes to extrapolate information 
about neurotransmitter release and synaptic vesicle fusion by analyzing the 
amplitude of the postsgnaptic responses. Under any of these circumstances, 
an assay of exocytosis that is independent of the postsynaptic response is 
desirable. 

2 
Capacitance Measurements 

2.0 
Introduction 

The advent of membrane capacitance measurements as an index of synaptic 
vesicle fusion and retrieval has allowed for real-time measurements of both 
exocytosis and endocytosis. In addition to providing a direct method with 
which to presynaptically monitor membrane fusion and retrieval, mem- 
brane capacitance measurements can be readily combined with the simulta- 
neous measurement of intracellular calcium. This combination has led to a 
new understanding of the secretory process and its regulation by calcium in 
a variety of secretory ceUs, including mast cells, eosinophils, adrenal chro- 
maffin cells, pituitary melanotrophs, and pancreatic beta cells. More re- 
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cently, these techniques have been extended to the study of neuronal exocy- 
tosis and endocgtosis. This chapter will present data from capacitance ex- 
periments that have shaped our understanding of synaptic vesicle fusion 
and retrieval. Readers interested in the technical details of capacitance 
measurements are referred to the following excellent sources, (Lindau and 
Neher 1988) and (Gillis 1995). 

2.1 
Basic Principles of Capacitance Measurements 

The membrane capacitance technique for monitoring sgnaptic vesicle fusion 
and retrieval is based upon the premise that the surface area of a cell is pro- 
portional to its membrane capacitance. This relationship aUows one to use 
membrane capacitance, an electrically measurable parameter, as an assay to 
detect changes in cell surface area. In the simplest scenario, an increase in 
membrane capacitance indicates an increase in cell surface area due to the 
addition of membrane (i.e., fusion of synaptic vesicles with the plasma 
membrane), and a decrease in membrane capacitance indicates a decrease 
in membrane surface area due to membrane retrieval. However, because 
membrane capacitance measurements report the ne__!t membrane surface 
area, when there is no observed change in membrane capacitance over time, 
two possible interpretations exist. The first interpretation is that neither 
exocytosis nor endocgtosis has occurred during the observed interval. The 
second is that both exocytosis and endocytosis have occurred in perfect 
register, such that the amount of membrane added was precisely balanced 
by the amount of membrane retrieved. Even when a capacitance increase is 
discernable, the magnitude and timing of the true exocytotic response can 
be minimized or exhibit an apparent change in kinetics if endocytosis occurs 
concurrently. Similarly, studies of endocytosis can be confounded by on- 
going exocytosis. This underscores the importance of using independent 
means to determine the extent to which exocytosis and endocytosis tempo- 
rally overlap. 

Factors other than membrane surface area also contribute to the capaci- 
tance of a membrane, and therefore not all changes in membrane capaci- 
tance are attributable to changes in membrane surface area. For example, 
gating charge movements that occur when a voltage-gated ion channel is 
activated can cause a transient increase in membrane capacitance (Horrigan 
and Bookman 1994). Fortunately, it is relatively easy to identify and correct 
for changes due to gating charge movements in the capacitance record 
(Horrigan and Bookman 1994; Mennerick and Matthews 1996). In addition, 
spurious changes in membrane capacitance can be caused by changes in the 
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membrane or access conductances (Gillis 1995), and therefore one should 
monitor these conductances throughout an experiment to determine 
whether or not they have remained constant. If transient changes in mem- 
brane conductance do occur, it may be possible to separate these changes 
from transient changes in membrane capacitance through the use of a so- 
phisticated voltage command, such as a dual-frequency sine wave, to calcu- 
late the membrane capacitance (e.g. Gillis 1995; Barnett and Misler 1997). 
Finally, not all changes in membrane capacitance that result from mem- 
brane addition are indicative of neurotransmitter release. There are several 
reports of membrane addition that is triggered by calcium but does not 
result in the exocytosis of neurotransmitter (Coorssen et al. 1996; Ninomiya 
et al. 1996; Xu et al. 1998). Therefore, one should take care to also verify that 
an increase in membrane capacitance is due to synaptic vesicle fusion and 
results in the release of neurotransmitter (e.g. yon Gersdorff et al. 1998). 

Membrane capacitance measurements are made using a variant of the 
patch-clamp recording technique, and this dictates that either the nerve 
terminal be accessible to a patch pipette, or, ff the recording is made from 
the soma, the space-clamp properties of the neuron permit tight voltage 
control of the nerve terminal. A second consideration is that the secretory 
response must be large enough to be detectable as a change in capacitance. 
In mast cells, step-like increases can be observed in the capacitance record 
that correspond to the fusion of single secretory granules with the plasma 
membrane (Almers and Neher 1987). In contrast, the small, dear-core syn- 
aptic vesicles of neurons are an order of magnitude smaller than the large, 
dense-core secretory vesicles of the mast cell. Fusion of a single synaptic 
vesicle will contribute only a small amount, perhaps as little as 26 aF, to the 
total membrane capacitance ( yon Gersdorff et al. 1996; Neves and Lagnado 
1999). This is below the resolution for capacitance measurements that are 
made using the whole-ceU recording configuration and below the currently 
achievable resolution using cell-attached recordings (see section 4.0). How- 
ever, ff multiple vesicles fuse in response to a stimulus, which can happen if 
there are multiple active zones per neuron and/or multiple active release 
sites per active zone, the summed capacitance change can be sufficiently 
large to permit detection of neuronal exocytosis. This allows the behavior of 
a population of vesicles to be examined. 

Neurons in which capacitance measurements have been used to success- 
fully study synaptic exoc)rtosis and endocytosis include retinal bipolar neu- 
rons (yon Gersdorff and Matthews 1994a), retinal photoreceptors (Rieke and 
Schwartz 1994; Rieke and Schwartz 1996), and hair cells from the sacculus 
(Parsons et al. 1994) and inner ear (Moser and Beutner 2000). Each of these 
neurons is accessible to a recording electrode and is electrically compact, 
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and this allows for exceUent voltage control of the presynaptic terminal. This 
is particularly true for the bipolar neuron, in which a whole-cell recording 
electrode can be placed directly on the synaptic terminal. Each of these neu- 
rons also shares the common feature that they contain a specialized struc- 
ture at their active zones to which small, dear-core synaptic vesicles are 
tethered. In bipolar neurons and photoreceptors these structures are sheet- 
like in appearance and are called "synaptic ribbons" (Dowling 1987). In hair 
cells, these structures are more spherical in shape and are called "synaptic 
bodies" (Hama and Saito 1977; Lenzi et al. 1999). Multiple synaptic ribbons 
or synaptic bodies are commonly found in these neurons, depending upon 
the species, and this presumably indicates that there is more than one region 
from which secretion of neurotransmitter can occur. The combination of 
accessibility, electrical compactness, and multiple active zones makes these 
three neurons of the central nervous system ideal for the study of calcium- 
dependent membrane addition and retrieval using the capacitance tech- 
nique. 

2.2 
The Neuronal Exocytotlc Response 

The first study of synaptic vesicle fusion in a central neuron was conducted 
in synaptic terminals of bipolar neurons acutely isolated from the retina of 
goldfish (yon Gersdorff and Matthews 1994a). Capacitance measurements 
were used to track changes in membrane surface area indicative of synaptic 
vesicle fusion and retrieval, and intraterminal calcium concentration was 
monitored using the fluorescent calcium indicator dye Fura-2. To elevate 
intraterminal calcium and trigger exocytosis, a depolarizing step change in 
membrane potential of an intensity and duration known to evoke release of 
the neurotransmitter glutamate from these terminals (Tachibana and Okada 
1991) was utilized. In response to membrane depolarization and calcium 
influx through presynaptic voltage-gated calcium channels (Heidelberger 
and Matthews 1992; Tachibana et al. 1993), a reversible increase in the 
membrane capacitance of the synaptic terminal was observed (Fig. 2.1). The 
addition of membrane was found to absolutely require the elevation of intra- 
terminal calcium, and the amplitude of the capacitance increase was found 
to closely track the intraterminal calcium. Upon membrane repolarization 
and closure of calcium channels, the membrane capacitance returned to 
baseline with a time constant of = I-2 seconds. The simplest interpretation 
of these data is that the increase in membrane capacitance reflects calcium- 
dependent membrane addition, presumably due to the calcium-triggered 
fusion of synaptic vesicles with the plasma membrane during the process of 
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Fig. 2.1. Activation of calcium current increased intraterminal calcium and the 
membrane capacitance of an isolated synaptic terminal of a retinal bipolar neuron. 
At the arrow (lower panel), a 250 ms depolarization was given from -60 mV to 0 mV 
to activate presynaptic calcium channels. The inward current carried by calcium 
ions is shown on an expanded time scale in the inset. The lower panel shows the 
intraterminal calcium record calculated from the change in fluorescence of the cal- 
cium indicator dye Fura-2. The upper panel shows the corresponding capacitance 
record. Note that in addition to the capacitance increase seen following calcium 
entry, the membrane capacitance returns to the prestimulus level following the 
closure of the presynaptic calcium channels. (Reprinted by permission from Nature 
367:735-739, copyright 1994, Macmillan Magazines Ltd.) 

exocvtosis, and the return of the capacitance to baseline represents mem- 
brane retrieval. 

This interpretation is supported by two independent lines of evidence. In 
a very elegant study, the release of excitatory neurotransmitter glutamate 
from synaptic terminals and the fusion of synaptic vesicles were concur- 
rently monitored (yon Gersdorff et al. 1998). These key experiments were 
performed by acutely positioning a bipolar neuron synaptic terminal on top 
of a second neuron known to contain functional glutamate receptors. Syn- 
aptic terminal membrane capacitance was monitored in parallel with patch- 
clamp recordings of glutamate-gated currents in the second neuron. The 
timing and amplitude of a membrane capacitance increase and the timing 
and amount of glutamate-gated current were found to be in excellent 
agreement, indicating that in these terminals, increases in membrane ca- 
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pacitance accurately indicate the exocytotic release of the excitatory neuro- 
transmitter glutamate. In addition, the authors demonstrated that the ca- 
pacitance increase in bipolar neuron synaptic terminals evoked by brief to 
moderate intensity depolarizations reflects exocytosis uncontaminated by 
endocytosis. They also provided evidence to indicate that the capacitance 
decrease observed upon repolarization solely reflects endocytosis (yon 
Gersdorff et al. 1998). In a separate study, optical imaging techniques were 
employed to track membrane turnover in bipolar neuron synaptic terminals. 
Again, the results demonstrated that exocytosis is unlikely to be confounded 
by endocytosis (Rouze and Schwartz 1998). Thus, the simple interpretation 
that an increase in membrane capacitance indicates exocytosis and a de- 
crease in membrane capacitance indicates endocytosis holds for the synaptic 
terminal of the bipolar neuron for standard stimulation protocols. If one 
uses a more intense, prolonged stimulus or trains of stimuli, this simple 
interpretation may no longer be valid (Lagnado et al. 1996). Correlations of 
capacitance changes with neurotransmitter release have not been attempted 
for the other neurons, but they have been performed for some neuroendo- 
crine cells using carbon-fiber amperometry (see section 3) as the independ- 
ent detector of release. In addition, capacitance measurements have been 
combined with optical methods of tracking granule fusion and retrieval to 
determine the extent to which exocytosis and endocytosis might overlap in 
chromaffin cells (Smith and Betz 1996). 

2.3 
The Calcium-Dependence of Exocytosis 

The pioneering work of Katz and Miledi clearly demonstrated that the influx 
of calcium into the presynaptic terminal was necessary for synaptic exocy- 
tosis (Katz and Miledi 1967; Miledi 1973). Until recently, however, it has 
proven very difficult to determine precisely the relationship between the 
intraceUular calcium concentration and the exocytotic response or identify 
additional calcium-dependent steps along the secretory pathway. The devel- 
opment of calcium-sensitive fluorescent indicator dyes (e.g. Grynkiewicz et 
al. 1985; Raju et al. 1989; Konishi et al. 1991), capacitance measurements, 
and neuronal preparations that are accessible to direct biophysical investi- 
gation has led to a renewal of the challenge to understand the calcium de- 
pendence of synaptic exocytosis and the role of coupling between voltage- 
gated calcium channels and the fusion apparatus. 
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2.3.1 
The Calcium-Dependence of Synaptic Exocytosis 

The first examination of the intraterminal calcium threshold for synaptic 
exoc~osis was also performed in synaptic terminals of retinal bipolar neu- 
rons (yon Gersdorff and Matthews 1994a). Membrane capacitance meas- 
urements were used to track fusion of synaptic vesicle fusion, and intrater- 
minal calcium was monitored with the use of a calcium-sensitive fluorescent 
indicator dye. To avoid the complications that are associated with attempt- 
ing to accurately measure the rapidly-changing and spatially-heterogenous 
calcium signal that results from the activation of voltage-gated calcium 
channels (e.g. Hernandez-Cruz et al. 1990; Augustine and Neher 1992), intra- 
terminal calcium was homogeneously elevated within the synaptic terminal 
by either internal dialysis of the cytosol with calcium-buffered solutions or 
by the external application of a calcium ionophore. Both methods of elevat- 
ing the intraterminal calcium concentration revealed that the concentration 
of free calcium required to trigger synaptic vesicle fusion was greater than 
20 pM (yon Gersdorff and Matthews 1994a). In addition, a second compo- 
nent of membrane addition, triggered by low concentrations of calcium 
(Lagnado et al. 1996; Rouze and Schwartz 1998) and inhibited by > 20 HM 
calcium (Rouze and Schwartz 1998), has been reported in optical assays of 
membrane turnover in synaptic terminals. The significance of this second 
component for synaptic signaling has not been established, and therefore it 
will not be discussed further in this review. 

The fundamental relationship between intraterminal calcium and the rate 
of synaptic vesicle fusion, capacitance and calcium measurements has been 
determined in synaptic terminals by combining flash-photolysis of caged- 
calcium with capacitance measurements (Heidelberger et al. 1994). Flash- 
photolysis of caged-calcium can be used to rapidly and homogeneously 
elevate cytosolic calcium (Naraghi et al. 1998), and this permits the fast ac- 
quisition of a spatially-averaged calcium signal to be used as an index of the 
calcium concentration near release sites. Furthermore, because this photo- 
lyric approach does not require a change in membrane potential or the acti- 
vation of presynaptic voltage-gated conductances, synaptic vesicle fusion 
can be monitored during the stimulus. This permits the rate of synaptic 
vesicle fusion with respect to intraterminal calcium to be directly deter- 
mined. This same information is not readily obtainable when a depolarizing 
voltage step is used to trigger exocytosis due to the confounding effects that 
the opening of voltage-gated calcium channels changes has on capacitance 
measurements. One possible caution with this technique arises from reports 
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Fig. 2.2. Synaptic terminals, but not somata, respond to the elevation of cTtosolic 
calcium with an increase in membrane capacitance. A The capacitance record of an 
isolated synaptic terminal of a retinal bipolar neuron. Immediately following flash- 
photolysis of caged-calcium and release of calcium into the cytosol, the membrane 
capacitance increased by 186 ~. B The capacitance record of an isolated bipolar 
neuron soma that lost its axon and synaptic terminal during the dissociation proc- 
ess. After flash-photolysis of caged-calcium, membrane capacitance slowly decreased 
by 45 ~,  and then slowly returned to baseline. There is no indication of calcium- 
dependent membrane addition in the soma. In both A and B, timing of the flash is 
given by the electrical artefact (i.e. spike) in the capacitance record and by the arrow. 
Flash intensity was near-maximal to elevate internal calcium above 100 ~Vl. 
(Reproduced from The ]ournal of General Physiology, 1998, 111,225-241, by copy- 
right permission of The Rockefeller University Press) 

that the global elevation of cytosolic calcium may stimulate fusion of mem- 
brane that is not related to exocytosis and release of neurotransmitter 
(Oberhauser et al. 1995; Oberhauser et al. 1996; Coorssen et al. 1996; Ni- 
nomiya et al. 1996; Xu et al. 1998). Control studies in synaptic terminals of 
bipolar neurons, however, suggest that fusion events that are not related to 
exocytosis are not a major concern in synaptic terminals (Heidelberger 
1998). The exocytotic response evoked by flash-photolysis of caged-calcium 
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was found to be restricted to the synaptic indicating that either the pool of 
fusion-competent membrane or the fusion machinery, or both, is specifi- 
cally localized to the synaptic terminal (Fig. 2.2). Furthermore, cross- 
depletion experiments indicate that the same pool of membrane fuses in 
response to flash-photolysis of  caged-calcium as to the activation of presyn- 
aptic calcium channels (Heidelberger 1998), 

In synaptic terminals, elevation of the intraterminal calcium concentra- 
tion to greater than 10-20 pM via the flash-photolysis of caged-calcium was 
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Fig. 2.3. An increase in membrane capacitance is observed when intraterminal cal- 
cium is elevated above 20 pM by flash-photolysis of caged-calcium. The timing of the 
flash is given by the flash artefact at time = 0 or by arrows (insets). The numbers 
above each trace show the average intraterminal calcium concentration 100 ms after 
the flash calculated using the ratiometric calcium-indicator dye Furaptra. The rate 
constant, a, was obtained for each response by fitting a single exponential to the 
rising phase of the capacitance trace. Data in A-C were obtained with a 1,600 Hz sine 
wave and a 190 V flash, l~lash intensity was controlled by the insertion ~f neutral 
density filters into the light path. Trace D was obtained with a 3,200 Hz sine wave 
and an unattenuated 225 V flash. Insets show 60 ms of the trace on an expanded 
time scale. Curve (insets) shows the exponential fit to the data. Note that the rate of 
membrane addition increases with higher intraterminal calcium. (Data used with 
permission from Nature 371:513-515, copyright 1994, Macmillan Magazines Ltd.) 
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observed to trigger a rapid increase in membrane capacitance (Heidelberger 
et al. 1994). This calcium threshold for synaptic vesicle exocytosis is in good 
agreement with the estimate of > 20 gM obtained in the dialysis experiments 
of yon Gersdorff and Matthews (yon Gersdorff and Matt.hews 1994a). The 
somewhat lower estimate obtained in the flash studies is likely to be the 
more accurate estimate because in a flash-photolysis experiment the calcium 
rise is concerted rather than protracted, making it easier to detect a small 
capacitance response. The rising phase of a capacitance response in synaptic 
terminals was typically well-described by a single exponential function (Fig. 
2.3). This suggests that the population of synaptic vesicles that fuses in re- 
sponse to a global elevation in intraterminal calcium is homogeneous with 
respect to the calcium-dependent kinetics of fusion (Heidelberger et al. 1994; 
Heidelberger 1998;). 

The rate of the capacitance rise was steeply dependent upon the post- 
flash intraterminal free calcium concentration (Fig. 2.3), particularly for 
intraterminal calcium concentrations between 10 and 200 pM. Within this 
calcium range, the rate of membrane addition increased by nearly four log 
units for a one log unit increase in intraterminal calcium (Fig. 2.4B). This 
observation is in agreement with the fourth-power relationship between 
presynaptic calcium and neurotransmitter release that has been proposed 
for synaptic release, based upon indirect methods, at neuromuscular junc- 
tion (Dodge and Rahamimoff 1967), squid giant synapse (Augustine et al. 
1985; Augustine and Charlton 1986), and cerebellar synapses (Mintz et al. 
1995). Between 100-200 btM calcium, the rate of membrane addition was 
half-maximal, and above ~ 200 pM, the rate of membrane addition abruptly 
saturated with a rate constant of ~, 3000Is (Fig. 2.4B) (see also (Heidelberger 
1998). In this latter range of calcium concentrations, the calcium-dependent 
delay between the elevation of intraterminal calcium and the start of the 
capacitance response was less than one millisecond (Heidelberger et al. 
1994). These results indicate that in nerve terminals, synaptic vesicles can 
exocytose rapidly, synchronously, and with minimal delay when the local 
calcium concentration rises above ~ 100 I~M. 

To more quantitatively evaluate the calcium-sensitivity of the synaptic 
release process and approximate the affinities of the individual calcium 
binding sites, the relationship between the rate of membrane addition and 
the intraterminal free calcium concentration was mathematicaUy modeled 
(Heidelberger et al. 1994). The form of the model (see Fig. 2.4A) was bor- 
rowed by analogy from earlier work in neuroendocrine ceils in which cal- 
cium-dependent secretion was proposed to occur by a series of sequential 
steps (Heinemann et al. 1993; Neher and Zucker 1993; Thomas et al. 1993b). 
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Fig. 2.4. The calcium-dependence of the rate of synaptic vesicle fusion. A. A model of 
calcium-dependent exocytosis in synaptic terminals. The model details the sequen- 
tial binding of 4 calcium ions followed by a final, calcium-independent fusion step. 
The vesicle pool Bo represents the population of synaptic vesicles that are fusion- 
competent and require only the elevation of intraterminal in order to proceed to- 
wards fusion. The starting size of Bo, 77 fF, was obtained from the average size of the 
capacitance increases. Pools Bl, B2, B3 and B4 represent populations of vesicles with 
one, two, three, or four calcium ions bound. The rate constant for the fusion step, 7, 
was set to 3000 s q, a value close to the maximum measured rate of membrane addi- 
tion. The forward and backwards rate constants, c~ and [5, were set to 14 x 106 M% "a 
and 2,000 s l respectively. The cooperativity factor for the fowards direction, a, was 
set to I, and the cooperativity factor for the backwards reaction, b, was set to 0.4. 
Thus, the dissociation constant for the first calcium binding site was 143 I~M, 57 pM 
for the second binding site, 23 FM for the third, and for the last one, 9.14 IzM. B. 
Exponential rate constants for the rise of each capacitance response are plotted 
against the post-flash intraterminal calcium concentration. The curve represents the 
predicted relationship between rate of membrane addition and intraterminal cal- 
cium that is based upon the model and using the parameters indicated in (A). 
(Reprinted by permission from Nature 371:513-515, copyright 1994, Macmillan 
Magazines Ltd.) 
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In the chromaffin cell model, the transition from the docked and primed 
state, 'B0,' to the fused state, 'C,' was proposed to require three independent 
calcium-binding reactions that preceded a final, calcium-independent, fu- 
sion step (Heinemann et al. 1994). While this type of model describes the 
chromaffin cell date quite well, it does not adequately describe the data from 
synaptic terminals. In synaptic terminals, ff no cooperativi W between bind- 
ing sites is assumed, then the binding of at least six calciums ions has to be 
proposed in order to match the steep rise and abrupt saturation of the rate 
versus calcium relationship. Because the initial slope suggested a Hill coef- 
ficient of four, a fourth calcium binding step was added to the model, and a 
cooperative interaction between the binding sites was added to accommo- 
date the steep rise and abrupt saturation. The resultant synaptic model fits 
the terminal data quite well (Fig. 2.4B, curve) and predicts that the binding 
of each of four calcium ions to the calcium sensor (be it a single protein or 
several proteins) occurs independently of each other. However, once the 
four ions are bound, the model predicts that it would be difficult to remove a 
calcium ion from the four-calcium bound state. Conceptually, one might 
imagine that a change occurs in the calcium sensor when four calcium ions 
are bound and that this conformational switch favors the reaction proceed- 
ing towards vesicle fusion. However, once the first calcium ion is lost from 
the sensor, the model predicts that it will become progressively easier to 
remove each of the remaining calcium ions. Thus, the model might be con- 
sidered "doubly" cooperative in the sense that it requires the binding of 
more than one calcium ion in order to trigger exocytosis, and it calls for 
cooperativit T between binding sites in the unbinding direction. The model 
estimates that the overall Kd of the fusion reaction for calcium is 194 I~M, 
and that the Kd's for each of the four calcium-binding sites range from 
143 pM (for the first calcium ion to bind) to 9.14 pM (for the last of the four 
ions to bind) (Heidelberger et al. 1994). The relatively low affinities indicate 
that in synaptic terminals, the calcium-sensor for exocytosis is likely to re- 
lease calcium from its binding sites quickly when calcium channels close 
and calcium gradients begin to dissipate. 

2.3.2 
The Calcium-Dependence of Exocytosis in Other Secretory Cells 

?.3.2.1 
Photoreceptors 

Quantitative data about the calcium-dependence of the rate of exocytosis is 
not available for other synaptic terminals. However, the calcium-threshold 
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of release has been directly determined for the rod photoreceptor. In this 
tonically-active neuron, flash-photolgsis experiments with caged-calcium 
suggest that the calcium threshold for release is ~. 2 pM (Rieke and Schwartz 
1996). This contrasts sharply with the 10-20 FzlVl calcium threshold of the 
bipolar neuron. Indeed, this low threshold is reminiscent of the calcium 
threshold reported for secretory cells that contain dense-core vesicles (see 
below). A rationale for a lower calcium threshold in the photoreceptor may 
lie in its operation. Photoreceptors differ from most other neurons in that 
they tonically release neurotransmitter (Rieke and Schwartz 1996), and in- 
formation about light onset is signaled by a reduction in the release neuro- 
transmitter rather than by a switch from quiescence to secretion. Further- 
more, the light response is not particularly fast, taking as long as 200 ms for 
the change in membrane potential to reach its peak following absorption of 
a photon (Rodieck 1998). Thus, one might argue that speed of the offset of 
neurotransmitter release is not a critical feature of synaptic signaling in the 
rod photoreceptor, and therefore a low-affinity calcium sensor is not man- 
dated. One might also argue that a 10-fold lower calcium-threshold could be 
advantageous to a tonically-secreting neuron because it would help to con- 
tain the average cytosolic calcium concentration during on-going secretion. 
From these perspectives, a calcium binding protein with a low threshold for 
release and a high affinity for calcium might be desirable for a neuron like 
the rod photoreceptor. This interpretation remains purely speculative at 
present because full characterization of the calcium dependence of gluta- 
mate exocytosis in photoreceptors has not yet been achieved. 

2.3.2.2 
Large Dense-Core Granule Fusion 

Exocytosis of dense-core granules in neurosecretory cells has a markedly 
different calcium-dependence than the exocytosis of small, clear-core vesi- 
cles in bipolar neuron synaptic terminals. In contrast to the 10-20 
threshold observed in synaptic terminals (Heidelberger et al. 1994; yon 
Gersdorff and Matthews 1994a), the threshold for non-synaptic release is 
typically estimated to be less than 1 I~M. Cells examined include neuroendo- 
crine cells, neurohypophysial endings and neuronal somata (Thomas et al. 
1990; Lindau et al. 1992; Okano et al. 1993; Huang and Neher 1996). In addi- 
tion, PC12 cells, transformed cells isolated from rat pheochromcytomas that 
contain both small and large vesicles, exhibit two distinct components of 
release (Kasai et al. 1996). The faster component, thought to be due to the 
fusion of small, synaptic-like vesicles, has a calcium threshold > 10 pM, and 
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the slower component has a lower threshold and is thought to be associated 
with large dense-core granule fusion (Kasai et al. 1996). 

The calcium-dependence of the rate of release also appears to be sub- 
stanfially different between synapfic vesicle and dense-core granule fusion. 
Pot example, secretion from neuroendocrine cells is less steeply dependent 
upon internal calcium, exhibiting a third-order dependence upon intracellu- 
lar calcium. Furthermore, unlike in synaptic terminals, there is no evidence 
to support a cooperative interaction between the binding sites (Thomas et al. 
1993b; Heinemann et al. 1994; Huang and Neher 1996). In addition, the rate 
of release can be an order of magnitude or more slower in neurosecretory 
(Thomas et al. 1993b; Heinemann et al. 1994; Ninomiya et al. 1997) than in 
synapfic terminals (ie, Heidelberger et al. 1994; Mennerick and Matthews 
1996; Heidelberger 1998). A faster component of release that approaches the 
rates measured in synapfic terminals has been observed in a population of 
bovine adrenal chromaffin cells, but it is unclear what other factors differ- 
entiate these cells from their slower counterparts (Heinemann et al. 1994). 

Based upon the above comparisons, the following generalizations may be 
made. The first is that there can be striking differences in the calcium- 
binding properties of the calcium sensor for exocytosis used by secretory 
cells. These differences may reflect the functional requirements of the cells. 
Neurons specialized for the rapid release of neurotransmitter are likely to 
possess a calcium sensor with four or more low-affmity calcium-binding 
sites. Secretory cells with lower requirements for speed are apt to use a cal- 
cium sensor with a lower number of binding sites, with each site having a 
relatively high affinity for calcium. Secondly, there is more likely to be coop- 
erativity between the calcium binding sites of the calcium sensor at syn- 
apses, where the timing of release may be critical, than in cells that secrete in 
a humoral fashion. Thirdly, the maximum rate of exocytosis seems to be 
faster at synapses than for neuroendocrine cells. These features all have 
important implications for the timing of exocytosis (section 2.4.2). In addi- 
tion, they suggest that there are important differences in the calcium- 
sensitivity of the secretory machinery at the protein level, between the cal- 
cium sensor for synaptic exocytosis and the calcium sensor used to trigger 
the release of hormones from neuroendocrine cells. 

2.3.3 
Is There Heterogeneity in the Calcium-Sensitivity of Fusion? 

Recent studies in squid giant synapse and in sea urchin egg fertilization have 
provided evidence to support the hypothesis that not all secretory vesicles 
have the same calcium sensitivity for fusion (Hsu et al. 1996; Blank et al. 
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1998a; Blank et al. 1998b). In one instance this has been attributed to a dif- 
ference in the intrinsic calcium-sensitivity of granules (Blank et al. 1998a; 
Blank et al. 1998b). In another instance, the difference is thought to be due 
to a calcium-dependent adaption of the secretory apparatus (Hsu et al. 
1996). These experiments are particularly intriguing because the methods 
employed to elevate intracellular calcium (flash-photolysis of caged-calcium 
and injection of calcium-buffered solutions) eliminate concerns about the 
possible contributions of activity-dependent changes in calcium influx and 
arguments about the location of the secretory granules relative to calcium 
channels and point strongly towards the possibility that something down- 
stream from calcium entry is different. In vertebrate secretory cells, while 
some populations of vesicles fuse with different calcium-dependent kinetics 
than others, data obtained with the capacitance technique do not support 
either a differential or a changing calcium sensitivity of the calcium-binding 
trigger protein for exocytosis. Rather, the common interpretation has been 
that vesicles with slower release kinetics are located more distantly from the 
calcium channels than those with faster release kinetics (see section 2.5). 
The strongest evidence for this interpretation comes from the results of 
experiments that use flash-photolysis of caged-calcium to uniformly elevate 
intraterminal calcium and trigger exocytosis. If individual vesicles were to 
have different calcium affinities a priori ,  one would imagine that the ampli- 
tude of the capacitance response should be graded with respect to intrater- 
minal calcium such that a larger flash should trigger a larger capacitance 
jump. Such a relationship has not been observed in either neuroendocrine 
cells or synaptic terminals (Gillis 1995; Heidelberger 1998). Furthermore, in 
synaptic terminals, which exhibit two kinetically distinct components of 
vesicle fusion in response to membrane depolarization (yon Gersdorff and 
Matthews 1994a; Mennerick and Matthews 1996; Sakaba et al. 1997; yon 
Gersdorff et al. 1998), the capacitance increase elicited by flash-photolysis of 
caged-calcium is typically well-described by a single exponential, consistent 
with the fusion of a single kinetic population of vesicles (Heidelberger et al. 
1994; Heidelberger 1998). Thus, these data argue against the idea of fusion- 
competent synaptic vesicles that have different intrinsic calcium sensitivities 
in bipolar neurons synaptic terminals. In addition, the data support the 
hypothesis that location of synaptic vesicles relative to the sites of calcium 
influx underlies the observed kinetic components of fusion reported in de- 
polarization experiments. A recent study has indicated that vesicles that 
newly join the release-ready pool are more reluctant to fuse than other vesi- 
cles at the calyx of Held (Wu and Borst 1999), but additional studies such as 
those described above will be necessary to determine whether this is due to 
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an intrinsic difference in the ability of these newly-arrived vesicles to fuse or 
whether newly-arriving vesicles may be located more distantly from calcium 
channels. 

2.4 
The LocaUon of Caldum Channels With Respect to Release Sites 

2.4.1 
Theoretical and Experimental Evidence 

The data from the flash-photolysis experiments suggest that when the cal- 
cium concentration near release sites is 200 plVl or higher, the rate of synap- 
tic vesicle fusion is at its maximum. This raises the question of whether a 
calcium concentration of 200 pM or higher is actually achieved at the plasma 
membrane under normal physiological conditions. From a theoretical per- 
spective, the answer to this question may be "yes." Mathematical models 
have estimated that the calcium ion concentration achieved near the mouth 
(< 50 nm) of an open calcium channel, a calcium microdomain, can reach 
several hundred micromoles (Chad and Eckert 1984; Simon and Llinas 1985; 
Yamada and Zucker 1992). The existence of a high calcium concentration 
under the plasma membrane when calcium channels are open is also sup- 
ported by experimental evidence. Current through calcium-activated potas- 
sium channels has been very cleverly used to estimate the submembrane 
calcium concentration. Using this approach, the submembrane calcium 
concentration is believed to reach 1 mM in response to membrane depolari- 
zation in hair cells (Roberts et al. 1990) and 60 pM in chromaffin cells 
(Prakriya et al. 1996). Estimates at the squid giant synapse using optical 
methods have reported that presynaptic calcium may rise to 200-300 ~ in 
discrete regions in response to membrane depolarization (Llinas et al. 1992). 
Thus, it seems reasonable to postulate that if the calcium-sensitive neuronal 
trigger for synaptic release is located within molecular proximity of an open 
calcium channel, it may indeed sense a free calcium concentration of a few 
hundred micromoles and be able to fuse with high probability within a frac- 
tion of a millisecond as proposed (e.g. Heidelberger et al. 1994). 

The second question raised by the results of the flash-photolysis studies 
is whether synaptic release sites are located close enough to the calcium 
channels to detect microdomains of elevated calcium. The answer is likely to 
be "yes." Several classes of voltage-gated calcium channels have been found 
to interact at the molecular level with syntaxin (Bennett et al. 1992; Sheng et 
al. 1994; Catterall 1998; Wiser et al. 1999; Yang et al. 1999; Mochida 2000), a 
component of the minimal fusion machinery (Weber et al. 1998). This mo- 



24 R. Heidelberger 

lecular interaction appears to be necessary for rapid, calcium-dependent 
synchronous release of neurotransmitter (Mochida et al. 1995). In addition, 
when the interaction between calcium channels and syntaxin was altered, 
both calcium channel function (Bezprozvanny et al. 1995; Stanley and Mi- 
rotznik 1997; Catterall 1998; Zhong et al. 1999) and the calcium-sensitivity of 
exocytosis was affected (Retfig et al. 1997). Bipolar neurons, similar to pho- 
toreceptors and hair cells, trigger glutamate release via calcium influx 
through a presynaptic voltage-gated calcium channel of the L-type (Heidel- 
berger and Matt.hews 1992; Tachibana et al. 1993). This particular calcium 
channel has not been molecularly characterized, and so it is not yet known 
whether it too interacts with syntaxin. However, the isoform of syntaxin 
used in bipolar neurons has been identified as syntaxin 3 (Morgans et al. 
1996), and it is tempting to speculate that this isoform specifically interacts 
with the presynaptic L-type calcium channel. 

Experimental evidence in synaptic terminals also favors the interpreta- 
tion that presynaptic calcium channels and the secretory machinery are co- 
localized. As illustrated in Fig. 2.1, when calcium-influx through voltage- 
gated calcium channels is used to trigger exocytosis, the corresponding spa- 
tially-averaged intraterminal calcium concentration is in the 1-2 laM range 
(yon Gersdorff and Matthews 1994a). However, elevating the bulk cytosolic 
calcium to 1-2 pM is ineffective at triggering synaptic vesicle fusion. In or- 
der to trigger exocytosis when the intraterminal calcium concentration is 
elevated in a spatially homogeneous manner, the intraterminal calcium 
concentration must rise to at least 10-20 pM (Heidelberger et al. 1994; yon 
Gersdorff and Matthews 1994a; Heidelberger 1998). These apparently dispa- 
rate findings can be reconciled if one embraces the hypothesis that local 
microdomains of elevated calcium concentration exist in restricted regions 
under the plasma membrane near open calcium channels and considers that 
such rapidly rising and falling microdomains are not detectable with the 
standard fluorescence techniques that have been employed for the meas- 
urement of intracellular calcium (e.g. Augustine and Neher 1992). From this 
perspective, one must then assume that in order to sense these microdo- 
mains and be governed by changes in local calcium rather than by the aver- 
age cytosolic calcium, the release machinery must also be located close to 
the presynaptic calcium channels. 

The question of whether presynaptic calcium channels are colocalized 
with release sites in synapses has also been experimentally addressed by 
comparing the efficacies of exogeneous calcium buffers to suppress exocy- 
tosis. The underlying assumption is that the calcium sensor for exocytosis 
and the exogeneous buffer will compete for calcium ions. If the sites of cal- 
cium entry are located very near to the calcium sensor for exocytosis, an 
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exogeneous buffer that has fast calcium binding kinetics will have a better 
chance at competing with the endogeneous sensor for calcium ions com- 
pared to an exogeneous buffer with an identical dissociation constant but 
slower on-rate (Stern 1992). If the sites of calcium entry are remote from the 
calcium sensor, then the on-rate of the exogeneous buffers becomes less 
important, and a calcium buffer with the appropriate dissociation constant 
will be able to intercept calcium ions before they reach the sensor. At squid 
giant synapse, calcium buffers with fast calcium binding kinetics are more 
efficacious in blocking neurotransmission than buffers with similar Kd's but 
slower calcium binding kinetics (Adler et al. 1991). Similarly in synaptic 
terminals and hair cells of the inner ear, the fast calcium buffer BAPTA is a 
far better blocker of exocytosis than EGTA, a calcium chelator with a disso- 
ciation constant similar to BAPTA but with a slower on-rate (von Gersdorff 
and Matthews 1994a; Mennerick and Matthews 1996; Sakaba et al. 1997; 
Moser and Beutner 2000). These results are consistent with a close co- 
localization of calcium channels and release sites at active zones. 

Similar results arc observed in peptidergic nerve terminals of the neuro- 
hypophysis. In these honorary neurons, BAPTA, with its faster on-rate, was 
found to be a better blocker of fusion than EGTA (Seward et al. 1995). Fur- 
thermore, closer scrutiny revealed that the previously reported inhibition of 
secretion by EGTA (Lira et al. 1990) may actually be attributable to the pre- 
vention of an obligatory calcium-dependent preparatory step rather than to 
inhibition of calcium-triggered fusion (Seward et al. 1995). At the calyx of 
Held, EGTA appreciably dampens the secretory response (Borst and Sak- 
mann 1996), and this has been interpreted to indicate that the fusion of a 
synaptic vesicle at this synapse requires the opening of multiple calcium 
channels rather than a single calcium channel. In contrast to nerve termi- 
nals, secretion is substantially reduced or even blocked by millimolar EGTA 
in endocrine cells and dorsal root ganglion cell somata (Neher and Marty 
1982; Augustine and Neher 1992; Ammala et al. 1993; Huang and Neher 
1996). This suggests that in these secretory cells, calcium channels and re- 
lease sites are not as closely co-localized as they are in nerve terminals. 
Taken together, the results of the experiments described in this and the 
preceding sections support the hypothesis that in nerve terminals, relative to 
neuroendocrine cells, exocytosis is typically driven by the high levels of 
calcium found in close proximity to calcium channels. 
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2.4.2 
Implications for the Synchronicity of Synaptic Release 

The ideal relay synapse is one that faithfully and in a time-locked manner 
transmits information about an incoming stimulus to a postsynaptic neuron. 
At the neuromuscular junction and squid giant synapse, the exocTtotic re- 
sponse begins with a minimal delay following calcium entry (Llinas et al. 
1981) and terminates within a few milliseconds after calcium entry ceases 
(Katz and Miledi 1965; Augustine et al. 1985). One way to achieve this high 
level of synchrony would be to have calcium channels and release machinery 
be located in the molecular proximity of each other and to have the calcium 
sensor for exocytosis be a calcium-binding protein with a low affinity for 
calcium. This would allow the calcium sensors to quickly bind calcium ions 
and trigger release when calcium channels open. When the channels close 
and the calcium microdomains begin to collapse, the calcium sensors would 
be able to quickly release the bound calcium ions due to their low-affinity 
binding sites, and exocytosis would cease in a timely manner. In contrast, ff 
the calcium sensors were to have a high affinity for calcium, these calcium- 
binding proteins would hold on to the calcium ions for a longer period of 
time following the closure of calcium channels and this could contribute to 
secretion that is asynchronous with stimulus offset. 

The previously presented mathematical model of the calcium-depen- 
dence of synaptic exocytosis can be used to estimate the idealized off-rate of 
the exocytotic response. In synaptic terminals, ff one makes the assumption 
that there is an instantaneous drop in the calcium concentration below 
threshold, the synaptic terminal model predicts that secretion should decay 
to zero within 1 ms. Making the same idealized assumption about the drop 
in cytosolic calcium in chromaffm cells, secretion would be expected to take 
three times as long to decay (e.g. Heinemann et al. 1994). Thus, the models 
suggest that the high-affinity calcium sensor of these neuroendocrine cells 
contributes to the asynchrony of humoral secretion, whereas the low-affinity 
synaptic trigger aids in time-locking the synaptic exocytotic response to the 
stimulus. These estimates of the cessation time most likely represent the 
lower limit of the actual time course of the termination of release because 
calcium under the membrane does not instantaneously drop to zero, but will 
return to baseline with a time course that is determined by the mechanisms 
of calcium clearance. These include calcium buffering and the diffusion of 
buffered calcium away from release sites, sequestration of calcium into in- 
traceUular organelles, and extrusion of calcium from the cytosol. 

In the retina, bipolar neurons provide the sole pathway by which infor- 
mation from the photoreceptors of the outer retina is relayed to neurons of 
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the inner retina, which provide the output signal to the brain (Dowling 
1987). Physiologically, bipolar neurons have been shown to possess several 
attributes of a good relay neuron. For example, synaptic vesicle fusion can 
occur extremely rapidly upon elevation of hntraterminal calcium (Heidel- 
berger et al. 1994; Mennerick and Matthews 1996). AdditionaLly, the rate of 
neurotransmitter release is steeply dependent upon intraterminal calcium 
(Heidelberger et al. 1994), which may help to synchronize the exocytotic 
response. Furthermore, capacitance measurements indicate that exocgtosis 
triggered by standard stimulation protocols ceases quicldy following the 
closure of presynaptic calcium channels (see yon Gersdorff and Matthews 
1994a; yon Gersdorffet al. 1996; Mennerick and Matthews 1996). However, 
the capacitance technique is not sufficiently sensitive to detect the fusion of 
an individual or a limited number of synaptic vesicle(s), and therefore the 
sensitive bioassay of glutamate release described in section 2.2. has also been 
employed to search for asynchronous release. These studies did not reveal 
any asynchronous release when the depolarizing voltage step was less than 
200 ms in duration and was to a voltage that did not maximally activate 
calcium influx (yon Gersdorff et al. 1998). A small amount of asynchronous 
release was detected, however, in response to stronger or longer depolariza- 
tions, but the amount of asynchronous release was not copious and ceased 
within a few hundred milliseconds (Sakaba et al. 1997; yon Gersdorff et al. 
1998). Thus, when calcium entry is not excessive, both the onset and offset 
of exocytosis are tightly coupled to calcium entry in synaptic terminals. This 
result is consistent with the hypothesis that synaptic exocytosis is driven by 
a calcium-sensitive protein (or proteins) with low-affinity calcium-binding 
sites. 

The small component of asynchronous release that follows long, strong 
depolarizations in synaptic termin~lls contrasts with the pronounced com- 
ponent of asynchronous release that is observed in secretory calls that lack 
synaptic specializations and active zones. In adrenal chromaffm cells, for 
example, the onset of secretion can begin as late as 50 ms after the start of 
the stimulus (Chow et al. 1992). Furthermore, asynchronous secretion in 
chromaffin ceils can last as long as several hundred milliseconds after a 
relatively brief depolarizat/on (Chow et aL 1992; Chow et aL 1996). A con- 
tributing factor to this impressive asynchronous release is the chromaffin 
ce21's high-affinity calcium sensor for exocytosis (Chow et al. 1996). The 
major contributor to asynchronous release in chromaffm cells, however, 
appears to be the lack of co-localization between calcium channels and re- 
lease sites (Chow et al. 1994; Chow et al. 1996) (see section 3.3). 

The calcium-binding affinities of the calcium sensors for exocytosis have 
not been directly characterized in other secretory cells, but it is dear from 
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paired-recordings that in addition to a large synchronous component of 
release, some central neurons exhibit a second, small component of release 
that occurs after the cessation of a stimulus (Gleason et al. 1993; Goda and 
Stevens 1994; Geppert et al. 1994; Borges et al. 1995; Atluri and Regehr 1998). 
In most instances, the underlying mechanism of this asynchronous release 
has not been definitively established, but studies in cerebeUar granule cell to 
steUate ceU synapses indicate that calcium is a very important regulator of 
this delayed release (Atluri and Regehr 1998). Whether calcium ions bind to 
a different trigger molecule for asynchronous release than for synchronous 
release is not directly known, but the experimentally-derived model for 
delayed release suggests that a calcium-dependent process with slow kinetics 
can account for delayed release (Atluri and Regehr 1998). Interestingly, 
when the putative calcium binding protein that triggers neuronal exocytosis, 
synaptotagmin I, was genetically "knocked-out," the synchronous compo- 
nent of release was lost in hippocampal neurons, but the asynchronous 
component remained and if anything, was slightiy enhanced (Geppert et al. 
1994). The favored interpretation of these data is that the asynchronous 
component of release is triggered by a molecule that is geneticatly distinct 
from the molecule that is used to trigger synchronous release (Geppert et al. 
1994). An intriguing alternative interpretation is that coupling between the 
presynaptic calcium channels and the fusion machinery is reduced when 
synaptotagmin I is not present (Neher and Penner 1994). The latter interpre- 
tation seems plansible because there are documented interactions between 
calcium channels, synaptotagmin and the minimal fusion machinery (Kim 
and CatteraU 1997; Catterall 1998; Seagar et al. 1999) and because the cal- 
cium-dependent kinetics of release change when one of the components of 
the minimal fusion machinery is cleaved (Xu et al. 1998). Taken as a whole, 
the experimental evidence supports the hypothesis that the binding-kinetics 
of the calcium sensor(s) for release and the degree of co-localization of sites 
of calcium elevation and the release machinery will help to determine 
whether release is synchronous with the stimulus or whether it has an asyn- 
chronous component. Additionally, other factors, such as the time course of 
clearance of intraterminal calcium and the time course of clearance of neu- 
rotransmitter from the synaptic deft, will also influence the off-set of the 
exoc~otic response. 

2.5 
Synaptic Vesicle Pools 

The concept that there might be a pool of neurotransmitter molecules within 
a presynaptic nerve terminal that is limited in size and is released preferen- 
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tially over another pool of neurotransmitter molecules has been around 
almost as long as the quantal release hypothesis (e.g. Takeuchi 1958; Birks 
and Macintosh 1961; Eimqvist and Quastel 1965; Betz 1970). However, our 
knowledge of these putative pools, the exchange between them, and their 
significance for short-term plasticity has been incomplete, particularly with 
respect to central neurons. The advent of the use of capacitance measure- 
ments to directly track synaptic vesicle fusion, combined with measure- 
ments on intracellular calcium, has permitted kinetically-distinct popula- 
tions of vesicles to be defined. This section will present data that represents 
the current view of vesicle pools and movement between these pools, and 
the implications of synaptic vesicle pool dynamics for facilitation and de- 
pression of a synapse. 

While reading this section, the reader should keep in mind that the de- 
scriptive names given to these functionally-defined populations of vesicles 
in the literature can be somewhat arbitrary. Typically the first pool studied, 
by virtue of its ease of fusion, has been granted the title "release-ready pool." 
The "ultrafast pool," also called the "immediately-releasable pool" or the 
"rapidly-releasable pool," is generally defined relative to the release-ready 
pool based upon its apparently faster kinetics of fusion. The term ultrafast 
will be used here to avoid confusion between the similar-sounding release- 
ready pool and rapidly-releasable pool, both of which have been abbreviated 
"RRP" in the literature. To bring uniformity to the nomenclature, in this 
review, the term "release-ready pool" will refer to those granules or vesicles 
that are independent of ATP and are fully fusion-competent upon the eleva- 
t.ion of internal calcium. The term "ultrafast" pool will be used to denote a 
population of granules or vesicles that has been primed by ATP but has 
faster apparent fusion kinetics than the release-ready pool and is thought to 
be located nearer the calcium channels that drive release. This small, fast 
pool is released upon brief activation of voltage-gated channels and is not 
blocked by EGTA and only minimally affected, if at all, by BAPTA. The pres- 
ent definitions works quite well for chromaffin cells and synaptic terminals, 
where pools meeting these criteria have been well-described. Vesicle pools 
in other neurons that are less well-defined will be discussed in the section 
that seems most appropriate, given the available information. 

2.5.1 
Pools of large Dense-Core Granules in Neuroendocrine Cells 

In neuroendocrine cells, exocytosis triggered by calcium influx typically 
proceeds with a brief, rapid initial burst that is followed by a slower and 
gradually diminishing rate of secretion (Lim et al. 1990; Augustine and Ne- 
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her 1992; Bittner and Holz 1992; Lindau et al. 1992). Neuroendocrine cell 
release in response to flash-photolysis of caged-calcium also shows a multi- 
phasic response characterized by a rapid initial burst followed by slower 
rates of secretion (Neher and Zucker 1993; Thomas et al. 1993a; Heinemann 
et al. 1994). These observations have led investigators to propose that there 
is a pool of vesicles available for rapid release, named the release-ready pool 
and that there is one or more pools of reserve vesicles that feed sequentially 
into this release-ready pool in a calcium-dependent manner in order replen- 
ish it (e.g. Heinemann et al. 1993; Neher and Zucker 1993; Thomas et al. 
1993a; Heinemann et al. 1994). The release-ready pool is postulated to con- 
tain vesicles that are fully fusion competent and available for rapid release 
upon the elevation of intracellular calcium (Neher and Zucker 1993). The 
observed fast exocytotic response would represent fusion of granules in the 
release-ready pool in this model, and the slower rates of release would be 
due to the ongoing refilling of the release-ready pool and the subsequent 
fusion of these newly added granules. 

In neuroendocrine ceils, the physiologically described release-ready pool 
has a correlate pool in biochemical and morphological studies. Studies in 
permeabilized chromaffin cells and PC12 have shown that exocytosis can be 
separated into two components based upon the requirement for MgATP 
(Holz et al. 1989; Bittner and Holz 1992; Ha}, and Martin 1992). Granules in 
the ATP-independent pool are thought to be fully fusion competent, having 
been primed previously by ATP. Similar to the release-ready pool, this 
population of granules requires only the elevation of internal calcium in 
order for fusion to occur. In addition, the number of granules in this ATP- 
independent pool corresponds quite well to the number of granules physi- 
cally located at the plasma membrane (Parsons et al. 1994). This implies that 
the release-ready pool of granules are those granules that have been primed 
by ATP and are docked at the plasma membrane. However, only as small 
fraction of the morphologically docked granules are able to participate in the 
most rapid component of the exocytotic response (Parsons et al. 1994; Steyer 
et al. 1997). It is presently unclear whether after docking, further matura- 
tional steps of the granules are required in order to truly become fully- 
fusion competent or whether the subset of granules with the fastest release 
kinetics are simply more closely associated with the calcium channels and 
fusion machinery. Given that neuroendocrine cells lack synaptic zones, it 
seems reasonable to assume that only a subset of all docked and primed 
granules fred themselves situated near calcium channels (e.g. Chow et al. 
1994; Chow et al. 1996). This interpretation is supported by the discovery of 
a small pool of chromaffin granules that have faster fusion kinetics than the 
larger release-ready pool (Horrigan and Bookman 1994). This small pool 
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was revealed only when exocytosis was triggered with very brief depolarizing 
voltage-steps, which is consistent with the idea that this smaller population 
of primed granules are located very near to calcium channels (i.e., an ultra- 
fast pool). 

It should be noted that not all investigators favor a simple model of se- 
cretion that involves distinct populations of vesicles and the sequential 
movement of vesicles between these populations. For example, Seward and 
colleagues have suggested a different interpretation of the phases of exocy- 
tosis observed in neurohypophysial nerve endings (Seward et al. 1995). In 
their model, there is no release-ready pool per se, but there is a calcium- 
dependent preparatory step that occurs at low, sub-fusion-threshold calcium 
levels that must be completed in order for calcium-dependent fusion to take 
place. This preparatory step could conceivably act to create a pool of func- 
tional or "release-ready" granules or to prepare release sites for the next 
round of release (e.g. Weis et al. 1999). Reminiscent of this action of calcium 
is a recent report from the calyx of Held, in which intraterminal calcium is 
suggested to convert newly-acquired vesicles in the release-ready pool from 
those that are reluctant to fuse to those that will fuse with a high probability 
in response to calcium (Wu and Borst 1999). Another model, developed at 
the squid giant synapse to explain short-term depression, is that the release- 
machinery's sensitivity to calcium changes in an activity-dependent manner 
(Hsu et al. 1996). This model fits their data better than a pool-depletion 
model. Finally, it has been suggested that there may be intrinsic differences 
in the calcium-sensitivity of release of secretory granules (e.g. Blank et al. 
1998a; Blank et al. 1998b). In this review, data will be interpreted primarily 
from the simple perspective of the vesicle pool model set forth in the preced- 
ing paragraphs. By selecting this perspective, it does not imply nor is it in- 
tended to imply that activity-dependent changes in the movement of vesicles 
between pools (section 2.5.5), in the size (yon Ruden and Neher 1993; Gillis 
et al. 1996) or capacity (Stevens and Wesseling 1999) of vesicle pools, or in 
the release machinery are precluded. 

2.5.2 
Vesicle Pools in Synaptic Terminals 

2.5.2.1 
The Release-Ready Pool 

In synaptic terminals, three different approaches have been used to identify 
and characterize the release-ready pool of synaptic vesicles. Each method 
has revealed that the release-ready pool is Finite in size and can be depleted. 
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In the first method (Fig. 2.5A), capacitance increases were evoked by fixed 
amplitude voltage steps that varied in length from 20 ms to 2 sec. The ampli- 
tude of the capacitance increase was found to increase with pulse duration 
until it reached a plateau value of 150 ~ (yon Gersdorff and Matthews 1994a; 
Neves and Lagnado 1999). The size of the readily releasable pool has also 
been estimated by holding the pulse duration constant and varying the 
amplitude of the voltage step (Fig. 2.5B). Again, the amplitude of the capaci- 
tance jump was observed to saturate at = 150 tY (yon Gersdorff and Mat- 
thews 1997), consistent with a finite pool size. The size of the release-ready 
pool has also been estimated from the amplitude of the capacitance jump in 
flash-photolysis experiments. In these experiments, the elevation of internal 
calcium is extremely rapid (<<1 ms), and therefore there is virtually no 
opportunity for refiUing of the release-ready pool to occur during either 
calcium elevation or the exocytotic response. Estimates of the size of the 
release ready pool in synaptic terminals in flash-photolysis experiments 
when MgATP is present are consistent with estimates obtained with voltage 
steps, exhibiting an average capacitance increase of ~ 120 fF (Heidelberger 
1998). Furthermore, a plateau is clearly observed in the individual exocytotic 

Fig. 2.5. Estimates of the release-ready and ultrafast pool sizes. A. The relationship 
between the amplitude of the average capacitance increase is plotted against the 
duration of a voltage step from -60 my to 0 inV. Each point represents the mean of 
results from 5-17 terminals :1: sem. For pulse durations of 100 ms or less, the re- 
sponse to 5-25 pulses were averaged for each terminal in order to reduce the noise 
in the capacitance record. The solid line was fitted to the results for durations 
< 200 ms by a least squares criterion and had a slope of 730 tY/s. The dashed line is 
drawn at the plateau level of 150 fF, which represents the maximum average re- 
sponse attaned at durations > 200 ms. (Reprinted by permission from Nature 
367:735-739, copyright 1994, Macmillan Magazines Ltd.) B. The average capacitance 
jump is plotted against the calcium current amplitude. Depolarizations were 
250 msec from a holding potential of -60 mV to -20 mV, -10 mV, or 0 mV. Each 
point is the average from 4-11 responses, and the vertical lines show + s.e.m. The 
internal pipette solution contained standard solution with either 0.5 mM BAPTA 
(filled circles) or EGTA (open circles). (yon Gersdorff and Matthews 1997). Re- 
printed with permission from the Society for Neuroscience) C. Summary data from 
five terminals showing the average capacitance increase to six brief depolarizations 
from -60 mV to 0 mV. The solid line is the least-squares monoexponential fit to the 
first four data points. The fit is characterized by a time constant of 1.5 ms and an 
amplitude of 33 fF. Note the deviation of the final point from the fit suggesting a 
slower component of release elicited by longer pulses. (Mennerick and Matthews 
1996, copyright Cell Press) 
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responses in flash-photolysis experiments (e.g. Fig. 2.3), despite the fact that 
the presynapfic calcium concentration may remain above threshold for 
many seconds (Heidelberger et al. 1994). Again, this observation is consis- 
tent with the interpretation that a pool of synaptic vesicles has been depleted 
and under the conditions and time scale of these experiments, refilling of 
this pool has not occurred. 

A depletable pool of release-ready synaptic vesicles has also been ob- 
served in neurohypophysial nerve terminals (Lindau et al. 1994; Hsu and 
Jackson 1996; Giovannucci and Stuenkel 1997), and a depletable pool of 
vesicles has been postulated for the calyx of Held (yon Gersdorff et al. 1997; 
Wang and Kaczmarek 1998; Wu and Borst 1999; Schneggenburger et al. 
1999) and for hippocampal neurons (Stevens and Tsujimoto 1995; Rosen- 
mund and Stevens 1996). In hair cells, the situation is somewhat more com- 
plex. Rapid depletion of a release-ready pool was not reported in hair cells of 
the frog sacculus (Parsons et al. 1994), and in these neurons, high rates of 
release were maintained for up to two seconds (Parsons et al. 1994). Within 
this time frame more vesicles fused than are thought to be morphologically 
docked at the plasma membrane at dense bodies (Parsons et al. 1994; Lenzi 
et al. 1999). In hair cells of the inner ear, two components of release have 
been observed (Moser and Beutner 2000). The fast component is depletable 
and may represent an ultrafast pool. The slow component exhibited main- 
tained release for up to 1 second (Moser and Beutner 2000). At present, no 
explanation exists to account for the prolongued secretion observed in hair 
cells, but it could be that during stimulation, the rate of refdling of the re- 
lease-ready pool matches the depletion rate to allow for sustained transmis- 
sion. Consistent with this hypothesis is the observation that electron tomo- 
graphy has failed to reveal depletion of vesicles at the synaptic body of sac- 
cular hair cells following depolarization (Lenzi et al. 1999). In addition to the 
possibility of rapid refilling, the component of release that can be sustained 
in hair cells of the inner ear might result from the fusion of additional vesi- 
cles in a release-ready pool that are located at sites distant to the calcium 
channels (e.g. Moser and Beutner 2000). Morphologically-docked vesicles 
that are not located at synaptic bodies have been reported in vestibular hair 
cells (Lenzi et al. 1999). Clearly, more data are needed to resolve this very 
interesting situation in these sensory neurons. 

As in chromaffin cells, the physiologicaUy-defined rdease-ready pool in 
synaptic terminals also seems to have biochemical and morphological corre- 
lates. Experiments in which intraterminal cytosolic ATP has been very 
greatly reduced or replaced with a slowly-hydrolyzable analog indicate that 
the release-ready pool of vesicles in synaptic terminals is that pool of vesi- 
cles that has already undergone the last ATP-dependent priming step 
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(Heidelberger 1998). Thus, it is fair to argue that because the fusion of vesi- 
cles in the release-ready pool is ATP-independent, requiring only the eleva- 
tion of intraterminal calcium to trigger exocytosis, use of the term "release- 
ready" to describe this physiologically-defined 150 iT pool is quite appro- 
priate. The average amplitude of the release-ready pool of ~ 150 iT corre- 
sponds to the fusion of = 6000 vesicles, assuming an average vesicle diame- 
ter of 29 nm and a specific membrane capacitance of lpF/cm 2 (yon Gersdorff 
et al. 1996). This number of vesicles agrees surprisingly well with the num- 
ber of vesicles that are located at and tethered to the synaptic ribbons (yon 
Gersdorff et al. 1996). Furthermore, a nice correlation exists between the size 
of a synaptic terminal, the number of synaptic ribbons it contains, and the 
amplitude of the capacitance response (von Gersdorff et al. 1996). While not 
definitive, these data are highly suggestive of the possibility that the release- 
ready pool of synaptic vesicles may be that population of vesicles that are 
fully-fusion competent and tethered to the synaptic ribbons, placing these 
vesicles within several vesicle diameters of the fusion machinery. Further- 
more, there is no evidence in the literature of active zones in these particular 
neurons other than those at the s),naptic ribbons. 

2.5.2.2 
The Ultrafast Pool 

In addition to a release-ready pool, there is strong evidence for an ultrafast 
pool of vesicles in synaptic terminals (Fig. 2.5C). This small pool, whose 

30-45 ~ size corresponds to the fusion of = 1100-1700 vesicles, was de- 
tected when very brief (1-30 ms duration) depolarizations were used to 
probe the exocytotic response (Mennerick and Matthews 1996; Gomis et al. 
1999). The rate of fusion extrapolated from a plot of amplitude versus pulse 
duration was estimated to be ~ 670/sec or = 20,000 IT/s (Mennerick and 
Matthews 1996). This is significantly faster than the extrapolated fusion rate 
for the release-ready pool by more than an order of magnitude (yon Gers- 
dorff and Matthews 1994a). Indeed, the rate of fusion of this small pool is so 
rapid that it is limited by the activation kinetics of the presynaptic calcium 
channels (Mennerick and Matthews 1996). When calcium influx is evoked 
through pre-activated calcium channels, the rate of fusion of the ultrafast 
pool is even faster than reported above and is comparable to the maximum 
rate observed in flash-photolysis experiments (Heidelberger et al. 1994; 
Heidelberger 1998). 

The rapid rate of fusion reported for the ultrafast pool suggests that this 
vesicle pool might be situated molecularly near to the presynaptic calcium 
channels. This interpretation is supported by studies that compare the rela- 
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tire efficacies of EGTA and BAPTA to block this component of release. 
EGTA, the slower calcium buffer, was unable to block release from the ultra- 
fast pool, but it could damp release to some extent from the release-ready 
pool (Mennerick and Matthews 1996; Sakaba et al. 1997). The fast calcium 
buffer BAPTA depressed release from both pools (Mennerick and Matthews 
1996). These results suggest that relative to the release-ready pool, the 

30 ~ ultrafast pool is located nearer to the presynaptic calcium channels. 
Supporting this conclusion are the results of a study in which serial recon- 
structions of bipolar neuron ribbon synapses were performed at the EM 
level (yon Gersdorff et al. 1996). The morphological estimate of 1000-1400 
docked vesicles (yon Gersdorff et al. 1996) corresponds quite nicely with the 
reported size (~ 30 �9 or ~ 1100 vesicles) and the hypothesized position of 
the ultrafast pool (at the active zone membrane) suggested by the physio- 
logical experiments. The existence of a small population of synaptic vesicles 
that are located nearer the presynaptic calcium channels than other fusion- 
competent vesicles and have faster fusion kinetics may not be unique to 
synaptic ribbons. Hair cells of the inner ear (Moser and Beutner 2000) and 
neurohypophysial nerve endings (Hsu and Jackson 1996, Giovannucci and 
Stuenkel 1997) are also reported to have a small pool of fusion-competent 
vesicles that is not effectively blocked by EGTA and may represent an ultra- 
fast pool. Preliminary evidence in cone photoreceptors also suggests the 
presence of an ultrafast pool of synaptic vesicles (DeVries 2000). An ultrafast 
component of release has not yet been sought in saccular hair cells. 

The identification of an ultrafast pool in synaptic terminals is significant 
for several reasons. First, the rapid rate of fusion provides evidence that a 
physiological stimulus can trigger the fusion of synaptic vesicles with rates 
that approximate those achieved by flash-photolysis of caged-calcium. If one 
makes the assumption that the calcium-dependence of the rate of release is 
similar regardless of whether release is driven by membrane depolarization 
or by global elevation of intraterminal calcium via the flash-photolysis of 
caged-calcium, then one can use the rate of release derived from a depolari- 
zation experiment and the relationship between the rate of membrane addi- 
tion and intraterminal calcium determined in flash-photolysis experiments 
to estimate the calcium concentration seen by the release machinery during 
membrane depolarization. From this type of calculation, it appears that in 
synaptic terminals, the average synaptic vesicle in the rapidly-releasable 
pool senses a calcium concentration of at least 100 pM and possibly as high 
as 32S }IM during a brief membrane depolarization (Fig. 2.6). These data 
therefore provide additional support for the hypothesis that the calcium 
concentration near release sites can be very high when presynaptic calcium 
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Fig. 2.6. The relationship between rate of membrane addition and intraterminal 
calcium can be used to back-calculate the calcium concentration at the release site. 
Synaptic vesicles in the ultrafast pool can fuse with a rate of~ 2000 s 4, provided that 
the calcium-channel kinetics are not rate-limiting. A rate of 2000 s 4 corresponds to a 
calcium concentration of ~ 325 i~M near release sites (dotted line), according to to 
the synaptic terminal secretion model (curve). The data points (squares), independ- 
ently of the model, indicate that the intraterminal calcium must rise to more than 
I00 b~M or more in order to achieve such a high rate of fusion. (Graph is reprinted by 
permission from Nature 371:513 -515, copyright 1994, Macmillan Magazines Ltd) 

channels open. Secondly, the identification of the rapidly-releasable pool 
resolves the mystery of why the average rate of fusion of the release-ready 
pool is slower in a depolarization experiment than in a flash-photolysis ex- 
periment (e.g. compare Heidelberger et al. 1994; yon Gersdorff and Mat- 
thews 1994a). One possibility is that in response to membrane depolariza- 
tion, the average calcium concentration near release sites rises no higher 
than = 20-50 btM due to imperfect coupling between calcium channels and 
release sites. The discovery of a rapidly-releasable pool suggests that this is 
not so, but  rather, it is the calcium concentration near the population of 
release-ready vesicles that averages 20-50 pM. Given the structure of  bipolar 
neuron ribbon synapses and proposed arrangement of the release-ready 
pool (yon Gersdorffet  al. 1996), it is reasonable to postulate that some vesi- 
cles in the fusion-competent pool are closer to the sites of calcium entry 
then others and therefore experience a higher calcium concentration (e.g. 
the raDicUv-releasable pool). Similarly, vesicles located at a distance may see 
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very fastest vesicles. Finally, the identification of the rapidly-releasable fast 
pool is significant because in characterizing this pool, it has become clear 
that the activation time course of the presynaptic calcium channel is able to 
influence the rate of neurotransmitter release (Mennerick and Matthews 
1996). This raises the possibility that modulation of the activation kinetics of 
presynaptic calcium channels will also modulate the rate of exocytosis and 
possibly contribute to the plasticity of a synapse. 

2.5.3 
Depletion and Refilling of Synaptic Vesicle Pools 

2.5.3.1 
The Rate o f  Depletion 

The rate of depletion of a release-ready pool of vesides has been estimated 
for several neurons. For bipolar neuron synaptic terminals, the average rate 
at which vesicles in the release-ready pool are exocytosed in response to 
activation of voltage-gated channels is ~ 28,000 vesicle/sec (Matthews 
1996b), assuming a vesicle diameter of 29 nm (,con Gersdorff et al. 1996). 
This rate is of similar magnitude to the depletion rate of the release-ready 
pool in saccular hair ceils (Parsons et al. 1994) and the slow component of 
release in inner ear hair cells (Moser and Beutner 2000) and virtually identi- 
cal to the rate of depletion of the fast component of release (Moser and 
Beutner 2000). There are multiple synaptic areas within each of these neu- 
rons, and therefore another way to express the rate of release is as a function 
of the number of synaptic ribbons. For the bipolar neuron synaptic terminal, 
which has approximately 60 synaptic ribbons (yon Gersdorff et al. 1996), the 
depletion rate can be expressed as 500 vesicleslseclsynaptic ribbon (Mat- 
thews 1996b). For a saccular hair cell with 20 synaptic bodies (Roberts et al. 
1990), a similar rate (500 vesicles/sec/synaptic body) of depletion is revealed. 
If one assumes that all of the vesicles in the rapidly-releasable pool represent 
vesicles that are sitting at release sites, the rate of release in a synaptic ter- 
minal then falls to ~- 21 vesicles/release site/sec. This rate is comparable to 
the rate of 22 vesideslseclrelease site reported for the sustained component 
of exocytosis in amacrine cell synapses (Gleason et al. 1993; Borges et al. 
1995) and for the rate of release reported in hippocampal neurons (Stevens 
and Tsujimoto 1995). The number of active zones and docked vesicles has 
not yet been established for inner ear hair cells. 
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2.5.3.2 
RefTIling of the Release-Ready Pool 

Another question that has been addressed using capacitance techniques is 
the length of time it takes to refill the release-ready pool of vesicles following 
depletion. The answer to this question provides valuable information about 
short-term depression of the synapse. In response to the standard depolari- 
zation, synaptic terminals of bipolar neurons exhibit paired-pulse depres- 
sion (Mennerick and Matthews 1996; yon Gersdorff and Matthews 1997). 
Recovery of the release-ready pool from paired-pulse depression proceeds 
with a time constant of ~ 8 seconds (Fig. 2.7), taking slightly more than 20 
seconds to be completely refdled under standard conditions (yon Gersdorff 
and Matthews 1997). Similar estimates of the time course of refilling have 
been obtained in cultured hippocampal neurons using optical techniques. In 
these studies, the reported time constants of refdling ranged between 10-40 
seconds. (Ryan etal. 1993; Ryan and Smith 1995; Liu and Tsien 1995; Stevens 
and Tsujimoto 1995). These measurements reflect the reFdling time of a 
population of vesicles, rather than the time required to reFdl an individual 
release site. The latter may be an order of magnitude faster (Stevens and 
Wang 1995). 

The population of synaptic vesicles that serves to refill the release-ready 
pool has not been identified, but several possibilities exist. The first is that 
the reserve pool is comprised of all the vesicles in the synaptic terminal that 
are not docked and primed. The synaptic terminals of bipolar neurons typi- 
cally contain 700,000-900,000 synaptic vesicles (yon Gersdorff et el. 1996), of 
which only 6,000 are thought to comprise the release-ready pool (Matthews 
1996a; Matthews 1996b). This leaves a putative reserve pool that could be as 
large as 894,000 vesicles. It is not known definitively whether the vesicles in 
this pool are equivalent with respect to maturational stage and mobility, but 
physiological results obtained in synaptic terminals suggest that they are 
not. l~or example, when synaptic terminals are stimulated with a train of 
depolarizations to evoke release, the cumulative increase in membrane ca- 
pacitance saturates at 300 �9 (yon Gersdorff and Matthews 1997). Given that 
the amplitude of the release-ready pool is 150 fF, this result suggests that the 
release-ready pool can be reloaded one time before the synapse becomes 
fully depressed. These data also raise the possibility that there may be a 
small, depletable reserve pool that is used preferentially to fill the release- 
ready pool. If such a smaU reserve pool does exist and refilling of the re- 
lease-ready pool occurs preferentially via this small reserve pool, then re- 
covery from depletion of the release-ready pool would be expected to take 
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Fig. 2.7. Exocytosis in synaptic terminals exhibits paired-pulse depression. A Two 
capacitance responses were elicited about 4 s apart. The arrows show the timing of 
250 ms pulses from -60 mV to 0 inV. The indicated time is relative to break-in, B 
Two capacitance responses were elicited about 46 s apart. The arrows indicate the 
timing of 250 ms pulses from -60 mV to 0 inV. C Summary of experiments like those 
shown in A and B. To compare results across cells, the second capacitance response 
is expressed as a percentage of the first response. The interval between pulses is 
shown on the abscissa. The curve is the best-fit single exponential, which has a time 
constant x = 8 s. (yon Gersdorff and Matthews 1997). Reprinted with permission 
from the Society for Neuroscience 
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longer if this reserve pool is also depleted. Consistent with this prediction, 
the time course of recovery of the release-ready pool after a pulse train was 
found to take more than the usual 20 seconds required to refdl the release- 
ready pool after depletion by a single stimulus (yon Gersdorff and Matthews 
1997). In addition to the pool-depletion model, alternative interpretations of 
these data exist. These include the possibility that some intracellular factor 
necessary for pool-refdling or vesicle fusion is depleted during a pulse train 
or that some factor that inhibits poo1-ref,11ing or vesicle fusion accumulates 
during the pulse trains. Another possibility, is that there an activity- 
dependent decrease in the capacity of the release-ready pool (Stevens and 
Wesseling 1999). 

2.5.3.3 
Refilling of  the Rapidly-Releasable Pool 

Similar to the release-ready pool, the rapidly-releasable pool also appears to 
be finite in size (Fig. 2.5C) and able to be depleted (Mennerick and Matthews 
1995; Gomis et al. 1999). The time constant of refdling of the ultrafast pool 
after paRed-pulse depression was estimated to be of the same order of 
magnitude as the release-ready pool (= 4 s vs ~ 8 s) when refilling occurred 
between depolarizations (Mennerick and Matthews 1996). Other investiga- 
tors have reported an additional, fast component of refdling (zl = 640 ms) 
(Gomis et al. 1999). Fast and slow components of refilling have also been 
reported for the fast component of release observed in hair cells of the inner 
ear (xl ~- 140 ms; ~2 ~ 3s) (Moser and Beutner 2000) and for refiUing at the 
calyx of Held (Wu and Borst 1999). The significance of these two compo- 
nents remains unclear, but they could represent the kinetics of refilling at 
different release sites (Moser and Beutner 2000). It has also been postulated 
that the fast component of refilling might possibly reflect a poststimulus 
acceleration of refilling due to residual calcium (Gomis et al. 1999; Moser 
and Beutner 2000). If so, this implies that in bipolar cells, the location of 
residual calcium and the sites it acts on to speed the functional refining of 
the rapidly-releasible pool must be located near to each other as this fast 
component of release is not sensitive to EGTA (Gomis et al. 1999). In con- 
trash calcium-dependent acceleration of the fast component of refilling does 
not appear to be present at calyx of Held (Wu and Borst 1999). The func- 
tional significance of these two components of pool refilling remains ob- 
scure. 

The population of vesicles that is used to replenish the ultrafast pool has 
not yet been firmly established. Interestingly, although one might anticipate 
that the vesicles in the ultrafast pool are supplied by vesicles in the release- 
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ready pool, the time course of refilling of the ultrafast pool appears to be 
independent of the state of the release-ready pool. For example, the time 
course of refilling of the ultrafast pool was not altered by the prior depletion 
of the release-ready pool (Mennerick and Matt_hews 1996). In addition, if 
5 mM EGTA was added to the internal solution to preferentially block re- 
lease from the release-ready pool, there was no effect on the refilling rate of 
the ultrafast pool (Mennerick and Matthews 1996). These data seem to sug- 
gest that at basal calcium, ref'tlling of the ultrafast pool does not occur via 
the release-ready pool. This raises the question of which pool acts as the 
reserve pool for the ultrafast component. It would be interesting to deter- 
mine whether the small reserve pool described in the preceding paragraph 
subserves this function or whether vesicles come from the reserve pool at 
large. Finally, it has been noted that during periods of elevated calcium, the 
refilling of the ultrafast pool seems to be more an order of magnitude more 
rapid than at resting calcium (Mennerick and Matthews 1996). The role of 
calcium in pool refiUing will be discussed in section 2.5.4.2. 

2.5A 
Conversion of Paired-Pulse Depression Into Facilitation 

As stated earlier, the synaptic terminal of the bipolar neuron exhibits 
paired-pulse depression under standard whole-cell recording conditions 
(Mennerick and Matthews 1996; yon Gersdorff and Matthews 1997). The 
depressed second response in a pair could not be attributed to a reduction in 
calcium influx, and this suggests that a locus downstream of calcium entry is 
responsible for synaptic depression. When calcium entry was reduced by 
decreasing the stimulus intensity or when the calcium-buffering capacity of 
a terminal was increased by the addition of exogeneous calcium buffer, 
paired-pulse depression was converted into paired-pulse facilitation (yon 
Gersdorff and Matthews 1997). Certainly, these results show that paired- 
pulse depression and facilitation can have a purely presynaptic component, 
since the capacitance technique is a purely presynaptic technique and the 
isolated synaptic terminal preparation rules out changes in postsynaptic 
receptor activity and retrograde signaling as mediating mechanisms. These 
results also indicate that activity, via changes in intraterminal calcium, can 
modify some aspect of the release machinery that is downstream of the pre- 
synaptic calcium channels and lead to a change in synaptic efficacy. 

Perhaps the simplest way to conceptualize paired-pulse facilitation and 
depression in synaptic terminals is with a simple pool-depletion model. The 
basic premise is that there is a release-ready pool of fLxed size, and if the first 
stimulus evokes the fusion of the majority of synaptic vesicles in the release- 
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ready pool, fewer vesicles will be available to be released in response to an 
identical, second stimulus. (This presupposes that the second stimulus is 
given shortly after the first so that pool-refitling does not occur between 
stimuli.) Similarly, if the first stimulus is weak, only a few vesicles are re- 
leased, leaving a large release-ready pool available for release by a second 
stimulus. If this second stimulus comes on the heels of the first such that 
there is a surnmated calcium signal, then release in response to the second 
stimulus will be greater than that in response to the first. An analogous in- 
terpretation has been proposed for hippocampal neurons, in which synapses 
with a high probability of release have more vesicles available for fusion and 
tend to exhibit paired-pulse depression, whereas synapses with a low release 
probability often have less vesicles available for release and show paired- 
pulse facilitation (Dobrunz and Stevens 1997; Murthy et al. 1997). Similar 
relationships between release probability and facilitation and depression 
have also been reported in the cerebellum (Dittman and Regehr 1998; 
Dittrnan et al. 20OO) and in neurons of the anteroventral cochlear nucleus 
(Bellingham and Walmsley 1999; Oleskevich et al. 2000). At these synapses, 
modification of the release sites by calcium, rather than pool depletion, was 
the favored interpretation (Dittman and Regehr 1998; BeUingham and 
Walmsley 1999). Physiologically, however, it may be difficult to distinguish 
between pool depletion and refractory release sites, given that the size and 
rate of pool refilling is likely to also be regulated by intraterminal calcium 
(see section 2.5.5). 

These reports indicate that a better understanding of the role that pre- 
sFnaptic calcium plays in regulating synaptic transmission at other steps in 
the secretory pathway, in addition to its role in triggering exocytosis, is 
needed. Future directions of investigation should undoubtedly include an 
examination of the role of presynaptic calcium-binding proteins in modulat- 
ing release and a study of the calcium-dependent modulation of synaptic 
proteins, particularly those that comprise or interact with the fusion ma- 
chinery. Pairing these studies with ultrastructural analysis of facilitated and 
depressed synapses would aid in determining whether these proteins influ- 
ence the number of synaptic vesicles docked at the active zones, in addition 
to possibly altering the secretory machinery. 
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2.5.5 
Movement Between Pools 

2.5.5. I 
Neuroendocrine Cells 

In one model of secretion proposed for chromaffm cells, the transitions 
from the reserve pool to the release-ready pool and from the release-ready 
pool to the fused state are hypothesized to be calcium-dependent (Heine- 
mann et al. 1993). While this model may be considered simplistic in that it 
assumes that calcium is uniform throughout the cell and that at any instant 
the calcium concentration acting at each of the calcium-dependent steps is 
the same, the model is a reasonable first approximation. This assumption 
seems valid from the perspective that it probably takes longer to refill the 
release-ready pool than it does to achieve spatial homogeneity of intracellu- 
lar calcium. The appeal of this model is that it has stimulated the formula- 
tion of testable predictions about the role of calcium in regulating the size of 
the release-ready pool and in determining the time course of pool refgling in 
chromaffm cells (e.g. Heinemann et al. 1993; yon Ruden and Neher 1993; 
Smith et al. 1998). 

To test the hypothesis that intracellular calcium can facilitate the refilling 
of the release-ready pool in chromaffm cells, augmentation and depression 
of the secretory response were examined with respect to intraceilular cal- 
cium (yon Ruden and Neher 1993). In these experiments, a brief train of 
depolarizing pulses was given. The capacitance response to successive 
pulses in the train typically showed a pronounced depression that could not 
be attributed to a reduction in calcium influx or to changes in calcium 
handling within the cell. If the cell was allowed to rest for about 1 minute 
and then rechallenged, the capacitance response amplitudes recovered. The 
interpretation is that the depression of the secretory response represents the 
depletion of a pool of granules and the recovery of the secretory response 
respresents replenishment of this vesicle pool. If the intracellular calcium 
was raised modestly between pulse trains by either membrane depolariza- 
tion or by the release of calcium from internal stores, the recovery of the 
capacitance response to a depolarizing train was enhanced both with respect 
to the rate of recovery and the amplitude of the post-recovery capacitance 
response (yon Ruden and Neher 1993). More recently, it has been shown 
that the stimulatory effect of calcium on refilling of the release-ready pool of 
granules is reduced but not blocked by the inhibition of protein kinase C 
(PKC). This suggests that calcium acts via two distinct pathways to regulate 
the supply of fusion competent granules (Smith et al. 1998). Since both cy- 
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tosolic calcium and PKC activity are affected by synaptic stimulation, a logi- 
cal conclusion is that the recent stimulus history of a synapse will influence 
the number of secretory granules that are available for release, and therefore 
affect the probability of release (e.g. Rosenmund and Stevens 1996). 

2.5.5,2 
5ynaptic Terrninals 

The calcium-dependence of pool refilling has not been as rigorously studied 
in synaptic terminals, but several pieces of evidence suggest that calcium- 
dependent pool-refilling exists at these synapses. For instance, compare the 
capacitance jump evoked by a 2 second depolarization with the capacitance 
jump evoked by a 250 ms depolarization (Fig. 2.8) (yon Gersdorff and Mat- 
thews 1997), If one considers that the time constant of reffflling of the re- 
lease-ready pool is ~ 8 seconds, one would predict that the capacitance in- 
crease evoked by the 2 second depolarization should be 20% larger than that 
evoked by the 250 ms depolarization. However, the measured amplitude of 
the capacitance response evoked by the second depolarization is more than 
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Fig. 2.8. Recovery from paired-pulse depression can occur during, and may be accel- 
erated, during membrane depolarization. Two responses from the same terminal are 
superimposed. Both responses were elicited at the arrow by depolarizations from a 
holding potential of-60 mV to 0 inV. The first lasted 250 ms (open circles) and the 
second, given 179 (s) afterwards, lasted 2 s. (yon Gersdorff and Matthews 1997). 
Reprinted with permission from the Society for Neuroscience 



46 R. Heidelberger 

20% greater than the response to the 250 ms depolarization. This enhance- 
ment of the amplitude of the capacitance response can be interpreted as an 
indication that during the calcium entry, not only do calcium ions trigger 
release, but they can also accelerate the ref'flling rate of the release-ready 
pool. Consistent with these data is the finding that refilling of the release- 
ready pool is sensitive to exogenous calcium buffer (Gomis etal. 1999). An 
argument for calcium-dependent refilling of the ultrafast pool has also been 
made (Mennerick and Matthews 1996). Recovery from paired-pulse depres- 
sion of the ultrafast pool has a time constant of ~- 4 seconds. In contrast, an 
estimate of the refilling rate extrapolated from the relationship between the 
amplitude of the capacitance increase and the pulse duration yields a time 
constant of only 350 ms. These data indicate that refilling of the nltrafast 
pool is an order of magnitude faster when calcium channels are open than 
when calcium channels are closed. 

The above experiments are highly indicative of the possibility that cal- 
cium can enhance replenishment of synaptic vesicle pools. These results do 
not preclude other interpretations, such as that membrane depolarization 
itseff can influence mobilization of synaptic vesicles or that the calcium- 
dependent step(s) is/are acting to prepare vesicles (Seward etal.  1995) or 
release sites (Weis etal. 1999) for release. However, there is additional ex- 
perimental evidence to support a direct role for calcium in mobilizing vesi- 
cles to the active zone. In the bioassay for glutamate release from synaptic 
terminals described in previous sections, the authors observed that when the 
presynaptic calcium current is less than 50 pMpF in magnitude, the pseudo 
post-sgnaptic response contains two distinct components (yon Gersdorff et 
al. 1998). When calcium entry is greater than 50 pMpF, the two components 
of the post-synaptic response meld together to give a single component (yon 
Gersdorff etal. 1998). The interpretation is that the first component repre- 
sents fusion of vesicles in the ultrafast pool, and the second component 
represents the fusion of vesicles that belong to the pool that feeds into the 
ultrafast pool in a calcium-dependent manner. To specifically test whether 
the second component of release was sensitive to intraterminal calcium, 
EGTA was introduced into the synaptic terminal via the patch-pipette (yon 
Gersdorff et al. 1998). Under these conditions, the separation between the 
two components of glutamate release was increased, as would be predicted if 
calcium accelerates the mobilization of synaptic vesicles from a second pool 
to an ultrafast pool, and the chelation of calcium by EGTA impedes this 
mobilization. These results suggest that when calcium is high, mobilization 
is rapid and this causes a blending of the two components. Conversely when 
calcium is low, mobilization proceeds more slowly, and this allows the two 
components to be temporally distinguished. Alternatively, the first compo- 
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nent may represent fusion of vesicles nearest the calcium channels and the 
second component may represent fusion of vesicles located a little further 
away. For a ribbon synapse, the two possibilities go hand in hand because 
the vesicles tethered near the base of the ribbon, believed to comprise the 
ultrafast fast pool, are those which are closest to the plasma membrane and 
calcium channels. The vesicles on the upper rows may serve as the second 
pool while at the same time being located more distantly from calcium 
channels. Additional evidence to support a direct role for calcium in sgnap- 
tic vesicle mobilization comes from the drosophila neuromuscular junction. 
In this preparation, raising the external calcium concentration results in an 
increase in the number of vesicles that are docked at release sites (Koenig et 
al. 1993). Calcium-dependent refiUing of vesicle pools also been postulated 
for other central neurons (Dittman and Regehr 1998; Stevens and Wesseling 
1998; Wang and Kaczmarek 1998), in addition to invertebrate neurons 
(Gingrich and Byrne 1985). 

2.5.6 
ATP and Refilling of the Release-Ready Pool 

Studies of secretion in permeabilized neuroendocrine cells have established 
a functional role for ATP in the priming of large dense-core granules for 
calcium-dependent fusion and the maintenance of exocytosis (e.g. Baker 
and Knight 1978; Holz et al. 1989; Bittner and Holz 1992; Martin et al. 1995; 
Banerjee et al. 1996). Recently, electrophysiological evidence has established 
a role for ATP in functionally replenishing the supply of release-ready of 
small clear-core synaptic vesicles in synaptic terminals (Heidelberger 1998). 
In these experiments, the release-ready pool was first depleted by flash- 
photolysis of caged-calcium and then probed after allowing sufficient time 
for pool replenishment to occur. When MgATP was omitted from the inter- 
nal recording solution or replaced with the non-hydrolFzable analog ATP-7- 
S, the exocytotic responses following a pool-depleting stimulus were greatly 
attenuated (Fig. 2.9). This was true even when the interval between stimula- 
tions was increased to six times the standard time constant of reffiling to 
allow for slow refilling of the release-ready pool (Heidelberger 1998). Impor- 
tautly, such a large reduction in the amplitude in the exocytotic response 
was not observed when MgATP was included in the internal solution 
(Heidelberger 1998). Because the intraterminal calcium was elevated via 
flash-photolysis of caged-calcium and measured with a calcium-indicator 
dye, the reduction in the amplitude of subsequent capacitance responses 
cannot be attributed to a change in calcium. A requirement for MgATP in 
replenishing the release-ready pool in sgnaptic terminals has also been re- 
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Fig. 2.9. Terminals with MgATP maintained the ability to respond to stimulation 
better than those without. The average amplitude of the capacitance response to the 
first, second and third W-flash, given at a super-threshold intensity, is compared 
across three groups of synaptic terminals. Flashes were separated by a minimum of 

50 s, and typically > 60 s, to allow refilling of the release-ready pool of synaptic 
vesicles to occur between stimulations. The solid bars indicated data from terminals 
dialyzed with an internal solution containing MgATP. In the second group, indi- 
cated by the gray bars, terminals were dialyzed with an ATP-y-S-containing solu- 
tion. In the final group, indicated by the hatched bars, terminals were dialyzed with 
solution that which contained neither Mg 2+ nor nucleotide. Error bars indicate 
+ 1 s.e.m. (Reproduced from The Journal of General Physiology, 1998, 111,225-241, 
by copyright permission of The Rockefeller University Press) 

ported under conditions in which intraterminal calcium is elevated by the 
activation of presynaptic voltage-gated calcium channels (Heidelberger and 
Matthews 1997). Thus, functional replenishment of the release-ready pool in 
synaptic terminals appears to be dependent upon the presence of cytosolic 
MgATP. Therefore, these results suggest that without ATP, the synapse will 
exhibit a profound and lasting depression following the depletion of the 
release-ready pool. The ATP-dependence of synaptic vesicle pool-refilling 
and maintained release has not been probed in other central neurons, but 
there is strong evidence from the drosophilia neuromuscular junction to 
indicate that maintenance of the release-ready pool of synaptic vesicles re- 
quires the hydrolysis of ATP by the protein NSF (N-ethylmaleimide- 
sensitive fusion protein) (Kawasaki et al. 1998; Tolar and Pallanck 1998). 

Although the above results convincingly demonstrate that ATP is re- 
quired to maintain release in synaptic terminals, they do not answer the 
question of where in the secretory pathway this ATP requirement lies. For 
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example, it could be that ATP is required for localizing vesicles to the release 
sites and that in the ATP-depleted state, vesicles are simply not docked at 
the active zones. A second possibility is that without ATP the vesicles are 
correctly docked at active zones, but the vesicles are incapable of calcium- 
dependent fusion. A third possibility is that the vesicles are properly docked 
at active zones, but it is the release sites that are not able to accommodate 
another round of fusion. The first hypothesis has only been examined at the 
ultrastructural level with respect to the function of the ATPase NSF, and it 
appears that hydrolysis of ATP by NSF does not play a significant role in the 
docking of synaptic vesicles (Kawasaki et al. 1998; Schweizer et al. 1998). 
Additional putative roles for ATP in vesicle docking have not yet been ad- 
dressed. For the second hypothesis, several reactions have been identified 
which implicate ATP in vesicle priming. The first is that ATP is required as a 
phosphate donor to support kinase activity. For example, phosphorylation 
by myosin light-chain kinase has been proposed to be important in ATP- 
dependent priming in chromaffin cells (Kumakura et al. 1994). In addition, a 
requirement for ATP in the priming of large dense-core granules has been 
shown to be mediated via the phosphorylation of phosphatidyl inositol (Hay 
and Martin 1993; Hay et al. 1995; Martin 1998). The evidence suggests that 
these phosphorylation reactions are quite important for the priming of large 
dense-core granules, but it is not yet clear whether they play also a role in 
the fusion of small clear-core synaptic vesicles (e.g. Khvotchev and Sudhof 
1998; but see Wiedemann et al. 1998). The second and third hypotheses 
share some overlap in the sense that it can be difficult to distinguish be- 
tween a vesicle that is reluctant to fuse and a release site that is not able to 
accommodate fusion. Locus aside, the evidence suggests that the hydrolysis 
of ATP by NSF is necessary for priming of the fusion machinery. Indeed, 
hydrolysis of ATP by NSF has most recently been proposed to either rear- 
range SNARE complexes following fusion so that they can engage in subse- 
quent rounds of release (Kawasaki et al. 1998; lahn and Sudhof 1999) or to 
prime vesicles (Banerjee et al. 1996; Kawasaki et al. 1998) or the release ma- 
chinery (Tolar and Pallanck 1998) for fusion. In synaptic terminals, the 
available data does not allow a requirement for ATP in a hydrolysis reaction 
to be distinguished from a phosphorylation step for which ATP-T-S is a poor 
donor, and therefore each of these mechanisms must be considered. 

2.5.7 
Synthesis of Synaptic Vesicle Pool Information 

The results presented in the following sections suggest that the sequential 
models of exocytosis developed for neuroendocrine cells need to be modi- 
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Fig. 2.10. A schematic model of exocytosis in synaptic terminals. Solid arrows indi- 
cate those transitions which are very likely to exist. Dashed lines indicate those 
transitions which may be possible, but for which there is no direct evidence 

lied in order to account for the data on exocytosis and synaptic vesicle pools 
in synaptic terminals. One important deviation from earlier models is the 
possibility that vesicle pools can be refilled from more than one source (Fig. 
2.10). In addition, this revision of the neuroendocrine cell models highlights 
the possibility that in synaptic terminals, as in neuroendocrine cells, there 
may be more than one calcium-dependent step in the refilling pathway. 
Calcium- and activity-dependent steps in replenishing synaptic vesicles 
pools have not always been considered when modeling synaptic depression 
and facilitation in the central nervous sytem, and the results presented ear- 
lier suggest that they should be. Finally, the revised model provides a simple 
framework with which to conceptualize the new synaptic data. 

First, consider the ultrafast pool of vesicles. This pool presumably repre- 
sents those docked and primed vesicles nearest the presynaptic calcium 
channels, given the evidence presented earlier. This small pool can proceed 
directly to calcium-dependent fusion with minimal delay. Next, consider the 
release-ready pool. This larger pool can fuse with the similar rates as the 
ultrafast pool, provided that calcium is uniformly elevated within the termi- 
nal. This, along with the comparative actions of EGTA and BAPTA on re- 
lease from this pool and its ATP-independent release, suggests that the re- 
lease-ready pool may differ from the ultrafast pool only in that the release- 
ready pool is located more distantly from the calcium channels. Therefore, 
in this model, the ultrafast pool is depicted as a subset of the release-ready 
pool. The present schematic further assumes that under physiological con- 
ditions, vesicles must pass through the uhrafast pool in order to fuse. 
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The evidence suggests that the rate of refilling of the release-ready pool is 
enhanced by the elevation of intraterminal calcium. It also seems that there 
may be a particular reserve pool that can refill the release-ready pool one 
time before it, too, is depleted. In this model, transitions from this reserve 
pool to the release-ready pool are depicted as being calcium-dependent, but 
it could also be that transitions from the depot pool are calcium-dependent. 
In addition to calcium, the functional replenishment of the release-ready 
pool was shown to require ATP. The actual site or sites of ATP action have 
not been established, but presumably if the requirement lay at the depot 
pool to reserve pool transition, terminals without ATP would have exhibited 
a standard amplitude second, and this was not typically the case. Therefore, 
in this model ATP is shown to be required for tel'riling of the release-ready 
pool from the reserve pool. It should be kept in mind that there be more 
than one step in the secretory pathway that requires ATP, including those 
ATP-dependent reactions that are discussed above and that the actual locus 
of ATP action has not yet been determined. 

Refilling of the ultrafast pool was also shown to have a calcium-depen- 
dent component. A calcium-dependent translocation step along the ribbon 
could conceivably account for this reaction, and therefore, a calcium- 
dependent exchange of vesicles between the release-ready pool and the ul- 
trafast is postulated. However, a calcium-dependent refilling step may occur 
from one of the other pools. In contrast to what happens during a stimulus, 
at basal calcium refdling of the ultrafast pool may occur independently of 
the release-ready pool. The identity of the reserve pool that subserves this 
function is unknown, so in this model, this slower form of refdling of the 
ultrafast pool is suggested to come from both a small reserve pool and a 
larger, ill-defined depot pool. 

2.6 
Endocytosis 

Endocytosis serves the dual purpose of maintaining the surface area of a cell 
and retrieving and recycling vesicular components. Endocytosis can be criti- 
cal to ongoing activity at a synapse, particularly if replenishment of the re- 
lease-ready pool depends to a large extent on the retrieval and local recy- 
cling of endocytosed vesicles. Under such conditions, suppression of endo- 
cytosis leads to synaptic depression (Koenig et al. 1993). Therefore, modula- 
tion of endocytosis must be considered as a mechanism by which the 
strength of a synapse might potentially be regulated (Klingauf et al. 1998). 
Endocytosis can be examined with excellent temporal resolution using the 
capacitance technique. A potential problem may arise if exocytosis and e n -  
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docytosis overlap temporally, but for synaptic terminals of retinal bipolar 
neurons, overlap does not appear to occur with the standard stimulation 
protocols (yon Gersdorff et al. 1998). Chromaffin cells, on the other hand, 
will have some contamination of endocytosis with on-going exocytosis, but 
probably only for the first 300 ms after the depolarization (Engisch and 
Nowyck'y 1998). The extent to which endocytosis and exocytosis occur con- 
currently in other secretory cells is unknown. 

2.6.1 
Endocytosis in Synaptic Terminals 

In bipolar neuron synaptic terminals, endocytosis follows exocytosis and 
restores the membrane surface area precisely to the prestimulus baseline. 
For a single depolarization from -60 to 0 mV for 500 ms, the time constant 
of membrane retrieval is typically a few seconds ("fast endocytosis", see Fig. 
2.1). Optical methods in hippocampal neurons have also reported a compo- 
nent of endocytosis that has a time constant in the I-lO sec range, depend- 
ing on the experimental conditions (Klingauf et al, 1998; Kavalali et al. 1999). 
In synaptic terminals, the rate of fast endocytosis can be predicted from the 
time course of the recovery of intracellular calcium in synaptic terminals, 
where it has been shown to follow a fourth-order dependence on cgtosolic 
calcium (yon Gersdorff and Matthews 1994a). With more intense stimula- 
tion protocols, such as a train of depolarizations, the rate of membrane re- 
covery exceeds that predicted by the recovery time course of internal cal- 
cium. In these instances, endoqrtosis can have a time constant in the range 
of 1O's of seconds. This is similar to the ~ 14 second time constant of endocy- 
tosis reported in hair cells in response to a 1 second depolarization (Parsons 
et al. 1994) and the estimate in hippocampal neurons that endocytosis is 
half-completed within 20 seconds following a train of action potentials 
(Ryan and Smith 1995) or within 60 seconds in response to a maintained 
depolarization (Ryan et al. 1993). The dissociation between calcium recovery 
and endocgtosis in response to strong stimulation may indicate that a factor, 
in addition to intraterminal calcium, regulates the rate of endocytosis. For 
example, a component necessary for fast endocytosis may be depleted or 
have its activity modulated following strong stimulation. Equally plausible is 
that idea that some molecule that serves as a braking mechanism for endo- 
cgtosis is activated by a strong stimulation paradigm. Alternatively, the two 
rates of endocytosis may reflect two distinct types of membrane retrieval. 
For example, the faster form of endocytosis might be associated with a slow 
type of"kiss and run" phenomenon in which the fused vesicle does not fuUy 
collapse into the plasma membrane, but instead is retrieved intact (e.g. 
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Ceccarelli and Hurlbut 1980b; Meldolesi and Ceccarelli 1981). A longer en- 
docytosis time course, which exceeds the time course predicted by the re- 
covery rate of intraterminal calcium, might arise when a vesicle collapses 
fully into the plasma membrane following fusion. This latter form of re- 
trieval might require clathrin, whereas the former might not. Ultrastructural 
studies of endocytosis at the neuromuscular junction have also suggested 
two types of endocytosis (see Meldolesi and Ceccarelli 1981), with one type 
most prominent in the first few seconds following stimulation and not me- 
diated by clathrin, and the second type peaking about 30 s after the stimulus 
and involving the formation of clathrin-coated pits (Miller and Heuser 
1984). Similar results have been reported in nerve terminals of drosophila 
photoreceptors (Koenig and Ikeda 1996). Further investigation that include 
ultrastructural analyses is needed to determine whether the faster and 
slower forms of endocytosis observed in synaptic terminals represent dis- 
tinct forms of endocytosis or activity-dependent modulation of a single 
process. 

2.6.2 
Neuroendocrine Cells 

Two modes of endocytosis that differ with respect to their time courses have 
been reported in neuroendocrine cells (Henkel and Almers 1996; Burgoyne 
1998); see also (Heinemann et al. 1994; Thomas et al. 1994; Hsu and Jackson 
1996) and in pancreatic beta-ceUs (Proks and Ashcroft 1995). One recently 
described mode of endocFtosis in chromaffm cells, termed compensatory 
endocytosis, restores the capacitance record following stimulation precisely 
back to baseline and has a time constant on the order of seconds (Engisch 
and Nowycky 1998). Thus, with respect to time course and the precise resto- 
ration of membrane surface area, compensatory endocytosis resembles the 
fast endocTtosis observed in synaptic terminals. However, some important 
differences exist. Compensatory exocytosis does not occur in all chromaffin 
cells, but the probability that it will occur is increased with an increase in the 
size of the capacitance jump and with an increase in the amount of calcium 
influx (Engisch and Nowycky 1998). In synaptic terminals, there is no corre- 
lation between fast endocytosis and the amplitude of the capacitance re- 
sponse, and fast endocytosis does not have an obvious calcium influx mini- 
mum. Conceivably, a calcium minimum might exist in synaptic terminals, 
but due to the high calcium concentration required to trigger exocytosis in 
nerve terminals, this threshold is always exceeded and therefore never ob- 
served. A further difference between compensatory endocFtosis in neuroen- 
docrine cells and fast endocytosis in synaptic terminals is that compensatory 
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endocytosis is typically preserved in the perforated-patch configuration, but 
lost in the whole-ceU recording configuration (Smith and Neher 1997), sug- 
gesting that compensatory endocytosis requires a freely diffusible cytosolic 
molecule. In contrast, fast endocgtosis in synaptic terminals is maintained 
equally well in either whole-call or perforated patch configurations (e.g. von 
Gersdorff and Matt.hews 1994a; yon Gersdorff and Matthews 1994b; Sakaba 
et aL 1997; but see Neves and Lagnado 1999). 

2.6.3 
Excess Retrieval 

A second type of endocytosis that has been described in neuroendocrine 
cells is termed excess retrieval. It is characterized by a rapid, calcium- 
triggered retrieval of membrane that typically undershoots the baseline 
capacitance, followed by a slow recovery of membrane capacitance to the 
prestimulus value. Like compensatory and rapid endocytosis, excess re- 
trieval is also a rapid process. The time constant of retrieval can typically be 
fitted by the sum of two exponentials with a fast component (seconds) and 
an even faster component (1 ms-100 ms) (Artalejo et al. 1995; Engisch and 
Nowycky 1998). Excess retrieval is triggered by an intense stimulation that 
results in a large increase in intracellular calcium (Thomas et al. 1994; Ar- 
talejo et al. 1995; Proks and Ashcroft 1995; Smith and Neher 1997; Engisch 
and Nowycky 1998). Indeed, the likelihood of observing this type of rapid 
endocgtosis appears to increase when internal calcium is elevated to 50 pM 
or more (Heinemann et al. 1994). Once excess retrieval is triggered, how- 
ever, the rate at which excess retrieval proceeds is independent of cytosolic 
calcium (Smith and Neher 1997). The significance of excess retrieval is un- 
known, but it has been postulated that it serves to endocytose membrane 
that has been previously added but not retrieved (Thomas et al. 1994; Smith 
and Neher 1997; Engisch and Nowycky 1998). 

Excess retrieval has not been observed in synaptic terminals. Even when 
cytosolic calcium is raised to >> 100 pM and a rapid form of endocytosis is 
triggered, the membrane capacitance still does not undershoot the baseline 
(Heidelberger 1998; Figs. 2, 3). Thus, well-balanced and well-timed endocy- 
tosis may represent a distinct feature of the synaptic release and retrieval 
machinery. Interestingly, in contrast to the synaptic terminals of'bipolar 
neurons, a slow form of calcium-triggered endoqrtosis that undershoots the 
resting membrane capacitance has been observed in the cell bodies of iso- 
lated bipolar neurons (see Fig. 2.2; also Heidelberger 1998). This excess re- 
trieval was evoked by a very intense stimulation that elevated the cytosolic 
calcium well above 100 btM (Heidelberger 1998) and slowly recovers to base- 
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line. The fact that this excess endocytosis is observed exclusively in somata 
and not in terminals raises the possibility that excess retrieval may involve 
the retrieval of membrane that has been added constitutively, rather than 
membrane added via synaptic vesicle fusion and the release of neuro- 
transmitter. A similar interpretation has been recently postulated for excess 
retrieval in chromaffm ceils (Smith and Neher 1997; Engisch and Nowycky 
1998). 

2.6.4 
Calcium Regulation of Endocytosis 

Calcium ions have long been proposed to be an important factor for endocy- 
tosis (Ceccarelli and Hurlbut 1980a). However, consensus about the effect of 
calcium ions on endocytosis has not been reached. This may be due in part 
to other factors that contribute to the regulation of endocytosis and in part, 
to the existence of more than one mode or type of endocytosis. In synaptic 
terminals of bipolar neurons, rapid endocytosis is slowed by the elevation of 
internal calcium, with half-maximal inhibition achieved at ~ 500 nM calcium 
(yon Gersdorff and Matthews 1994b). The effect of intraterminal calcium 
concentrations above ~ 2 I~/I, however, were not examined. Consistent with 
a calcium-dependent inhibition of endocytosis, optical assays of endocytosis 
in sgnaptic terminals have shown that endocytosis does not occur during 
periods of calcium influx (Rouze and Schwartz 1998). In nerve terminals of 
the posterior pituitary and cortical synaptosomes, endocytosis also appears 
to be inhibited by elevated internal calcium (Hsu and Jackson 1996; 
Branchaw et al. 1998; Cousin and Robinson 2000). In chromaEm cells, 
tetany, with its strong elevation of internal calcium, has been reported to 
result in either a lack of endocytosis or delayed or slowed endocytosis 
(Artalejo et al. 1995), and dialysis of a chromaffin cell interior with 50 btM 
calcium has been shown to delay the onset of endocytosis for a few minutes 
(Smith and Betz 1996). Results obtained in PC12 cells, donal cells of the 
adrenal medulla, also support the observation that high internal calcium can 
inhibit endocytosis. Here, endocytosis associated with large dense-core 
granules occurs only when the average cytosolic calcium fails below 10 ttM 
(Kasai et al. 1996), suggesting that high calcium inhibits endocytosis. A per- 
plexing additional finding is that this slow endocytosis is also observed when 
the average cytosolic calcium exceeds 40-50 ~vl. The authors have intre- 
preted this to indicate that the initiation of slow endocytosis is blocked by 
high calcium but that the appearance of slow endocytosis is facilitated by 
high calcium. 
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In contrast to the reports that elevation of intracellular calcium inhibits 
endocytosis are the reports that calcium is either required for triggering 
endocytosis or has no effect on endocytosis. In chromaffin cells, the time 
constant of compensatory endocytosis was found to decrease with increas- 
ing calcium influx until it reached a plateau at ~ 6 seconds (Engisch and 
Nowycky 1998). In addition, rapid endocytosis associated with excess re- 
trieval has been demonstrated to require an elevation in intracellular cal- 
cium (Artalejo et al. 1995). Consistent with this finding is the observation 
that transient fusion events are detected with greater frequency following an 
increase in external calcium (Ales et al. 1999). The rate of fast endocytosis 
was also reported to increase with an increase in internal calcium in PC12 
cells (Kasai et al. 1996). Calcium-triggered endocytosis was revealed in so- 
mata of dorsal root ganglion neurons when exocytosis was blocked with 
EGTA (Huang and Neher 1996). In sea urchin eggs, optical methods have 
demonstrated that the endocytosis that follows cortical granule exocytosis 
requires calcium influx through voltage-gated channels (Vogel et al. 1999). 
Optical studies of vesicle cycling in hippocampal neurons have indicated 
that fast endocytosis is spurred on by an elevation in internal calcium 
(Klingauf et al. 1998). In contrast, calcium seems to have little effect on the 
slower mode of endocytosis in hippocampal neurons (time constant ~ 20 
seconds) (Ryan and Smith 1995) or on endocytosis at neuromuscular junc- 
tion (Ramaswami et al. 1994; Wu and Betz 1996). 

From the above data, one must conclude that calcium is an important 
and complex regulator of endocytosis. However, at present there does not 
appear to be a simple way to reconcile these strikingly different reports. The 
calcium-dependence of endocytosis cannot be classified according to vesicle 
type (clear-core vs dense core). Neither can it be readily grouped according 
to cell-type (neuron vs. neuroendocrine), nor by time course of endocytosis 
(fast vs. slow). It may simply be that there is more than one type of calcium- 
regulated endocytosis. Furthermore, if the relationship between internal 
calcium and endocgtosis is non-linear or bell-shaped, as has been reported 
for continous vesicle cycling (Rouze and Schwartz 1998), this could also 
contribute to the complexity. A non-linear relationship might allow a role 
for calcium in both initiating endocytosis and in inhibiting it when calcium 
rises above a certain level in a particular intracellular location. The matter 
becomes even more complex if the dose-response curve can be shifted along 
the calcium axis in a cell-specific or activity-dependent manner. A hypothe- 
sis that contains elements of some of these speculations has recently been 
proposed (Cousin and Robinson 2000). In this model, there are two modes 
of calcium-regulated endocytosis that are ultimately mediated by the protein 
dynamin. It is the difference in the binding-affinities of the receptors to 
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which calcium ions bind and the subcellular location of these receptors that 
provide the switch between calcium-dependent inhibition of endocytosis 
and calcium-driven endocytosis. Each of these hypotheses is intriguing and 
has merit. What is needed now is for these hypotheses to be carefully con- 
sidered and experimentally evaluated. It would be most helpful ff the regu- 
lation of endocytosis by calcium would be reexamined across secretory cell 
types using standardized stimulation protocols and precise measurements of 
the relevant intracellular calcium concentration (e.g. global vs. local; somatic 
vs synaptic). 

3 
Amperometry 

3.0 
Introduction 

The addition of carbon fiber amperometry to our box of tools for studying 
presynaptic release mechanisms has advanced our knowledge of exocytosis, 
particularly with respect to the fusion process itself. This technique has 
excellent temporal resolution and can be used to monitor the release of 
oxidizable substances from a single secretory cell in real-time. The signal 
resolution is such that single quantal release events can be detected. Am- 
perometry has the advantage that it is not plagued by the non-linearities that 
can confound the use of postsynaptic receptors as reporters of neuro- 
transmitter release. Additionally, carbon fiber amperometry does not ne- 
cessitate that the cell of interest be held under whole-cell voltage clamp 
(although this combination of techniques is often desirable), and therefore 
the requirements for cell morphology are less stringent than those of capaci- 
tance measurements. Furthermore, the externally-positioned carbon fiber 
provides a non-invasive way to monitor release. For all of these reasons, 
carbon fiber amperometry provides an excellent adjunct to paired pre- and 
post-synaptic recordings and capacitance measurements for the study of 
exocytosis. 

The carbon fiber amperometric technique is based upon the principle of 
chemical reduction-oxidation reactions. The carbon fiber electrode (2-5 Im~ 
radius) is placed very near to a secretory cell and is held at a potential that is 
at or above the redox potential of the secreted, oxidizable molecules of in- 
terest. (The rate of oxidation is speeded by exceeding the redox potential). 
When molecules are released from the cell during exoc),tosis, they diffuse 
away from the cell, and some fraction will strike the carbon fiber and be- 
come oxidized. When oxidized, these molecules give up electrons, and these 
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electrons contribute to an electrical signal that is detected by the carbon 
fiber microelectrode. The amperometric current is directly related to the 
amount of released oxidizable substance according to Faraday's Law:. Q = 

zFM, where Q is the measured amperometric spike charge, F is Faraday's 
constant, z is the number of electrons/molecule that are given up in the 
electrochemical oxidation, and M is the number of moles of the secreted, 
oxidizable substance. Neurotransmitter molecules that can be electrochemi- 
cally detected with this technique include catecholamines such as norepi- 
nephrine, epinephrine, and dopamine, and indolamines like serotonin. Be- 
cause the oxidation reaction occurs very quickly, amperometry has proved 
very useful in studying the time course of secretion from individual gran- 
ules. Further refinements in the manufacture of these electodes have im- 
proved the signal-to-noise such that the quantal release attributed to the 
fusion of small synaptic vesicles can also be detected (Zhou and Misler 
1995a; Zhou et al. 1996). Unfortunately, there is no time-resolved method for 
the electrochemical detection of amino acid neurotransmitters such as glu- 
tamate or GABA at present. However, a coating for the carbon fiber has been 
devised to catalyze the oxidation of insulin and allow insulin release from 
single granules of pancreatic beta-cells to be detected (Huang et al. 1995), 
and a calcium-indicator dye has been added to the surface of carbon fibers 
to permit the release of calcium that occurs during catecholamine secretion 
to be monitored (Xin and Wightman 1998). It may be that additional modi- 
fications of the carbon fiber surface will allow other released substances to 
be electrochemically detected in a time-resolved manner. Readers interested 
in more details about the electrochemical detection of secreted substances 
are referred to two excellent reviews (Chow and yon Ruden 1995) and 
(Travis and Wightman 1998). Cyclic voltometry, an electrochemical tech- 
nique that can be used to electrochemically identify a secreted substance 
based upon its oxidation profile, is also discussed in these sources. 

3.1 
The Basic Response 

As with capacitance measurements, amperometry was first used to study the 
secretion of large dense-core granules in neuroendocrine ceUs and has only 
more recently been applied to the study of neurotransmitter release. From 
the large dense-core granule work, it has become dear that a single calcium- 
dependent release event can be resolved as a single spike in the am- 
perometric trace, particularly when the probability of release is reduced (e.g. 
Wight.man et al. 1991; Chow et al. 1992), a situation analogous to the condi- 
tions for detecting miniature end-plate potentials at the neuromuscular 



E|ectrophysiological Approaches to the Study of Neuronal Exocytosis 59 

120 

4O 

0 
' I  l I I I I 
2o ,o ,o ,o ioo o 2~ ~'o ~'o ~o ,~o 

Time (ms) 

Fig. 3.1. Single amperometric current transients in bovine adrenal chromaffin cells. 
Each transient is thought to correspond to the exocytotic release of an oxidizable 
substance from an individual chromaffin granule. The fast rising phase in two of the 
three examples shown is preceded by a small pedestal or "foot," indicated by the 
arrows. The foot is thought to denote the development of the fusion pore and the 
leakage of granule contents into the bath. The spike is thought to correspond to the 
rapid dilation of the pore and the expulsion of granule contents. (Reprinted by 
permission from Nature 356:60-63, copyright 1992, Macmillan Magazines Ltd) 

junction. Quantal release events that occur near to the carbon fiber are rep- 
resented as brief, spike-like signals in the amperometric record (Fig. 3.1). 
Quantal release events that occur at a distance are subject to diffusional 
delays and are thus represented by longer duration, shorter amplitude (i.e., 
temporally smeared) spikes. In response to strong stimulation, such as 
fiash-photolysis of caged-calcium, these spikes can merge to form a plateau 
Upon which other spikes may ride (Haller et al. 1998). 

The amperometric spikes have structure to them and in order to place 
this structure in context, it is important to introduce the concept of the fu- 
sion pore. The fusion pore was first described and studied in mast cells of 
the beige mouse because the secretory granules of these cells are extraordi- 
narily large, and this permitted single fusion events to detected in the whole- 
cell capacitance record (Fernandez et al. 1984; Breckenridge and Almers 
1987; Zimmerberg et al. 1987; Spruce et al. 1990). From these investigations 
it was hypothesized that a small pore is formed upon the fusion of a secre- 
tory granule with the plasma membrane. This fusion pore was further hy- 
pothesized to permit electrical and biochemical access between the granule 
interior and the extracellular space (Lindau and Almers 1995). A small 
amount of release of oxidizable substance through this fusion pore could be 
detected amperometrically by a closely-positioned carbon fiber (Alvarez de 
Toledo et al. 1993). The fusion pore was also observed to abruptly and rap- 
idly dilate (Breckenridge and Almers 1987; Spruce et al. 1990) to give rise to 
a large amperometric spike (Alvarez de Toledo et al. 1993). Consistent with 
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these observations, the majority of single quantal release events in chromaf- 
fin ceUs were found to be preceded by a small "foot" signal that most likely 
corresponds to the trickle of oxidizable substance through a fusion pore and 
into the extraceUular bath (see arrows, Fig. 3.1; Chow et al. 1992; Zhou et al. 
1996). In addition, rapid amperometric spikes were observed that could 
represent the rapid dilation of the fusion pore and the rapid, concerted re- 
lease of oxidizable material (Chow et al. 1992; Zhou et al. 1996). Occasion- 
ally, however, a long foot signal was observed in the amperometric record 
that was not followed by a spike. In these instances, it is believed that the 
fusion pore did not fully dilate and therefore that the granule did not col- 
lapse fully into the plasma membrane. Mternatively, the granule may have 
released all of its catecholamines during the long foot signal such that when 
the rapid dilation of the fusion pore finally did occur, there were no 
catecholamine molecules left to be released. Indeed, it has been estimated 
that a stand-alone foot can release almost 80% of the rehasable content of 
the granule (Zhou et al. 1996) 

3.2 
Amperometric Responses in Neurons 

At present, amperometry has been used to study synaptic exocytosis in only 
a limited number of neurons. One of these is the large Retzius cell of the 
leech. This neuron releases serotonin as a fast neurotransmitter from both 
small dear-core synaptic-like vesicles and large dense-core granules. Consis- 
tent with two types of secretory vesicles, two types of amperometric spikes 
have been observed (Bruns and Jahn 1995). The amperometric spikes at- 
tributed to the fusion of small synaptic vesicles occurred within the first few 
milliseconds following a single action potential and were not preceded by a 
foot-signaL The second type of response was a larger spike that followed the 
action potential with a delay of several milliseconds or more and was often 
preceded by a foot-signal. These latter spikes are similar to the signals ob- 
served in amperometric records from chromaffin cells. For both types of 
amperometric spikes, release proceeded very rapidly once initiated, such 
that the rise times of the amperometric spikes were less than 60 microsec- 
onds. The rapidity of this response suggests that there is an abrupt opening 
of a pre-assembled fusion pore. The lack of a foot-signal and the fast time 
course of release from the smaU vesicles might be attributable, at least in 
part, to the discharge of synaptic vesicle contents through an undilated fu- 
sion pore. If true, this would have important implications for vesicle recy- 
cling. A small sgnaptic vesicle that retains its vesicle matrix because it has 
only opened a small fusion pore (rather than dilating fully and coUapsing 
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into the plasma membrane), may need only to be f'dled with neurotransmit- 
ter before it can rejoin the secretory pathway (see discussion in section 4.2). 

In the vertebrate kingdom, quantal catecholamine exocytosis from pre- 
synaptic neurons has been successfully detected using carbon fiber am- 
perometry in cultured superior cervical ganglion neurons (Zhou and Misler 
1995b; Koh and Hille 1997) and cultured retina] amacrine cells (Hochstetler 
et al. 2000a). As might be predicted for neuronal exocytosis, amperometric 
spikes had rapid rise times and were of short duration (Zhou and Misler 
1995b). Por both neurons, the typical vesicle released ~ 30,000 molecules of 
neurotransmitter (Zhou and Misler 1995b; Hochstetler et al. 2000b). This is 
similar to the estimate of ~ 10,000 acetylcholine molecules that comprise a 
quantum at the vertebrate neuromuscular junction (Kuffler and Yoshikami 
1975). In contrast to this number, the number of molecules released from a 
large dense-core chromaffin granule can be two orders of magnitude larger 
(e.g. Wightman eta]. 1991; Jankowski et al. 1992). This is not entirely sur- 
prising, given the larger volume of the typical chromaffin cell granule rela- 
tive to a small synaptic vesicle. For example, biochemical estimates place the 
concentration of norepinephrine within a dense-core granule to be between 
0.2 and 0.5 M (e.g. Hillarp 1959; Lagercrantz 1976; Klein 1982; Klein and 
Lagercrantz 1982; Johnson 1988). If one assumes an average catecholamine 
concentration of 0.35 M, then a single quanta] release event that liberates 
30,000 molecules would correspond to the fusion of a single vesicle with a 
diameter of ~ 65 nm, assuming that the vesicle is fluid-filled and neglecting 
the thickness of the vesicle membrane. This estimate falls within the range of 
vesicle diameters observed in neurons of the superior cervical ganglia (Zhou 
and Misler 1995b). With the same assumptions, the number of molecules 
contained within a single 300 nm chromaffin granule would be approxi- 
mately two orders of magnitude greater, which is the difference in magni- 
tude that is observed. 

In addition to the above central neurons, carbon fiber amperometry has 
also been used to monitor neurotransmitter release from synaptic vesicles of 
dopaminergic neurons in the midbrain and from the substantia nigra. In 
cultures of midbrain neurons, the ability to detect single fusion events al- 
lowed quantal size to be analyzed before and after experimental treatments. 
The surprising result was that quantal size, as determined by the number of 
molecnles of dopamine released, was not invariant (Pothos eta]. 1998a). 
Rather, quantal size was subject to modulation by growth factors and altera- 
tions in neurotransmitter synthesis (Pothos et al. 1998a). This finding may 
turn out to be extremely important because it suggests that in addition to 
the sites that have been previously postulated, quanta] size may represent an 
additional locus of synaptic plasticity (Pothos and Sulzer 1998; Pothos et al. 
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1998a; Pothos et al. 1998b). Furthermore, these results raise the possibility 
that the variations in quantal size and broad amplitude histograms that have 
been reported for central neurons might also be due to the selective modu- 
lation of particular boutons. 

In substantia nigra neurons (Jaffe et al. 1998), a key question was to de- 
termine whether the somatic release of dopamine occurs via exocytosis or a 
non-vesicular mechanism. To address this, amperometric recordings were 
made from single neurons in substantia nigra brain slices (Jaffe et al. 1998). 
The amperometric record showed spontaneous discrete release events, and 
the frequency of spikes increased with depolarization and could be blocked 
by cadmium, consistent with a calcium-regulated secretory process. Some of 
the amperometric spikes had amplitudes of nearly 20 pA, indicating the 
passage of at least 6 x 107 molecules per second. This is slightly faster than 
the 2.5 x 10 ~ molecules per second that was estimated for the rate of 
catecholamine passage through a 500 nm diameter fusion pore in chromaf- 
fin cells (AlbiUos et al. 1997). Based upon this information, the authors con- 
cluded that the release of dopamine from these neuronal cell bodies most 
likely occurs via exocytosis, rather than by a slower transport mechanism. 
The data also indicated that there may be more than one population of vesi- 
cles that contain oxidizable substances in these neurons. As in retzius neu- 
rons of the leech (Bruns and Jahn 1995) and snail neurons (Clark and Ewing 
1997), these two populations may represent large dense-core and small syn- 
aptic-like vesicles, but this remains to be determined. Another exciting as- 
pect of this work is that it demonstrates that carbon fiber amperometry can 
be adapted to the study of neurotransmitter release in the brain slice prepa- 
ration. 

3.3 
Combined with Capacitance Measurements 

As indicated in the previous section, the application of carbon fiber am- 
perometry to the study of exocytosis has revealed several new aspects about 
the quantized release of oxidizable substances, and this technique becomes 
even more powerful when combined with other approaches, such as capaci- 
tance measurements or measurement of intracellular calcium. For example, 
amperometry best detects those release events that occur close to the tip of 
the carbon fiber, which may represent only 10% of the total events, depend- 
ing on the geometry of the cell and the carbon fiber (Chow et al. 1992; Chow 
et al. 1994; Haller et al. 1998). This feature can be an advantageous under 
some circumstances. Indeed, a small carbon fiber can be moved along the 
surface of a cell to map the location of release sites (e.g. Robinson et al. 
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1995). In contrast to amperometry, whole-ceU capacitance technique detects 
exocytosis from the entire cell and is not limited to oxidizable substances. In 
addition, of the two, only capacitance measurements can be used to track 
endocytosis. However, amperometry can be used to detect the release of 
oxidizable substances during a voltage step, when capacitance measure- 
ments may not be valid due to the changes in membrane conductance 
evoked by the voltage step. Thus, these two techniques can provide mutually 
beneficial information about synaptic vesicle dynamics. An excellent exam- 
ple of the benefits of utilizing both techniques simultaneously comes studies 
of catecholamine release from chromaffin cells. 

Chow and colleagues have exploited the mutually beneficial attributes of 
these approaches to determine why the time course of exocytosis from 
neuroendocrine ceUs is slower than the time course of release at synapses 
(Chow et al. 1994; Chow et al. 1996). These authors reasoned that the integral 
of the latency histogram of amperometric spikes should be proportional to 
the capacitance record, provided that the observed capacitance increase is 
attributable only to secretion. By scaling the integral of the amperometric 
latency histogram appropriately with respect to the capacitance record, they 
derived an estimate for the rate of exocytosis that was achieved in response 
to a depolarizing voltage step. This rate estimate was compared against the 
relationship between rate and exocytosis obtained in flash-photolysis ex- 
periments with caged-calcium to yield an estimate of the calcium concen- 
tration seen by the release machinery during the depolarization. This exer- 
cise revealed that in response to the opening of voltage-gated calcium chan- 
nels, the release machinery of chromaffin ceUs sees an average calcium con- 
centration that is < 10 pM (Chow et al. 1994). This is approximately an order 
of magnitude lower than the average calcium concentration seen by the 
release machinery in synaptic terminals (Fig. 2.6). Whereas the calcium 
concentration is thought to rise and fall within microseconds at the mouth 
of a calcium channel (reviewed in (Neher 1998), additional calculations sug- 
gested that the calcium concentration seen by the release machinery in 
chromaffin ceils is not only much slower, but that it decays over tens of 
milliseconds (Chow et al. 1994). Additionally, it was shown that the addition 
of exogenous mobile calcium buffers, including low millimolar concentra- 
tions of EGTA, could reduce the amount of delayed release (Chow et al. 
1996). This in turn implies that the sites of exocytosis and the location of 
calcium channels are not molecularlg near to each other in chromaffin cells, 
consistent with arguments presented in section 2.4.2. 

Carbon fiber amperometry can also be an important adjunct to whole- 
cell capacitance measurements when information either about the relative 
timing of membrane fusion and release of neurotransmitter is desired (e.g. 
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Chow et al. 1996) or about the size of the vesicles that underlie the whole-cell 
exocytotic response is desired (e.g. Moser and Neher 1997). To obtain either 
piece of information, capacitance and amperometric signals from stimulated 
secretory cells are simultaneously recorded. Amperometric spikes are then 
used to align the whole-cell capacitance records, and the capacitance records 
are averaged to permit single fusion events to be detected above the noise. 
Such careful cross-correlations studies have estimated the mean size of fu- 
sion-competent mouse chromaffin granules to be between 0.6 and 2 fF 
(Moser and Neher 1997). In addition, cross-correlation studies have revealed 
the important finding that membrane fusion precedes release of vesicle 
contents by a few milliseconds (Chow et al. 1996). The reason for this brief 
delay is not known, but it could be that the earliest fusion pore that is elec- 
trically-detectable does not readily pass catecholamines or that it conducts 
too little to be detected by the carbon fiber (Chow et al. 1996). Alternatively, 
this brief delay could indicate that there is another step between the forma- 
tion of the fusion pore and before catecholamine release that must occur in 
order to for release to occur. One postulated posffusion step entails the 
swelling of the secretory granule matrix and the exchange of charged neuro- 
transmitter in the vesicle with counter ions in the extracellular fluid or the 
co-release of neurotransmitter and counter ions from the vesicle (reviewed 
in Rahamimoff and Fernandez 1997). A posffusion, calcium-dependent 
regulation of the fusion pore has also been suggested (Zhou et al. 1996). At 
present, it is not clear whether either of these mechanisms contributes to the 
the brief delay between fusion and the actual release of neurotransmitter 
described above. Furthermore, because this combination of techniques has 
not been applied to the fusion of small, clear-core synaptic vesicles, it is not 
yet known whether synaptic release also exhibits a brief postfusion delay in 
neurotransmitter release. 

4 
Refinements in the Presynaptir Detection 
of Exocytosis and Endocytosis 

4.0 
Capacitance Measurements 

Detailed analysis of single fusion events would be expected to provide new 
insights into the mechanisms of synaptic exocytosis and endocytosis much 
the way that fluctuation analysis and the study of single channel properties 
has provided crucial information about the elementary signals that underlie 
the whole-cell macroscopic current. For cells in which carbon fiber am- 
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perometrg is not applicable, accurate determination of the underlying size of 
the single fusion event may be obtained from the whole-ceil capacitance 
record by analyzing trial-to-trial fluctuations of the capacitance increase 
evoked by a stimulus (Moser and Neher 1997). Alternatively, limiting the 
size of the patch of membrane from which capacitance measurements are 
made will improve the signal-to-noise ratio and increase the potential to 
detect single events (Neher and Marty 1982). Lindau and his colleagues have 
applied this logic to study large dense-core granule fusion in neutrophils. 
Using a high-frequency sine wave stimulation in the ceil-attached configu- 
ration, they were able to resolve both spontaneous and calcium-dependent 
step increases in membrane capacitance that were as small as 0.1 fF, corre- 
sponding to the fusion of a single 60 nm secretory granule (Loilike et aL 
1995; Loilike et al. 1998). In addition, additional refinements of the cell- 
attached capacitance technique have permitted the fusion pore of secretory 
vesicles as small as = 110 nm diameter to be measured (Debus and Lindau 
2000). Unfortunately, the study of small synaptic vesicle fusion remains be- 
low these current resolution limits. 

Single fusion events have been studied in neuroendocrine ceils using the 
cell-attached refinement of the capacitance technique (Lollike et al. 1995; 
Kreft and Zorec 1997; Lollike et al. 1998). From these studies, it is clear that 
large-dense core granules also form a fusion pore when they fuse with the 
plasma membrane during exocgtosis, as was reported for the giant granules 
of mast ceils from the beige mouse. The fusion pore was quite stable and 
sometimes expanded only very slowly over the 100 ms following fusion 
(Loilike et al. 1995). In other instances, the fusion pore was observed to 
rapidly expand. At still other times, the fusion pore was observed to flicker 
and close without achieving full expansion (Albillos et al. 1997; Ales et al. 
1999). While the average conductance of secretory granule fusion pores in 
giant granules of mast ceils has been estimated to be between 100-300 pS 
(Breckenridge and Almers 1987; Spruce et al. 1990), the conductance of the 
fusion pore in neuroendocrine cells can be as low as 35 pS (Loilike et al. 
1995). This range of these conductances is similar to the ranges of conduc- 
tances reported for gap junctions and ion channels, raising the possibility 
that the fusion pore may share some features with ion channels. Additional 
characteristics of large dense-core granule fusion pores are discussed in 
section 4.2. 



66 R. Heidelberger 

4.1 
Amperometry 

The detection of single fusion events via changes in membrane capacitance 
are not the only techniques that have benefitted from the use of techniques 
previously applied to the study of single channels. For example, fluctuation 
analysis of amperometric records has also been used to determine the rela- 
tive size of a secretory quantum in chromaffin cells (Hailer et al. 1998). This 
analysis was performed under experimental conditions in which the release 
probability was high, and therefore the detection of single quantal events in 
the amperometric record was difficult. The experimentally collected data 
were compared with simulations that were designed to test assumptions 
about the size of the underlying elementary signal. The results indicated that 
under these experimental conditions, the secretory quantum was smaller 
than would be predicted (Hailer et al. 1998). Possible explanations for this 
finding include an abundance of foot-only secretory events, secretory events 
that occur at heterogeneous locations, or a heterogeneous size distribution 
of granules (Hailer et al. 1998). 

4.2 
Combined Patch-Amperometry and Patch-Capacitance 

To more directly analyze single amperometric events, Albillos and col- 
leagues placed a carbon fiber microelectrode within a patch-clamp recording 
electrode in order to dectrochemicaUy detect the exocgtotic release of oxidi- 
zable substances from a region of membrane limited to that region con- 
tained within the patch pipette. Fusion events in this same patch of mem- 
brane were simultaneously monitored using ceU-attached capacitance meas- 
urements. The combined use of patch-amperometry and patch-capacitance 
measurements permitted these investigators to simultaneously observe the 
opening of the fusion pore and the release of catecholamine from a single 
dense-core granule in a chromaffin cell in real-time (Albillos et al. 1997). 
With this approach, they estimated the size of the fusion pore to be ~. 2.5 nm 
in diameter and showed that as previously surmised, catecholamine could 
indeed be released through the undilated fusion pore. Transient dilations of 
the fusion pore were also observed. In both rat and bovine chromaffin cells, 
catecholamine release through the undilated fusion pore was nearly com- 
plete and occurred approximately 10% of the time (Albinos et al. 1997; Ales 
et al. 1999). This result suggests that a dense-core granule need not collapse 
fully into the plasma membrane in order to release its contents, but rather 
might actually be able to fuse transiently with the plasma membrane and 



Electrophysiological Approaches to the Study of Neuronal Exoc?tosis 67 

then be retrieved as an intact vesicle. Furthermore, given that a fusion pore 
may be less than 3 nm in diameter, it seems unlikely that the large molecules 
that comprise the dense-core would be lost through a small fusion pore 
(Albillos et al. 1997; Ales et al. 1999). These results, combined with the work 
of others (reviewed in Palfrey and Artalejo 1998), have led to the novel sug- 
gestion that in addition to recycling through an endosomal compartment, 
recycling of large dense core vesicles can occur locally, depending upon the 
stimulation protocol. 

Even with the improved signal-to-noise ratio, the patch-amperometry 
technique is not yet sensitive enough to study the fusion pore and its charac- 
terists in small synaptic vesicles. However, other lines of evidence suggest 
that there may be local recycling of synaptic vesicles. One piece of evidence 
comes from a recent optical study of synaptic vesicle dynamics in cultured 
hippocampal neurons (Murthy and Stevens 1998). Earlier tracer studies have 
also raised the possibility that synaptic vesicles might be locally recycled 
(reviewed in (Ceccarelli and Hurlbut 1980b). This evidence is particularly 
convincing for ribbon synapses and dense bodies, where tracer-labelled 
vesicles have been found at these synaptic active zone structures (Schacher 
et al. 1974; Schaeffer and Raviola 1978; Evans et al. 1981; Cooper and 
McLaughlin 1983; Siegel and Brownell 1986). Local recycling of synaptic 
vesicles would be consistent with the hypothesis that important vesicle con- 
tents are not lost during the process of synaptic exocytosis and that there is 
little sorting of vesicle surface molecules that needs to be done following the 
fusion event. These features would not be incompatible with the possibility 
that a synaptic vesicle may be able to release all of its contents through an 
undilated fusion pore (e.g. Neher 1993; Bruns and Jahn 1995). Hopefully, 
future refinements of these techniques will be developed that will allow this 
hypothesis to be more directly tested. 

Concluding Comments 

Great strides have been made in recent years in our ability to study exoc~o- 
sis and endocytosis in living nerve terminals in real-time. A basic under- 
standing of synaptic vesicle fusion, neurotransmitter release, membrane 
retrieval and synaptic vesicle recycling is now well on its way to being fully 
achieved. The future is bright, and further refinements of the electrophysi- 
ological approaches presented in this review are expected to reveal ever 
more detailed information about these fundamental aspects of neuronal 
synaptic communication. In addition, these approaches can be combined 
with other tools, such as optical assays of vesicle recycling, ultrastructural 
analyses of active zones, and molecular biological probes, to examine further 



68 R. Heidelberger 

the role of the presynaptic terminal and synaptic vesicle dynamics in synap- 
tic signaling and its modulation. 
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Electrophysiological Approaches to the Study of Neuronal Exocytosis 

Preview 

The cornerstone of synaptic transmission is the calcium-dependent fusion of 
synaptic vesicles with the plasma membrane and the release of neuro- 
transmitter into the synaptic cleft. Renewed interest in the mechanisms that 
regulate these important first steps in neuronal communication has been 
sparked by recent advances in the identification of molecular interactions 
that underlie these processes and by the development of electrophysiological 
techniques that permit the direct examination of these processes in real- 
time. This review will present the emerging view of neuronal exocytosis and 
endocytosis that has developed as a consequence of these new electrophysio- 
logical approaches. Where instructive, results will be discussed in light of 
other new developments in the field in order to give the reader a compre- 
hensive understanding of our current knowledge. To set the stage, we begin 
with an overview of the traditional approach to the study of neurotransmit. 
ter release, electrical recordings from pairs of synapticalIy-connected ceils 
and discuss the applicibility of this approach to the study of exocytosis and 
synaptic vesicle dynamics in the central nervous system. The review will 
then focus on its main theme, the use of membrane capacitance measure- 
ments and whole-terminal patch-clamp recording techniques to directly 
monitor calcium-dependent synaptic vesicle fusion and retrieval in central 
neurons. Next, carbon fiber amperometry wiU be introduced, and informa- 
tion about the mechanics of secretory vesicle fusion and neurotransmitter 
release obtained with carbon fiber amperometrg will be presented. Finally, 
combinations and refinements of these electrophysiological approaches will 
be discussed. 

1 
Paired Recordings 

1.0 
Introduction 

Communication between neurons can occur chemically via synaptic trans- 
mission. This communication process begins when an invading depolariza- 
tion opens voltage-gated calcium channels in the nerve terminal of the pre- 
synaptic neuron, allowing calcium from the extracellular fluid to enter into 
the nerve terminal. The resultant elevation in presynaptic calcium somehow 
triggers the fusion of synapfic vesicles with the presynaptic plasma mem- 
brane and the release of vesicular contents into the synaptic cleft. Secreted 
neurotransmitter molecules then diffuse passively across the synaptic cleft 
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to the postsynaptic neuron, where they may bind to cell-surface receptors. 
The postsynaptic receptor with the appropriate number of bound neuro- 
transmitter molecules may either change its conformation to allow ions to 
cross the postsynaptic membrane and create an electrical signal and/or acti- 
vate a second-messenger-mediated cascade that might modulate ion channel 
activity. To complete the signalling process, neurotransmitter is cleared 
from the synaptic cleft, and the membrane that was added to the presynaptic 
plasma membrane by the fusion of synaptic vesicles, or its equivalent 
amount, is retrieved to preserve the surface area of the nerve terminal. 

1.1 
Introduction to Paired Recordings 

Synaptic transmission was first examined at the vesicular level by Katz and 
his colleagues at the frog neuromuscular junction using intraceUular record- 
ing techniques to monitor electrical activity. In their classic manuscript, FaR 
and Katz described the "chance observations" of randomly occurring spon- 
taneous miniature electric discharges at the endplates of resting muscle 
fibers (Fatt and Katz 1952). These miniature discharges ,"minis," were found 
to share a number of important characteristics with end-plate potentials, 
such as being localized to innervated regions of the muscle fiber and being 
blocked by curare. More importantly, when the release probability was low- 
ered, the amplitudes of the end-plate potentials were found to vary in a step- 
like fashion that corresponded to multiples of the mean mini amplitude 
(CastiUo and Katz 1954). Based upon these and other observations, FaR and 
Katz proposed that the endplate potential at the neuromoscular junction was 
comprised of multiple, summed miniature potentials, and they coined the 
term "quantum" to describe the mean size of these minis (FaR and Katz 
1952). Katz and colleagues went on further to hypothesize that synaptic 
vesicles were the physical representation of these quanta (Castillo and Katz 
1956; Katz 1966; Katz 1969). 

1.2 
Paired Recordings in the Central Nervous System 

In a manner analogous to recording from a presynaptic motor neuron and a 
postsynaptic muscle fiber, neurotransmitter release can also be studied in 
synaptically-connected pairs of neurons. In the central nervous system, 
patch-clamp recording techniques are often preferred over conventional 
sharp electrode intraceUular recordings because of the more favorable sig- 
nal-to-noise ratio of the patch-clamp technique and because the patch- 
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1 
Summary 

Most mitochondrial proteins are nuclear-encoded and synthesised as pre- 
proteins on polysomes in the cytosol. They must be targeted to and translo- 
cated into mitochondria. Newly synthesised preproteins interact with cy- 
tosolic factors until their recognition by receptors on the surface of mito- 
chondria. Import into or across the outer membrane is mediated by a dy- 
namic protein complex coined the translocase of the outer membrane 
(TOM). Preproteins that are imported into the matrix or inner membrane of 
mitochondria require the action of one of two translocation complexes of 
the inner membrane (TIMs). The import pathway of preproteins is prede- 
termined by their intrinsic targeting and sorting signals. Energy input in the 
form of ATP and the electrical gradient across the inner membrane is re- 
quired for protein translocation into mitochondria. Newly imported pro- 
teins may require molecular chaperones for their correct folding. 

2 
Introduction 

Mitochondria are specialised organelles found only in eukaryotic cells. 
Structurally they can be divided into four distinct compartments. They pos- 
sess an outer membrane which provides a barrier between the cytosol and 
essential processes that occur within. A pore protein termed porin permits 
the passage of metabolites across the outer membrane. An aqueous space 
separates the outer membrane from a second lipid bilayer, the inner mem- 
brane, that contains the protein-pumping complexes of the respiratory 
chain. The matrix is the innermost compartment of mitochondria, an aque- 
ous environment housing notably maternally inherited genetic information. 
Mitochondrial DNA codes for a few protein components of the inner mem- 
brane as well as the ribosomal and transfer RNA required for their synthesis. 
However this limited amount of genetic information accounts for a very 
small percentage of all mitochondrial proteins synthesised. Most mitochon- 
drial proteins are encoded on nuclear DNA hence the need for sophisticated 
protein trafficking systems. The transport of proteins is achieved via three 
key mechanistic processes: specific targeting of preproteins to the mito- 
chondrial surface; passage through lipid bilayers facilitated by proteinaceous 
channels and assisted folding of newly imported proteins. Transport of pre- 
proteins into mitochondria is an energy-dependent process. 
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Fig. 1. import of preproteins into mitochondrial compartments. Nuclear-encoded 
mitochondrial proteins are targeted to one of four compartments, the outer mem- 
brane (OM), intermembrane space (IMS), inner membrane (IM) or matrix. Prepro- 
reins are firstly synthesised on polysomes in the cytosol and then, perhaps in a co- 
translational manner, interact with cytosolic proteins. Translocation into or across 
the outer membrane of mitochondria is facilitated by the TOM machinery, a large 
multisubunit complex. Import into the matrix or inner membrane and in many 
cases the intermembrane space requires the action of the TIM import machinery 
(TIM23 and TIM22 complexes) localised at the inner membrane. The point at which 
energy from ATP or the membrane potential (Aw) is require for import is illustrated. 
The illustration is not to scale 
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Following synthesis on polysomes nuclear-encoded mitochondrial pre- 
proteins interact with numerous translocation factors before reaching their 
final destination (Fig. 1). Many of these specific interactions depend on 
intrinsic targeting signals carried within the preprotein. Preproteins firstly 
interact with cytoso!ic molecular chaperones which presumably prevent 
premature folding, misfolding or aggregation prior to their recognition by 
receptors. Once a preprotein is localised to the surface of mitochondria 
through receptor binding, it is transported across the outer membrane as- 
sisted by components of the outer membrane translocase (TOM). Depend- 
ing on its final destination a preprotein may engage one of two distinct 
translocation complexes of the inner membrane (TIM) for import into the 
matrix, intermembrane space or the inner membrane. Energy for this proc- 
ess is derived from ATP and the electrochemical gradient across the inner 
membrane. Matrix-located proteins recruit molecular chaperones for their 
correct folding. In this article we provide an overall view of protein translo- 
cation into mitochondria focusing on the properties and functions of indi- 
vidual members of this complex pathway. Most of the discussion is directed 
toward protein import in the eukaryotic model organism Saccharomyces 
cerevisiae since the components and processes involved are best character- 
ised for this species. Given that mitochondria of higher eukaryotes contain 
homologues of the yeast import machinery the basic principles described 
here most likely apply to these organisms also. 

3 
Preprotein Recognition 

3.1 
Targeting Signals 

How is a mitochondrial protein, which is synthesised in the cytosol, specifi- 
cally transported to its correct location in mitochondria? Nuclear-encoded 
mitochondrial proteins carry signal sequences or targeting sequences that 
are decoded by specific mitochondrial receptors. The signals may take the 
form of an amino-terminal extension (presequence) or an internal signal 
which is retained within the functional protein. 
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Proteins targeted to the matrix of mitochondria have amino-terminal ex- 
tensions relative to homologous non-mitochondrial counterparts. The 
length of the extension varies from one preprotein to another but may be up 
to 80 amino acids in length. In most cases the amino-terminal extension is 
cleaved off by a specific peptidase once the preprotein is imported into the 
mitochondrial matrix. For a few matrix-targeted preproteins such as rho- 
danese (Miller et al. 1991), 3-oxoacyI-CoA thiolase (Amaya et al. 1988), the 
[3-subunit of human electron-transfer flavoprotein (Finocchiaro et al. 1993) 
and chaperonin 10 (Rospert et al. 1993; Ryan et al. 1994b) the targeting pre- 
sequence is retained on the mature protein. Presequences are not reserved 
for matrix-located proteins alone as some intermembrane space and inner 
membrane proteins also have presequences which play a role in their target- 
ing (Section 6). 

Early experimental evidence indicating that amino-terminal extensions 
act as targeting signals was achieved by assessing the ability of a preprotein 
to import into isolated mitochondria following removal of the presequence 
with purified peptidases. The truncated preprotein failed to import into 
mitochondria unlike the full length precursor indicating that the prese- 
quence extension is necessary for import into the matrix (Gasser et al. 1982). 
In order to determine ff the presequence alone was also sufficient for target- 
ing, the ability of presequences to direct non-mitochondrial proteins into 
mitochondria following fusion of the presequence to passenger proteins was 
demonstrated (Horwich et al. 1985; Hurt et al. 1984; Hurt et al. 1985). In the 
first reports of this kind relating to mitochondrial import the cleavable pre- 
sequence of human ornithine transcarbamylase (OTC) or yeast cytochrome 
c oxidase subunit IV were attached to the amino-terminus of the cytosolic 
mouse protein dihydrofolate reductase. The chimeric proteins were im- 
ported into the matrix of isolated mitochondria (Hurt et al. 1984; Horwich et 
al. 1985). There are however some exceptions reported where the mature 
portion of the preprotein is also believed to contribute to targeting (Bedwell 
et al. 1987; Planner et al. 1987b; Zara et al. 1992; Arnold et al. 1998). 

3.1.2 
Structure of Presequences 

Close examination of mitochondrial presequences reveals an absence of 
primary sequence homology. In general presequences have a high content of 
basic, hydrophobic and hydroxylated amino acid residues with a bias against 
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acidic amino acids (yon Heijne et al. 1989). A specific primary amino acid 
sequence is not important for targeting as many randomly generated prese- 
quences which resemble natural presequences in their amino acid content 
can function as artificial mitochondrial presequences (Allison and Schatz 
1986; Baker and Schatz 1987). Early theoretical and biophysical studies lead 
to the prediction that mitochondrial presequences form positively-charged 
amphipathic s-helices important for their targeting function (yon Heijne 
1986; Roise et al. 1988; Lemire et al. 1989). Indeed for many presequences 
separation of positive and hydrophobic amino acids can be observed on a 
helical wheel projection (Fig. 2). Chemically synthesised peptides which 
have a similar amino acid content to natural presequences, but are non- 
amphipathic, fail to act as functional presequences (Allison and Schatz 
1986). The importance of an amphipathic a-helix for targeting function has 
subsequently been strengthened following the structural determination of 
chemically synthesised presequence peptides by two-dimensional NMR 

Fig. 2. An amphipathic u-helical presequence. A helical wheel projection showing 
the end-on view of Neurospora crassa Fo-ATPase subunit 9 presequence from amino 
acids 7 to 28. Positively charged residues are indicated (+) 
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spectroscopy. The presequence of cytochrome c oxidase subunit IV (Endo et 
al. 1989), the [3-subunit of the F~-ATPase (Bruch and Hoyt 1992), aldehyde 
dehydrogenase (Karslake et al. 1990), rhodanese (Hammen et al. 1994), 3- 
oxoacyl-CoA thiolase (Hammen et al. 1994) and chaperonin 10 (Jarvis et al. 
1995) all form amphipathic c~-helices in non-aqueous environments. 

Prior to the identification and characterisation of import receptors it was 
suggested that the amphipathic nature of a presequence was important for a 
direct interaction with membranes. It is now generally believed that the 
formation of an amphipathic c~-helix in presequences is important for their 
specific recognition and subsequent binding to import receptors on the 
surface of mitochondria. The direct role of an amphipathic c~-helices in tar- 
geting preproteins to import receptors has been demonstrated for one mito- 
chondrial preprotein. Recently, the structure of the soluble cytosolic core- 
domain of rat Tom20 was solved by NMR in complex with the C-terminal 
half of rat aldehyde dehydrogenase presequence (Abe et al. 2000). In this 
case the hydrophobic face of the helix lies in a hydrophobic groove formed 
by the receptor. Site-directed mutagenesis confirmed that hydrophobic in- 
teractions indeed mediate binding between the presequence and the recep- 
tor. The importance of an amphipathic cz-helical presequence for receptor 
recognition is also evident from in vitro binding studies. Brix et al. (1997) 
showed that the chemically synthesised amphiphatic a-helical presequence 
of cytochrome c oxidase subunit IV (pCoxIV) competes with natural prese- 
quence-containing preproteins for binding to Tom20 and Tom22. A syn- 
thetic peptide (SynB2) which contains the same number of positive charged 
residues as pCoxIV but lacks a hydrophobic face (Allison and Schatz 1986; 
Roise et al. 1988) provided only slight competition for binding to import 
receptors. As more structural information is gathered it may soon be possi- 
ble to describe a consensus presequence peptide. 

3.1.3 
Internal Targeting Signals 

Apart from preproteins which are synthesised with non-cleavable amino- 
terminal signals many mitochondrial proteins are synthesised as mature 
proteins. The amino acid residues which contribute information required to 
direct the preprotein to the right mitochondrial compartment are hidden 
amongst structural and functional elements of the protein. This makes it 
very difficult to define the characteristics of internal targeting signals. Con- 
sequently there is very little known about the nature and distribution of such 
signals. Some information has been gained by studying the import of the 
ADP/ATP carrier (AAC). This protein is a member of the metabolic carrier 
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family of the inner membrane. Members of this family are responsible for 
the exchange of metabolites between the intermembrane space and the ma- 
trix. Targeting information have been reported to exist in both the N- and C- 
terminal domains of AAC (Pfanner et al. 1987a; Smagula and Douglas 1988) 
but the molecular nature of these signals is not known. Using a systematic 
peptide-scanning method potential receptor binding regions were identified 
throughout the linear sequence of the phosphate carrier (Brix et al. 1999). 
This information indicates that a complicated targeting mechanism exists 
whereby efficient import depends on multiple targeting signals within these 
proteins. This is in contrast to presequence-containing preproteins in which 
the binding sequence is located almost exclusively at the N-terminus. 

3.2 
Import Receptors on the Surface of Mitochondria 

When isolated mitochondria are exposed to a mild protease treatment their 
ability to bind and import preproteins is reduced substantially. Such an 
effect is due to the removal of membrane-bound preprotein import recep- 
tors on the surface of mitochondria. To date, four mitochondrial outer 
membrane proteins which exhibit properties of a preprotein receptor have 
been described. These are Tom20, Tom22, Tom70 and Tom37. Deletion of 
the genes encoding any of these four proteins specifically impairs preprotein 
import. 

3.2.1 
Topology of Tom Receptors 

Tom20, Tom22 and TomT0 each possess a large soluble cytosolic domain 
and a single putative transmembrane anchor. The N-terminal portion of 
Tom22 is exposed to the cytosol with its membrane anchor positioned near 
the C-terminus (Kiebler et aL 1993). In addition the extreme C-terminal 
domain of Tom22 faces the intermembrane space and acts as a preprotein 
binding site. Tom20 and Tom70 on the other hand have the opposite orien- 
tation in the outer membrane. They are anchored to the lipid bilayer via 
their amino-termini with large receptor domains facing the cytosol (SSUner 
et al. 1990; Schneider et al. 1991; Schlossmann et al. 1994). The topology of 
Tom37 has not been clearly defined. A considerable portion of the protein is 
exposed to the cytosol as it is degraded by a mild protease treatment of iso- 
lated mitochondria (Gratzer et al. 1995). However, in contrast to the other 
three receptors, it can be extracted from the lipid bilayer with sodium car- 
bonate (Gratzer et al. 1995; Ryan et al. 1999). 
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Tom20 was the first preprotein receptor identified (S~llner et al. 1989). An- 
tibodies or Fab fragments specifically directed against Tom20 inhibit the 
import of several but not an preprotein types (SiSllner et al. 1989; Ramage et 
al. 1993; Goping et al. 1995; Hanson et al. 1996; Terada et al. 1997). When 
Tom20 is deleted from N. crassa using the genetic method of sheltered dis- 
ruption a severe growth defect is observed (Harkness et al. 1994). In addi- 
tion the import of most preproteins into Tom20 deficient mitochondria is 
inhibited but to varying degrees. Deletion of Tom20 from S. cerevisiae yields 
variable preprotein import inhibition in vivo (Ramage et al. 1993; Moczko et 
al. 1994). However in vitro import of presequence containing preproteins 
into tom20A mitochondria is strongly impaired (Moczko et al 1994). Inter- 
pretation of these findings is complicated by the fact that tora20A mitochon- 
dria have reduced levels of the vital translocation component Tom22 
(Harkness et al. 1994; Lithgow et al. 1994) as its biogenesis is strongly de- 
pendent on receptors (Keil and Pfanner 1993). The import defects observed 
in Tom20 deletion strains could therefore be partly due to the reduced levels 
of Tom22. Lithgow et al. (1994) observed that a tom20A strain ofS. cerevisiae 
adapts to the loss of Tom20 by regaining normal levels of Tom22. Overex- 
pression of Tom22 suppresses the respiratory growth defect of yeast cells 
lacking Tom20 however the protein import defect in vitro is not fully res- 
cued indicating that Tom20 is required for optimal protein translocation 
(Htnlinger et al. 1995). 

3.2.3 
The Receptor Function of Tom22 

Tom22 is a multifunctional protein acting as a preprotein receptor in the 
cytosol, providing a preprotein binding site in the intermembrane space as 
well as playing a key role in the organisation of the TOM translocation ma- 
chinery (van Wilpe et al. 1999). Cross-linking experiments indicate that 
Tom22 comes into direct contact with preproteins in transit across the outer 
membrane (H6nlinger et al. 1995). This interaction is thought to occur fol- 
lowing initial binding of preproteins to the receptors Tom20 or Tom70 as 
antibodies directed against the cytosoUc domain of Tom22 do not prevent 
receptor binding but inhibit preprotein insertion into the outer membrane 
(Kiebler et al. 1993). It is generally believed that Tom22 mediates the trans- 
fer of preproteins from either receptor Tom20 or Tom70 to the general im- 
port pore (GIP). Several reports, using standard procedures for gene dele- 
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tion, indicated that Tom22 was essential for cell viability (Lithgow et al. 
1994; H6nlinger et al. 1995; Nargang et al. 1995) but recently a yeast strain 
was generated in which Tom22 was deleted and yet the cells survived, al- 
though at a strongly reduced growth rate (van Wilpe et al. 1999). Mitochon- 
dria isolated from tom22zl import different types of preproteins but with 
greatly reduced efficiency compared to wild-type mitochondria. This gross 
import defect can be attributed to a loss of receptor function but is also 
probably related to defects arising from the loss of structural organisation 
and dynamics of the outer membrane translocation machinery. 

3.2.4 
Tom70, the Receptor for Preproteins With Internal Targeting Signals 

The import of preproteins with internal targeting sequences such as AAC 
are only marginally inhibited when the function of Tom20 is abolished by 
either biochemical or genetic means. Mthough Tom20 has some affinity for 
these proteins it is not responsible for their efficient import (Steger et al. 
1990). It is clear that Tom70 is the major receptor for preproteins with inter- 
nal targeting signals such as members of the carrier family. In N. crassa 
antibodies raised against this outer membrane protein specifically inhibit 
the import of AAC (S611ner et al. 1990; Schlossmann et al. 1994). Both ge- 
netic and biochemical studies reveal that S. cerevisiae Tom70 plays a role in 
the import of carrier proteins as well as F~-ATPase [3-subunit and cyto- 
chrome c~ (Hines et al. 1990). The import of cytochrome c~, a presequence 
containing preprotein, is also impaired by deletion of Tom20. This informa- 
tion combined indicates that Tom20 and Tom70 have partially overlapping 
specificity for preproteins and therefore it is not possible to assign mito- 
chondrial preprotein families entirely to distinct receptor import pathways. 

3.2.5 
Receptor-Preprotein Binding in vitro 

A direct assessment of the relative affinities of purified Tom receptor do- 
mains for individual preproteins has helped to clarify their respective roles 
in preprotein recognition. Supporting biochemical and genetic evidence 
Schlossmann et al. (1994) showed that the soluble receptor domain of S. 
cerevisiae Tom70 could directly and selectively interact with AAC and the 
phosphate carrier with high affinity. In addition, the precursor of cyto- 
chrome c~ also bound to Tom70 but less tightly. Similar studies were carried 
out using purified recombinant receptor domains of S. cerevisiae Tom20, 
Tom70 and Tom22 (Brix et al. 1997). Each receptor displays bias toward 
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particular preprotein types. Consistent with the fmdings of Schlossmann et 
al. (1994) Tom70 binds with greatest affinity to preproteins with internal 
targeting information. This binding is not disrupted by the addition of syn- 
thetic presequence peptides indicating that the receptor exclusively recog- 
nises internal targeting signals. Tom20 has significant affinity for both pre- 
sequence containing preproteins such as Sug-DHFR (a chimeric protein 
consisting of the presequence of Fo-ATPase subunit 9 fused to entire dihy- 
drofolate reductase) and preproteins with internal targeting signals. Tom22 
on the other hand binds preferentiaUy to presequence containing prepro- 
reins. This interaction appears to be specific as presequence peptides com- 
pete for binding. The ability of each receptor domain to bind preproteins 
independently of other translocation components indicates that they can 
function as receptors in their own right. However, there is considerable 
evidence indicating that in vivo Tom20 and Tom22 cooperate resulting in 
efficient recognition and translocation of preproteins (Mayer et al. 1995; van 
Wilpe et al. 1999; Planner 2000). 

3.2.6 
The Molecular Nature of Preprotein Recognition 

What is the molecular nature of preprotein-receptor interactions? As de- 
scribed previously presequences form positively-charged amphipathic or- 
helices. The receptor domains of Tom20 and Tom22 possess an overall net 
negative charge. It seems reasonable that presequences bind to Tom20 or 
Tom22 through electrostatic interactions. In the case of Tom22 most ex- 
perimental evidence supports this notion (Bolliger et al. 1995; Brix et al. 
1997). The interaction is salt sensitive and synthetic presequence peptides 
can compete for binding. However, the nature of preprotein binding to 
Tom20 is not clear. Following an assessment of preprotein binding to intact 
receptors on the surface of mitochondria Haucke et al. (1995) concluded that 
Tom20 binds to the positively charged presequence of a preprotein via elec- 
trostatic interactions. In addition deletion of the C-terminal acidic domain 
of Tom20 strongly inhibited in vitro import of a selection of preproteins 
providing further evidence for a charge-based affinity (BoUiger et al 1995). 
However, binding of preproteins to the purified receptor domain of Tom20 
is stimulated by salt, indicating a hydrophobic type of interaction (Brix et al. 
1997). The three dimensional structure of Tom20 in complex with a prese- 
quence peptide provides compelling evidence that the interaction is pre- 
dominately hydrophobic (Abe et al. 2000). Salt bridges are not observed in 
the NMR structure between the receptor and presequence (Abe et al. 2000). 
It is possible however that other regions on the surface of Tom20 bind pre- 
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proteins via ionic interactions. The binding of preproteins to Tom70 is not 
inhibited by salt or presequence peptides (Brix et al. 1997). It is likely that 
the molecular nature of this interaction is largely hydrophobic. 

3,2.7 
Role of Tom37 and Tom72 

With ouly one detailed report describing the characteristics and function of 
Tom37 it is not possible to evaluate its role in protein import. It has been 
proposed to act with Tom70 in the recognition of preproteins with internal 
targeting sequences since a simultaneous deletion of both Tom37 and 
Tom70 is lethal (Gratzer et al. 1995). Tom37 and Tom70 comigrate on a 
detergent-containing sucrose gradient (Gratzer et al. 1995) however they are 
found as separate complexes following electrophoresis under native condi- 
tions (Ryan et aL 1999). Moreover, a deletion of Tom37 did not impair 
binding of preproteins to Tom70 (Ryan et al. 1999). It is thus still open if 
Tom37 plays a direct role in protein import. A homologue of Tom70 called 
Tom72 has also been described. As deletion of this protein does not effect 
cell growth or mitochondrial function it seems likely that its function is 
redundant (B/Smer et al. 1996; Schlossmann et al. 1996). 

3.3 
Cytosolic Import Factors 

As described above the fundamental mechanism underlying the early steps 
of protein import is the specific binding of the preprotein, facilitated by its 
intrinsic targeting information, to import receptors on the surface of mito- 
chondria. In the cell the execution of this process can be assisted by cytoso- 
lic proteins. It is thought that cytosolic import factors may act either to en- 
sure that targeting regions of the preprotein are suitably exposed for rec- 
ognition by the receptors, actively aid the delivery of the preprotein to the 
mitochondrial surface, prevent misfolding and aggregation or maintain the 
preprotein in a loose or unfolded conformation. The degree with which 
cytosolic factors co-operate or overlap in function and their specificity of 
targeting in vivo has not been characterised. 

Stimulation of mitochondrial import in vitro by cytosolic factors of re- 
ticulocyte lysate, yeast and liver was demonstrated some years ago but the 
factors responsible for the measured activity in these experiments were not 
characterised further (Aryan et al. 1983; Ono and Tuboi 1988; 1990; Ohta and 
Schatz 1984; Miura et al. 1983). It is known however that cytosolic molecular 
chaperones belonging to the Hsp70 family assist protein import into mito- 
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chondria as well as other organenes such as the endoplasmic reticulum and 
nucleus (Chirico et al. 1988; Deshaies et al. 1988; Murakami et al. 1988). A 
role in import is therefore considered to be a consequence of their general 
chaperone function rather than relating to a specific targeting function. 

Cytosolic proteins which seem to preferentially interact with mitochon- 
drial preproteins are the mammalian proteins referred to as targeting factor 
(Ono and Tuboi 1988, 1990), presequence binding factor (Murakami and 
Mori, 1990) and mitochondrial stimulation factor (MSF) (Hachiya et al. 
1993). MSF is the only one of these three factors in which a functional inter- 
action with characterised mitochondrial receptors has been demonstrated 
(Hachiya et al. 1995; Komiya et al. 1996; Komiya et al. 1997). MSF, a het- 
erodimeric protein, was affinity purified from rat liver cgtosol through a 
specific interaction with the presequence of yeast cgtochrome oxidase 
(pCoxIV). MSF stimulates the in vitro import of mitochondrial preproteins 
such as adrenodoxin, the presequence of superoxide dismutase, porin, and a 
yeast CoxlV precursor (Hachiya et al. 1993). The protein also possesses AT- 
Pase activity which is specifically stimulated by preproteins targeted to mi- 
tochondria (Hachiya et al. 1994). Heterologous in vitro studies between MSF 
and yeast mitochondria revealed that MSF bound to adrenodoxin interacts 
with the receptor Tom70 (Hachiya et al. 1995). Following release of MSF, a 
reaction dependent on the hydrolysis of ATP, the preprotein is transferred 
to the receptors Tom20 and Tom22 followed by import across the outer 
membrane. Mihara and colleagues expanded upon these studies by showing 
that the type of chaperone bound, either MSF or Hsp70, determines the 
receptor import pathway taken by a preprotein (Komiya et al. 1996; Komiya 
et al. 1997). For example in vitro studies indicate that the specific binding of 
a preprotein to the cytosolic domain of Tom20 only occurs in the presence 
of Hsp70 (Komiya et al. 1997). Upon binding of the preprotein to Tom20 
Hsp70 is released in an ATP-independent manner allowing translocation to 
proceed through the outer membrane. However, ff MSF was also bound to 
the preprotein in addition to Hsp70 then it would first interact with the 
Tom70 receptor complex. 

Using a homologous yeast in vitro assay system Ffinfschilling and Ros- 
pert (1999) recently showed that the cytosolic protein nascent polypeptide- 
associated complex (NAC) stimulates the import of yeast mitochondrial 
proteins in vitro. They propose that ribosome associated NAG facilitates 
recognition of newly synthesised proteins by the import machinery. In vivo 
deletion of the (x-subunit of NAG in yeast inhibits the biogenesis of artificial 
fusion proteins in mitochondria however it does not significantly alter the 
overall composition of mitochondrial proteins (George et al. 1998). 
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4 
Translocase of the Outer Membrane (TOM) 

Transport of preproteins through or into the outer membrane of mitochon- 
dria in most cases depends on a high molecular weight multisubunit protein 
complex referred to as the TOM complex (Fig. 3). In S. cerevis iae  there are 
five tightly-associated integral membrane components of this complex 
Tom40, Tom22, Tom5, Tom6 and Tom7 each of which performs a distinct 
function in protein translocation. The association of the outer membrane 
receptors Tom20 and Tom70 with the TOM complex is either weak or dy- 
namic in nature but together all components are necessary for efficient pro- 

preprotein preprotein 
with without 7"~-~f " Cytosolic 

presequence presequence ~ ~ factor 

Cytosolic " ~  
factor- J ~ ' ~ _  , - -  

x ~  kJ "l'rat~ 

T n t e r m e m b r a n e  space 

Fig. 3. Components of the TOM complex in S. cerevisiae. Seven different integral 
membrane proteins comprise the TOM complex. Tom20 acts as a receptor mainly 
for preproteins with presequences but can also recognise preproteins with internal 
signals. In vivo it is most likely largely associated with the TOM complex via an 
interaction with the cytosolic domain of Tom22. Tom70 is the main receptor for 
preproteins with internal targeting signals. It is only loosely associated with the 
TOM complex, Following receptor binding preproteins are sequentially transfered to 
the cytosolic receptor domains of Tom22 and Tom5 which directs them to the gen- 
eral import pore (GIP). Tom40 forms the translocation pore through which prepro- 
teins of all types pass. Tom6, Tom7 and the membrane spanning domain of Tom22 
influence complex stability and mobility. The intermembrane space domain of 
Tom22 provides a trans binding site for the efficient translocation of presequence 
preproteins 
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tein translocation and comprise the translocase of the outer membrane (Fig. 
3). In the following we describe what is currently known about the composi- 
tion and function of individual components of the TOM complex. 

4.1 
Tom40 Forms a Cation-Selective Channel 

The most critical component of the TOM complex is Tom40 as it forms a 
hydrophilic channel in the lipid bilayer which is permeable to preproteins. 
Tom40 was first identified as a component of the outer membrane prepro- 
tein translocase machinery through a specific photocross-link to an artificial 
preprotein blocked in outer membrane import sites (Vestweber et al. 1989). 
However, direct evidence that Tom40 could form a translocation pore was 
achieved by studying its properties following reconstitution into a planar 
lipid bilayer. It was revealed that Tom40 alone can form a cation-selective 
pore sufficiently large (~22 It) to allow the passage of preproteins through 
the membrane in an unfolded conformation (Hill et al. 1998). This impor- 
tant function is reflected through in vivo studies which indicate that there is 
an absolute requirement for Tom40 as it is essential for cellular viability 
under all growth conditions examined (Baker et al. 1990; Kassenbrock et al. 
1993). The fact that it is the only truly essential translocation component of 
the outer membrane translocation machinery suggests that indeed it alone 
forms a translocation channel and that other Tom components can neither 
substitute for its function nor form a vital component of the pore forming 
scaffold. 

4.2 
Tom22 and Tom5 Link Preprotein Recognition 
and Outer Membrane Translocation 

The other translocation components of the TOM complex facilitate either 
the passage ofpreproteins from receptors to the translocation channel, often 
referred to as the general import pore (GIP), or play a role in the structure 
and dynamics of the complex itself. As described (section 3.2.3) Tom22 acts 
as a preprotein receptor downstream in the import pathway of both Tom20 
and Tom70. The cytosolic domain of Tom22 harbours binding sites for the 
soluble domains of both Tom20 and Tom70 (van Wilpe et al. 1999). Thus the 
association of Tom20 and Tom70 to the GIP complex is mediated by Tom22 
and facilitates the transfer ofpreproteins from Tom20 and Tom70 to the GIP 
via its receptor domain. Prior to preprotein insertion into the GIP another 
translocation component, Tom5, exerts its influence (Dietmeier et al. 1997). 
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Tom5 is in close proximity to Tom40. Yeast deleted of Tom5 are inhibited in 
import of all preprotein types. Inhibition occurs at a post receptor binding 
stage. It has therefore been proposed that the cytosolic domain of Tom5 
mediates the transfer of preproteins from receptors to the GIP via charge 
based interactions. Although Tom5 is tightly associated with the GIP com- 
plex via a membrane anchor it is not required for the structural integrity of 
the TOM complex (Dekker et al. 1998). 

4.3 
Distinct Roles for Tom6 and Tom7 

Unlike Tom5 the other two small translocation components of the TOM 
complex do not come into direct contact with preproteins but they rather 
influence complex stability. When Tom6 is deleted from S. cerevisiae Tom40 
migrates as a 100 kDa species containing Tom5 and Tom7 but not Tom22 
(Dekker et al. 1998). However, Tom6 is not a permanent structural element 
necessary for the interaction between Tom22 and Tom40 as it can be re- 
moved from the TOM complex with the detergent Triton X100 without dis- 
turbing the association between these two proteins (Dekker et al. 1998). 
Therefore, it seems that Tom6 is an assembly factor which facilitates the 
association of Tom22 and Tom40 but is not required for the maintenance of 
this interaction. The consequence of a lack of Tom6 and hence fully assem- 
bled TOM complexes is a delay in transfer of preproteins from receptors to 
the GIP (Alconada et al. 1995). Deletion of Tom7 on the other hand does not 
destabilise the 400K TOM complex (Dekker et al. 1998). In fact a lack of 
Tom7 enables Tom20 and Tom22 to bind more tightly to Tom40. This 
change in TOM complex dynamics, due to the absence of Tom7, only 
slightly impairs the import of preproteins destined for the inner membrane 
or matrix of mitochondria (H6ulinger et al. 1996). However, the import of 
porin into the outer membrane of mitochondria is significantly reduced in 
tomTA mitochondria. Porin is imported into the outer membrane of mito- 
chondria via the TOM translocation machinery showing a strong depend- 
ence on most translocation components for import (Krimmer, Pfanner, 
unpublished). Thus, Tom7 may destabilise the GIP complex so that the rate 
of lateral movement out of the translocation machinery and into the outer 
membrane is increased ensuring efficient import. 
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4.4 
Organisation of the TOM Machinery 
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The structural organisation of the TOM complex has been investigated ex- 
tensively using blue native PAGE (Dekker et al. 1998). The estimated mo- 
lecular weight of the TOM complex is approximately 400 kDa. However, 
when the membrane spanning domain of Tom22 is deleted from yeast the 
TOM complex dissociates into a basic translocation unit of 100 kDa which is 
still able to import preproteins (van Wilpe et al. 1999). It consists of Tom40, 
Tom5, Tom6 and Tom7. The large size shift, in the order of 300 kDa, is not 
due to the removal of multiple Tom22 subunits but is rather a consequence 
of the loss of structural complexity. It has been proposed that each translo- 
cation pore is formed by a dimer of Tom40 and that an estimated six mole- 
cules of Tom40 are present in each TOM complex (van Wilpe et al. 1999; 
Dekker et al. 1998). In addition electron microscopy of the TOM complex 
isolated from N. crassa reveals that up to three pores are present (Kfinkele et 
al. 1998). Together this information indicates that three basic translocation 
units, containing the pore forming dimer of Tom40 and TomS, 6 and 7, as- 
sociate through the single membrane anchors of Tom22 subunits to form 
the 400 kDa TOM complex. The advantage of having up to three transloca- 
tion pores in one complex is not known. It may be a question of efficiency or 
perhaps it allows the coordinated control of channel gating as the open 
probability of the translocation pore is reduced in the presence of Tom22 
(van Wilpe et al. 1999). 

In S. cerevisiae the majority of Tom20 can only be detected as a stable 
member of the TOM complex on blue native PAGE following mild detergent 
solubilisation. Under the same conditions Tom70 migrates as a separate 
smaller complex (Meisinger, Ryan, Pfanner unpublished). However, the 
cytosolic domains of TomT0 and Tom22 interact in vitro indicating that 
Tom70 can associate directly with the TOM complex via Tom22 (van Wilpe 
et al. 1999). The Tom complex isolated from N. crassa via affinity purifica- 
tion and gel filtration contains all of the known N. crassa Tom components, 
Tom20, Tom70, Tom40, Tom22, Tom6 and Tom7 (Kflnkele et al. 1998). 
However, regardless of these differences in the structural dynamics of Tom 
components the known receptors link initial preprotein recognition to tran- 
slocation across the GIP via Tom22. Thus all preproteins converge at the 
GIP. Subsequent entry into the GIP is then facilitated by the cytosolic do- 
main of Tom5. 
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4.5 
Separation of Import Pathways at the General Import Pore 

At some point the import pathways of different preprotein types diverge at 
or near to the GIP as they are sorted to different compartments. As men- 
tioned previously the negatively charged C-terminal domain of Tim22 pro- 
trudes into the intermembrane space (Lithgow et al. 1994; BoUiger et al. 
1995; H6nlinger et al. 1995; Nakai and Endo 1995). Due to the confinement 
of Tom22 in the TOM complex its intermembrane space domain is closely 
opposed to the exit site of the import pore. This domain provides a t rans  

binding site for preproteins with N-terminal targeting signals improving 
their rate of translocation (Moczko et al. 1997). However, deletion of this 
domain does not inhibit the import rates of porin or the nondeavable pre- 
protein AAC (Moczko et al. 1997). Thus, the import pathways for different 
preproteins diverge at the latest as soon as they reach the intermembrane 
space. For preproteins destined for the outer membrane exit from the GIP 
may occur at an earlier stage. 

4.6 
Factors Driving Import Across the Outer Membrane 

While the contribution of each translocation component to protein import 
has been described what combination of factors promotes the movement of 
a preprotein through the outer membrane via the general import pore? For 
presequence containing preproteins translocation may be promoted by Tom 
and Tim subunits via electrostatic interactions (acid chain hypothesis). It 
has been reported that the affinity of a preprotein for each translocafion 
component increases sequentially along the import route (Komiya et al. 
1998). Using cross-linkers to probe the spatial arrangement of Tom40, Rao 
paport et al. (1998) showed that binding of preproteins to the GIP complex 
altered the conformation of this protein. They propose that preprotein 
binding induced conformafional changes in Tom40 facilitate the movement 
of preproteins across the membrane. This type of movement may be appli- 
cable to all preprotein types. However, an external energy source that drives 
translocation into or across the outer membrane has not been found. Trans- 
locational of presequence preproteins across the outer membrane is coupled 
to their translocation across the inner membrane. Thus, the ATP-dependent 
mechanisms that draw preproteins across the inner membrane also sustain 
translocafion of preproteins across the outer membrane. The movement of 
preproteins across the outer membrane may also be facilitated by partial 
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by partial folding of preprotein domains in the intermembrane space or at 
the inner membrane. 

5 
The General Translocase of the Inner Membrane 

Once a preprotein has traversed the outer membrane with the aid of the 
TOM complex several import pathways may be followed depending on the 
intrinsic targeting signals of the preprotein. At least two distinct protein 
translocation complexes of the inner membrane are responsible for traffick- 
ing of preproteins to internal mitochondrial compartments. For matrix- 
targeted preproteins which possess a presequence import is mediated by the 
TIM23 complex. Some preproteins have sorting signals in addition to the 
presequence which direct them, also via the TIM23 complex, to the inner 
membrane or intermembrane space. Inner membrane proteins that lack a 
presequence depend on the large TIM22 complex for their import (Section 
7). Import of preproteins via either the TIM23 or TIM22 complexes is 
strictly dependent on the inner membrane potential. 

5.1 
Composition of the TIM23 Translocase 

The complexity of the TIM23 inner membrane translocase with respect to 
the type and number of translocation components does not match that of 
the TOM complex. Three Tim subunits make up the lipid-associated TIM23 
translocase (Table 1). These are Tim23, Tim17 and Tim44. Screening of yeast 
mutants for partial defects in mitochondrial protein import led to the iden- 
tification of the genes encoding these previously unidentified mitochondrial 
inner membrane proteins (Maarse et al. 1992; Dekker et al. 1993; Emtage and 
Jensen 1993; Maarse et al. 1994). Further evidence that these proteins formed 
part of the mitochondrial inner membrane import machinery was achieved 
through biochemical means when Tirol7, Tim23 and Tim44 were cross- 
linked to translocating preproteins (Scherer et al. 1992; Blom et al. 1993; 
Ryan and Jensen 1993; Kfibrich et al. 1994). In addition, specific antibodies 
directed against Tim23 and Tim44 blocked import of preproteins into mi- 
toplasts (Emtage and Jensen 1993; Horst et al. 1993). Also found to play a 
role in protein import was a fourth gene that encoded the known molecular 
chaperone mitochondrial Hsp70 (mtHsp70). MtHsp70 is a soluble matrix 
protein which interacts with the TIM23 translocase by binding to Tim44 and 
Tirol7 (Kronidou et al. 1994; Rassow et al. 1994; B6mer et al. 1997). How- 
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Fig. 4. Import of matrix targeted preproteins across the inner membrane of mito- 
chondria. The t r a n s  binding site of Tom22 which extends into the intermembrane 
space enhances the translocation efficiency of presequence-containing preproteins 
through the outer membrane TOM complex (A). The preprotein is then transferred 
to the inner membrane translocase perhaps due to the presence of a high affinity 
binding site on the intermembrane space domain of Tim23 (B). This event may 
increase the open probability of the import pore so that the preprotein can enter the 
translocation channel. The membrane potential (AW) provides an electrophoretic 
force in which the positively charged presequence is attracted to the net negative 
charge in the matrix thereby drawing it into this compartment (C). This force is not 
responsible for the translocation of the mature portion of the preprotein. This is the 
role of the translocation motor which consists of Tim44, mtHsp70 and Mgelp (D). 
The molecular chaperone Hsp70 is positioned at the import site through a specific 
interaction with Tim44. As the unfolded preprotein emerges through the import 
pore it binds to mtHsp70. This interaction provides unidirectional movement of the 
preprotein into the matrix. But the action of mtHsp70 may also be more active that 
this especially for preproteins that have tightly folded domains on the outside of 
mitochondria. In this case conformational changes in mtHsp70 provide a pulling 
force on the preprotein drawing it into the matrix. The action of mtHsp70 is driven 
by its ability to obtain energy from the hydrolysis of ATP. The cochaperone Mgelp 
regulates the ATPase activity of Hsp70. The preprotein may be processed to the 
mature form. It is then free to fold into its active conformation 



104 K.N. Truscott et al. 

ever, only a small portion of total matrix localised mtHsp70 associates with 
the inner-membrane translocase (Rassow et al. 1994; Horst et al. 1997). The 
translocation function of mtHsp70 is regulated by its cochaperone Mgelp. 
The membrane associated population of mtHspT0 acts as an unfoldase for 
unfolding of preproteins on the cytosolic side of the mitochondria and a 
translocase assisting the import of presequence containing preproteins into 
the matrix (Schneider et al. 1994; yon Ahsen et al. 1995; Voos et al. 1996; 
Horst et al. 1997). 

All three TIM23 translocation components, Tim23, Tim17, Tim44 and as- 
sociated molecular chaperones mtHspT0 and Mgelp are essential for the 
viability of yeast under all growth conditions (Craig et al. 1989; Maarse et al. 
1992; Emtage and Jensen 1993; BoUiger et al. 1994; Ikeda et al. 1994; Laloraya 
et al. 1994). Although the basic characteristics of the TIM23 translocase have 
been determined it is not clear how each component cooperates to facilitate 
protein import. However a simplified model for the import of matrix tar- 
geted preproteins across the inner membrane is illustrated in Fig. 4. 

5.2 
Features and Functions of TIM23 Translocation Components 

5.2.1 
Tinn23 and Tirnl 7 

The basic functions of Tim23 and especially Timl7 are not known for certain 
even though they were identified some years ago. They share common 
structural features and associate in mitochondria to form the core compo- 
nents of the TIM23 translocase. Timl7 and Tim23 behave as integral mem- 
brane proteins with each protein containing four predicted membrane 
spanning domains (Dekker et al. 1993; Emtage and Jensen 1993; Kiibrich et 
al. 1994; Maarse et al. 1994). These two proteins also contain similarities at 
the amino acid sequence level as Tim17 is 46% homologous to the C- 
terminal membrane domain of Tim23 (Maarse et al. 1994; Ryan et al. 1994a). 
However, Tim23 is more complex than Tim17 as it carries an approximately 
100 amino acid hydrophilic N-terminal extension which performs an essen- 
tial function in yeast (Ryan et al. 1998). Despite the similarities between 
Tim23 and Tim17 they are not able to functionally substitute for each other 
(Maarse et al. 1994; Ryan et al. 1994a). Each protein must therefore perform 
a specialised function. Both proteins closely associate with translocating 
preproteins and for this reason it has been proposed that they form the in- 
ner membrane translocation pore for presequence-containing preproteins. 
The translocation pore may be formed by both Tim23 and Tim17 given that 
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their properties are very similar. Alternatively the inner membrane may be 
composed of two distinct but essential translocation pores in the TIM23 
complex one formed by Tim23 and the other formed by Tim17. This latter 
notion is inspired by the recently determined properties of OEP16 an amino 
acid transporter in the outer envelope of chloroplast. OEPl6 is an integral 
membrane protein with some homology to Tim23 and Tim17 (Rassow et al. 
1999). Reconstitution of either pure bona fide or recombinant OEP16 into 
planar lipid bnayers reveals an ability to form an amino acid-selective chan- 
nel without additional protein components (Pohlmeyer et al. 1997; Stein- 
kamp et al. 2000). Lohret et al. (1997) studied the relationship between 
Tim23 and the multiconductance channel (MCC) of the inner membrane 
which is specifically blocked by presequence peptides. They showed that 
antibodies specifically directed against Tim23 inhibited MCC activity and in 
addition the properties of the conductance were altered in inner membrane 
vesicles which harboured a mutation in Tim23. The relationship between the 
inner membrane multiconductance channel and the TIM23 complex is yet to 
be determined. Perhaps the reconstitution of purified Tim translocation 
components may be the only way to clearly define the proteins responsible 
for forming the TIM23 protein translocation channel. 

One of the most intriguing questions relating mitochondria protein im- 
port is how hundreds of preproteins are imported into the matrix of mito- 
chondria without the free exchange of ions across this membrane. There 
must be selective transport as an electrochemical gradient is maintained 
across the inner membrane of mitochondria. Bauer et al. (1996) provided 
circumstantial evidence that the hydrophilic intermembrane space domain 
of Tim23 influences the gating of the translocation channel. The ability of 
the hydrophilic domain to form dimers was demonstrated. Dimer formation 
of Tim23 in vivo is dependent on the presence of a membrane potential 
across the inner membrane but could be disrupted when a preprotein was 
arrested across both mitochondrial membranes. Thus, in the absence of 
preproteins the hydrophilic domain of Tim23 forms a dimer which may, via 
an unknown mechanism, reduce the conductance of the translocation chan- 
nel. What is known for certain is that the Tim23 hydrophilic domain is es- 
sential for function. Expression of Tim23 lacking the complete intermem- 
brane space domain cannot complement a disruption of the chromosomal 
TIM23 gene (Bauer et al. 1996; Ryan et al. 1998). 

Perhaps the essential function of the Tim23 intermembrane space do- 
main relates to its proposed role as a preprotein receptor in this compart- 
ment. The negative charges of the Tim23 hydrophilic domain could provide 
a high affinity binding site for presequence-containing preproteins. This 
domain thus constitutes the final member of the acid-chain pathway prior to 
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the membrane potential-directed preprotein insertion into the inner mem- 
brane. However, to date, there are only a few examples demonstrating the 
direct binding of preproteins to this domain (Bauer et al. 1996; Komiya et al. 
1998). 

Following detergent solubilisation of mitochondria both Tirol7 and 
Tim23 migrate as a stable 90 kDa complex following separation by blue na- 
tive PAGE electrophoresis. Binding of Tim23 to Tim17 occurs via its hydro- 
phobic membrane domain (Ryan et al. 1998). This complex shifts to a stable 
130 kDa species following accumulation of a preprotein across the inner 
membrane. When the stability of the 90K complex is disrupted by a point 
mutation in the first putative transmembrane domain of Tim23, import of 
cleavable preproteins into the matrix is inhibited (Dekker et al. 1997). The 
90K complex is therefore the major inner membrane import site for prese- 
quence-containing preproteins. Tim subcomplexes of ~140K and 240K 
which contain Tim23 and Tim17 have also been identified (Dekker et al. 
1997). The composition and function of these additional complexes is not 
known. They do however seem to constitute functional entities as they are 
incorporated into a 600K supercomplex when a preprotein spans both the 
outer and inner membrane translocases linking them together (Dekker et al. 
1997). 

Preproteins that cross the outer and inner membranes of the mitochon- 
dria do so at specific sites called translocation contact sites (Schleyer and 
Neupert 1985). At these points the outer and inner membranes are in close 
proximity but do not form a single stable channel for the passage of prepro- 
teins (Hwang et al. 1989; Rassow and Pfanner 1991; Segui-Real et al. 1993). In 
fact, the TIM23 preprotein translocase of the inner membrane is capable of 
importing preproteins in the absence of the outer membrane (Ohba and 
Schatz 1987; Hwang et al. 1989). However, recent re-examination of the 
membrane topology of Tim23 reveals that it has, in addition to its inner 
membrane integrated segment, an extreme N-terminal segment that spans 
the outer membrane (Donzeau et al. 2000). Thus, Tim23 provides a physical 
link between the inner and outer membrane at translocation sites. The first 
20 amino acids protrude into the qrtosol while the following 30 amino acids 
form a membrane spanning domain proposed to be in a g-sheet formation. 
The first 50 amino acids of Tim23 are only essential for viability at elevated 
temperatures. A direct association of the N-terminal domain of Tim23 with 
the outer membrane TOM complex was not detected. 
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5.2.2 
Tim44 the Anchor Protein 

Fractionation experiments indicate that Tim44 is a peripheral membrane 
protein residing on the matrix side of the mitochondrial inner membrane 
(Scherer et al. 1992; Blom et al. 1993; Rassow et al. 1994). Its membrane as- 
sociation may be due to a combination of both protein and lipid interactions 
as the purified recombinant protein can interact directly with liposomes 
consisting of phosphatidylcholine and cardiolipin (Weiss et al. 1999). There 
are however conflicting views with respect to its topology at the inner mem- 
brane since a portion of Tim44 is believed to be exposed on the outer surface 
of the inner membrane (Maarse et al. 1992; Scherer et al. 1992; Kanamori et 
al. 1997). However, hydrophathy profiles of both yeast and mammalian 
Tim44 predict a largely hydrophilic protein lacking membrane spanning 
domains. In the case of mammalian Tim44 it displays a double distribution 
following fraction. It is found as a soluble form in the matrix as weU as being 
peripherally associated with the matrix side of the inner membrane 
(Ishihara and Mihara 1998). Although Tim44 is closely opposed to the site of 
translocation it does not seem to form part of the translocation pore as 
functional inactivation of a temperature-sensitive mutant of Tim44 does not 
alter the insertion or passage of preproteins though the TIM23 translocase 
(Btmer et al. 1998). Co-immunoprecipitation experiments performed under 
stringent conditions lead to the identification of a Tim23-Tim44 complex 
(BiSmer et al. 1997). The complex transiently interacts in a functional man- 
ner with mtHsp70 via an association through Tim44. Crosslinking experi- 
ments showed that Tim44 is also in direct contact with the incoming precur- 
sor polypeptide (Blom et al. 1993). The cooperative function of Tim44 and 
mtHsp70 as a translocation motor is discussed further in section 8.2.4 with 
respect to the energetics of mitochondrial import. 

6 
Sorting of Preproteins to the Intermembrane Space 
or Inner Membrane 

There are several pathways that direct preproteins to either the intermem- 
brane space or inner membrane. The simplest route to the intermembrane 
space is one in which only the TOM import machinery is required. For ex- 
ample cytochrome heme lyases and some components of the TIM22 com- 
plex foUow this pathway. However, other preproteins with amino-terminal 
presequences engage the TIM23 complex but are then subsequently translo- 
cared to the intermembrane space or inner membrane. Examples are cyto- 
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chrome b2 which is a soluble intermembrane space protein and cytochrome 
ct which is anchored to the inner membrane close to its C-terminus with a 
hydrophilic heine binding domain protruding into the intermembrane space 
(Reid et al. 1982; Guiard 1985). Both preproteins contain cleavable bipartite 
presequences. The first part of the bipartite sequence directs the preprotein 
to the TIM23 translocase while the second hydrophobic sequence acts as a 
sorting signal. The protein components involved in this sorting process have 
not been identified. The model of "conservative sorting" states that the pro- 
tein is translocated across both the outer and inner membrane into the ma- 
trix then reexported to the inner membrane or intermembrane space (Harfl 
et al. 1987; Koll et al. 1992; Gruhler et al. 1995) reminiscent of the bacterial 
protein export pathway. In contrast the "stop transfer" model indicates that 
the presequence is translocated across the inner membrane through the 
TIM23 complex. However, the sorting signal causes the arrest of the prepro- 
tein at the inner membrane so that the mature portion of the preprotein is 
only translocated across the outer membrane directly into the intermem- 
brane space (Blobel et al. 1980; Kaput et al. 1982; Hurt and Van Loon 1986). 
Giirtner et al. (1995) proposed a variation on the stop transfer model for the 
sorting of cytochrome bz that takes into consideration aspects of both mod- 
els. The import of these proteins may be even more complex as cytochrome 
c~ contains in addition to its bipartite presequence an internal C-terminal 
targeting signal which directs translocation of the preprotein from the in- 
termembrane space into the inner membrane (Arnold et al. 1998). The cur- 
rent view on the sorting of cytochromes c~ and bz is that their mature parts 
do not enter the matrix but follow a stop transfer like model. Proteins such 
as Rieske Fe/S protein and nuclear-encoded Fo-ATPase subunit 9 are 
probably sorted by a conservative mechanism (Hartl et al. 1986; van Loon 
and Schatz 1987; Mahlke et al. 1990; Rojo et al. 1995). 

7 
The TIM22 Complex is Required for Import 
of Inner Membrane Proteins 

Nuclear-encoded mitochondrial inner membrane proteins that are not di- 
rected by a presequence to the TIM23 translocase depend on the TIM22 
translocase for their import. Proteins utilising this pathway are either mem- 
bers of the carrier protein family or other polytopic proteins such as integral 
inner membrane translocation components themselves. Internal targeting 
signals of an unknown nature direct them to this translocase. Preproteins 
with internal targeting signals bind to a specialised receptor, Tom70, but 
utilise the GIP for translocation across the outer membrane. The pathway of 
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metabolic carrier proteins separates in the intermembrane space. For ex- 
ample members of the carrier family do not require the Tom22 trans bind- 
ing site for their efficient import through the GIP. Instead soluble inter- 
membrane space translocation components belonging to the TIM22 translo- 
case assist the transfer of polytopic inner membrane proteins from the GIP 
to the TIM22 membrane complex where insertion into the lipid bilayer takes 
place. 

7.1 
Composition of the TIM22 Translocase 

The TIM22 translocase is made up of soluble intermembrane space oli- 
gomers and membrane-associated components (Table 1). The soluble in- 
termembrane space components comprise the related proteins Tim9, Tim10, 
Tim8 and Tirol3. Two 70 kDa hetero-oligomers are formed by these proteins 
a Timg-Timl0 complex and a Tim8-Tim13 complex respectively. The 
TIM22 membrane complex is made up of Tim22, Tim54, Tim18, Tim12 and 
a small quantity of Tim9 and Tim10. Following separation of detergent 
solubilised mitochondria by blue native PAGE, the TIM22 membrane asso- 
ciated complex migrates as a distinct species of approximately 300 kDa 
(Koelder et al. 1998a; Koehler et al. 1999; Koelder et al. 2000; Kerscher et al. 
2000). 

Tim22, from which the complex gains its name, was the first component 
of the TIM22 complex identified (Sirrenberg et al. 1996). It was initially 
identified by data base searching since it has significant sequence homology 
with the membrane-associated portions of Timl7 and Tim23. The predicted 
structure of Tim22 resembles that of Tim23 and Timl7 as it possesses mul- 
tiple hydrophobic stretches in its primary sequence which may constitute 
transmembrane domains. Indeed Tim22 is an integral membrane protein as 
determined by its resistance to extraction from the inner membrane with 
high pH treatment. Fractionation experiments demonstrate its Iocalisation 
in the inner membrane however its topology has not been reported. It is said 
to be accessible to protease when the outer membrane of mitochondria is 
selectively disrupted. As its migration on gel filtration (following solubilisa- 
tion of mitochondria in digitonin) was distinct from that of the TIM23 trans- 
Iocase, it was deemed a component of a new translocase. Like its homolo- 
gous counterparts Tim22 is essential for the viability of $. cerevisiae. Given 
its similarity to Tim23 and Timl7 and other amino acid transporters it most 
likely performs a similar function having evolved from a common ancestor 
(Rassow et al. 1999). 
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The largest component of the TIM22 translocase is Tim54. It is an inte- 
gral protein of the inner membrane and exposes a large portion of its C- 
terminal domain to the intermembrane space. It was discovered in a yeast 
two-hybrid screen as a potential Mmmlp interacting protein (Kerscher et al. 
1997). Mmmlp is an outer membrane protein involved in the maintenance 
of mitochondrial morphology. The significance of this interaction has not 
been established. However, via biochemical and genetic means the associa- 
tion of Tim54 with Tim22 was established. Immunoprecipitation of Tim54 
following solubilisation of mitochondria in digitonin also lead to the com- 
plete coimmunoprecipitation of Tim22. TIM23 translocase components 
Tim23, Tim17, Tim44 or mtHsp70 were not precipitated. Thus, Tim22 and 
Tim54 belong to the same complex which is distinct from the TIM23 com- 
plex. A specific genetic interaction between Tim54 and Tim22 was detected 
as overexpression of Tim22 but not overexpression of Tim23 or Tirol7 could 
suppress the temperature sensitive tim54-1 mutant. Tim54 is also essential 
for the viability of yeast. 

Tim18 is the most recently characterised component of the TIM22 trans- 
locase. This non-essential protein was identified by two independent meth- 
ods. First, genetically, as a high copy suppressor of the temperature sensitive 
tim54-1 mutant and second, biochemically, as a interacting partner of mem- 
bers of the TIM22 complex (Kerscher et al. 2000; Koehler et al. 2000). Basic 
characterisation revealed that it is an integral membrane protein of the inner 
membrane with three putative membrane spanning domains. It is synthe- 
sised with a presequence which is cleaved off when the preprotein is im- 
ported into mitochondria. Several genetic properties confn'm that it is a 
member of the TIM22 translocase. Deletion of tirol8 is synthetically lethal 
with temperature-sensitive mutations in Tim54, Tim9 and Tim10. In addi- 
tion overexpression of Tim22 suppresses the growth defect associated with 
deleting tim18 (Kerscher et al. 2000). Tim18 was also detected in the 300 kDa 
TIM22 membrane complex following analysis by blue native page electro- 
phoresis. The complex shifts to an approximately 200-250 kDa species fol- 
lowing deletion of Tirol8 confirming that this protein is a genuine member 
of this translocase. 

The remaining known TIM22 translocation components are all members 
of the same family. They are the small homologous cysteine rich compo- 
nents referred to as Tim10, Tim9, Tirol2, Tim8 and Tim13. Although Timl0 
and Tirol2 were first discovered as suppressors of mitochondrial RNA 
splicing defects they were soon linked to a role in the import of carrier pro- 
teins (Koehler et al. 1998b; Sirrenberg et al. 1998). Tim9 was discovered by 
two independent approaches as a spontaneous extragenic suppressor that 
restored growth to a temperature-sensitive mutation in Tim10 and also via a 
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specific interaction with both TimlO and Tirol2 (Koehler et al. 1998b; Adam 
et al. 1999). All three subunits are essential for the viability of S. cerevisiar 
(Jarosch et al, 1996; Koehler et al. 1998a; Adam et al. 1999). Tim9 and Tim10 
form a heter-oligomer in the intermembrane space of mitochondria most 
likely consisting of three subunits of each (Koehler et al. 1998a; Adam et al. 
1999). Small quantities of Tim9 and Timl0 are also peripherally associated 
with the TIM22 membrane complex. Tim12, unlike Tim9 and Timl0, does 
not exist in a soluble form in the intermernbrane space under normal con- 
ditions. It is tightly opposed to the inner membrane forming part of the 300 
kDa TIM22 complex. It can be detected as a component of the 300 kDa 
translocase via coimmunoprecipitation experiments and blue native PAGE 
electrophoresis (Koehler et al. 1998b; Sirrenberg et al. 1998). A genetic llnk 
between Timl2 and Tim22 was detected as Tim22 was identified as a sup- 
pressor of a temperature-sensitive mutation in Tirol2 (Koehler et al. 1998b). 
Tim8 and Tirol3 are non-essential components of the TIM22 translocase 
(KoeMer et al. 1999). Deletion of Tim8 causes loss of Tirol3 and vice versa 
(Koehler et al. 1999). In addition deletion of Tim8 is synthetically lethal with 
a temperature-sensitive mutation in Tirol0 but not Timl2 (Koehler et al. 
1999). They also associate together with a small quantity of Tim9 to form a 
70 kDa hetero-oligomer which is only detected in the intermembrane space 
(Koehler et al. 1999). Each small Tim subunit contains four cysteines ar- 
ranged in two CX3C motifs. At least for Tirol0 and Timl2 this motif consti- 
tutes a zinc binding site as in the absence of metal ions the proteins become 
sensitive to digestion by proteases and fail to interact with translocating 
preproteins (Sirrenberg et al. 1998). 

7.2 
Import of Polytopic Inner Membrane Proteins 

All the biochemical and genetic data collected so far indicate that defects in 
components of the TIM22 complex directly inhibit the import of polytopic 
inner membrane preproteins with internal targeting signals (Sirrenberg et 
al. 1996; Kerscher et al. 1997; Koehler et al. 1998a; Koehler et al. 1998b; Adam 
et al. 1999; Koehler et al. 1999; Leuenberger et al. 1999). Matrix targeted 
preproteins appear to be largely unaffected by defects in the TIM22 complex 
except perhaps in the cases in which the defect disrupts the biogenesis of 
Tim23 or Tirol7. In what way does each TIM22 translocation component 
contribute to the import or polytopic proteins? This can best be explained by 
describing the sequential import steps of a carrier protein. The import of 
ATP/ADP carrier (AAC) can be monitored in stages by manipulating the 
availability of cytosolic ATP or the membrane potential across the inner 
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membrane (Pfanner and Neupert 1987; r~.yan et al. 1999). By monitoring the 
import  of AAC in mitochondria functionally depleted of various TIM22 
components it has been possible to pinpoint the stage at which they are 
acting in the import  pathway (Fig. 5). 

When Tim9 or Tim 10 are functionally depleted in mitochondria, AAC 
fails to reach stage 3 import  (Koehler et al. 1998a; Koehler et al. 1998b; Sir- 
renberg et al. 1998; Adam et al. 1999). The bulk of the preprotein does not 
protrude into the intermembrane space but is exposed on the outer surface 
of mitochondria. Thus the Tim9-Timl0  complex in some way assists the 
transfer of preproteins across the outer membrane.  As both subunits can be 
cross-linked to translocating preproteins they most likely play a direct role 
in the import  of these proteins (Koehler et al. 1998b; Sirrenberg et al. 1998; 
Ryan et al. 1999). Timl2 can also be cross-linked to a translocating prepro- 
tein but its functional depletion influences a different stage of import  com- 
pared to its homologous counterparts (Koehler et al. 1998b; Sirrenberg et al. 
1998). Although AAC reaches stage 3 inactivation of Tirol2 prevents the 
membrane  potential-dependent insertion of the protein into the inner 
membrane.  This is the same stage at which Tim22 influences the import  of 
AAC (Sirrenberg et al. 1996). Its functional inactivation prevents stage 4 of 
AAC import, that is the insertion of the preprotein into the lipid bilayer. 
Cross-linking experiments demonstrated that Tim22 interacts with a trans- 
locating preprotein but not when it is arrested at stage three (Sirrenberg et 
al. 1996). Given that Tim22 is homologous to Tim23 and Tirol7 and it inter- 
acts directly with preproteins, post stage 3, then it is most likely involved in 
the formation of a pore for the insertion of preproteins into the lipid bilayer. 
A temperature sensitive mutation in Tim54 prevents the import of AAC and 
Tim23 into the inner membrane (Kerscher et al. 1997). A direct role of 
Tim54 in the import  of carrier preproteins has not been shown by cross- 
linking or immunoprecipitation. It has been proposed that Tim54 may sta- 
bilise the TIM22 complex or act as an inner membrane receptor for prepro- 

Fig 5. Sequential import steps of a carrier preprotein. (a). Stage I and II of carrier 
protein import. Following synthesis in the cytosol the preprotein binds to cytosolic 
factors of an unknown nature (Stage I). It is then transferred to the receptor Tom70 
(Stage 2). (b). Stage 1II of carrier import. In an ATP dependent manner AAC inserts 
into the GIP to a site in which most of the protein is on the t r a n s  side of the outer 
membrane largely inaccessible to protease digestion but still associated with the 
outer membrane translocase (Stage III). It can be arrested at this stage in the absence 
of a membrane potential across the inner membrane. (c). Stage IV and V of carrier 
import. In the presence of a membrane potential AAC inserts into the inner mem- 
brane (Stage 4) then dimerises to its active form (Stage 5) 
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teins. Likewise the function of Tirol8 is not known. It may not interact with 
translocating preproteins as it could not be cross-linked to imported Tim23 
(Koehler et al. 2000). There are however some inconsistencies reported with 
respect to the phenotype of tirn18/t yeast. Koehler et al. (2000) reported that 
deletion of Tim18 decreases the growth rate of yeast cells and slows the im- 
port rate of several preproteins such as Tim23, TiroS4 and matrix-targeted 
proteins such as Su9-DHFR. The import of Tirol7 and AAC were however 
unaltered. On the other hand, Kerscher et al. (2000) reported that the same 
deletion produces a cold sensitive phenotype on glucose and that the in vitro 
import of several proteins into mitochondria including the phosphate car- 
rier and CoxIV were not altered. The role of Tim18 for the import of inner 
membrane proteins requires some clarification. 

7.3 
The Biogenesis of Tim Translocation Components 

Components of both TIM translocation machineries do not follow a single 
common pathway for their import. As far as we know these differences can 
be attributed to the nature of their targeting information. For example 
Tim44 is membrane-associated matrix protein which is synthesised with a 
cleavable presequence. It is therefore reasonable that it is imported via the 
TIM23 complex. Tim54, although a member of the TIM22 carrier translocase 
which requires Tom70 for its recognition in the outer membrane, contains a 
noncleavable presequence-like region at its N-terminus which is required 
for its translocation via the TIM23 translocase (Kurz et al. 1999). Tim18 is 
also synthesised with a cleavable presequence although its import pathway 
has not been determined. On the other hand Tiros 22, 23, 17, 12, 10,9, 8 and 
13 all contain internal targeting information. At least for Tim17 and Tim23 
this information is distributed over the preprotein (Davis et al. 1998; KAldi et 
al. 1998). A hint that some of the Tim translocation components are im- 
ported via a TIM23-independent pathway came from the observation that a 
temperature-sensitive defect in Tim23 did not inhibit the import of poly- 
topic preproteins such as Tim23 or Tim17 (Dekker et al. 1997). The same 
effect was observed when the TIM23 import channel was specifically blocked 
by arresting a preprotein across this translocase (Dekker et al. 1997). Ker- 
scher et al. (1997) were the first to show that Tim23 was imported via the 
newly discovered TIM22 translocase as import of Tim23 into the inner 
membrane of mitochondria with a temperature sensitive mutation in TiroS4 
was significantly reduced. The same effect was observed when mitochondria 
were depleted of Tim22 (K/ddi et al. 1998). Evidence that Tim22 is also im- 
ported via this pathway was obtained when functional depletion of both 
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Tirol0 and Tirol2 drastically reduced its import (Sirrenberg et al. 1996; 
Koehler et al. 1998b). In addition a temperature-sensitive mutation in Tim22 
also inhibits the in vitro import of itself as well as Tim23 (Leuenberger et al. 
1999). Interestingly, Tim22 does not require the receptor Tom70 for its rec- 
ognition but rather Tom20 which is preferentially used by presequence 
containing preproteins rather than preproteins with internal targeting sig- 
nals (Kurz et al. 1999). The import pathway for Tirol7 is not clear. In one 
case it was reported that functional depletion of Tim23 or Tim22 from mito- 
chondria reduced the import of Timl7 (K~ildi et al. 1998). In contrast Leuen- 
berger et al. (1999) find that Tirol7 import is insensitive to partial inactiva- 
tion of Tim22 or Tim23 suggesting that another as yet unidentified translo- 
case may be responsible for the import of this protein. 

Until recently the function of the non-essential components Tim8 and 
Tirol3 was not known. By accessing the import of a range of integral mem- 
brane proteins into mitochondria lacking both Tim8 and Timl3 it was dis- 
covered that the import of Tim23 is drastically reduced (Leuenberger et al. 
1999). The 70 kDa Tirng-13 complex could be specifically cross-linked to 
Tim23 indicating that the complex plays a direct role in its import. In con- 
trast translocation of Tim17, Tim54 and Tim22 require the Tim9-Timl0 
complex for their import even though each of these proteins may use differ- 
ent translocation complexes for their insertion into the inner membrane. 
This means that the Tim9-Timl0 complex is able to deliver preproteins to 
either of the separate import complexes TIM23 or TIM22. Perhaps in undis- 
rupted mitochondria these two translocases are more closely associated than 
is realised. Finally the import of Tiros 9, 10, 12, 8 and 13 is unique as only 
Tom5 is required for their recognition and hence subsequent translocation 
through the outer membrane at the GIP and into the intermembrane space 
(Kurz et al. 1999). 

7.4 
Relationship Between Protein Import and a Human Disease State 

Mohr-Tranebjaerg syndrome is a rare neurodegenerative disorder which 
presents itself in early childhood. Patients with the syndrome all have dele- 
tions in the same gene referred to as DNF-1 (]in et al. 1996). The product of 
the normal gene is an 11 kDa protein designated DDP1 which until recently 
was of unknown function. Using database searching the protein was found 
to be a homologue of the recently characterised yeast translocation compo- 
nents Tims 9, 10, 12, 13 and 8 (Koehler et al. 1999). It is most similar to the 
non-essential component Tim& As these proteins are involved in the import 
of carrier proteins it has been suggested that the disease state is a conse- 
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quence of a defect in mitochondrial oxidative phosphorylation (Wallace and 
Murdock 1999). Such details are yet  to be determined. DDP1 is however a 
mitochondrial protein which is found in the intermembrane space like its 
homologous yeast counterparts (Koehler et al. 1999). 

8 
Driving Forces for Protein Translocation 

8.1 
Mitochondrial Membrane Potential 

The first studies on the mechanism of mitochondrial protein import re- 
vealed that the membrane potential across the inner membrane is impera- 
tive for the translocation process (Schleyer et al. 1982; Pfanner and Neupert 
1985). If the membrane potential is abolished either by inhibition of the 
respiratory chain or addition of ionophores, preproteins can bind specifi- 
cally to the mitochondrial membranes but further translocation across the 
membranes is blocked completely. In general, it was observed that all pre- 
proteins that contain an amino-terminal presequence exhibit membrane 
potential-dependent import. Additionally, many proteins that insert into the 
inner membrane as multiple membrane-spanning proteins, such as mem- 
bers of the metabolite carrier family, require a membrane potential for 
complete import (Schleyer et al. 1982). As discussed previously the exact 
nature of these internal targeting sequences is not known. Thus a membrane 
potential is required for the import of preproteins that utilises either TIM23 
or TIM22 translocation pathways. 

The overall positive charge of mitochondrial targeting motifs together 
with the orientation of the membrane potential (negative inside and positive 
outside), lead to the hypothesis that the translocation of targeting sequences 
is driven by an electrophoretic effect generated by the electrical gradient 
across the inner membrane. This model was confirmed by studies demon- 
strating that indeed only the electrical component of the total proton-motive 
force across the inner membrane is required for import (Planner and Neu- 
pert 1985). Furthermore, the magnitude of the membrane potential differ- 
entiaUy influences the import of mitochondrial preproteins. This effect is 
due to differences in presequence composition and especially relates to the 
number of positively charged residues in this targeting region (Martin et al. 
1991). Another role for the membrane potential was proposed after analys- 
ing the behaviour of Tim23. The membrane potential promotes dimerisation 
of this protein. In the presence of a matrix targeting signal, the Tim23 dimer 
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dissociates and presumably opens the translocation channel for the incom- 
ing polypeptide chain (Bauer et al. 1996). 

8.2 
ATP-Dependent Translocation Motor 

Only the initial step of inner membrane protein translocation, the move- 
ment of the presequence, seems to be driven by the membrane potential. 
Transport of the remaining preprotein chain can occur in the absence of the 
electrical gradient (Pfanner et al. 1987c). However, hydrolysis of nucleoside 
triphosphates is generally required for complete translocation of preproteins 
(Pfanner and Neupert 1986; Eilers et al. 1987). A dependence on ATP/GTP 
was demonstrated for almost all mitochondrial precursors irrespective of 
their submitochondrial localisation. However, one has to distinguish be- 
tween a nucleotide hydrolysis requirement occurring outside as opposed to 
inside mitochondria. For all imported proteins ATP outside mitochondria is 
required for the maintenance of import competence and preprotein recog- 
nition by the outer membrane receptors (Pfanner et al. 1987c). It is assumed 
that cytosolic factors like MSF or Hsp70 utilise ATP to bind and stabilise 
mitochondrial precursor proteins in an unfolded and import competent 
conformation (Wachter et al. 1994). However, as far as we know, energy 
derived from nudeotide hydrolysis outside mitochondria is involved in the 
mechanism of maintaining import competence but does not contribute 
significantly to the movement of precursor polypeptide chains across the 
mitochondrial membranes. For the import of outer membrane proteins and 
also most intermembrane space proteins this seems to be the only nucleo- 
tide requirement. Insertion of membrane proteins into the lipid bilayer itself 
is probably a spontaneous process driven by the difference in entropy be- 
tween free and membrane-inserted forms. Translocation across the outer 
membrane is driven by sequential binding of the presequence to compo- 
nents of the outer membrane import machinery ("Acid-chain hypothesis") 
(H6nlinger et al. 1995; Schatz 1997). This mechanism would also be em- 
ployed for the translocation of the amino-terminal moieties of matrix- 
targeted precursors. 

8.2.1 
Requirement for Matrix ATP 

By manipulating the nucleotide levels on both sides of mitochondrial mem- 
branes it was shown that completion of protein translocation is dependent 
on nucleoside triphosphates in the matrix (Hwang and Schatz 1989; Pfanner 
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et al. 1990; Cyr et al. 1993). This energy requirement is absolute for precur- 
sor proteins destined for the matrix (Beasley et al. 1992). The only exception 
are integral membrane proteins that insert into the inner membrane without 
the need for matrix ATP (Pfanner et al. 1987a; Wachter et al. 1992). In the 
absence of matrix nucleotides import can proceed up to the membrane po- 
tential-dependent step. At this stage the amino-terminal end of the precur- 
sor polypeptide reaches into the matrix and can be processed by the matrix 
processing peptidase. The carboxy-terminal part of the precursor remains 
on the outside of mitochondria, essentially generating a membrane- 
spanning translocation intermediate. 

8.2.2 
Involvement of mtHsp70 

The major question concerning energy utilisation for import was which 
enzyme uses ATP hydrolysis to drive protein translocation.~ Indeed, the only 
clearly identifiable ATPase involved in mitochondrial protein import turned 
out to be a molecular chaperone, a member of the 70 kDa heat shock protein 
family, termed mtHsp70 or Ssclp in yeast (Rassow et al. 1997). Hsp70s con- 
sist of three domains: an N-terminal ATPase domain (residues ~1-385), a 
peptide binding domain (residues ~385-600) and an extreme C-terminal 
domain (residues ~600-650) (Ha et al. 1999). Hsp70s bind reversibly to 
mainly hydrophobic patches in polypeptides which become exposed during 
cellular events such as protein synthesis, protein transport or protein de- 
naturation. The action of Hsp70 essentially helps to prevent misfolding or 
aggregation of an unfolded polypeptide chain. Binding and release of 
polypeptide substrates by Hsp70s is regulated by a reaction cycle coupled to 
binding and hydrolysis of ATP. Most mechanistic details of the Hsp70 ATP- 
ase reaction cycle have been established for the major Hsp70 of Escherichia 
coli, DnaK (summarised in Buchberger et al. 1999). DnaK binds to hydro- 
phobic amino acid stretches in polypeptides that are unstructured (Gragerov 
et al. 1994; Rfidiger et al. 1997; Landry et al. 1992; Zhu et al. 1996). Such re- 
gions are predicted to occur frequently in protein sequences (Rtidiger et al. 
1997). In the case of the mitochondrial member of the Hsp70 family its mo- 
lecular function is extended to the facilitation of preprotein movement 
across membranes. Assuming that mtHsp70 recognises a similar~ binding 
motif to DnaK then a preprotein is likely to expose multiple mtHsp70 bind- 
ing sites during its translocation. 

Several facts point to mtHspT0 as a central component of the mitochon- 
drial import machinery. First, it belongs to a small group of mitochondrial 
proteins, that are essential for viability of yeast (Craig et al. 1989). Other 
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members of this group, for example Tom40 or Hsp60, are involved in key 
steps of mitochondrial biogenesis, having functions that cannot be substi- 
tuted by other proteins. Second, preproteins in transit physically interact 
with mtHsp70. This could be demonstrated by both crosslinking of translo- 
cation intermediates and by coimmunoprecipitation (Scherer et al. 1990; 
Gambill et al. 1993). The crosslinking data demonstrated that mtHsp70 is 
involved at a very early step of inner membrane polypeptide translocation, 
directly after the membrane potential-dependent step. Third, extensive 
analysis of temperature-sensitive alleles of 8SCI in yeast showed, that in 
mitochondria that carry a functionally defective mtHsp70, preprotein im- 
port is arrested (Kang et al. 1990; GambiU et al. 1993). The precursor pro- 
teins are again accumulated as translocation intermediates spanning both 
membranes as in the case when matrix ATP is depleted. Additional experi- 
ments showed a complete correlation between the import defects of a mu- 
tant mtHsp70 unable to interact with ATP and the import defects generated 
by ATP depletion. This data collectively lead to the conclusion that mtHsp70 
is the protein responsible for the matrix ATP-dependent import step (Kang 
et al. 1990; Gambill et al. 1993). 

8.2.3 
Activation of mtHsp70 by the Cochaperone Mgel p 

Further evidence for a role of mtHsp70 as the ATP consuming protein im- 
port motor was provided by the identification of a typical cochaperone of 
Hsp70s in the mitochondrial matrix, termed Mgelp in yeast. A homologue 
of this protein in E. coli, GrpE, regulates the activity of the bacterial Hsp70, 
DnaK. Similar to its prokaryotic homologue, Mgelp forms a very stable 
complex with mtHsp70 in the absence of ATP (BoUiger et al. 1994; Nakai et 
al. 1994; Voos et al. 1994). In the presence of ATP and even nonhydrolysable 
analogs, the mtHsp70-Mgelp complex is quickly dissociated. In the case of 
GrpE, interaction with DnaK increases the ATPase activity substantially. 
Mgelp shows a similar activity in mitochondria. It is thought to act as a 
nucleotide exchange factor, facilitating the release of ADP and thereby in- 
creasing the rate of hydrolysis (Dekker and Pfanner 1997; Miao et al. 1997). 

Interestingly, MGE1 is also an essential gene in yeast. Mitochondria con- 
taining a mutant Mgelp show defects in protein import in vivo and in vitro 
(Laloraya et al. 1994; Laloraya et aI. 1995), demonstrating the importance of 
the mtHsp70 ATPase activity for protein translocation. Since an interaction 
of Mgelp with preproteins could only be detected when they were accumu- 
lated as translocation intermediates, it is supposed, that the essential action 
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of Mgelp is focused on the initial entry of preprotein segments into the 
matrix, the very same step where the crucial function of mtHsp70 for 
polypeptide translocation is required (Voos et al. 1994; Schneider et al. 
1996). 

8.2.4 
Tim44-mtHsp70 Interaction 

The identification of Tim44 (section 5.2.2) eventually provided the basis for 
a detailed understanding of the molecular function of mtHsp70 in driving 
the translocation process. Genetic analysis first hinted at a functional con- 
nection between Tim44 and mtHsp70. Temperature-sensitive mutants of 
mtHsp70 are synthetically lethal with mutations in TIM44. In addition the 
phenotype of Tim44 mutants can be suppressed by overexpression of 
mtHsp70. Biochemical experiments demonstrated a direct physical interac- 
tion between Tim44 and mtHsp70 (Kronidou et al. 1994; Rassow et al. 1994). 
Similar to the interaction of mtHsp70 and Mgelp, binding of mtHsp70 to 
Tim44 seems to occur only at a certain stage of the Hsp70-ATPase reaction 
cycle. The complex contains mtHsp70 that has predominantly bound ADP 
and is dissociated in the presence of ATP (yon Ahsen et al. 1995; Voos et al. 
1996). 

Tim44 and mtHsp70 form a 1:1 complex at the import site although 
greater than 90% of mtHsp70 remains free in the matrix of yeast (Rassow et 
al. 1994; Krimmer et al. 2000). The nature of the interaction between Tim44 
and mtHsp70 is not known. Tim44 does however possess a region (amino 
acids 185-202) which is partiaUy related to a small portion of the highly 
conserved J-domain of Hsp40s and related proteins (Rassow et al. 1994). J- 
domains are required for a functional interaction with Hsp70s. The J-related 
segment of Tim44 is essential for function and its absence significantly re- 
duces complex formation with mtHsp70 (Merlin et al. 1999). Tim44 directly 
interacts with the ATPase domain of mtHsp70 (Krimmer et al. 2000). Its 
affinity for the ATPase domain alone is not as great as that for the complete 
Hsp70 molecule. The addition of the peptide binding domain strengthens 
the interaction between Tim44 and the ATPase domain of mtHsp70 but not 
to its normal level. Thus all three functional domains of mtHsp70 influence 
its binding to Tim44. The interaction of DnaJ with DnaK also occurs via the 
ATPase domain but is positively influenced by the presence of the peptide 
binding domain (Giissler et al. 1998; Suh et al. 1998). As such, Tim44 may act 
in an analogous manner to DnaJ assisting the localisation of preproteins to 
the peptide binding site of Hsp70. It can be envisaged that Mdjl and Tim44, 
both binding partners of mtHsp70, compete for the same binding site. This 
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may explain why Mdjl is not detected as part of the translocation motor. It 
is not known ff Tim44 is capable of stimulating the ATPase activity of 
mtHsp70. Apart from its interaction with Tim44, mtHsp70 can also associate 
with the inner membrane translocase complex directly. This interaction is 
mediated by Tim17 and independent of the presence of Tim44 (B~Smer et al. 
1997). The functional implications of this observation are not clear, but it 
could indicate a regulatory role of mtHsp70. 

8.2.5 
Translocation Mechanisms - Proposed Models 

How could the interaction of mtHsp70 with the polypeptide in transit result 
in its movement in the translocation pore? A basic model, dubbed the 
"Brownian ratchet model" states that the actual movement of the polypep- 
tide chain during translocation is generated by random Brownian motion. 
Binding of the precursor chain to mtHsp70 inside would restrict the back- 
ward movement. Further, movement would expose additional binding sites 
for mtHspT0 inside, eventually resulting in complete translocation into the 
matrix (Simon et al. 1992; Ungermann et al. 1994; Gaume et al. 1998). This 
model was refined taking into account the function of Tim44 and Mgelp. 
Tim44 would direct the otherwise soluble mtHsp70 to the membraneous 
import site, making binding of the precursor much more efficient. ATP 
hydrolysis and indirectly Mgelp function would be required for recycling 
mtHsp70 to its most active state with respect to translocation. 

However, this model does not take into account some additional proper- 
ties of the import reaction. First, apart from the mere movement of the 
polypeptide chain in the translocation channel, the precursor protein has to 
be unfolded during import. The polypeptide chain in transit is most proba- 
bly in an extended conformation. A detailed analysis of protein import 
demonstrated that unfolding is mainly accomplished by the action of 
mtHsp70 (Gambill et ai. 1993; Voos et al. 1993; Matouschek et al. 1997). The 
polypeptide chain is indeed unravelled from the amino-terminal end during 
import (Huang et al. 1999). Second, any stronger interaction of the polypep- 
tide in transit with components of the channel complexes would restrict the 
random movement due to Brownian motion and stall the translocation 
process (Chauwin et al. 1998). Indeed, there is experimental evidence, that 
membrane spanning translocation intermediates are quite stable even in the 
absence of bound mtHsp70 and Tim44 (Dekker et al. 1997). 

Both effects together would require a more active role of mtHsp70 during 
import as formulated in a model named "active motor" or "pulling" model 
(Voos et al. 1996). Here, the following three properties of the mtHsp70 ma- 
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chinery would combine to generate an inward directed force on the 
polypeptide in transit, generating forward movement through the channel 
and also unfolding on the outside, i) MtHsp70 stably binds the incoming 
unfolded preprotein chain, ii) MtHsp70 is anchored to the inner membrane 
by its interaction with Tim44, providing the leverage for force generation. 
iii) A conformational change due to binding and/or hydrolysis of ATP gen- 
erates the inward directed force resulting in movement of the polypeptide 
chain. Then, mtHspT0 would dissociate from Tim44 and the preprotein. The 
cycle would start over again resulting in preprotein translocation. The cy- 
cling of mtHsp70 action is catalysed by Mgelp. 

Experimental evidence for the "pulling" model is again provided by the 
analysis of mtHsp70 and Tim44 mutants (Merlin et al. 1999; Voisine et al. 
1999). A temperature-sensitive mutant of mtHsp70 in yeast mitochondria, 
Sscl-2, shows reduced interaction with Tim44 but increased binding to 
imported preprotein. The mutant cells are not viable at devated tempera- 
tures and the mitochondria are unable to efficiently import folded prepro- 
teins due to a lack of generation of inward directed force. Second site muta- 
tions in Sscl-2 that restore both binding to Tim44 and the generation of the 
import force, are viable and fully import competent (Voisine et al. 1999). 
However, the suppressor mutants still show increased interaction to precur- 
sor polypeptides in transit, It was concluded, that binding to the preprotein 
and import efficiency do not correlate and therefore the Brownian ratchet 
model alone is not sufficient to describe the function of mtHsp70 during 
import. On the other hand, mutations in Tim44 that reduce the efficiency of 
mtHspT0 binding do indeed mainly affect the unfolding of preproteins with 
conformational restrictions during import (Merlin et al. 1999). It is most 
likely that a combination of both trapping and pulling are used during pro- 
tein translocation. 

8.3 
A Possible Role for GTP 

Although a completely consistent concept has not been developed so far, 
there is recent experimental evidence indicating that hydrolysis of GTP 
might contribute to the overall efficiency of preprotein translocation (Sepuri 
et al. 1998a). In these experiments import of mitochondrial precursors was 
stimulated by addition of GTP on the outside of the inner membrane. Non- 
hydrolysable analogs were not functional, demonstrating the involvement of 
nucleotide hydrolysis. It was concluded, that in addition to the ATP- 
dependent "pull" in the matrix, a GTP-utilising "push" might contribute to 
the import reaction (Sepuri et al. 1998b). However, a GTPase responsible for 
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this effect has not been identified so far. One has to keep in mind, that the 
involvement of GTP could be connected with the possibil/ty of co-trans- 
lational import into mitochondria. There is some data showing ribosomes 
associated with mitochondria in a GTP-dependent manner (Crowley and 
Payne 1998). A cotranslational mechanism can therefore not be excluded 
completely, even if most available evidence demonstrates a predominantly 
posttranslational import of preproteins in the case of mitochondria (Crow- 
ley et al. 1994). 

9 
Processing and Folding of Newly Imported Matrix Proteins 

In most cases the presequence which directs a preprotein into the matrix of 
mitochondria is cleaved off by a processing peptidase once it reaches this 
compartment. The protein responsible is called matrix processing peptidase 
(MPP) which consists of two subunits of approximately 55 and 52 kDa 
termed r and [3-MPP respectively. In yeast the proteins associate to 
form a dimer (Geli et al. 1990). But some preproteins are processed twice 
first by MPP and then by a second peptidase called mitochondrial interme- 
diate peptidase (Isaya et al. 1994; Kalousek et al. 1992). During or subse- 
quent to proteolytic processing the mature protein may fold into its active 
form. This event may occur spontaneously or only with the help of molecu- 
lar chaperones. Chaperones assist protein folding essential by forming a 
reversible association with polypeptides in an unfolded state thereby pre- 
venting unproductive pathways that end in aggregation. The matrix of mito- 
chondria is very similar to that of eubacterial cytosol with respect to its rep- 
ertoire of molecular chaperones. There are representatives from the major 
chaperone families such as the Hspl0Os, Hsp70s and their cochaperones, the 
chaperonins and folding catalysts the peptidyl-prolyl cis-trans isomerases 
(PPIases). A comprehensive discussion of protein folding in the matrix of 
mitochondria is beyond the scope of this review but has been discussed in 
detail elsewhere (Neupert, 1997; Dekker and Pfanner 1999). 

10 
Perspectives 

There are many major and minor properties of the mitochondria protein 
import reaction that have not been established to date. For example it is not 
clear to what extent translocation into mitochondria occurs in a posttrans- 
lational or cotranslational manner. If it is predominately posttranslational 
then to what degree do most preproteins fold before they are translocated? 
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Do hydrophobic membrane proteins form water soluble conformations 
during their translocation through aqueous compartments. While the basic 
features of a presequence can be described we do not know the nature of 
internal targeting signals or in either case the molecular nature of receptor 
recognition. The structures of translocation components which are essen- 
tially lacking so far will help immensely to unravel the mechanisms of mito- 
chondrial protein import. 

Only discovered a couple of years ago was a completely new translocase 
of the mitochondrial inner membrane, the TIM22 complex. Sequencing of 
the yeast genome facilitated its detection and also provided a link between a 
human disease and mitochondrial biogenesis. Undoubtedly there are still 
more translocation components that have so far evaded detection. As the 
components responsible for the sorting of preprotein to the inner mem- 
brane and intermembrane space are not known it is tempting to speculate 
that these factors also await discovery. But for some of the translocation 
components that have been described in this review all that we know about 
them is (1) their existence, (2) to which translocation complex they belong 
and (3) their basic characteristics. Their specific contribution to preprotein 
translocation is yet to be determined. 

Perhaps the most difficult problem to tackle is the bioenergetics of pro- 
tein translocation. For example what drives preprotein translocation across 
or into the outer membrane of mitochondria. Is the acid chain hypothesis 
fundamentally correcff Currently of great interest is how a molecular chap- 
erone that assists protein folding in many different cellular compartments 
has evolved to play an essential function in protein translocatlon. Under 
truly physiological conditions does mitochondrial Hsp70 actively pull pre- 
proteins into the mitochondrial matrix.; The solutions to these and so many 
other questions require the freedom of fundamental and innovative research 
that has so successfully brought us to this stage. 
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Electrophysiological Approaches to the Study of Neuronal Exocytosis 

Preview 

The cornerstone of synaptic transmission is the calcium-dependent fusion of 
synaptic vesicles with the plasma membrane and the release of neuro- 
transmitter into the synaptic cleft. Renewed interest in the mechanisms that 
regulate these important first steps in neuronal communication has been 
sparked by recent advances in the identification of molecular interactions 
that underlie these processes and by the development of electrophysiological 
techniques that permit the direct examination of these processes in real- 
time. This review will present the emerging view of neuronal exocytosis and 
endocytosis that has developed as a consequence of these new electrophysio- 
logical approaches. Where instructive, results will be discussed in light of 
other new developments in the field in order to give the reader a compre- 
hensive understanding of our current knowledge. To set the stage, we begin 
with an overview of the traditional approach to the study of neurotransmit. 
ter release, electrical recordings from pairs of synapticalIy-connected ceils 
and discuss the applicibility of this approach to the study of exocytosis and 
synaptic vesicle dynamics in the central nervous system. The review will 
then focus on its main theme, the use of membrane capacitance measure- 
ments and whole-terminal patch-clamp recording techniques to directly 
monitor calcium-dependent synaptic vesicle fusion and retrieval in central 
neurons. Next, carbon fiber amperometry wiU be introduced, and informa- 
tion about the mechanics of secretory vesicle fusion and neurotransmitter 
release obtained with carbon fiber amperometrg will be presented. Finally, 
combinations and refinements of these electrophysiological approaches will 
be discussed. 

1 
Paired Recordings 

1.0 
Introduction 

Communication between neurons can occur chemically via synaptic trans- 
mission. This communication process begins when an invading depolariza- 
tion opens voltage-gated calcium channels in the nerve terminal of the pre- 
synaptic neuron, allowing calcium from the extracellular fluid to enter into 
the nerve terminal. The resultant elevation in presynaptic calcium somehow 
triggers the fusion of synapfic vesicles with the presynaptic plasma mem- 
brane and the release of vesicular contents into the synaptic cleft. Secreted 
neurotransmitter molecules then diffuse passively across the synaptic cleft 
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to the postsynaptic neuron, where they may bind to cell-surface receptors. 
The postsynaptic receptor with the appropriate number of bound neuro- 
transmitter molecules may either change its conformation to allow ions to 
cross the postsynaptic membrane and create an electrical signal and/or acti- 
vate a second-messenger-mediated cascade that might modulate ion channel 
activity. To complete the signalling process, neurotransmitter is cleared 
from the synaptic cleft, and the membrane that was added to the presynaptic 
plasma membrane by the fusion of synaptic vesicles, or its equivalent 
amount, is retrieved to preserve the surface area of the nerve terminal. 

1.1 
Introduction to Paired Recordings 

Synaptic transmission was first examined at the vesicular level by Katz and 
his colleagues at the frog neuromuscular junction using intraceUular record- 
ing techniques to monitor electrical activity. In their classic manuscript, FaR 
and Katz described the "chance observations" of randomly occurring spon- 
taneous miniature electric discharges at the endplates of resting muscle 
fibers (Fatt and Katz 1952). These miniature discharges ,"minis," were found 
to share a number of important characteristics with end-plate potentials, 
such as being localized to innervated regions of the muscle fiber and being 
blocked by curare. More importantly, when the release probability was low- 
ered, the amplitudes of the end-plate potentials were found to vary in a step- 
like fashion that corresponded to multiples of the mean mini amplitude 
(CastiUo and Katz 1954). Based upon these and other observations, FaR and 
Katz proposed that the endplate potential at the neuromoscular junction was 
comprised of multiple, summed miniature potentials, and they coined the 
term "quantum" to describe the mean size of these minis (FaR and Katz 
1952). Katz and colleagues went on further to hypothesize that synaptic 
vesicles were the physical representation of these quanta (Castillo and Katz 
1956; Katz 1966; Katz 1969). 

1.2 
Paired Recordings in the Central Nervous System 

In a manner analogous to recording from a presynaptic motor neuron and a 
postsynaptic muscle fiber, neurotransmitter release can also be studied in 
synaptically-connected pairs of neurons. In the central nervous system, 
patch-clamp recording techniques are often preferred over conventional 
sharp electrode intraceUular recordings because of the more favorable sig- 
nal-to-noise ratio of the patch-clamp technique and because the patch- 



Input-Output Functions of Mammalian Motoneurons 139 

1 
Introduction 

Alpha motoneurons have been the most extensively studied cells in the 
mammalian central nervous system (CNS). The reasons for their favor 
among neurobiologists include the ease and certainty with which they can be 
identified and their large somata that facilitate stable intraceUular record- 
ings. Many of their presynaptic input fibers can be selectively activated, such 
as primary muscle spindle afferents, which make monosynaptic excitatory 
connections with motoneurons (reviewed in Henneman and Mender 1981). 
Further, motoneurons innervate muscle cells that can be characterized both 
mechanically and histochemically (reviewed in Burke 1981), making moto- 
neurons the only class of CNS cells for which variations in electrophysiologi- 
cal and anatomical properties have been linked to variations in the proper- 
ties of their target cells. The one-to-one relation between the occurrence of 
action potentials in a motoneuron and in the muscle fibers they innervate 
makes it possible to record the discharge behavior of single motoneurons 
using intramuscular electrodes, as well as the activity of populations of mo- 
toneurons using electrodes placed over the surface of the muscle. Conse- 
quently, motoneurons are the only CNS neurons whose individual discharge 
behavior can be recorded in awake human subjects during the execution of 
normal movements. 

In light of the unique features of the motoneuron listed above, it is not 
surprising that many of our notions regarding the integrative properties of 
neurons have been based on our knowledge of the anatomy and physiology 
of motoneurons. By the mid 1980's, motoneurons had become the model cell 
for understanding a number of key aspects of neuronal function, including: 
(1) the transfer of synaptic current from dendritic synapses to the soma 
(reviewed in Jack, Noble, and Tsien 1975; Rall 1977; Redman 1976): (2) the 
relation between ceUular properties, synaptic input distribution and excit- 
ability (reviewed in Burke 1981, Henneman and Mendell 1981; Binder et al. 
1996; Reckling et al. 2000), (3) the relation between synaptic or injected cur- 
rent and firing rate (reviewed in Schwindt and Crill 1984; Kernen 1983, 1984) 
and (4) the relationship between the size and shape of a postsynaptic poten- 
tial and its effects on firing probability (Fetz and Gustafsson1983: Ashby and 
Zilm 1982a,b; Gustafsson and McCrea 1989; Cope et al. 1987). 

The development of techniques for recording from neurons in brain 
slices in vitro made it possible to obtain stable intracellular recordings from 
the somata of many other neurons in the CNS. The initial in vitro studies in 
motoneurons were largely confined to neonatal cells (cf., Fulton and Walton 
1986; Harada and Takahashi 1983; Walton and Fulton 1986), and attention 



140 R. K. Powers and M. D. Binder 

was increasingly focused on other CNS cells, particularly pyramidal cells in 
the neocortex and hippocampus and Purkinje cells in the cerebellum (Llinas 
1988). The dendritic trees of the latter two cell types are confined to specific 
neuronal laminae that are relatively free of cell bodies, making it possible to 
systematically record from the dendrites of these cells (cf. Mel 1994). The 
additional development of techniques for dendritic patch clamping and 
high-speed fluorescence imaging have provided direct measurements of the 
electrophysiological properties of the dendrites of a variety of CNS neurons, 
revealing the presence of a wide range of voltage- and calcium-sensitive 
channels in dendrites (for recent reviews, see Johnston et al. 1996; Mel 1994; 
Midtgaard 1994, 1996). With the exception of a recent study on cultured rat 
spinal motoneurons (Larkum et al. 1996), there have been no comparable 
studies of motoneuron dendrites. 

The historical importance of motoneuron studies in the development of 
our views of neuronal function together with the shift in experimental focus 
to other cells of the nervous system has led to the persistence of the notion 
that the mechanisms of input-output transduction in motoneurons are rela- 
tively simple compared to those of other neurons. However, a variety of 
evidence obtained over the past fifteen to twenty years suggests that the 
electrophysiological properties of motoneurons are every bit as complex as 
those of other neurons. As a result, the continuing study of the input-output 
properties of motoneurons is likely to contribute not only to our under- 
standing of motor control but also will provide insights into the biophysical 
mechanisms of neuronal information processing elsewhere in nervous sys- 
tem. 

In the following review, we consider the relationship between the bio- 
physical properties of motoneurons and the means by which they transduce 
their synaptic inputs into modulations in firing rate. We will first present the 
classical view of the functional properties of motoneurons, based primarily 
on the results of experimental and theoretical studies from the early 1950's 
to the early 1980's. This will be followed by a consideration of how our un- 
derstanding of motoneuron function has evolved as a result of more recent 
studies of the electrophysiological properties of motoneurons. Finally, we 
will consider three specific aspects of input-output transduction that are not 
yet well understood: (1) the effects of concurrently activated synapses and of 
voltage-and calcium-dependent dendritic conductances on the transfer of 
synaptic current to the soma; (2) the mechanisms underlying the decline in 
firing rate following the onset of a constant stimulus (spike frequency adap- 
tation), (3) and the relation between the magnitude and time course of syn- 
aptic potentials and their effects on firing probability. 
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2 
Basic Features of Motoneuron Input-Output Functions 

2.1 
Variations in Motoneuron Excitability 

A number of early studies of single motor unit activity in animals and hu- 
mans revealed that as the strength of muscle contraction is increased motor 
units are brought into activity (recruited) in a relatively orderly fashion (rev. 
in Binder et al. 1996; Cope and Sokoloff 1999). In 1957, Henneman reported 
that the recruitment order of motoneurons was correlated with the size of 
the action potential recorded extracellularly from small ventral root fila- 
ments (Henneman 1957). Under these conditions, it was assumed that extra- 
cellular spike amplitude was a function of axon diameter, which in turn was 
thought to be correlated with cell body size. Thus, Henneman proposed that 
motoneurons were recruited in order of increasing cell body size. 

After the formulation of this "size principle" (Henneman et al. 1965), 
there were a number of studies that addressed the contribution that the 
anatomical properties of motoneurons make to their susceptibility to re- 
cruitment. It was confirmed that soma size is positively correlated with ax- 
onal conduction velocity (Cullheim 1978; Kernell and Zwaagstra 1981), 
which is in turn proportional to axon diameter (Cullheim 1978). Total den- 
dritic surface area, either directly measured or estimated from dendritic 
stem diameter was also found to be correlated with conduction velocity 
(Barrett and Crill 1974b; Burke et al. 1982; Kernell and Zwaagstra 1981). 

The formulation of the size principle stimulated a great deal of experi- 
mental and theoretical work on the relationship between the recruitment 
order ofa motoneuron and the mechanical properties of its muscle unit. The 
extent to which the consistency of recruitment order depends upon the type 
of movement performed or the source of afferent input used to activate 
motoneurons has also been extensively investigated (rev. in Binder et al. 
1996; Binder and Mendell 1990; Burke 1981; Cope and Clark 1995; Henne- 
man and Mendell 1981). Burke and colleagues demonstrated that motor 
units could be subdivided into distinct subtypes based on the histochemical 
and mechanical properties of their muscle units (slow twitch (S), fast-twitch, 
fatigue-resistant (FR) and fast-twitch fatigable (FF); Burke et al. 1974), and 
that motoneurons are generally recruited in order of type: S, FR, FF (Burke 
1981). However, there has been considerable controversy over the precision 
of size-related recruitment and whether or not significant exceptions can 
occur (Binder et al 1996; Cope and Clark 1996; Cope and Sokoloff 1999). As 
the present review is concerned primarily with the input-output properties 
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of motoneurons, we will focus only on the biophysical mechanisms of re- 
cruitment rather than on its precision and functional importance. 

2.2 
Motoneuron Firing Rate Modulation 

Increases in synaptic drive to motoneurons beyond their recruitment 
threshold lead to repetitive discharge. Motor units fire at rather low rates at 
their recruitment thresholds and then undergo rapid increases in firing rate 
as force is increased (reviewed in Burke, 1981; Henneman and Mendel 1981; 
Binder et al. 1996). There are differences in the reported range of unit dis- 
charge rates at recruitment threshold (i.e., minimal rates) during steady 
isometric contractions in humans, with some studies reporting that the 
minimal discharge rates of motor units increase systematically with re- 
cruitment threshold (De Luca et al. 1982; Kanosue et al. 1979) and others 
reporting no systematic differences (Monster and Chan 1977; Tanji and Kato 
1973). Rate modulation in hindlimb motor units studied in the decerebrate 
cat appears to be qualitatively similar to that reported in humans. The in- 
crease in motor unit firing rates during the stretch reflex is clear (Cordo and 
Rymer 1982), as it is for most units during various isometric forces gener- 
ated by the crossed-extension reflex (Powers and Rymer 1988). The minimal 
rates of discharge tend to increase with recruitment threshold (Powers and 
Rymer 1988), but maximum rates have not been studied due to the inability 
to generate controlled maximum forces. 

Under steady-state conditions, type S units reach their maximal force 
output at much lower firing rates than do type F (FR & FF) units (Botterman 
et al. 1986; Kernel et al. 1983). Firing rates in excess of 20 to 30 imp/s are 
energetically wasteful for type S units, but are necessary for type F units to 
reach their maximal forces. Thus, one would expect type S units to have the 
most restricted range of rate modulation (Kernel 1983). Studies of rate 
modulation in human motor units (Gydikov and Kosarov 1973; Kanosue et 
al. 1979; Monster and Chart 1977) do indeed show that the rates of low 
threshold units tend to saturate as higher-threshold units are recruited and 
increased their discharge rates. This phenomenon has been referred to as 
"rate limiting" (Heckman and Binder 1991b;1993a). 

2.3 
A Simple Model of Motoneuron Input-Output Properties 

Early experimental studies of motoneurons led to the development of a 
relatively straightforward model of motoneuron recruitment and rate 
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modulation. This model is based on electrophysiological measurements 
made at the motoneuron soma, and relates the output of the motoneuron to 
the amount of current reaching the soma, either as a result of sFnaptic cur- 
rent flowing in from dendritic synapses or due to current injected directly 
from the recording electrode. A motoneuron is recruited when its somatic 
membrane potential is displaced from its resting value (Vr) to the threshold 
value for initiating an action potential (Vthr). For a given current (I), the 
change in somatic voltage (AV) depends upon the effective input resistance 
of the cell (RN) according to Ohm's law: 

A V  = RN ) I (1)  

As described below, Rlq depends on both the morphological and bio- 
physical properties of the motoneuron. An action potential will be produced 
if AV exceeds the difference between the threshold voltage and the resting 
potential: 

Av > v ~ r -  % .  (2) 

Sustained suprathreshold currents lead to repetitive discharge, and under 
steady-state conditions, the relation between injected or synaptic current 
and the discharge rate (f) is linear over a large range of currents (Kernell 
1965a): 

f = from + [f/I] * (I - Ithresh), (3) 

where I,hre,h is the minimum current needed to elicit steady repetitive dis- 
charge, from is the minimum firing rate, and f/I is the slope of the frequency- 
current relation. For the population of motoneurons that innervates a single 
muscle (i.e., motoneuron pool), there are systematic variations in the values 
of Lhrc,h and fmi~, which are inversely correlated with systematic variations in 
Rs and the duration of the post-spike afterhyperpolarization (AHP), respec- 
tively (Kernell 1983). 

Figure 1 provides a schematic illustration of these basic motoneuron re- 
sponses, as well as their contribution to the development of muscle tension. 
The schematic motoneuron models illustrate the range of variation of re- 
sponse properties within a motoneuron pool, from the small, low-threshold 
(LT) motoneurons to the large, high-threshold (HT) motoneurons. The low 
threshold motoneurons have higher input resistances and longer AHPs than 
the high threshold motoneurons. These differences are associated with a 
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Fig. 1. Schematic representation of the transformation of synaptic input into muscle 
force. The upper two rows show cartoons of low (top) and high threshold motoneu- 
rons (bottom) along with their innervated muscle fibers and two different sets of 
presynaptic afferent connections: primary (In) muscle spindle afferents and spinal 
interneurons activated by axons originating in the red nucleus (RN). The bold num- 
bers between the two motoneurons indicate the three stages in the synaptic trans- 
duction process: (1) the transfer of synaptic current to the soma, (2) the transforma- 
tion of that current into a change in somatic voltage, and (3) the effect of the change 
in somatic voltage on the probability of spike initiation in the adjacent initial seg- 
ment. The diagram also illustrates a number of characteristic differences between 
low and high threshold motoneurons, including (1) the distribution of effective 
synapses from different afferent sources, (2) neuronal surface area, (3) axonal di- 
ameter, (4) the duration of the postspike afterhyperpolarization (AHP), and (5) the 
number and diameter of innervated muscle fibers. The bottom row of panels illus- 
trate some of the consequences of the differences in the intrinsic properties of low 
threshold (LT) and high threshold (HT) motoneurons, including differences in input 
resistance (left), current-frequency relations (middle) and tension-frequency rela- 
tions (right). See text for further details 

lower threshold for repetitive discharge (Ithre,h) and a lower minimum firing 
rate (fm~). The differences in repetitive discharge properties are in turn 
associated with differences in the tension-frequency relations of the inner- 
vated muscle fibers: low threshold motoneurons innervate relatively fewer, 
smaller diameter, slow contracting muscle fibers, resulting in lower tetanic 
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tensions and lower fusion frequencies than muscle units innervated by high 
threshold motoneurons (Binder et ai. 1996; Burke 1981; Henneman and 
Mendel1 1981). 

Figure 1 also denotes two examples of the differences in the synaptic in- 
puts to the low- and high-threshold motoneurons within an extensor moto- 
neuron pool (rev. in Binder et ai. 1996; Binder 2000). The first example is 
quantitative: direct excitatory connections from the Ia afferent fibers of 
muscle spindles have a greater efficacy on the low-threshold motoneurons 
than on high-threshold motoneurons. The second example is more qualita- 
tive: low-threshold motoneurons receive both excitatory and inhibitory 
oligosynaptic input from the contraiateral red nucleus, whereas the high- 
threshold motoneurons receive predominantly excitatory input. 

Under physiological conditions, displacement of the somatic membrane 
potential toward threshold is achieved by synaptic current originating in the 
dendrites. Conductance changes at dendritic synapses cause localized syn- 
aptic currents whose time course and amplitude depend on the conductance 
time course and the synaptic driving potential: 

Isyn(0 = G~yn(0 * (Vm(t)  - Veq), (4) 

where Gsy,(t) is the conductance time course, Vm(t) is the time course of the 
local membrane potential change, and Veq is the synaptic reversal potential. 
Ordy a fraction of the synaptic current reaches the soma as much of it is lost 
to leak across the interposed membrane. Our understanding of the mecha- 
nisms of current transfer of the soma has been greatly aided by the devel- 
opments of a means of representing the complex dendritic trees of moto- 
neurons as a single equivalent cylinder (Rail 1959). 

The use of this equivalent cylinder model (described below) together with 
a simple description of the threshold and repetitive firing properties of mo- 
toneurons permits us to represent the input-output properties of motoneu- 
rons in terms of three distinct processes: (I) the transfer of synaptic current 
to the soma, (2) the resultant change in somatic membrane potential and its 
modification by somatic conductances and (3) the initiation of an action 
potential in the initial segment (Fig. 1). This simple formulation relates the 
variations in the behavior of a population of motoneurons to variations in 
the values of a number of measurable parameters including RN, Vth and AHP 
duration. 

The development of the Rail model was a crucial step in advancing our 
understanding of the transfer of current from dendritic synapses to the 
soma as well as the relation between motoneuron properties and RN. Thus, 
we will briefly review the original Rail model here, with an emphasis on its 
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application to the mechanisms of synaptic current flow and motoneuron 
excitability. We will then review the mechanisms governing the initiation of 
the action potential, as well as the mechanisms underlying repetitive firing 
in motoneurons. 

2.4 
Rail's Equivalent Cylinder Model 

Early anatomical studies revealed that motoneurons have extensive den- 
dritic trees, the surface area of which is many times larger than that of the 
soma (reviewed in Rail 1959). Beginning in the late 1950's, Rail and his col- 
leagues provided a compact description of the geometry and passive electri- 
cal properties of motoneurons based on the representation of the soma and 
dendritic trees of motoneurons as an equivalent cylinder (rev. in Rall 1977; 
Rall et al. 1992). They demonstrated that under certain conditions, the mo- 
toneuron can be represented as a lumped soma consisting of a resistance 
and capacitance in parallel attached to a uniform diameter cylinder of finite 
length. This representation provides a reasonable approximation of many of 
the electrical properties of the cell provided that a number of conditions are 
met, including isopotentiality of the soma, uniformity of membrane electri- 
cal properties over the entire somatodendritic surface, and several geomet- 
rical constraints on the branching and termination of dendritic trees (Rail 
1959). If, at each branch point, the sum of the diameters of the daughter 
branches raised to the 3/2 power are equal that of the mother branch raised 
to the 3/2 power (~'~'M2 d =D312m), then the entire structure can be represented 
as an unbranched cylinder with a diameter equal to that of the parent 
branch. In the equivalent cylinder representation, the surface area of the 
dendritic tree is preserved, so that the physical length of the equivalent cy- 
linder representation is greater than that of the original dendritic tree. If all 
of the dendritic trees of a motoneuron can be represented by cylinders of 
equivalent electrotonic length, then they can be further collapsed into a 
single equivalent cylinder whose diameter is determined by the same 3/2 
power rule governing the collapsing of dendritic branches. 

Although the actual geometrical features of motoneurons often depart 
from the constraints required by the Rail model, these departures turn out 
to have relatively minor effects on the subthreshold behavior of the moto- 
neuron as seen from an intrasomatic recording electrode. In contrast, non- 
uniform electrical properties may have more profound effects (see below). 

The properties of the Rail or equivalent cylinder model can be specified 
by four parameters: p, the ratio of the input conductance of the dendritic 
cylinder to that of soma; L, the normalized length of the dendritic cylinder in 
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units of space constant, (~. see below); '~m, the membrane time constant and 
RN, the input resistance of the whole cell, measured by current injected into 
the soma. The electrical properties of the equivalent cylinder representing 
the dendrites depend upon both its size and specific membrane properties. 
A steady voltage applied at one end of an infinite cable wiU decay to 1/e of its 
value at point that is one space constant (~.) away from the applied voltage. 
The value of ~. depends upon cable properties as follows: 

X = [(Rm/Ri)(d/4)] m, (5) 

where  Rm is the resistance across a unit area of membrane (flcm2), Ri is the 
volume resistivity of the intraceUular medium (f~cm) and d is the cylinder 
diameter. The normalized length of the cylinder (L) is simply the actual 
length divided by ~.. 

The time course of the voltage response of the cable model to a step of 
current of magnitude I, can be described in terms of the final steady-state 
response (I*Rs) and an infinite sum of exponential terms: 

V(t) = I * RN (1 - ~ Ci exp(-t/'~i)). (6) 

In practice, only the two longest time constants (z0 and ~,) can be re- 
solved from experimental voltage transients. The shorter time constants 
represent the effects of the voltage wave initiated in the soma traveling to the 
dendritic tips and being 'reflected' back (Holmes et al. 1992). As a result of 
these reflections, the entire cable becomes more uniformly polarized at later 
times, so that the longest time constant, r simply depends on the specific 
properties of the membrane. When Rm is uniform, the longest time constant 
z0 = ~m, the time constant of an isopotential patch of membrane. Since the 
membrane time constant is equal to the product of the specific membrane 
resistance (Rm) and the specific membrane capacitance (Cm), the time con- 
stant can be used to estimate Rm, given an assumed value of Cm. Rall (1969) 
demonstrated that if the ratio of dendritic to somatic conductance (p) is 
fairly large, the electrotonic length of the equivalent cylinder representation 
of a motoneuron can be estimated from the ratio of the two longest time 
constants ('c0/~,): 

L ~ [Tr/(Zo]X, - 1)] '12. (7) 

A final useful simplification arises if the soma compartment is combined 
with the dendritic cable so that the entire neuron is represented as a single 
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equivalent cylinder. In this case, the input conductance of the neuron can be 
expressed as: 

G.  = (AN/Rm)(tanhL/L), (8) 

and the input resistance is simply the reciprocal of this expression: 

RN = (Rm/As)(L/tanhL), (9) 

where As represents the surface area of the entire neuron and L is now the 
electrotonic length of the soma plus the dendritic cable, which is virtually 
identical to the length of the dendritic cable alone. By multiplying both the 
numerator and denominator of the above expression by Ca, remembering 
that Xm = R~C~, and rearranging terms it is possible to derive an estimate of 
the total surface area of the neuron based on purely physiological measure- 
ments: 

AN = xmL/(Cm RN tanhL). (10) 

Thus, the surface area of the motoneuron can be estimated from meas- 
urements of xm and R., an estimate of L based on the xdx~ ratio, and an as- 
sumed value of Ca (generally thought to be about 1 ~tF cm "2, Hille 1992). 

2.5 
Application of the Rail Model to Studies of Synaptic Currents Measured 
at the Soma 

The development of the Rail model has been crucial to our understanding of 
how synaptic currents in the dendrites are transferred to the soma and the 
types of interactions that may occur between concurrently-active synaptic 
inputs, The effects of activation of a set of synapses that contact different 
dendritic branches at equal electrotonic lengths from the soma can be mod- 
eled by placing the current injection site at a single point on an equivalent 
cylinder. If the synaptic current transient is brief (i.e., << Xm), then the time 
course of the synaptic potential recorded at the soma will depend upon the 
cable properties of the neuron and the electrotonic distance from the soma 
to the current injection site. Rail (1967) first applied cable theory to the 
analysis of composite Ia excitatory postsynaptic potentials (Ia EPSPs) in 
motoneurons, and this approach has since been extended to single fiber Ia 
EPSPs by Jack and Redman and colleagues (reviewed in Jack et al. 1975, 
Redman 1976). One important result of these analyses is that if Xm, 0 and L 
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can be estimated, then the electrotonic location of a synapse can be esti- 
mated from the rise time and half width of the PSP recorded in the soma. As 
iUustrated in Fig. 2 (from lack et al. 1971) PSPS produced by presumed distal 
synapses have longer rise times and half widths than those produced by 
proximal synapses. The areas enclosed by the series of overlapping polygons 
starting at the lower left and proceeding toward the upper right represent 
the features of somatically recorded PSPs expected to occur following a 
given conductance time course applied in the soma (lower left) or in suc- 
cessive dendritic compartments that are 0.2 ~. in length. The fact that the 
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Fig. 2. Half-width versus rise-time for single fiber la EPSPs recorded from ](nee 
flexor (filled circles) and ankle extensor motoneurons (open circles). Both values 
have been normalized (divided) by the time constant of the motoneuron. The 
dashed lines show the theoretical boundaries for the relation between half-width and 
rise-time based on a synaptic current time course of a2Te "aT, and an assumed range 
of values for motoneuron dendritic-to-somatic conductance ratio (4-25), electro- 
tonic length (0.75-1.5), and current time course (cr 12-100). The set of areas 
bounded by continuous lines, show the theoretical boundaries for particular dis- 
tances from the soma, starting at 0 for the lower left area and proceeding in steps of 
0.2~. to 1.4Z for the upper right area. (Modified from Fig. 8 of Jack et al. 1971) 
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vast majority of the observed PSPs fall within expected boundaries supports 
the validity of the Rail model, at least as a first approximation. Further sup- 
port comes from combined electrophysiological and anatomical measure- 
merits, which indicate that identified Ia synaptic boutons generaUy fall at a 
spatial location close to that predicted by the Rail model from the character- 
istics of PSPs recorded at the soma (Redman and Walmsley 1983). Although 
the time course of PSPs suggests identical conductance changes at all Ia 
synapses, the peak amplitude of single fiber Ia EPSPs should decline with 
increasing electrotonic distance, but in fact does not (Iansek and Redman 
1973a; lack et al. 1981), suggesting that for this system, the effective transfer 
of charge from distal synapses is greater than that from proximal synapses. 

The equivalent cylinder representation is not appropriate for calculating 
the local change in voltage at the subsynaptic site because the local input 
impedance of a small dendritic branch is much greater than that of an 
equivalent cylinder compartment representing all of the dendritic branches 
at a given electrotonic length. If a synaptic conductance of sufficient magni- 
tude to produce a 100 pV PSP for a somatic synapse is placed on a distal 
dendritic branch, the peak subsynaptic PSPs are expected to be in the range 
of 20-40 mV (Barrett and Crill 1974a; Rinzel and RaU 1974). This amount of 
depolarization should significantly reduce the driving force for synaptic 
current flow (V~(t)- V~q) and consequently reduce the amount of charge 
injected by distal synapses (Barrett and CrRl 1974b). Simultaneous activa- 
tion of many synapses will further reduce the driving force, and it has been 
estimated that simultaneous activation of four synapses on the same distal 
dendritic branch could reduce the local charge injected to about half of the 
amount that would be injected without a change in driving force (Barrett 
and Cri11 1974a; Binder et al. 1996; Rose and Cushing 1999). 

The amount of charge transferred to the soma from a given synaptic site 
will also be influenced by the effective value of R m (R'ra) for the dendritic 
membrane interposed between the synaptic site and the soma. It can be seen 
from equation 5 that the effective space constant of a cylindrical dendritic 
compartment (~.) is proportional to the square root of Rm. The effective 
specific membrane resistivity (R'm) of a dendritic compartment will be de- 
creased during synaptic activity by an amount that depends upon the resting 
value of R m, the conductance change produced by activating a single syn- 
apse and the net synaptic activation rate: 

R'm = 1/(Gin + Gsy,a), (11) 

where Gm is the resting specific membrane conductance and Gsyn is the net 
conductance change during repetitive activation of a set of synapses. For 
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large values of Gsy, (i.e. Gsy. >> Gin), R'm is approximately equal to the recip- 
rocal of Gsy,. Based on a unitary conductance change estimated for somatic 
Ia synapses, an average synaptic density of 20 synaptic boutons/100 ~m 2 and 
a resting Rm value of 2000 ~ cm z, Barrett (1975) predicted the effects of acti- 
vating all of the synapses in a compartment on the effective value of Rm. The 
results of this analysis are indicated by the solid curve in Pig. 3, and it can be 
seen that a five-fold decrease in R'm occurs when all of the synapses on a 
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compartment are activated at about 30 Hz. Although the resting value of Rm 
used is probably an underestimate (see below), at moderate rates of synaptic 
activity the value of R'm is not very sensitive to the resting Rm value, as indi- 
cated by the dotted curve, which is based on an infinite resting Rm. 

The combined effects of changing the synaptic driving force and Rm sug- 
gest that the summed effects of activating two synaptlc inputs should be 
markedly less than the linear sum of their individual effects. Comparisons of 
the sizes of somatically recorded PSPs in response to combined stimulation 
of different groups of afferent fibers have indeed shown the expected less- 
than-linear summation, although PSP amplitudes recorded on combined 
stimulation are generally 80% or more of the amplitude predicted from the 
linear sum of the individual PSPs (Burke 1967; Burke et al. 1971; Clements et 
al. 1986; Powers and Binder 2000; Rail et al. 1967). These relatively small 
departures from linearity could be due to the fact that the synaptic boutons 
activated in the cited experiments were rather widely distributed, so that 
there was relatively little interaction between adjacent synapses. Alterna- 
tively, less than linear summation could be masked by the presence of volt- 
age-dependent inward currents in the dendrites which add to the charge 
transferred to the soma (Clements et al. 1986). The evidence in favor of ac- 
tive dendritic conductances in motoneurons is considered in more detail in 
section 3.3.3. 

2.6 
Application of the Rail Model 
to Motoneuron Input Resistance Measurements 

As described in equation 1, spike initiation occurs when the synaptic current 
reaching the soma displaces the somatic membrane voltage from its resting 
value (Vr) to the voltage threshold for spike initiation (Vth). This simple 
formulation implies that the recruitment order of a population of motoneu- 
rons depends upon the distribution of synaptic current (I), input resistance 
(RN), and the difference between the resting potential and the voltage 
threshold (Vth- Vr). The value of input resistance estimated from the 
equivalent cylinder representation of the motoneuron (equation 9) is in- 
versely proportional to surface area (AN). Provided that specific membrane 
resistivity and electrotonic length do not vary systematically among a popu- 
lation of motoneurons, RN will be strictly determined by cell surface area 
(size). Under such conditions, if there were also a uniform distribution of 
synaptic current and no significant variation in resting potential or spike 
threshold among a population of motoneurons, recruitment would be 
strictly ordered in terms of increasing cell size. 
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The Rail model provided the theoretical underpinning necessary to un- 
derstand the relative contributions of motoneuron morphology and mem- 
brane properties to the range of input resistance values measured in moto- 
neurons. Input resistance measured in cat lumbar motoneurons in vivo 
exhibits about a 10-fold range from about 0.4-4.0 M~ (e.g., Gustafsson and 
Pinter 19841); Zengel et al. 1985). Average RN values are largest in type S, 
smaller in type FR and smallest in type FF motoneurons (Fleshman et al. 
1981; Zengel et al. 1985). Input resistance also decreases with increasing 
conduction velocity (Kernell 1966; Kernell and Zwaagstra 1981; Barrett and 
Crill 1974a; Gustafsson and Pinter 1984a), so that given the correlation be- 
tween conduction velocity, soma size and estimated dendritic area (see 
above), RN is inversely proportional to cell size. As expressed in equation 9, 
RN is equal to the ratio of specific membrane resistance (Rm) to neuron area 
(AN) times a factor dependent upon the electrotonic length of the equivalent 
cylinder representation (L/tanhL). Estimates of L based on the Rail model 
have varied from 1-2 with a mean of about 1.5 (Barrett and Crill 1974b, 
Burke and ten Bruggencate 1971; Jack and Redman 1971; Lux et al. 1970; 
Nelson and Lux 1970) and have no reported covariance with Rs or motor 
unit type. On this basis, the ratio L/tanhL will vary between 0.48 (L=2) and 
0.76 (L=I) with a mean value of about 0.6. Even ffL were to vary systemati- 
cally with Rs, the range of motoneuron surface areas for motoneurons 
within a given pool is not sufficient to explain the 10-fold range of input 
resistances. For a given motoneuron pool, neuronal surface area varies over 
at most a 4-fold range, regardless of whether As is estimated from electro- 
physiological measurements alone (Gustafsson and Pinter 19841)), from 
estimates of dendritic surface area based on dendritic stem diameter (Burke 
et al. 1982; Ulfllake and KeUerth 1984) or from complete anatomical recon- 
structions (Barrett and Crill 1974b) 

Whereas these anatomical arguments suggest that variations in Rm con- 
tribute to variations in Rs, this contribution can be demonstrated more 
directly by plotting measures of Rs against estimates of As made in the same 
cells. Figure 4 (taken from Fig. 6 of Burke et al. 1982 and Fig. 15 of Gu- 
stafsson and Pinter 1984b) shows measurements of Rs in cat lumbar moto- 
neurons plotted against estimates of As made from dendritic stem diameter 
measurements (A) or electrophysiological measurements (B). The different 
symbols indicate measurements from different motoneuron types (either 
based on direct type-identification (A) or on AHP duration (B)). Superim- 
posed on the data are plots of Rs versus As derived from equation 9 using a 
range of values for Rm and L. Both data sets indicate that the observed varia- 
tion in RN is likely to be associated with a 3-5 fold variation in Rm and that 
Rm is systematically higher in type S than in type F motoneurons. These 
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findings, together with the correlation between motoneuron size and con- 
duction velocity or motoneuron type (see anatomy section above), suggest 
that systematic variation in both size and specific membrane resistance 
contribute to orderly motoneuron recruitment. 

2.7 
Mechanisms of Action Potential Initiation and Variations in Current 
and Voltage Thresholds Among Motoneurons 

Alpha motoneurons were the first cells in the mammalian central nervous 
system to be studied with intraceUular electrodes (Brock et al. 1951, 1952, 
1953; Woodbury and Patton 1952) and by the mid-1950s there were a num- 
ber of published reports on the factors influencing the generation of action 
potentials in motoneurons by synaptic activation, intracellular current in- 
jection and antidromic stimulation (Frank and Fuortes, 1956; Fatt 1957; 
Coombs et al. 1955; Coombs et al. 1957a,b; cf. Eccles 1957). These early 
studies also showed that action potentials are followed by a slow, potassium- 
meditated afterhyperpolarization (AHP) whose duration can vary from 
about 50 to 200 ms in different hindlimb motoneurons of the cat (cf. Kernell 
1965c). Regardless of the mode of excitation, intrasomatic recordings 
showed that the rising phase of the action potential consists of two compo- 
nents, but  that the separation of these two components is most distinct for 
antidromic action potentials. Eccles and colleagues (Brock et al. 1953) pro- 
posed that the biphasic nature of the rising phase of the action potential 
reflected a two-stage invasion of the motoneuron, i.e., that the first compo- 
nent resulted from an action potential in the initial segment that subse- 

Fig, 4, Relation between motoneuron morphology and input resistance. A. Scatter 
plot of measured input resistance and total surface area of HRP-filled triceps surae 
motoneurons (estimated from the diameters of their stem dendrites). Different 
symbols represent different motor unit types (see inset). The superimposed hyper- 
bolae are curves described by the equation 7 for input resistance: RN = 
(RmlAN)(L/tanhL). (Modified from Fig. 6 of Burke et al. 1982) B. Scatter plot of 
measured input resistance and total cell capacitance for cat lumbar,motoneurons 
with AHP durations > 100 ms (open cirdes) and < 55 ms (filled cirdes). Total ca- 
pacitance was calculated from the equation Ccen = XmLI(Rs tanhL), and can be used 
to estimate surface area by assuming a value for specific capacitance of 1 ItF/cm ~. 
Superimposed hyperbolae have same meaning as in part A. Note that surface area 
(in A) or cell capacitance (in B) alone is not sufficient to account for the variation in 
cell input resistance and that variations in membrane resistance (Rm) are required 
to account for the observed differences in input resistance among type FF, FR and S 
motoneurons. (Modified from Fig. 15 of Gustafsson and Pinter 19841 
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quently elicited an action potential in the soma and perhaps the proximal 
dendrites. The first component (A or IS) spike can be elicited in the absence 
of the second component (B or SD) spike by hyperpolarizing the soma or by 
eliciting two spikes in quick succession (Brock et al. 1953; Coombs et al, 
1957b; Fuortes et al. 1957). Association of the first component with the initial 
segment (or at least some other location on the axon side of the soma) is 
supported by the fact that this first component alone can give rise to action 
potentials that can be recorded in the motor axon (Coombs et al. 1957a) and 
can collide with antidromic action potentials originating from the motor 
axon (Fuortes et al. 1957). 

The evidence of action potential initiation in the initial segment, together 
with the close electrical coupling between the soma and initial segment 
(Richter et al. 1974) justifies the view of the soma as a summing junction that 
integrates current flowing in from the dendrites into a change in somatic 
membrane potential that will in turn determine the probability of spike 
initiation in the adjacent initial segment. As indicated earlier (equations 1 
and 2), under steady-state conditions the amount of current needed to pro- 
duce an action potential (i.e., the rheobase current or Ira) depends both on 
the effective input resistance of the cell (Rs) and the voltage threshold for 
spike initiation (V,~). Rheobase values exhibit about a ten-fold range across 
the pool of motoneurons innervating a single muscle (e.g., Fleshman et al. 
1981; Gustafsson and Pinter 1984a) and are strongly correlated with input 
conductance (i.e., 1/RN), suggesting that variations in rheobase are largely 
the result of variations in RN. Although there is a much smaUer range of 
variation of voltage thresholds (Vthr; Gustafsson and Pinter 1984a; Pinter et 
al. 1983), there is some tendency for V~ to be lowest in low-rheobase, high- 
resistance motoneurons (Gustafsson and Pinter 1984a). In addition, the 
value of V~ is generaUy greater than that predicted by the product of Lh and 
RN, suggesting that the simple model of spike initiation expressed in equa- 
tions I and 2 is not strictly valid. This point will be addressed below. 

2.8 
Frequency-Current Relations in Motoneurons 

A series of studies by Granit and Kerneil and coneagues in the, 1960's de- 
scribed the response of rat and cat motoneurons to long-lasting su- 
prathreshold injected currents and superimposed synaptic currents. Moto- 
neurons respond to a suprathreshold injected current step with a series of 
action potentials whose instantaneous frequency is a function of both time 
and current intensity. Firing rate decreases as a function of time after the 
onset of the current step, a process called spike-frequency adaptation (rev in 
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Powers et al. 1999). The largest decrease in rate takes place in the first few 
interspike intervals (KerneU 1965a,b) and a near steady-state frequency is 
reached by 0.5-1 s after current onset (see however, below). If current injec- 
tion is prolonged beyond 1 s, an even more gradual decline in frequency 
takes place (Granit et al. 1963; Kernell 1965a). In cat lumbar motoneurons, 
the relation between the 'steady-state' discharge rate (i.e., that measured at 
0.5-1 s) and the magnitude of injected current (f-I relation) can be described 
by one or two linear segments, with the second segment (secondary range) 
having a slope 2-6 times steeper than that of the first segment (primary 
range; KerneU 1965b; see also Baldissera and Gustafsson, 1974a,b; Schwindt 
and Calvin, 1972, 1973; Schwindt and Grill 1982; cf. Fig. 1). Further incre- 
ments in current may reveal a third segment (tertiary range) that generaUy 
has a lower slope than that of the secondary range (Schwindt 1973). The f-I 
relations for the initial interspike interval can also be described by two or 
three line segments, but the slopes of the segments are much steeper than 
those describing the steady-state f-I relation. The initial rate spike-frequency 
adaptation over the first few interspike intervals is characterized by a pro- 
gressive fall in the steepness of the f-I relations until they approach the 
'steady-state' relation. 

Kernell (Kernell 1965c) reported that certain characteristics of a moto- 
neuron's f-I relation were related to the time course of the AHP that follows 
a single spike. The minimum steady firing rate is approximately equal to the 
reciprocal of AHP duration (Kernell 1965c). The steady-state frequencies 
attained at the end of the primary and secondary ranges of firing are also 
correlated with the reciprocal of AHP duration (Kernell 1965c), but the pri- 
mary and secondary range f-I slopes do not vary systematically with AHP 
duration (Kernell 1979). The relation between AHP time course and f-I char- 
acteristics can be explained on the basis of a simple threshold-crossing 
model in which the conductance underlying the AHP is a simple time- 
dependent process that reaches a peak value during the spike and then de- 
cays exponentially (Kernel1 1968). Under conditions of steady-state current 
injection, a spike occurs whenever the depolarizing injected current over- 
comes the AHP current so that the membrane potential crosses a fixed volt- 
age threshold (V~). This model not only provides a simple explanation for 
the correlation between the minimum stead), discharge rate and the recipro- 
cal of AHP duration, but also generates steady-state f-I curves that roughly 
approximate the experimental data (Kernel1 1968). Modifications of this 
model that incorporate a more complicated time course for the AHP con- 
ductance (Baldissera and Gustafsson 1974a) are able to reproduce both first- 
interval and steady-state f-I relations even more closely (Baldissera and 
Gustafsson 1974b, c). 
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If it is assumed that the conductances responsible for both the action 
potential and the AHP are located on or near the soma, then current flowing 
in from dendritic synapses would be expected to have the same effect on 
firing rate as an equivalent amount of injected current. In most cases, re- 
petitive activation of different synaptic inputs simply shifts f-I curves along 
the current axis without changing their slopes, suggesting that synaptic and 
injected currents do indeed act equivalently in the control of repetitive dis- 
charge (Granit et al. 1966; KerneU 1970, Schwindt and Calvin 1973a,b). This 
suggests that the steady-state effects of activating a given set of synapses on 
motoneuron firing rate can be predicted based on the amount of current 
reaching the soma and the motoneuron's f-I relation (equation 3). However, 
in some cases synaptic inputs were found to produce a change in the slope of 
the frequency-current (f-I) relation, indicating nonequivalence (KerneU 
1966; Shapovalov 1972). Since the vast majority of synaptic contacts are on 
motoneuron dendrites (Brannstrom 1993), voltage-dependent dendritic 
conductances will influence synaptic currents more than somatically- 
injected currents. The presence of these conductances makes the delivery of 
synaptic current to the soma dependent on the mean level of dendritic depo- 
larization. The evidence for the presence of active dendritic conductances 
and their effects on current delivery to the soma and on f-I relations will be 
considered later (section 4.1). 

2.9 
Synaptic Potentials Recorded in Motoneurons 

The cat spinal motoneuron played a key role in the elucidation of the 
mechanisms underlying chemical synaptic transmission in the central nerv- 
ous system (Eccles 1964). The magnitude and distribution of synaptic inputs 
to motoneurons from many different types of presynaptic fibers have been 
studied by recording synaptic potentials produced by both physiological and 
transient electrical stimulation (reviewed in Binder et al, 1996). Three dis- 
tinct patterns of distribution of the synaptic potentials within the constitu- 
ents of a motoneuron pool have been described. When measured at the 
motoneuron's resting potential, the synaptic potentials are either: (1) pro- 
portional to the input resistance of the motoneurons (e.g., Ia EPSPs, Ia 
IPSPs, Renshaw IPSPs); (2) independent of input resistance and of roughly 
equal magnitude in all cells (e.g. Deiter's nucleus EPSPs, spindle group II 
afferents); or (3) predominantly inhibitory to low threshold motoneurons 
and predominantly excitatory to high threshold motoneurons (rubrospinal 
PSPs, pyramidal tract PSPs). 
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The contacts between Ia afferent fibers and motoneurons constitutes the 
most extensively studied of all synaptic input systems (reviewed in Munson 
1990). Individual Ia afferent fibers produce monosynaptic EPSPs in from 80- 
100% ofhomonymous hindlimb motoneurons and in about 60% of synergist 
motoneurons. The amplitude of the Ia EPSPs in these cells generally varies 
directly with motoneuron input resistance. A lower degree of connectivity is 
observed on motoneurons innervating muscles that do not act in strict me- 
chanical synerg 7 (Eccles et al. 1957). 

Comparisons of reciprocal Ia IPSPs with homonyrnous Ia EPSPs gener- 
ated in cat hindlimb motoneurons demonstrate a strong correlation between 
these two synaptic input systems (Burke et al. 1976). As is the case for Ia 
EPSPs, the amplitude of composite reciprocal Ia IPSPs varies systematically 
in type-identified motoneurons: Ia IPSPs in type S are larger than those in 
type FR, which in turn are larger than those in type FF motoneurons (Burke 
et al. 1976; Dum and Kennedy 1980). 

The amplitude of recurrent IPSPs produced in cat hindlimb motoneurons 
by the activation of Renshaw cells also appears to scale with input resistance 
(Eccles et al. 1961; Granit and Renkin 1961). Further, it has been shown that 
the Renshaw IPSP varies systematically with motor unit type in the order 
FF<FR<S (Friedman et al. 1981). 

Group II afferent fibers that innervate muscle spindles also make mono- 
synaptic connections with homonymous and synergist hindlimb motoneu- 
rons (Munson et al. 1980; Stauffer et al. 1976). The group II fibers are 
thought to make fewer contacts with the motoneurons in that the average 
projection frequency and average single fiber EPSP amplitude are much 
lower than the comparable values for Ia afferent fibers. Munson and col- 
leagues (Munson et al. 1982) estimated that activating all the spindle group 
II afferents at 100 imp/s would generate a steady-state EPSP of about 0.3 mV 
in a homonymous MG motoneuron. Activating the group Ia afferent fibers 
in a similar fashion would generate an average steady-state EPSP that is 
more than 8-fold larger (2.6 mV; Harrison and Taylor 1981). Moreover, 
Munson and colleagues (Munson et al. 1982) reported that the amplitude of 
the single group II fiber EPSPs did not vary systematically with motoneuron 
input resistance, suggesting that the high threshold motoneurons with low 
input resistances may receive more contacts from the group II afferent fibers 
than the low threshold cells do. Activation of Group II muscle afferent fibers 
also produces disynaptic excitatory and inhibitory inputs to cat lumbar 
motoneurons mediated by interneurons in the intermediate zone/ventral 
horn (laminae VI-VIII; reviewed in Jankowska 1992). However, neither the 
magnitude nor the pattern of distribution of these effects within individual 
motoneuron pools has been evaluated as yet. 
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In cats, the lateral vestibulospinal or Deiter's nucleus (DN) neurons proj- 
ect primarily to neck and forelimb motoneurons, but a small percentage 
descend to the lumbosacral area (Fukushima et al. 1979; Shinoda et al. 1988a, 
b). Mono- and disynaptic DN EPSPs have been recorded in cat triceps mo- 
toneurons (Grillner et al. 1970). Although the monosynaptic EPSPs were all 
quite small (< 2.2 mV), they displayed a wide range of amplitude, that was 
not correlated with the duration of the AHP. Similarly, the amplitude of 
monosynaptic EPSPs produced by stimulation of DN axons within the ipsi- 
lateral ventral funiculus was not related to motor unit type (Burke et al. 
1976). 

The rubrospinal system is one of several oligosynaptic pathways in the 
cat that generate qualitatively different synaptic potentials within hindlimb 
motoneuron pools (Burke et al. 1970; see also Hongo et al. 1969; Endo et al. 
1975; Powers et al. 1993). Both excitatory and inhibitory last-order interneu- 
rons are activated by the contralateral red nucleus, leading to short-latency 
EPSPs and IPSPs, respectively. Low-threshold motoneurons receive pre- 
dominantly inhibitory input, whereas the high-threshold motoneurons re- 
ceive predominantly excitatory input. 

Endo and coUeagues (1975) demonstrated that stimulation of the contra- 
lateral motor cortex in cats generates predominantly excitatory PSPs in me- 
dial gastrocnemius motoneurons, whereas the PSPs evoked in soleus moto- 
neurons are predominantly inhibitory. When they stimulated the contralat- 
eral red nucleus and recorded in the same motoneurons, the pattern of PSPs 
they observed was similar in almost all cases. Other input systems that gen- 
erate predominantly inhibitory synaptic potentials in low threshold moto- 
neurons and predominantly excitatory synaptic potentials in high threshold 
motoneurons are low threshold cutaneous afferents and group Ib afferents 
(Powers and Binder 1985a,b; rev. in Binder et al. 1996; Binder 2000). 

2.10 
Summary of Hypotheses of IVlotoneuron Function Circa 1980 

The prevailing view of motoneuron function in the early and mid-1980s was 
based on a number of simplifying assumptions regarding the structure of 
motoueuron dendrites, the uniformity of membrane properties and the 
distribution of synaptic inputs to different members of a motoneuron pool. 
Although problems and limitations with these assumptions were recognized 
early on, it is only in the past 20 years that sufficient data have been accumu- 
lated to develop a more complete model of motoneuron function. Before 
presenting this more contemporary view, it is useful to summarize the 
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precedent view of the relation between the biophysical properties of moto- 
neurons and their recruitment and rate modulation by synaptic inputs. 

By the mid 1980's, the ubiquitous phenomenon of size-ordered motoneu- 
ron recruitment was reasonably well understood. The representation of the 
dendritic tree as an equivalent cylinder had revealed the relationship be- 
tween dendritic surface area and motoneuron input resistance (equation 9). 
The higher specific membrane resistivity (Rm) of smaller motoneurons tends 
to emphasize recruitment by size. If the same amount of synaptic current 
were applied to every member of the motoneuron pool, a larger voltage 
change would arise in smaller, high-resistance motoneurons, according to 
equation 1. This equation assumes that the input resistance of the neuron is 
independent of membrane potential in the range between resting potential 
and voltage threshold. According to equation 2, the larger voltage change in 
small motoneurons would make it more likely that their membrane poten- 
tial would exceed the threshold value for spike initiation (Vth~), particularly 
since V ~  tends to be lowest in small motoneurons as discussed earlier. 

Increases in synaptic current above the recruitment level lead to repeti- 
tive discharge at a rate that over the 'primary' range of discharge is propor- 
tional to current magnitude (equation 3). The limits of the discharge in this 
primary range as well as changes in slope at higher levels of injected or syn- 
aptic current can be related to the time course of the AHP conductance. 

3 
Contemporary Views of Motoneuron Function 

In the following sections we will consider what revisions of the simplified 
view of motoneuron recruitment and rate modulation presented above are 
required to accommodate information acquired over the past 20 years. 
There are new data on the physiological basis of each step in the transfor- 
mation of synaptic input into motoneuron firing rate. There have been a 
number of quantitative anatomical studies that have characterized the dis- 
tribution of synaptic inputs across the somatodendritic surface. In addition, 
there is now detailed information on the distribution of several sources of 
synaptic input to the population of motoneurons within a single pool. More 
accurate descriptions of dendritic morphology together with increasing 
evidence for the presence of active dendritic conductances have led to new 
insights into the way in which dendritic properties govern the transfer of 
synaptic current to the soma. The biophysical mechanisms governing the 
relation between the current delivered to the soma and the frequency of 
repetitive discharges are also better understood. Finally, it is clear that each 
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step in this input-output transduction process is under neuromodulatory 
control. 

In the following sections, we wiU review new developments in the 
physiological basis of motoneuron input-output properties. We will first 
review new information on the organization of synaptic inputs to motoneu- 
runs, then our present understanding of how intrinsic motoneuron proper- 
ties control the transduction of synaptic input into motoneuron discharge 
rate, and finally the neuromodulatory control of motoneuron input-output 
properties. 

3.1 
Synaptic Inputs to Motoneurons: Somatodendritic Distribution 

Approximately half of the total surface area of the motoneuron is covered by 
synaptic boutons (Brannstrom 1993; Bras et al. 1987; Conradi 1969; Conradi 
et al. 1979; KeUerth et al. 1979, 1983; Rose and Neuber 1991). Although both 
the soma and axon hillock are covered with synaptic boutons, the vast ma- 
jority of the contacts made by presynaptic neurons are located on the den- 
drites of motoneurons, since they collectively account for 93-99% of the 
total surface area (Bras et a1.1987; Cul]heim et al. 1987b; Rose et al. 1985). 
The percentage of membrane area covered by synaptic boutons is not uni- 
form across the motoneuron surface, but appears to be highest on the 
proximal dendrites, slightly lower on the motoneuron soma and lowest on 
the distal dendrites (Brannstrom 1993; Conradi 1969; Conradi et al. 1979; 
Kellerth et al. 1979,1983; Lagerback and Ulfhake 1987; Rose and Neuber 
1991); but see (Bras et al. 1987). Given a density of roughly 10 bou- 
tons/100 ~m 2 of motoneuron surface area (Brannstrom 1993, Bras et al. 
1987, Conradi 1969, Conradi et al. 1979, KeUerth, Berthold, and Conradi 
1979, Kellerth, Conradi, and Berthold 1983, Rose and Neuber 1991) and an 
estimated total surface of around 500,000 gm 2 (e.g. CuUheim et al. 1987a), 
individual motoneurons are Iikely to be contacted by approximately 50,000 
synaptic boutons (Ulfhake and Cullheim 1988). If we assume that the three 
groups of presynaptic neurons studied to date (Ia afferent fibers, Renshaw 
cell and Ia-inhibitory interneurons; see below) are representative of "typical" 
synaptic input systems, providing an average of from 3 to 10 synaptic con- 
tacts on a motoneuron, then the output of each motoneuron can be influ- 
enced by the activity of about 10,000 presynaptic neurons. 

Several distinct types of synaptic boutons have been identified on moto- 
neurons based on their ultrastructural characteristics. The most common 
types, S (spherical synaptic vesicles) and F (flattened vesicles), are thought 
to represent excitatory and inhibitory boutons, respectively (see Brannstrom 
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1993 for references). The majority of synaptic boutons are inhibitory (F) 
(Brannstrom 1993; Conradi 1969; Conradi et al. 1979; Kellerth et al. 1979, 
1983), but the relative ratio of F to S boutons appears to be highest at the 
soma and proximal dendrites, while F and S boutons may occur with equal 
or nearly equal frequency on the distal dendrites (Brannstrom 1993). 

Several different classes of axon terminals have been identified on the 
dorsal neck motoneurons of the cat based on the shape, density, and distri- 
bution of their synaptic vesicles (Rose and Neuber 1991). The proportion of 
the different classes of axon terminals on the soma and proximal dendrites 
was similar, but there were prominent changes in the frequency of most of 
the classes of axon terminals on distal dendrites. Sixty percent of axon ter- 
minals on the somata and proximal dendrites contained clumps of either 
spherical or pleomorphic vesicles, whereas only 11%6 of the axon terminals 
on distal dendrites had these characteristics. In contrast 40% of the axon 
terminals on distal dendrites contained a dense coUection of uniformly dis- 
tributed spherical vesicles, which accounted for only 5-7% of the axon ter- 
minals on the somata and proximal dendrites. These results suggest that 
afferents from different sources may preferentially contact proximal or dis- 
tal regions of the dendritic trees of these cells. 

The limited data available comparing synaptic covering in motoneurons 
innervating different types of muscle units (i.e., type S, FR, FI, or FF; cf. sect. 
2.1) suggest that the total synaptic covering of the soma and proximal den- 
drites is similar across types (Brannstrom 1993; Conradi et al. 1979, Kellerth 
et al. 1979,1983), although slow motoneurons have a higher proportion of F 
type boutons than do fast motoneurons (Brannstrom 1993). Synaptic cover- 
ing of the distal dendrites is higher in slow than in fast motoneurons, and 
while the ratio of F to S boutons decreases somatofugally in fast motoneu- 
rons, it remains relatively constant in slow motoneurons (Brannstrom 1993). 

The projections of three types of presynaptic neurons to motoneurons 
have been studied in detail: Ia afferent fibers, Renshaw interneurons and Ia- 
inhibitory interneurons. Single Ia afferent axons provide from 4-32 synaptic 
boutons onto a single motoneuron (Burke et al. 1988; Burke and Glenn 1996; 
Burke et al. 1979; Redman and Walmsley 1983b). Although Ia contacts are 
widely distributed across the surface of motoneurons, there are relatively 
fewer contacts on or dose to the soma (within 200 ~m) or on the most distal 
parts of the dendrites (greater than 1000 ~tm from the soma; Burke and 
Glenn 1996). Ultrastructural studies of Ia synaptic boutons suggest that they 
are all of the S-type (Conradi et al. 1983; Fyffe and Light 1984; Pierce and 
Mendel1 1993), but that their size, vesicle content and number of active 
zones can vary over a wide range (Pierce and Mender 1993). It is possible 
that differences in Ia bouton morphology (Pierce and Mendell 1993) could 
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contribute to a proposed somatofugal increase in the efficacy of single Ia 
boutons (Jack et al. 1981). 

A single Renshaw cell makes on average 3 (range: 1-9) synaptic contacts 
with a motoneuron, and all of the contacts are on the motoneuron dendrites 
within a few hundred microns of the soma (Fyffe 1991). Individual Ia inhibi- 
tory interneurons give rise to between four and eleven synaptic boutons on a 
motoneuron, and these boutons are located primarily on the soma (Fyffe, 
personal communication). 

Immunohistochemical techniques have been used to describe the synap- 
tic contacts of boutons containing different specific neurotransmitter or 
neuromodulatory substances. As expected from the relative proportions of 
type S and type F boutons, a relatively high proportion of the boutons on the 
soma and proximal dendrites are associated with the identified inhibitory 
neurotransmitters, g- aminobutyric acid (GABA) and glycine (Destombes et 
al. 1992; Holstege 1991; Rarnirez-Leon and Ulfhake 1993), while receptors for 
the excitatory neurotransmitter glutamate may be concentrated more dis- 
tally (Dememes and Raymond 1982, Zieglgansberger and Champagnat 
1979). However, there is probably a large degree of overlap in the spatial 
distributions of boutons containing excitatory or inhibitory neurotransmit- 
ters, since glycine immunoreactive terminals have been recently observed 
on the distal dendritic branches of motoneurons (Fyffe et al. 1993) and there 
is also evidence to suggest that spatial distribution of the NMDA (N-methyl- 
D-aspartate) subtype of glutamate receptor is quite broad (Durand et al. 
1987). 

There is now clear evidence that motoneurons are contacted by boutons 
containing a number of different neuromodulatory substances, including 
serotonin (5-HT), substance P, thyrotropin releasing hormone (TRH) and 
norepinephrine (NE). The first three of these substances are highly co- 
localized in synaptic boutons in the ventral horn (Arvidsson et al. 1990). An 
average of about 1,570 5-HT containing boutons contact the dendritic sur- 
face of cat lumbar motoneurons (Alvarez et al. 1998) while the somata have 
an average of 52 contacts. The spatial distribution of boutons appears to be 
matched to the available dendritic surface membrane, resulting in a uniform 
density of contacts (<11100 jim z) (Alvarez et al. 1998). A predominance of 
dendritic contacts has also been observed for both serotonergic and norad- 
renergic projections to rat motoneurons (Rajaofetra et al. 1992; Saha et al. 
1991). 
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3.2 
Synaptic Inputs to Motoneurons: 
Distribution Within a Motoneuron Pool 

Until recently, the relative magnitude and distribution of a specific synaptic 
input to the constituents of a motoneuron pool have been inferred only from 
the analysis of the amplitude and time course of synaptic potentials (PSPs) 
measured at the motoneurons' resting potential (see section 2.9 and Hen- 
neman and Mendell 1981; Burke, 1981; Munson, 1990; Binder et al. 1996). 
PSP characteristics are influenced by cell properties as well as by the amount 
of synaptic current reaching the soma. Under steady-state conditions, the 
change in voltage recorded at the soma will be given by the product of the 
current reaching the soma and the motoneuron's input resistance (equation 
1). Some information on the distribution of synaptic current can thus be 
obtained by comparing RN and PSP measurements in the same cells. For 
example, for an input that is distributed uniformly across the motoneuron 
pool, PSP amplitudes should be positively correlated with RN, and the range 
of variation of these two variables should be similar (cf. Heckman and 
Binder 1990). However, estimates of synaptic current obtained in this fash- 
ion are indirect, and we have argued (Binder et al. 1996) that analyses of the 
distribution of synaptic input should be based on direct measurement of the 
synaptic current at the somatic recording electrode. This measurement has 
been called the "effective synaptic current" (IN; Heckman and Binder 1988; 
previously referred to as "effective somatic current"; Redman 1976). Effec- 
tive synaptic currents can be readily measured under steady-state conditions 
using a modified voltage-clamp procedure (Heckman and Binder 1988; 
Lindsay and Binder 1991; Powers and Binder 1995). This technique not only 
yields the value of IN at the motoneuron's resting potential, but further pro- 
vides an estimate of its somatic voltage dependence, somatic reversal poten- 
tial, and the conductance change the synaptic input produces at the soma. 
From these data, one can calculate the effective synaptic current at the mo- 
toneuron's threshold for repetitive discharge. This value can then be com- 
bined with the slope of the steady-state frequency-current (f/I) relation to 
predict the effect of the synaptic input on motoneuron firing behavior 
(Binder et al. 1993, 1996, 1998; Heckman and Binder 1990; Powers and 
Binder 1995; Powers et al. 1992; Powers et al. 1993). 

Thus far, the distribution of effective synaptic currents has been meas- 
ured for six different input systems to cat lumbar motoneurons (rev. in 
Binder 2000). Results from these studies are briefly reviewed below and 
summarized in Fig. 5, which illustrates the range of synaptic currents from 
different afferent sources measured in cat triceps surae motoneurons as a 
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Fig. 5. Graphical representation of the magnitude and distribution of the effective 
synaptic currents (IN) from six different input systems measured in cat lumbar mo- 
toneurons at rest. The stripped line represents IN from the contralateral pyramidal 
tract (Binder et al. 1998); the dark, stippled band represents IN from homonymous Ia 
afferent fibers (Heckman and Binder 1988); the stripped band represents IN from la- 
inhibitory interneurons (Heckman and Binder 1991); the black band represents the 
IN from Renshaw interneurons (Lindsay and Binder 1991 ); the thick lines outline the 
IN from contralateral rubrospinal neurons (Powers et al. 1993); and the light stippled 
band represents IN from ipsilateral Deiter's nucleus (Westcott et al. 1995). (Modified 
from Fig. 6 of Binder et al. 1998) 

function of the motoneuron input resistance. The effective synaptic currents 
produced by three general classes of afferent inputs have been measured: (1) 
those that produce excitatory synaptic currents in all motoneurons 
(monosynaptic Ia input and input from the lateral vestibular nucleus), (2) 
those that produce inhibitory currents in all motoneurons (Renshaw and Ia 
inhibitory interneurons), and (3) those that produce a mixture of excitation 
and inhibition (rubrospinal and pyramidal inputs). 
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The observed covariance between Ia EPSPs and motoneuron input resis- 
tance has generally been assumed to result from an approximately constant 
synaptic current applied to cells of varying RN values (reviewed in Heckman 
and Binder 1990), in keeping with the original size principle of recruitment 
(Henneman et al. 1965). However, measurements of the underlying effective 
synaptic currents indicate that this covariance results from systematic vari- 
ance in both IN and RN. Within the cat medial gastrocnemius motoneuron 
pool, the effective synaptic currents (IN) generated by homonymous Ia affer- 
ents display a wide range of values that covary with RN and other motoneu- 
ton properties: IN is about twice as large on average in motoneurons with 
high RN values as in those with low RN values (Heckman and Binder 1988; 
Fig 5). Adding activation of the heteronymous Ia afferent fibers from the 
synergist lateral gastrocnemius and soleus muscles approximately doubles 
the magnitude of Iu (mean value MG Ia afferents: 2 nA; mean value triceps 
surae Ia afferents: 4.2 nA; Westcott 1993). 

3.2.2 
Lateral Vestibulospinal (Deiter's Nucleus) Input 

As previously discussed (section 2.9), stimulation of the ipsilateral Deiter's 
nucleus (DN) produces mono- and disynaptic EPSPs in cat triceps motoneu- 
rons (Grillner et al. 1970). Although the monosynaptic EPSPs are all quite 
small (< 2.2 mV), they display a wide range of amplitudes that are not corre- 
lated with the duration of the AHP. Similarly, the amplitudes of monosyn- 
aptic EPSPs produced by stimulation of DN axons within the ipsilateral 
ventral funiculus are not related to motor unit type (Burke et al. 1976). 

Based on the dependence of PSP amplitude on RN, the data on DN syn- 
aptic potentials (Grillner et al. 1970) suggest that the underlying effective 
synaptic currents should be inversely related to RN. Measurements of the 
effective synaptic currents produced by DN stimulation in triceps surae 
motoneurons of the cat demonstrated that this is indeed the case (Westcott 
et al. 1995; Fig. 5). The DN effective synaptic currents were primarily small 
and depolarizing in both medial gastrocnemius (MG) and lateral gastroc- 
nemius-soleus (LGS) motoneurons (mean = 2.5 nA). The DN input tended 
to be larger in putative type F (low resistance, high rheobase) motoneurons. 
The amplitudes of the steady-state DN synaptic potentials were similar to 
those previously reported for transient PSPs (Burke et al. 1976; Grillner et al. 
1970). The DN PSPs showed no correlation to rheobase, resting membrane 
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potential or either steady state or maximal input resistance of the cell. The 
DN synaptic input caused no significant change in motoneuron input resis- 
tance. 

3.2.3 
Reciprocal la-lnhibitory Input 

Comparisons of reciprocal Ia IPSPs with homonymous Ia EPSPs generated 
in cat hindlimb motoneurons demonstrate a strong correlation between 
these two synaptic input systems (Burke et al. 1976). As is the case for Ia 
EPSPs, the amplitudes of composite reciprocal Ia IPSPs vary systematically 
in type-identified motoneurons: Ia IPSPs in type S are larger than those in 
type FR, which in turn are larger than those in type FF motoneurons (Burke 
et al. 1976; Dum and Kennedy 1980). However, there is a steeper gradient of 
synaptic strength across the motoneuron pool for Ia excitation than for Ia 
inhibition (Stein and Bertoldi 1981), and thus, one would expect that differ- 
ences in the effective synaptic currents underlying Ia inhibition within a 
motoneuron pool would be considerably less than those found for the exci- 
tatory Ia input. This appears to be the case, as the amplitudes of the inhibi- 
tory effective synaptic currents generated in antagonist motoneurons by the 
activation of MG Ia afferent fibers were not correlated with the intrinsic 
motoneuron properties or with putative motor unit type (Heckman and 
Binder 1991a; Fig 5). The average value of the steady-state la inhibitory syn- 
aptic current in the putative type F motoneurons was 1.60 ~: 0.64 nA, 
whereas that for putative type S motoneurons was 1.65 • 0.71 nA. 

Since the synaptic boutons of Ia inhibitory interneurons lie predomi- 
nantly on the soma of motoneurons (R.E. Fyffe, personal communication), 
as expected, they generate substantial changes in motoneuron input resis- 
tance. As was the case for the effective synaptic currents, there was no sys- 
tematic relationship between the steady-state change in conductance and the 
electrical properties of the motoneuron (Heckman and Binder 1991a). 

3.2.4 
Recurrent Inhibitory (Renshaw Cell) Input 

The role of recurrent inhibition in the control of motoneuron cUscharge 
remains uncertain, One long-held hypothesis is that recurrent inhibition 
acts to suppress the activity of low threshold motoneurons when higher 
threshold motoneurons are recruited (Eccles et al. 1961; Granit and Renkin 
1961; Friedman et al. 1981). Support for this hypothesis came from data 
demonstrating that recurrent IPSP amplitude varies systematically with 
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motor unit type in the order FF<FR<S (Friedman et al. 1981) and the ana- 
tomical finding that the number of end branches and "swellings" (presumed 
synapfic boutons) of recurrent axon collaterals of type F motoneurons are 
greater than those of type S motoneurons (Cullheim and KeUerth 1978). An 
alternative hypothesis was put forth by Hultborn and colleagues (Hultborn 
et al. 1979) who proposed that recurrent inhibition (and its modulation by 
descending systems) provides a variable-gain regulator of the overall output 
of a motoneuron pool. This hypothesis is predicated on a uniform distribu- 
tion of recurrent inhibition within a motoneuron pool. 

The distribution of effective synaptic currents underlying recurrent in- 
hibition in triceps surae motoneurons does indeed appear to be uniform 
(Lindsay and Binder 1991; Fig. 5). The effective synaptic currents appeared 
to be entirely independent of all intrinsic motoneuron properties measured, 
although the amplitudes of the steady-state recurrent IPSPs were correlated 
with motoneuron input resistance, rheobase and the half-decay time of the 
afterhyperpolarizafion (AHPtlr~), as has been previously reported for tran- 
sient recurrent IPSPs (Friedman et al. 1981; Hultborn et al. 1988). The mean 
effective synapfic current produced by Renshaw cells measured at rest was 
only 0.4 hA, considerably smaller than comparable values derived for other 
input systems (cf. Fig. 5). Although the Renshaw input was activated in this 
study by stimulating the synergist motor axons at 100 Hz, which produces 
steady-state IPSPs that are about 50% of the maximum value (Lindsay, 
Heckman and Binder, unpublished data), the maximal effective synaptic 
current at rest is still likely to be < 1 nA on average. 

Motoneurons are more likely to receive recurrent inhibition while they 
are firing repetitively than when they are quiescent, and several hypotheses 
of the role of recurrent inhibition in motor control emphasize the possible 
effects of recurrent inhibition on firing frequency (e.g., Hultborn et al. 1979). 
The mean effective synaptic current from recurrent inhibition from syner- 
gist motor axons calculated at threshold was still only 1.25 nA, and the dis- 
tribution within the pool was no different from that measured at resting 
potential (Lindsay and Binder 1991). These results suggest that the effect of 
recurrent inhibition on the firing frequencies of motoneurons are uniform 
and quite modest. Using an average value for the slope of the motoneuron 
firing rate-injected current relationship fill curve) of 1.5 imp/s/hA (Kernell 
1979), the average change in firing frequency produced by maximal recur- 
rent inhibition (2.5 nA) should be less than 4 impulses/s. Since the slope of 
the f/I curve does not appear to covary with other motor unit properties 
(KerneU 1979), the change in firing frequency should not vary systematically 
within a motoneuron pool. The maximum effective synaptic current calcu- 
lated at threshold (4.6 nA) would only decrease firing frequency by about 7 
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impulses/s, a value similar to that observed in the experiments of Granit and 
Renkin (1961) in which whole ventral roots were stimulated to activate the 
Renshaw ceils. 

These measurements of the effective synaptic currents produced by Ren- 
shaw cell activation (Lindsay and Binder 1991) were incorporated into com- 
puter simulations aimed at assessing the effects of recurrent inhibition of 
motoneuron behavior (Maltenfort et al. 1998). Although the modest cur- 
rents generated by recurrent inhibition were insufficient to alter the input- 
output gain of motoneurons in the simulation, they did appear to decorre- 
late the discharge of motoneurons within a motor nucleus. 

3.2.5 
Rubrospinal Input 

The effective synaptic currents produced by stimulating the hindlimb pro- 
jection area of the contralateral magnocellular red nucleus have been meas- 
ured in cat triceps surae motoneurons (Powers et al. 1993). At the resting 
potential, the distribution of effective synaptic currents from the red nucleus 
was qualitatively similar to the distribution of synapfic potentials: 86% of the 
putative type F motoneurons received a net depolarizing effective synaptic 
current from the red nucleus stimulation, whereas only 3896 of the putative 
type S units did so. However, at threshold the distribution was markedly 
altered. Inhibition continued to predominate in the type S cells, but among 
the type F cells, half received net excitatory effective synaptic currents and 
half received net inhibitory effective synaptic currents. Other surprising 
features of these data are the enormous range of effective synaptic currents 
observed in different cells and the fact that they are often three times larger 
than comparable inputs from segmental pathways (Fig. 5). Activation of red 
nucleus synaptic input reduced motoneuron input resistance by 40%, on 
average (Powers et al. 1993). The effect on input resistance was most pro- 
nounced in those motoneurons that received hyperpolarizing effective syn- 
aptic currents. 

Comparison of the red nucleus input to that of Deiter's nucleus shows 
that the range of effective synaptic currents are similar (Fig. 5). Also for both 
descending systems, there are larger depolarizing currents generated in the 
putative type F motoneurons. However, the mean depolarizing red nucleus 
Is was twice as large as that from DN, and the difference in distribution of 
red nucleus Is between putative type F and S motoneurons was more sub- 
stanfial. These data thus indicate that the red nucleus input may provide a 
powerful source of synaptic drive to some high threshold motoneurons, 
while concurrently inhibiting low threshold cells. Thus, this input system 
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can potentially alter the gain of the input-output function of the motoneuron 
pool, change the hierarchy of recruitment thresholds within the pool, and 
mediate rate limiting of discharge in low-threshold motoneurons (Burke et 
al. 1970; Burke 1981; Heckman and Binder 1990, 1991b; 1999a,b; Binder et al. 
1993; Heckman 1994; Powers et al. 1993). 

3.2.6 
Pyramidal Tract Input 

The effective synaptic currents produced by stimulating the contralateral 
pyramidal tract have recently been examined in cat triceps surae motoneu- 
rons (Binder et al. 1998). The magnitudes and distribution of the effective 
synaptic currents were quite similar to those observed earlier for the red 
nucleus (Powers et al. 1993). Measured at rest, the effective synaptic currents 
from the pyramidal tract were depolarizing in all but one motoneuron (a 
putative type S cell). However, the currents in the putative type F motoneu- 
rons were more than three times larger, on average, than those in the puta- 
tative type S motoneurons (Fig. 5). At threshold, the distribution was mark- 
edly altered. All but one type S cell received a hyperpolarizing current from 
the pyramidal tract, but among the type F cells, half received net excitatory 
effective synaptic currents and half received net inhibitory effective synaptic 
currents. 

3.3 
Properties of Motoneuron Dendrites 

During the past two decades, we have acquired a wealth of new information 
on the anatomy and electrophysiology of motoneuron dendrites. These new 
data have dictated substantial revisions in the original Rall model (section 
2.4) which have had a major impact on our understanding of how synaptic 
currents generated in the dendrites are transmitted to the spike-generating 
conductances in the initial segment and axon of the motoneuron. 

3.3.1 
Anatomy 

Prior to 1980, the most complete anatomical descriptions of motoneurons 
were based on reconstructions of cat hindlimb motoneurons that were f, lled 
with either Procion dye (Barrett and Crill 1974b) or tritiated glycine (Lux et 
al. 1970). The subsequent use of horseradish peroxidase (HRP) for intracel- 
lular labeling generated a more complete filling of fine neuronal processes, 
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leading to a wealth of new anatomical data on the structure of alpha moto- 
neurons innervating a variety of muscles in both mammalian and non- 
mammalian species (Brown and Fyffe 1981; Clements and Redman 1989; 
Cullheim et aL 1987a; KerneU and Zwaagstra 1989b; Rose et al. 1985; Ulfhake 
and Kellerth 1981; Zwaagstra and KerneU 1980b). These new data resulted in 
a substantial upward revision of the maximum length of dendritic processes 
and of the total surface area of motoneurons. In cat motoneurons, for ex- 
ample, a single axon and anywhere from 6-19 dendritic trees are known to 
project outward from the motoneuron soma. The path length from the soma 
to the farthest dendritic termination can be on the order of 2 mm, and the 
total dendritic surface area is on the order of 500,000 pm 2 (CulLheim et al. 
1987a). 

Although it was apparent even from the early anatomical data that the 
morphology of motoneuron dendrites did not strictly satisfy the requisite 
constraints for collapsing the entire dendritic tree into an equivalent cylin- 
der (e.g., Barrett and Crill 1974b), the more recent studies have documented 
this discrepancy in more detail. The equivalent cylinder representation de- 
mands that the total surface area of all the dendritic segments at a given 
distance from the soma remains constant throughout the length of the tree. 
To further represent all the dendritic trees as one cylinder, all the trees need 
to be of comparable length and surface area. In fact, the dendritic surface 
area changes as a function of radial distance from the soma, first increasing 
and then decreasing with increasing somatofugal distance (Bras et al. 1987; 
Clements and Redman 1989; Cullheim et al. 1987a; Kernell and Zwaagstra 
1989b; Rose et al. 1985). Also, the size and complexity of a dendritic tree 
depends upon its anatomical orientation (Cameron et al. 1983; Cullheim et 
al. 1987b; Egger et al. 1980; Rose 1981). The general features of motoneuron 
dendrites are illustrated in Fig. 6 (from Cullheim et al. 1987a). This sche- 
matic plot shows a single dendritic tree from a cat triceps surae motoneuron 
in part A. Parts B, C and D of the figure show the average relations between 
somatofugal distance and the number of branch points (B), the number of 
branch terminations (C) and membrane area (D) for a sample of type 1~ 
(open symbols) and type S (fdled symbols) motoneurons. At increasing 
distance from the soma, the number of branch points first increases then 
decreases sharply (Fig. 6B). A similar pattern is observed for the number of 
branch terminations (Fig. 6C). These factors, together with branch tapering, 
generate the membrane surface area distribution shown in Fig. 6D. 

The size and branching complexity of individual dendritic trees are corre- 
lated with the diameter of the stem dendrite arising from the soma 
[Cameron et al. 1985; Clements and Redman 1989; CuUheim, 1978; Kernel1 
and Zwaagstra 1989; Rose et al. 1985; Ulfhake and KeUerth 1981, 1983, 1984) 
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Fig. 6. Morphology of cat motoneuron dendrites. A. Two different representations of 
a dendritic tree from an HRP-filled, type FF cat triceps surae motoneuron. On the 
left is a two-dimensional projection drawing and on the right is a "dendrogram" of 
the same dendrite. B-D. Comparison between type F (open symbols) and type S 
(filled symbols) motoneuron in path distance distribution of number of branch 
points (B), number of dendritic terminations (C) and membrane area (D). (Modified 
from Figs. 1 and 6 of CuUheim et at. 1997) 

with larger stem dendrites giving rise to larger and more complex dendritic 
trees than do smaller stem dendrites. Variation in the structure of  the differ- 
ent dendritic trees of the same motoneuron is often related to the anatomi- 
cal orientation of the tree. In the spinal cord, dendrites oriented along the 
longitudinal axis are often the largest and most  complex. This rostro-caudal 
bias is particularly prominent  in the phrenic and many  cervical motoneuron 
pools (Cameron et at. 1985; Rose et at. 1985), although it can also be seen to a 
lesser extent in some lumbar motoneurons (Brown and Fyffe 1981; Cullheim 
et al. 1987a). The longitudinal dendritic orientation may facilitate the con- 
nectivity between pools of motoneurons (and interneurons) and pr imary 
afferent fibers, since pr imary afferent axons typically send off collaterals 
along a large longitudinal extent of the spinal cord (Brown 1981). 

The variation in dendritic structure has important implications for both 
synaptic receptivity and for the flow of current within the neuron. The den- 
drites arising from the soma can exhibit a 3- to 4-fold range in their stem 
diameters and the various associated size-related measures (Bras et al. 1987, 
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1993; Cameron et al. 1985; CuIIheim et al. 1987a; Kernell and Zwaagstra 
1989b; Moore and Appenteng 1991) leading to marked differences in their 
electrotonic properties (Bras et al. 1987, 1993; Kernell and Zwaagstra 1989a; 
Moore and Appenteng 1991). Further, as a result of large variations in the 
relative change in dendritic diameter at branch points (Bras et al. 1987; 
Cameron et al. 1985; Clements and Redman 1989; Kernell and Zwaagstra 
1989a; Rose et al. 1985) dendritic branches at the same anatomical distance 
from the soma can be at very different electrical distances. 

Variations in the electrical properties of the different dendritic trees of a 
single motoneuron or even different portions of the same dendritic tree lead 
to a number of different pathways over which voltage transients initiated at 
the soma can be propagated both toward and away from the soma. This 
multiplicity of electrical paths may lead to significant errors in estimates of 
average electrotonic length based on the measurement of voltage transients 
in the soma (Glenn 1988). However, it has been argued that problems inher- 
ent in estimating time constants from noisy experimental data have limited 
the magnitude of these potential errors. In fact, the estimates of values of L 
based on ~0/~! may only slightly overestimate the true average L of the den- 
dritic trees (Holmes et al. 1992; Rail et al. 1992). Although the average behav- 
ior of the dendrites can be reasonably well represented with a single cylin- 
der, increased verisimilitude is obtained by endowing the cylinder with a 
variable diameter that initially increases slightly and then tapers sharply as 
function of distance from the soma (Clements and Redman 1989; Fleshman 
et al. 1988; Rail et al. 1992). 

Despite the anatomical findings that the motoneuron dendrites do not 
strictly meet the requirements imposed by Rail's equivalent cylinder model, 
the original conclusions regarding the dependence of motoneuron input 
resistance on size and specific membrane resistivity (see above) are proba- 
bly still valid (cf. Kernell and Zwaagstra 1989a). Fig. 6 B-D shows that type S 
motoneurons (which have high values of input resistance) have smaller, less 
complex dendritic trees than do type F motoneurons (which have low values 
of input resistance). Further, recent combined anatomical and electro- 
physiological studies confirm that the variations in size cannot account for 
the range of variation of input resistance, suggesting that differences in 
specific membrane resistivity are also important (Fleshman et al. 1988; Ker- 
nell and Zwaagstra 1989a). The contribution of systematic differences in 
active conductances to the effective input resistance and recruitment order 
of motoneurons will be considered later. 



Input-Output Functions of Mammalian Motoneurons 

3.3.2 
Passive Membrane Properties 

175 

A more serious problem with the original formulation of the Rail model 
(Rail 1959) is the assumption that Rm is uniform across the somatodendrific 
membrane. Recent work indicates that this is not the case, and that some of 
the non-uniformity is likely to arise from a leak conductance introduced by 
inserting a microelectrode into the motoneuron soma (somatic shunt; Du- 
rand 1984). The electrode-induced shunt conductance is variable, and its 
effect on the measured input conductance of a neuron will depend upon the 
magnitude of its 'true' (i.e., uninjured) input conductance. Since motoneu- 
runs are relatively large cells, their 'true' input conductance is also likely to 
be large and the relative effect of the electrode-induced shunt should be less 
than in smaller, low-input-conductance cells. Nonetheless, a number of 
recent studies suggest that the electrode induced leak conductance may 
make a significant contribution to the total input conductance measured in 
motoneurons with sharp electrodes (see below). 

Measurements made on a variety of neuron types have also provided in- 
formation on the biophysical basis of the resting leak conductance measured 
in the absence of an electrode-induced shunt. As in other neurons, the rest- 
ing potential of motoneurons is determined primarily by a resting potas- 
sium conductance in combination with a relatively high internal concentra- 
tion of potassium (Coombs et al. 1955; Forsythe and Redman 1988). Part of 
the potassium conductance active at the resting potential is apparently dis- 
tinct from other potassium conductances in that it is reduced by external 
barium ions and is insensitive to several blocking agents that affect other 
potassium channels (Bayliss et al. 1992; Nistri et al. 1990). The magnitude of 
this barium-sensitive leak conductance (GK,,st) is independent of voltage 
over a large range (Nistri et al. 1990). 

The spatial distribution of GKrest in motoneurons is not known, but an 
analogous conductance in rat sympathetic ganglion cells does not appear to 
be uniformly distributed across the somatodendrific membrane (Redman et 
al. 1987). More recent evidence for a non-uniform spatial distribution of a 
resting leak conductance comes from simultaneous whole-ceU recording 
from the soma and apical dendrite of rat neocorfical pyramidal cells, com- 
bined with morphological reconstruction of the ceils (Stuart and Spruston 
1998). In these cortical cells, the leak conductance increases with distance 
from the soma. As described below, this distribution is opposite to that pro- 
posed for motoneurons, where the leak conductance is thought to be largest 
on or near the soma and smaller on the dendrites (Clements and Redman 
1989; Fleshman et al. 1988; Rail et al. 1992; Rose and "Canner 1988). 
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The resting membrane potential of motoneurons is thought to be deter- 
mined primarily by a potassium leak conductance. Although the potassium 
equilibrium potential has been estimated to be in the range of -80 to 
-100 mV in motoneurons (Barrett et al. 1980; Coombs et al. 1955; Forsythe 
and Redman 1988; Zhang and Krnjevic 1986), average resting potentials 
obtained from large samples of motoneurons recorded in vivo with sharp 
microelectrodes range from around -65 mV (Pinter et al. 1983; Zengel et al. 
1985) to around -75 mV (Gustafsson and Pinter 1984a,b; Pinter et al. 1983; 
Zengel et al. 1985), depending upon the selection criteria used. The differ- 
ence between the resting and potassium equilibrium potentials is likely to 
reflect some resting permeability to other ions, which may arise from a 
number of sources. It is possible that the leak channels are not completely 
selective for potassium, but also are permeable to sodium and chloride ions, 
so that the "true" resting potential will be more depolarized than the potas- 
sium equilibrium potential (Forsythe and Redman 1988). Also, an imperfect 
seal around the recording microelectrode will introduce a "shunt conduc- 
tance" that is non-selective for different ions. However, the depolarizing 
effect of this non-specific conductance could be counteracted by additional 
potassium conductances activated by the electrode-induced influx of cal- 
cium and sodium ions (see below). 

Four different methods have been used to estimate the magnitude of the 
shunt conductance around the recording micropipette. Each of these meth- 
ods is based on certain untested assumptions, and consequently gives rise to 
very different estimates of the magnitude of the electrode-induced leak con- 
ductance. The first method is straightforward and is based on the idea that 
after impalement, the measured resting potential is determined by an equi- 
librium between current flowing across the neuron's true resting conduc- 
tance (GN) and that flowing across the leak conductance around the elec- 
trode (GL~lec). 

GN(Vr' - Vr) = - G L e l e c ( V r '  - VLelec),  (12) 

where Vr' is the measured resting potential, Vr is the true resting potential 
and VL,lec is the equilibrium potential for the impalement-induced leak cur- 
rent. If this leak conductance were relatively non-specific for different ion 
species, Violet should be around 0 inV. Equation 12 dictates that the meas- 
ured resting potential will approach the 'true' resting potential (Vi) when the 
relative magnitude of the electrode leak (Gx~lec/GN) is small and will ap- 
proach V~l,~ when GL~l,c is large. 

Gustafsson and Pinter (Gustafsson and Pinter 1984b) estimated that if the 
true motoneuron resting potential were -80 mV (and VL~lec = 0), then the 
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range of resting potentials measured in their sample would be consistent 
with a maximum leak conductance that was 30% of the true input conduc- 
tance, yielding estimated leak conductances on the order of 0.05-0.5 ~S 
(resistances of 2-20 M~). Campbell and Rose (1997) have obtained similar 
estimates in cat neck motoneurons, using somewhat different techniques 
and assumptions. These estimated values for motoneurons are similar to 
previous estimates derived from experiments on frog muscle fibers 
(Hodgkin and Nakajima 1972; Stefani and Steinbach 1969). 

A strong inverse relation between the measured values of RN and resting 
potential would be expected if variations in leak conductance were the sole 
cause of variations in measured RN (and if VL~lec is significantly more depo- 
larized than Vr). However, resting potential does not generally show a sig- 
nificant correlation with either RN or the estimated shunt conductance (e.g., 
Gustafsson and Pinter 1984b; Rose and Vanner 1988; see, however, Campbell 
and Rose 1997) and the differences in mean RN among different motor unit 
types are not associated with differences in their average resting potentials 
(Zengel et al. 1985). It is possible that the lack of correlation between meas- 
ures of Vr and RN is due to the fact that V~lec is dose to the measured resting 
potential. This could occur if the electrode-induced leak led to an influx of 
calcium ions of sufficient magnitude to overwhelm the cell's intrinsic buffer- 
ing and pumping capacity and thus activate a calcium-dependent potassium 
conductance. Such a mechanism has been proposed to account for the dif- 
ferences in membrane properties of dentate gyrus granule cells of rat hip- 
pocampus measured intracellularly with sharp electrodes versus whole-cell 
recordings with patch electrodes (Staley et al. 1992). In these and other hip- 
pocampal ceils, the changes in resting potential and input conductance pro- 
duced by lowered extracellular calcium or sodium are consistent with a 
resting activation of calcium- and sodium-dependent potassium conduc- 
tances (for ref., see Staley et al. 1992). In contrast, neither the intraceUular 
injection of calcium or calcium chelators markedly alters the resting poten- 
tial of motoneurons (Krnjevic and Lisiewicz 1972; Krnjevic et al. 1978; Rose 
and Brennan 1989; Zhang and Krnjevic 1988). In rat spinal motoneurons 
studied in vitro, replacement of extracellular calcium with manganese re- 
suits in a less than 1 mV hyperpolarization (Forsythe and Redman 1988). In 
the same study, a six-fold reduction in external sodium resulted in about a 6 
mV hyperpolarization and a 25% reduction in input conductance. These 
effects are opposite to those expected ff a sodium-activated potassium con- 
ductance made a significant contribution to the resting potential and input 
conductance. 

The second method of estimating electrode-induced leak is based on 
comparisons of RN measurements obtained with sharp and patch electrodes 
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in the same cells under the same experimental conditions. If patch elec- 
trodes are assumed to form a perfect seal with the cell membrane, so that 
there is no electrode-induced leak, then the mean leak conductance induced 
by sharp microelectrodes would be equal to the difference between the mean 
values of input conductance obtained with sharp and patch electrodes. Re- 
cent comparisons of this type are available for a number of neuron types 
(Scroggs et al. 1994; Spruston and Johnston 1992; Staley et al. 1992), includ- 
ing neonatal rat lumbar motoneurons (Takahashi 1990 versus Fulton and 
Walton 1986), and cultured rat motoneurons (Streit and Luscher 1992 versus 
Ulrich, Quadroni, and Luscher 1994). Differences in the two types of input 
conductance measurements range from 0.006 to 0.05 ~S (i.e., electrode shunt 
resistances of 20-167 Mr2). The sharp electrodes employed in these studies 
had much higher resistances (and presumably smaller tip diameters) than 
the intracellular electrodes typically used to record from adult cat motoneu- 
tons, so that the leak conductances introduced by electrodes in cat experi- 
ments might be even larger. However, part of the lower leak conductance 
observed with whole-cell recording could result from dialysis of second 
messengers or other substances that contribute to the resting leak conduc- 
tance. In this regard, RN values can be lower with perforated patch record- 
ings in which dialysis of intracellular substances is minimal, as opposed to 
ordinary whole-cell recording (Major et al. 1992; Spruston and Johnston 
1992). 

A third, recently-proposed method of estimating the leak conductance 
induced by electrode impalement is based on the effects of applying an ex- 
ternal DC electric field (Svirskis et al. 1997). The method uses the fact that 
the distribution of charge along a dendritic cable will differ depending upon 
whether charge is injected at one end through the recording electrode, or 
applied externally along the entire length of the cable. In the absence of an 
electrode shunt, the voltage-induced transients induced by an external elec- 
tric field would be expected to decay faster than those following current 
injection. In contrast, in the presence of a significant shunt, the final decay 
rate will be the same for the two stimuli, and in addition the field-induced 
transient will show a significant overshoot after the offset of the pulse. Ap- 
plication of this method to turtle motoneurons and interneurons revealed 
than in many cases impalement with sharp electrodes did not introduce a 
detectable shunt. 

The final method of estimating the leak conductance inducecl by elec- 
trode impalement requires anatomical reconstruction of the motoneuron in 
combination with measurements of R, and Xm, and an assumed value of 
specific membrane conductance (Cm). For example, Moore and Appenteng 
(1991) measured RN, Xm and cell geometry in HRP-fiUed rat masticatory 
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motoneurons and then calculated Rm from Xm and Cm (estimated at 
1 gF cm2). The expected input conductance of three reconstructed cells was 
determined based on this calculated Rm value and the measured morphol- 
ogy. The calculated input conductance me a su re me n t s  (Gmorph) were consis- 
tently lower than the measured values, implying electrode leak conductances 
of 0.39, 1.05, and 0.06 I.tS (resistances = 2.56, 0.95 and 16.67 Mf~). 

A related method of estimating electrode-induced leak requires meas- 
ured or assumed neuron morphology in combination with measurements of 
R~ and the two slowest membrane time constants (z0 and ~). If membrane 
properties are assumed to be homogeneous and there is no electrode- 
induced leak, then the time course of the voltage transient following the 
offset of an injected current pulse or step is determined by the cell's mor- 
phology together with the values of three intrinsic parameters: (1) specific 
resistivity (Rm), axial resistivity (Ri) and specific membrane capacitance 
(Cm). Figure 7 (taken from Fig. 3 of Thurbon et al. 1998) illustrates the ef- 
fects of these parameters on the time course of a voltage transient evoked in 
the soma of a model rat spinal ventral horn neuron. The transients in the 
upper panels and the lower left panel were generated in models in which the 
membrane properties were uniform across the entire somatodendritic sur- 
face. The lower right panel shows transients from models in which the effec- 
tive specific membrane resistivity was made non-uniform by introducing a 
shunt conductance in the soma. It was possible to fit a subset of the data 
derived from whole-cell recordings from neonatal rat ventral horn neurons 
using models with uniform membrane properties (i.e., no electrode-induced 
shunt conductance; Thurbon et al. 1998). In contrast, it was noted early on 
that the voltage transients recorded in motoneurons with sharp electrodes 
did not appear to be consistent with the assumption of uniform membrane 
properties (Iansek and Redman 1973b). In order to account for this discrep- 
ancy, the original Rail model was modified to include an additional parame- 
ter to account for the possibility of different Rm values for the soma (Rms) 
and the dendritic cable (Rmd; Durand 1984; Kawato 1984). Application of this 
model to reconstructed motoneurons suggests that Rm, is several-fold 
smaller than Rind (Clements and Redman 1989, Fleshman et al. 1988) and if 
this lower Rm~ value is attributed entirely to an electrode-induced leak con- 
ductance, values of leak conductance of over 1 gS are often obtained. How- 
ever, with the introduction of a fourth parameter into the model, there is a 
strong possibility of the existence of more than one parameter set that will 
give equally good fits to the data, unless neuronal morphology is completely 
and accurately specified (e.g., Holmes and Rail 1992). This problem of non- 
uniqueness is exacerbated by the fact that large variations in parameter 
values can produce relatively subtle changes in the time course of the volt- 
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Fig. 7. Influence of specific membrane capacitance (Cm), specific membrane resis- 
tance (Rm), cytoplasmic resisitivity (Rl), the value of a somatic shunt conductance 
(g-sh) on the response of a model motoneuron to a current pulse (480 bts, -0.5 nA) 
applied to the soma. (Modified from Fig. 3 ofThurbon et al. 1998) 

age transient, particularly in the presence of noise and electrode artifacts. 
For example, the upper right panel of Fig. 7 shows that a 3-fold change in Ri 
is associated with a relatively small change in the time course of the local 
voltage transient produced by a somaticaUy-injected current pulse. More- 
over, if dendritic resistivity is allowed to vary, then the experimental data are 
well fit by a model in which specific membrane resistivity exhibits a con- 
tinuous increase from the soma to the distal dendrites (as opposed to the 
step increase implied by the somatic shunt model; Clements and Redman 
1989; Fleshman et al. 1988). Recent evidence suggests that part of the low- 
ered resistivity of the soma and perhaps of the proximal dendrites may be 
attributed to a potassium conductance that is active at rest and is blocked by 
intracellular application of cesium (Campbell and Rose 1997). 

In summary, relatively small estimates of electrode-induced leak conduc- 
tance are obtained from analyses based on measurements of Vr and Rs, from 
comparisons of Rn values obtained with sharp and patch electrodes, and 
based on the voltage transients induced by external polarization. In contrast, 
the largest estimates are based on analyses of neuron models with Rm uni- 
form everywhere except at the impalement site. The various approaches to 
estimating electrode leak might be reconciled if it is assumed that even in 
the absence of electrode impalement Rm is non-uniform across the soma- 
todendritic membrane, perhaps rising as a function of somatofugal distance 
(cf. Fleshman et al. 1988). Electrode impalement might exaggerate this non- 
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uniform Rm by adding a non-specific leak conductance to the soma on the 
order of 0.05-0.1 ~S. Depending on the relative magnitudes of the 'true' 
neuron conductance and resting potential and the electrode leak conduc- 
tance and reversal potential, this leak will depolarize the neuron from rest- 
ing potential and reduce the measured input resistance and membrane time 
constant below their true values. 

How does our present understanding of the passive, linear behavior of 
motoneurons differ from the original Rail model (section 2.4)? The moto- 
neuron can still be represented as a soma attached to an equivalent dendritic 
cylinder, but the diameter of the cylinder varies with somatofugal distance 
due to the observed patterns of dendritic branching, tapering and termina- 
tion. Rm varies across the surface of the neuron, and although the actual 
values are unknown, the dendritic Rm is likely to be significantly higher than 
the somatic Rm �9 Although the tips of the longest dendritic branches in this 
model may be greater than 1.5 L away from the soma, the bulk of the den- 
dritic membrane is relatively close electrically (i.e. < 1 L, cf. Rall et al. 1992). 

3.3.3 
Active Conductances 

There is at present very little direct information regarding the membrane 
properties of motoneuron dendrites, due to the difficulty in obtaining den- 
dritic patch recordings. There is only one recent study on cultured rat spinal 
motoneurons (Larkum et al. 1996), and a preliminary report on patch clamp 
recordings from the proximal dendrites of neonatal rat spinal motoneurons 
(Luscher et al. 1997). The lack of data arises in part from the fact that moto- 
neuron dendrites branch profusely and the daughter branches become in- 
creasingly smaller in diameter at increasing distances from the soma (see 
above). This anatomy makes it extremely difficult to obtain dendritic patch 
recordings at significant distances from the soma. As a result, inferences 
regarding the properties and distribution of active dendritic conductances 
are based on somatic voltage- and current-clamp recordings, often in com- 
bination with additional changes in dendritic polarization induced by re- 
petitive activation of presynaptic afferents, glutamate iontophoresis or ex- 
ternal electric fields. 

The earliest voltage-clamp recordings in motoneurons focussed on char- 
acterizing the conductances underlying action potentials (Araki and Terzu- 
olo 1962; Nelson and Frank 1964). These demonstrated the presence of fast 
inward and slower outward conductances mediating the depolarizing and 
repolarizing phases of the action potential. Subsequent studies by Barrett 
and colleagues (Barrett et al. 1980; Barrett and CriU 1980) described these 
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conductances in more detail, demonstrating a TTX-sensitive, inactivating 
sodium conductance and a delayed-rectifier-type potassium conductance 
analogous to those described in the squid giant axon (Hodgkin and Huxley 
1952). The associated currents were smoothly graded, except for an all-or- 
none component ascribed to an uncontrolled action potential in the initial 
segment, since it could be occluded by an antidromic stimulus (Araki and 
Terzuolo 1962; Barrett and Crill 1980). The measured outward currents in- 
cluded not only a fast delayed-rectifier component, but also a slower com- 
ponent responsible for the AHP. 

With the exception of the initial segment current, the currents measured 
under somatic voltage-clamp were considered to arise from the activation of 
conductances on or near the soma for three reasons: (1) they were smoothly 
graded with increasing depolarization, (2) the capacitative charging tran- 
sient evoked by a given voltage clamp step was relatively independent of the 
background holding potential, indicating that the amount of current neces- 
sary to charge the dendrites did not depend upon their background level of 
depolarization (Barrett and Crtll 1980), and (3) repetitive firing in the pri- 
mary range could be approximated based on the characteristics of the meas- 
ured currents and the passive impulse response of the motoneuron (Barrett 
et al. 1980). However, a model based on passive dendrites and the measured 
somatic currents could not accurately reproduce higher frequency (second- 
ary range) repetitive firing. 

The inability to recreate high frequency repetitive firing based on the 
voltage-clamp results of Barrett and colleagues (Barrett et al. 1980; Barrett 
and Crill 1980) was likely due to the omission of a persistent inward current 
first described by Schwindt and Crill (1977), and subsequently characterized 
in more detail over the next several years (Schwindt and Crill 1980a,b,c; 
Schwindt and Crill 1982). The rapid and relatively complete inactivation of 
the sodium current underlying the depolarizing phase of the action potential 
suggests that under steady-state or near steady-state conditions, the total 
membrane current will be dominated by leak and outward currents. If this 
were the case, then the steady-state current-voltage (I-V) curve should have 
a positive slope throughout the voltage range (i.e., increasing depolarization 
leads to increasing outward current). 

An example of such an I-V relation is illustrated in Fig. 8A (taken from 
Schwindt and CriU 1977), obtained from the response of a cat lumbar moto- 
neuron to a slow somatic voltage-clamp ramp. The slope of the linear rela- 
tion near the resting potential (indicated by the origin on the voltage axis) 
reflects the leak conductance of the neuron, whereas the upward bend at 
more depolarized voltages results from increasing activation of additional 
voltage-gated potassium conductances. In the majority of motoneurons, 
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Fig. 8. Current (I) - voltage (V) relations obtained by applying slow voltage ramp 
commands to three different cat lumbar motoneurons. The resting potential is indi- 
cated by the intersection of the current and voltage axes. The slope of the dotted 
lines labeled L indicate the passive leak conductance in each cell. Downward arrows 
indicate the first point of zero slope, whereas upward arrows indicate the point of 
maximum inward current. (Modified from l~ig. 1 of Schwindt and Crill 1977) 

however, these two regions of positive slope were interrupted by a region of 
negative slope, indicating increasing activation of a persistent inward cur- 
rent starting at about 10 mV positive to the resting potential (Fig. 8B and C). 
In almost half of the motoneurons, the I-V relation exhibited a region of net 
inward current (Fig. 8C), so that the N-shaped relation crossed the zero- 
current axis at three points. Two of these points are stable equilibrium 
points, with the left-most point representing the resting potential and the 
rightmost point representing a stable, depolarized potential. 

In turtle spinal motoneurons it has been shown that this persistent in- 
ward current is mediated primarily by a calcium current flowing through L- 
type channels (Hounsgaard and Mintz 1988), and recent work has demon- 
strated the presence of a similar current in mouse spinal motoneurons 
(Cadin et al. 2000ab). In guinea pig brainstem motoneurons the persistent 
inward current is either carried by sodium (Nishimura et al. 1989) or a 
mixture of calcium and sodium currents (Hsiao et al. 1998). Rat hypoglossal 
motoneurons also appear to express both sodium and calcium persistent 
currents (Musick 1999). In some motoneurons, activation of a calcium- 
dependent mixed cation conductance may lead to a persistent inward cur- 
rent, although multiple calcium spikes are generally required for significant 
activation (Perrier and Hounsgaard 1999; Relding and Feldman 1997). 

In cat motoneurons, the persistent inward current is thought to be pri- 
marily calcium-mediated since it is not eliminated by intraceUular applica- 
tion of the lidocaine derivative QX-314 which blocks sodium currents 
(Schwindt and CriU 1980a,b). The persistent inward current is reduced how- 
ever by QX-314 (Lee and Heckman 1999b), but this agent markedly sup- 
presses calcium currents in addition to blocking sodium currents (Talbot 
and Sayer 1996). The persistent current is enhanced by extracellular barium, 
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which is a more effective charge carrier through calcium channels than cal- 
cium itself (Schwindt and Crill 1980a). The persistent inward current ap- 
pears to be mixed with outward currents over a wide range of membrane 
potentials, and the net inward current can be considerably enhanced by 
procedures which suppress outward currents, such as internal application of 
TEA (Schwindt and Crill 1980b; Powers and Binder 2000) or barium 
(Schwindt and CriU 1980a), or a depolarizing shift in the potassium equilib- 
rium potential (Schwindt and Cri11 1980c). 

Schwindt and Crin (1980a,b) argued on several grounds that their ex- 
perimental results were consistent with the hypothesis that the persistent 
inward current was primarily mediated by current flow through channels 
located on or near the soma. First, they did not observe voltage clamp in- 
stabilities of the type predicted for excitable cables of moderate electrotonic 
lengths (Jack et al. 1975). Second, ff only the distal dendritic membrane 
displays an N-shaped I-V relation and the proximal membrane were pas- 
sive, then the I-V relation obtained with a somatic voltage clamp would 
exhibit an attenuated negative slope region only at very large somatic depo- 
larizations. Third, in the experiments employing extracellular iontophoresis 
of barium (Schwindt and Crill 1980a), the tip of  the iontophoretic electrode 
was within 20-50 ~m of the tips of the electrodes employed for the somatic 
voltage damp,  so that given the iontophoretic currents and barium concen- 
trations used, barium was likely to affect calcium channels only on the soma 
and proximal dendrites. Finally, even if the entire dendritic membrane ex- 
hibited the same N-shaped I-V curve, the recorded clamp currents should 
be dominated by currents generated in the soma and proximal dendrites, 
particularly at more depolarized voltages where the increased membrane 
conductance acts to shunt out any distal dendritic component. 

Fig, 9. Persistent inward currents in motoneurons. A. Response of a TEA-injected cat 
spinal motoneuron to successive step depolarizations (upper trace) from a DC 
holding potential at the natural resting potential. Current response (lower trace) has 
been compensated for leak and capacitative currents. Note that net current remains 
inward after return to resting potential. (Modified from Fig. 8 of Schwindt and Crill 
1980a). B. Triangular voltage clamp command and resultant membrane current 
measured in a cat triceps surae motoneuron. C. Membrane current in part B is plot- 
ted as a function of voltage for the ascending (thick line) and descending ~thin line) 
portions of the voltage damp command. The onset of the persistent inward current 
(Iplc) is defined as the first point of zero slope on the ascending limb of the current 
waveform, and its offset is defined as the last point of zero slope on the descending 
limb. The amplitude of the initial peak is the difference between the peak inward 
current and the current predicted based on the leak conductance. The bistable cur- 
rent range is the range of membrane currents between Iplc onset and offset. (Parts B 
and C modified from Fig. 1 of Lee and Heckman 1999a) 
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Although these considerations suggest that the measured I-V curves 
were dominated by current flow through proximal conductances, they do 
not rule out the possibility that similar conductances exist throughout the 
motoneuron's dendritic tree. In fact, theoretical analyses (Butrimas and 
Gutman 1979; Gutman 1971; Gutman 1991) have suggested that the experi- 
mental voltage-clamp results described above are best explained by postulat- 
ing that the entire dendritic membrane exhibits an N-shaped I-V curve. In 
particular, localization of the persistent inward current in the dendrites 
could lead to a hysteresis in the I-V relation measured with a somatic volt- 
age clamp. An initial somatic depolarization of sufficient magnitude would 
activate persistent inward currents in the dendrites, leading to a wave of 
depolarization that would eventually reach the distal dendritic segments. 
Subsequent repolarization of the soma might then be insufficient to move 
the distal membrane from its depolarized stable equilibrium point, leading 
to a steady inward current measured at the soma. 

Many of the key issues addressed above are illustrated in Fig. 9. Part A of 
the figure (modified from Fig. 8 of Schwindt and Crill 1980b) is an example 
of a voltage-clamp record obtained from a cat spinal motoneuron that is 
consistent with the presence of persistent inward current in the distal den- 
drites. The initial somatic depolarization (top trace) leads to the slow onset 
of an inward current (bottom trace) that persists even after the somatic 
membrane is returned to the resting potential. More recently, Lee and 
Heckman (1998a, 1999a) have measured I-V relations in lumbar motoneu- 
rons in decerebrate cats using slow, triangular voltage-clamp commands. 
Figure 9B (from Fig.1 in Lee and Heckman 1999a) shows the time course of 
the voltage-clamp command and the measured clamp current in one of 
these motoneurons. The I-V plot shown in Fig. 9C clearly indicates that the 
magnitude of the persistent inward current is higher and its voltage- 
threshold is lower on the descending limb of the I-V curve. A similar hys- 
teresis in the I-V relation has recently been reported in mouse motoneu- 
rons, where it has been attributed to dendritic L-type calcium currents 
(Carlin et al. 2000b). 

Additional evidence for the presence of persistent inward currents in the 
dendrites of mammalian motoneurons is based on the effects of synaptic 
inputs on somatic membrane potential or voltage-clamp current. Following 
the intrathecal administration of a noradrenergic 0~1 agonist,~ the synaptic 
current evoked by repetitive activation of primary spindle (Ia) afferents is 
larger when the somatic voltage is clamped at a depolarized level than it is at 
the resting potential (Lee and Heckman 1996, 2000). Since the current flow- 
ing through an excitatory synapse should normally decrease as the mem- 
brane is depolarized toward the reversal potential, and since nearly all of Ia 
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terminals are located on the dendrites (section 3.1), this result suggests that 
current transfer to the soma is amplified by the activation of dendritic con- 
ductances that supply additional inward current. Under current clamp 
conditions, the activation of a persistent inward current produces a depolar- 
izing "plateau potential" (Hounsgaard et al. 1988). The somatic voltage 
threshold for this plateau is reduced during tonic activation of Ia afferents 
(Bennett et al. 1998), again supporting a dendritic location for the responsi- 
ble channels. Finally, persistent inward currents are enhanced by seroton- 
ergic precursors (Hounsgaard et al. 1988) and serotonergic terminals have 
recently been shown to be localized primarily on motoneuron dendrites 
(Alvarez et al. 1998). 

An elegant series of studies by Hounsgaard and colleagues has provided 
more direct and detailed information on the properties and function of ac- 
tive dendritic conductances in turtle motoneurons recorded in vitro. In the 
presence of potassium channel blockers, the application of external electric 
fields that hFperpolarize the soma and depolarize the dendrites leads to the 
appearance of calcium spikes and plateau potentials at the somatic record- 
ing site (Hounsgaard and Kiehn 1993). Calcium spikes are promoted by 
external tetraethylammonium (TEA), whereas plateau potentials are pro- 
moted by apamin (Hounsgaard and Kiehn 1993), suggesting that the effects 
of dendritic calcium conductances are normally counteracted by both volt- 
age-activated and calcium-activated potassium conductances (Rudy 1988). 
Calcium-mediated plateau potentials can also be facilitated by activation of 
presFnaptic afferents running in the dorsolateral funiculus, and these facili- 
tative effects are reduced by antagonists of 5-HTIa, group I metabotropic 
glutamate receptors and muscarine receptors (Delgado-Lezama et al. 1997). 
The results of experiments combining external electric fields with activation 
of either dorsolateral or mediolateral funicular afferents suggest that the 
intrinsic properties of different portions of the dendritic tree may be differ- 
entially controlled by different subsets of descending afferents (Delgado- 
Lezama et al. 1999). Finally, experiments combining focal glutamate ionto- 
phoresis with focal application of either potassium channel blockers 
(Skydsgaard and Hounsgaard 1994) or serotonin (Skydsgaard and Houns- 
gaard 1996), support the possibility that intrinsic dendritic properties can be 
regulated over very restricted spatial domains. The implications of this 
modulation for the integrative properties of dendrites will be considered 
later (section 4.1). 

Despite the paucity of direct electrical measurements of the behavior of 
motoneuron dendrites, it is quite clear that they are endowed with a rich 
complement of voltage-gated channels. What remains to be established are 
the spatial distributions, selectivity, and activation-inactivation kinetics, and 
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neuro-modulation of the various types of voltage-gated channels throughout 
the dendritic tree. Further, we are just beginning to study how these active 
dendritic conductances influence the transfer of synaptic current from the 
dendrites to the soma and the interactions between concurrently-active 
synaptic inputs (e.g., Powers and Binder 2000 and section 4.1.2). 

3.4 
Mechanisms Underlying Repetitive Firing 

As discussed earlier (section 2.8), many of the quantitative features of re- 
petitive discharge in motoneurons can be reproduced using a simple 
threshold-crossing model. In such models, action potentials are elicited 
when membrane potential exceeds a specified voltage-threshold and the 
post-spike membrane potential trajectory is determined by a leak current 
and a slow potassium conductance giving rise to the AHP (Kernell 1968). 
Although a variety of more complex models of motoneuron discharge were 
developed prior to 1980 (Baldissera and Gustafsson 1974b,c; Kernell and 
Sjoholm 1973; Traub 1977; Traub and Llinas 1977), the primary determinant 
of repetitive discharge in all of these models is the AHP conductance. Al- 
though more recent evidence has confirmed the importance of the AHP in 
the regulation of the repetitive discharge behavior of motoneurons (section 
3.4.1), at least two additional factors have also been shown to influence the 
quantitative features of repetitive discharge: (1) the dependence of spike 
threshold on the prior history of membrane potential and (2) the presence of 
the persistent inward current described earlier. Finally, the ability to obtain 
patch clamp recordings and to manipulate the extraceUular environment in 
recently developed in vitro preparations has led to a better understanding of 
the relation between the properties and spatial distributions of ion channels 
and repetitive discharge behavior. 

3.4.1 
The Afterhyperpolarization (AHP) and Its Influence on Repetitive Firing 

There is now a large body of evidence that the slow potassium current un- 
derlying the medium duration afterhyperpolarization (mAHP) in motoneu- 
rons is due to an apamin-sensitive, calcium-activated potassium conduc- 
tance (GKc,). The mAHPs are completely or partially blocked by removing 
external calcium or external application of divalent cations which block 
calcium conductances (Chandler et al. 1994; Krnjevi'c et al. 1978; Nishimura 
et al. 1989; Hounsgaard and Mintz 1988; Mosfeldt-Laursen and Reckling 
1989; Schwindt and Crill 1981; Viana et al. 1993; Kobayashi et al. 1997) and 
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by apamin (Chandler et al. 1994; Hounsgaard and Mintz 1988; Viana et al. 
1993; Zhang, and Krnjevic 1986, 1988; Kobayashi et al. 1997), a specific 
blocker of the small-conductance type calcium-activated potassium conduc- 
tance (Rudy 1988). The AHP is also depressed by intracellular injection of 
calcium chelators (Krnjevic et al. 1978; Viana et al. 1993b; Zhang and 
Krnjevic 1988). The results of experiments in which the AHP conductance 
has been modified by affecting calcium entry or by the application of apa- 
rain have confirmed its importance in regulating repetitive discharge behav- 
ior. Comparisons of steady-state f-I relations before and after pharmacologi- 
cal manipulations of the AHP conductance (Chandler et al. 1994; Houns- 
gaard and Mintz 1988; Nishimura et al. 1989; Sawczuk et al. 1997; Viana et al. 
1993b), indicate that the steady-state f-I slope is inversely proportional to 
the magnitude of the AHP conductance. 

In neonatal rat hypoglossal motoneurons, it has been demonstrated that 
the calcium influx responsible for triggering the AHP enters through high 
threshold calcium channels that are blocked by omega-conotoxin and 
omega-agatoxin (Umemiya and Berger 1994; Viana et al. 1993a). The fact 
that the AHP is unaffected by blocking other calcium conductances suggests 
that these N-and P-type calcium channels must be in close proximity to the 
calcium-activated potassium channels, but separated from other calcium 
channels. The activation of GKco by calcium is therefore likely to depend 
upon the local concentration of calcium, which will in turn depend upon the 
calcium entering through site-specific calcium channels. In rat trigeminal 
motoneurons, only N-type channels contribute to activating the mAHP 
(Kobayashi et al. 1997), indicating that the spatial distributions of different 
types of calcium channels and their proximity to calcium-activated potas- 
sium channels may differ in different cell types. 

The deactivation of Ggc, will depend not only upon the rate constants for 
calcium binding to the channel, but also on the rate at which calcium leaves 
the vicinity of the channel due to diffusion, binding to intraceUular proteins 
and pumping across the membrane (cf. Sah 1996). Although approximately 
98% of the calcium ions inside motoneurons appear to be taken up by en- 
dogenous buffers (Lips and Keller 1998; Palecek et al. 1999), the endogenous 
buffering capacity of motoneurons is actually relatively low compared to 
other neurons of comparable size (cf. Lips and Keller 1998; Palecek et al. 
1999). Since the time course of decay of calcium transients is thought to be 
directly proportional to the endogenous buffering capacity of a cell (Neher 
1995), it has been suggested that the low buffering capacity of motoneurons 
allows a rapid decay of intracellular calcium transients between bursts of 
rhythmic activity (Lips and Keller 1998). 



190 R. K. Powers and M. D. Binder 

The magnitude and duration of the AHP following a single spike vary ac- 
cording to motoneuron size (Zwaagstra and Kerndl 1980a) and motor unit 
type: larger and longer AHPs are recorded in type S than in type F motoneu- 
tons (Kernel1 1983; Zengel et al. 1985). It is not known whether these differ- 
ences in AHP characteristics reflect differences in the properties of G~c, 
channels, in their density, or in differences between the various factors con- 
trolling the time course of the calcium concentration in the vicinity of the 
channels. Gustafsson and Pinter (1985) proposed that the kinetics of the 
AHP conductance may be similar across different motoneurons, but that a 
more developed sag conductance (Ih) in type F motoneurons provides an 
inward current that decreases the measured AHP duration. However, AHP 
characteristics measured at the resting potential are correlated with repeti- 
tive discharge behavior, even though Ih should be largely deactivated over 
the range of membrane potentials encountered during steady-state repeti- 
tive discharge. 

3.4.2 
Voltaoe-and Time-Dependent Variations in Spike Threshold 
and Sodium Channels 

The somatic voltage at which spikes are initiated is likely to depend in part 
upon the state of activation and inactivation of sodium channels in the soma 
and adjacent axon hillock and initial segment. Studies of sodium channels 
based on somatic voltage-clamp recordings in cat motoneurons (Barrett and 
CriU 1980; Schwindt and CriU 1982) revealed that the kinetics and voltage- 
dependency of activation and inactivation of the somatic sodium current are 
qualitatively similar to those described by Hodgkin and Huxley (Hodgkin 
and Huxley 1952) in the squid axon. The steady-state relations between volt- 
age and both activation and inactivation are shifted to more positive values 
than are generally reported for axons (Barrett and Crill 1980; Schwindt and 
Crill 1982). Although the properties of the initial segment sodium current 
have not been studied directly, they can be inferred from variations in firing 
level (the somatic voltage at which the rapid upstroke of the action potential 
begins) during repetitive discharge in motoneurons and from voltage clamp 
studies on axons. The somatic voltage at which the initial segment spike is 
elicited exhibits a delayed dependence upon the value of the somatic mem- 
brane potential (Burke and Nelson 1971; Calvin 1974). This behavior has 
been called accommodation, and is thought to be due in part to subthresh- 
old changes in sodium channel inactivation (Frankenhaeuser and Vallbo 
1964; Schlue et al. 1974; Vallbo 1964). Experiments on cat motor axons sug- 
gest inactivation time constants in the range of 2-4 ms (Richter et al. 1974). 
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The voltage dependence and kinetics of this fast sodium inactivation 
process suggest that during repetitive discharge, significant changes in the 
voltage threshold for spike initiation should occur during the interspike 
interval as the membrane potential is initially hyperpolarized following a 
spike and then depolarizes at a rate of 0.1-0.2 mV/ms following the peak of 
the AHP (Schwindt and Calvin 1972). There have been several reports of 
interspike variations in the voltage threshold for spike initiation (Calvin 
1974; Calvin and Stevens 1968; Powers and Binder 1996), and Fig. 10 shows 
examples of this phenomenon. Part A illustrates the effects of injecting brief, 
just-threshold current pulses at different points within the interspike inter- 
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Fig. 10. Variations in spike threshold during repetitive discharge. A. Superimposed 
traces of interspike intervals during repetitive discharge of a cat lumbar motoneu- 
ron. In three of the traces a just suprathreshold current pulse has been superim- 
posed at different times after the preceding spike. The dashed line shows that the 
voltage threshold for spike initiation varies during the interspike interval. B. Similar 
records from another cat lumbar motoneuron. In two of the traces a just su- 
prathreshold pulse has been added either with (lower left arrow) or without (upper 
left arrow) a preceding hyperpolarizing pulse. The voltage threshold is lowered by 
the conditioning hyperpolarizing pulse. (Modified from Fig. 2 of Powers and Binder 
1999) 
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val. It is clear that the voltage-threshold for spike initiation is not constant, 
but rather follows the time course of the interspike membrane potential 
trajectory, reaching a minimum early in the interval and then rising to its 
final value (Powers and Binder 1996). Part B shows the effects of adding a 
hyperpolarizing current pulse prior to a just-threshold depolarizing pulse. 
Spike threshold is decreased following membrane hyperpolarization, again 
showing the threshold is dependent on the recent time course of the somatic 
membrane potential. 

Although the possibility of interspike variations in spike threshold has 
been acknowledged in a number of theoretical studies of motoneuron dis- 
charge (e.g., Ashby and Zilm 1982; Fetz et al. 1989), this variation is not gen- 
erally incorporated into threshold-crossing motoneuron models. As a result, 
the spike-triggering efficacy of synaptic potentials may be underestimated in 
these models (cf. Powers and Binder 2000; Powers and Binder 1996; Turker 
and Powers 1999). 

Slower inactivation processes have been described for sodium channels 
in a number of different types of cells (Brismar 1977; Colbert et al. 1997; 
Fleidervish et al. 1996; Howe and Ritchie 1992; Jung et al. 1997; Rudy 1981). 
The kinetics of the slow inactivation process are such that only a small frac- 
tion of the sodium channels enter the slow inactivation state during the 
depolarization associated with a single spike (Colbert et al. 1997; Jung et al. 
1997). However, recovery from inactivation is also quite slow, so that there is 
a progressive accumulation of slow inactivation during prolonged repetitive 
discharge (Colbert et al. 1997; Jung et al. 1997). This accumulation of inacti- 
vation may underlie the slow increase in firing level observed during repeti- 
tive discharge in some neurons (Schwindt and CriU 1982). At low firing 
rates, the first spike following the onset of an injected current step is initi- 
ated at a lower somatic depolarization than subsequent spikes, which may 
be initiated at somatic depolarizations (from rest) of from 1.4-2.0 times that 
of the first spike (Schwindt and Crill 1982). At higher firing rates, the spike 
initiation level may continue to increase for several hundred milliseconds. 
As a result, the steady-state firing level may vary over a greater than two-fold 
range from the minimum to the maximum discharge rate (Schwindt and 
Crill 1982). This increase in firing level is associated with an increase in the 
mean level of membrane depolarization that leads to increasing activation of 
the persistent inward current (see below). 
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3.4.3 
Contribution of Persistent Inward Currents to Repetitive Firing 

The abrupt change in the slope of the motoneuron steady-state f-I relation 
(secondary range; Kernell 1965b; Schwindt 1973) was difficult to replicate in 
threshold-crossing models based only on the AHP conductance (e.g., Ker- 
neU 1968). Two explanations were advanced to account for secondary range 
firing: (1) a saturating summation of the AHP conductance (Baldissera, 
Gustafsson, and Parmiggiani 1976, Baldissera, Gustafsson, and Parmiggiani 
1978), and (2) a plateau region in the post-spike decay of the AHP conduc- 
tance (Baldissera and Gustafsson 1974a,b,c;). More recent simulations 
(Powers 1993) indicate that in threshold-crossing models with a fLxed spike 
threshold, saturation of a slow post-spike potassium conductance does re- 
sult in an upward curvature in the steady-state f-I relation. As previously 
proposed (Baldissera et al. 1976), the summation of the AHP depends on the 
proportion of the maximum potassium conductance that is activated by a 
single spike. If this proportion is relatively large, then additional spikes 
produce relatively little increase in potassium conductance, and the upward 
bend in the f-I slope occurs at low rates of repetitive discharge. 

Baldissera and Gustafsson (1974 a,b,c) proposed a motoneuron model 
based on a measured plateau region in the post-spike decay of potassium 
conductance. Although this model could produce piecewise linear f-I rela- 
tions similar to those observed experimentatly, it was based on the assump- 
tion that the interspike conductance time course during steady-state repeti- 
tive discharge was similar to that measured after a single spike. Since the 
mean membrane voltage becomes increasingly depolarized at high rates of 
repetitive discharge as discussed earlier, any voltage-dependent currents 
activated positive to the resting potential will contribute to the interspike 
time course of membrane potential and conductance. As a result, the inter- 
spike conductance time course during repetitive discharge can differ from 
that measured near the resting potential following a single spike (Schwindt 
and Calvin 1973b; see however, Mauritz et al. 1974) and other factors must 
be invoked to explain secondary range discharge. 

There is considerable evidence that increasing activation of persistent 
inward currents is responsible for secondary range discharge. The character- 
istics and spatial distribution of persistent inward currents (IpIc; cf. Lee and 
Heckman 1998a) in motoneurons were described in section 3.3.3 in connec- 
tion with their potential effects on dendritic processing. Since Ipxc is first 
activated below the threshold for spike initiation (cf. Lee and Heckman 
1998a; Schwindt and Crill 1982), it can potentially influence the initiation of 
single spikes and the characteristics of repetitive discharge. As mentioned 
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earlier, the voltage threshold for spike initiation (V~) measured in response 
to 50 ms current steps of threshold intensity (Irh) is generally greater than 
the product of Irh and Rs (Gustafsson and Pinter 1984a). The disparity be- 
tween V~  and the product of Irh '* RN tends to be largest in motoneurons 
with long AHP durations and time constants, i.e., presumably type S moto- 
neurons (Gustafsson and Pinter 1984a). The disparity between V~  and the 
product of Irh * RN is also corrdated with RN, suggesting that the magnitude 
of the persistent inward current is similar in different motoneurons. Thus, 
the contribution of the persistent inward current to voltage threshold is 
most prominent in small, high Rs motoneurons (Gustafsson and Pinter 
1984a), a hypothesis that is also supported by voltage-damp data (Lee and 
Heckman 1998a; Schwindt and CriU 1980c). 

The presence of a persistent inward current also has important effects on 
repetitive discharge behavior since the somatic membrane potential trav- 
erses voltage ranges over which this current is significantly activated. The 
increase in spike threshold at increasing rates of discharge leads to increas- 
ing activation of Iptc (Powers 1993; Schwindt and Crill 1982). Figure 11 illus- 
trates the relation between activation of Ip~c and steady-state repetitive dis- 
charge behavior based on current clamp and voltage clamp recordings ob- 
tained in the same motoneuron. The voltage-damp recordings (B and D) 
indicate that some inward current activation takes place at the membrane 
voltage reached at the end of the interspike interval at the lowest firing rate 
(P) and that it is likely to be continuously activated throughout the inter- 
spike interval at the maximum primary range firing rate (T). The upward 
bend in the steady-state f-I curve (secondary range firing) may result from 
the predominance of the inward current. 

Changes in discharge rate over time can also be related to the activation 
of Imc. Although firing rate typically declines following the onset of a step of 
injected current (spike-frequency adaptation; see above and section 4.2), if 
Imc predominates over outward currents, firing rate may accelerate instead 
(Hounsgaard et al. 1988; Hounsgaard and Kiehn 1985; Hounsgaard and 
Kiehn 1989; Hounsgaard and Mintz 1988; Lee and Heckman 1998b; Schwindt 
1973). If the inward current component is of sufficient magnitude so that the 
steady-state I-V relation crosses the zero-current axis in the negative slope 
region, spontaneous discharge can occur in the absence of depolarizing 
synaptic or injected current. (Lee and Heckman 1998a; Lee and Heckman 
1998b; Schwindt and Crill 1980c). Such "bistable" discharge behavior can be 
observed in the presence of exogenous or endogenous neuromodulators 
(Hounsgaard et al. 1984; Hounsgaard and Kiehn 1985; Hounsgaard and 
Kiehn 1989; Lee and Heckman 1996; Lee and Heckman 1998b; Lee and 
Heckman 1999a) or following pharmacological reduction of potassium con- 
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Fig. 11. Relation between the voltage-sensitiv/ty of the persistent inward current and 
the voltages traversed during repetitive discharge at different rates. A. Sample volt- 
age records during repetitive discharge in a cat lumbar motoneuron during dis- 
charge in the primary range (P), the transition between the primary and secondary 
ranges (T) and at the upper end of the secondary range (S). B. Somatic voltage damp 
commands applied in the same motoneuron. C. Steady-state relation between in- 
jected current and firing rate for this motoneuron. D. Membrane currents (after 
subtraction of the leak and longest capacitative components) corresponding to the 
voltage commands in B. Traces 1 and 2 have been offset for clarity. (Modified from 
Fig. I of Schwindt and Crill 1982) 

ductances (Hounsgaard and Mintz 1988; Schwindt and Crill 1980c). Bistable 
discharge behavior is sometimes spontaneously present in motoneurons in 
unanesthetized decerebrate cats, presumably due to tonic activity in brain- 
stem neurons with descending serotonergic and noradrenerglc fibers (cf, 
Hounsgaard et al. 1984, 1988; Lee and Heckman 1999a). It typically disap- 
pears following a spinal transection, but then reappears following i.v. ad- 
minstration of serotonergic precursors (5-HTP; Hounsgaard et al. 1988). It is 
also enhanced by intrathecal application of the noradrenergic cq agonist 
methoxamine (Lee and Heckman 1999a). 

The degree to which motoneurons express bistable discharge behavior 
depends upon a number of factors, including the background level of depo- 
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larization (e.g., Hounsgaard et al. 1988; Hounsgaard and Kiehn 1985; Lee 
and Heckman 1998b), the local concentration of neuromodulators (see 
above), and also on motoneuron type. Many motoneurons will only dis- 
charge for a brief period of time following the offset of an excitatory input, 
even following the application of a noradrenergic agonist and depolarizing 
bias current (Lee and Heckman 1998b). These "partially" bistable motoneu- 
rons tend to have higher rheobases and conduction velocities than fully 
bistable cells (Lee and Heckman 1998b), suggesting that the fully bistable 
cells are probably type S and low threshold type FR motoneurons, whereas 
partially bistable cells are likely to be type FF and higher threshold type FR 
motoneurons. Figure 12 (derived from Figs. 1, 3 and 4 from Lee and Heck- 
man 1998b), illustrates typical discharge characteristics for fully bistable 
(left) and partially bistable motoneurons (right). The middle trace in the left 
panel of Fig. 12A illustrates the effects of applying a steady excitatory synap- 
tic input from Ia afferents onto a fully bistable motoneuron. The motoneu- 
ron continues to discharge after the excitatory input is terminated, and this 
discharge continues indefinitely if a depolarizing bias current is superim- 
posed (upper trace). The prolonged discharge is not due to a continued 
synaptic input, since the depolarization produced by the Ia input has a crisp 
offset when the cell is hyperpolarized. In contrast, in the partially bistable 
motoneuron illustrated in the right panel of Fig. 12A, only a few spikes occur 
after the offset of the Ia input, even when a depolarizing bias current brings 
the membrane just below firing threshold (upper trace). 

The remaining panels in Fig. 12 illustrate other distinguishing character- 
istics of fully and partially bistable motoneurons, based on their responses 
to injected current steps (B) and triangular ramps (C and D). In a fully bis- 
table motoneuron (Fig. 12B, left), an acceleration in firing rate occurs in 

Fig. 12. Differences in the discharge behavior of fully and partially bistable moto- 
neurons. A. Responses to repetitive activation of la spindle afferents produced by 
160 Hz 80 ~tra peak-to-peak longitudinal vibration of the triceps surae muscles. 
Different levels of background depolarization were produced by levels of DC current 
injection (current amplitudes indicated in the figure). B. Examples of firing rate 
acceleration in fully and partially bistable motoneurons. Upper traces show instan- 
taneous firing rate (dotted) and a moving average of firing rate (solid). Lower traces 
show a 'stairstep of injected current, in which each step increase is 3 nA. In the fully 
bistable cell firing rate acceleration occurs close to threshold, whereas in the par- 
tially bistable cell, the acceleration occurs only at higher levels of injected current 
and is followed by a decrease in firing rate. C and D. Responses of fully and partially 
bistable cells to triangular waveforms of injected current. Part C shows both firing 
rate and injected current as a function of time, whereas part D shows firing rate as a 
function of current. (Modified from Figs. 1, 3 and 4 of Lee and Heckman 1998a) 
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response to the first step of injected current (left arrow), and further in- 
creases in current elicit relatively small increases in firing rate. In this moto- 
neuron, discharge continues after the offset of injected current (right arrow). 
In contrast, in a partially bistable motoneuron (Fig. 12B, right), a higher 
level of injected current was required to elicit firing rate acceleration (left 
arrow). The firing rate exhibited a noticeable decline from its peak value, 
and discharge ceased after the injected current was reduced below the initial 
level required for repetitive discharge (right arrow). In response to a trian- 
gular waveform of injected current, fully bistable motoneurons exhibit firing 
rate acceleration shortly after current onset and continue to discharge on the 
descending limb of the injected current waveform, even when the current 
level drops below that initially required to elicit discharge (Fig. 12C and D, 
left panels). Similar patterns of firing rate acceleration and continued dis- 
charge on the descending limb of the f-I relation have been reported by 
other investigators, although in many cases the firing rate on the descending 
limb may be consistently higher than that on the ascending limb for 
matched current levels (e.g., Bennett et al. 1998b; Hounsgaard et al. 1984, 
1988). In partially bistable cells, the increase in the slope of the f-I relation 
occurs at a much higher level of injected current relative to that required to 
initiate discharge. The firing rate may decline in these cells at the higher 
levels of injected current, and discharge on the descending limb of the f-I 
relation stops at about the same level of current as that required to initiate 
discharge (Fig. 12 C and D, right panels). 

The differences in rhythmic discharge behavior between low and high 
threshold motoneurons are associated with differences in the properties of 
Ipic (Lee and Heckman 1998a). Figure 13 (adapted from Fig. 8A and B of Lee 
and Heckman 1998a) presents a schematic representation of the major dif- 
ferences in the voltage-clamp data obtained in fully (solid lines) and par- 
tially bistable cells (dotted lines). Figure 13A illustrates the average relations 
between total membrane current (I) and somatic voltage (V) during an as- 
cending voltage-ramp command. The average I-V functions for both fully 
and partially bistable cells exhibit a similar shape, but the I-V function for 
the partially bistable cell is shifted upward and to the right. As a result, the 
point at which the average I-V curve for partially bistable cells first exhibits 
a negative slope (left open inverted triangle) occurs at a higher level of 
membrane current and a more depolarized voltage than in the fully bistable 
cell (left filled inverted triangle). In fully bistable motoneurons, the mem- 
brane potential at which the negative slope region begins is below the 
threshold for spike initiation, so that under current clamp conditions firing 
rate begins to accelerate at about the same point that discharge begins on 
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Fig. 13. Relation between discharge behavior and I-V functions. Average I-V func- 
tions measured during the application of a triangular voltage-clamp command to 
fully (solid) and partially (dotted) bistable motoneurons. A. I-V relations obtained 
during the ascending portion of the voltage clamp command. Filled and open in- 
verted triangles indicate the average onset and peak inward current for fully and 
partially bistable cells. B. I-V relation obtained during the descending portion of the 
voltage clamp command. Filled and open inverted indicate average offset of the 
inward current and peak value during the descending voltage ramp. (Modified from 
Fig. 8 of Lee and Heckman 1998b) 
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the ascending phase of the injected current waveform (Fig. 12D). On the 
descending phase of the voltage-ramp command, the negative slope region 
also continues below spike threshold in fully bistable cells, and at this point 
the I-V slope is negative (Fig.13B, left filled triangle), leading to continued 
discharge under current clamp conditions (Fig. 12D). In contrast, in par- 
tially bistable cells the negative slope region of the ascending I-V curve 
begins at voltages positive to spike threshold (left open inverted triangle in 
Fig. 13A), and this region also ends above spike threshold on the descending 
I-V curve (left open inverted triangle in Fig. 13B). These features are corre- 
lated with two characteristic differences in the f-I relations of partially bis- 
table cells: (1) the later onset of firing rate acceleration on the ascending 
limb of the f-I relation, and (2) similar current thresholds for discharge for 
ascending and descending current ramps (Fig. 12D). 

The response of motoneurons to a particular waveform of injected cur- 
rent can also depend upon the presence of synaptic input and the prior his- 
tory of the motoneuron's membrane potential (Bennett et al. 1998a, 1998b). 
As mentioned earlier, the threshold for activation of IpIc can  be altered in the 
presence of tonic synaptic input, supporting a dendritic location for the 
responsible channels. As a consequence of this shift in activation threshold, 
the point at which discharge rate accelerates during an ascending injected 
current ramp changes in the presence of synaptic input. The middle panel in 
Fig. 14A (from Bennett et al. 1998b) illustrates the response of a cat triceps 
surae motoneuron to a triangular waveform of injected current in the ab- 
sence of applied synaptic input. The thin diagonal lines represent the in- 
crease in discharge rate above that expected based on the initial relation 
between injected current and firing rate on the ascending limb of the in- 
jected current waveform. The discharge rate was higher than expected 
starting at about two-thirds of the way along the ascending phase of the 

Pig. 14. Discharge evoked in cat lumbar motoneurons by triangular waveforms of 
injected current, with or without additional tonic synaptic input. A. Instantaneous 
discharge rate in a cat triceps surae motoneuron and injected current waveform at 
rest (middle traces), during a steady 10 mm stretch of the triceps surae muscle (right 
traces), and during repetitive stimulation of the common peroneal (CP) nerve 
(100 Hz at 2 times threshold for the lowest threshold fibers). B. Composite results 
from A, showing discharge rate as a function of current during the ascending phase 
of the current waveform. (A and B modified from Fig. 2 of Bennett et al. 1998a) C. 
Instantaneous discharge rate as a function of current during injection of successive 
triangular current waveforms into a cat tibial motoneuron. The lower right plot 
shows the ascending phases of the first three responses. (Part C modified from Fig. 1 
of Bennett et al. 1998b) 
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injected current waveform and then remains elevated throughout the de- 
scending phase, reflecting the effects of IFic. When tonic excitatory Ia input 
was produced by stretch of the triceps surae muscle, the increase in dis- 
charge rate started much closer to the recruitment threshold (Fig. 14A left 
panel), whereas the application of a tonic inhibitory input (by 100 Hz 
stimulation of the common peroneal nerve) delayed the onset of the firing 
rate acceleration and decreased its magnitude (Fig. 14A right panel). 

The effects of tonic synaptic input on the motoneuron discharge records 
shown in Fig. 14A cannot be fully explained by the addition of a constant 
amount of excitatory or inhibitory effective synaptic current. If this were the 
only effect of the synaptic input, the f-I relations in the presence of synaptic 
input would be identical to those in its absence, except for a parallel shift 
along the current axis (cf. Section 2.8). Figure 14B illustrates the relation 
between discharge rate and current intensity for the ascending portion of the 
current waveforms shown in part A. Excitatory input does indeed shift the f- 
I relation as expected, but the transition to a steeper f-I slope (left arrow) 
occurs at a lower frequency than in the control case (middle arrow). Inhibi- 
tory input has the opposite effect. These results are consistent with the idea 
that synaptic input can shift the somatic voltage threshold for activation of 
Iplc by changing the relative depolarization of the dendrites (Bennett et al. 
1998b). 

The threshold for Inc activation can also be altered by the prior history of 
membrane depolarization (Bennett et al. 1998a). In turtle motoneurons, this 
phenomenon is caused by a depolarization-induced facilitation of L-type 
calcium channels (Svirskis and Hounsgaard 1997). A similar mechanism 
may underlie history-dependent effects on the f-I function measured with 
current ramps. Figure 14C shows f-I relations obtained in a cat spinal moto- 
neuron in response to a series of triangular injected current ramps separated 
by 3-4 seconds. In the first response (upper left panel) firing rate accelerates 
near the end of the ascending portion of the current waveform (asterisk). 
The acceleration occurs progressively earlier on subsequent trials, suggest- 
ing a progressive facilitation of Iplc. 

3.5 
Effects of 'Non-Classical' Transmitters on Motoneuron Behavior 

Transmitter release from many of the presynaptic afferent terminals influ- 
ences motoneuron discharge by causing current flow through ionotropic 
receptor-gated channels whose behavior is governed by equation 4. The 
voltage-dependence of the synaptic current is derived solely from the 

J changes in the driving force for synaptic current flow induced by changing 
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the background membrane potential. The effects of the excitatory neuro- 
transmitter glutamate are mediated by two classes of ionotropic receptors: 
N-methyl-D-aspartate (NMDA) receptors and non-NMDA receptors 
(Collingridge and Lester 1989). The latter class behaves in the manner de- 
scribed above, i.e., increasing membrane depolarization reduces synaptic 
current flow due to a decrease in the driving force. Under steady-state con- 
ditions, synaptic current flow through these receptors is a positive, linear 
function of membrane voltage (i.e., less inward current flows as the mem- 
brane is depolarized). In contrast, NMDA receptor activation can induce a 
region of negative-slope conductance in the neuron's I-V relation (Flatman 
et al. 1986). This is due to the fact that at relatively hyperpolarized voltages, 
NMDA-activated receptors are blocked by magnesium, and this block is 
relieved by depolarization (Ascher and Nowak 1988; Mayer and Westhrook 
1987). 

In addition to the direct gating of ion channels by ionotropic receptors, 
the activation of metabotropic receptors can alter the properties of ion 
channels indirectly through membrane-bound guanosine triphosphate 
binding proteins (G-proteins) or second-messenger systems activated by G- 
proteins (rev. in HiUe 1992). A variety of transmitters have been shown to 
exert such neuromodulatory effects on motoneuron properties. The next 
two sections will review the alterations in motoneuron properties produced 
by activation of ionotropic NMDA receptors, followed by a review of the 
effects produced by metabotropic receptors activated by common neuro- 
modulatory agents including achetylcholine, glutamate, noradrenaline, 
serotonin, substance P and thyrotropin releasing factor (TRH). 

3.5.1 
NMDA-Receptor Mediated Effects on Motoneurons 

The effects of NMDA on motoneuron behavior have been studied exten- 
sively with in vitro preparations, in which rhythmic motoneuron discharge 
or rhythmic oscillations in membrane potential can be induced by bath 
application of NMDA (e.g., (Guertin and Hounsgaard 1998a; Hochman et al. 
1994; Wallen and Grillner 1987). These behaviors arise in part from intrinsic 
oscillatory membrane properties in motoneurons, since NMDA-induced 
membrane oscillations occur in motoneurons in the presence of TTX 
(Guertin and Hounsgaard 1998b; Hochman et al. 1994; Wallen and Grillner 
1987). As mentioned above, the voltage-dependence of the excitatory cur- 
rent through NMDA-activated channels acts like certain intrinsic voltage- 
dependent inward conductances by inducing a region of negative-slope 
conductance in a neuron's I-V relation (Flat.man et al. 1986; Kim and Chan- 
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dier 1995; Wallen and GriUner 1987). Further, NMDA-activated channels are 
permeable to calcium as well as sodium (Mayer and Westbrook 1987), and 
calcium entry can activate a calcium-dependent potassium conductance 
(Wallen and GriUner 1987). The alternation between depolarization and 
calcium entry via NMDA channels and hyperpolarization by calcium- 
activated potassium channels is thought to underlie NMDA-induced mem- 
brane potential oscillations in lamprey motoneurons, since replacement of 
external calcium with barium eliminates them (Wallen and Grillner 1987). In 
turtle motoneurons, depolarization and calcium entry through L-type cal- 
cium channels also contributes to NMDA-induced oscillations, since these 
are blocked by application of L-type calcium channel antagonists (Guertin 
and Hounsgaard 1998b). 

The effects of NMDA receptor activation on the behavior of adult mam- 
malian motoneurons is less well understood, in part because most of the in 
vitro studies of NMDA-induced rhythmic behavior have employed neonatal 
or immature animals (e.g. Cazalets et al. 1992; Hochman and Schmidt 1998; 
Smith and Feldman 1987; see however, Kim and Chandler 1995), and the 
expression of NMDA receptors in motoneurons may change during devel- 
opment (Hori and Kanda 1996; Kalb et al. 1992; Palecek et al. 1999; Turman 
et al. 1999). For example, the monosynapfic Ia input is probably not medi- 
ated by NMDA receptors in the adult cat spinal cord (Miller et al. 1997), 
although there is evidence for NMDA-receptor involvement in neonates (see 
below). Nonetheless, NMDA receptor activation is likely to be important in 
the generation of rhythmic motoneuron activity in the intact adult nervous 
system, since extracellular iontophoresis of NMDA can induce oscillations 
in adult motoneurons (Durand 1991, 1993), and rhythmic motoneuron ac- 
tivity recorded in adult mammals in vivo can be disrupted by NMDA an- 
tagonists (Bohmer et al. 1991; Chitravanshi and Sapru 1996; Katakura and 
Chandler 1990). 

Activation of NMDA receptors in motoneurons is not likely to be limited 
to situations in which rhythmic discharge is elicited, but may be a more 
common feature of excitatory synaptic control of motoneuron activity. The 
monosynapfic excitatory connection from Ia afferents to spinal motoneu- 
rons is partially mediated by NMDA receptors in neonatal animals (Pinco 
and Lev-Tov 1993; Ziskind-Conhaim 1990), and NMDA and non-NMDA 
receptors are co-localized in neonatal rat hypoglossal motoneurons (O'Brien 
et al. 1997). Monosynapfic EPSPs evoked in adult guinea pig trigeminal 
motoneurons have also been shown to be composed of both an NMDA and a 
non-NMDA component (Trueblood et al. 1996). As in other neurons 
(McBain and Mayer 1994), the non-NMDA component has a slower time 
course, which together with its voltage-dependence could act to enhance 
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temporal summation of excitatory inputs (Trueblood et al. 1996). Activation 
of both NMDA and non-NMDA receptors could reduce the voltage- 
dependence of the total synaptic current, since the depolarization-induced 
decrease in synaptic current through non-NMDA receptor channels would 
be counteracted by increased flow through NMDA-activated channels (Cook 
and Johnston 1999). 

3.5.2 
Effects of Metabotropic Receptor Activation on Motoneurons 

Both the subthreshold and suprathreshold behavior of motoneurons can be 
influenced by a variety of neuromodulators. As mentioned earlier (section 
3.1), motoneurons in both the spinal cord and brainstem are densely inner- 
vated by both noradrenergic and serotonergic terminals. The serotonergic 
terminals often contain the peptides thyrotropin-releasing hormone (TRH) 
and substance P (Arvidsson et al. 1990) as well. Although the effects of these 
various substances on motoneuron behavior have been assessed in vivo by 
using extracellular iontophoresis (rev. in White et al. 1996), their mecha- 
nisms of action have been more fully explored in a variety of in vitro prepa- 
rations. However, as mentioned earlier, the in vitro preparations often util- 
ize immature animals, and since both the intrinsic properties of motoneu- 
rons and the projections of presynaptic neuromodulatory fibers undergo 
significant changes during the early postnatal period (e.g. Bayliss et al. 1994; 
Nunez-Abades and Cameron 1995; Nunez-Abades et al. 1993; Viana et al. 
1995; Ziskind-Conhaim et al. 1993), the results of many of these studies may 
not apply to adult motoneurons. Moreover, both the magnitude and type of 
effects produced by a particular neuromodulator can vary between different 
species and different motoneuron populations in the same species (see be- 
low). 

The most extensively documented action of metabotropic receptor acti- 
vation on the subthreshold behavior of vertebrate motoneurons is a reduc- 
tion of the resting, barium-sensitive, potassium leak conductance (GKr,~,). 
Reductions in the resting leak conductance of motoneurons have been re- 
ported following the application of the following agents: the metabotropic 
glutamate receptor agonist (1S,3R)-l-amino-l,3-cyclopentane-dicarboxylic 
acid ((1S, 3R)-ACPD; Del Negro and Chandler 1998; Dong and Feldman 
1999; Svirskis and Hounsgaard 1998), substance P (Fisher and Nistri 1993), 
muscarine (Svirskis and Hounsgaard 1998), thyrotropin-releasing hormone 
(TRH; Bayliss et al. 1992; Fisher and Nistri 1993; Relding 1990), norepineph- 
rine (NE; Elliott and Wallis 1992; Larkman and Kelly 1992; Parkis et al. 
1995), and serotonin (Elliott and Wallis 1992; Hsiao et al. 1997; Inoue et al. 
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1999; Larkman and Kelly 1992; Lindsay and Feldman 1993). The reductions 
in G~8, are associated with membrane depolarization under current clamp 
conditions, and together these effects reduce the amount of synaptic or in- 
jected current required to produce motoneuron discharge (e.g., Bayliss et al. 
1992; Parkis et al. 1995; Hsiao et al. 1997). The reduction of the resting po- 
tassium conductance by serotonin may also depend on blockade of an in- 
wardly rectifying potassium current (Larkman and Kelly 1998). In addition, 
in some cases metabotropic agonists can also depolarize motoneurons via a 
barium-insensitive inward current carried predominantly by sodium ions 
(Bayliss et al. 1992; Hsiao et al. 1997; Parkis et al. 1995). Finally, serotonin 
can enhance the hyperpolarization-activated inward conductance (C~) in 
both adult and neonatal mammalian motoneurons (Takahashi 1990; Lark- 
man and Kelly 1992; Hsiao et al. 1997). The enhancement of the current 
mediated by Gh (Ih) may be associated either with depolarizing shift in its 
half-activation voltage (Larkman and Kelly 1992), or an increase in maximal 
conductance (Hsiao et al. 1997), leading to an increase in the resting level of 
Ih with a consequent membrane depolarization (Larkman and Kelly 1992). 

Serotonin can also produce a decrease in the amplitude of the medium 
duration afterhyperpolarization (mAHP) in motoneurons of a number of 
different species (Bayliss et al. 1995; Berger et al. 1992; Hsiao et al. 1997; 
Inoue et al. 1999; Kiehn and Harris-Warrick 1992; Wallen et al. 1989; White 
and Fung 1989; Wu et al. 1991). In neonatal rat hypoglossal motoneurons, 
this effect of serotonin appears to result from inhibition of the calcium 
channels responsible for activation of the calcium-activated potassium con- 
ductance underlying the mAHP (Bayliss et al. 1995). The effects of serotonin 
on the mAHP vary with developmental stage, species and the particular 
motoneuron population. For example, the serotonin-induced reduction of 
the mAHP in rat hypoglossal motoneurons disappears after postnatal day 
20, and this phenomenon appears to be due to reduced expression of the 5- 
HT1A receptors responsible for the effect (Talley et al. 1997). In juvenile 
guinea pig trigeminal motoneurons, concentrations of serotonin as low as 
10 ~M produce a significant reduction in the mAHP (Hsiao et al. 1997), 
whereas much higher concentrations of serotonin or an increase in external 
calcium are required to produce similar effects in rat trigeminal motoneu- 
rons (Inoue et al. 1999). It is possible that these species differences also re- 
flect a difference in receptor expression. 

The net effect of a given metabotropic agent on motoneuron input- 
output behavior reflects the combined effects of the increase in input resis- 
tance, membrane depolarization, and the reduction of the mAHP. In addi- 
tion, acetylcholine (Bellingham and Berger 1996; Jiang and Dun 1986), glu- 
tamate (Del Negro and Chandler 1998; Dong and Feldman 1999) and sero~ 
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tonin (Elliott and Wallis 1992; Lindsay and Feldman 1993; Ziskind-Conhaim 
et al. 1993) have all been shown to reduce excitatory synaptic transmission 
via a presgnaptic mechanism. The increase in input resistance and mem- 
brane depolarization reduce the amount of injected or synaptic current 
needed to produce repetitive discharge leading to a leftward shift in the 
frequency-current relation (e.g., Inoue et al. 1999; Lindsay and Feldman 
1993; Parkis et al. 1995). When the mAHP is significantly reduced, there is 
an increase in the slope of the f-I relation (Bayliss et al. 1995; Berger et al. 
1992; Hounsgaard and Kiehn 1989; Hsiao et al. 1997; Inoue et al. 1999; Parkis 
et al. 1995). 

The reduction of resting conductances and calcium-activated potassium 
conductances described above may act in concert with an enhancement of 
persistent inward currents (Hsiao et al. 1998; Svirskis and Hounsgaard 1998) 
to produce (Hsiao et al. 1998) or accentuate (Lee and Heckman 1999a) a 
region of negative slope resistance in the steady-state I-V relation. As previ- 
ously discussed, this type of I-V relation can produce two stable membrane 
potentials: one near the resting potential and one at a more depolarized 
level. Under current clamp conditions, if the motoneuron is depolarized 
sufficiently to bring the membrane potential into the region over which the 
slope of the I-V relation is negative, then the membrane potential will 
gravitate toward the more depolarized stable state. If action potentials are 
blocked, this regenerative depolarization leads to a plateau potential (cf. 
Hultborn and Kiehn 1992; Kiehn 1991; Kiehn and Eken 1998). When action 
potentials are not blocked, the initiation of a plateau potential can either 
produce a sustained jump in discharge rate ff the motoneuron is already 
firing (bistable firing) or lead to sustained firing ff the motoneuron is ini- 
tially quiescent (self-sustained firing; Kiehn and Eken 1998). If the voltage 
threshold for plateau initiation is higher than the threshold for action po- 
tential initiation, then bistable firing would be expected, whereas if the pla- 
teau is initiated at less depolarized voltages then self-sustained firing will 
occur (Kiehn and Eken 1998). 

The relative prevalence of bistable and self-sustained firing is likely to 
depend upon a number of factors, including the level of activity in brainstem 
neurons with monoaminergic projections to motoneurons, the source of 
depolarizing current, and motoneuron type. The activity of brainstem neu- 
rons with descending serotonergic projections suggests that these neurons 
facilitate motor output in both postural and rhythmic tasks (]acobs and 
Fornal 1993). In contrast, noradrenergic cells in the locus coeruleus of the 
cat fire at the highest frequencies under stressful conditions (Levine et al. 
1990). The original descriptions of bistable discharge behavior in mammal- 
ian motoneurons were obtained in the decerebrate cat (Hounsgaard et al. 
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1984), and this behavior is thought to depend upon tonic activity in brain- 
stem neurons with monaminergic projections to the spinal cord, since it is 
abolished by spinalization but reinstated by the adminstration of seroton- 
ergic or noradrenergic precursors to spinalized animals (Conway et al. 1988; 
Hounsgaard et al. 1988). 

Recent evidence suggests that excitation of motoneurons by synaptic in- 
put (as opposed to somatically-injected current) lowers the somatic voltage 
threshold for plateau potentials (Bennett et al. 1998b), consistent with a 
dendritic location for the channels responsible for the plateau (section 
3.3.3). This drop in "plateau threshold" favors self-sustained discharge as 
opposed to bistable discharge, i.e., the production of sustained discharge in 
an initially quiescent motoneuron by a transient excitatory input rather than 
a sustained change in discharge rate in a tonically discharging cell. This 
finding may explain the fact that although bistable discharge behavior can 
be produced by current injection (e.g., Conway et al. 1988; Hounsgaard et al. 
1984; Hounsgaard et al. 1988; Hounsgaard and Kiehn 1989)), it is much rarer 
during natural synaptic activation of motoneurons (Eken 1998; Eken and 
Kiehn 1989; Kiehn and Eken 1997). In contrast, there have been several re- 
cent reports of self-sustained firing during quiet standing and slow locomo- 
tion in rats (Eken 1998; Gorassini et al. 1999), and during weak isometric 
contractions in humans (Gorassini et al. 1998; Kiehn and Eken 1997). 

The clearest examples of self-sustained firing come from paired motor 
unit recordings showing that a transient synaptic input can recruit a previ- 
ously silent motor unit into tonic activity without producing a sustained 
change in firing rate in a previously active motor unit (Gorassini et al. 1998; 
Kiehn and Eken 1997). Figure 15A (taken from Fig. 1A of Gorassini et al 
1998) illustrates an example of this phenomenon. The subject produced a 
weak isometric contraction of the tibialis anterior (TA) muscle, producing 
about 3% of the force of a maximal voluntary contraction (top trace), and a 
steady-discharge rate in the 'control' motor unit of about 10 imp/s (bottom 
trace). A transient Ia excitatory input was then produced by vibration of the 
TA tendon. This input recruited a second motor unit (unit #2, third trace) 
and produced a transient increase in the discharge of the 'control' unit. Fol- 
lowing the cessation of vibration, the firing rate of the 'control' unit returned 
to its pre-vibration level, and yet the newly recruited unit continued to dis- 
charge. 

Figure 15B and C show two other types of motor unit behavior attributed 
to plateau activation. Figure 15B (taken from Fig. 4 of Kiehn and Eken 1997) 
shows the behavior of three simultaneously recorded motor units during a 
voluntary isometric ramp contraction of the human TA muscle. In all three 
motor units, the discharge rates increase abruptly shortly after recruitment 
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but then vary relatively little during the subsequent increase in muscle force. 
This nonlinear behavior, which has also been reported during ramp con- 
tractions in other muscles (e.g., De Luca et al. 1982), is consistent with the 
activation of a plateau near the recruitment threshold of a motor unit. Fi- 
nally, Fig. 15C (taken from Fig 2. of Eken 1998) shows rectified gross EMG 
activity of the rat soleus muscle (top trace), together with the activity of 
several different motor units (bottom two traces) obtained during a pro- 
longed period of quiet standing. The expanded records of motor units activ- 
ity (bottom traces) shows that each segment of tonic activity featured two or 
three motor units firing at similar and stable frequencies, and that different 
sets of units were active in different segments. The classical view of motor 
unit recruitment via the 'size principle' (section 2.1) would predict that units 
that are active at the lowest levels of motoneuron pool activity (segment 4) 
should continue to discharge at higher activation levels. Instead, the activity 
appears to 'cycle' between different sets of motor units over time, and this 
phenomenon has been attributed to the onset and offset of plateaus in motor 
units with similar recruitment thresholds (Eken 1998). 

The functional role of plateau potentials in normal motor unit behavior is 
not yet clear. It has been suggested that plateau activation and its control by 
activity in descending monoaminergic systems is important during pro- 
longed, low-level tonic activity (Kiehn and Eken 1998). The recent demon- 
stration that selective depletion of spinal monoamines (Kiehn et aL 1996) 
results in a dramatic decrease in the tonic activity of soleus supports this 
view. It has also been suggested that the increase in membrane conductance 
during plateau activation could uncouple spike generation from the vari- 
ability in synaptic input (Kiehn and Eken 1998), thus reducing firing rate 
variability. However, this increase in membrane conductance could also 
limit the amount of synaptic current that can be delivered to the spike gen- 
erating conductances, making it difficult to achieve maximal rates of dis- 
charge (see section 4.1). 

Metabotropic receptor control of plateau activation may also act to sup- 
port rhythmic patterns of motoneuron activation. During fictive locomotion 
in the decerebrate cat, AHPs are reduced and alterations in discharge behav- 
ior occur that are consistent with the predominance of an active, inward 
current (Brownstone et al. 1992). It is possible that the combined activation 
of serotonin and NMDA receptors facilitate rhythmic oscillations in moto- 
neuron discharge rate. Modeling work (Brodin et al. 1991; Ekeberg et al. 
1991; Wallen et al. 1992) suggests that rhythmic oscillations in lamprey neu- 
rons during fictive locomotion depend upon calcium entry through NMDA 
channels and the consequent activation of GKc0, and that serotonin affects 
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Fig. 15. Examples of motor unit discharge which may reflect the actions of plateau 
potentials. A. Self-sustained firing of a human tibialis anterior (TA) motor unit 
recruited by a brief vibration of the TA tendon. The top trace shows dorsiflexion 
torque, the next trace the raw extracellular record of the discharge of ~two motor 
units, and the bottom two traces the instantaneous frequency of each unit. Unit #2 is 
recruited by the vibration and continues to discharge after vibration offset even 
though the discharge rate of unit #1 returns to its pre-vibration level. (Modified 
from Fig. 1 of Gorassini et al. 1998) B. Firing behavior of three human TA units 
during isometric ramp contractions. Instantaneous discharge rate of the three units 
(upper), raw record of motor unit activity (middle) and dorsiflexion torque (lower 
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the frequency of oscillation through its effects on GKc~. It is not known 
whether similar mechanisms contribute to locomotion in higher vertebrates. 
Bath applied 5-HT facilitates NMDA-induced rhythmic oscillations in neo- 
natal rat spinal motoneurons (Schmidt et al. 1998), and fictive locomotion 
can be induced in spinal cats by the administration of noradrenergic precur- 
sors (Rossignol et al. 1998). In guinea pig trigeminal motoneurons, slow 
bursting can be induced in the presence of serotonin, and in these cells GKca 
also plays a role in burst termination (Del Negro et al. 1999). 

4 
Unresolved Issues Regarding Motoneuron 
Input-Output  Functions 

Although the past twenty years of work have produced considerable ad- 
vances in our understanding of the biophysical mechanisms governing mo- 
toneuron function, there are a number of unresolved issues. The following 
sections focus on three different aspects of motoneuron input-output prop- 
erties that are still not well understood: (1) the role of dendritic conduc- 
tances in governing the delivery of synaptic current to the soma, (2) the 
biophysical mechanisms responsible for spike-frequency adaptation, and (3) 
the relation between the magnitude and time course of synaptic current 
transients and their effects on discharge probability. 

4.1 
Integration of Concurrent Synaptic Inputs: 
Potential Contributions of Active Dendritic Conductances 

The amount of synaptic current transferred to the soma from a given set of 
activated synapses will be affected by concurrent transmitter release from 
other synapses due to changes in the driving force for synaptic current flow 
and to an increase in membrane conductance. Both of these influences are 
likely to lead to sub-linear summation of the currents produced by two sepa- 

trace). All three units showed an initial steep increase in discharge rate upon re- 
cruitment, followed by much slower increases in rate over the remainder of the 
ramp. (Modified from Fig. 4 of Kiehn and Eken 1997). C. Cycling of activity between 
different motor units in a rat soleus muscle during quiet standing. The top trace 
shows integrated rectified gross-EMG activity with four different tonic segments 
labeled. The middle traces show the unprocessed EMG signal underlying each of the 
four segments. The bottom trace shows parts of these records expanded in time to 
reveal the activity of distinct sets of motor units (labeled a-h). (Modified from Fig. 2 
of Eken and Kiehn 1989) 
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rate sets of synapses (Jack et al. 1975; Rail 1964, 1967). The magnitude of the 
difference between the summed effects of two inputs and their expected 
linear sum win depend both upon the relative proximity of the two sets of 
synapses (e.g., RaU 1964, 1967; Rall et al. 1967), and upon the extent to which 
the transfer of synaptic current to the soma is modified by voltage-sensitive 
dendritic conductances (Bernander et al. 1994; Clements et al. 1986). 

The vast majority of experimental and theoretical work on summation of 
synaptic inputs has concentrated on the effects of transient activation of a 
relatively small subset of the synaptic terminals on a particular neuron (e.g., 
Barrett and Crill 1974a; Burke 1967, Kuno and Miyahara 1969). Due to the 
high input resistance of the distal dendritic segments, even unitary synaptic 
potentials may produce a large decrease in driving force, leading to sub- 
linear summation of the voltage changes produced by two inputs (Barrett 
and Crill 1974a; Kuno and Miyahara 1969). However, when tens to hundreds 
of presynaptic fibers are activated, the widespread distribution of synaptic 
terminals on the dendritic tree may help isolate synapses from one another, 
thus minimizing nonlinear interactions. Indeed, measurements of summa- 
tion of monosynaptic Ia excitatory postsynaptic potentials (PSPs) in mam- 
malian motoneurons indicate that linear summation is often observed and 
departures from linearity are relatively small (i.e., generally less than 10%; 
Burke 1967). In contrast, physiological activation of neurons is achieved by 
repetitive discharge of thousands of presynaptic fibers. In passive dendrites, 
less-than-linear summation might be expected to be more common in the 
case of repetitive synaptic activation than for transient synaptic inputs for 
two reasons. First, the steady-state change in voltage produced at one syn- 
aptic site will decay less with distance than would a transient change in volt- 
age, leading to a larger change in driving force at other synaptic sites (Jack et 
al. 1975). Second, the steady-state increase in membrane conductance dur- 
ing synaptic activation will reduce the amount of current reaching the soma 
from more distal sites (Barrett 1975; Barrett and CriU 1974a; Jack et al. 1975). 

The presence of active dendritic conductances has been shown in other 
neurons to either exaggerate the sub-linear summation of synaptic inputs 
expected in passive dendrites (Urban and Barrionuevo 1998), to allow linear 
summation (Cash and Yuste 1998) or to mediate supra-linear summation 
(Wessel et al. 1999). The net effect of active conductances is likely to depend 
upon their distribution, voltage-sensitivity and kinetics as well as upon on 
the local voltage changes produced by the synaptic inputs (cf. Bernander et 
al. 1994; Cook and Johnston 1999). Unfortunately, as discussed above (see 
section 3.3.3), there is relatively little information about the nature and dis- 
tribution of active conductances on motoneuron dendrites. The next three 
sections will present some recent experimental work on summation of syn- 
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aptic inputs under conditions in which the effects of persistent inward den- 
dritic currents are either suppressed or enhanced, followed by some model- 
ing work on the relation between dendritic properties and the transfer of 
synaptic current to the soma. 

4.1.1 
Summation of Synaptic Inputs on 'Passive' Dendritic Tree 

A recent set of experimental findings concerning the summation of synaptic 
inputs was obtained in spinal motoneurons studied in intact, pentobarbital- 
anesthetized cats (Powers and Binder 2000). Under these conditions, there is 
likely to be little or no activity in descending monoaminergic fibers 
(Hultborn and Kiehn 1992), and as a result, the extracellular concentration 
of serotonin and noradrenaline will be very low. As discussed above, these 
substances normally act to favor the expression of persistent inward cur- 
rents, both by direct facilitating action and by suppressing leak and other 
potassium currents (see section 3.5.2). In addition, pentobarbital has re- 
cently been shown to direcdy suppress L-type calcium channels (Guertin 
and Hounsgaard 1999), which have been shown to contribute to the persis- 
tent inward current in turtle spinal motoneurons (Hounsgaard and Mintz 
1988) and guinea pig trigeminal motoneurons (Hsiao et al. 1998), and may 
also contribute in cat spinal motoneurons (Schwindt and Crill 1980a). The 
behavior of motoneuron dendrites in the anesthetized cat is thus likely to be 
dominated by their passive properties and by voltage-activated potassium 
conductances. 

Summation of synaptic inputs has been studied by comparing the steady- 
state synaptic current reaching the soma (effective synaptic current; IN, see 
section 3.2), during repetitive activation of different sets of presynaptic fi- 
bers (Powers and Binder 2000). As discussed earlier (section 3.2) and rise- 
where (e.g., Binder et al. 1993; 1996; Powers and Binder 1995), measure- 
ments of effective sFaaptic currents include an estimate of the effective syn- 
aptic current flowing at the resting potential (INr~,t), the change in input 
conductance produced by the synaptic input, and the effective synaptic cur- 
rent flowing at the threshold for repetitive discharge (IN~resh). This last 
quantity, together with the slope of the motoneuron's steady-state fre- 
quency-current relation (f/I) can be used to estimate the change in firing 
rate produced by a steady-state synaptic input (Powers and Binder 1995 and 
section 3.2). 

In general, when two different sets of afferent fibers are activated concur- 
rendy, the amplitude of both the total effective synaptic current and the 
change in motoneuron firing rate are generally equal to or slightly less than 
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the linear sum of the effects produced by activating each input alone. Figure 
16A (modified from Powers and Binder 2000) shows that the total effective 
synaptic current estimated at threshold (observed I~thresh) during concurrent 
activation of two different inputs was quite close to the linear sum of their 
individual effects (predicted linear sum). This general finding applied dur- 
ing activation of many different combinations of inputs (Ia afferents: Ia, 
descending rubrospinal fibers: RN, descending fibers from Dieter's nucleus: 
DN, descending pyramidal tract fibers: PT, cutaneous afferents from the 
sural nerve: SN, mixed afferents from the common peroneal nerve: CP). 
Even when synaptic activation produced a large (>20%) decrease in the 
input resistance of the cell (open symbols), summation of effective synaptic 
currents was close to linear. As expected from these results, Fig. 16B shows 
summation of synaptically-evoked changes in firing rate was also close to 
linear, although sublinear summation was more common (14 of 18 points 
fall below the line of identity). 

The near-llnear summation of synaptic currents and synaptically-evoked 
changes in firing rate described above may result from the fact that inputs 
used may still represent a relatively small fraction of the total input to mo- 
toneurons. The individual inputs generaUy produced effective synaptic cur- 
rents of • 10 nA, whereas synaptic inputs required to produce maximal out- 
put of the motoneuron pool may be up to an order of magnitude larger 
(Binder et al. 1996). Thus, a relatively sparse, widespread distribution of 
active synapses may help minimize nonlinear interactions even during re- 
petitive activation. Simulation results (Rose and Cushing 1999 and section 

Fig. 16. Summation of effective synaptic currents and firing rate modulation in cat 
triceps surae motoneurons. A. Effective synaptic current at threshold during concur- 
rent activation of two different inputs versus the linear sum of the currents pro- 
duced by each input alone. B. Changes in discharge rate produced by concurrent 
activation of two inputs versus the linear sum of the changes produced by each input 
alone. Open symbols refer to cases in which synaptic activation produced a greater 
than 20% decrease in the input resistance of the cell, whereas filled symbols refer to 
cases in which the synaptic input produced less than a 20% change in input resis- 
tance. Different symbol types refer to different sources of afferent input. Ia: primary 
muscle spindle afferents, CP: low and high threshold afferents in the mixed common 
peroneal nerve, SN: low and high threshold cutaneous afferents from the sural nerve, 
RN: descending fibers from the contralateral red nudeus, DN: descending fibers 
from the ipsilateral Dieter's nudeus, PT: descending fibers from the ipsilateral py- 
ramidal tract. The half-filled circles in B indicate two motoneurons in which the 
summation of Ia and gN effects on firing rate were measured, but their effects on 
membrane conductance were not. (Modified from Figs. 2 and 7 of Powers and 
Binder 2000) 
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4.1.3) suggest that nonlinear summation should be more profound at higher 
levels of presgnaptic activity. An alternative explanation for the near-linear 
summation observed above is that activation of dendritic conductances 
helps compensate for the changes in driving force and increased conduc- 
tance produced by concurrent activation of two sets of synapses (section 
4.1.2). 

4.1.2 
Summation of Synaptic Inputs with "Active" Dendrites 

A number of lines of evidence suggest that even in the absence of significant 
metabotropic receptor activation, motoneuron dendrites do not behave as 
passive structures. The steady-state I-V relations obtained in motoneurons 
recorded in anesthetized animals can be N-shaped, reflecting the activation 
of a persistent inward current (Schwindt and Crill 1977). As argued earlier 
(section 3.3.3), the I-V relation measured during somatic voltage damp is 
likely to reflect activation of inward currents on the dendrites. The net in- 
ward current measured at the soma is enhanced by procedures that suppress 
outward currents (Schwindt and Crill 1980a-c), and this effect may also arise 
from modification of dendritic channds. This view is supported by the 
finding that Ia EPSPs in cat spinal motoneurons increase in amplitude and 
duration when K + channels are blocked with internal TEA (Clements et al. 
1986). Finally, depolarization of the dendrites of turtle motoneurons leads to 
Ca 2§ -mediated spikes and plateau potentials when external K + blockers are 
applied (Hounsgaard and Kiehn 1993). These results can be replicated in a 
model with both calcium and calcium-activated potassium conductances on 
the dendritic compartment (Booth et al. 1997). 

It has recently been demonstrated that plateau potentials can be pro- 
duced in spinal motoneurons recorded in intact, pentobarbital-anesthetized 
cats following internal blockade of potassium channels (Powers and Binder 
2000). These potentials generally decayed within a few hundred ms following 
the end of current injection, except in a few cases in cells impaled with elec- 
trodes containing 3M cesium. Figure 17A (taken from Fig. 9B of Powers and 
Binder 2000) shows examples of plateau potentials evoked by somatically- 
injected current after impalement with a microelelectrode containing ce- 
sium and QX-314 to block action potentials. The initial voltage iesponse to 
the current step (1) declined back to the resting potential within about 0.5 s 
following the offset of the current. Six minutes later the voltage response to 
the same injected current step (2) remained at a depolarized level for over 
15 s following the offset of the current step, and the subsequent response (3) 
exhibited a voltage plateau lasting more than 30 s following current offset. 
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Fig. 17. Plateau potentials in cat triceps surae motoneurons impaled with electrodes 
containing potassium channel blockers. A. Long-lasting plateau potentials evoked 
by successive injections of a 2.5 s 8.9 nA step of current obtained from 33-39 min- 
utes following impalement with an electrode containing 3M CsCl. B. In the same cell, 
the same stimulus applied 2.5 minutes later evokes a stable plateau that is only ter- 
minated following a hyperpolarizing current pulse. (A and B modified from Fig. 9B 
of Powers and Binder 2000) C. Voltage-dependent amplification of excitatory syn- 
aptic input in a motoneuron impaled with an electrode containing 1M TEA-CI. The 
top traces show the voltage response to a series of 1 s injected current steps of differ- 
ent amplitude (bottom traces) in combination with musde vibration. The amplitude 
of the steady-state depolarization produced by vibration (AV,) dearly depends upon 
the background level of membrane potential. At depolarized levels plateau poten- 
tials are initiated (arrows). D. Relation between AV, and the background membrane 
potential. (C and D modified from Fig. 8A and C of Powcrs and Binder 2000) 

Figure 17B shows the response to the same stimulus obtained 2.5 min later, 
and in this case the voltage plateau could be terminated only by applying a 
hyperpolarizing current step. This stable plateau state indicates that potas- 
sium currents have been sufficiently blocked to lead to a region of net in- 
ward current in the cell's steady-state current-voltage (I-V) relation 
(Schwindt and Crill 1980c). 

Even when potassium channels were not sufficiently blocked to produce 
stable plateau potentials, the change in motoneuron properties led to a volt- 
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age-dependent amplification of synaptic input. Figure 17C (taken from Fig. 
8A of Powers and Binder 2000) illustrates the steady-state synaptic poten- 
tials produced by repetitive activation of Ia afferents (via vibration of the 
triceps surae musde) at three different levels of somatic membrane potential 
(produced by different amounts of injected current - lower traces). When 
the membrane is hyperpolarized relative to the resting potential (lower volt- 
age trace), the amplitude of the synaptic potential (AV,) is about 5 mY. The 
amplitude is clearly increased when Ia activation is superimposed upon the 
depolarization produced by a +6 nA injected current step (middle voltage 
trace). The initial response to the Ia input (right horizontal arrow) is similar 
in amplitude to that seen at the hyperpolarized membrane potential. This is 
followed by a further depolarization that leads to a total change in voltage 
that is nearly twice that seen at the h)rperpolarized membrane potential. A 
further increase in the magnitude of depolarizing injected current leads to 
amplification prior to the onset of muscle vibration (left horizontal arrow). 
The additional depolarization produced by Ia input is quite small in this 
case. The membrane potential thus appears to be clamped at a more depo- 
larized level, as previously reported for plateau potentials obtained in the 
decerebrate cat preparation (Hounsgaard et al. I984; Hounsgaard et al. 
i988). 

The steady-state amplitude of the Ia synaptic potential exhibited a steep 
dependence upon membrane potential, first increasing as the membrane 
was depolarized from the resting potential and then decreasing sharply once 
a critical level of depolarization was reached. The resting potential often 
became more depolarized over time, and this may have reflected increasing 
block of a resting potassium conductance (cf. Campbell and Rose 1997). 
Figure 17D illustrates this relation for the same motoneuron. The fdled cir- 
cles represent synaptic potentials recorded from 11-16 minutes after im- 
palement, when the resting membrane potential remained fairly stable (-61.2 
to -60.7 mV), and the open circles represent data taken over a wider range of 
resting potentials. The peak amplitude of the steady-state synaptic depolari- 
zation was 10.6 mV, which was 2.8 times greater than the mean amplitude 
recorded at hyperpolarized membrane potentials. This amount of amplifi- 
cation was typical for the sample of motoneurons studied with internal po- 
tassium channd blockers (range 1.6-7.3 times control value, mean = 2.8 • 
1.8, n=10). The synaptic current flowing during maximum amplification 
could be calculated by dividing the steady-state synaptic potential amplitude 
by estimated input resistance of the motoneuron during synaptic activation. 
This estimated value ranged from 0.6-5.1 (mean 2.3 • 1.5) times greater than 
the sgnaptic current estimated at the resting potential. 
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The pattern of voltage-dependent amplification illustrated in Fig. 17D 
suggests that summation of sgnaptic potentials can range from sub-linear to 
supra-linear, depending upon the background membrane voltage. Over the 
range in which the relation between background membrane potential and 
AVs is flat, the depolarization produced by one excitatory input will not 
affect that produced by another, and summation will be linear. Over the 
range in which the slope of the relation is increasing, supra-linear summa- 
tion might be expected, whereas a decreased slope will be associated with 
sub-linear summation. Thus for the relation illustrated in Fig. 17D, the 
combined depolarization produced by two excitatory synaptic potentials 
might be near the linear sum of their individual effects at hyperpolarized 
membrane potentials, greater-than-linear at slightly more depolarized po- 
tentials and less-than-linear at potentials more depolarized than about 
-50 inV. 

The modification of channel properties by internal potassium channel 
blockers and QX-314 is likely to be very different from that produced by 
physiological activation of metabotropic receptors. Internal TEA and Cs are 
relatively non-selective for different potassium channel types (HiUe 1992), 
and QX-314, in addition to blocking sodium channels, also blocks calcium 
channels (Talbot and Sayer 1996) and the channels mediating Ih (Perkins 
and Wong 1995). However, activation of metabotropic receptors by 
monoamines has been shown to reduce calcium-activated potassium con- 
ductances, a resting potassium leak conductance, and a hyperpolarization- 
activated mixed-cation conductance in a variety of types of motoneurons 
(see section 3.33). Further, serotonergic terminals have also recently been 
shown to be localized primarily on motoneuron dendrites (Alvarez et al. 
1998). Thus, the effects of neuromodulators may be largely mediated by 
their action on dendritic potassium and mixed-cation conductances. For this 
reason, it is not surprising that the effects of internally-applied potassium 
channel blockers on motoneuron behavior seen here are qualitatively simi- 
lar to those of neuromodulators. Recent somatic voltage-clamp data ob- 
tained in spinal motoneurons of decerebrate cats show a voltage-dependent 
amplification of Ia synaptic currents similar to that shown for Ia synaptic 
potentials in Pig. 17D (cf. Fig. 3 in Lee and Heckman 2000). In both cases, 
there is voltage-dependent amplification of synaptic input starting at volt- 
ages slightly depolarized to the resting potential. Quantitative differences 
may arise due to the different spatial distributions of the modulation of 
channel behavior: potassium channel blockers diffusing from the somatic 
site of electrode impalement should have the most marked effect on proxi- 
mally located channels, whereas the widespread distribution of serotonergic 
terminals (Alvarez et al. 1998) suggests that exogenous neuromodulators 
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may exert more spatially-uniform effects on dendritic channels. Further, 
neuromodulators have been shown in some cases to directly enhance the 
persistent inward current (Hsiao et al. 1998; Svirskis and Hounsgaard 1998), 
whereas QX-314 reduces the magnitude of this current (Lee and Heckman 
1999b). 

In spite of the unphysiological nature of internal channel blockade, it is 
likely that even under more physiological conditions the summation of srn- 
aptic currents and their effects on motoneuron firing rate will depend upon 
the state of active dendritic conductances. However, the presence of these 
conductances does not necessarily preclude a simple prediction of the ef- 
fects of synaptic inputs on firing rate. Our prediction of the effects of synap- 
tic current on firing rate (Powers and Binder 1995) is based on an estimate 
of the effective synaptic current flowing during repetitive discharge (Isle,h). 
In dendrites with significant voltage-activated inward currents, IN,~,,h will be 
greater than the current measured at the resting potential (IN,e,t). Nonethe- 
less, the predicted change in firing rate (AF) produced by this amplified 
current is still the product of INth,r and f/I, and this prediction has been 
recently shown to hold for neocortical pyramidal cells, even though persis- 
tent inward currents on the dendrites amplify the effective synaptic current 
in a voltage-dependent manner (Schwindt and Crill 1996). 

The effects of amplification of synaptic currents may depend both on the 
strength of the synaptic input and on the voltage range over which the per- 
sistent, inward dendritic currents are activated (Lipowsky et al. 1996). If the 
dendritic voltages reached during combined synaptic activation and repeti- 
tive discharge already lead to near maximal activation of these inward cur- 
rents, then further changes in depolarization associated with increasing 
firing rates may not lead to any further amplification. In contrast, if individ- 
ual excitatory synaptic inputs produce a level of dendritic depolarization 
that is subthreshold for activation of a persistent inward current, but in 
combination produce a suprathreshold depolarization, then their combined 
effective synaptic current and effects on firing rate will be greater than the 
linear sum of their individual effects. 

Recent work on the effects of synaptic input on motoneuron firing rate 
(Prather et al., 2000) suggests that in the decerebrate cat, synaptic currents 
are amplified by an intrinsic mechanism, and yet amplified currents from 
two different sets of afferents exhibit linear summation. This surprising 
result is difficult to reconcile with the presence of dendritic plateau poten- 
tials produced by activation of a persistent inward current. If the combina- 
tion of synaptic and voltage-activated inward current is of sufficient magni- 
tude to produce a dendritic plateau potential, this high conductance state 
could shunt other synaptic inputs, leading to less-than-linear summation 
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(Kiehn and Eken 1998; Oaldey et al. 1999). The linearity of current summa- 
tion observed in the presence of amplification suggests that synaptic inte- 
gration processes are undisturbed by the activation of intrinsic inward cur- 
rents (cf. Binder et al. 1993). The simulation results described in the next 
section suggest that the activation of dendritic inward currents should be 
able to amplify synaptic currents only when the level of excitatory input to a 
motoneuron is low, and that saturation and less-than-linear summation is 
expected to occur at higher input levels. 

4.1.3 
Computer Simulations of the Transfer of Synaptic Current 
from Dendrites to Soma 

The high input resistance of distal dendritic branches (Rail and Rinzel 1973) 
suggests that even modest levels of excitatory input should produce large 
local depolarizations of the dendritic membrane. Previous simulation work 
suggested that the depolarization produced by even a single synaptic input 
onto a distal branch results in a significant decrease in the driving force for 
synaptic current flow (Barrett and CriU 1974a; Ulrich et al. 1994), leading to 
less-than-linear summation of the synaptic potentials produced by two syn- 
apses activated on the same branch (Barrett and Crill 1974a). However, there 
has been relatively little quantitative analysis of the effects of these types of 
interactions on the ability of branched dendritic trees to deliver synaptic 
current to the soma during activation of large numbers of synapses 
(Korogod and Kulagina 1998; Rose and Cushing 1999). In a recent simula- 
tion study, compartmental models of three anatomically-reconstructed cat 
cervical motoneurons were used to estimate the synaptic current delivered 
to the soma during different levels of activation of excitatory synapses (Rose 
and Cushing 1999). The synaptic conductance change (g,~,) produced in a 
given compartment by repetitive activity in a group of presynaptic afferents 
was calculated according to equation 13: 

g.y. = gp~a, ~ exp(1) ~ tp.~ * n * f* P (13) 

The product (gpeak * exp(1) * t~,k ) represents the area under a quantal 
synaptic conductance change, where gp~,k and tp,,k are the peak conductance 
and time to peak conductance, respectively (Finkel and Redman 1983). The 
number of synaptic boutons on a given compartment (n) was estimated 
from published anatomical data on synaptic density (Rose and Neuber 
1991), the firing frequency (f) was assumed to be the same for all active in- 
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Fig. 18. Effects of active dendritic conductances on the behavior of a multi- 
compartmental motoneuron model. Model consisted of a cylindrical soma (length = 
diameter = 50 I~m) connected to six identical dendritic trees. The dendritic tree was 
based on the published reconstruction of the dendritic tree of a cat triceps surae type 
FR motoneuron (motoneuron 42/4, dendrite E in Fleshman et al. 1988). The total 
surface area of the model was 644,766 ~m 2, which is near the top end of the range 
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puts, and each terminal was assumed to release transmitter with an average 
probability P of 0+5 (Redman and Walmsley 1983a). When different propor- 
tions of the total number of  excitatory synapses were activated at 100 imp/s, 
the total current delivered to the soma increased in a less-than-linear fash- 
ion with increasing excitatory input, and even maximal activation resulted 
in much less current than is typically needed to produce maximal firing 
rates. A qualitatively similar result was obtained in all three motoneuron 
models and was not appreciably changed by changing specific membrane 
resistivity between 6,000 and 60,000 [2cm z. 

These simulation results suggest that passive motoneuron dendrites may 
be incapable of generating sufficient current to produce the firing rates re- 
quired to fuUy activate the innervated muscle. It is possible that the 'missing' 
current may be generated by activation of persistent inward current on the 
dendrites. To examine this possibility, we constructed a compartmental 
motoneuron model consisting of a soma with six identical dendritic 
branching trees attached to it. The structure of each tree was derived from 
the published description of reconstructed dendritic tree from a type FR cat 
triceps surae motoneuron (Cell 42/4, Dendrite E from Fig. 6 of Fleshman et 
al. 1988). In order to estimate the average effective synaptic current flowing 
during repetitive discharge the soma membrane potential was clamped at 
-50 mV, which represents a typical average value during repetitive discharge 
in cat spinal motoneurons (cf. Schwindt and Grill 1982). Repetitive activa- 
tion of excitatory afferents was simulated according to equation 13. Using a 
peak quantal conductance change of 5 nS and a time to peak of 0.2 ms 
(Finkel and Redman 1983), a release probability of 0.5 and a excitatory syn- 
aptic density of 5 boutons per 100 pm 2 (e.g., Brannstrom 1993; Bras et al. 
1987), repetitive discharge in all of the excitatory inputs at a rate of 10 imp/s 
produces a synaptic conductance change of 6.75 * 10 s S/cm 2. 

Figure 18A shows the somatic voltage clamp current obtained in a model 
motoneuron with passive dendrites in response to a voltage command step 
from -70 to -50 mV, followed by  the onset of a steady synaptic conductance 
of 1.69 * 10 -7 S/cm 2 applied to the entire dendritic surface (corresponding to 

reported for cat triceps surae motoneurons in Cullheim et al. 1987a. The q~t2oplasmic 
resistivity was 70 f~cm, the specific membrane capacitance was 1 I~F/cm and the 
specific membrane resistivity was 225 f~cm 2 in the soma and 11000 ~cm 2 elsewhere. 
A. Voltage clamp current recorded during a somatic voltage clamp command from 
-70 to -50 inV. Excitatory synaptic input was applied to the dendrites during the 
time indicated by the bar. B. Somatic voltage and voltages on different parts of the 
dendritic tree at the specified distances from the soma. C and D, Same as A and B, 
except that a smaller excitatory input was applied to a model with active dendrites. 
See text for further details 
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a discharge rate of 25 imp/s in all of the excitatory terminals). The effective 
synaptic current (i.e., clamp current at the soma) was 15.5 hA, which would 
be slightly suprathreshold for repetitive discharge in a typical cat triceps 
surae type FR motoneuron (Kernell and Monster 1981). However, further 
increases in excitation produce relatively small increments in effective syn- 
aptic current, because as shown in Fig. 18B, the dendritic membrane poten- 
tial is relatively close to the excitatory equilibrium potential, particularly in 
the distal dendrites. 

Figure 18C and D illustrate the behavior of a model with active dendrites. 
Voltage-sensitive conductances mediating inward and outward currents 
were inserted uniformly on the dendritic membrane, and the voltage- 
activation curves and maximal conductances were adjusted to reproduce 
typical steady-state I-V curves as measured during a somatic voltage clamp 
(see below). Much lower levels of excitatory input are required to deliver a 
suprathreshold current to the soma because the depolarization produced by 
the synaptic input is sufficient to initiate dendritic plateau potentials (Fig. 
18D). However, the large dendritic depolarizations and the high conduc- 
tance during the plateau potentials makes further increments in excitatory 
input relatively ineffective. 

The limited current delivering capacity of active dendrites was relatively 
independent of the spatial distribution of the conductances mediating in- 
ward and outward currents, provided that the somatic voltage-damp behav- 
ior was similar. Figure 19A shows voltage-clamp currents obtained during a 
slow voltage ramp in the different models. The overall shapes of the func- 
tions are similar to those reported for spinal motoneurons recorded in the 
decerebrate cat (Lee and Heckman 1999a). In different models, the spatial 
distribution of the conductances mediating the voltage-dependent inward 
(gi) and outward currents (go) could either be uniformly distributed (U), 
decrease in a sigmoidal fashion with distance from the soma (proximally 
weighted, P) or increase with distance (distally weighted, D). In each case the 
amplitudes and half-activation voltages of the conductances were adjusted 
so that overall I-V curves were similar (Fig. 19A). Figure 19B shows that at 

Fig. 19. I-V curves and effective synaptic current in a models with active dendrites 
and different spatial distributions of conductances mediating inward (gi) and out- 
ward currents (go). U: uniform spatial distribution, P: proximally weighted distribu- 
tion, D: distally weighted distribution. A. Clamp currents measured during slow 
somatic voltage ramp commands. B. Effective synaptic current measured at a so- 
matic voltage of-50 mV as a function of the strength of excitatory input. See text for 
further details 
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low levels of excitatory input, all of the active models produced more effec- 
tive synaptic current than the passive model. However, due to the shunting 
effect of dendritic plateaus, further increases in synaptic input produced 
relatively little increase in the current delivered to the soma. In fact, above 
input rates of about 50 imp/s, the active dendrites delivered less current than 
the passive dendrites. 

The presence of dendritic potassium conductances (go) will thus limit the 
ability of active dendrites to deliver synaptic current to the soma (see also, 
Korogod and Kulagina 1998). It is possible to produce whole-motoneuron I- 
V curves similar to those shown in Fig. 19 in a model with potassium con- 
ductances confined to the soma. In this case, active dendrites can transmit 
higher levels of syaaptic current to the soma than passive dendrites 
(simulations not shown). However, the available experimental evidence 
suggests that at least part of the outward current measured during somatic 
voltage-clamp is derived from dendritic potassium channels. First, the am- 
plitude of somatically-recorded current produced by glutamate iontophore- 
sis onto the dendrites of turtle motoneurons is altered by the extraceUular 
application of channel blockers and neuromodulators (Skydsgaard and 
Hounsgaard 1994; Skydsgaard and Hounsgaard 1996). Second, activation of 
metabotropic receptors by serotonin can modify resting leak and calcium- 
activated potassium currents (see section 3.5.2), and serotonergic boutons 
are distributed throughout the dendrites of cat motoneurons (Alvarez et al. 
1998). Finally, outward currents recorded during somatic voltage-clamp of 
rat hypoglossal motoneurons are only partially blocked by internal cesium, 
and are eliminated only by the further addition of external potassium chan- 
nel blockers (Musick 1999). This result suggests that in absence of external 
K + channel blockers, the internal concentration of cesium in the dendrites is 
apparently insufficient to completely block dendritic K + channels. 

In summary, it is difficult to reconcile the 'all-or-none' nature of den- 
dritic plateau potentials with the smooth gradation of motoneuron firing 
rate by synaptic inputs. Theoretical work has suggested that an appropriate 
combination of an inward current and an inactivating outward current could 
lead to both amplification of synaptic input and linear summation of synap- 
tic inputs (Bernander et al. 1994). In addition, it has been proposed that the 
voltage-dependence of NMDA-receptor-activated current might enable 
synapses that utilize a combination of NMDA and non-NMDA receptors to 
provide a net synaptic current that is relatively independent of membrane 
voltage over a wide range of membrane potentials (Cook and Johnston 
1999). Finally, even though the subthreshold responses of reconstructed 
motoneurons can be replicated with models in which the leak conductance 
is uniformly low throughout the dendrites or decreases monotonically with 
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distance from the soma (Clements and Redman 1989; Fleshman et al. 1988), 
it is possible that the leak conductance is actually high in the distal den- 
drites. This condition has been shown to improve signal transfer by reduc- 
ing the change in driving force during distal synaptic inputs (London et al. 
1999). Assessing the potential contribution of these different mechanisms to 
synaptic integration in motoneurons will require more direct information 
on the properties of motoneuron dendrites. 

4.2 
Mechanisms Underlying Spike-Frequency Adaptation 

The discharge rate of motoneurons is a function not only of the amplitude of 
the synaptic or injected current delivered to the soma, but also of its time 
course. In response to a step of current, the discharge rate typically declines 
as a function of time since current onset, a process known as spike- 
frequency adaptation. Adaptation has a rapid initial phase (Kernell 1965a; 
Sawczuk et al. 1995b, 1997), followed by a slow, gradual decline that contin- 
ues throughout the duration of firing (late adaptation; Granit et al. 1963; 
Kernell 1965a, Kernell and Monster 1982b; Spielmann et al. 1993). The short 
interspike intervals that typically occur at the onset of an excitatory input to 
a motoneuron increases the speed of force development in its innervated 
muscle fibers (Baldissera et al. 1987). The later slow decline in firing rate can 
allow motor units to maintain a steady force by matching increases in twitch 
contraction times with a decrease in activation rate (Bigland-Ritchie et al. 
1983; $awczuk et al. 1995a), although it may eventually lead to a significant 
decline in force output (Kernell and Monster 1982a). 

In spite of the functional importance of spike-frequency adaptation, its 
underlying biophysical mechanisms are not well understood. A recent 
quantitative analysis of the time course of spike-frequency adaptation in rat 
hypoglossal motoneurons recorded in vitro with sharp electrodes (Sawczuk 
et al. 1995b) revealed that most cells responded to a long step of injected 
current with three, temporally distinct phases of adaptation: initial, early 
and late. The initial phase consists of a rapid drop in frequency that is a 
linear function of time. This phase is followed by a more gradual decline that 
is generally fit by the sum of two exponential functions. The early process 
has a time constant on the order of 250 ms, and is followed by a slower proc- 
ess that has a time constant on the order of 10-20 s. It is not clear whether or 
not there are different biophysical mechanisms underlying the different 
phases of adaptation (rev. in Powers et al. 1999). 

Much of the previous research on the initial and early phases of adapta- 
tion has examined the role of the medium-duration afterhyperpolarization 
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(mAHP) which follows each action potential. As discussed earlier (section 
3.4.1), the mAHP results from a calcium-sensitive potassium conductance 
activated by calcium entry during the action potential. If two action poten- 
tials are evoked in rapid succession, the second spike may occur before the 
calcium concentration and the calcium-activated potassium conductance 
have decayed to resting levels and the result is a summation of this potas- 
sium conductance. The increase in potassium conductance will be associ- 
ated with an increase in membrane hyperpolarization and a decrease in 
firing rate. As discussed earlier (section 3.4.1), the mAHP is tied to calcium 
entry through N- and P-type calcium channels, but not T-type calcium 
channels (Kobayashi et al. 1997; Umemiya and Berger 1994; Viana et al. 
1993b). This selectivity, together with the relatively rapid onset of the mAHP 
(Sah 1996), suggests that the calcium-activated potassium channels respon- 
sible for the mAHP are in close proximity to the N- (and P-) type calcium 
channels. The calcium concentration near the GKca channels will represent a 
balance between influx through the adjacent calcium channels, diffusion, 
extrusion via membrane-bound pumps and binding to intracellular calcium 
buffers (cf. Sah 1992, 1996). As discussed above (section 3.4.1)j the endoge- 
nous buffering of motoneurons is relatively low. During long-lasting repeti- 
tive discharge it is therefore possible that saturation of calcium buffers 
would lead to a larger and longer local calcium transient following each 
action potential. 

Earlier work indicated that AI-IP summation plays a prominent role in 
initial adaptation (Baldissera and Gustafsson 1974b; Baldissera et al. 1978; 
KerneU 1968). However, more recent experimental and simulation results 
suggest that AHP summation is probably not responsible for the later phases 
of adaptation (Powers et al. 1999). Figure 20 illustrates AHP summation in 
two different threshold-crossing motoneuron models (A), along with AHP 
summation measured in a rat hypoglossal motoneuron during two different 
stimulation protocols (B and C). The threshold-crossing models were single 
compartment models with a specified resistance and capacitance. The AHPs 
were produced following a threshold-crossing either by activating a potas- 
sium conductance with a slow exponential decay (Gx panel A1) or two- 
different potassium conductances (panel A2): one rapidly decaying conduc- 
tance that repolarized the spike (Gra) and a calcium-activated potassium 
conductance (GKca). The model parameters could be tuned to replicate the 
pattern of AHP summation observed in real motoneurons (see Powers et al. 
1999 for details). 
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Fig. 20. AHP summation in real and model motoneurons. A. AHPs following two 
spikes in two different threshold crossing motoneuron models. Model 1 has a single, 
time-dependent potassium conductance (GK), whereas model 2 has a fast potassium 
conductance (GKf) and a caldum-activated potassium conductance (GKc.). B. AHPs 
following 1-6 spikes evoked in a rat hypoglossal motoneuron by 1 ms suprathresh- 
old current pulses applied at 20 ms intervals. C. AHPs in the same motoneuron 
following 1-6 spikes evoked by suprathreshold current steps of different duration. 
Note that the AHP following two spikes was larger than the single spike AHP, but 
that the AHP remained nearly unchanged as more than two spikes were evoked. 
(Modified from Figs. 2 and 3 of Powers et al. 1999) 

Similar patterns of AHP summation were observed in rat hypoglossal 
motoneurons studied in vitro and cat lumbar motoneurons recorded in vivo 
(Powers et al. 1999). Regardless of whether action potentials were evoked by 
a series of short, suprathreshold pulses at a f'Lxed interpulse interval (Fig. 
20B) or a constant amplitude current step of variable duration (Fig. 20C), the 
largest degree of AHP summation occurred between the first and second 
action potentials, and relatively little further increase in AHP amplitude 
occurred thereafter. As spike-frequency adaptation continues well beyond 
the first interspike interval, these results indicate that AHP summation con- 
tributes to the initial but not to the later phases of adaptation (i.e., early and 
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late adaptation). Further support for this view comes from the finding that 
although the threshold-crossing models described above can mimic the AHP 
summation seen in real motoneurons (particularly model 2), they reproduce 
only the initial phase of spike-frequency adaptation, not the later phases 
(Powers et al. 1999). Finally, early and late adaptation are still present when 
the mAHP is eliminated by replacing external calcium with manganese 
(Musick 1999; Powers et al. 1999; Sawczuk et al. 1997). 

A slowly-activating GKCo conductance that is pharmacologically distinct 
from that underlying the mAHP has been described in mammalian neocor- 
tical and hippocampal neurons (Madison and NicoU 1984; Schwindt et al. 
1988; Storm 1990). This GKC, conductance contributes both to a long-lasting 
AHP (sAHP) following repetitive discharge and to slow spike-frequency 
adaptation in these cells. A sodlum-activated calcium-conductance ma F also 
contribute to the sAHP in neocortical neurons (Schwindt et al. 1989). The 
time constant of decay of the sAHP in neocortical neurons is roughly an 
order of magnitude longer than that of the mAHP and its amplitude follow- 
ing 20-100 spikes is 2-6 mV; cf. (Schwindt et al. 1988). A similar sAHP has 
been described in vagal motoneurons (Sah 1996), but there is less evidence 
for a sAHP in motoneurons innervating skeletal muscle. Sodium-activated 
potassium channels are present in neonatal rat lumbar motoneurones 
(Safronov and Vogel 1996), and sAHPs can be recorded in these cells follow- 
ing multiple spikes. However, there is at present no convincing evidence for 
functionally important sAHPs in mature motoneurones. The presence of a 
sAHP has been detected in both rat hypoglossal (Viana et al. 1993b) and 
guinea pig facial motoneurones (Nishimura et al. 1989), but both of these 
studies reported that sAHPs were observed only occasionally. We have 
found no evidence of AHPs with these characteristics in either cat spinal 
motoneurones or rat hypoglossal motoneurones. In these cells, the decay of 
the AHP following multiple spikes is characterized by a single exponential 
time course (Powers et al. 1999), unlike neocortical neurons in which the 
AHP decays with two distinct components reflecting the mAHP and sAHP. 

There is at present little evidence that other slowly-developing outward 
currents contribute to spike-frequency adaptation in motoneurons. The 
later phases of adaptation cannot be attributed to the activation of an elec- 
trogenic sodium-potassium pump, since partial blockade of this pump with 
ouabain has no detectable effect on spike-frequency adaptation (Sawczuk et 
al. 1997). The voltage-dependence and kinetics of voltage-sensitive potas- 
sium conductances in motoneurons make it unlikely that they contribute 
directly to adaptation. Delayed rectifier potassium currents have been char- 
acterized in cultured and neonatal motoneurons (Alessandri-Haber et al. 
1999; Gao and Ziskind-Conhaim 1998; Lape and Nistri 1999; McLarnon 1995; 
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Safronov and Vogel 1995). The characteristics of these non- or slowly- 
inactivating currents differ between different cell types, but in general the 
rapid kinetics and high activation threshold of delayed rectifier currents 
make it likely that they primarily contribute to the repolarizing phase of 
action potentials (see however, Lape and Nistri 1999). Transient (A-type) 
currents have also been described in these same studies. These currents may 
be significantly activated by the membrane voltages traversed during the 
interspike interval, but they are also generally completely inactivated by 
sustained voltages in this range, suggesting that may make little contribu- 
tion during prolonged repetitive discharge. However, it has been suggested 
that a fast, transient potassium current might contribute to the initial and 
part of the early phase of adaptation (Lape and Nistri 1999). 

Spike-frequency adaptation in both cat and rat motoneurons is associ- 
ated with changes in the shape of action potentials. During long periods of 
repetitive discharge, there is a progressive decrease in spike height, an in- 
crease in spike duration, and a decrease in both the maximum rate of depo- 
larization and rate of repolarization of the action potential (Musick 1999; 
Sawczuk et al. 1995b; and Powers and Binder, unpublished observations). 
The decrease in spike height reflects both an increase in the voltage thresh- 
old for spike initiation and a decrease in the peak spike voltage. Since spikes 
are thought to be initiated in the initial segment (see section 2.7), the in- 
crease in voltage threshold is likely to reflect inactivation of initial segment 
sodium channels. Figure 21A shows two 200 ms segments from a 2 s epoch 
of repetitive discharge recorded in a cat lumbar motoneuron. The lower 
thick line indicates the voltage threshold for spike initiation determined as 
the point at which the rate of change of membrane potential first exceeds a 
specified value. The threshold rises continuously, with the most marked 
increase occurring over the first few spikes. Although the absolute value of 
voltage threshold is difficult to measure accurately from a single electrode 
using a bridge circuit, recordings obtained with separate current passing 
and voltage-recording electrodes indicate a similar change in spike thresh- 
old during repetitive discharge (Schwindt and Crill 1982). A relatively small 
increase in the threshold for spike initiation could a produce significant 
decrease in firing rate. For example, given a typical rate of rise of membrane 
potential of 0.1-0.2 mWms over the latter half of the interspike interval (cf. 
Schwindt and Calvin 1972), a 1 mV rise in voltage threshold would increase 
the interspike interval by 5-10 ms. 

In addition to the effects of changes in spike threshold, other changes in 
spike shape can influence firing rate by altering the amount of calcium that 
enters during the spike and is available to activate the calcium-activated 
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Fig. 21. Changes in spike shape during repetitive discharge in motoneurons. A. 
200 ms portions of a 2 s record of repetitive discharge in a cat lumbar motoneuron. 
Lower dotted line marks spike threshold, upper dotted line indicates peak spike 
voltage (Powers et al. 1999). B. and C. Spike shape and spike frequency changes 
during 60 s epochs of discharge in two different rat hypoglossal motoneurons, one 
recorded in whole-cell mode (B) and one with a sharp, intracellular electrode (C). In 
both ceUs, spike height declines continuously (solid traces). Instantaneous frequency 
(dotted traces) increases with time in the cell shown in B, but decreases with time in 
the cell shown in part C. Insets show spikes recorded at different times during the 
discharge (Musick, Powers and Binder, unpublished; Calibration bars: 10 mV, 1 ms.) 

potassium channels responsible for the mAHP. Figure 21B and C illustrate 
progressive changes in spike shape during 60 s of repetitive discharge in two 
different rat hypoglossal motoneurons recorded with either a whole-cell 
patch (B) or sharp microelectrode (C). The bold trace in the inset of B is the 
initial action potential of the record, whereas the thin solid and dotted traces 
show the action potentials taken a 10 and 60 s respectively after the onset of  
discharge. Both the rate of depolarization afd the rate of repolarization de- 
crease progressively, and as a result the spike duration increases. The inset 
in C shows the changes in spike shape during late adaptation in more detail 
by illustrating spikes taken at 10 s intervals starting at 10 s after discharge 



Input-Output Functions of Mammalian Motoneurons 233 

onset. In contrast to previous reports (Kernell and Monster 1982b), there are 
progressive changes in spike shape during late adaptation. 

The progressive changes in spike shape described above are a common 
feature during prolonged repetitive discharge in motoneurons. However, 
these changes in spike shape are not always well correlated with changes in 
discharge rate. In the motoneuron illustrated in Fig. 21B, spike height de- 
clines continuously during a 60 s epoch of repetitive discharge (solid trace), 
even though the discharge rate increases slightly over the same period 
(dotted trace). In the motoneuron in Fig. 21C, both spike height and firing 
rate decline continuously, although the time courses of decline are some- 
what different. The variable relation between spike shape and firing rate 
changes is not surprising, given the multitude of factors that could affect 
firing rate. Further, there is likely to be a complex relationship between 
spike shape and the amount of calcium available to bind to the GKc, chan- 
nels responsible for the mAHP. 

An increase in spike duration may not necessarily lead to increased GKc, 
activation, if it is accompanied by significant decreases in spike height. For 
example, at the jellyfish neuromuscular junction, large brief action poten- 
tials lead to sharper, larger calcium transients and larger junctional poten- 
tials than do broader action potentials (Spencer et al. 1989). Some insight 
into the functional significance of changes in spike shape could be gained by 
'replaying' measured action potentials as voltage-clamp commands and then 
measuring whole-cell calcium currents during 'action potentials' of different 
shape (e.g., McCobb and Beam 1991). However, due to space-clamp prob- 
lems, this experiment would work only on electrotonically compact cells 
(i.e., either neonatal motoneurons or dissociated ceils). 

The final potential contributor to spike-frequency adaptation is a slowly- 
inactivating persistent inward current. As discussed earlier (section 3.3.3), 
there are both persistent sodium and persistent calcium currents activated 
in the voltage range between resting potential and spike threshold. Progres- 
sive inactivation of these currents would lead to a decrease in firing rate. The 
low-threshold calcium current thought to contribute to the development of 
plateau potentials generally shows facilitation rather than inactivation 
(Bennett et al. 1998a; Svirskis and Hounsgaard 1997). The net inward current 
observed during triangular somatic voltage-clamp commands in cat spinal 
motoneurons is generally greater during the ascending voltage ramp than 
during the subsequent descending phase, particularly in high threshold 
motoneurons (Lee and Heckman 1998a, 1999b), which could be explained by 
progressive inactivation of an inward current. However, recent evidence 
suggests that this phenomenon may instead reflect progressive activation of 
outward currents (Lee and Heckman 1999b). A persistent sodium current 
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has been found in a variety of cells (CriU 1996), including some motoneu- 
rons (Hsiao et al. 1998; Mosfeldt-Laursen and Rekling 1989; Nishimura et al. 
1989), and this current has been shown to undergo slow inactivation in neo- 
cortical neurons (Fleidervish and Gutnick 1996). We have recently charac- 
terized a persistent sodium current in rat hypoglossal motoneurons, but 
have found no convincing evidence for slow inactivation (Musick 1999). 

In summary, there are probably a number of cellular mechanisms in- 
volved in spike-frequency adaptation, and their relative contribution may 
differ depending upon the phase of adaptation (i.e., initial, early or late), the 
extracellular environment and developmental stage. A quantitative analysis 
of the effects of changes in spike shape on calcium entry and subsequent 
activation of calcium-activated potassium conductances has not yet been 
achieved due to inadequate space clamp of the underlying membrane. Thus, 
untangling the relative contribution of different mechanisms will probably 
require improved voltage-clamp data from dissociated cells in combination 
with computer simulation of current clamp behavior. 

4.3 
Dynamic Input-Output Functions 

In section 2.8, we discussed the general finding that under steady-state 
conditions, motoneurons encode the synaptic inputs they receive into a 
repetitive train of action potentials, the frequency of which is linearly related 
to the magnitude of the input (rev. in Binder et al. 1996). However, a general, 
dynamic input-output function for motoneurons that accurately describes 
their responses to transient synaptic inputs has eluded us for more than 30 
years. The classical approach to this problem has been to record postsynap- 
tic potentials (PSPs) in the soma of a motoneuron and then assess their ef- 
fects on firing probability by compiling peristimulus time histograms 
(PSTH; rev. in Kirkwood 1979). The change in firing probability associated 
with the arrival of a synaptic input at the soma has been called the primary 
correlation kernel (Knox 1974), and it has been proposed that the primary 
correlation kernel of a neuron can be derived from a linear combination of 
the PSP and its derivative (Kirkwood and Sears 1978). However, for excita- 
tory inputs (EPSPs), the relative contributions that the EPSP and its deriva- 
tive make to the primary correlation kernel depend on the background syn- 
aptic noise (Cope et al. 1987; Fetz and Gustafsson 1983; Gustafsson and 
McCrea 1984; Poliakov et al. 1996 ). Moreover, this derivation does not apply 
to  large inhibitory inputs (Poliakov et al. 1997; Fetz and Gustafsson 1983). 
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An alternative method of deriving a dynamic input-output function is to 
relate the changes in the discharge of a cell to the input current rather than 
to the PSP. Synaptic inputs that reach the soma can be simulated by intracel- 
lular current injection under standard current-clamp conditions (Poliakov 
et al. 1996, 1997; Powers and Binder 1996; Reyes and Fetz 1993). The injected 
current transients can be constructed to reproduce the amplitude and time- 
courses of real synaptic inputs, including the faltering and attenuation proc- 
esses that are normally carried out by the dendrites as they transfer sgnaptic 
currents to the soma (Poliakov et al. 1997). A mathematical expression relat- 
ing the effects of synaptic current on discharge probability can then be de- 
rived by examining a wide array of injected current waveforms. 

An efficient means of deriving a general input-output transform is 
through the application of the white noise method of system identification 
(rev. in Marmarelis and Marmarelis 1978; Sakai 1992), a method particularly 
useful for the analysis of nonlinear systems. We have recently used this 
method to characterize the input-output transforms of mammalian moto- 
neurons in a study in which the white noise stimulus contained trains of 
specific current transients that mimicked those underlying individual PSPs 
recorded in the soma (Poliakov et al. 1997). The spike discharge of the mo- 
toneurons in response to this input was used to compute the zero-, first- and 
second-order Wiener kernels (Bryant and Segundo 1976; Lee and Schetzen 
1965). A series of orthogonal functionals derived from these kernels pro- 
vided a good approximation of the motoneuron's input-output function that 
predicts the motoneuron's response to any arbitrary input (Hunter and 
Korenberg 1986; Marmarelis and Marmarelis 1978; Sakai 1992). 

The first-order Wiener kernel, h,(~), obtained in a cat lumbar motoneu- 
ron, is shown in Fig. 22A. The first-order kernel represents the changes in 
firing rate elicited by a brief pulse of current whose area is 1 nA-ms. This 
kernel has two phases: an initial sharp increase in firing rate, followed by a 
shallower but more prolonged decrease in firing rate. The convolution of the 
first-order kernel with the input gives the best-fit, linear model of the neu- 
ron's response to this range of input signals (Marmarelis and Marmarelis 
1978). If the input signal is small and the neuron exhibits near-linear behav- 
ior, this model accurately predicts the output. In particular, ff the input is a 
brief pulse of area A at time 0, the system response (r (0) is well approxi- 
mated by the following function: 

r (t) = h0 + A h~(~). (14) 

The second-order Wiener kernel, h2(zi, "c2) is calculated by a second- 
order crosscorrelation between the motoneuron spikes and the input signal 
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Fig. 22. The input-output transform of a cat lumbar motoneuron identified by the 
white-noise method A. The first order Wiener kernel, ht(z). B. Contour plot of the 
second order Wiener kernd hz(zt,zz) at levels -2, 2, 4, 6, 10, 14 and 18 imp/s nA 2 
ms 2. C. The diagonal of the second-order kernel is shown with the solid line. This is 
compared with an approximation of the second order kernel, ct hi(z) hi(*), shown 
with the dotted line (ct = 0.025 s). D. The input-output function of the motoneuron 
can be represented as a second-order Wiener model: a cascade of a dynamic, linear 
transform, described by the first-order kernel hi(z), followed by a static non- 
linearity. (Modified from Figs. 5 and 6 in Poliakov et al. 19971 

at two different time lags (~1 and ~2). The result is a function of two variables 
(zl and ~2) and is symmetric with respect to the main diagonal ~l = ~z. In Fig. 
22B a contour plot is shown of the second-order kernel for the same moto- 
neuron shown in Fig. 22A. The prominent  features of  this kernel are a peak 
with a maximal value at the point zx = z~ = 1.0 ms and two symmetric de- 
pressions at lags of about 3 to 6 ms along the lines ~= = 1.0 ms and r 
1.0 ms. The second-order kernel describes the deviation of the output from 
that predicted by the first-order model (equation 14). The second-order 
prediction of the neuron's response r(t) to a brief pulse of area A at time 
zero is: 

r (t) = ho + A hl(~) + 2 A 2 h2(z,r (15) 

where h2(z,x) represents the values of the second-order kernel along the 
main diagonal (this dissection is shown in Fig. 22C), and the term 2 A z 
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h2(x,~) represents the deviation from linearity. Unlike the first-order model, 
this expression gives asymmetric responses to positive and negative pulses, 
because the coefficient 2 A 2 is positive in both cases. For positive pulses, the 
response amplitude and area would increase in a greater-than-linear fashion 
with respect to A. For negative pulses, the response amplitude and area will 
decline less than linearly, reach a minimum, and start increasing. Thus, the 
short-latency, positive peak in the second-order kernel represents rectifica- 
tion of the input signal. The second-order Wiener model eliminates the 
erroneous negative response values for large hyperpolarizing inputs pre- 
dicted by the first-order model (cf. Fig. 23). 

~10 ~ 0.5 mV 
~. o] , , ~ _ _ _  _ _ _  1 5 nA 
E 

�9 - ' ' ~  . . . .  ~ . . . .  1'o " o ~ 1'o 
Time (ms) Time (ms) 

2 - -  - =  . . . . .  

0 5 10 15 20 0 5 10 15 20 
Time (ms) Time (ms) 

Fig. 23. Post-stimulus time histograms (PSTHs) predicted by first- and second order 
Wiener models. A. The PSTHs show the responses of a cat lumbar motoneuron to a 
depolarizing (left) and symmetric hyperpolarizing (right) current transient. The 
superimposed thin lines show the predicted PSTH based on the first-order Wiener 
model (i.e. the sum of the zero- and first-order Wiener functionals). The predicted 
PSTHs are symmetrical and feature a "negative firing rate" in response to the inhibi- 
tory transient. The predictions of a second-order model (i.e., sum of the zero-, first- 
and second order Wiener functionals) are shown by the thick lines and provide a 
better match to the actual PSTHs. B. Analogous results for a rat hFpoglossal moto- 
neuron. The underlying excitatory (left column) and inhibitory (right column) 
current transients had times to peak of 0.2, 0.8 and 1.6 ms, top to bottom. The calcu- 
lated PSPs are superimposed on the current transients as broken lines. (Modified 
from Fig. 8 in Poliakov et al. 1997) 
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The depressions in the contour plot of the second-order kernel represent 
nonlinear interactions between inputs occurring at different times. For ex- 
ample, a motoneuron's response to a pair of identical pulses separated by 
4 ms differs from the linear sum of the effects of each pulse acting in isola- 
tion. The response r(t) can be expressed as follows: 

r (t) = ho + Ahl(z) + Ahl(z - 4) + 2 A 2 h2(z,'c - 4) (16) 

w h e r e  h0 + h~(z) + h~('c - 4) is the response of a linear system to a pair of 
identical pulses at times 0 and 4 ms and the term 2 A 2 h2(%'c - 4) represents 
deviations from this sum due to nonlinear interaction between the pulses. 
The interaction effects can be predicted from a kernel "dissection" along a 
line starting at a point 4 ms along either the z~ or z2 axis, and running paral- 
lel to the main diagonal. Since this line crosses the "depression zone" of the 
contour plot, the second-order Wiener model predicts that the response to 
the second pulse will be smaller than that to the first, as has been observed 
experimentally (Fetz and Gustafsson 1983). 

The peak along the main diagonal of the second-order kernel occurs at 
about the same latency as the peak in the first-order kernel, whereas the 
symmetric depressions off the main diagonal occur at lags corresponding to 
the duration of the trough in the first-order kernel. This suggests that the 
second-order kernel might be approximated by a scaled version of the prod- 
uct of the values of the first-order kernel at delays ~,  "~2: 

h2('~i, "r2) = o~ h~ ('c3hI(~2) (17) 

where ot is the scaling coefficient. The value of the coefficient can be esti- 
mated by substituting the maximal values of the first- and second-order 
kernels into equation 17. 

The accuracy of this approximation is illustrated in Fig. 22C that shows 
the "dissection" of the second-order kernel contour plot along its main di- 
agonal. The thin line represents the actual values of the kernel, whereas the 
thick line represents the approximation of the second-order kernel based on 
equation 17. The approximated and calculated kernel values are generally 
quite close, although the approximation does not account for the small de- 
pression along the main diagonal at lags of 2 to 5 ms. This form of the sec- 
ond-order kernel is characteristic of a system consisting of a cascade of a 
dynamic linear component followed by a static nonlinear component 
(Hunter and Korenberg 1986). This so called "Wiener cascade model" (Sakai 
1992) is schematized in Fig. 22D. 
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The response of such a system, Y (t), to any input, X (t - x) can be pre- 
dicted as foUows: 

u (0 = Foht  (x) X(t - ~) dr (18a) 

Y (t) = ho + u (t) + a uZ(t) (18b) 

According to this Wiener cascade model, the input X (t) is t'u'st convolved 
with the kernel hl(~) to produce an intermediate variable, u(t), an operation 
known as dynamic linear filtering (equation 18a), The output value, Y (t), is 
then computed from u (t) using a parabolic transform (equation 18b). This 
type of function is known as a static nonlinearity because the output value is 
computed from the intermediate value at only a single moment in time. The 
static nonlinearity can be described by this parabolic function, or some 
other, as long as its value and its first and second derivative match those of 
the parabolic function over the range of interest. 

The Wiener models described above predict a motoneuron's response to 
any input within a white noise waveform. The accuracy of these models for 
the current transients (CTs) embedded within the white noise to mimic PSPs 
is easily tested. Figure 23 illustrates the PSTHs obtained in response to one 
set of symmetric depolarizing and hyperpolarizing CTs in a cat spinal moto- 
neuron (part A), and in response to three sets of CTs in a rat hypoglossal 
motoneuron (part B). The CTs are presented as the solid traces below the 
PSTHs and the resultant PSP as dashed lines. The thin lines superimposed 
upon the PSTHs represent the best first-order approximations (i.e., the sum 
of zero- and first-order Wiener functionals) of the response to the input 
CTs. The best second-order approximations (i.e., the sum of the zero-, first- 
and second-order Wiener functionals) are represented by the superimposed 
thick lines. In these and other cases, the first-order model tends to underes- 
timate the amplitude of the response to excitatory CTs and overestimate the 
minimal values of PSTH troughs produced by an inhibitory CT, often pre- 
dicting negative values, which, of course, the real PSTHs could not attain. 
The predictions that indude the second-order Wiener functional are asym- 
metric and provide a better match to the PSTHs for both excitatory and 
inhibitory CTs. 
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The results summarized above indicate that even the first-order Wiener 
model provides a good prediction of the PSTH features produced by a fairly 
wide range of current transients. Considering that a single set of model pa- 
rameters is used to predict a range of responses, this represents a consider- 
able improvement over previously-proposed linear models of spike encod- 
ing. One common characteristic of previously-proposed linear models is 
that the predicted value of motoneuron firing probability at a given time 
following a PSP depends only on the value of the PSP (and/or its derivative) 
at a single point in time; i.e., they are all static models. In contrast, the first- 
order model based on the Wiener kernels is dynamic; i.e., the probability of 
spike generation at a given lag depends on the PSP values at a number of 
points in time. 

In conclusion, compiling peristimulus time histograms (PSTHs) between 
one or even a few synaptic inputs and the discharge of a neuron is not suffi- 
cient to describe spike encoding quantitatively. However, the white noise 
method of systems identification looks quite promising in that it yields both 
the best linear approximation of a neuron's input-output function, as well as 
a more complete, higher-order description of its spike-encoding behavior. It 
has been found that truncating the Wiener series at the second-order func- 
tional was sufficient to capture both the linear and principal nonlinear com- 
ponents of spike encoding. Further, the contribution of the second-order 
Wiener functional could be approximated simply by a static nonlinearity 
(Fig. 22D and equation 18b). This Wiener cascade model accurately pre- 
dicted the responses of motoneurons to a wide range of synaptic inputs and 
provided a substantial improvement over the best-fit linear model. Thus, by 
calculating the mean firing rate of a neuron (i.e., the zero-order kernel) and 
crosscorrelating its spike train with the white noise input, one can derive a 
general expression for spike encoding. 

5 
Summary and Conclusions 

Our intent in this review was to consider the relationship between the bio- 
physical properties of motoneurons and the mechanisms by which they 
transduce the synaptic inputs they receive into changes in their firing rates. 
Our emphasis has been on experimental results obtained over the past 
twenty years, which have shown that motoneurons are just as complex and 
interesting as other central neurons. This work has shown that motoneurons 
are endowed with a rich complement of active dendritic conductances, and 
flexible control of both somatic and dendritic channels by endogenous neu- 
romodulators. Although this new information requires some revision of the 
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simple view of motoneuron input-output properties that was prevalent in 
the early 1980's (see sections 2.3 and 2.10), the basic aspects of synaptic 
transduction by motoneurons can still be captured by a relatively simple 
input-output model (see section 2.3, equations 1-3). 

It remains valid to describe motoneuron recruitment as a product of the 
total synaptic current delivered to the soma, the effective input resistance of 
the motoneuron and the somatic voltage threshold for spike initiation 
(equations I and 2). However, because of the presence of active channels 
activated in the subthreshold range, both the delivery of synaptic current 
and the effective input resistance depend upon membrane potential. In 
addition, activation of metabotropic receptors by achetylcholine, glutamate, 
noradrenaline, serotonin, substance P and thyrotropin releasing factor 
(TRH) can alter the properties of various voltage- and calcium-sensitive 
channels and thereby affect synaptic current delivery and input resistance. 
Once motoneurons are activated, their steady-state rate of repetitive dis- 
charge is linearly related to the amount of injected or synaptic current 
reaching the soma (equation 3). However, the slope of this relation, the 
minimum discharge rate and the threshold current for repetitive discharge 
are all subject to neuromodulatory control. 

There are still a number of unresolved issues concerning the control of 
motoneuron discharge by synaptic inputs. Under dynamic conditions, when 
synaptic input is rapidly changing, time- and activity-dependent changes in 
the state of ionic channels will alter both synaptic current delivery to the 
spike-generating conductances and the relation between synaptic current 
and discharge rate. There is at present no general quantitative expression for 
motoneuron input-output properties under dynamic conditions. Even under 
steady-state conditions, the biophysical mechanisms underlying the transfer 
of synaptic current from the dendrites to the soma are not well understood, 
due to the paucity of direct recordings from motoneuron dendrites. It seems 
likely that resolving these important issues will keep motoneuron affician- 
does well occupied during the next twenty years. 
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