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I .  I n t r o d u c t i o n  

C a t e c h o l a m i n e s  e l ic i t  a m u l t i t u d e  o f  b i o c h e m i c a l ,  p h y s i o l o g i c ,  a n d  p h a r -  

m a c o l o g i c  e f f e c t s .  T h e  l a rge  v a r i e t y  o f  a c t i v i t i e s  i n d u c e d  a t  t h e  d i f f e r e n t  

t a r g e t  ce l l s  is b r o u g h t  a b o u t  b y  t h e  i n t e r a c t i o n  o f  t h e s e  c o m p o u n d s  w i t h  

s p e c i f i c  c a t e c h o l a m i n e  r e c e p t o r s .  T h e  a c t i v e  c a t e c h o l a m i n e  c a n  e i t h e r  

f u n c t i o n  as  a h o r m o n e  a t  d i f f e r e n t  o r g a n s  o r  as  a n e u r o t r a n s m i t t e r  a t  a 

* Dedication. This article is dedicated to my noble teacher Arieh Berger wo died pre- 
maturely six years ago at the age of  51. 

Arieh Berger established the molecular basis for the understanding of ligand-macro- 
molecule recognition through his brilliant studies on the mapping of the active sites of 
proteotytic  enzymes. His work should be a source of inspiration to all molecular phar- 
macologists as it  is for us. 

** Department of Biological Chemistry, The Hebrew University of Jerusalem, Jerusa- 
lem, Israel. 
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postsynaptic membrane. Catecholamine receptors appear in the periphery 
as well as in the CNS and belong to a number of classes. The different 
classes of catecholamine receptors are distinguished from-each other in 
ligand specifity, as well as in the nature of the biochemical response elicited 
subsequent to catecholamine binding to its specific receptor. 

II. Classification of Catecholamine Receptors 

Catecholamine receptors are classified according to their ligand specificity 
and not according to the physiologic or pharmacologic activity resulting 
from receptor occupancy. A brief summary of catecholamine receptors is 
given in Table 1. The most studied catecholamine receptors are the 
/3-adrenergic receptors, whereas the a-adrenergic receptors and dopamine 
receptors are less well characterized. Pharmacologically and physiologically, 
a-adrenergic receptors and #-adrenergic receptors are the most important 
catecholamine receptors and are responsible for a large spectrum of phys- 
iologic effects (Table 2). The distinction between a-adrenergic and #-adren- 
ergic receptors is based on a number of criteria which were defined in the 
work of Ahlquist (1948, 1967). It should, however, be noted that Dale 
(1906) already noted the existence of two types of adrenergic receptors 
and formulated the experimental basis for the distinction between the two 
types of receptors. 

Table 1, The main classes of catecholamine receptors 

Type of Ligand specifity Specific blockers Second 
receptor messenger 

a (Alpha) Norepinephrine > epinephrine ~> Phentolamine, Ca 2÷ 
> phenylephrine >~ isoproterenol erogotamine, cAMP a 

phenoxybenzamine, Phospholipid 
dibenamine effect 

/3 (Beta) 

Dopamine 

lsoproterenol > epinephrine > 
> norepinephrine >> phenyl- 
ephrine 

Dopamine > norepinephrine 

Dichloroisoproterenol cAMP 
Propranolol 
Alprenotol 
Pindolol 

Hatoperidol 
Chloropromazine 
Some a-blocking agents 

cAMP b 

a In the central nervous system. 
b A secondary biochemical response other than cAMP formation has also been postu- 
lated recently (H. Shepard, personal communication). Thus, there may be more than 
one class of dopamine,receptors. 
Comment: a-adrenergic receptors and fl-adrenergic receptors are specific for the R 
stereoisomers (or the 1-stereoisomer if the optical rotatory power is considered). 
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Table 2. Typical physiologic actions of adrenergic receptors 

System or tissue Action Receptor 

Cardiovascular system: Increased force of contraction 0 
Heart Increased rate 0 
Blood vessels Constriction a 

Dilation 0 
Respiratory system, tracheal and 
bronchial muscle Relaxation 0 
Iris (radial muscle) Pupil dilated a 
Smooth muscle, uterus Contraction a 
Spleen Relaxation O 

Contraction a 
Bladder Contraction a 

Relaxation 0 
Skeletal muscle Changes in twitch tension 0 

Increased release of acetylcholine a 
Increased giycogenolysis 0 

Adipose tissue Increased lipolysis 0 

The present characterization of  adrenoreceptors (Furchgott, 1972; Jen- 
kinson, 1973) is based on a twofold procedure: (1) the  relative potency 
(potency ratio) of  a series of  adrenergic agonists for eliciting the specific 
response, and (2) the potency of  an antagonist for blocking the response 
to a given agonist. 

Based on these two principles Furchgott (1972) gave a more general 
definition of  a- and 0-receptors: 

O-receptor: a 0-receptor is one which mediates a response pharmacol- 
ogically characterized by: (1) a relative potency series: isoprenaline > 
adrenaline (epinephrine) /> noradrenaline (norepinephrine) >> phenyl- 
ephrine, and (2) a susceptibility to specific blockade by pindolol, propra- 
nolol, or  alprenolol at relatively low concentrations; 

a-receptors: an a-receptor is one which mediates a response pharmacol- 
ogically characterized by: ( I )  a relative potency series in which noradren- 
aline > adrenaline > phenylephrine >> isoprenaline, and (2) a susceptibility 
to specific blockade by phentolamine,  dibenamine or phenoxybenzamine 
at low concentrations. A summary of  agonist specificity of  a- and 0-recep- 
tors is given in Table 3 and a summary of  the chemical formulas of  a-antag- 
onists and 0-antagonists is given in Table 4. 

Both types of  receptors are stereospecific for the R-stereoisomer of 
either the agonist or the antagonist. As is seen f rom Table 1 dopamine 
receptors are blocked by still another  class of  blockers, namely, by com- 
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Table 3. Agonist specificity for a-adrenergic and/~-adrenergic receptors 

OH OH OH OH 
I / C H 3  I I I 

CHCH2NHCH- CH CH2NHCH 3 CHCH 2NH 2 CH CH2NH CH 3 

OH OH OH 

(--)ISOPRENALINE (-)EPINEPHRINE (--)NOREPINEPHRINE (-)PHENYLEPHRtNE 

< 2 < 3 < 4 

I > 2 >/ 3 >> 4 

Table 4. a-adrenergic blockers and/3-adrenergic blockers 

/B-BLOCKERS 

OH 
I .CH 3 

CHCH~NHCH~ 
CHs 

v PRONETHALOL 
OH 

I /CH3 

~ 2CHCHzNHCH~cH~ 

PROPRANOLOL 
OH CH3 

OCHzCHCHzNHC,-CH2~)H 

CH3 

H 

OH /CHz 
~H2CHCH2NHCHNcH3 

CH2CH=CH 2 

ALPRENOLOL 
OH 
I /CH3 

Cl 
DICHLOROISOPRENALINE (DCI) 

OH /CH3 
OCHzCHCH2 NHCHNcH3 

NHCOCH3 
P - HYDROXYBENZ YLPINDOLOL PRACTOLOL 

o ( -  BLOCKERS 

~ CH2~/NCH2CH2Cl 

CH 2 / 

DIBENAMINE 

~ C H  2 

~ C C H 2 C H  ~'NcH 2cH2C' 

I 
CH 3 

PHENOXYBENZAMINE 

C H 3 - ~  
~ ~  NCHz-~N'-.I 
( ~  HN'~J 

HO" PHENTOLAMINE 

pounds of  the phenothiazine family and haloperidol. It should, however, 
be emphasized that lysergic acid derivatives interact with dopamine recep- 
tors as well as with a-receptors. Thus, ergocryptine was found to be an 
a-blocker (Williams and Lefkowitz, 1976) and d-LSD was found to bind 
to dopamine receptors (Burt et al., 1976). 
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III. Biochemical Signals Coupled to Catecholamine Receptors 

A. 0-Adrenergic Receptors 

Of all catecholamine receptors the 0-adrenergic receptors have been given 
the most attention. This may be due to the fact that the primary biochem- 
ical signal elicited upon agonist binding to the surtace 0-receptors has been 
identified and found to be the activation of adenylate cyclase producing 
the "second messenger" cAMP from ATP within the target cell (Suther- 
land et al., 1965; Robison et al., 1968): 

ATP l-catecholaminer cAMP + PPi (1) 

In this respect, the coupling between the 0-adrenergic receptor and the 
enzyme adenylate cyclase is similar to the coupling between adenylate 
cyclase and hormone receptors to certain polypeptide hormones such as 
glucagon, ACTH, and secretin (Perkins, 1973; Cuatrecasas, 1974). In cer- 
tain cells, such as the liver cell and the fat cell, 0-adrenergic receptors as 
well as receptors of polypeptide hormones are coupled to the enzyme 
adenylate cyclase. The second messenger cAMP, produced intracellularly 
by the enzyme adenylate cyclase, triggers a large variety of biochemical 
events typical to the cell, usually through the activation of protein kinase 
(Walsh et al., 1968), as a first step. The activation of adenylate cyclase by 
0-adrenergic agonists is mediated by the nucleotide GTP which acts in a 
synergistic fashion with the catecholamines (Levitzki et al., 1976; Sevilla 
et al., 1976; BileziMan and Aurbach, 1974; Schramm and Rodbell, 1975; 
Pfeuffer and Helmreich, 1975). This type of synergistic action of hormones 
with GTP was first observed in adenylate cyclase activated by glucagon 
(Salomon et al., 1975; Linet al., 1975; Rendell et al., 1975). Thus, both 
the occupancy of the 0-adrenergic receptor with agonists and the level of 
intracellular GTP determine the final output of cAMP by the enzyme 
adenylate cyclase. The role of GTP in the activation of adenylate cyclase 
has been extensively studied using the nonhydrolyzable analogs Gpp(NH)p 
and GTP~/S. It is not as yet clear whether the activity of the enzyme is 
absolutely dependent on GTP and exhibits no activity in its absence or 
possesses basal activity in the presence of a 0-adrenergic agonist and in the 
absence of GTP. Recently it was found that turkey erythrocytes possess 
a specific 0-adrenergic receptor dependent GTPase (Cassel and Selinger, 
1976): 

GTP 1-catecholamine GDP + Pi (2) 

It was suggested that the activity of this enzyme is closely associated with 
adenylate cyclase and determines the steady state level of GTP and thus, 
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the level of adenylate cyclase activity. A general model for the interrela- 
tionship between GTP and #-agonists was recently proposed (Levitzki, 
1976; Sevilla and Levitzki, 1977). This model can be summarized by the 
following scheme: 

GTP 
H R E-GTpk3  H R' E' GTP 

k4 
R • E ~ R . E . G T P  . . . . .  

HR • E + GDP + Pi (3) 

Where R is the receptor and E is the enzyme adenylate cyclase coupled to 
it. When both GTP and the agonist H are bound to their respective regula- 
tory sites the enzyme is converted to its active form E'. The E' state 
exhibits GTPase activity and is responsible for the termination of the hor- 
monal signal once the bound GTP is hydrolyzed and the enzyme reverts 
to its inactive state E. The adenylate cyclase catalytic moiety and the 
GTPase catalytic moiety probably reside on two separate subunits both 
of which are coupled to the #-receptor R. Once the enzyme E is converted 
to its active state E' the receptor is also modified to a state R'. The state R' 
exhibits lower affinity towards the fl-agonists (Maguire et al., 1976; Lefko- 
witz et al., 1976) but possesses an unaltered affinity towards #-antagonists 
(Levitzki et al., 1975; Tolkovsky and Levitzki, 1977) The lower affinity 
of R' towards ~-agonists insures that the dose response for the GTPase 
step is displaced to higher agonist concentrations as compared to the dose 
response curve for adenylate cyclase activation. This state of affairs insures 
both that a finite level of E' will be achieved and that the hormone in- 
duced signal will eventually be terminated. The mechanism of conversion 
of E to E', characterized by the rate constant k3 in equation (3), was 
studied in detail using the nonhydrolyzable GTP analog Gpp(NH)p for 
which k4 = 0 (LevitzM et al., 1976; Sevilla et al., 1976). An alternative 
explanation is that the receptor and the enzyme are permanently un- 
coupled to each other and the enzyme becomes activated during the for- 
mation of the transient complex H • R • E: 

H . R + E . G T P - H - R . E . G T P - H R + E ' . G T P - E + G D P + P i  .(4) 

The activated enzyme E' is converted back to E concomitantly with 
the hydrolysis of GTP at the regularotory site. Evidence favoring the 
latter mechanism has recently been obtained (Tolkovsky and Levitzki, 
1978). GTP and Gpp(NH)p function as activators in other hormone- 
sensitive adenylate cyclase from different tissues (Londos et al., 1974). 
It may be, therefore, that the interrelations between hormones and GTP 
are a general phenomenon. Hormone-dependent GTPase in these systems 
has not yet been demonstrated. This is probably due to the fact that neither 
was this enzyme searched for in other systems nor was the methodology 
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(Cassel and Selinger, 1976) available. Therefore, it is not clear at this point 
whether the scheme formulated in equation (3) or (4) represents a general 
regulatory mechanism for other hormone dependent adenylate cyclases. 
These studies are in line with the fact that the #-receptor and the enzyme 
re'side on separate subunits both of which can diffuse slowly in the mem- 
brane matrix (Orly and Schramm, 1976). Elegant experiments performed 
recently by Orly and Schramm (1976) have demonstrated this fact. In 
these experiments turkey erythrocytes, in which the catalytic activity of 
adenylate cyclase had been inactivated by N-ethylmaleimide or by heat, 
served to contribute the #-adrenergic receptor. Friend erythroleukemic 
cells (F cells) which possess no #-adrenergic receptors served to contribute 
the enzyme adenylate cyclase. The erythrocytes in which the enzyme had 
been inactivated were fused with the F cells by Sendai virus. The cell 
ghosts of the fused preparation demonstrated isoproterenol-dependent 
adenylate cyclase. These experiments therefore reveal that the #-adrenergic 
receptor of the turkey erythrocytes must have become functionally 
coupled to the adenylate cyclase of the mouse F cells. Activation by iso- 
proterenol was demonstrable within a few minutes after fusion and inhib- 
itors of protein synthesis had no effect. Thus coupling must have occurred 
between the preexisting components. These hybridization experiments 
demonstrate that the receptor has become permanently attached to the 
active adenylate cyclase, thus conferring to it hormone sensitivity. The 
rate of formation of the newly formed enzyme-receptor complex is slow, 
but once formed it is quite stable. A recent report (Insel et al., t 976) 
demonstrates that the #-adrenergic receptor and the adenylate cyclase are 
products of separate genes. The data show that a clone of $49 lymphoma 
cells devoid of adenylate cyclase, but possesssing #-adrenergic receptors, 
can be isolated (lnsel et al., 1976). More recently it was shown that 
#-receptors can also be coupled to biochemical signals other than adenylate 
cyclase. We have already mentioned #-receptor-dependent GTPase which 
is probably part of the #-receptor adenylate cyclase complex. Another 
biochemical signal coupled to #-receptors found recently is the catechol- 
amine dependent Ca 2÷ efflux (Steer and Levitzki, 1975; Steer et al., 1975; 
Rassmussen et al., 1975). It was shown in both turkey erythrocytes (Steer 
and Levitzki, 1975; Steer et al., 1975) and in human erythrocytes (Ras- 
mussen, 1975) that 4s Ca2÷ efflux is enhanced by #-agonists and is blocked 
by #-antagonists. This effect is not mimicked by cAMP or dibutyryl cAMP 
and therefore is not mediated by a denylate cyclase (Steer and Levitztd, 
1975). It is interesting that #-receptor-dependent adenylate cyclase from 
turkey erythrocytes is inhibited by Ca 2+ by virtue of its interaction with 
a specific allosteric site (Steer and Levitzki, 1975; Hansld et al., 1977). 
These findings may suggest (Steer and Levitzki, 1975; Steer et al., 1975) 
that the first effect of a #-agonist is the deinhibition of the enzyme which 



8 A. Levitzki 

is in the resting state in the inhibited Ca 2÷ bound form. These findings, 
however, are so far restricted to the turkey erythrocyte system and it is not 
clear at this point whether the interactions between Ca :÷ and adenylate 
cyclase is a general principle in the action of #-adrenergic receptors. 

B. a-Adrenergic Receptors 

It has been demonstrated that the primary event occurring upon occupa- 
tion of the a-adrenergic receptor by an a-agonist in the parotid gland is 
the influx of Ca 2÷ which functions as the second messenger (Schramm and 
Selinger, 1975). Furthermore, the specific Ca 2÷ ionophore A-23187, when 
incorporated into the cell membrane, can substitute for the a-adrenergic 
ligand and bypass the receptor dependent mechanism (Selinger et al., 
1974). The influx of Ca ~÷ as the primary event in the salivary gland (rat 
parotid) causes the efflux of K ÷ ions with water (Schramm and Selinger, 
1975 ;Batzri et al., 1975). The efflux of potassium has also been recognized 
as an a-adrenergic effect in guinea pig liver (Haylett and Jenkinson, 1972a; 
Haylett and Jenkinson, 1972b), and in adipose tissue (Girardier et al., 
1968). 

The stimulation of the pineal gland with l-epinephrine via the a-adren- 
ergic receptor was found to be dependent on the presence of Ca 2+ in the 
incubation medium and results in the sevenfold increase of the cGMP level 
(O'Dea and Zatz, 1976). It seems from these studies that the influx of 
Ca 2+ is the first event induced by the a-agonist. The formation of cGMP 
seems to be the result of Ca 2÷ influx. This is not surprising since guanylate 
cyctase is a Ca 2* dependent enzyme. As is indicated in Section II a-adren- 
ergic receptors are involved in a variety of physiologic activities and it 
remains to be seen whether in each case Ca 2+ functions as the scond mes- 
senger. It has been claimed that in the CNS, a-receptors as well as #-recep- 
tors are coupled to the enzyme adenylate cyclase (Perkins and Moore, 
1973; Huang et al., 1973; Skolnick and Daly, 1975; Skolnick and Daly, 
1976; Sattin et al., 1975). These observations are based on the experimen- 
tal finding that a-adrenergic blockers inhibit the formation of cAMP, as 
was found in rat cerebral cortical tissue. 

Another biochemical response elicited by the activation of a-adrenergic 
receptors is the incorporation of inorganic 32 Pi into phosphatidylinositol 
in slices of the parotid gland (Oron et al., 1975). This biochemical event is 
shown to be unrelated to the K ÷ efflux and water secretion which is also 
induced by a-receptor activation. Interestingly enough, the divalent cation 
ionophore A-231 87 which introduces Ca 2÷ into the cell, thus causing K* 
release (Selinger et al., 1974), has no significant effect on the incorpora- 
tion of 32 Pi into phosphatidylinositol. Conversely, the a-receptor induced 
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phospholipid effect (Oron et al., 1975) is maximal in the absence of Ca 2÷ 
in the medium, when there is no K ÷ release from the cell. In summary, it 
can be concluded that a-receptor activation leads to two parallel and in- 
dependent biochemical events in the rat parotid gland: (1) increase in 
membrane permeability towards extracellular Ca ~÷ which enters the cell 
and causes K ÷ release; (2) the same interaction with the a-receptor results 
in the increased incorporation of 32 Pi into acidic phospholipids. This 
latter response is Ca 2÷ independent and, in fact, maximally stimulated in 
its absence. 

It should be noted that the phospholipid effect was shown also to be 
induced by the activation of the muscarinic receptor in the same prepara- 
tion of the parotid gland (Oron et al., 1975). Phospholipid effects were 
shown for acetylcholine receptors as well as in response to other stimuli in 
other tissues (Oron et al., 1975, and references therein). The physiologic 
response, however, in all of these cases, was not dependent on the pres- 
ence of extracellular Ca 2÷ as in the case of the a-receptor induced response 
described by Schramm and Selinger (1975); Selinger et al. (1974) and 
Batzri et al. (1975). These observations tend to strengthen Selinger's asser- 
tion that the pospholipid effect and the Ca 2÷ dependent K ÷ release are 
two independent biochemical responses to a-receptor stimulation as in the 
case of  some other hormone or neurotransmitter stimuli. 

1. The Relationship between a-Receptors and #-Receptors 

Almost every organ, tissue or cell which possesses an a-adrenergic receptor 
possesses also a/3-adrenergic receptor. These two receptors elicit opposite 
physiologic effects in the target organ (Table 2). Thus, it is possible that the 
final response of the organ in question depends on the relative activity of the 
two receptors. Since Ca 2÷ functions as the second messenger of a-receptor 
action and inhibits the /3-receptor dependent adenylate cyclase, it may 
provide the link between a- and/3-receptors in systems which possess both 
types of adrenergic receptors. It is interesting that Batzri et al. (1975), 
find that in the rat parotid gland, the a-blocker phentolamine slows down 
the fall in the level of  cAMP subsequent to epinephrine stimulation, as 
compared to a system in the absence of the a-blocker. This effect, how- 
ever, may be due to secondary biochemical events other than the direct 
effect of Ca ~÷ on the level of adenylate cyclase activity. For example, Ca 2÷ 
is known to activate cAMP phosphodiesterase (Appleman et al., 1972, and 
references therein) and thus an increase in intracellular Ca 2. may result 
not only in the inhibition of adenylate cyclase, but also in the depletion 
of the cAMP pool. At this point, it can only be stated that the interaction 
of a-receptors with/~-receptors is still not understood in biochemical terms 
and requires further investigation. 
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In the CNS and peripheral tissues it was found that the uptake of  nor- 
epinephrine in adrenergic synapses is controlled by the interaction of nor- 
epinephrine with presynaptic a-receptors (Kirkekar and Puig, 1971 ; Enero 
et al., 1972; Starke, 1972; DePotter et al., 1971 ). Thus, if the postsynaptic 
receptor is of  the/3-type, the level of  its activity is determined by the con- 
centration of  norepinephrine in the synapse which is controlled by a-recep- 
tors. A similar mechanism seems to operate in the rat heart where it was 
shown (Eisenfeld et al., 1967) that occupancy of  a-receptors by norepi- 
nephrine enhances norepinephrine uptake into the sympathetic neurons. 
In both systems studied, namely, in the CNS and in the rat heart (Eisen- 
feM, 1967) a-blockers were effective in preventing norepinephrine uptake. 
The current views on the role of  presynaptic a-receptors are summarized 
in a recent article by Langer (1977). 

2. Interconversion of a- and ~3-Receptors? 

Some reports in the literature have suggested that a-receptors and/3-recep- 
tors are two allosteric configurations of  the same macromolecule. The ex- 
periments upon which this hypothesis is based were performed on the frog 
heart, where it has been claimed that a-receptors prevail at l~w tempera- 
tures and transform into /3-receptors at higher temperatures. It was 
claimed (Kunos et al., 1973; Kunos and Szentivanyi, 1968; Buckley and 
Jordan, 1970) that stimulation of cardiac rate and contractibility by 
catecholamines has the properties of  a classic/3-adrenergic response when 
experiments are performed at warm temperatures (25 -37  ° C), and of  an 
a-adrenergic response when experiments are performed at low tempera- 
tures ( 5 - 1 5  ° C). Caron and Lefkowitz (1974) examined this hypothesis 
by looking at the adenytate cyclase activity at a wide range of  tempera- 
tures. These investigators examined dog heart, rat heart, frog heart, and 
frog erythrocytes. In all of these cases, it was found that the adenylate 
cyclase is stimulated by adrenergic ligands typical of/3-receptors at a wide 
range of  temperatures. Furthermore, the adrenergic inhibitors affecting 
cyclase at a wide range of temperatures were always of  the /3-type. 
a-Blockers had no effect on adenylate cyclase over a wide range of tem- 
peratures. As Caron and Lefkowitz (1974) pointed out the studies claim- 
ing the a to/3 interconversion were performed on an intact tissue (Kunos 
et al., 1973; Kunos and Szentivanyi, 1968; Buckley and Jordan, 1970) 
whereas the adenylate cyclase measurements were performed on mem- 
brane fragments (Caron and Lefkowitz, 1974). Thus it still remains pos- 
sible that the interconversion of a and /3-receptors requires the intact 
cellular structure. The integrity of  the cellular structure may preserve the 
biochemical mechanism which may be responsible for a-receptor to/3-re- 
ceptor interconversion. In conclusion, a-receptor to/3-receptor intercon- 
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version still remains possible in view of the pharmacologic experiments 
(Kunos et al., 1973; Kunos and SzentivanyL 1968; Buckley and Jordan, 
1970), although it does not, at present, find any support from direct bio- 
chemical experiments. 

C. Dopamine Receptors 

Dopamine, like epinephrine and norepinephrine, is a neurotransmitter in 
the CNS. In some cases it was demonstrated that the dopamine receptor 
is coupled to adenylate cyclase (Kebabian et al., 1972; Bockaert et al., 
1976; Phillipson and Horn, 1976; Daly et al., 1972). Dopamine-sensitive 
adenylate cyclase was also demonstrated in neuroblastoma (Prasad and 
Gilmer, 1974). Dopamine receptors are distinct from the /3-adrenergic 
receptor in their ligand specifity and in their response to specific blockers 
(Table 1, Kelly and Miller, 1975; Miller et al., 1974). Thus, dopamine 
receptors coupled to adenylate cyclase respond to dopamine better than 
to norepinephrine (Table 1 ), whereas in t3-receptors the situation is reversed. 
~-Adrenergic blockers such as propranolol do not affect dopamine-depen- 
dent adenylate cyclase whereas phenothiazine-type compounds such as 
chlorpromazine or butyrophenones such as haloperidol act as specific 
blockers of dopamine-dependent adenylate cyclase (Table 1) and have no 
effect on/~-adrenergic-receptor-dependent adenylate cyclase. Whether dop- 
amine receptors are coupled to other biochemical signals, such as ion fluxes, 
is not yet clear. In neuroblastoma,a-adrenergic blockers were found to affect 
dopamine-dependent adenylate cyclase whereas ~-adrenergic blockers were 
found to have an effect only at very high concentrations (Prasad and Gilmer, 
1974). Dopamine-sensitive adenylate cyclase from the mesolimbic system 
was found to be inhibited by a-blockers but not at all by/3-blockers (Horn 
et al., 1974). Thus, there is some overlap in ligand specifity of the dopamine 
receptor with the a-adrenergic receptor. Furthermore, binding studies 
using 3H-dLSD have shown (Burt et al., 1976) that the latter cmpound 
monitors dopamine receptors in the brain. One should, however, remem- 
ber that other lysergic acid derivatives such as ergocryptine were claimed 
to be specific a-adrenergic blockers (Williams and Lefkowitz, 1976). The 
situation is further complicated by the fact that dLSD is a well-known 
serotonin antagonist in several smooth muscles (Gaddum, 1953; Gaddum 
et al., 1955; Wooley and Shaw, 1954) and weak mixed agonist at post- 
synaptic serotonin receptors in the brain (Haigler and Aghajanian, 1974; 
Anden et al., 1968; Boakes et al., 1970). Data is also available to show 
that dLSD interacts with presynaptic receptors on serotonin neurons 
which are distinct from the postsynaptic serotonin receptor sites (Haigler 
and Aghajanian, 1974; Aghajanian, 1972); Aghajanian et al., 1973). The 
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partial overlap between dopamine receptors, a-adrenergic receptors, and 
serotonin receptors makes the biochemical characterization of dopamine 
receptors more difficult. 

IV. Radioassay of Catecholamine Receptors 

Until recently a reliable assay for catecholamine receptors was not available 
and the use of  3 H-catecholamines to monitor/3-adrenergic receptors, as well 
as other catecholamine receptors, was proved to be unreliable (Levitzki et 
al., 1975; Levitzki et al., 1974; Cuatrecasas et al., 1974). The failure to 
detect catecholamine receptors using radioactive labeled catecholamines 
stems from the fact that the receptor concentration accessible experimen- 
tally is far below the catecholamine-receptor dissociation constant (Levitzki 
et al., 1974). Furthermore, catecholamines bind to many nonreceptor 
components in the membrane preparations studied, and thus the signal-to- 
noise ratio is lowered further (Levitzki et al., 1974; Cuatrecasas et al., 
1974). In 1974 radioactivity labeled t3-adrenergic blockers were found to 
monitor reliably/3-adrenergic receptors. The first ligand used was 3 H-pro- 
panol (Levitzki et at., 1974; Atlas et al., 1974; Levitzki et al., 1975; 
Nahorski, 1976) and shortly thereafter and idependently 12s I-hydroxy- 
benzylpindolol (Aurbach et al., 1974; Brown et al., 1976a; Brown et al., 
1976b; Maguire et al., 1976) and 3 H-alprenolol (Lefkowitz et al., 1974) 
were introduced as specific ligands for the radioassay of/3-adrenergic re- 
ceptors. The use of these radioactively labeled ligands has since become 
a routine procedure to monitor/3-adrenergic receptors in nucleated ery- 
throcytes (Levitzki et al., 1975; Levitzki et al., 1974; Atlas et al., 1974; 
Aurbach et al., 1974; Brown et al., 1976), lymphocytes (Williams et al., 
1976), the pineal organ (Kebabian et al., 1975;Romero et al., 1975; Zatz 
et al., 1976), adipocytes (Williams et al., 1976), and brain (Sporn and 
Molinoff, 1976; Alexander et al., 1975; Bylund and Snyder, 1976). The 
affinity of  these j3-blockers to the/3-receptors is very high and is 3 - 6  orders 
of  magnitude higher than the affinity of #-agonists towards the #-receptors 
(Table "5). Therefore, one can monitor low concentrations of these recep- 
tors using these compounds.  The binding of  these compounds is stereo- 
specific for the R stereoisomer (l) and all of them are displaced from the 
/3-receptor by ( - )  catecholamines and not by (+) catecholamines. The dis- 
sociation constants found for these/3-blockers, using binding experiments, 
match closely with the inhibition constants found from their competit ion 
with catecholamines in the adenylate cyclase reaction. So far the use of  
specific radioactively labeled a-adrenergic blockers is rather limited. 
Williams and Lefkowitz (1976) reported on the use of  3 H-dihydroergo- 
cryptine to monitor  a-adrenergic receptors and Greenberg et al. (1976) on 
the use o f  3 H-clonidine and 3H-WB-4101. 
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Table 5. Affinity of different ~-blockers towards the/3-receptors 

13 

Ligand KDis~ 

From 
kinetics a 

1-Propranolol 1.3 + 0.1 
1-Alprenolol 10 + 1 
1_12 s l-hydroxybenzylpindolol 

nM 

From 
binding experiments 

1.2 + 0.1 
10 -1  

0.02 + 0.002 -0.5 + 0.2 

Data taken from references cited in the text. 
a Competetitive inhibition of ( - )  catecholamines in the adenylate cyclase reaction. 

Dopamine receptors can be monitored using radioactively labeled 
blockers such as 3 H-haloperidol (Creese et al., 1976) and 3 H-dLSD (Butt 
et al., 1976). Radioactively labeled blockers can also, in principle, be used 
to monitor  detergent solubilized receptors, provided the receptor does not 
denature in the process of solubilization. Such an at tempt  was recently 
reported where deoxycholate  solubilized #-adrenergic receptors from frog 
erythrocyte  membranes were monitored using 3 H-alprenolol (Caron and 
Lefkowitz, 1976). Similar at tempts using 3 H-propranolol on lubrol PX 
solubilized turkey erythrocyte  membranes were unsuccessful (Steer and 
LevitzkL unpublished). Attempts  are now being made to monitor  #-adren- 
ergic receptors in the solubilized state using 12~ I-hydroxybenzylpindolol.  
Since ~2s I-hydroxybenzylpindolol  exhibits extremely high affinity towards 
/3-adrenergic receptors it can be used to monitor  these receptors in whole 
cells (Brown et al., 1976;A tlas et al., 1977). Fur thermore,  this compound 
can be used by applying autoradiographic techniques, to localize the/3-re- 
ceptors on the surface o f  the cell. Such techniques may reveal whether the 
receptors are clustered or scattered on the cell surface. The availability of  
specific ligands to monitor  ~-adrenergic receptors has also made it possible 
to monitor  receptor cryptization due to desensitization. Using radiolabeled 
#-blockers it was demonstrated that ~-receptor desensitization induced by 
catecholamine is due to the decline in the total number of  receptors. This 
decline is responsible for the decline in the activity of  #-receptor-dependent 
adenylate cyclase (see detailed discussion Section VII A). 

V. Fluorescent Antagonists for Mapping Adrenergic Receptors in vivo 

Recently two fluorescent #-blockers were synthesized in our laboratory 
(Atlas and Levitzki, 1977): 9-AAP and DAPN (Fig. 1). These compounds 
were shown to bind in a stereospecific manner to #-adrenergic receptors 
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OH ~H 3 
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OCHz~HCH2NHCH2CHzNH 

CH 3 CH 3 

DAPN 

Fig. 1. Fluorescent  ~-blockers 

in vivo upon their injection to rats and mice. Both peripheral fl-receptors 
as well as #-receptors in the CNS bind these fluorescent antagonists and 
become visible in the fluorescent microscope (Atlas and Levitzki, 1977; 
Melarned et al., 1976a; Melarned et al., 1976b; Melamed et al., 1976c; 
Atlas et al., 1977). Prior injection of 1-propranolol into the animal prevents 
the binding of  the blocker whereas the injection of d-propranolol is with- 
out effect (Atlas and Levitzki, 1977). Furthermore, treatment of the rat or 
mice with 6-hydroxydopamine, which causes the disappearance of the 
catecholamine storage vesicle in the presynaptic region, does not prevent 
the appearance of the fluorescence pattern in the Purkinje cell layer upon 
injection of  9-AAP (Atlas et al., 1977) or DAPN (Atlas, unpublished 
experiments). These latter results demonstrate that the localization of the 
fluorescent compound is indeed in the postsynaptic ~-receptors. Thus it 
is now clear that these compounds can be used for the mapping of  #-adren- 
ergic receptors in vivo. Experiments with turkey erythrocyte membranes 
in vitro also reveal that the binding of 9-AAP can be monitored directly 
in the fluorimeter (Atlas and Levitzki, 1977). Currently, efforts are being 
made to synthesize specific fluorescent a-antagonists in order to map 
a-adrenergic receptors. A similar approach is planned for the mapping of  
dopamine receptors. The use of  specific ligands to probe catechotamine 
receptors is complementary to the formaldehyde method of Falck et al. 
(1962) and of  the glyoxylic acid method (Lindvall and BjOrklund, 1974) 
for the mapping of  l-catecholaminergic pathways. These methods (Falck 
et al., 1962; Lindvall and BjOrklund, 1974) do not discriminate between the 
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different types of catecholaminergic neurons since all catecholamines con- 
dense with formaldehyde and glyoxylic acid to yield a fluorescent deri- 
vative. Furthermore, serotonin also yields a fluorescent derivative upon 
condensation with formaldehyde or glyoxylic acid and thus serotonergic 
pathways also become visible in the fluorescence microscope. The develop- 
ment of specific fluorescent ligands for each type of receptor may become 
a powerful tool for mapping the different types of catecholaminergic 
receptors. Obviously, this approach can be extended for the study of 
other receptors for neurotransmitters and hormones. 

The availability of fluorescent agonists or antagonists makes it also 
possible to study directly the receptor in vitro if high enough concentra- 
tion can be generated in the test tube. Preliminary experiments (Atlas and 
LevitzkL 1977) using 9-AAP, do indeed demonstrate that its binding to 
#-adrenergic receptor in turkey erythrocyte membranes can be monitored 
in vitro. It is hoped that such compounds will become a powerful tool for 
monitoring the state of the receptor under different conditions. 

VI. Affinity Labeling of the #-Adrenergic Receptor 

Affinity labeling of the #-adrenergic receptor has recently been achieved 
by using a reversible #-blocker to which the reactive group bromoacetyl 
was attached (Atlas and Levitzki, 1976; Atlas et al., 1976). The compound 
N-(2-hydro xy-3-naphthylo xypropyl)-N'-bromoacetylethylenediamine (Fig- 
ure 2) has been shown to inhibit irreversibly the epinephrine-dependent 

OCH2CH-CH2NHCH2CH2NHCOCH~ Br 

OH (NHNP-NBE) 

Fig. 2. An affinity label for the #-adrenergic receptor 

adenylate cyclase activity without damaging the F--dependent activity in 
turkey erythrocyte membranes (Atlas and Levitzki, 1976; Atlas et al., 
1976). Furthermore, propranolol and 1-epinephrine offer protection against 
the affinity-labeling reaction. Similarly, the compound was shown to 
inhibit irreversibly the hormone-stimulated activity in a whole turkey red 
cell (Atlas et al., 1976). The loss of epinephrine-dependent activity is 
accompanied by the loss of 3 l-J-propranolol binding (Atlas and Levitzki, 
1976; Atlas et al., 1976), thus demonstrating directly the loss of the 
#-receptor subsequent to treatment with the affinity label. More recently, 
the 3 H-affinity label has been synthesized (Atlas and Levitzki, 1978) and 
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used to identify the subunits of  the ~-adrenergic receptor (Atlas and 
Levitzki, 1978). The availability of a 0-receptor affinity label will also help 
to establish whether the hormone receptor and the enzyme activity reside 
on separate polypeptide chains. Since the ~-receptor-activated enzymes from 
pigeon erythrocytes (Pfeuffer and Helmreich, 1975) and turkey erythro- 
cytes (Hanski et al., 1977) have already been solubilized by Lubrol PX 
and partially purified, an at tempt is being made to use the 3 H-affinity 
label and identify the t~-receptor in the solubilized state. This procedure 
can be of  use since in the solubilized form, the adenylate cyclase from 
pigeon erythrocytes or turkey erythrocytes, is hormone insensitive. The 
loss of  hormone sensitivity of  adenylate cyclase upon solubilization is well 
known, not only for catecholamine stimulated adenylate cyclase, but also 
for adenylate cyclase activated by polypeptide hormones. This uncoupling 
event leaves the investigator with no direct means to monitor the hormone 
receptor unless an affinity label or a reversible ligand possessing high 
affinity are available. 

In a recent report (Takayanagi et al., 1976) it was claimed that #-adren- 
ergic receptors mediating the relaxation of the guinea pig taenia coli were 
photoaffinity labeled with l-isoproterenol or 2-(2-hydroxy-3-isopropyl- 
aminopropoxy-iodobenzene). The irradiation of the guinea pig taenia coli 
in the presence of  either compound resulted in the irreversible loss of 
response to /3-adrenergic agonists such as l-isoproterenol. Chloropractolol 
was also claimed to be an irreversible ¢~-agonist (Erez et al., t 975). How- 
ever, the blocking action of  chloropractolol was slowly reversible; there- 
fore, it may very well be that this compound dissociates slowly from the 
receptor rather than attach to it covalently. Wrenn and Haber (1976), 
reported recently on the preparation of  an antibody against the #-recep- 
tor. Rabbits were immunized with a deoxycholate solubilized fraction 
from dog heart and the serum isolated from these rabbits was found. to  
inhibit specific 3 H-propranolol binding (Wrenn and Haber, 1976), as well 
as l-isoproterenol-dependent adenylate cyclase activity in dog heart. So far 
affinity labels for the a-adrenergic receptor or the dopamine receptor have 
not been prepared. 

VII. Self-Regulation of #-Adrenergic Receptors 

A. Desensitization 

A decrease in the responsiveness to catecholamines as a result of repeated 
exposure to catecholamines was found in cultured pineal organs (Deguchi 
and Axelrod, 1972). In that system the ability of isoproterenol to induce 
N-acetylserotonin-transferase activity was observed to decrease upon 
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repeated isoproterenol stimulation. Similar observations were made with 
slices of  the cerebral cortex. In this case cAMP synthesis as a response to 
norepinephrine is also decreased upon repeated stimulations (Kakiachi 
and Rail, 1968; Schultz and Daly, 1973a,b,c). It should be emphasized 
that in the cerebral cortex both a- and /~-receptors are claimed to be 
coupled to adenylate cyclase (see Section III and ref. Daly, 1975). Cate- 
cholamine-induced refractoriness was observed also in frog erythrocytes 
(Mukherjee et al., 1975;Mickey et al., 1975;Mickey et al., 1976;Mukher- 
]ee and Lefkowitz, 1976) and with lymphoid cells (Makman, 1971 ), human 
leukocytes (Morris et al., 1975), and macrophages (Remotd-O'Donnel, 
1974). Similar effects were demonstrated in cultured fibroblasts (Franklin 
and Foster, 1973; Franklin et al., 1975), and glioma cells (Franklin and 
Foster, 1973). 

The availability of direct means for probing the ~-adrenergic receptors 
led to the discovery that the concentration of a ligand can regulate the 
concentration or the binding properties of the receptors on the target cell. 
In the case of  ~-receptors it has been known for some time that/3-adren- 
ergic agonists can induce functional desensitization (tachyphylaxis, toler- 
ance) of  target tissue in vivo and in vitro. Using 3 H-alprenolol, Mukherjee 
et al. (1975) have shown that prolonged exposure of  frog erythrocytes to 
/3-adrenergic catecholamines in vivo or in vitro (Mickey et al., 1975) lead 
to a decrease of  50-70% in the number of alprenotol binding sites without 
a change in affinity towards the/~-antagonists. The order of potency of the 
catecholamines is isoproterenol > epinephrine > norepinephrine. These 
investigators also find that the/3-blocker propranolol inhibits this action 
of  agonists but does not by itself cause any decrease in the number of 
receptors. 

The down regulation of/3-receptors in frog erythrocytes differs from 
that of  insulin or growth hormone in that the treatment in vivo with the 
protein biosynthesis inhibitor cycloheximide, does not prevent recovery 
after down regulation (Lefkowitz, t976). These observations suggest that 
the/~-receptors are reversibly inactivated or masked and not lost as in the 
case of insulin receptors and growth hormone receptors. Similar down 
regulation of 0-receptors was recently reported by Kebabian et al. The 
system studied by Kebabian and his colleagues is the/~-receptors on the 
rat pineal gland (Kebabian et al., 1975). When the receptors were stimu- 
lated physiologically in vivo by keeping the animals in the dark or phar- 
macologically by injecting l-isoproterenol, a rapid fall in the number of  
3 H-alprenolol binding sites resulted. The fall amounts  to 70% reduction in 
response within 2 h subsequent to stimulation. Within 4 h a recovery in 
the number of 3 H-alprenolol binding sites was found. Exposing the rats 
to light, thus decreasing the sympathetic activity, results in the increase of 
the number of/~-receptors as measured by 3 H-alprenolol binding. These 
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investigators also reported (Kebanian et al., 1975) that the number of 
~-receptors on the pineal gland normally varies with a circadian periodicity 
which is inversely related to the cycle of neurotransmitter release (Romero 
et al., 1975). 

Down regulation is an efficient mechanism to regulate receptor re- 
sponse especially when the number of receptors is such that only fractional 
occupancy of  these receptors results in maximal response. Under these 
circumstances, namely in the presence of  "spare receptors", a decrease in 
the number of receptors does not cause a decrease in the potential 
maximal response but will shift the dose response curve to higher agonist 
concentrations. The reduction in the number of/3-receptors can, in prin- 
ciple, account for the functional desensitization of target tissues to re- 
peated agonist stimulation. However, it should be stressed that other 
mechanisms such asthe reduction in receptor affinity may also be respon- 
sible for desensitization. Recently it was reported that desensitized cate- 
chotamine receptors can be resensitized by purine nucleotide triphos- 
phates, especially GTP and Gpp(NH)p (Mukherjee and Lefkowitz, 1976). 
The molecular events which are responsible for the desensitization phenom- 
enon are not at all clear. It is interesting that t~-receptor desensitization 
occurs in frog erythrocytes but not in turkey erythrocytes (Hanski and 
Levitzki, 1978). 

Whether membrane-bound cytoskeletal elements are involved in recep- 
tor-to-enzyme coupling and in the events leading to desensitization is not 
yet clear. What is clear, however, from the study of/3-receptor desensitiza- 
tion in S-49 lymphoma cells, is that cAMP-dependent phosphorylation is 
not involved (Shear et al., 1977). This assertion is made on the basis of the 
finding that mutant  S-49 cells lacking protein kinase but which contain 
/3-receptor dependent adenylate cyclase undergo desensitization. On the 
other hand, S-49 cells possessing the ~-adrenergic receptor but which are 
devoid of  adenytate cyclase do not undergo desensitization (Shear et al., 
1977). Thus, it is clear that the process of  desensitization involves processes 
which depend on an actively functioning enzyme. 

Postreceptor biochemical mechanisms may also operate in the phe- 
nomenon of desensitization. Thus, for example, the number of opiate 
receptors in the brain is not decreased by chronic exposure to high opiate 
levels (Pert et al., 1973; Klee and Streaty, 1974; Sharma et al., 1975). The 
effect of the opiate ligand is the fast and reversible decrease in cAMP 
levels; both basal acitivity and PGE-stimulated activity are inhibited. The 
cells compensate by a subsequent increase of the cAMP levels, back to the 
level found in the absence of the opiate ligand. In this case, either the 
adenylate cyclase activity or its amount  is increased (Sharma et al., 1975). 
The removal of  the opiate ligand results in an immediate further increase 
of  the cAMP levels, above the level found in the absence of  the drug. 
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De Vellis and Brooker (1974) reported that the generation of  cAMP 
in response to catecholamines in the 2B subclone of  RC6G rat glioma 
cells, previously exposed to norepinephrine and refractory to further nor- 
epinephrine addition, is substantially increased by the addition of inhibitors 
of  RNA and protein synthesis. They conclude that formation of  a protein 
(or proteins), important for catecholamine refractoriness, affects synthesis 
rather than degradation of cAMP. 

B. Supersensitivity 

Supersensitization to/3-adrenergic agonists is observed in different systems 
and is manifested in both increased cAMP synthesis and in increased level 
of/3-receptors. It was found that after adrenalectomy of the rat, the respon- 
siveness of rat liver adenylate cyclase to catecholamines was enhanced 
3-5-fold (Wolfe et al., 1976). This increase in adenylate cyclase activity is 
accompanied by a 3-5-fold increase in the number offl-adrenergicrecep- 
tors as revealed by direct binding studies using 12s I-hydroxybenzylpindolol 
(Wolfe et al., 1976). These changes were reversed by the administration of 
cortisone. It was suggested (Wolfe et al., 1976) that this increase in ~-recep- 
tors and adenylate cyclase activity may be a compensatory response to the 
impairment in gluconeogenesis and glycogenolysis which occur after 
adrenalectomy. 

Changes in catecholamine responsiveness in the mammalian brain 
occur as a result of intraventricular injection of  6-hydroxydopamine 
(Sporn et al., 1976; Palmer, 1972; Kalisker et al., 1973). Using 12sI-iodo- 
hydroxybenzylpindolol,  an increase in the number of/3-receptors in the 
cerebral cortex could be measured (Sporn et al., 1976). Parallel to the 
increase in the number of/3-receptors an increase in the l-isoproterenol- 
dependent adenylate cyclase was detected. 

VIII. Catecholamines as Neurotransmitters 

#-Adrenergic receptors, a-adrenergic receptors, and dopamine receptors 
are involved in catecholaminergic innervation. Some of  these activities are 
due to adrenergic stimulation, where the catecholamine functions as a 
neurotransmitter released from presynaptic vesicles within the adrenergic 
synapse, acting at a postsynaptic adrenoreceptor. While there is much bio- 
chemical data concerning the action of adrenergic agonists as hormones at 
a- and #-receptors, little is known about their mechanism of action as 
neurotransmitters. It seems, however, that/~-receptor activity at/3-adren- 
ergic synapses involves the activation of  adenylate cyclase, and that 
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a-receptor activity involves changes in ion permeability where the first 
event is the influx of Ca 2÷. For example, certain cells in the CNS such as 
the Purkinje cells of the cerebellum are innervated by noradrenergic neu- 
rons. The neurotransmitter acting at the Purkinje cells is noradrenaline. 
It was found that the noradrenaline transmitter is responsible for the sus- 
tained depression of spontaneous firing of the rat cerebellar Purkinje cells 
(Siggins et al., 1969; Holler et al., 1971). It was suggested that this nor- 
adrenaline action is mediated by cAMP (Siggins et al., 1969; Siggins et al., 
1971 ; Gdhwiter, 1976). Indeed phosphodiesterase inhibitors such as papa- 
verine were found also to depress the firing of  Purkinje cells (Siggins et al., 
1971). In conclusion, it seems that intracellular cAMP levels influence 
noradrenergic neurotransmission. This conclusion actually classifies these 
noradrenergic receptors to belong to the 0-type. It is therefore possible 
that other adrenergic synapses, not yet characterized may involve recep- 
tors of  the #-type which function via the formation of cAMP. The pres- 
ence of  #-adrenoreceptors in cerebral tissue has been confirmed by electro- 
physiologic techniques (Siggins et al., 1969) and by direct measurements 
of  3 H-propranolol binding (Nahorski, 1976), 3 H-alprenolol binding (Alex- 
ander et al., 1975; Bylund and Snyder, 1976), and 12s I-hydroxybenzyl- 
pindolol binding (Sporn and Molinoff, 1976). Another example where 
noradrenaline acts as a neurotransmitter is the rat pineal gland. In this case 
the noradrenaline neurotransmitter is released from the sympathetic 
nerves and stimulates adenylate cyclase within the pineal gland (Brown- 
stein and Axelrod, 1974; Deguchi and Axelrod, 1973). Studies on this 
system were reported by Kebabian et al. (1975), Romero et al. (1975) 
and Zatz et al. (1976). This latter case is another example where the nor- 
adrenaline neurotransmitter acts on a postsynaptic membrane receptor of 
the #-type. 

As discussed in Section III it was found that the activation of a-recep- 
tors causes changes in the ion permeability of  cell membranes of  several 
tissues including intestinal smooth muscle, guinea pig liver and adipose 
tissue. It is likely that the ion selectivity of the permeability increase 
varies between tissues. Thus, for example, in the inhibition of longitudinal 
muscle of the intestine by a-agonists, mainly K* ions are involved. It is pos- 
sible that the K ÷ ion effects are secondary to Ca 2÷ influx as found in the 
parotid gland by Selinger et al. (1974. Section III b). Indeed, it was sug- 
gested by Triggle (1972) that a-adrenergic receptors may initiate contrac- 
tion of  certain smooth muscle, mostly arteries, by release of  Ca 2÷ from an 
intracellular store such as the sarcoplasmic reticulum. This mechanistic 
aspect was proposed mainly on the basis of  the finding that the contractile 
response of such muscles falls only slowly when external Ca 2÷ is withdrawn. 

Claims have been made that a-adrenergic receptors in the CNS are also 
linked to the activation of  adenylate cyclase (Perkins and Moore, 1973; 
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Huang et al., 1973; Skolnick and Daly, 1975; Skolnick and Daly, 1976; 
Daly, 1975). Pharmacologic evidence seems to suggest that a-adrenergic 
receptors reside in the presynaptic region of  a catecholaminergic synapse 
where the ~-receptor is the primary postsynaptic receptor. It was suggested 
that the extent of  norepinephrine release from the presynaptic vesicle is 
controlled by  the presynaptic a-receptor (Kirkekar and Puig, 1971 ;Enero 

et al., 1972; Starke, 1972; De Potter et al., 1971 ; Langer, 1977), thus con- 
trolling the accessibility of  norepinephrine to the postsynaptic/3-receptor. 
This interplay between a-adrenergic receptors and 13-adrenergic receptors 
may be the basis for the control mechanism of  catecholamine action at 
nerve terminals. 

IX.  Spare  R e c e p t o r  C o n t r o l  o f  C a t e c h o l a m i n e  A c t i o n  

It was pointed out  that the level o f  the circulating catecholamine is far 
below its dissociation constant to the receptor (Levitzld, 1976). Therefore, 
only a small fraction of  the receptors become occupied at physiologic 
levels of  the hormone. A direct comparison can be made between the 
dependence of  the adenylate cyclase reaction on hormone concentrat ion 
and the dependence of  the hormone-mediated effect on hormone concen- 
tration (Table 6). This can be done only in cases where the two sets of  
data are available. It can be seen from Table 6 that 50% of  the biochemi- 
cal response is achieved at hormone concentrations two  orders of  magni- 
tude below the hormone concentrations required for 50% saturation 

Table 6. The [H]o.s values for hormone in cAMP-mediated processes 

The cAMP-mediated 
biochemical process 
measured 

Epinephrine-stimulated Na + 
outflux in turkey erythro- 
cytes 
Epinephrine-stimulated 
a-amylase secretion by 
the rat parotid gland 

[H]0.s for the hormone 
mediated effect 

[H]o.s for the hormone 
in the adenylate cyclase 
reaction 

(M) (M) 
t x 10 -8 a 6 x  10 -6 b 

2x 10 -7 c 1 x 10 -s e 

a Gardner et al. (1974); Gardner et al. (1973). [H]0.s refers to the hormone concentra- 
tion yielding 50% of the effect. 

Levitzki et al. ( 1975); Levitzki et al. ( 1974); Atlas et al. ( 1974); Gardner et al. ( 1974); 
Gardner et al. (1973). 
c Batzri et al. (1975); Schramm and Naim (1970). 
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of the adenylate cyclase reaction. It appears therefore that only a small 
fraction of the t3-adrenergic receptors must be occupied by the hormone 
in order to saturate the subsequent biochemical response. Since both bio- 
chemical signals quoted in Table 6 are cAMP dependent one can calculate 
the level of cAMP attained in these systems at different receptor occupan- 
cies (Levitzki, 1976). It was shown that occupation of 0.016% of the 
/3-adrenergic receptors in the systems described in Table 6 is sufficient to 
produce 2 x 10-8 M to 2 x 10-7 M cAMP within one minute (Levitzki, 
1976). This concentration of cAMP is sufficient to saturate protein kinase 
and protein kinase-dependent processes such as the processes depicted in 
Table 6. From this example it is quite clear that only a small fraction of 
the receptors becomes occupied upon hormone stimulation, and therefore 
most of the receptors are spare receptors. These receptors are actually 
not "spare" since the necessary small number of receptors which must 
become occupied in order to produce the necessary signal depends on the 
total number of receptors. The fraction of receptors saturated will provide 
the level of second messenger necessary to saturate the cAMP dependent 
biochemical processes. It seems, therefore, that the terminology of spare 
receptors is inadequate since all the receptors are an integral part in gener- 
ating the response. 

It seems that some hormone-mediated processes and neurotransmitter- 
mediated responses operate by a mechanism involving the interaction of 
a ligand possessing relatively low affinity to the receptor, with a large 
excess of the receptor. The end result of such a situation is similar to that 
obtained when a high affinity ligand interacts with a smaller number of 
receptors, since the signal always depends on the product of  the two. 
However, there is a possible advantage to a mechanism in which the 
agonist has low affinity to the receptor and, therefore, the extent of the 
signal elicited becomes dependent on the total number of receptors per 
cell. Such a mechanism allows for a discriminatory action of the same 
hormone on different tissues possessing the same receptor. Namely, 
whether or not different tissues will respond to the same hormone concen- 
tration depends on the total number of receptors per cell in each of the 
target tissues. Catecholamines, glucagon, and histamine are responsible for 
a multitude of biochemical processes in different tissues, and in all three 
cases there is evidence for the existence of spare receptors. We would 
therefore like to suggest that for ligands acting on a variety of tissues, the 
spare receptor mechanism is likely to operate. 

Two approaches can be used to analyze the existence of spare recep- 
tors. One is a quantitative comparison between receptor occupancy and 
the dose-response curve. This approach can be used when quantitative 
measurements of receptor occupancy can be performed. Another approach, 
which was originally used by Nickersen (1956), is to block irreversibly 
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a fraction of  the receptors and determine whether full response can still be 
obtained. Using this technique, Nickersen was able to show that the block- 
ing of  99% of  the histamine receptors by an irreversible blocker shifts the 
dose-response curve with respect to the histamine agonist to higher con- 
centrations but  does not reduce the maximal response. 

X. Conclusion 

In the last few years the characterization of  catecholamine receptors has 
developed considerably. The primary biochemical signals occurring sub- 
sequent to catecholamine binding are better  understood today than a few 
years ago. Specific ligands can now be used to moni tor  catecholamine 
receptors both  in vitro and in vivo. This applies especially to the field of  
#-adrenergic receptors. Even a t tempts  to solubilize and affinity label the 
#-adrenergic receptor  have met with initial success. It is to be expected 
that within a few years the mechanism of  #-receptor activity will be under- 
s tood more fully and that further progress will be made in the field of  
a-adrenergic and dopamine receptors. 
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Tris 
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disintegrations per minute 
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messenger ribonucleic acid 
phosphoenol pyruvate 
ribonucleic acid 
Tris(hydroxymethyl)aminomethane 
transfer ribonucleic acid 

I. Introduction 

Knowledge presently available on albumin and its metabolism has been 
summarized in various reviews fFoster. 1960: Ozata. 1966, 1967. 1973: 
Schultze and Heremans, 1966; Freeman, 1967; Peters, 1970, 1975, 1977). 
Some reviews have concentrated on special points such as biosynthesis of 
albumin (Campbell, 1961b, 1967, 1970, 1975; Papaconstantinou and Led- 
ford, 1973; Weigand, 1977b), binding of fatty acids (Spector, 1975), pino- 
cytotic uptake (Holtzer and Holtzer, 1960), catabolism (Bocci, 1970), 
and clinical aspects (Sandor, 1966; Rothschild et al., 1970, 1972a,b, 1973, 
1975; Hitzig, 1977; Weigand, 1977a). Two recent developments require 
a critical reevaluation of hitherto reported work on the synthesis and 
secretion of albumin: 

1. The isolation of radiochemically pure albumin was found to be 
necessary in studies involving incorporation of radioactive amino acids 
(Schreiber et al., 1969; Rotermund et al., 1970; Urban et al., 1974b). 
Radioactively labeled albumin must be purified to constant specific radio- 
activity to distinguish between unspecific binding and biosynthetic incor- 
poration of amino acids. 

2. Antiserum against albumin does not precipitate only albumin but 
also at least two other proteins, namely pre-proalbumin (Strauss et al., 
1977a,b; Yu and Redman, 1977) and proalbumin (Urban et al., 1974a; 
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Russell and Geller, 1975; Edwards et al., 1976c; Patterson and Geller, 
1977; Millership, 1977). This is important when immunoprecipitation is 
used for determination or isolation of albumin or related proteins. 

Particulars of  the isolation of  albumin from various sources will be dis- 
cussed in greater detail in Section II. In subsequent chapters it will be 
shown how our current ideas on the site, mechanism, and regulation of  
albumin synthesis and its secretion need to be changed or supplemented. 

II. Isolation and Determination of Albumin: Implications on Studies 
of  Synthesis and Secretion 

The study of protein synthesis and secretion is often based on two differ- 
ent experimental techniques used either independently or in conjunction. 
Incubation in the presence of  radioactively labeled amino acids and/or 
precipitation with an antiserum are used to monitor the rate of  synthesis 
of specific proteins. 

The following will describe the major pitfalls of these techniques and 
stress the precautions necessary in interpreting the obtained results. 

A. Binding: of  Amino Acids to Albumin in the Absence of  Ribosomes 
and mRNA 

1. Unspecific Binding o f  A mino Acids 

To test the binding of amino acids, Rotermund et al. (1970) incubated 
purified rat serum albumin with radioactive lysine or with various radio- 
active leucine preparations. The radioactivity bound to albumin was deter- 
mined according to Mans and Novelli (1960, 1961). The method involves 
application of  the sample to filter paper disks which are subsequently 
immersed in ice-cold 10% trichloroacetic acid. The disks are then exten- 
sively washed with cold and hot 5% trichloroacetic acid, warm and cold 
ethanol/ether (1 : 1, vol/vol) and ether. Albumin in the incubation medium 
became radioactive in spite of  the complete absence of  a protein synthe- 
sizing system. The radioactivity bound by albumin was proportional to 
the amount  of free radioactive amino acid in the medium (Fig. 1). Fur- 
thermore, the uptake of  radioactive amino acid by rat serum albumin 
increased with time and appeared to be more than doubled if the incuba- 
tion was carried out in the presence of an ATP-generating system (Fig. 2). 
The radioactivity was bound tightly to albumin since neither dialysis, 
addition of  a large excess of  the respective nonradioactive amino acid, nor 
precipitation of albumin with trichloroacetic acid followed by the washing 
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procedure described above  removed the  bound  radioactivity.  However,  
about  90% o f  the b o u n d  radioactivity could  be removed by extensive  
purif icat ion (Table 1 ). This involved treatment  o f  the  radioactive a lbumin 
with  0.7% d e o x y c h o l a t e ,  precipi tat ion with  10% tr ichoroacet ic  acid, solu- 
bi l izat ion o f  the  precipitated a lbumin  in absolute  e thanol  containing 
1% trichloroacet ic  acid, dialysis against Tris-HC1 buffer, precipi tat ion with  
a m m o n i u m  sulfate and resolubi l izat ion in Tris-HC1 buffer,  ion-exchange  
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Table 1. Removal of radioactivity nonenzymatically bound to rat serum albumin 

Purification step Specific radioactivity of albumin 
(dpm •/ag- 1 ) 

Incubat ion medium + 0.7% deoxycholate  

Trichloroacetic acid-ethanol 

Ammonium sulfate 
DEAE-Sephadex A-50 
Polyacrylamide gel electrophoresis 

at pH 9.3 
at pH 2.7 

170 

200 

70 

39 

21 
20 

Purified albumin ( 18.2 mg) from rat serum was incubated with 2.75 mCi of L- [4,5 -3 H2 ] 
leucine (40 Ci • mo1-1) for 30 min at 37°C in 55 mt of 50 mM Tris-HC1 buffer of 
pH 7.5 in the presence of GTP, ATP, and an ATP-generating system (see Fig. 1). At 
the end of the incubation period, the radioactive leucine in the incubation mixture was 
diluted 12,200-fold with nonradioactive L-leucine. Deoxycholate was added to a final 
concentration of 0.7% before albumin was purified from the mixture. 
Modified from Rotermund et al. (1970). 

chromatography on DEAE-Sephadex A-50, and finally preparative electro- 
phoresis in polyacrylamide gel at both an alkaline and an acidic pH. Bind- 
ing of  radioactivity to protein during incubation with radioactive amino 
acid preparations in the absence o f  protein biosynthesis has also been 
observed by other  workers (Brunish and Luck, 1952; Cornwell and Luck, 
1958; Samarina et al., 1960; Kritzman et al., 1962; Hochberg et al., 1972). 

Two methods are commonly  used to determine the sites of  incorpora- 
tion of  the radioactive amino acid into the polypeptide chain. The first is 
proteolytic digestion of  the radioactive protein followed by chromatog- 
raphic separation of  the peptides. Association of  the radioactivity with 
several peptides together with the identification of  the radioactive amino 
acid has been interpreted as indicating incorporation of  the radioactivity 
into several interior positions of  the polypeptide chain, suggesting de novo 
biosynthesis through peptide bond formation. The second method is to 
react the protein with ninhydrin. Provided the amino acid used was 
labeled in the a-carboxyt group, this t reatment  would effect the release of  
radioactivity from a free carboxyl group but not from an amino acid 
incorporated through peptide bonds. 

Using both methods,  Kritzman et al. (1962) showed that the incuba- 
tion o f  zinc-free insutine with 14 C-phenylalaline resulted in an incorpora- 
tion of  the amino acid into internal positions of  the polypeptide chain, 
possibly through peptide bonds. Other authors found only an insignificant 
release by ninhydrin of  radioactivity from proteins spontaneously labeled 
with various 14 C-amino acids (Brunish and Luck, 1952; Samarina et al., 
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1960). Cornwell and Luck (1958) incubated purified insulin as well as 
histones from calf thymus nuclei with either DL- [3 -14 C] phen3~lalanine or 
DL- [2-14C] lysine. The acid-insoluble material was then treated with 
l-fluoro-2,4-dinitro-benzene and hydrolyzed with acid. Amino acids and 
DNP amino acids were separated and counted. About equal amounts of 
the bound radioactivity were recovered as amino acids and as their DNP 
derivatives. The total recovery of bound 14 C-amino acid was about 83%. 
The results demonstrate that about half of the bound 14 C-amino acid was 
linked to the N-terminus of the tested proteins. 

The observations described above demonstrate that in vitro, in spite of 
the absence of a biologically active protein synthesizing system, radioac- 
tively labeled amino acids may be bound very tightly to various sites of a 
polypeptide chain, thus simulating de novo biosynthesis of a protein. 
A common feature of the above binding experiments is the very small 
proportion of radioactivity bound, compared to the amount of free radio- 
active amino acid in the incubation medium. Depending on the proteins 
and amino acids studied, the proportion of radioactivity found in acid- 
insoluble material ranged from about 0.7% to as little as 0.002% of the 
applied dose for incubation periods of 30 min to 120 min, usually at 37°C. 
On the other hand, such low incorporation rates were also obtained in 
supposedly biologically active in vitro systems. A recent example is a 
report by Goussault et al. (1976) claiming the synthesis and secretion of 
serum albumin by human peripheral lymphocytes in culture. After an 
incubation period of 72 h only about 0.2% of the radioactive dose was 
found associated with the albumin fraction. No information was given as 
to the nature of the bound radioactivity. 

With such low "incorporation" rates, the possible presence of radio- 
chemical impurities in the tracer amino acids used must be born in mind. 
24 C- and especially 3 H-labeled compounds are vulnerable to decomposi- 
tion by self-radiolysis (see review by Bayly and Evans, 1966). Most meth- 
ods of analysis of  the radioactive amino acid are not sensitive enough to 
detect impurities of less than 1%. 

2. Specific Binding of Amino Acids 

One of  the physiologic functions ascribed to albumin is the transport of a 
variety of ions (for review see Peters, 1970, 1975). The specific binding to 
albumin in vivo of certain amino acids or amino acid derivatives appears to 
have physiologic implications. The free thiol group of serum albumin can 
form mixed disulfides with other free SH-group-containing substances 
such as cysteine (Eagle et al., 1960; King, 1961 ; Szentivanyi et al., 1961 ; 
Isles and Jocelyn, 1963; Harrap et al., 1973) and ~/-glutamylcysteinyl- 
glycine (King, 1961 ; Harrap et al., 1973). The mixed disulfide bond could 
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not be cleaved by precipitating albumin with 8% trichloroacetic acid; how- 
ever, heating to 100°C or treatment with dithionite liberated protein- 
bound cysteine (Eagle et al., 1960). Other binding sites of the albumin 
molecule have a specific affinity for tryptophan (McMenamy and Oncley, 
1958; McMenamy, 1963, 1965; Fairclough and Fruton, 1966; King and 
Spencer, 1970; StewartandDoherty, t 973) and for the tyrosine derivative 
thyroxine (Sterling and Tabachnik, 1961; Tritsch et al., 1961; Sterling 
et al., 1962; Sterling, 1964; Tabachnik, 1964; Steiner et al., 1966). At low 
pH, binding of tryptophan or thyroxine to albumin is negligible. Thus, 
the specific binding to albumin of these amino acids or amino acid deri- 
vatives would hardly interfere with the study of amino acid incorporation 
into albumin since treatment of albumin with trichloroacetic acid would 
remove these compounds from the protein, for example, as used in the 
procedure of Mans and Novelli ( 1960, 1961 ). 

3. Enzyme-Catalyzed Amino Acid Transfer 

Another complication in interpreting incorporation data is the transfer of 
amino acids to proteins by certain cytoplasmic enzymes. Such enzymes 
have been found in bacteria and in mammals (Softer et al., 1969). The 
catalyzed reaction does not require the presence of ribosomes, magnesium 
ions, or GTP. An aminoacyl-tRNA protein transferase from Escherichia 
coli (Karl et al., 1965; Softer et al., 1969) has been shown in vitro to 
specifically transfer leucine or phenylalanine from tRNA to NH2 -terminal 
arginine, lysine, or histidine of peptides or proteins (Leibowitz and Softer, 
1971 ; Softer, 1973). The reaction was inhibited by puromycin but not by 
chloramphenicol (Leibowitz and Soffer, 1970). An analogous mammalian 
enzyme catalyzes the transfer of arginine from arginyl-tRNA into peptide 
linkage with an NH2 -terminal dicarboxylic acid of an acceptor peptide or 
protein, for example, serum albumin (Karl, 1968, 1976; Softer and Hori- 
nishi, 1969; Softer, 1970, 1971, 1973). This enzyme has been found in 
various mammalian tissues including liver (Karl et al., 1963; Soffer and 
Mendelsohn, 1966; Softer, 1968; Tanaka and Karl, 1974). In vitro, as 
much as 90% of the added [14C] arginine could be incorporated into 
serum albumin, bovine thyroglobulin, human Bence-Jones proteins, or 
soybean trypsin inhibitor (Softer et al., 1969; Softer, 1970). Karl (1968) 
reported that ribosome-free rat liver extracts could also incorporate 14 C- 
labeled glutamic acid, glycine, methionine, and tryptophan into as yet 
unidentified acceptor protein in the liver extracts. The enzymic reactions 
described above may be involved in posttranslational modification of pro- 
teins. 

Another class of enzymes found in a variety of mammalian tissues 
catalyzes the exchange of amide groups of glutamine in a polypeptide 
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~ ~'~hain with a variety of compounds containing a primary amino group 
(Sarkar et al., 1957; NeMle et al., 1958; Clarke et al., 1959;Mycek et al., 
1959). It was shown that this reaction could simulate efficient incorpora- 
tion of [14 C] lysine into serum albumin as well as into various other pro- 
teins (Sarkar et al., 1957; Clarke et al., 1959). 

B. Immunoprecipitation is Inappropriate for the Isolation 
of Radiochemically Pure Albumin 

1. Preclearing of Samples with Non-Cross-Reacting Albumin 
from a Different Species 

Pure albumin can be obtained easily from serum for the preparation of 
monospecificantiserum. Nevertheless, immunochemically isolated radio- 
active albumin, whether labeled in vivo or in vitro, from sources other 
than blood, contained radioactive contaminants (Campbell and Stone, 
1957; Peters, 1957, 1962a; Campbell et al., 1960; Gordon and Humphrey, 
1961 ; Decken and Campbell, 1962). Similar observations had been made 
with other proteins. Askonas et al. (1954) and Keston and Katchen (1956) 
introduced an additional immunoprecipitation to remove coprecipitable 
contaminants. The procedure has been called "preclearing". An immuno- 
chemically unrelated protein is precipitated in the sample by adding the 
appropriate antiserum. Then, the protein to be isolated is immunoprecipi- 
rated. The method has since been widely used to study the incorporation 
of radioactive amino acids into protein. 

More recent investigations have shown that this procedure is inappro- 
priate for the isolation of radiochemically pure albumin from various rat 
tissues (Urban et al., 1974b). In these experiments rats were injected intra- 
venously with L- [1-14 C] leucine and the tissues removed 12 min later, 
that is, before secretion of radioactive albumin into the bloodstream (see 
Sect. IV, A). Albumin was immunoprecipitated from the tissue extracts. 
Incorporated radioactivity was measured in the thoroughly washed antigen- 
antibody precipitate as well as in albumin further purified from the anti- 
gen-antibody complex (Table 2). The radioactivity found in the immuno- 
precipitate after preclearing seemed to indicate that not only the liver and 
an experimental hepatoma but also testis and kidney apparently had 
incorporated substantial amounts of radioactivity into albumin (Table 2, 
Column A). However, the specific radioactivity of protein precipitable 
with antialbumin decreased considerably during further purification: 
virtually no radioactivity at all was associated with the albumin from 
testis, the value for albumin from kidney was reduced sevenfold (Table 2, 
Column B). The results demonstrated that preclearing is not sufficient to 
eliminate radiochemical contaminants. Further purification of the antigen- 
antibody precipitate is required to remove these radioactive contaminants. 
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Table 2. Treatment of rat tissue extracts with bovine serum albumin and its antiserum 
prior to immunoprecipitation of the rat serum albumin is inappropriate to remove 
radioactive contaminants 

Deoxycholate extract of Specific radioactivity of protein isolated with 
method A or method B (dpm. mg -t)  

A B 

Testis 120 6 

Kidney 2,800 410 

Morris hepatoma 5123TC 8,800 3,500 

Liver 61,000 46,000 

Tissues were removed 12 min after intracavat injection of 0.1 mCi L- [1-14C] leucine 
per rat. Rat serum albumin was isolated by two different methods: (A) The tissue 
extract was "precleared" by precipitating added bovine serum albumin with corres- 
ponding anti-serum. Then, rat serum albumin was immunoprecipitated. (B) Rat serum 
albumin was immunoprecipitated directly and then further purified by acid dissocia- 
tion of the antigen-antibody complex, extraction of the rat serum albumin in acidic 
absolute ethanol, precipitation with ether and resolubilization in buffer. 
Data from Urban et al. (1974b). 

2. Existence of Precursor Albumins 

Recently it has been demonstrated that albumin is synthesized via slightly 
larger precursor proteins. The details will be discussed in Section IV, B. 
Antiserum against serum albumin also precipitates the precursor albumins. 
Therefore, the sum of  albumin and its precursor proteins is obtained when 
antiserum against serum albumin is used for determination and isolation. 
The term antialbumin-precipitable protein has been introduced to refer to 
the sum of  albumin and its precursor proteins (Edwards et al., 1976a,b,c; 
Urban et al., 1976). Albumin can be separated from albumin-like proteins 
(precursors) by ion-exchange chromatography on DEAE-cellulose or on 
CM-cellulose (Schreiber et al., 1969; Rotermund et al., 1970; Judah and 
Nicholls, 1971a; Geller et al., 1972; Judah et al., 1973; Urban et al., 
1974a,b), electrophoresis in polyacrylamide gel (Schreiber et al., 1969; 
Rotermund et al., 1970; Urban et al., 1974b), or cellulose acetate (Peters, 
1977) and isoelectric focusing (Geller et al., 1972; Russell and Geller, 
1975). An example for the separation of  albumin and precursor albumin 
by chromatography on DEAE-cellulose is shown in Figures 3 and 4. Prior 
to the ion-exchange chromatography depicted in Figure 3, the albumin 
plus precursor albumin had been isolated from liver microsomes by preci- 
pitation with antialbumin. Identification o f  the first peak as precursor 
albumin is described in detail in Section IV, B. 
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Fig. 3. Separation of microsomal albumin and precursor albumin by chromatography 
on DEAE-cellulose. Albumin plus precursor albumin had been isolated from the micro- 
somes of 268 g perfused rat liver by homogenization in 0.7% deoxycholate,  removal 
of insoluble material by centrifugation, precipitat ion in the supernatant with anti- 
albumin, and subsequent separation from the antibody with trichloroacetic acid, acid 
ethanol,  and ether. The buffer extract of  the ether precipitate contained 26 nag of  anti- 
albumin-precipitable protein. The sample was chromatographed on a 1 x 31 cm DEAE- 
cellulose column with Tris-HC1, pH 7.6, at a flow rate of  19 ml/h. Buffer volumes and 
concentrations were (1) 60 ml of  10 mM, (2) 35 mt of 50 mM, and (3) a linear gradient 
of  200 ml 5 0 - 3 0 0  mM. The gradient was started upon collection of the first fraction. 
The concentration in each fraction of antialbumin-precipitable protein was determined 
according to Mancini et al. (1965). Modified from Urban et al. (1974a) 
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Fig. 4. Cochromatography of  precursor albumin obtained from liver microsomes and 
[14C] albumin obtained from serum on DEAE-cellulose. A 3.6 mg sample of the com- 
bined fractions 3 3 - 4 7  of the chromatography depicted in Fig. 3 was mixed with 
1.25 mg biosynthetically labeled [14C] albumin which had been purified from rat 
serum. The mixture was chromatographed at conditions similar to those described in 
Fig. 3. The peak of  radioactivity represents the albumin obtained from rat serum. The 
peak of  antialbumin-precipitable protein represents predominantly precursor albumin 
obtained from liver microsomes. Positions of peaks in Figs. 3 and 4 are slightly differ- 
ent due to different fraction sizes in the two chromatographies. Modified from Urban 
et at. ( t 974a) 
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C. Solubility of Albumin in Organic Solvents 

A method long used to measure the concentration of total protein in 
blood plasma involves precipitation of the protein with trichloroacetic 
acid. Race (1932) noticed substantial losses of protein from the precipitate 
upon washing with ethanol or acetone. Further investigation revealed that 
this was due to the complete solubilization of  albumin in the organic sol- 
vents. Utilizing this unusual solubility, Race separated albumin and glob- 
ulin in order to measure their concentrations in blood plasma. The pres- 
ence of  at least 0.5% trichloroacetic acid in the organic solvent was found 
to be essential for solubility of serum albumin. The water content of  the 
solvents must not exceed 20%-25% (vol/vol). In the absence of acid, 
albumin is insoluble in acetone or in ethanol at solvent concentrations 
exceeding 75% (Race, 1932). Race's findings have been confirmed by 
other workers (Levine, 1954; Delaville et al., 1954a,b; Korner and Debro, 
1956). In the presence of  acid, albumin could also be dissolved in meth- 
anol (Levine, 1954; Michael, 1962), but the separation of albumin and 
globulin appeared to be less efficient than in ethanol or acetone (Fernan- 
dez et al., 1966). Albumin which had been precipitated with trichloro- 
acetic acid did not dissolve in benzene, chloroform, 1,4-dioxane, ethyl 
acetate, nitrobenzene, carbon tetrachloride, or in n-propyl, isopropyl, or 
n-butyl alcohol regardless of  the presence or absence of acid (Levine, 
1954). The nature of  the acid in any of  the above systems is important.  
Precipitation with perchloric acid or with benzene sulfonic acid rendered 
serum albumin insoluble in each of the solvents mentioned above (Levine, 
1954). However, albumin remained soluble if serum was mixed directly 
with ethanolic solutions of 1% perchloric acid (Gandolfi and Fabrini, 
1966) or 0.05% hydrochloric acid (Race, 1932; Fernandez et al., 1966). 
Michael (1962) tested the effect of  various acids added to methanol and 
found that 0.2 N formic acid, for example, was a good solubilizer whereas 
2 N acetic acid was poor. 

The albumin recovered after precipitation with trichloroacetic acid 
and solubilization in organic solvents appeared to have the same physico- 
chemical characteristics as native albumin (Schwert, 1957; Kallee et al., 
1957). The above principle has been used to separate serum albumin from 
immunoglobulin in specific immunoprecipitates, by utilizing their differ- 
ent solubilities in acidic ethanol (Kallee et al., 1957; Peters, 1958; Gor- 
don and Humphrey, 1960, 1961 ). The method was recently applied in the 
purification of  precursor albumin from liver extracts (Judah and Nicholls, 
1971a; Urban et al., 1974a). Precursor albumin seems to have a similar 
solubility in acidic ethanol as albumin. 
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III. Albumin Synthesis 

A. Site of Synthesis 

t. Liver as the Main Site of  Albumin Synthesis 

Madden and Whipple (1940) summarized early observations which were 
best explained by assuming that the liver is the main site of albumin syn- 
thesis. In 1947, Tarver and Reinhardt reported that removal of the liver 
from dogs reduced the incorporation of radioactive methionine into albu- 
min 20-fold or more. This was confirmed by KukraI et al. in 1961.Peters 
and Anfinsen (1950a,b) incubated tissue slices from chicken liver in a 
14 CO2 -bicarbonate medium and were able to isolate a protein with a spe- 
cific radioactivity which was 8-16  times higher than the average for the 
slice proteins. The isolated protein was indistinguishable from serum 
albumin by immunologic, ultracentrifugal, and electrophoretic methods. 
Miller et al. (1951 ) demonstrated the dominant role of the liver in albumin 
synthesis by studying albumin synthesis in perfused rat liver, and Golds- 
worthy et al. (1970) obtained similar results with isolated perfused bovine 
liver. The values measured in these and other studies (e.g., Gordon and 
Humphrey, 1960; Katz et al., 1967) for the amount of albumin synthe- 
sized per h per g of isolated liver were in the same range as in vivo turn- 
over rates found with biosynthetically labeled [14 C] albumin injected into 
living rats (Schreiber et al., 1971 ). 

Schreiber et al. (1966) compared the incorporation of a mixture of 
radioactive L-leucine, L-histidine, and L-lysine into serum protein in 
normal and in hepatectomized rats. The hepatectomized rats were kept 
alive by repeated injections of glucose. After intraperitoneal injection of 
the amino acid mixture, the concentration of the label in the serum from 
the hepatectomized rats was more than ten times higher than in normal 
rats (Fig. 5, upper half). However, only minimal incorporation into serum 
protein was observed (Fig. 5, lower half), suggesting that extrahepatic 
tissues contributed only very little or not at all to serum protein synthesis. 

The synthesis of serum albumin was also demonstrated in liver slices 
from fetal rats (Wise and Oliver, 1966), in suspensions of hepatocytes 
from adult rats (Weigand et al., 1971; Edwards et al., 1976c), and in cell- 
free systems from wheat germ, programmed with albumin-mRNA from rat 
liver (for references see Sect. III, B). Using fluorescence microscopy, albu- 
min was detected over hepatocytes in histologic slices, but not over 
Kupffer cells or the cells of the bile duct epithelium (Feldmann et al., 
1972). In a study by other authors (Hamashima et al., 1964), albumin was 
observed only over a few hepatocytes and also over Kupffer cells and cell 
nuclei. These workers used 95% ethanol plus 1% glacial acetic acid for 
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Fig. 5. Upper half: shape of labeling pulse 
after intraperitoneal injection of a mixture of 
L- [UJ4C] leucine, L- [UJ4C] histidine, and 
L- [UJ4C]lysine into normal (~---o) and hep- 
atectomized rats bearing hepatomas Morris 
9121 implanted into the hind legs (o o). 
Lower half: incorporation of the radioactive 
amino acids into serum proteins. Total radio- 
activity injected per 100 g body weight was 
7.89 #Ci, dissolved in 0.9% NaC1. Modified 
from Schreiber et al. (1966) 
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fixation, which may have caused the albumin to dissolve and be redistri- 
buted due to its solubility in acid ethanol. Albumin synthesis seems to be 
distributed uniformly throughout  the liver lobule (Schreiber et al., 1970; 
Wachsmuth and Jost, 1976). 

2. Albumin Synthesis in Hepatomas 

It is not  possible to study nonhepatic albumin synthesis in living animals 
without  special precautions. Labeled amino acids injected into animals 
will be incorporated into albumin in the liver and the newly synthesized 
radioactive albumin will be secreted into the bloodstream. Its subsequent 
distribution throughout  the body will lead to the appearance of  radio- 
active albumin in organs which do not synthesize serum proteins. There- 
fore, most o f  the work on albumin synthesis in hepatomas has been 
carried out. with in vitro systems. 

Campbell and Stone (1 957) described the synthesis of  albumin in 
slices from a primary hepatoma induced by feeding 4-dimethylaminoazo- 
benzene. Tissue fragments obtained from primary hepatocellular carcino- 
mas produced with N-2-fluorenylacetamide seemed to synthesize albumin 
when incubated in an appropriate medium (Becker et al., 1972). 

Cell cultures from various mouse hepatomas were found to manufac- 
ture albumin (Breslow et at., 1973; Papaconstantinou and Ledford, 1973), 
and albumin synthesis was also observed in cell cultures or suspensions 
derived from the transplantable rat hepatomas Reuber H35TC (Ohanian 
et al., 1969; Deschatrette and Weiss, 1974), Morris 7795 (Bancroft et al., 
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1969; Richardson et al., 1969; Tashjian et al., 1970; Gaudernack et al., 
1973), and Morris 5123TC (Edwards et al., 1976b). The structural genes 
for rat and mouse albumin were both expressed in hybrids of  rat hepa- 
toma cells with mouse fibroblasts (Peterson and Weiss, 1972) or lympho- 
blasts (Malawista and Weiss, 1974). 

Interference by albumin synthesized in the liver can be avoided in 
studies on albumin synthesis in transplanted tumors in vivo by removing 
the liver within the secretion time or minimal transit t ime for albumin 
in liver. The secretion or minimal transit time is the time required for up- 
take of  injected amino acids by the liver, their binding to tRNA and incor- 
poration into albumin, transport of  the newly synthesized albumin from 
the rough endoplasmic reticulum to the cell membrane, and its release 
into the bloodstream. In the ra t  it is about t 4 - 1 5  min (see Sect. IV). After 
application of  labeled amino acids, no radioactive albumin, labeled in the 
liver, will appear in the plasma within this time period. Any labeled 
albumin found in the tumor within 14 min after i.v. injection of radioac- 
tive amino acids must have been synthesized by the tumor. 

After carefully measuring the secretion time for albumin in tumor- 
bearing rats, albumin synthesis was studied in vivo in liver and hepatomas 
Morris 5123TC and 9121. Liver and tumors were excised within 10 -14  min 
after injection of  L- [1-14 C] leucine. Albumin was found to be formed 
in vivo in hepatomas Morris 5123TC (Schreiber et al., 1969) and 9121 
(Rotermund et al., 1970). As an example, the purification of  albumin to 
constant specific radioactivity from hepatoma 5123TC is summarized in 
Table 3. The rate of albumin synthesis was lower in the hepatomas than 
in liver. 

Morris hepatomas 7800 and 7777 were reported to synthesize albumin 
at a rate of about 10% of  that found in liver (Ove et al., 1972). Antirat 
serum albumin Fab fragment, which was labeled with 12s I, associated pre- 
ferentially with membrane-bound polyribosomes isolated from liver and 
with free, nonmembrane-bound polyribosomes isolated from hepatomas 
Morris 5123TC, 7800, and 7777 (McLaughlin and Pitot, 1976). 

3. Extrahepatic Albumin Synthesis (Other than in Hepatoma) 

Very little radioactivity was incorporated into serum protein in hepatec- 
tomized rats (Schreiber et al., 1966) or into albumin in hepatectomized 
rhesus monkeys (Mullins et al., 1966). No radioactivity was found in 
albumin when the lower half of  the rat carcass was perfused for 5 - 6  h 
with [14 C] lysine (Miller et al., 1954). The overwhelming majority of  rele- 
vant experiments suggests that the liver is the main and, with the excep- 
tion of  hepatomas, the only site of synthesis of serum albumin. "Thyroid 
albumin", a protein synthesized by slices from human thyroid tissue 



The Synthesis and Secretion of Albumin 41 

Table 3. Purification of albumin from hepatomas 5123TC from 20 rats after injection 
of L- [1- 14C] leucine, 50 Ci • mo1-1 , 16/aCi • 100 g body wt -1 

Purification step Total protein Albumin in Specific radio- 
total protein activity in protein 

(mg) (%) (dpm • mg -1) 

Homogenate 

Partial heat denaturation 
(10 min at + 69°C) 

Precipitation with 10% trichloroacetic 
acid, extraction with acid ethanol, 
fractionation with ammonium sulfate 

Molecular sieve chromatography 
on Sephadex G-100 

First ion-exchange chromatography 
on DEAE-ceUulose 

Second ion-exchange chromatography 
on DEAE-cellulose 

Preparative electrophoresis on 
polyacrylamide gel at pH 10.3 

Preparative electrophoresis on 
polyacrylamide gel at pH 2.7 

Charcoal treatment 

52,200 4.3 2,500 

3,520 41 2,140 

476 74 2,55O 

297 115 2,220 

117 96 687 

65.7 101 541 

33.8 99 485 

10.0 89 404 

3.3 108 515 

Modified from Schreiber et al. (1969). 

(Otten et al., 1971), differs from serum albumin in its amino acid com- 
position, containing more glycine and less methionine than serum albumin 
(Jonckheer and Karcher, 1971). Thyroid albumin and serum albumin are 
probably two different proteins, and the synthesis of  thyroid "a lbumin"  
can, therefore, not be regarded as an example o f  extrahepatic albumin 
synthesis. 

A small amount  of  radioactivity was found in albumin from cultures 
o f  chick embryo and HeLa cells incubated for 48 h with [14 C] tyrosine 
and [1, C] leucine (Abdel-Samie et al., 1959, 1960). However, the measure- 
ment of  an increase of  incorporation with time of  incubation was not 
at tempted.  Serum albumin with low radioactivity could also be isolated 
from resting and lectin-stimulated human lymphocytes  incubated for 
72 h with 2 taCi of  [3H] leucine (30 Ci/mmol) (Goussault et al., 1976). 
Precipitation of  radioactivity with trichloroacetic acid was assumed to 
prove biosynthetic incorporation of  the labeled leucine into protein. As 
outlined in Section II, this is not acceptable as proof for biosynthesis o f  
radioactive albumin. 
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The conclusion of other authors (Sandor et al., 1967) that albumin 
was probably not synthesized in hepatocytes since its concentration in the 
serum from patients with viral hepatitis did not decrease, did not take into 
account that albumin has a longer half-life than most other plasma pro- 
teins. An overall change in protein synthesis rates in the liver would in- 
fluence plasma albumin concentration later than that of other plasma 
proteins. It is not indicated by Sandor et al. when plasma albumin levels 
were measured during the disease or whether sequential measurements 
were made. 

B. Mechanism 

The general principles of protein synthesis in eukaryotes (for recent 
review see, e.g., Lucas-Lenard and Lipmann, 1971 ; Schreiber, 1971, Hasel- 
korn and Rothman-Denes, 1973; Lodish, 1976) appear to apply also to 
the synthesis of  albumin. Knowledge about the mechanism of  albumin 
synthesis relies largely on observations made with in vitro systems, par- 
ticularly cell-free systems. Early work has been hampered by a low capac- 
ity of the cell-free systems to incorporate radioactively labeled amino 
acids into specific proteins. Therefore, early data concerning albumin 
synthesis in cell-free systems have to be interpreted with caution. The pit- 
falls in the explanation of  data on the incorporation of  radioactive amino 
acids into albumin have been discussed in detail in Section II. 

Albumin synthesis requires phosphate bond energy. Synthesis in cell- 
free systems proceeds only in the presence of GTP, ATP, and an ATP- 
generating system. Similarly, incubation in vitro of hepatocytes in suspen- 
sion under nitrogen (Schreiber and Schreiber, 1973) or addition of 2,4- 
dinitrophenol or rotenone (Schreiber et al., 1977a; Edwards, 1978) inhib- 
ited the incorporation of  labeled amino acid into protein. 

The serum albumin molecule is assembled by polyribosomes attached 
to membranes of the endoplasmic reticulum. This was first indicated in 
results obtained by Peters (1957) who studied the incorporation of  [14 C] 
leucine or [14C] glycine into subcellular fractions of chick liver in vivo 
and of  liver slices in vitro. Albumin in the microsomal fraction became 
labeled first and showed the greatest amount  of  radioactivity of  all subcel- 
lular fractions during the first 20 min after addition of  the radioactive 
amino acid. These results were confirmed by similar studies with rat liver 
in vivo 1, with isolated perfused rat liver ~ , with liver microsomes from rat 
or chick in vitro 3, and with liver ribosomes in vitro 4. 

1 Takanami, 1960; Campbell, 1961b; Peters, 1962b; Hirokawa and Ogata, 1962; 
Takagi et al., t969;  Glaumann, 1970; Glaumann and Ericsson, 1970; Peters et al., 
1971; Redman and Cherian, 1972; Redman et al., 1972; Ikehara and Pitot, 1973; 
Jamieson and Ashton, 1973. 
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Conflicting views are held as to whether the membrane attached ribo- 
somes are the only intracellular site of albumin synthesis. It has been sug- 
gested (ZAhringer et al., 1977) that those preparations of free ribosomes 
which apparently could synthesize albumin were contaminated by mem- 
brane-bound ribosomes released from the membrane during cell fraction- 
ation. 

The synthesis of albumin proceeds from the NH2 -terminus toward the 
COOH-terminus of the molecule (Sargent and Campbell, 1965). Jungblut 
(1963b) demonstrated that the C-terminus of the albumin molecule was 
synthesized last. He used the isolated perfused rat liver and compared the 
specific radioactivity of the carboxyl terminal leucine after a single intra- 
portal injection of [1, C] leucine with the average specific radioactivity of 
all 55 leucine residues in the albumin molecule. At 30 s after injection, 
the carboxyl terminal leucine had a specific radioactivity ten times higher 
than the average. At about 2 min it had approached the average specific 
radioactivity. Therefore, Jungblut concluded that the synthesis of albumin 
is completed within 2-2.5 min. Using a different approach, Peters and 
Morgan (1971b) estimated about 1 min for the synthesis time of albumin 
in vivo. 

Attempts to demonstrate the existence of a messenger RNA for albu- 
min have been made repeatedly. RNA of high molecular weight was iso- 
lated from rat liver and shown to stimulate albumin synthesis in vitro 
(Hirokawa et al., 1961 ; Decken and Campbell, 1961a; Ogata et al., 1963; 
Marsh and Drabkin, 1965). Convincing evidence for an albumin messenger 
RNA was obtained only recently, when it became possible to translate rat 
liver mRNA in heterologous protein-synthesizing systems. Such systems 
used in albumin synthesis were prepared from rabbit reticulocyte lysates 
( Tay lor and Schimke, 1973; Shafritz, 1974;Shore and Tata, 1977;Strauss 
et al., 1977a,b) and wheat germ lysates (Nardaccietal., 1975; Peterson, 
1976; Ztihringer et al., 1976, 1977; Tse and Taylor, 197.7; Strauss et al., 
1977a,b; Yu and Redman, 1977; Sonenshein and Brawerman, 1977). 
Translated rat serum albumin was identified by immunoprecipitation and 
electrophoresis in polyacrylamide containing sodium dodecylsulfate. 

2 Jungblut, 1963a. 
3 Campbell et al., 1960; Ogata et al., 1960, 1961; Campbell, 1961a,b,c; Lingrel and 
Webster, 1961; Hirokawa et al., 1961; Braun et al., 1962a; Decken and Campbell, 
1961 a, 1962; Campbell and Kernot, 1962; Sargent and Campbell, 1965;Ganoza et al., 
1965; Marsh and Drabkin, 1965; Williams et al., 1965;RothschiM et al., 1968; Ore 
et al., 1972. 
4 Korner, 1960;Decken and Campbell, 1961b, 1962;Lingrel and Webster, 1961; 
Decken, 1963a,b; Ogata et al., 1961, 1963; Marsh et al., 1966; Takagi and Ogata, 
1968, 1971 ; Ganoza and Williams, 1969; Hicks et al., 1969; Redman, 1969; Rao and 
Tarver, 1970; Takagi et al., 1970; Ikehara and Pitot, 1973 ; Koga and Tamaoki, 1974; 
Faber et al., 1974. 
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Taylor and Tse (1976) succeeded in isolating albumin messenger RNA 
from liver in apparently homogeneous form. Translation of  the purified 
messenger RNA in wheat germ and in reticulocyte lysates yielded "albu- 
min"  as the only translation product. The results obtained with the heter- 
ologous systems demonstrated a remarkable uniformity in the ability of  
ribosomes from animals and even plants to translate the messenger RNA 
from a different animal species. 

From the work of  Strauss et al. (1977a,b) and Yu and Redman (1977), 
it appears that methionine is the initiating amino acid in the translation 
of  the albumin messenger RNA. These authors found that translation of  
albumin messenger RNA in a heterologous cell-free system yielded albu- 
min molecules with 24 additional amino acids at the amino terminus. This 
protein is thought to represent the initial translation product of  the mes- 
senger RNA for albumin. It has been termed pre-proalbumin, relating it to 
other precursor albumins found earlier in experiments in vivo or in cell 
suspensions. Precursor albumins will be discussed in detail in the following 
Sections. 

C. Quantitative Aspects 

1. Absolute Rate of  Albumin Synthesis 

The rate of albumin synthesis depends on several factors. For healthy 
individuals, the age of  the animals and the protein content of their diet 
are the most important.  The largest amount  of  data is available for young 
adult rats (140-360  g) which were fed a diet containing 17%-30% pro- 
tein (see Table 4). Different methods have been used to determine rates of 
albumin synthesis; however, some of the underlying assumptions made 
may not  be valid. In growing animals, for example, the rates of  synthesis 
and catabolism are not in a steady state and this may affect the accuracy 
of  the values shown in Part A of  Table 4. Furthermore, recent work (e.g., 
Airhart et al., 1974; Tavill et al., 1975) has cast some doubt on the 
assumption of homogeneous amino acid pools in the liver. This assump- 
tion has been made in the direct determination of the rate of synthesis of  
albumin (Part B of  Table 4). In spite of  this, the rates of  synthesis 
obtained with different methods for young adult rats from various sources 
are in remarkably good agreement. In adult rats of about 500 g body 
weight and 40 weeks of age (last line in Table 4), the production of albu- 
min is reduced to about one-third of  that in the young adult rats which 
were from 6 - 1 5  weeks old. 

Similar tables for the rates of  albumin synthesis in man have been 
published (Takeda and Reeve, 1963; Schultze and Heremans, 1966; 
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Rossing, 1967; Rothschild et al., 1972a). However, only two investiga- 
tions involved a controlled diet for the subjects studied: in adults with a 
daily intake of 70 g protein, Hoffenberg et al. (1966) found a rate of syn- 
thesis of 151 mg (day • kg body wt) -~ , and Kelman et al. (1972a) one of 
245 +- 98 mg (day • kg body wt) -~ which was averaged from 14 and 8 sub- 
jects, respectively. This corresponded to 7.1 mg (day • g liver wt)-1 and 
11 mg (day • g liver wt)-~. Albumin is produced at a similar rate in the 
liver of the adult rat, for which Peters and Peters (1972) reported 8.4 mg 
(day • g liver wt)-1. Values for normal rats are listed in Table 4. Fasting 
for 18 h reduced the rate of albumin synthesis by 40% (Peters and Peters, 
1972). In another study, protein depletion for 3 days had no effect, but 
depletion for 10 days caused a reduction by 40% (Kirsch et al., 1968) or 
by 66% (Morgan and Peters, 1971a). Haider and Tarver (1969)found half 
the normal rate of synthesis in rats fed no protein for 35-49  days. After 
protein depletion for 10-12 days, the rate of synthesis returned to nor- 
mal within 4 h after feeding a complete mixture of amino acids (Morgan 
and Peters, 1971a) or within less than a day on normal diet (Kirsch et al., 
1968). Albumin production was reduced by 72% if rats were fed a 5% pro- 
tein diet for 60 days. Similar results were obtained for man on a reduced 
protein diet (Hoffenberg et al., 1966; Kelman et al., 1972a). Conflicting 
results were reported for experiments with diets of high protein content. 
Peters and Peters (1972) found a reduction of the rate of synthesis by 
23% in rats which had received a 64% protein diet for t4 -21  days, 
whereas Haider and Tarver (1969) found an increase to 127% of the nor- 
mal rate in rats fed a diet withthe same content of protein for 35-49  days. 
It is desirable that food intake be recorded in addition to the composition 
of the diet. Unfortunately, actual food intake was not reported in any of 
the papers discussed. The sensitive response of albumin synthesis to chan- 
ges in amino acid supply has been confirmed in studies with isolated per- 
fused liver (Gordon, 1966; Rothschild et al., 1968, 1969; Kirsch et al., 
1969; John and Miller, 1969; Hoffenberg et al., 1971; Kelman et al., 
1972b). Besides amino acid supply, the concentration of albumin and of 
hormones in the blood also appear to influence the rate of albumin syn- 
thesis. The effect of the latter two factors is less well understood and will 
not be discussed here (for a more detailed discussion of the conditions 
affecting the rate of albumin synthesis, see other reviews by Waterlow, 
1969; Peters, 1970; Rothschild et al., 1972a,b, 1973, 1975). 

Precise details for the control mechanism of the rate of albumin synthe- 
sis are not known. Alteration of rates of synthesis could be caused, e.g., by 
changes in the concentration of amino-acyl-tRNA, the availability of ribo- 
somes, and the amount of messenger RNA. Changes in amino acid supply 
were found to be correlated with changes in polyribosome aggregation and 
RNA turnover (Fishmitn et al., 1969; Jefferson and Korner, 1969; Henshaw 
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et at., 1971; McGown et al., t973; for review of  other work see Munro, 
1970; Rothschild et at., 1972a, 1973, t 975). 

Using biochemical methods, it is not possible to decide whether 
alterations of the rate of synthesis are due to changes in the number of 
cells engaged in synthesis or due to changes in the amount produced by 
each cell. The few histochemical studies have produced conflicting results. 
Chandrasekharan et al. (1967) and Peters et al. (1968) observed that the 
number of  liver cells staining for albumin varies with the rate of  albumin 
synthesis, whereas Feldmann et al. (1972) found no change in the number 
of cells. The histochemical findings allow several explanations as discussed 
by Chandrasekharan et al. (1967) and by Feldmann et al. (1972)and are, 
therefore, not conclusive. 

2. Ratio of  Albumin Synthesis to Total Protein Synthesis in the Liver 

Age of  the animal and availability of  amino acids affect the rates of syn- 
thesis of albumin and total protein to a different extent. The data 
reviewed below were obtained for young adult rats of 150-350  g body 
weight which had been starved or fed a diet containing 20%-24% protein. 

Urban et al. (1976) measured the kinetics in vivo of  the incorporation 
of  L- [1 -~* C] leucine into total liver protein and into antialbumin-preci- 
table protein. During the first 15 min, the proportion of  the total protein 
radioactivity which was found in antialbumin-precipitable protein increased 
with time after intraportal injection of the label. The proportion was 
3.8%, 8.2%, 11%, and 13% at 2.5, 5, 10, and 15 minafter  injection,respec- 
tively. Based on our present knowledge, it is not possible to decide to 
what extent the increase in the ratio of albumin to total protein labeling 
was caused by turnover of  proteins (or segments thereof) with very short 
half-lives, such as ornithine decarboxylase, or presegments of  secretory 
proteins. A further contribution to the change in the proportion of  albu- 
min to total protein labeling is that incomplete polypeptide chains con- 
tribute to measured radioactivity in total protein but not in albumin. At 
times later than 15 min after injection, the proportion of  the total protein 
radioactivity found in antialbumin-precipitable protein decreased. The 
proportion was 9.6%, 5.3%, 4.4%, and 2.9% at 30, 50, 80, and 120 min 
after injection, respectively. The decrease is caused by the release of  radio- 
active albumin into the bloodstream. The albumin released will be replaced 
in the liver cell by antialbumin-precipitable protein of lower radioactivity 
due to the decrease of radioactivity in the amino acid pool of  the liver 
cell. Radioactive proteins secreted from the liver into the bloodstream 
must be included in the calculation of  albumin to total liver protein syn- 
thesis ratios for time points after the secretion of radioactive protein 
has begun. A constant value of 13% is then obtained for the ratios at 
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15-120  min after injection of L- [ 1-14 C] leucine. The rats used had been 
on a 20% protein diet and were starved overnight before the experiment. 
For rats with free access to food, a ratio of 23% can be calculated from 
the data of Urban et al. (1974b) for a labeling period of 12 min. Peters 
and Peters (1972) reported a ratio of 11% in normal rats and 6.6% in rats 
starved for 18 h, labeling for 14 min. The rate of total protein synthesis 
in the liver was not affected by the 18 h fast. A value of  11% for fed rats 
can also be calculated from the data of  Morgan and Peters (1971a), who 
used a labeling period of  16 min. Shapiro et al. (1974) and Keller and 
Taylor (I 976) arrived at a similar value using a labeling period of  10 min. 
Furthermore,  using indirect immunoprecipitation, they were able to isolate 
those rat liver polysomes which contained nascent albumin chains. The 
activity of the polysomes in protein synthesis was assayed in a cell-free 
system from rabbit reticulocytes. The purified potysomes seemed to pro- 
duce no other proteins but albumin in appreciable amounts. They syn- 
thesized albumin with a ninefold greater specific activity than did total 
liver polysomes. Thus, it appears that 11% of the total protein synthesiz- 
ing machinery in the liver was engaged in albumin production. 

In suspensions of rat liver cells, radioactivity in albumin represented 
7% of  the total protein radioactivity after a labeling period of 55 min 
(Edwards et al., 1976c). For a homologous cell-free system from rat liver 
and a heterologous system from wheat germ lysate with rat liver mRNA 
added, values of  2.3%-5.8%, and 0.56%-7% have been reported, respec- 
tively (Zdhringer et al., 1976, 1977; Strauss et al., 1977b; Sonenshein and 
Brawerman, 1977). The rats used for the preparation of polyribosomes 
had been starved overnight. The values for the ratio of albumin to total 
protein synthesis in Morris hepatoma 5123TC in vivo and in cell suspen- 
sions was 1.8% and 1.2%, respectively (Edwards et al., 1976b). 

IV. Albumin Secretion 

A. Kinetics 

In the studies of  Peters and Anfinsen (1950b) with incubated rat liver 
slices, albumin seemed to increase in the medium without any tag, whereas 
in perfused liver systems albumin was found to be secreted into the 
medium with a delay. Values have been reported for this delay ranging 
from 8 min (Jungblut, 1963a) to about 1 h (Miller et al., 1951). In the 
living rat, radioactivity appeared in albumin in the bloodstream about 
15 min after intravenous injection of  [14 C] leucine (Peters, 1962b). This 
lag time could not be shortened by increasing the rate of  labeling of  plas- 
ma proteins by either augmenting the dose of  injected radioactive amino 
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acid or the rate of albumin synthesis (Schreiber et al., 1971;Morgan and 
Peters, 1971a; Peters and Peters, 1972). The lag period observed in vivo 
is the sum of  the times required for the injected amino acid to travel to 
the liver, its uptake into the cell and its binding to tRNA, synthesis and 
posttranslational modification of  the protein to be exported, transport 
of  the protein from the rough endoplasmic reticulum via the Golgi appa- 
ratus to the cell membrane, and its release into the bloodstream. It has 
been called "secretion t ime" (Schreiber et al., 1971 ) or "minimum transit 
t ime" (Peters and Peters, 1972). An increase and a decrease of the "secre- 
tion t ime" have been reported. It is shorter after partial hepatectomy, 
when the endoplasmic reticulum is rearranged in the liver cell (Schreiber 
et al., 1971). On the other hand, intraceUular albumin transport was 
found to be delayed in choline-deficient rats (Oler and LombardL 1970). 

There seems to be little or no delay in the passage of secreted albumin 
through the DISSE space before entering the general circulation. Sinusoids 
in the liver and DISSE space have been suggested as forming a single mix- 
ing pool for newly secreted albumin and for albumin from plasma (Small- 
wood et al., 1968). 

In patients with liver cirrhosis, newly synthesized albumin was found 
to enter ascites fluid and the lymph in the thoracic duct faster than albu- 
min from the bloodstream. This led to the suggestion of  a direct pathway 
from the liver to the peritoneal cavity which bypasses the systemic circula- 
tion (Zimmon et al., 1969). 

Albumin secretion can be affected by various agents. Colchicine has 
been reported to inhibit the secretion of  total serum protein (Le Marchand 
et al., 1973) and of  albumin (Dorling et al., 1975; Redman et al., 1975). 
Long-term feeding of ethanol to rats, producing an alcoholic hepato- 
megaly, led to intrahepatic accumulation of protein, in particular of albu- 
min and transferrin (Baraona et al., 1975). Stimulation of albumin secre- 
tion in incubated rat liver slices was reported for potassium ions (Judah 
and Nichotls, 1970). 

Protein secretion can be studied conveniently in liver cell suspensions 
(for review, see Schreiber and Schreiber, 1973, 1975, and Schreiber et al., 
1976b). Using this system, a secretion time of about 10 min was obtained 
for total protein (Schreiber and Schreiber, 1973) and albumin (Weigand 
and Otto, 1974). Weigand and Otto (1974) described a linear increase in 
albumin concentration in the medium of hepatocyte suspensions 3 0 -  
180 min after the start of incubation, with constant intracellular levels of  
albumin. Crane and Miller (1974) found an almost constant concentration 
of  albumin 5 - 2 4  h in long-time incubation experiments with isolated liver 
cells. They detected secretion only by an increase of the specific radio- 
activity of  albumin in the medium. 
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B. Mechanism 

An increase in the rate of  labeling did not shorten the secretion time for 
serum protein (Schreiber et al., 1971). One may conclude that serum pro- 
teins cannot simply enter a free intracellular pool and, after mixing in this 
pool, be secreted. If a newly synthesized serum protein was to mix with a 
free intracellular pool, it would be expected that the observed secretion 
time would be lowered for increased labeling. The existence of a definite 
minimum of  the secretion time for albumin suggests an ordered mecha- 
nism of  secretion. This may involve a series of chemical modifications, 
albumin transport via various intracellular compartments,  or a combina- 
tion of  both. 

Peters suggested in 1957 that albumin bound to cytoplasmic particles 
is the precursor of  soluble albumin. This albumin could be released from 
microsomes with sodium deoxycholate and was precipitable with an anti- 
serum against albumin. It was indistinguishable from native albumin from 
serum by ultracentrifugation, electrophoresis, absorption spectrum, ana- 
lysis of N-terminal and C-terminal residues, and precipitation with a 
specific antiserum (Peters, 1959). 

Microsomal albumin was not bound to RNA. The RNA content  of  
microsomal albumin, based on the determination of ribose by the orcinol 
procedure (Volkin and Cohn, 1954), was less than 0.2% (Peters, 1959). 

As albumin isolated from cellular organelles and serum was found to 
have the same chemical composition and structure, the basis for the 
sequential organization of  albumin secretion ("pipe line-like" mechanism 
of  Gordon and Humphrey, 1961) seemed to be structural compartmenta- 
tion. After intravenous injection of [3 H] leucine (LeBouton, 1968), the 
kinetics of labeling of  intrahepatic albumin and plasma albumin showed 
the relationship postulated for a precursor and its product by Zilversmit 
et al. in 1943. The kinetics of labeling of albumin in various subcellular 
compartments presented a more complicated pattern (Peters, 1962b; 
Peters et al., 1971; Glaumann, 1970; Glaumann and Ericsson, 1970; 
Redman and Cherian, 1972; Redman et al., 1972; Jamieson and Ashton, 
1973). Maximal labeling of  albumin occurred first in the smooth,  then in 
the rough endoplasmic membranes, and finally in the Golgi apparatus. The 
relative specific radioactivities of  albumin from the various subcellular 
fractions did not satisfy the criteria of  Zilversmit et al. (1943) for precur- 
sor-product relationships. Peters et al. (1971 ) therefore suggested that the 
isolated albumin fractions may contain some albumin not normally 
involved in the process of active synthesis and secretion. This could repre- 
sent albumin in temporarily quiescent membrane channels or in pino- 
cytotic vesicles. 
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As discussed in Section II, the most relevant purification criterion for 
the isolation of  radioactive proteins in studies on incorporation of  labeled 
amino ac.ids is radiochemical purity. Albumin is usually believed to be a 
protein which can be easily purified; however, in studies on albumin syn- 
thesis in liver, hepatomas,  and cell-free systems, radiochemically pure albu- 
min was very difficult to obtain (Schreiber et al., 1969; Rotermund et al., 
1970; Maeno et al., 1970;Judah and Nicholls, 1971a; Schreiber, 1972). 
Highly radioactive protein very similar to albumin seemed to contaminate 
the isolated albumin fractions. The contaminating protein was not present 
in the plasma or tissues such as testis and kidney, which do not synthesize 
albumin (Urban et al., 1974b). Furthermore,  immunochemical precipita- 
t ion with antiserum against albumin gave albumin preparations of  much 
higher specific radioactivity than those obtained by extensive nonimmuno- 
chemical purification (Rotermund et al., 1970; Judah and Nicholls, 1971a; 
Schreiber, 1972; Urban et al., 1974b). An example is illustrated in Table 5. 

Table 5. Comparison of albumin radioactivity measured by immunoprecipitation with 
that calculated from the specific radioactivity of purified albumin 

Purification step A. Radioactivity B. Radioactivity A/B 
found in albumin by in albumin calculated 
immunoprecipitation from the specific 

radioactivity of 
purified albumin 

(dpm • m1-1 ) (dpm • m1-1 ) 

Homogenate (liver) 43,400 

Postmitochondrial supernatant 
treated with deoxycholate 20,100 

Trichloroacetic acid-ethanol 9,640 

Ammonium sulfate fractionation 142,000 

Sephadex G-100 11,900 
DEAE-cellulose 40,800 

Preparative electrophoresis on 
polyacrylamide gel at pH 10.3 3,550 

8,620 5.0 

7,320 2.7 

3,490 2.8 

49,300 2.9 
4,790 2.5 

20,200 2.0 

2,360 1.5 

From Rotermund et al. (1970). 

After  interruption of  radioactive protein synthesis with an excess of  un- 
labeled amino acid or with 100 tam cycloheximide, radioactivity continued 
to rise in albumin in rat liver slices (Judah and Nicholls, 1971b). The pro- 
tein contaminating the immunochemically isolated albumin preparations 
could be separated from albumin by isoelectric focusing (Geller et al., 
1972). It was converted into albumin in vitro by trypsin treatment,  with 
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the concomitant release of  a small arginine-containing peptide (Judah et 
al., 1973). Thus, whereas the early studies seemed to suggest.that serum 
albumin and its intraceUular precursor(s) were chemically identical (Peters, 
1959), the separation of albumin-like protein(s) and albumin by electro- 
phoresis, ion-exchange chromatography (Decken, 1963b; Schreiber et al., 
1969; Rotermund et al., 1970; Maeno et al., 1970; Judah and Nicholls, 
1971a; Urban et al., 1974b), or isoelectric focusing (Geller et al., 1972; 
Quinn et al., 1975), as well as the tryptic conversion of albumin-like pro- 
tein into albumin (Judah et al., 1973), were better explained by assuming 
a difference in the chemical structure of albumin and its precursor(s). This 
difference did not seem to be in the N-terminal amino acid of the mole- 
cule as Russell and Geller (1973) reported the N-terminal amino acid of 
both the albumin-like protein and albumin to be glutamate (or glutamine). 

Possibly albumin and albumin-like protein differed in a region other 
than the N-terminus. A sequential degradation from the N-terminus of  a 
large amount of albumin-like protein from rat liver, using the method 
described by Edman and Begg (1967), revealed that the albumin-like pro- 
tein differed from albfimin by an N-terminal oligopeptide extension 
(Urban et al., 1974a). The data of Urban et al. (1974a) are summarized 
in Figure 6. After five degradation cycles of  the albumin-like protein, 
the same amino acid sequence was obtained for albumin and albumin-like 
protein. The removed amino acids were glycine, valine, phenylalanine, 
serine (identified only by thin layer chromatography of the phenylthio- 
hydantoin amino acid derivatives of cycle 4), and arginine. Thus, in con- 
trast to the results of  Russell and Geller (1973), albumin and albumin-like 
proteins were found to have different N-terminal amino acids. 

In 1975, Quinn et al. and Russell and Geller also reported an oligopep- 
tide extension at the N-terminus of the albumin-like protein. Two differ- 
ent albumin-like proteins were found, one (about 60% of total) with a 
hexapeptide, the other with a pentapeptide extension at the N-terminus. 
The amino acids released by sequential degradation were arginine, glycine, 
valine, phenylalanine, arginine, and arginine (Russell and Geller, 1975). 
A similar sequence was obtained for bovine precursor albumin (Patterson 
and Geller, t977). Peters (1977) found that the hexapeptide precursor 
albumin was obtained preferentially if protease inhibitors were added at 
an early step of  purification. Separation of the hexapeptide and the penta- 
peptide precursors by electrophoresis on cellulose acetate at pH 8.6 has 
been reported (Peters, 1977). The erroneous finding of identical N-termini 
for albumin and albumin-like protein by Russell and Geller in 1973 may 
probably be explained by insufficient separation of  the two proteins dur- 
ing the isolation. Any albumin still present in the albumin-like protein 
preparation would have given glutamate at the N-terminus. It has not yet 
been clarified whether the amino acid in position - 2 of the oligopeptide 
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N-TERMINAL AMINO ACID SEQUENCE OF 
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Fig. 6. Amount of amino acids ob- 
tained by hydriodic acid hydrolysis 
(Inglis et al., 1971) of the phenyt- 
thiohydantoin derivatives produced 
in sequence analysis of 7.5 mg of 
albumin or 3.7 mg of albumin-like 
protein (proalbumin) from rat liver 
according to Edman and Begg 
(1967). One initial cycle was per- 
formed without adding phenyliso- 
thiocyanate. The phenylthiohydan- 
toin derivatives were also identified 
by thin layer chromatography with 
the method described by Inglis and 
Nicholls (1973). Thirteen degrada- 
tion steps were performed for albu- 
min-like protein and eight for albu- 
min. Step numbers are given on top 
of the two Figure halves. Serine at 
step 4 in the albumin-like protein 
was identified by the latter method 
only. From Urban et at. (1974a) 

extension is serine or arginine or whether both amino acids can occur in 
this position. 

The conversion of  precursor albumin into albumin was demonstrated 
convincingly both in hepatocyte suspensions (Edwards et al., 1976c)and 
in hepatoma cell suspensions (Edwards et al., t 976b). The data for hepato- 
cytes are illustrated in Figure 7. The kinetics of  the conversion in the liv- 
ing animal was investigated by various authors (Urban and Schreiber, 1975; 
Dorling et al., 1975; Urban et al., 1976). A summarizing illustration is 
presented in Figure 8. 

The question arises in which intracellular compartment precursor albu- 
min is converted into albumin. Edwards et al. (1976a) isolated various 
subcellular fractions from liver and determined their content of  precursor 
albumin and albumin by adding radioactive precursor albumin or albumin 
and measuring the dilution of  the specific radioactivity. Rough endoplas- 
mic reticulum contained only precursor albumin. About equal proportions 
of precursor albumin and albumin were found in smooth endoplasmic 
reticulum. The Golgi apparatus contained two times more albumin than 
precursor, and albumin only was detected in the cytoplasmic fraction. 
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Fig. 7. Conversion of  albumin-like protein into albumin in rat hepatocyte  suspensions. 
The specific radioactivities are given for total  protein,  albumin, and albumin-like pro- 
tein (proalbumin) isolated from liver cells incubated for 25 min with L- [ 1-I 4 C] leucine 
followed by a chase with excess nonlabeled leucine. Modified from Edwards et al. 
(1976c) 

Fig. 8. Conversion of  albumin-like protein 
into albumin in living rats. Radioactivity in 
total  protein of liver and plasma (upper  
half) and in albumin-like protein in liver, 
extravascular albumin in liver, and in albu- 
min in plasma is shown at various times 
after injection of  L- [1J4C]  leucine into 
the portal  vein of  male Buffalo rats. Radio- 
activity values are given per unit body 
weight. Modified from Urban et al. (1976) 
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Thus, the site of  the conversion of  precursor into albumin seems to be the 
region of  the smooth endoplasmic reticulum-Golgi apparatus. Ikehara et 
al. (1976) also found predominantly precursor albumin in microsomes. 
According to their study the conversion occurs in the so-called "secretory 
vesicles". 
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The transport of precursor albumin plus its conversion into albumin is 
an energy-dependent process (Schreiber et al., 1977a; Edwards, 1978). 
Both protein synthesis and secretion in hepatocyte suspensions decreased 
upon inhibiting ATP synthesis with 2,4-dinitrophenol and rotenone, or 
upon lowering intracellular ATP levels with fructose and glycerol. Higher 
doses were required for inhibition of  secretion than those which inhibited 
protein synthesis (Table 6, Fig. 9). 

It is not known yet whether the amino acids of the oligopeptide 
extension are removed sequentially during conversion or whether one or 
several oligopeptides are released en bloc. 

The analysis of  the amino acid sequence of  the N-terminus of precur- 
sor albumin gave arginine or glycine as first amino acid. However, the 
initiating amino acid in the assembly of the polypeptide chain of eucaryo- 
tic proteins is methionine (for review, see Schreiber, 1971 ). It follows that 
the precursor albumin discussed above is probably not the first product in 
the translation of albumin mRNA. It might have arisen from partial spe- 
cific hydrolysis of an earlier precursor protein with methionine as N-ter- 
minus. Recently, such "pre-precursor" albumin has indeed been found 

Table 6. Effect of inhibitors of oxidative phosphorylation, of sugars, and of other com- 
pounds on protein synthesis and secretion in rat liver cell suspensions 

Compound added Concentration range tested Dose (/aM) producing 
an inhibition of 

(/aM) 25% 50% 75% 

A. Protein Synthesis 

2,4-Dinitrophenol 2 

Rotenone 0.0025 

D-Fructose 10 

Glycerol 10 

D-Glucose 1,000 

D-Galactose 1 

B. Protein Secretion 

2,4-Dinitrophenol 1 

Rotenone 0.00075 

D-Fructose 1,000 

Glycerol 1,000 

- 500 14 26 35 

- 25 0.85 2.0 4.6 

- 500,000 2,600 4,700 6,500 

- 500,000 1,500 2,400 4,300 

- 320,000 no decrease of protein synthesis 
- 100,000 observed 

- 500 40 65 101 

- 75 3.0 6.6 14 

- 180,000 2,500 10,000 50,000 

- 58,000 2,000 40,000 not 
measured 

D-Glucose 1,000 - 320,000 no inhibition of protein secretion 
observed 

Modified from Edwards (1978), with permission. 
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Fig. 9. Synthesis and secretion of protein by suspensions of liver cells in the presence 
of 2,4-dinitrophenol. For studies on protein synthesis, cell suspensions (1.2 x 106 
cells/ml) were incubated at + 37°C for 50 min with 1 MCi L- [134C] leucine (62 Ci/ 
mol) per ml of incubation medium in the presence of varying concentrations of 2,4- 
dinitrophenol. Incubation was terminated by coohng to 2 C. Radloactlvlty in pro- 
tein was determined in each sample and expressed as a percentage of the value mea- 
sured in the control sample, which did not contain 2,4-dinitrophenol. 

For studies on protein secretion, cell suspensions were incubated at + 37°C for 
25 min with 1 #Ci L- [ 1J4C] leucine (62 Ci/mol) per ml of incubation medium. Cells 
were then cooled to 2 C and 22.9 #M cyctohexlmlde was added. One portion was 
kept at + 2°C as zero sample and the remainder dispensed into tubes containing vary- 
ing concentrations of 2,4-dinitrophenol. Incubation of the cells (2.8 x 106 cells/ml) 

• + o . . . .  was then continued at 37 C for 30 rain and terminated by rapid coohng. Ceils were 
separated from the medium by centrifuging for 15 min at 1300 x g and radioactivity 
in protein in the supernatant was determined. The radioactivity in protein which 
appeared in the medium during the 30 min incubation is plotted as a percentage of the 
value measured in the control sample which contained no 2,4-dinitrophenol. From 
Edwards (1978), with permission 

when  a lbumin  m R N A  was t rans la ted  in a cell-free p ro te in -syn thes iz ing  
s y s t e m  f r o m  whea t  ge rm (Strauss et al., 1977a,b;  Yu and Redman, 1977).  

T h e  whea t  ge rm sys t em has a low p ro te inase  con t en t  (Roberts et  al., 
1974) ,  in par t icular ,  it lacks the  p ro te inase  conver t ing  p re -p recurso r  a lbu-  
min  in to  p recu r so r  albumin~ T h e  early p recurso r  a l bumin  was t e r m e d  pre-  

p r o a l b u m i n .  I t  con t a ined  24 add i t iona l  a m i n o  acids b e y o n d  the  sequence  
o f  a l b u m i n  and  had m e t h i o n i n e  as N- te rminus  (Strauss et al., 1977a ,b ;  

Yu and Redman, 1977).  P re -p roa lbumin  has  not  been  f o u n d  in liver 
h o m o g e n a t e s .  

In  s u m m a r y ,  the  e x p e r i m e n t a l  ev idence  p re sen t ly  avai lable  suggests 
t he  fo l lowing sequence  o f  events  in the  synthes is  and  secre t ion  o f  a lbumin :  

I .  T h e  a s sembly  o f  the  p o l y p e p t i d e  chain  is ini t ia ted wi th  me th ion ine ,  
as in o t h e r  p ro t e in s  in euca ryo t i c  cells. 
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Soon after the start of  the translation of  albumin mRNA, the first 
18 amino acids are removed from the N-terminus. 

The polypeptide chain of  precursor albumin is completed within 2 min, 
the site of  synthesis being the rough endoplasmic reticulum. 

Precursor albumin is transported from the rough to the smooth endo- 
plasmic reticulum and Golgi apparatus, where it is converted into albu- 
min. Conversion begins after about 10 min, and the first albumin is 
released into the bloodstream after about 14 to 15 min. 

C. Regulation 

Data on the regulation of secretion are scarce. It is not coupled to con- 
tinued synthesis. Upon interruption of albumin synthesis in living rats by 
cycloheximide, albumin was lost from hepatic microsomes at an un- 
changed rate until the liver was nearly depleted of  intracellular albumin 
(Peters and Peters, 1972). The addition of cycloheximide (0.1 mg/ml)or  
puromycin (0.133 mg/ml) to suspensions of hepatocytes (Schreiber and 
Schreiber, 1973) or hepatoma cells (Schreiber et al., 1974) interrupted 
protein synthesis, but had no effect on the transfer of newly synthesized 
protein from the cells to the medium. 

D. Secretion in Hepatomas 

The Morris hepatomas 5123TC (Schreiber et al., 1969; Edwards et al., 
1976b) and 9121 (Rotermund et al., 1970)are able to synthesize albu- 
min, but failed to secrete serum protein into the bloodstream during 
growth in living rats (Schreiber et al., 1966). This seemed to lead to an 
intracellular accumulation of albumin in the hepatomas with an ensuing 
enlargement of  the cisternae of  the endoplasmic reticulum (Urban et al., 
1972). 

In contrast to the lack of  secretion observed in living rats, hepatoma cells 
in vitro have been reported to secrete albumin. Slices from primary hepa- 
tomas induced by feeding 4-dimethylaminoazobenzene (Campbell and 
Stone, 1957) and cell cultures derived from Morris hepatoma 7795 
(Richardson et al., 1969; Gaudernack et al., 1973), Reuber hepatoma H35 
(Deschatrette and Weiss, 1974), or mouse hepatoma (Ledford and Papa- 
constantinou, 1973; Breslow et al., 1973; Ledford et al., 1977) were 
found to release albumin into the culture medium. The rate of  albumin 
synthesis and secretion in the hepatoma cells in culture depended on the 
stage of  the cell cycle (Schreiber et al., 1977b). The rate of  albumin syn- 
thesis and secretion was higher in resting cells than in rapidly growing cells. 
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However, despite continued secretion, an intracellular accumulation of  
albumin occurred when the rate of  albumin synthesis was high, indicating 
a limited secretory capacity of  hepatoma cells in culture (Schreiber et al., 
1977b). 

The experiments with in vitro systems demonstrated that the pathway 
for the synthesis of albumin, its conversion, and the secretion of albumin 
can operate in hepatoma cells. Why did intramuscularly implanted hepa- 
tomas growing in living rats then fail to secrete serum proteins? An expla- 
nation may possibly be found in the difference between the histologic 
structures of liver and hepatoma tissue (Fig. 10). In the liver a sophisticated 
vascular system distributes nutrients to and removes compounds from vir- 
tually all parenchymal cells. A functional polarity exists in hepatocytes 
with different uptake and excretory processes occurring at the biliary and 
sinusoidal poles. As discussed previously, no delay in the mixing of  newly 
secreted albumin with plasma albumin was observed (Smallwood et al., 
1968), indicating that released protein is efficiently removed from the 
immediate environment of  the hepatocyte. The highly ordered pericellular 
architecture existing in liver is not present in the tumors. Only a few cells 
are still arranged in trabeculas. Perhaps the lack of an efficient draining 
system can contribute to a failure of  secretion. The orderless growth of  
the tumors might also reduce possibilities for communication between 
cells and pericellular environment by decreasing the accessibility of  the 
tumor  cells to regulatory compounds present in tissue and vascular fluids 
(hormones, chalones, etc.). 

V. Possible Funct ion of  the Oligopeptide Extensions in Precursor Proteins 

A. The "Pre"-Segment 

The synthesis of  proteins for extracellular use such as serum proteins 
(Redman, 1968, 1969) and in particular albumin (Takagi and Ogata, 1968; 
Takagi et al., 1969; Hicks et al., 1969; Takagi et al., 1970) has been 
reported to occur on polyribosomes bound to membranes of  the endoplas- 
mic reticutum (for review, see Campbell, 1970). Proteins for intracellular 
use are believed to be made on free polyribosomes. However, no differ- 
ences in composition or other properties of ribosomes were observed 
which would permit the distinction of two types of ribosomes; one being 
involved in the synthesis of proteins for export from the cells, the other 
involved in the synthesis of  proteins for intracellular use. Blobel and Saba- 
tini (1971) and Milstein et al. (1972) suggested that the message for the 
ribosomes to bind to membranes is contained in the nascent peptide 
chain. According to Blobel and Sabatini translation of the mRNA for 
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Fig. 10. Histologic struc- 
ture of normal rat liver 
(top), Morris hepatoma 
9121 (middle), and Mor- 
ris hepatoma 5123TC 
(bottom). Staining with 
hematoxylin-eosine, 
magnification, x 115. 
From Schreiber (1970) 
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export  proteins begins on free polyribosomes. A nascent polypeptide seg- 
ment of  about  1 0 - 4 0  amino acids emerges from the r ibosome which is 
then recognized by. the membranes of the endoplasmic reticulum, leading 
to the binding of  the polyribosomes (Milstein et al., 1972; Blobel and 
Dobberstein, 1975). Since the original proposal of  this "signal theory" ,  a 
number of  mRNAs for export proteins have been isolated and translated 
in cell-free systems lacking the ability for the proteolytic processing of  the 
newly synthesized peptide chains, such as the system derived from wheat 
germ. The N-terminal sequences of  amino acids found in the products  of  
cell-free translation are summarized in Table 7. A possible mechanism for 
the interaction of  the presegment with the membrane of  the endoplasmic 
reticulum is illustrated schematically in Figure 11. 

m R N A  

RIBO- I 

"Pre' 
~ ° " ~ '  Pro" 

Fig. 11. Function of the presegment in precursor proteins. Hydrophobic segment and 
membrane of the endoplasmic reticulum are indicated by dotting. The basic proseg- 
merit is indicated by ++. The presegment mediates the initial contact of the precursor- 
protein-synthesizing ribosome with the membrane. It is removed by partial specific 
hydrolysis after transfer of the synthesized polypeptide chain into the intracisternal 
space of the rough endoplasmic reticulum 

The average length of the oligopeptide extension in the presegments 
listed in Table 7 is 21.6 amino acid residues. There seems to be no sequence 
of  amino acids which is common to all presegments listed. The proport ion 
of  hydrophobic  amino acid residues, however, is clearly very high. For 
example, the average proport ion of  leucine in the sequences given in 
Table 7 is 24.4% compared with a leucine content of  about  12% in total 
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liver protein (Schreiber et al., 1971). Amino acids with hydrophobic side 
chains are underlined in Table 7. A high proportion of hydrophobic amino 
acids has also been reported for the presegment in pre-promelittin (Sucha- 
nek et al., 1975). 

Another common feature of many of the proteins listed in Table 7 is 
a methionine residue at the N-terminus, This is the case in 11 of the 13 
listed polypeptides. It strongly suggests that the cell-free systems used for 
translating the various mRNAs initiated translation in the correct place 
and that the obtained amino acid sequences were those of the N-termini 
of the first precursors in the formation of export proteins. 

A third property common to the proteins listed in Table 7 (except the 
immunoglobulins) is a high incidence of glycine at the carboxy-terminus 
of the presegment. Glycine occurs in four of the six cases where the 
carboxy-terminal amino acid of the presegment was determined. Glycine 
differs from other amino acids in three aspects: 

1. It lacks a bulky side-chain. 

2. It is frequently found in turns or reversals of the polypeptide chain 
backbone (Crawford et al., 1973; Tanaka and Scheraga, 1976) Turns 
occur predominantly on the surface of globular proteins (Kuntz, 1972). 

3. It has a strong helix "breaking" effect (Pain and Robson, 1970; Lewis 
and Scheraga, 1971 ). 

The other amino acids at the carboxyl-end of the presegments are also 
"helix breakers"(serine) or "helix indifferent"(cysteine and phenylalanine). 
Thus, the amino acid composition of the carboxy-terminus of the preseg- 
ment seems to indicate a "hinge-like" structure. One may speculate that 
this hinge-like structure is involved in the intracellular transport of the 
protein and could be the site which is recognized by the enzyme for pro- 
teolytic cleavage of the presegment. 

B. The "Pro"-Segment 

The function of the "pro"-segment in the albumin precursor is not known. 
Possible functions could be: 

1. Mediating the Binding to Membranes 

In pre-proalbumin, a hydrophobic section of the polypeptide chain is fol- 
lowed by a short segment rich in positively charged amino acids. This is 
also a feature of the parathyroid hormone precursor (Hamilton et al., 1974; 
Kemper et al., 1976) and glycophorin (Bretscher, 1975). The amino acid 
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"PRO"-SEQUENCES (TYPE 2) 

:'5 -1 
ALBUMIN =R!GVFS _R 

PARATHORMONE __K~SVK K R 

Fig. 12. Amino acid sequence in the prosegment of the precursor proteins for albumin 
and parathyroid hormone. The code used to indicate the amino acids is explained in 
the legend to Table 7.' The amino acid immediately preceding the N-terminus of the 
final protein product  has the number - 1. A dotted line indicates that the prosegment 
has been reported to consist of either five or six amino acids. For  types of " p r o " -  
sequences see Fig. 16 

sequences of the prosegment in the precursors for albumin and parathy- 
roid hormone are compared in Figure 12. Glycophorin is the major sialo- 
glycoprotein of the erythrocyte membrane. In its polypeptide chain, an 
extracellular hydrophilic section is followed by an intramembranous 
hydrophobic sequence and finally an intracellular hydrophilic segment. 
This starts with the sequence Ai~g-Aitg-Leu-Ile-L~s-L~s (Segrest et al., 
1972, 1973; Bretscher, 1975). Bretscher suggested that the highly posi- 
tively charged amino acid segment could form tight salt linkages and 
thereby anchor the polypeptide chain to negatively charged phosphatidyl- 
serine in the membrane. Phosphatidylserine seems to be located exclusively 
in the inner layer of the erythrocyte membrane (Bretscher, 1972; Verklei] 
et al., 1973). The relationship betweenglycophorin and the cell membrane 
is illustrated schematically in Figure 13. It may be possible that the posi- 
tively charged oligopeptide extensions in proalbumin and proparathyroid 
hormone promote binding of the precursor proteins to the membrane of 
the endoplasmic reticulum in a similar fashion. Thus, the transport of the 
newly synthesized protein for export from the cells could be coupled to 
membrane flow. 

2. Masking Binding Sites on Albumin 

One of the functions of albumin in the bloodstream is the transport of 
various substances such as fatty acids, metal ions, bilirubin, and trypto- 
phan (for review, see Peters, 1970). Copper and nickel ions, in particular, 
are tightly bound to the N-terminus of albumin. The masking of binding 
sites might be necessary to prevent an inappropriate export from the liver 
cell of substances bound to and secreted with albumin. The N-terminal 
oligopeptide extension might be involved in such masking. 
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receptor 
( N-terminal ) 

hydrophilic domain /~ 1:~ f~ 
, ,  \ E XTRAC LLULAR hydropnoD~c -----~///y/ 

h ydro- ~ COMnART,ENT 
philic ~ 

domain ~'z" ~--~.,~_~ ~COOH 

Fig. 13. The structural relationship between glycophorin and the cell membrane of 
erythrocytes. The receptor is involved in cell recognition in the MN-btood group 
system and in binding of other specific agents, e.g., viruses 

3. Regulation of the Synthesis or of Degradation of Alburnin 

The albumin level in the bloodstream of  healthy individuals varies so little 
that monitoring albumin concentration in serum is used in clinical diagno- 
sis. The constancy of  the albumin level suggests an efficient regulation of  
the rates of  synthesis or degradation of  albumin, or both,  with the blood 
albumin level as the regulating parameter. Increased albumin synthesis has 
been described repeatedly for conditions with decreased blood albumin 
concentration (Drabkin and Marsh, 1955; Wasserman et al., 1956; Marsh 
and Drabkin, 1958, 1960; Rothschild et al., 1961; Braun et al., 1962a,b; 
Marsh et al., 1966; Tracht et al., 1967; Katz et al., 1967, 1968;Rothschild 
et al., 1969). Furthermore,  intracellular albumin concentration does not  
seem to be related directly to the regulation of the rate of  albumin syn- 
thesis. Albumin synthesis was decreased 60%-70% by feeding a protein- 
free diet and increased again by refeeding a complete  mixture of  amino 
acids by  gavage. Intracellular albumin reached its normal level before the 
pool o f  circulating albumin was restored, indicating that hypoalbumin- 
emia can elicit increased albumin synthesis without maintaining a decrease 
in the intracellular pool (Morgan and Peters, 1971a). It follows that an 
information-transfer mechanism should exist between the concentration 
in blood and the intraceUular sites of  synthesis or processing of  either 
albumin or its mRNA, or  of  both.  The albumin molecule itself is too  large 
to freely pass through the cell membrane. Liver cells in suspension take up 
albumin only to a limited extent and at a low rate (Schreiber and Schreiber 
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1973, 1975). A small molecule released during the conversion of precursor 
albumin into albumin immediately before the release into the bloodstream 
would be more appropriate for the transfer of information than a macro- 
molecule. In such a scheme, albumin need influence only the converting 
reaction. The hypothesis was discussed previously in greater detail (Schrei- 
beret al., 1967a,b). It can be easily modified to account also for the regu- 
lation of  albumin degradation. 

Apart from the albumin system, the linking of  the site of function 
with the site of  synthesis is important in the regulation of  the synthesis 
and/or degradation rates of  many other proteins. A similar problem would 
occur, for example, if sites of function and synthesis for a protein are 
located in different tissues or compartments or in different subcellular 
organelles. Synthesis via a protein precursor may be a possible way of  
regulating the rates of  synthesis of  enzyme subunits which are coded for 
by different genomes (for review, see Bogorad, 1975). For example, ribu- 
lose-1,5-biphosphate carboxylase is composed of small and large subunits 
(Rutner and Lane, 1967; Moon and Thompson, 1969; Kawashima and 
Wildman, 1970; Givan and Criddle, 1972; Iwanij et al., 1974). The synthe- 
sis of  the enzyme is inhibited by both chloramphenicol and cycloheximide 
(Margulies, 1971 ) since the large subunit is made in the chloroplast (Blair 
and Ellis, 1973; Morgenthaler and Mendiola-Morgenthaler, 1976) and the 
small subunit is assembled on cytoplasmic ribosomes (Gray and Kekwick, 
1974; Roy et al., 1976). Synthesis of the small subunit via a precursor may 
be necessary for the transfer of the subunit into the chloroplast (Dobber- 
stein et al., 1977). Simultaneously, a smaller molecule might be released 
during conversion of precursor protein into product, thereby adapting the 
rate of  synthesis of  the protein on the cytoplasmic ribosomes to the 
required supply. 

4. Stabilizing the Albumin Molecule 

The stabilities of  albumin and precursor albumin during prolonged storage 
and upon heating appear to differ considerably (Table 8 and Fig. 14). It 
may be possible lhat  protection of albumin against degradation during 
intraceUular transport is also a biologically important feature of the N-ter- 
minal oligopeptide extension in precursor albumin. Albumin or its pre- 
cursor(s) could become more susceptible to degradation if they have to 
partially unfold during secretion. Protection of  partially unfolded proteins 
during excretion has been shown to be important in studies of  protein 
excretion in microorganisms. Polysaccharide (Braatz and Heath, 1974) 
or calcium ions (May and Elliott, 1968) seem to be involved in such pro- 
tection. In Sarcina cultures Ca 2÷ was not required for synthesis or excre- 
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t ion of  prote in  (Bissell et al., 1971 ); however, Ca 2÷ seemed to protec t  the  
protein excreted by Sarcina after it had been released f rom the cell (Sar- 
ner et al., 1971). 

Table 8. Stabili ty upon storage of proalbumin (from microsomes), liver albumin (from 
microsomes), and albumin (from serum) 

Sample Storage time Concentration of purified sample 
at - 18°C (of puri- (mg • m1-1) measured by:  
fled sample in 1 0 -  
100 mM Tris-HC1, Optical Biuret 
pH 7.7) density at reaction 

277.5 nm a 

Immunodiffu- 
sion in agar 
plates 

Serum albumin 14 months 1.8 2.0 2.2 
(isolated from serum) no storage ND b ND b 2.1 

Liver albumin 3 months 5.2 5.5 3.2 
(isolated from 
microsomes) before storage ND b 5.4 5.3 

Proalbumin 6 months 1.6 ND b 1.4 
(isolated from 
microsomes) no storage 1.5 ND b 1.5 

a Molar concentrations of bovine serum albumin were estimated from the optical 
density at the wavelength of  maximum absorption using 

Ell~m (277.5 nm)=  6.67 (Foster and Sterman, 1956). 

b ND = not determined. 
From Millership (1977), with permission. 

.~100 L ' ~ i i i 

0 80 180 3 O0 
Time at 75°C (rain) 

Fig. 14. Heat stability of  proalbumin (circles) 
and liver albumin (triangles) before (filled 
symbols) and after treatment with activated 
charcoal (open symbols). Proalbumin and liver 
albumin had been isolated from bovine liver 
microsomes. Immunologic reactivity was mea- 
sured according to Mancini et al. (1965). Incu- 
bation was at a protein concentration of  
0.5 mg/ml in 50 mM Tris-HC1 buffer of  pH 7.7. 
Charcoal t reatment  was performed as de- 
scribed by Chen (1967). From Millership 
(1977), with permission 
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5. Facilitating the Formation of Tertiary Structure 

The main function of  the prosegment in proinsulin seems to be facilitating 
the formation of  the correct tertiary structure of  insulin (for review, see 
Steiner et al., 1974). The question arises of  whether there is a major rear- 
rangement of  the protein molecule during conversion of  precursor albu- 
min into albumin in which the precursor segment may possibly be involved. 
No significant difference could be detected in the conformations of  albu- 
min isolated from liver microsomes or serum and precursor albumin by 
circular dichroic spectra (Fig. 15). The a-helix contents calculated from 
the circular dichroic spectra were 62.8%, 58%, and 58.5% for serum albu- 
min, liver microsomal albumin, and precursor albumin, respectively. 
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Fig. 15. Near UV and far UV circular dichroic spectra of albumin isolated from bovine 
serum and from bovine liver microsomes, and of proalbumin from bovine liver micro- 
somes. Tris-HC1 buffer, pH 7.7, 10 mM. Sample concentration was 0.05%-0.59%. 
From MitIership (1977) ,  with permission 
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VI. Oligopeptide Extensions as a General Principle in the Interaction of 
Proteins with Supramolecular Structures. Evolution of  Precursor Proteins 

Synthesis via precursor proteins appears to be a general principle perhaps 
valid for all secretory proteins. The known precursors for secretory pro- 
teins can be arranged into four main groups according to their structure, 
as illustrated schematically in Figure 16. All possess a hydrophobic preseg- 
ment at the N-terminus. Its function, as discussed in the previous section, 
has been suggested to be the binding of polyribosomes to the membrane of 
the endoplasmic reticulum. Hydrophobic domains of proteins seem to be 
utilized more generally in linking cell structure and metabolic reactions. 
Burstein and Schechter (1977) pointed out that the presegments of 
immunoglobulin precursors are similar in their hydrophobicity and ab- 
sence of charged amino acid residues to the hydrophobic domains of pro- 
teins in membranes, such as glycophorin (Segrest et al., 1972, 1973) and 
cytochrome bs (Spatz and Strittrnatter, 1971 ). They proposed that not all 
precursor immunoglobulin molecules are processed proteolytically 
(Schechter and Burstein, 1976b). In immature plasma cells and lympho- 
cytes, most precursor molecules could remain uncleaved and be embedded 
in the cell surface as antigen-recognizing receptors, the hydrophobic pre- 
segment anchoring the receptor in the membranes. In mature plasma cells 
most precursor molecules are cleaved and secreted. Thus, the immuno- 
globulin precursor protein would be a common intermediate of the secreted 
antibody molecules and of the antigen-recognizing receptors in the cell 
membrane (however see addendum for contradictory data). 

GENERAL STRUCTURE OF SECRETORY 
=PROTEIN PRECURSOR_S" 

1 ) PRE PROTEIN 
M ...... I I 

\ .  
2) ~ M PRE PRO PROTEIN C-TER- 

_ I I ~ I "--MINUS 

u J  

3 }  ~ PRE CHAIN 1 PRO CNAtN 2 I 
z M I I t 

) M PRE I PROTEIN PRO IJl~ 

Fig. 16. Arrangement of  precursor proteins into four structural classes. Examples are: 
type 1, precursor for the light chain of various immunoglobulins (see Table 7); type 2, 
precursors for albumin, parathyroid hormone, and trypsin; type 3, precursor for insu- 
lin; type 4, precursor for glucagon (Tager and Steiner, 1973). A presegment has not 
yet  been identified for the gtucagon precursor 
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Virus procapsids are another example of precursor proteins facilitating 
the formation of supramolecular structures. The name "procapsid" was 
introduced for the precursor of  the coat protein of poliovirus by Jacobsen 
and Baltimore (1968). The poliovirus procapsid is cleaved hydrolytically 
before assembly with the viral RNA. In the case of coxsackievirus 13 1, 
the entire RNA genome is translated into one single giant polypeptide 
chain whose molecular weight is greater than 200,000. This giant precur- 
sor protein is then split by proteinases which may be coded for by the virus 
genome or may be host enzymes that are activated upon infection (Kiehn 
and Holland, 1970). A total of 15 virus-specific polypeptides was detected 
in HeLa cells infected with encephalomyocarditis virus. Three primary 
gene products were cleaved after translation yielding proteins, which 
included all of the capsid polypeptide chains (Butterworth et al., 1971). 
A mechanism involving precursor proteins was also suggested for the for- 
mation of  the chloroplast structure (Dobberstein et al., 1977). A mem- 
brane protein synthesized in a cell-free, membrane-free reticulocyte extract 
was reported to be modified, probably by the loss of 20 -40  amino acids, 
after its incorporation into the reticulocyte membrane (Lodish, 1973). 

All examples for precursor proteins discussed fo far have been from 
eucaryotic systems or viruses in eucaryotes. The question arises of whether 
evolution of  precursor proteins is related to the evolution of a membrane 
system. It appears that the capsid formation in a bacterial virus also 
involves precursor proteins. In bacteriophage T 4, the products of genes 
22, 23, 24, and one protein of unknown genetic origin were reported to 
be cleaved during assembly of the phage head (Laemmli, 1970; Hosoda 
and Cone, 1970; Kellenberger and Kellenberger-van der Kamp, 1970; 
Yanagida, 1974). Recently, the messenger RNA for the lipoprotein of 
molecular weight 7200 in the outer cytoplasmic membrane of E. coli was 
isolated and translated in a cell-free protein-synthesizing system. The pro- 
duct of  translation was identified as a "'prolipoprotein" with the extension 
of  20 amino acids listed in Table 7 (Inouye et al., 1977). One might con- 
clude that formation of  proteins via precursor polypeptides seems to be 
a mechanism which evolved early in the synthesis of proteins related to 
membranes. The mechanism might then have been adapted to, and modi- 
fied for, the secretion of  proteins. 

VII. Nomenclature for Precursor Proteins 

No uniform, generally accepted nomenclature exists for precursor proteins. 
The name "proinsulin" was introduced by Steiner et al. in 1967 and the 
term "proalbumin" was coined accordingly (Judah et al., 1973). The 
expression "proparathyroid hormone"  was first used by Kemper et al. 
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(1972) for a precursor of parathyroid hormone which had also been de- 
scribed by Cohn et al. (1972). "Procollagen" was the name of a soluble 
precursor of the collagen fiber which is now called "soluble collagen" or 
"tropocollagen". Bellamy and Bornstein (1971 ) introduced the use of the 
term "procollagen" for functional precursors of collagen which are con- 
verted into collagen by partial proteolysis. The prefix "pro" in prolactin 
bears no relation to the mode of synthesis of the protein. 

Many protein precursors of the "pro" class have been already assigned 
trivial names. The prefixes "pre" and "post" have also been used to indi- 
cate electrophoretic mobility relative to albumin. Prealbumin, for example, 
is a thyroxin-binding protein of the plasma not related structurally or 
functionally to albumin (for review, see Putnam, 1975). The name "pre- 
albumin" indicates that the protein has a higher electrophoretic mobility 
than albumin. Postalbumin is a fetal plasma protein migrating electropho- 
retically between the albumin and the s-globulin fractions (Wise et al., 
1963, 1966). The fetal postalbumin and adult albumin from rats do not 
share any antigenic determinants (Kirsch et al., 1967), suggesting that 
postalbumin and albumin are two different, unrelated proteins. Guidelines 
are needed for the use of the prefixes "pre", "pro", "pre-pro", and "post". 
Electrophoretic mobility is a rather arbitrary criterion and would change 
with the conditions of electrophoresis. Devillers-Thiery et al. suggested in 
1975 that the designation "pre" should be adopted for precursor proteins 
with a "signal region" cleaved by microsomal proteinases, whereas "pro" 
should refer to protein segments cleaved by either intracellular (localized 
in Golgi- and condensing vacuole membranes) or extracellular proteinases. 
Thus, information about the location and metabolism of protein precur- 
sors would have to be available before the final assignment of names. 

VIII. Summary 

The progress in our understanding of albumin synthesis and secretion 
made in recent years has been a consequence of work on the purification 
of albumin from tissue extracts. This purification is complicated by the 
binding of amino acids to albumin and by the presence of albumin-like 
proteins. Interference due to the binding of radioactive amino acids is 
critical in those cases where incorporation into albumin is low. Albumin- 
like proteins occur in those tissues or systems which are synthesizing albu- 
min. They are precipitated together with albumin by antialbumin and, 
therefore, protein obtained by immunoprecipitation must be purified fur- 
ther if separation of albumin and albumin-like proteins is required. Investi- 
gations on the nature of albumin-like protein led to the discovery of pre- 
cursor proteins in the synthesis and secretion of albumin. 
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In the normal animal, albumin is synthesized in the liver. Albumin is 
synthesized efficiently in isolated perfused liver, but not at all in hepatec- 
tomized animals. Cell-free systems derived from liver or programmed with 
mRNA from liver synthesize antialbumin-precipitable protein in vitro. 
Various hepatomas form albumin, usually at rates lower than those 
observed in liver. Observations of extrahepatic albumin synthesis (other 
than that in hepatomas and in cell-free systems programmed with mRNA 
from liver) are probably due to binding of amino acids to albumin which 
is not related to protein biosynthesis. The basic mechanism of the biosyn- 
thesis of albumin does not differ from that of other eucaryotic proteins. 
The polypeptide chain is initiated with methionine and completed within 
less than 2 min. Albumin synthesis requires energy. Most of the molecule 
is assembled on polyribosomes bound to the membranes of the endoplas- 
mic reticulum. The mRNA for albumin can be isolated from liver extracts 
and then translated into protein in cell-free systems. Such systems syn- 
thesize a protein larger than albumin, if they lack the proteinases involved 
in posttranslational modification of the polypeptide chain. 

In vivo, rates of albumin synthesis depend on the age of animals and 
on the protein content of their diet. Rats of 6-15 weeks weighing 140-  
360 g on a diet containing 17%-30% protein synthesize about 87 mg 
albumin per 100 g body weight per day. In these rats, albumin synthesis 
amounts to between 11% and 23% of total liver protein synthesis, com- 
pared with 7% in hepatocyte suspensions, and between 0.56% and 7% in 
cell-free protein synthesizing systems translating liver mRNA. The ratio 
of albumin synthesis to total protein synthesis in Morris hepatoma 5123TC 
is 1.8% in vivo, and 1.2% in cell suspensions. 

Albumin is secreted via a sequential, "pipe line-like" mechanism, i.e., 
without random mixing of albumin molecules within the liver cell. The 
minimum time required for the transport of an albumin molecule from 
the site of synthesis to the cell membrane is about 14 min. It is slightly 
shorter in regenerating liver and slightly longer in choline-deficient rats. 

It has been suggested that the translation of the mRNA for export 
proteins begins on free polyribosomes. A polypeptide segment is synthe- 
sized which is rich in hydrophobic amino acids; in the case of albumin it is 
18 amino acids long. This segment may mediate the binding of the poly- 
ribosomes involved in export protein synthesis to the membrane of the 
endoplasmic reticulum. The nascent polypeptide chain is then transferred 
through the membrane of the endoplasmic reticulum into the intracisternal 
space. Here, the hydrophobic segment is probably removed by proteolytic 
cleavage, while the rest of the polypeptide chain is still being completed. 
The product is an albumin precursor protein with a short oligopeptide 
extension at the N-terminus. The name "proalbumin" has been suggested 
for this precursor. It is transported to the region of the smooth endoplasmic 
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reticutum and Golgi apparatus where it is converted into albumin by 
removal of  the oligopeptide extension. This occurs about 5 - 6  min before 
secretion and is engergy dependent. Albumin secretion is not coupled to 
continued synthesis of  protein. 

No serum protein secretion can be detected in hepatoma-bearing and 
hepatectomized rats; however, hepatoma cells in suspension secrete albu- 
min into the medium. In the incubated cells, albumin accumulates when 
rates of  albumin synthesis are high, indicating a limited secretory capacity 
also in hepatoma cells in vitro. 

Several suggestions are discussed for the function of the prosegment in 
the albumin precursor. It could mediate the interaction with membranes or 
mask binding sites for metal ions on the surface of  the molecule. Another 
role of  the oligopeptide segment could be in the regulation of  the rate of  
synthesis or breakdown of  albumin. Finally, the oligopeptide segment at 
the N-terminus of albumin might protect albumin against degradation 
during intracellular transport or facilitate the formation of  the tertiary 
structure. 

Oligopeptide extensions seem to be a general principle in the interac- 
tion of proteins with supramolecular structures. Synthesis via a precursor 
protein is important in the assembly of bacteriophages and of  many 
viruses in eucaryotes. The occurrence of  a precursor protein for a lipopro- 
rein in the outer cytoplasmic membrane ofE.  coli  might indicate that pre- 
cursor proteins have developed early in evolution, related perhaps to the 
appearance of  membranes and, later, adapted to the secretion of proteins. 
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Addendum 

Ratio of  Albumin Synthesis to Total Protein Synthesis 

Fetdhoff et al. ( t977) reported that albumin synthesis accounted for 
11%-13% of total protein synthesis in normal rat liver in vivo, in perfused 
liver, and in isolated hepatocytes, confirming previous results by other 
authors. 

Isolation and Properties o f  Albumin mRNA, Preparation of cDNA 
for Preproalbumin and Other Precursor Proteins 

Several groups purified and studied the mRNA for albumin and transcribed 
it in vitro into cDNA using reverse transcriptase. Keller and Taylor (1977) 
described the substrate and template requirement of  the transcription of  
albumin mRNA. Strair et al. (1977) characterized the physical properties 
of albumin mRNA. Its sedimentation coefficient was found to be 17 S; its 
size corresponded to 5.9 x l0  s daltons. It represented 5%-8% of  total 
cytoplasmic polyadenylated RNA. Yap and colleagues (1977) prepared 
albumin [3 H] cDNA and used it to determine the distribution of  albumin 
mRNA sequences between membrane-bound and free polyribosomes in 
liver by molecular hybridization. Of the albumin mRNA sequences in 
polyribosomes 98% was found in the membrane-bound fraction. Yang and 
Niu (1977) isolated total mRNA from the livers of  calves, rats, and 
chickens and injected it into the uterine lumen of immature mice, where it 
was found not only to program the synthesis of the alien albumins in the 
uterine epithelial cells, but also to induce the synthesis of mouse albumin. 

DNA complementary in sequence to the mRNA for preproparathyroid 
hormone was synthesized with reverse transcriptase and then translated in 
a linked transcription-translation system using RNA polymerase and cell- 
free extract from wheat germ (Kronenberg et a l ,  1977). The product was 
identified as preproparathyroid hormone by sequencing of  its N-terminus 
and by electrophoretic and immunologic criteria. Complementary DNA 
was also prepared from mRNA extracted from Langerhans islets or rat 
pancreas (Ulrich et al., 1977) and from a transplantable rat insulinoma 
(Efstratiadis et al., t 977). It was then cloned into bacterial ptasmids (Ull- 
rich et al., 1977). The four plasmids obtained contained sequences coding 
for preproinsulin. 

Further Reports on Preproteins 

The mechanism of  the synthesis and secretion of melittin was summarized 
by Kreil and co-workers (1977). The amino acid sequence reported pre- 
viously for the presegment in precursor lysozyme (Table 7) was confirmed 
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by Palmiter et al. (1977). A putative precursor amylase (approximately 
1500 daltons larger than authentic amylase) was obtained when RNA pre- 
pared from dog pancreas polysomes or microsomes was translated in cell- 
free systems from reticulocytes or wheat germ (MacDonald et al., 1977). 
Of the mRNA for amylase 99% was found to be associated with polysomes 
bound to the endoplasmic reticulum. Precursor proteins containing 25 -35  
additional N-terminal amino acids were also described for the large and 
small basic proteins in mouse myelin (Barbarese et al., 1977). Preproinsu- 
lin from bovine fetus was found to have structural features similar to 
those of  rat preproinsulin (Lomedico and co-workers, 1977). It had 23 ad- 
ditional N-terminal amino acid residues preceding the B-chain section of pro- 
insulin and the positions of six of the seven leucine residues found in the pre- 
segment of  the bovine protein were identical to those in rat preproinsulin. 

In contrast to the data for light chains of immunoglobulins the findings 
of  Bedard and Huang (1977) for the plasmacytoma MOPC-315 seemed to 
suggest that no precursor proteins might exist for the heavy chains of  im- 
munoglobulins. However, other authors detected a precursor protein also 
for the heavy chain of  MOPC-315 mouse immunoglobulin (Jilka and 
Pestka, 1977). It possessed the N-terminal extension Met-Lys-Val-Leu-Ser- 
Leu-Leu-Tyr-Leu-Leu-Thr-Ala-Ile-Pro-His-Ile-Met -Ser. 

A precursor segment consisting of  Met-X-Thr-Asp-Thr-Leu-Leu-Leu- 
Trp-Val-Leu-Leu-Leu-Trp-Val-Pro-X- was observed in the cell-free transla- 
tion of  the mRNA coding for the K-type constant region of  immunoglob- 
ulin light chains from mouse myeloma MPC-11 (Burstein et al., 1977). 
This sequence does not occur in the variable region of the MPC-11 light 
chain. The sequence of  the presegment to the V region in the MPC-I 1 
light chain precursor is not yet known. However, the sequence of the CK 
presegment listed above shows at least 70% homology with the presegment 
to the V region of  the MOPC-32t light chain precursor. The observation 
of Burstein et al. (1977) can be interpreted in various ways. Two different 
genes are believed to code for the constant and the variable region of  im- 
munoglobulin chains. If only one mRNA chain is formed, as is generally 
assumed, the DNA region carrying the information for the presegment, 
which is found at the N-terminus of the constant region, might have been 
transposed from the end of  the DNA segment coding for the variable 
region to the DNA segment coding for the constant region. However, 
Burstein and colleagues also discuss a "three gene-one polypeptide chain" 
hypothesis with the DNA region coding for the presegmen t constituting 
or being part of a third gene, the "xp gene". This might possibly be 
involved in regulation of transcription/translation. The discovery of large 
insertions in the DNA of eucaryotic genes (see for example Breathnach 
et al., 1977), for which no corresponding amino acid sequences are found 
in the final protein product, adds further possibilities of interpretation. 
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Precursor forms with N-terminal extensions of  the polypeptide chain 
with clusters of hydrophobic amino acid residues were also reported for 
further membrane-related proteins, namely two proteins of the outer 
membrane of  E. coli (Halegoua et al., 1977; Sekizawa et al., 1977) and 
cytochrome P-450 from rabbit liver microsomes (Haugen et al., 1977). 

Occurrence o f  Prepro reins in Vivo and Processing of  the Presegmen t 

The question of whether preproteins actually occur as short-living inter- 
mediates in vivo or whether they are artifacts that can be observed only 
in the cell-free translation of  mRNA in systems with low or no proteinase 
activity is not solved yet. The reaction mechanism of  the proteolytic 
removal of  the presegment also remains to be worked out in detail. Lin- 
gappa et al. (1977) translated RNA from bovine pituitary in a cell-free 
system from wheat germ with and without added microsomal membranes 
from canine pancreas or bovine pituitary. When the  membranes were 
present after translation, pregrowth hormone and preprolactin was ob- 
tained, whereas products of the same size as authentic growth hormone 
and prolactin were formed when the membranes were present during 
translation. Lingappa et al. concluded that the presegments are processed 
on the nascent polypeptide chains. In contrast to this conclusion Habener 
et al. (1976) had detected preproparathyroid hormone in intact parathyr- 
oid cells. The in vivo occurrence of  a precursor protein to proinsulin was 
reported for intact cells in catfish islets (Albert et al., 1977) and in iso- 
lated rat pancreas islets (Permutt and Routman, 1977). Poly(A)-contain- 
ing mRNA from angler fish and sea raven directed the synthesis of  prepro- 
insulin in the cell-free system from wheat germ (Shields and Blobel, 1977). 
Addition of microsomal membranes from dog pancreas led to the cleavage 
of the nascent preproinsulin in the correct place, resulting in the synthesis 
of  authentic fish insulins, which were identified by partial sequence ana- 
lysis. It seems that the mechanism for the intra- and. posttranslational pro- 
cessing of  secretory proteins is highly conserved during evolution. How- 
ever, posttranslational proteolytic processing of  virus-specific precursor 
potypeptides which were produced after microinjection of  avian myelo- 
blastosis virus took  place at a much slower rate in Xenopus laevis oocytes 
than in chick embryo fibroblasts (Ghysdael et al., 1977). 

A protease removing the presegment from preprolactin o r  pregrowth 
hormone was extracted from rough microsomes from dog pancreas (Jack- 
son and Blobel, 1977). The microsomal extract was active when added 
during or after translation, provided it had been treated with the detergent 
sodium deoxycholate. Intact protein synthesis was found to be unneces- 
sary for the proteolytic processing of the precursor for the small subunit 
of ribulose biphosphate carboxylase in chloroplasts (High field and Ellis, 
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1978). Highfield and Ellis proposed an "envelope carrier mechanism" for 
the transport of the small subunit of  the enzyme into the chloroplast. 

N-terminal presegments of  18 or 19 residues have also been found in 
the cell-free produced precursors of  the X-type light chains from the 
mouse myelomas MOPC-t04 E Xl, RPC-20 ~,1, and MOPC-315 X2 (Bur- 
stein and Schechter, 1977). The mature forms of those light chains are 
blocked at the N-termini by pyrrolid-2-one-5-carboxylic acid. The pyro- 
glutamic acid is formed by cyclization of  glutamine after, or concomitantly 
with, the proteolytic removal of the presegment, yielding the mature 
L-chains. 

Anchoring of immunoglobulins in the cell membrane of immature 
plasma cells had previously been discussed as a possible function for the 
presegment in the precursor proteins for immunoglobulins (see reference 
Schechter and Burstein, 1976b, of main section). However, N-terminal 
sequence analysis of immunoglobulin light chains isolated from purified 
plasma membranes of  mouse myeloma cells showed that mature L-chains 
rather than L-chain precursors were found in the surface membrane of 
plasmacytoma cells (Wolf et al., 1977). 

Structure of  Proalbumin of  Nonmammatian Origin 

Proalbumin was isolated from chicken microsomes. Its prosegment was 
reported to have the structure Arg-Asn-Leu-Gln-Arg-Met-Ala-Arg (Rosen 
and Geller, 1977). 

Processing of  th e Prosegmen t 

An extract was prepared from parathyroid gland which preferentially 
cleaved the Arg-Ala bond joining the prosegment to parathyroid hormone 
without producing additional cleavages in parathyroid hormone itself 
(Habener et al., 1977). The cleavage was not inhibited by the trypsin in- 
hibitor tosyl-L-lysine chloromethyl ketone (TLCK). No fragments of the 
removed hexapeptide could be detected in the reaction mixture, suggest- 
ing rapid further degradation of  the hexapeptide in the parathyroid gland. 
The in vitro convension of  proalbumin into albumin was reported to occur 
during Ca2÷-dependent fusion of  Golgi vesicles (Judah and Quinn, 1978). 
It was inhibited by 50% by 10 #M TLCK. 

Note added in proof." Recently, one of  the albumin species in a bisalbu- 
minemic family was found to have the N-terminal oligopeptide extension 
Arg-Gly-Val-Phe-Arg-Gln and was termed proalbumin Christchurch (S. 
Brennan, personal communication). 
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I. Introduct ion  

Many cells use the cell membrane potential  to regulate their physiologic 
functions. Among the bet ter  known examples are: ( 1 ) r egu l a t i on  o f  
sodium and potassium permeabilities in nerve and muscle membranes,  
(2) regulation of  transmitter release by the presynaptic terminal and (3) of  
intracellular Ca 2÷ concentration and contraction in muscle, and, possibly, 
(4) the regulation of  adrenalin secretion by  adrenal medulla cells and (5) of  
insulin secretion by  pancreatic cells. As more and more different cell types 
yield to electrophysiologic analysis, we will no doubt  find other instances 
of  regulation by the cell membrane potential. The sequence of  events 
between potential change and physiologic response may be complicated, 
but  one expects that it will always begin with the movement ,  reorienta- 
tion, or structural change in the cell membrane of  a voltage sensor, a mole- 
cule which can respond to the cell membrane potential because it or parts 
o f  it have a large dipole moment .  While moving or twisting inside the 
membrane under the influence of  a change in membrane potential,  such a 
voltage sensor produces an electric current, a displacement current, which 
can be recorded under favorable conditions. Displacement currents prob- 
ably caused by  movement  of  voltage sensors have been recorded in voltage- 
clamp experiments on frog skeletal muscle, various nerve fibers (squid 
axons, frog myelinated nerve, and giant axons from the earthworm Myxi- 
cola) and some snail nerve cell bodies. The displacement currents in 
muscle are thought to result from the voltage-sensor for excitation-con- 
traction coupling. Those observed in the various nerve fibers probably 
represent the structural rearrangements accompanying membrane perme- 
ability changes to sodium and are of ten called "gating currents"; those in 
snail neurons may be associated with the regulation of  the cell membrane 
permeabili ty to calcium. All o f  these observations are thought to be 
related in some form or another to the opening and closing (gating) of  
ionic channels, small ion-permeable holes in the membrane. Among the 
most thoroughly studied ionic channels are the sodium and potassium 
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channels which enable excitable cells, such as nerve and muscle cells, to 
propagate impulses. The gating of  these channels has been discussed in 
several excellent recent reviews (Armstrong, 1975a,b; Goldman, 1976; 
Hille, 1976; Liittgau and Glitsch, 1976; Ulbricht, 1977; Meres, 1977; 
Neumcke et al., 1977) and all these reviews include a discussion of gating 
currents and related events in nerve and muscle. This article at tempts a 
more general discussion o f  these currents. It will list and discuss presently 
available experimental findings on excitable cells, but also review some 
possibly important findings on artificial systems. It is assumed that the 
reader is familiar with the mechanism of  nerve excitation, as well as some 
of  the newer literature on ionic channels reviewed in the above articles. 

A. Asymmetric  Displacement Currents in Excitable Membranes: 
The Basic Finding 

Hodgkin und Huxley (1952c) pointed out that the steep membrane poten- 
tial dependence o f  sodium- and potassium-permeabilities in nerve indicates 
the presence in the membrane of  polar molecules bearing large charges or 
dipole moments.  The idea of  a voltage sensor which produces current 
when it responds to an electric field, is therefore not new. Also recognized 
more than 10 years ago (Taylor, 1965) was the fact that artificial lipid 
bilayers behave as perfect, and nerve membranes as lossy, capacitors. 
Nerve membranes must therefore contain polar molecules absent in artifi- 
cial bilayers made from pure lipid. At that time, Chandler and Meres 
(1965) made a first but unsuccessful a t tempt  to record "carrier currents",  
as they  called them, or "gating currents",  as we call them today,  that is to 
say, for currents arising in the voltage sensor for the sodium channel. 

Charge movements in skeletal muscle. The first observation of  currents 
possibly arising in a voltage sensor is unrelated to sodium channels and 
was made on frog skeletal muscle by Schneider and Chandler (1973). 
They worked in an external medium designed to minimize muscle contrac- 
tion, as well as the large ionic currents normally possible across the cell 
membrane o f  a muscle fiber. When such a fiber is voltage clamped and the 
membrane potential stepped from near the resting value to some depolar- 
ized level (test pulse, pulse A in Fig. la), one records an outward surge of  
capacitive current followed by a small, steady ionic leakage and finally a 
capacitive inward surge on return to the resting potential (Fig. l b). At 
first sight, such a record looks uninteresting, since the conductance 
changes normally resulting in an action potential are prevented here. The 
signal of  interest is contained in the slow portion of  the capacitive transient. 
In order to make it more visible, one corrects for capacitive and leakage 
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Fig. 1. (a) Pulse protocol for recording charge movements. Control pulses (B) and test 
pulse (A) have the same duration. (b) Voltage (top) and current (bottom) during test 
(left) and control pulse (right). The solution was made 2.5 times hypertonic in order 
to inhibit contraction (Gordon et al., 1973); it contained 90 mM (TEA)~SO4 and 
5 mM Rb 2 SO 4 to block K + channels, as welt as 0.4/,tM tetrodotoxin to block sodium 
channels. (c) Asymmetry current formed by subtracting from the current during the 
test pulse (A/4B) times the summed currents during four control pulses; A and B are 
amplitudes of test and control pulses. The sequence drawn in (a) was repeated four 
times, and (c) is the average of all four runs. The charges carried by the transient por- 
tions of the current (shaded areas) were 15.9 nC//aF and 16.5 nC//~F, equal within 
experimental error. Frog muscle, 4°C 

admittances as they exist at potentials negative to the resting level. Schnei- 
der and Chandler (1973) did this by recording current during a control 
pulse of  exactly the same amplitude and duration as the test pulse, except 
that it started from a potential so negative that the pulse did not  cause 
membrane depolarization beyond the resting potential. If the membrane 
behaved linearly, i.e., if it could be represented by any combination of 
constant capacitors and resistors, then the currents during test and control 
pulse should be identical, and if one were subtracted from the other, 
most conveniently with a digital computer,  then nothing should be left 
over. In the experiment of  Figure 1, a slightly different procedure was 
used (Adrian and Almers, 1976b). Currents from four small control pulses 
were signal-averaged and stored by a computer. As in Schneider and 
Chandler's experiments, control pulses spanned a potential range more 
negative than that experienced by the membrane in vivo. The computer 
then scaled the result by the factor A/4B where A and B are amplitudes of  
test and control pulse. For a linear membrane, the result of  this operation 
should be identical to the current during the test pulse and, when sub- 
tracted from it, should cause perfect cancellation. Instead, there remains 



t 00 W. Almers 

in experiments of  this kind a "difference" or asymmetry current consist- 
ing of  an excess outward current during, and an excess inward transient 
after the pulse (Fig. I c). Where present, the steady portion ot the excess 
outward current undoubtedly represents movement of  ions across the 
membrane, and arises because the small residual ionic membrane conduc- 
tance is not entirely ohmic. The transient portion, however, is now gener- 
ally agreed to be capacitive, representing slow polarization of the mem- 
brane dielectric or some constituent thereof. This point has been discussed 
extensively, and the first argument raised in its favor (Schneider and 
Chandler, 1973) is still the best: Only if these currents are capacitive, i.e., 
displacement currents, is it easy to understand why the charge carried by 
the transient (dashed areas in Fig. l b) is conserved. Whatever charge is 
carried outward during the pulse returns after the pulse. To the extent 
that the investigators are successful in correcting for, or much better still, 
in eliminating voltage-dependent ionic conductance changes, this conserva- 
tion of  charge is always observed, independent of the subtraction proce- 
dure used or of  amplitude and duration of  the test pulse" (Schneider and 
Chandler, 1973; Almers et al., 1975; Chandler et al., 1976a; Adrian and 
Almers, 1976b). Furthermore, these currents are not the result of pecu- 
liarities of  cell geometry nor of  the complex intracellular membrane sys- 
tems of  a muscle fiber (Chandler et al., 1976a; Adrian and Almers, 1976a). 
They indicate therefore the presence in the cell membrane of  a nonlinear, 
slowly polarizing (lossy) capacitive element. Clearly, the cell membrane 
contains polar molecules. 

In Figure 2, the charge moved by transients (more precisely, the aver- 
age charge from transients during and after the pulse) is plotted against 
the potential during the test pulse. Larger test pulses result in larger 
"charge movement", but there is saturation at positive potentials. The 
sigmoidal shape of  the curve immediately suggests the presence in the 
membrane of  a finite number of  polar molecules that undergo potential- 
dependent changes o f  state. At very negative potentials, they are all in one 
extreme state, at very positive potentials in another, and at intermediate 
potentials they are distributed between these two or intermediate states. 
While the curve tells little about the underlying molecular events, it indi- 
cates that the molecules concerned are sufficiently potential sensitive to 
be able to serve as physiologic voltage sensors. A normal action potential 
starting at - 90 mV and depolarizing the membrane to + 30 mV could, 
if it lasted long enough, transfer them all from one extreme state into the 
other. As discussed later, it is thought (Schneider and Chandler, 1973) 
that contractile activation derives from them its dependence on the cell 
membrane potential. 
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Fig. 2. Ordinate: average of on- and off-charge carried by the transient portion of 
asymmetry currents as in Figure lc. Abscissa: potential during the test pulse. Curve 
drawn by eye. The small or.zero charge movement near - 100 mV is to some extent 
an artifact introduced by the subtraction procedure (see Adrian and Almers, 1976b). 
Had one taken control pulses around - 150 mV, a test pulse from - 150 mV to 
1 O0 mV would have produced a charge displacement of 1-2 nC//IF in this fiber. Frog 
muscle, 4°C 

"Gating currents" in squid axons. Almost simultaneously with Schneider 
and Chandler (1973), ArmstrongandBezanilla (1973) succeeded in record- 
ing asymmetry currents in squid giant axons (Fig. 3). As in skeletal muscle, 
it was necessary to minimize ion movement across the membrane, to use 
signal averaging for improvement of  signal-to-noise ratio, and to correct 
membrane current during a test pulse for capacitive and leakage admit- 
tances at negative potentials. The correction is made either by adding the 
current during a control pulse of equal amplitude and duration but oppo- 
site polarity (equal-and-opposite procedure), or by a method similar to 
that of  Figure l a (P/4 procedure, see inset and legend of Fig. 4). The 
asymmetric displacement current transients recorded in this way (Fig. 1 a, 
top) are qualitatively similar to those in muscle, except that they decline 
about 20 to 100 times faster. As in muscle, the charge carried by the cur- 
rent transients is conserved, although due to kinetic complications (see 
Sect. IV) this can be demonstrated easily only if pulse duration is short 
(~< 0.3 ms at 8°C) or the potential from which.the test pulse starts very 
negative (~< - 150 mV). The physical nature of  the asymmetry current 
transients has been discussed (Armstrong and Bezanilla, 1974) and, for much 
the same reasons as in muscle, is now generally believed to be capacitive. 

Sodium currents through normal sodium channels are shown in the 
bot tom traces of  Figure 3 for comparison. They were recorded in the 
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Fig. 3 a -d .  Top (a, c): asymmetric displacement currents during (a) and after (c) a 
pulse from -- 70 mV to 0 mV. Correction for capacitive and leakage admittance by the 
equal-and-opposite procedure. Tetrodotoxin was present to block sodium currents. 
Bottom (b, d) sodium currents during and after a similar depolarization. (a, b) from 
one axon, (c, d) from another. Cs + or tetraethylammoniurn + was present in the axo- 
plasm to block delayed potassium currents. Squid axon, 2°C. From Armstrong and 
Bezanilla (1974) 

same axons and at the same potentials as the top traces. It is seen that dis- 
placement currents have a time course which seems qualitatively consistent 
with the suggestion (Armstrong and Bezanilla, 1973) that they result from 
the molecular rearrangements attending the opening and closing of sodium 
channels. Evidence in favor of this view has accumulated (see Sect. IV) 
and it is now widely believed that the asymmetric displacement currents 
are what Hodgkin and Huxley (1952c) predicted should exist, and what 
Chandler and Meves (1965) could not find: gating currents for the sodium 
channel. 

Armstrong and Bezanilla's (1973) discovery was soon confirmed by 
Keynes and Rojas (1973, 1974) who used the same method 1 Keynes and 
Rojas (1974) studied asymmetric displacement currents over a wide range 
of potentials, observed saturation of charge movement at positive poten- 
tials and gave a first and extensive quantitative description of these cur- 
rents along similar lines as that provided by Schneider and Chandler (1973) 
for the events in muscle. Figure 4, taken from later work of Bezanilla and 
Armstrong (1976), shows the dependence of charge displacement on 
potential. Saturation is not as evident as in Keynes and Rojas' work (1974), 

1 The signals recorded by Keynes and Rojas (1974), as well as those recorded sub- 
sequently by all other authors, were 5 - 1 0  times larger than those published initially 
by Armstrong and Bezanilta (1973). In a later paper, Armstrong and Bezanitla (1974) 
suggest that signals were small in their first paper due to "inactivation" of "gating 
currents" during the rapid and repetitive depolarizations they used for signal averaging. 
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Fig. 4. Dependence of charge displacement on membrane potential during a test pulse, 
P, in units of electronic charges per membrane area. Correction for capacitive and 
leakage currents by the P/4 procedure (see lnset; the amplitude of the test pulse, P, 
and the control pulse, P/4, are indicated). The slope of the dotted line represents an 
estimate of the contribution of asymmetric displacement currents to the static mem- 
brane capacity at the resting potential. It is 0.1/~F/cm 2 . Modified from Bezanilla and 
Armstrong (1975). Squid axon, 8°C 

or earlier work by Bezanilla and Armstrong (1975), probably due to a dif- 
ferent subtraction procedure and method of  analysis. Although charge dis- 
placement depends much less steeply on potential than peak sodium con- 
ductance, most o f  it still falls in the potential range experienced by a 
healthy nerve fiber during an impulse. 

What evidence can be used to link "gating currents" with sodium 
channels in nerve, or charge movements with the activation of  contraction 
in skeletal muscle? How can we recognize portions related to these proces- 
ses and separate them from other fractions of  displacement currents un- 
related to sodium channels and contractile activation? And, most inter- 
estingly, what can be learned about these processes by studying displace- 
ment currents? These questions will be discussed in later sections (IV and 
V). Before at tempting to answer them,it may be useful to review our pres- 
ent knowledge about the dielectric properties of  excitable membranes. 
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B. Membranes and Macromolecutes as Dielectrics 

As a first approximation, a cell membrane may be regarded as an insulator 
separating two conducting aqueous phases, in other words, as the dielec- 
tric in a parallel-plate condenser. Like any insulator, a membrane will 
become polarized when one applies an electric field across it. That is, the 
electric field produces a redistribution of charge in the membrane, so the 
surface of the negative side shows an excess of positive charge, and the 
positive side an excess of negative charge. This redistribution of charge, 
called polarization, is accompanied by an electric current, a displacement 
current, whose time integral is finite and equals the excess polarization 
charge appearing on the two surfaces of the dielectric. Polarization of mat- 
ter most often occurs due to formation or orientation of dipoles, electri- 
cally neutral particles carrying some positive charge on one end and an 
equal amount of negative charge on the other. This dipole character of a 
particle is expressed as the dipole moment which equals q • d where q is 
the charge excess on each end of the molecule and d the distance between 
positive and negative end. Dipole moments are measured in debye units (D); 
one debye is the dipole moment of a rod 0.21/~ tong with one electronic 
charge at either end. Whenever matter is electrically polarized, such 
dipoles show on average some alignment with the electric field. 

Polarization of dielectrics occurs in many different ways. In the case 
of electronic polarization, the electric field produces a slight and reversible 
displacement of electrons relative to their atomic nuclei, thereby creating 
aligned dipoles where previously there were none. The dipole moments 
generated in this way depend, of course, on the field but in practice are 
never large. All substances show electronic polarization; those showing 
none other are called nonpolar. Examples for nonpolar substances are 
hydrogen gas and hydrocarbons. A second mechanism, orientation polari- 
zation, occurs in polar dielectrics containing molecules with a permanent 
dipole moment. These dipoles normally may be randomly oriented but 
align themselves reversibly in the presence of an electric field to an extent 
depending on field strength and thermal agitation. Some permanently 
dipolar molecules with their dipole moments are H20 (I.85 D), amino 
acids (glycine and alanine, 12-15 D; Edsall, 1941) and protein. Other 
kinds of polarization can be observed on interfaces between electrolyte 
solutions and surfaces bearing charge. What concerns us most in this review 
is what we believe to be the polarization of macromolecules embedded in 
the membrane and its coupling to simultaneous and subsequent conforma- 
tionat changes. 

Dependence o f  polarization on the electric field. Insofar as polarization 
involves the movement of matter, it does not occur instantly after a change 
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in electric field; therefore all dielectrics (except vacuum) show loss. A lossy 
capacitor does not charge instantly under a voltage step and allows current 
to pass even some time after the voltage has become steady, and if a sinus- 
oidal current is passed through such a condenser, the voltage sinusoid will 
lag the current by a phase angle less than the ideal 90 °. All lossy dielec- 
trics have a nonlossy component, if only because even vacuum has a finite 
polarizability. Therefore, in the simplest case (Fig. 5) a lossy capacitor can 
be represented electrically by an ideal component, Coo, in parallel with the 
series combination of a resistor and a capacitor of value (C0-C~).  The 
resistor is an inextricable part of the dielectric and an expression of, for 
example, the friction encountered by dipoles when they form or reorient 
under a change in electric field. For static or slowly varying electric fields, 
such a condenser will appear perfect, and the charge, Q, stored on it will 
always be given by the formula for a condenser of constant capacity, the 
static capacity Co : 

Q= c0 v (1) 

where V is the applied voltage and Co is given by 

e - c o .  A (2) 
Co = d 

for a parallel-plate condenser. A and d are area and separation of the 
plates, e the dielectric constant of the insulator, and eo = 8.8 x 10-14 F/cm, 
the polarizability (or better, the permittivity) of vacuum. 

Fig. 5. Electrical representation of a 
condenser made from a perfectly 
insulating, but lossy, dielectric 

? 
I 

L ~ R=r/(C o -C,,. ) 
c. 7- T (Co-c. ) 

Under a more rapidly changing voltage, such as a sinusoidal field of suf- 
ficiently high frequency, fewer and fewer dipoles will manage to form or 
reorient in time, and dielectric dispersion will occur. The apparent capacity 
of the condenser (more precisely, the apparent dielectric constant since 
the dimensions of the condenser remain unchanged) will diminish until it 
reaches the limiting value, C~, due to the nonlossy portion of the condenser. 
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For truly infinite frequencies, Coo is given by Eq. (2) with e = 1, i.e., Coo 
is determined by the dielectric constant of  vacuum. In the simple dielec- 
tric of Figure 5, half of the frequency-dependent portion of the capacity 
will have disappeared at the characteristic frequency, v. After a voltage 
step, the charging of that portion is 67% complete at the time r where 
r = 1/(2try) and is called the dielectric relaxation time. In the frequency 
range where dispersion occurs, the dielectric absorbs energy from the 
alternating electric field; if the dispersion occurs at optical frequencies, as 
in many nonpolar dielectrics, the substance will absorb light at the corre- 
sponding wavelength. Outside the dispersion range, the dielectric constant 
equals the square of  the index of  refraction. The frequencies at which dis- 
persion occurs depend on the dielectric and the mobility of dipoles in it. 
As one might expect, electronic polarization is fastest with characteristic 
dispersion frequencies in and beyond the optical range. Any polarization 
involving movement of  molecularly sized particles is generally much 
slower; the characteristic dispersion frequency of water, one of the smal- 
lest and most mobile polar molecules, is about 101° Hz. Many polar 
dielectrics have considerably lower characteristic frequencies, depending 
on the mobility of  the dipole. One may learn about the molecules making 
up a dielectric by investigating the frequency dependence of capacity and 
dielectric constant under small, sinusoidally alternating electric fields. 
Such studies have long been an established technique in chemistry and 
biochemistry (Takashima and Minakata, 1975). In practice, dielectrics 
often show more than one dispersion. In that case, Coo often refers to the 
value measured at (finite) frequencies a few hundred times higher than 
those where the dispersion of  interest occurs. In much of the remainder, 
the terms Coo and dielectric loss are used loosely and refer to measurements 
at frequencies below 1 MHz. 

An interesting effect shown by polar dielectrics is that their dielectric 
constant depends on the static field. Again, we imagine the polarization to 
have two components,  one (C0-Coo), resulting from orientational, the 
other Coo, from electronic polarization of  our dielectric. The first will 
appear lossy compared to the second. In such a dielectric containing a 
finite number of  molecular dipoles, thermal agitation keeps the average 
dipole orientation virtually (though not precisely) random under small 
electric fields. Doubling the field approximately doubles the small degree 
of dipole alignment and therefore doubles polarization as in a perfect 
dielectric [Eq. (1)]. In the presence of strong electric fields, however, a 
substantial fraction of  all dipoles are aligned and a further increase in field 
will cause relatively less polarization. Due to this effect, dielectric satura- 
tion, the capacity will appear field- or voltage-dependent, being largest 
(= Co ) under small or zero fields and diminishing at the extremes, in the 
limit to Coo. The larger the moment  of  the dipole species, the steeper is 
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the relation between dielectric "constant" and applied field in polar 
dielectrics. Dielectric saturation can be observed only under extremely 
large electric fields. In electrolyte solutions, for example, the electric field 
directly next to an ion can reach hundreds of kilovolts per cm. As a con- 
sequence, the water molecules immediately surrounding an ion are all 
oriented with respect to the ion and therefore under dielectric saturation. 
One of  the few systems where saturation can be demonstrated directly is 
in biologic membranes. Examples are shown later (Fig. 12). 

II. The Membrane Capacity of  Lipid Bilayers 

A large percentage of the mass of biologic membrane consists of  lipid 
bilayer which is thought to form the fluid matrix surrounding proteins or 
other molecules necessary for physiologic events. To electrophysiologists, 
the lipid bilayer portion always appears electrically in parallel to the phys- 
iologically more interesting nonbilayer portion. Which properties of a 
biologic membrane arise in the bilayer portion, and which in the proteins 
embedded in the bilayer? The most direct answer comes from studying 
bilayers formed artificially from pure lipids. 

Artificial lipid bilayers are readily formed by the method of  Mueller 
et al. (1962) from dispersions of  synthetic or biologic lipids, e.g., phos- 
pholipids, in straight-chain hydrocarbon solvents, such as decane. They 
can also be made as virtually solvent-free membranes by bringing together 
two lipid monolayers spread on an air/water interface (Montal and Mueller, 
1972). Separating two aqueous phases into which electrodes can be 
inserted, they allow accurate investigation of  their electrical properties by 
voltage- or current-step, charge pulse and sinewave methods. Artificial 
lipid bilayers free of ionophoretic materials have electrical resistances of 
107 to 10 9 s2cm 2 , 104 to 10 ~ times that of  most biologic membranes. 
The static capacity of  "solvent-free" artificial membranes is 0.5 to 0.9/aF/ 
cm 2 depending on composition (Benz et al., 1975), a value close to that 
of  biologic membranes. Apart from the fact that artificial bilayers may 
contain hydrocarbon solvent, they are considered to be similar or identical 
in structure to the lipid bilayer portion of  biologic membranes (Haydon, 
1970) and their dielectric behavior has been investigated extensively so we 
may learn about their structure and physicochemical properties. In 
reviewing some of this work here, the aim is a narrow one, namely, to 
reconstruct and characterize what is likely to be the contribution of  the 
lipid bilayer portion to the dielectric properties of  a biologic membrane. 
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A. Origin 

The structure of  lipid bilayers, both artificial and some natural ones, is 
now known with considerable precision. If one were to cross a lipid 
bilayer, one would start in the aqueous solution and encounter in succes- 
sion (i) the aqueous phase immediately adjacent to the bilayer containing, 
if the lipid is charged, a diffuse double layer of  anions and cations, (ii) the 
layer formed by the polar head groups of  the lipid molecules, some 7 - 1 0 / ~  
thick from molecular modeling and X-ray diffraction studies. (iii) a non- 
polar region occupied by the fatty-acid moiety of  the lipid (hydrocarbon 
core), (iv) and (v) the layers of polar head groups and adjacent aqueous 
phase on the other side. Each of  these have a capacitance and conductance, 
and in electrical studies of  transmembrane properties, all the layers appear 
electrically in series. Therefore, an electrical representation of  the mem- 
brane contains, besides the conductances of the various layers in series, 
a series combination of  three capacitors representing (i + v), (ii + iv) and 
(iii) (Hanai et al., 1965). The overall membrane capacity can be no larger 
than the smallest of  these three capacitances. 

The smallest capacitor turns out  to be the hydrocarbon layer where 
practically the entire measured bilayer capacity arises. This view is sup- 
ported by both experiment and theory. ( 1 ) Where known, the thickness of  
the hydrocarbon core agrees well with expectations from the dielectric 
constant of  hydrocarbon and the measured bilayer capacity. Haydon 
(1975) reports that Fettiplace obtained C m = 0.76 taF/cm 2 for bilayers 
made from "solvent-free" lecithin, consistent with an insulating layer of 
thickness 25 ~ and the dielectric constant of bulk hydrocarbon (e = 2.14). 
From X-ray diffraction, virtually the same value (26 ~ )  is obtained for the 
thickness of the hydrocarbon cores of  stacked egg lecithin bilayers 
(Lecuyer and Dervichian, 1969). (2) Bilayer capacity is inversely propor- 
tional to the number of  carbons in the lipid hydrocarbon chain, both in 
solvent-free membranes (Benz et al., 1975) and in bilayers containing as 
solvents straight-chain hydrocarbons of ten carbon atoms or less (Fetti- 
place et al., 1971). This is as expected for a parallel-plate condenser in 
which the thickness of  the dielectric is proportional to the lipid hydrocar- 
bon chain length. (3) For a given lipid hydrocarbon chain, the nature of 
the polar head group seems to make little difference to the capacity (Benz 
et al., 1975). These findings are strong evidence that the measured elec- 
trical capacity arises almost entirely in the hydrocarbon layer. They agree 
with theoretical expectations that the impedances of polar groups and 
diffuse double layers should be exceedingly small 2 (Hanai et al., 1965; 

2 Experimental  suggestions of a small electrical impedance associated with lipid bi- 
layers and in series with the hydrocarbon core have, nevertheless, been obtained by 
Coster and Smith (1974). From AC impedance measurements of apparently unprece- 
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Coster and Smith, 1974). Put another way, if a potential is applied across 
a lipid bilayer, the hydrocarbon core will experience virtually all of  it, and 
polar groups and adjacent aqueous layers nothing. Conductances and 
capacities of  these two layers are so large as to prevent significant charge 
separation across them under either static or transient conditions. 

Many biologic membranes may carry layers of proteins adhering to, 
but not penetrating into, the lipid bilayer. Since in an aqueous environ- 
ment the hydrocarbon core is a much better insulator than any other bio- 
logic material, such "extrinsic" proteins would experience only a negligible 
fraction of  an applied DC potential change. Only molecules reaching 
partly or entirely across the bilayer, such as "intrinsic" membrane pro- 
teins, fall under  the direct influence of  DC potential change, and may re- 
orient and produce displacement currents. Extrinsic membrane proteins 
might be affected indirectly by potential changes, perhaps in interaction 
with intrinsic proteins. Such effects may well be physiologically significant, 
but they will not  produce electrical signals of  the kind observed by Schnei- 
der and Chandler (1973), or Armstrong and Bezanilla (1973). 

B. Voltage Dependence 

Since the hydrocarbon core should act as a nonpolar dielectric, one would 
expect its dielectric constant to be practically independent of  the electric 
field across it, be it the magnitude of  a static field or the frequency of  a 
sinusoidally alternating field. Nevertheless, in some solvent-containing 
bilayers the capacity increases when a voltage is applied (Babakov et al., 
1966; Andrews et al., 1970; Wobschall, 1972; White, 1974). The effect is 
opposite to what one would expect from dielectric saturation in a polar 
substance, and is instead a consequence of  the compressive force which 
electric fields exert on dielectrics (electrostriction). An electric field will 
accumulate positive charges on one side of  a bilayer and negative charges 
on the other. These attract each other  with sufficient force to squeeze 
part of  the hydrocarbon solvent, if present, out of  the bilayer and into 
"microlenses". Microlenses are about t-/am-large lipid-covered droplets of  
hydrocarbon solvent which float in the lipid bilayer and contribute rela- 
tively little to either bilayer area or capacity. Squeezing out the solvent will 
make the hydrocarbon core thinner so the bilayer capacity will increase. 

dented accuracy, they conclude that egg lecithin bilayers show a smaU dielectric dis- 
persion between 0.1 and 100 Hz. In this frequency range the bilayer capacity appears 
to diminish by about 2% from the static value. Coster and Smith attribute this disper- 
sion to the polar group laxer for which they calculate a capacity of 30/aF/cm 2 and a 
conductance of 2 mS/cm ~ at physiologic salt concentration. These values are within 
the range predicted theoretically. 
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Fig. 6. Voltage dependence of capacity of artificial glycerol monooleate bilayers made 
with different solvents, o, v data from Andrews et al. (1970); • data from Benz et al. 
(1975); 0 value obtained by White (1974) on a film made with decane solvent and 
cooled to 10°C. In such a "frozen film", the solvent is thought to be expelled from the 
bilayer into microlenses. All measurements made in 0.1 M NaC1 or KC1 solution, 
except the measurement in hexadecane of Andrews et al. (1970),v, which were made 
in saturated KC1. Temperatures 20-25°C unless otherwise indicated. Data were ob- 
tained at one polarity only but, since the membranes are symmetric, curves were 
drawn here for both polarities in order to facilitate comparison with Figure 12 show- 
ing similar measurements in biologic membranes. Note that the capacity of the solvent- 
free bilayer is not significantly voltage dependent 

Figure 6 shows capaci ty  measurement s  o f  Andrews et al. (1970) ,  White 
(1974)  and Benz et al. (1975)  on  bitayers made  f rom g tyce ry lmono loea t e ,  
an uncharged lipid with a f a t t y  acid chain 18 ca rbon  a toms  long. The  
figure il lustrates the  dependence  o f  capaci ty  on  voltage and h y d r o c a r b o n  
solvent.  When the  solvent is decane,  capaci ty  a t  low potent ia l s  is relat ively 
small because the  bi layer  conta ins  much  solvent and is relat ively thick;  
when  a larger po ten t ia l  is applied,  e lec t ros t r ic t ion  squeezes ou t  the solvent 
and the  capaci ty  increases wi th in  seconds or  minu tes  to  a higher  value. 
When the  solvent  is hexadecane ,  the  zero-field capaci ty  is higher. Since the  
bi layer  p robab ly  conta ins  the  same n u m b e r  o f  lipid molecules  per  unit  
area as in decane  (Andrews et al., 1970),  it fol lows tha t  the  vo lume  occu-  
pied by  solvent is m u c h  less in this bilayer.  Why the bi layers should con-  
tain more  solvent o f  short  chain length (decane)  than  o f  longer chain 
length (hexadecane)  has not  been  established. (Rela ted  to  this  ef fect  ma y  
be the  f inding that  a l ipathic  h y d r o c a r b o n s  o f  up to  1 0 - 1 2  ca rbon  a t o ms  
are power fu l  general anesthet ics ,  but  those  o f  longer chain length are no t ;  
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Seeman, 1972). As one may expect, however, for a solvent-poor mem- 
brane, the voltage dependence of  capacity is now much smaller, if not 
altogether absent. A further reduction in the bilayer solvent content  can 
apparently be achieved by lowering the temperature below the freezing 
point o f  solvent and lipid alkyl chains (White, 1974). Finally, membranes 
made by  bringing two lipid monolayers together (Montal and Mueller, 
1972) are thought to be virtually solvent free; their capacity is the largest 
and shows no significant voltage dependence (Benz et al., 1975) 3 

In conclusion, any voltage dependence o f  static capacity in artificial 
lipid bilayers is due to electrostrictive squeezing-out of  hydrocarbon sol- 
vent. In "solvent-free" bilayers, capacity is constant to within 3% over a 
-+ 300 mV range. If significant electrostriction occurs in "solvent-free" 
biologic membranes,  it cannot involve the lipid bilayer port ion 4. 

C. Frequency Dependence 

To the extent  that the lipid bilayer capacity arises in a nonpolar hydro- 
carbon core, one would not  expect  it to vary with the frequency o f  sinus- 
oidally alternating fields until optical frequencies are reached. This can be 
tested with AC admittance measurements (Hanai et al., 1964, 1975; 
Coster and Simons, 1970; Takashima and Schwan, 1974b). A bridge cir- 
cuit is connected to two electrodes, one each in the two aqueous phases 
separated by  a lipid bilayer. Sinusoidally alternating fields are applied and 
the bridge is balanced by  matching the electrical admit tance between the 
two electrodes by  a parallel combinat ion of  capacitor, C, and resistor, 1/G 

a Strictly, these measurements apply only to the steady state, and there may be vol- 
tage-induced capacity changes which are transient and therefore escape detection by 
conventional bridge measurements. An interesting experiment by Benz et al. (1975) 
rules this out. Applying a 150 mV step of varying duration to bilayers, the authors 
compared the charges carried by capacitive currents at beginning (on) and end (off) 
of the pulse. The charge was measured by fitting exponentials to the capacitive cur- 
rents and calculating their time integral. Time constants of these exponentials were 
small compared to the pulse duration and, judging by records from Montat and Mueller 
(1972), about 0.1 ms. Any charging current due to a comparatively slower change in 
capacity will, therefore, not enter into an individual measurement, but instead appear 
as a difference between on and off capacities. In a solvent-free bilayer, on and off 
capacities stay within 1% of each other during pulses of 1-1000 ms duration. By com- 
parison, a solvent-containing bilayer shows the usual increase in capacity, and off- 
transients are lar~er than on-transients. 
4 Blatt (1977) has recently calculated asymmetric displacement currents due to mem- 
brane electrostriction. In a lipid bilayer of the compressibility estimated by Wobschall 
(1972) such electrostrictive asymmetric displacement currents could, even in the 
absence of solvent flow, have one-tenth the amplitude of "'gating currents" in squid 
axons. However, they would flow in the opposite direction and carry 20-200 times 
less charge. 
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(Fig. 7a). Figure 8 is from such an experiment (Hanai et al., 1964) and 
shows values of  C and G which matched the admittance of  the experimen- 
tal system as a function of  frequency. With increasing frequency, C dimin- 
ishes and G increases, showing all appearances of  a dielectric dispersion. 

T 

T ,/0sl 'cs  
,!, ,/G,,, T 

1 

Fig. 7. (a) is the bridge element which is made to match (b) by proper adjustment of C 
and G. (b) is an electric representation of a lipid bilayer, the experimental chamber and 
adjacent aqueous phases. Drawn after Hanai et al. (1964) but with a different nomen- 
clature. C m and G m in (b) correspond to Cf and Gf in Figure 8 of Hanai et al. (1964), 
G s and C s to G m and C m and Cp to C s. For explanation of these symbols see text 

In order to relate C and G to bilayer conductance and capacity, one 
must correct for impedances and admittances not arising in the bilayer. 

Figure 7b shows an electrical representation of  the current paths be- 
tween the two electrodes in the aqueous phase. The bilayer itself is sym- 
bolized by the parallel combination of  membrane conductance, G m , and 
capacitance, C m ; both parameters may, in principle, vary with frequency. 
In series with the bilayer is the resistance, 1/G s, and parallel capacity, C s, 
both arising in electrodes and electrolyte solutions. In practice, C s and 
G m are negligible compared to their parallel elements. The parallel capac- 
itor, Cp, arises from stray fields, e.g., through the partition between the 
two electrolyte phases which carries the bilayer. 

Analysis will show that the dispersion in Figure 8 is at least in part a 
consequence of  the series resistance, 1/G s, which, unlike that in Figure 5, 
is not  part of  the dielectric. As frequency (f) increases, C m presents less 
and less o f  an obstacle to current flow compared to 1/G s. The fraction of  
the voltage experienced by C m diminishes and, therefore, also the charge 
withdrawn from or stored on it during each sinusoidal cycle. This appears 
as a decline in C. At the same time, G increases because the current path, 
G s - C m , looks more and more like a pure resistor as f increases, until in 
the limit C m becomes effectively a short circuit and the admittance of  the 
entire system attains the value G s . 
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Fig. 8. Frequency dependence of the bridge elements, C and G, needed to match the 
admittance of a lipid bilayer with series and parallel admittances (see Fig. 7). The 
bilayer was made from egg lecithin in benzene. Circles, 0.1 M NaC1;squares, saturated 
NaC1. Modified after Hanai et al. (1964). Membrane area about 1-1.5 mm 2 

In correcting for series resistance, 1/G s, one must analyze circuits a 
and b in Figure 7, which is easily done for the steady-state under sinusoidal 
excitation. The admittance of  a resistor, 1/G, is then G, and that  of  a 
capacitor, C, is j~  C, where j = x/--S-i " and ~ = 2~rf is the frequency of  the 
sinusoidal current through it. The admittances Ya and Yb of  circuits a and 
b are 

Ya = Jw C + G (3) 

G m + G  s + j w  (C m + C  s) 
Yb = jwCp + (4) 

(G s + jco C s) (G m + jeo C m ) 

These can be separated into real and imaginary parts. When the bridge is at 
balance, the real parts of  Ya and Yb must be equal, and the imaginary parts 
as well. One obtains two simultaneous equations relating the parameters 
C and G to the elements in Figure 7b. C s, Cp, and G s can be measured at 
sufficiently high frequencies or in the absence of  a lipid bilayer between 
the two aqueous phases. The two equat ionscan be solved for C m and G m 
(Coster and Simons, 1970): 
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_ Gs 2 C* - G 2 C s + (.,02 (Cs 2 C g¢ - C .2  Cs) 
C m (5) 

(G s - G )  2 + w  z ( C * - C s )  2 

Gm = Gs 2 G - G 2 G s + co 2 (Cs 2 G - C .2 G s) 

(G s _ G)~ + ~ 2  (C* - Cs )2 
(6) 

where  C* = C - Cp. In  prac t ice ,  G m can be measured  accu ra t e ly  on ly  wi th  

stat ic  fields, since a b o v e  1 Hz,  G m is negligible c o m p a r e d  to  w C m . In  Fig- 

ure  9, Eq.  (5) was used to  o b t a i n  C m f r o m  the  obse rva t ions  in Figure  8. 
As an t ic ipa ted ,  m u c h  o f  the  f r e q u e n c y  d e p e n d e n c e  o f  the  " r a w "  capac i ty ,  

C, in Figure  8 does  no t  show u p  in F igure  9 and  mus t ,  the re fo re ,  have  
been  due  to  the  series res is tance  ra the r  t h a n  ref lect ing b i layer  proper t ies .  
What  f r e q u e n c y  d e p e n d e n c e  r emains  m a y  well be an e r roneous  resul t  o f  

l imi ted  e x p e r i m e n t a l  accuracy .  At  300 and  1000 kHz  in t he  e x p e r i m e n t  o f  
Figure  9 (curve  a),  o n l y  14% and  5% o f  the  po t en t i a l  appl ied  to  the  elec- 

t rodes  appea r  across  the  f i lm and the  r e m a i n d e r  across  the  series impedance .  
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Fig. 9. Frequency dependence of membrane capacity calculated by Eq. (5) from the 
data in Figure 8. Tetsuya Hanai kindly provided these data in numerical form, as well 
as the values for C D (20 pF in curve a) and G s (1.04 mmho and 22.3 mmho in curves 
a and b, respectively). C s = 0.68 pF was taken from Table 1 ofHanai et al. (1964) and 
Cp = 0 was assumed for curve b. Error bars indicate highest and lowest values obtained 
for C m if Gs, C and G are allowed to deviate by 2% from their nominal values. Dashed 
lines indicate static capacitances, The high-frequency deviations of C m from the static 
values may well be due to measurement uncertainty 
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Therefore, even small measurement uncertainties can result in large errors 
when calculating bilayer parameters at high frequencies. This is illustrated 
by the error bars which give highest and lowest values obtained by allow- 
ing G s, G and C to deviate by 2% from their nominal values in Figure 8. 
Curve b in Figure 9 is from an experiment in a medium of higher conduc- 
tivity, where series impedance is lower. Significant variations in membrane 
capacity now appear only at "--4 times higher frequencies, as expected if 
they arose spuriously from the experimental difficulties introduced by the 
series impedance. 

Although the behavior at the highest frequencies is still uncertain, it 
appears that below 100 kHz and at physiologic salt concentrations C m 
does not deviate significantly from its static value (see also Hanai et al., 
1965). Similar results have been obtained by Coster and Simons (1970) 
and Takashima and Schwan (1974b, oxidized cholesterol membranes). If 
dielectric loss appears in biologic membranes below 100 kHz, it cannot, 
therefore, be due to the lipid bilayer portion. 

D. Effects of  a Lipid-Soluble Ion 

The conclusion reached so far is that although the lipid bilayer may make 
a large contribution to the capacity of  biologic membranes, this contribu- 
tion is relatively simple. Over most frequencies of physiologic interest a 
pure lipid bilayer behaves as a slightly leaky, but otherwise perfect, paral- 
lel-plate condenser. The lipid bilayer portion will, therefore, not contrib- 
ute to the asymmetric displacement current seen in excitable membranes. 

Displacement current transients with strong superficial resemblance to 
"gating currents" in nerve can, nevertheless, be observed even in artificial 
lipid bilayers when certain lipid-soluble ions, such as tetraphenylborate 
(TPhB-), are added to the aqueous phases at submicromolar concentra- 
tions (Ketterer et al., 1972; Andersen and Fuchs, 1975). TPhB-is only 
slightly water soluble, and, if uncharged, would partition strongly and uni- 
formly into the hydrocarbon core of  a bilayer (estimated hydrocarbon/ 
water partition coefficient of  10 ~ , Andersen and Fuchs, 1975). Because of  
its charge, however, TPhB-is strongly attracted by the aqueous phase with 
its high dielectric constant. It is thought,  therefore, that the ion remains 
trapped in the two narrow hydrocarbon zones where hydrocarbon borders 
on the two polar or aqueous phases (Ketterer et al., 1972). These zones 
are "energy wells" for TPhB-because the potential energy for the ion is 
lowest there. When a DC field is applied to a TPhB--doped bilayer, one 
observes in the steady-state only relatively little current representing 
TPhB- -transport across the bilayer. However, when the electric field 
changes, a redistribution of  TPhB-wil l  occur between the two zones 



116 W. Alme~ 

causing a comparatively large current transient which is ionic across the 
hydrocarbon core and a displacement current across the hydrocarbon/water  
interface. Since the  amount  of  TPhB-contained in the two zones is finite, 
the redistribution current is transient and carries finite charge. Measuring 
charging transients o f  this kind, Andersen and Fuchs could determine the 
amount  of  TPhB-adsorbed,  as well as rate and extent of  redistribution 
between the two sides o f  the membrane after a change in applied potential. 
This is the only experimental system which is sufficiently well defined for 
us to understand slow displacement current transients on a molecular 
level. It is, therefore, worth considering in some detail. 

The steady-state occupancies, N1 and N2, of  the two energy wells may 
be assumed to be given by the Boltzmann distribution: 

N----L~ = exp ( -  zeEi/kT) (7) 
N: 

where E i is the potential difference between the two wells, well 1 minus 
well 2, k and T Boltzmann's constant and absolute temperature,  e = 1.60 
x 10-19 coulombs is the elementary charge and z the valency of  the par- 
ticle, - 1 in this case. Of course, Ei is related to the potential, V, applied 
to the  bilayer. Assuming direct proportionality as a first approximation, 
we can set V = 13E i for a symmetric bilayer, where/3 may be regarded as 
an empirical constant. In the absence of  a potential, N1 = N2 ; after apply- 
ing a potential, the charge carried by the redistributing ions can be shown 
from Eq. (7) to be 

1 
Q =-~ Qm= tanh (/3eV/2kT) (8) 

where Qmax is the charge on all absorbed TPhB ions. Alternatively, if the 
potential is held so negative that NI = 0, then after a step to some more 
positive value, 

Q = Qmax/[ 1 + exp ( -  OeV/kT) (9) 

which is formally identical to equations used by Schneider and Chandler 
(1973), Keynes and Rojas (1974), and others (Nonner et al., 1975) to 
describe the  charge carried by asymmetric displacement currents in various 
excitable tissues. 

Andersen and Fuchs (1975) found that Eq. (8) with/3 = 0.8 provided 
an accurate description of  their data, which were obtained at relatively 
low TPhB- concentrations (~< 10- 7 M). The value of  ~, of  course, can 
never be higher than unity and wilt in general be less. For instance, the  
two zones where the potential energy for TPhB- is lowest need not be on 
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the extreme borders of the hydrocarbon core and, therefore, may not 
experience between them the entire membrane potential (Andersen and 
Fuchs, 1975). Furthermore, and perhaps more importantly, the considera- 
tions so far neglect electrostatic interactions between TPhB-ions. The ions 
will create boundary potentials in the adsorption zones which in a sym- 
metric membrane will equal each other when N1 = N2, but otherwise 
differ in such a way as to diminish the potential difference between the 
energy minima. The more ions are adsorbed, the more important this 
effect becomes. As a consequence, the parameter ~ in Eq. (8) and (9) 
diminishes when the aqueous [TPhB]- is increased (Andersen et al., 1977) s 
Qualitatively, the more TPhB-is in the membrane, the larger the potential 
V needed to crowd, say, 90% of all the mutually repelling TPhB-ions into 
the same energy well. In the limit where [TPhB]- in the aqueous phase is 
so low that not enough TPhB-is adsorbed to allow significant electrostatic 
interaction,/3 = 0.85 (Andersen, personal communication). At TPhB- = 
10- 7 M and 1 M NaC1 in the aqueous phase, the number of TPhB-ions 
absorbed in the experiments of Andersen et al. (1977) was 2.4 x 104/tam 2 . 
Moving them all from one energy well into another would represent a 
charge transfer of 400 nC/cm 2 ; and from their data and Eq. (9) the para- 
meter/3 would have a value of about 0.7. At [TPhB]-= 3 tam, total absorp- 
tion was l0 s/tam 2 molecules, total charge 1800 nC/cm= and/3 would be 
only 0.37. 

Are sodium channels, like TPhB-ions, affected by electrostatic interac- 
tion between each other, or with other polar membrane constituents? 
A quantitative answer cannot be given before we know the force fields 
and effective dielectric constants in the environment of the gating par- 
ticles. All one can say is that the Qmax observed in squid nerve and frog 
muscle is only about 30 nC/cm 2 , much less than the values discussed 
above. In squid giant axons with their 200-500 sodium channels/tam 2 
(see Table D-l), it seems, therefore, probable that the effects of electro- 
static interaction between sodium channels are negligible. The situation 
may be different in the node of Ranvier. Assuming a nodal area of 50 tam 2 , 
the work of Nonner et al. (1975) on frog myelinated nerve implies values 
of Qmax of 275 nC/cm 2 , reaching the range of values discussed above. 
Values in mammalian nodes may be even higher. Ritchie and Rogart 
(1977) report that nodes of Ranvier in rats have about 12,000/tam 2 
sodium channels, 5 -10  times more than in the frog (see Table D-1 ). If so, 
sodium channels with their presumably large gating charge movements 

s Since the boundary potentials depend on the local intramembrane concentration 
of TPhB-and ,  therefore, on the membrane potential, the simple Eq. (8/9) may no 
longer be expected to hold. For descriptive purposes, we retain it here as an approxima- 
tion and consider/~ as an empirical parameter which represents the membrane poten- 
tial-sensitivity of TPhB- distribution, and depends on the amount of TPhB-adsorbed. 
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would be in such close proximity that electrostatic interaction between 
them no longer seems an idle speculation. Such interaction would be rele- 
vant for noise analyses where statistical independence of channels is often 
assumed. 

The time course of the TPhB--current transients is exponential with 
time constants up to 2 ms at 24°C when TPhB-~< 10 -7 (Andersen and 
Fuchs, 1975). This figure is 100-1000 times larger than the expected dif- 
fusion time across the hydrocarbon core of a neutral molecule similar in 
size to TPhB-.  Clearly, size of the moving particle and viscosity of the 
hydrocarbon environment are not the only important factors. One would 
expect, for instance, that TPhB-ions would encounter on their way 
through the hydrocarbon core a large energy barrier in overcoming the 
electrostatic forces pulling them towards the polar phases. By comparison, 
maximal relaxation time constants for asymmetric displacement current 
transients are around 0.7 ms for squid axon "gating currents" and 10 ms 
for frog muscle "charge movement", all recorded at 2-8°C. 

III. The Membrane Capacity of Squid Giant Axons 

A. Frequency Dependence 

The dielectric properties of natural membranes are best discussed by refer- 
ence to the squid giant axon, where our knowledge is most complete. In a 
squid giant axon, the axolemma shows relatively little infolding and allows 
relatively accurate area measurement, as well as uniform electrical polariza- 
tion. The static or low-frequency differential capacity can be obtained 
either from the charge deposited on the membrane after a small potential 
displacement, or from admittance bridge measurements using low-ampli- 
tude sinusoidal excitation. All values in Table 1 give differential capacities 
at the resting potential of around - 60 to - 70 mV. Agreement among 
different authors is impressive; the low-frequency capacity is between 1.0 
and 1.2/aF/cm 2 . This value does not take into account the possibility of 
membrane infolding and could, therefore, be slightly too high. Values for 
skeletal muscle membrane (1-1 .2 /aF/cm:  ) are included for comparison. 
When the capacity is measured with high-frequency (70-100 kHz) sinus- 
oids, it diminishes to about half. Squid axolemmal capacity, therefore, 
shows a frequency dependence over frequencies where pure artificial lipid 
bilayers show none. The first suggestion of dielectric loss in axon mem- 
branes came from the measurements of Curtis and Cole (1938) who sug- 
gested that the membrane behaved as a "constant phase angle dielectric", 
a complicated and, in most cases, unexplained behavior shown by a number 
of polar substances (Cole, 1965). Curtis and Cole's (1938)measurements 
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were made with extracellutar electrodes and are, therefore, o f  limited 
accuracy in determining axolemmal properties. However, their suggestion 
of  dielectric loss was confirmed with intracellular electrodes by Hodgkin 
et al. (1952) who addressed the problem in passing, 13 years later by 
Taylor and Chandler (Taylor, 1965, 1977) in the first examination of  axo- 
lemmal AC impedance with modern methods,  and most recently by Taka- 
shirna and Schwan (1974a). 

Once again, an AC admittance bridge can be used to match the admit- 
tance between two electrodes, one inside and one outside the axon, with 
a parallel combination of  resistor and capacitor. After suitable correction 
for stray capacitances, one can use expressions (5) and (6) to correct for 
the total impedance R s = 1/Gs in series with the membrane. This imped- 
ance is thought to arise mostly (Hodgkin et al., 1952; Keynes and Rojas, 
1976) in the Schwann cell layer surrounding the axon, but  to some extent 
also in the axoplasm and the external solution. Rs is usually regarded as 
being purely resistive and the same for all parts of  the axolemma, an 
assumption which seems correct for the axoplasm (Cole, 1975)and  up to 
200 kHz probably also for the Schwann cell layer (Cole, 1976). Figure 10 
is from the work of  Takashima and Schwan (1974a) and shows frequency 
dependence of  capacity in normal axons (curve I ), and after sodium chan- 
nels were blocked with te t rodotoxin  (TTX, curve 2), or potassium chan- 
nels with te t raethylammonium (TEA*, curve 3). All curves show a decline 
of  Cm at increasing frequencies, indicating dielectric loss. In absence of  
TEA +, Cm seems to diminish also at low frequencies. However, rather than 
arising in the membrane dielectric, this effect almost certainly results from 
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Fig. 10. Frequency depen- 
dence of squid axon mem- 
brane capacity. Curve 1, 
2 axons, control; curve 2, 
the one axon after exter- 
nal application of approx. 
10 - °  M TTX; curve 3, 
the other axon after inter- 
nal application of approx. 
100 mM TEA +. Tempera- 
ture 20°C. After Takashi- 
rna and Schwan (1974a) 
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voltage- and time-dependent ionic conductance changes in potassium, and, 
to a lesser extent, sodium channels. At low frequencies, such conductance 
changes can occur during each sinusoidal cycle and disturb the measure- 
ment. When K ÷ channels are blocked by TEA +, this effect is diminished or 
absent. In the low-frequency region, curve 3 in Figure 10, therefore, 
represents the membrane dielectric better than the other curves. 

Takashima and Schwan (1974a) also observed an apparent increase of 
G m with frequency which is not shown in Figure 10. However, for much 
the same reasonsas in studies of artificial lipid bilayers, Gm is extremely 
sensitive to small errors in determining any of the other parameters in 
Figure 7. It is possible, therefore, that Gm -measurements at high frequen- 
cies are not very accurate. On the other hand, a conductance increase is 
expected because lossy dielectrics appear more and more conductive as 
frequency approaches and surpasses the characteristic frequency. (The 
simple dielectric represented in Figure 5, for example, will appear as a 
capacitor of value Co at low frequencies and as an ohmic conductance of 
value 1/R at infinite frequency). Because lossy capacitors have conductive/ 
resistive as well as capacitive properties, they are often represented as 
complex numbers with a real part (Cm in Fig. 10) and an imaginary part 
whose magnitude here would equal the membrane conductance minus its 
DC value. Characterizing the dielectric requires the frequency dependence 
of both Cm and Gm. First attempts in this direction (Taylor, 1965; Taka- 
shima et al., 1975) suggest that no single dielectric relaxation time can 
explain the dielectric dispersion in the resting squid axon membrane. 
There appears to be a spectrum of relaxation times which is hard to de- 
compose into its components by present methods. 

If we are correct in our assumption that the Schwann cells act as a 
spatially constant, pure resistor in series with the axolemma, then the 
above findings establish that the squid axon membrane as a ~vhole behaves 
as a lossy dielectric. The delay in membrane birefringence change accom- 
panying potential steps seen by Cohen et al. (1971) is probably another 
indication of slow membrane polarization and, therefore, dielectric loss. 

The capacitive current transient under a voltage clamp. Dielectric loss in 
the squid axon membrane can also be inferred from the capacitive current 
transient following a step in potential. The first event following a step de- 
polarization is a large capacitive surge of outward current. The current 
transient can reach hundreds of taA/cm 2 per mV step displacement (Hodg- 
kin et al., 1952) and lasts for 10-50 us. Both amplitude and time course 
depend on series resistance and the speed of electronic apparatus. The 
initial surge presumably includes all loss-free, as well as some lossy polari- 
zation (Fitzhugh and Cole, 1973). In an unperfused axon, it can deposit 
on the membrane within 50 /as a charge corresponding to 0.89/~F/cm 2 
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out  o f  the  to ta l  1 - 1 . 2  # F / c m  z (Hodgkin et al., 1952).  The  initial surge is 
fo l lowed by  a " la te  d isplacement  c u r r e n t "  (Meves, 1976) which is ent i re ly  
due  to  lossy polar izat ion.  Figure  11 shows records  o f  late d isplacement  
cur ren t  t ransients  a ccompany ing  pairs o f  equal ly  sized, large hyper -  and 
depolar iz ing po ten t ia l  steps, start ing f r o m  potent ia ls  be tween  - 70 and  
- 100 mV,  and carrying the  m e m b r a n e  to  the  indicated potent ia ls .  Th e  
le f thand records  were t aken  f rom Keynes and Rojas (1974)  on axons  per- 
fused with media  o f  high (Fig. 11 A) or  low (Fig. 11 B) conduc t iv i ty  and  
ionic s t rength.  As Keynes and Rojas r epor t  and Figure  11A, B suggests, 
increasing the  internal  ionic s t rength decreases the  late d isplacement  cur- 
rent .  It would  be interest ing to  know whe the r  or not  this occurs  at the  ex- 
pense o f  the  rapid initial surge, which  did not  pho tog raph .  The  e f fec t  
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Fig. 11 A-F.  Capacity current transients after potential steps. All records from TTX- 
poisoned nerve fibers at temperatures from 2°C to 6°C. Delayed potassium channels 
were blocked with external (F) or internal tetraethylammonium, or internal C s. 
Traces A - F  from squid axons, trace E from frog node of Ranvier, obtained by the 
authors quoted in the text. Traces A, B, D, E, F recorded during equally sized de- and 
hyperpolarizing steps from holding potentials from - 70 to - 100 inV. Trace C, 
asymmetry current obtained by adding the inward to the outward transient in B. 
Notice the small size of the asymmetry current in frog nerve (middle trace in F) com- 
pared to the leakage currents 
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could not be explained by any reasonable change in series resistance. The 
charge carried by the depolarizing transient exceeds that during hyper- 
polarization. The "asymmetry current", obtained here as the algebraic 
sum of  the two late displacement transients in Figure 11 B, is shown in 
Figure 11C. Traces on the right are from similar experiments carried out 
in other laboratories, D (Meres, 1976) and E (Armstrong and Bezanilla, 
1974) on squid axons, and F on the node of  Ranvier (Nonner et al., 1975). 
The middle trace in F shows the asymmetry current. With regard to squid 
giant axons, there is much variation between different laboratories which 
cannot be accounted for by variability of  uncompensated series resistan- 
ces. The records of Meves (1976, trace D) at high internal ionic strength 
resemble those of  Keynes and Rojas (1974) at low ionic strength, whereas 
the only published record of  Armstrong and Bezanilla (trace E from an 
axon at relatively low internal ionic strength) resembles the high-ionic 
strength record of  Keynes and Rojas (1974). In all cases, the asymmet.ric 
displacement current or "gating current" is only part of  the late displace- 
ment  current. 

B. High-Frequency Capacity and Possible Implications 
for Membrane Structure 

The high-frequency capacity is probably determined to a large extent by 
the axolemmal lipid bilayer, and one would like to know the capacity of  a 
"solvent-free" bilayer made from axolemmal lipid. This capacity has not 
yet been measured, but based on chemical composition, one would expect 
it to be between 0.60 and 0.72 uF/cm 2 6. The high-frequency capacity of  
squid axolemma is given as 0.55 uF/cm ~ , but this figure could be lower 
for experimental reasons and because membrane folding may lead to a 
systemic underestimate of membrane area. It seems reasonable, therefore, 
to consider that the axolemmal high-frequency capacity may actually be 
less than that of  axolemmal bilayer. 

6 Zambrano et al. (1971) have analyzed the lipid composit ion of squid retinal nerve, 
a tissue containing axon/Schwann cell membranes in the favorable ratio 5.1 (Marcus 
et al., 1972). 66.7% by weight of  the membrane lipids are phospholipids, the rest cho- 
lesterol (22%), and free fat ty acids (5.2%). Average length of lipid hydrocarbon chains 
is 17.8 carbon atoms with an average of  1.6 double bonds per chain. A "solvent-free" 
bilayer made from monounsaturated C18-phosphatidylcholine has a capacity of 
0.72/~F/cm 2 (Benz et al., 1975), one made from egg yolk phosphatidylcholine,  a mix- 
ture of mainly C16 and monounsaturated Cts-lecithins,  has a capacity of 0.76/aF/cm 2 
(Fettiplace in Haydon, 1975). The effect of cholesterol on the capacity of Montal- 
Mueller type bilayers is unknown,  but a bilayer made with hexadecane and containing 
egg yolk lecithin and cholesterol in a molar ratio of 2.5:1 has a capacity of 0 . 5 9 -  
0 .60 /aF/cm 2 (Fettiplace et al., 1971), a value which may be taken as a lower limit for 
a cholesterol-containing, but otherwise solvent-free, axolemmal bilayer. 



124 W. Almers 

There are several reasons why this could be so. Firstly, the Schwann 
cell layer may be a more complicated series impedance than we think it is, 
perhaps insulating some parts o f  the axolemma more than others. Besides 
this possibility, one naturally considers possible effects of  membrane pro- 
teins. By chemical analysis, vesicular membrane preparations believed to 
be fragmented sarcolemma from squid giant axons contain 29.5% protein 
and 70.5% lipid by weight (Camejo et al., 1969). These proteins could be 
electrically in series, or in parallel with the axolemmal bilayer. Some pro- 
teins may form a coat covering part or all o f  the bilayer, as suggested by 
Fettiplace et al. (1971). Such a protein coat could appear as a series im- 
pedance at high frequencies without affecting the static capacity. With a 
capacity o f  4.5 uF /cm ~ and a resistance of  7.7 fZcm 2 , it could diminish 
a static capacity of  0 .72/aF/cm 2 to an infinite-frequency value of  0.55/~F/ 
c m : ,  the characteristic dispersion frequency being 4 kHz. Indeed the en- 
tire frequency dependence of  axolemmal capacity could in principle arise 
in this way. Proteins in series with a lipid bilayer will, of  course, not expe- 
rience static polarization and cannot contribute to asymmetric displace- 
ment currents. 

Alternatively, an appreciable fraction of  the axolemmal area may con- 
sist of  bilayer-free, proteinous membrane patches. Such membrane-pene- 
trating proteins must of  course exist, if only to provide the many known 
membrane transport functions. They would appear electrically in parallel 
with the lipid bilayer, and are likely to show dielectric loss, as well as mak- 
ing a large contribution to the static membrane capacity. The structures 
responsible for asymmetric displacement currents are in this category. Pro- 
teinous membrane patches of  low capacity at 100 kHz must be much 
thicker than the lipid bilayer, since the dielectric constant of  hydrated 
proteins at 100 kHz is unlikely to be less than 3 - 1 0  7 

It may be possible to distinguish the dielectric contributions of  pro- 
tein coats and penetrating proteins with AC impedance studies on axons 
treated with proteo- or lipolytic enzymes. Some first at tempts along these 
lines have been made by Takashima et al. (1975). These authors treated 
squid axons internally with pronase, a mixture of  proteolytic enzymes. 
Pronase t reatment  (Armstrong et al., 1973), sufficient to make sodium 
channel inactivation incomplete, apparently doubled the frequency-depen- 
dent portion of  Cm without altering the high-frequency capacity. Since 
pronase might be expected to reach all nonpenetrating membrane proteins, 
the result argues against an effect of  protein coats on high-frequency 

7 Partially hydrated powders of solid protein have dielectric constants in the range 
3-10 (Rosen, 1963; Takashima and Schwan, 1965; Kaufman and Bettelheirn, t971). 
Unlike protein molecules in aqueous solution, those in solids are unlikely to reorient 
as a whole when the electric field is changed. In this regard, they may resemble mem- 
brane-bound proteins. 
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capacity, at least with regard to the axoplasmic membrane leaflet. Taka- 
shima et al. (1975) also reported that treatment with a phospholipase A 
of unspecified purity and activity approximately doubles both low- and 
high-frequency capacity. Unfortunately, the value of these results with 
pronase and phospholipase is diminished by failure of the authors to control 
average membrane potential during measurements, and to eliminate mem- 
brane admittance elements due to time- and voltage-dependent conduc- 
tance changes. Especially the latter could cause large errors in estimating 
the low-frequency capacity. The work should be repeated in the presence 
of external tetrodotoxin and internal tetraethylammonium to block so- 
dium and potassium channels. One may also apply other proteolytic en- 
zymes both inside and out in order to test seriously the hypothesis that 
protein coats adhering to continuous lipid bilayer affect the high-frequency 
capacity. 

C. Voltage Dependence 

The fact that one can record asymmetric displacement currents as in Fig- 
ures 1 and 3 suggests that the static membrane capacity Cm of excitable 
membranes is strongly voltage-dependent. In investigating this voltage 
dependence 8, it is best to measure C m by integrating the charging current 
during a voltage step of, ideally, infinitesimal amplitude. The small step is 
then superimposed on a larger step from the holding potential to the 
potential at which the capacity is to be measured. As in measurements of 
charge movements and "gating currents", one must take pains to eliminate 
the voltage- and time-dependent ionic currents possible across the normal 
membrane. Measurements of  this kind on frog skeletal muscle (Almers 
et al., 1975; Adrian and Almers, 1976a; Schneider and Chandler, 1976) 
and squid giant axons (Armstrong and Bezanilla, 1975) have given similar 
results (Fig. 12): Cm rises sharply as the resting membrane is depolarized 
and falls again at stronger depolarizations, showing a peak at potentials 
roughly halfway between resting potential and the peak of the action 
potential. Most of this variation in Cm happens over the physiologic poten- 
tial range and may, therefore, be related to the movement of voltage sen- 
sors associated with ionic channels. The voltage dependence of Cm is op- 
posite to what is found in some lipid bilayers (Fig. 6) or to what would be 
expected from electrostriction effects. Instead it is of the kind expected 

8 Recently, Takashima (1976) has investigated the voltage dependence of squid 
axon capacity with an AC impedance bridge. At 50 kHz, membrane capacity is con- 
stant between - 100 and - 20 mV. Results at lower frequencies are difficult to inter- 
pret since a large and unidentified portion of the capacitive dispersions observed are 
almost certainly due to time- and voltage-dependent conductance changes. 
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Fig. 12 a and b. Static membrane capacity as a tunction of membrane potential. 
(a) modified from Adrian and Almers (1976a). C m was measured relative to the value 
at - 90 mV; the ordinate is obtained by assuming for that potential avalue of 1/~F/cm: 
of total cell membrane area. (b) data from Armstrong and Bezanilla (t 975). The value 
at - 70 mV (o) as given in the text of that paper. The value at - 190 mV (A) was ob- 
tained from Figure 4 (Bezanilla and Armstrong, 1975) as follows. Figure 4 (dashed 
line) implies that during a step from - 80 mV to - 60 mV, the charge carried by dis- 
placement currents would be greater by 2.14 nC/cm 2 than that during a step from 
- 2 0 0 t o -  180mV in Figure 4. Therefore, C m between - 200 and - t80 mV must 
have been less than at - 70 mV by 2.14 (nC)/20 (mV • cm 2) = 0.107 #F/cm 2 

for  a saturable dielectric. Presumably,  the molecules  giving rise to the peak 

in Figure 12 are relatively free to move  at in termediate  depolar izat ions,  

bu t  become  increasingly immobi le  as more  ex t reme electric fields drive 
them into dielectric saturat ion.  Figure 12b also suggests, however ,  tha t  
no t  all polar m e m b r a n e  cons t i tuen ts  suffer dielectric sa turat ion at the 

potent ia ls  explored in Figure 12. Even at - 190 mV,  Cm in Figure 1 2b is 

m u c h  larger than  the (p robab ly  vol tage- independent)  h igh-f requency 

capac i ty  at the  resting potent ial .  
In  principle~ measurements  as in Figure 12 give the same in fo rmat ion  

as in tegrat ion o f  "gating cu r r en t "  or  charge m o v e m e n t  t ransients  gave in 
Figures 2 and 4. One  could  ob ta in  f rom Figure 12b a curve virtually equi- 
valent to that  in Figure 4 s imply by  subtract ing a cons tan t  f rom Cm 
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(dashed line) and integrating the remainder with respect to voltage between 
holding and test potential. Measurements of  "gating currents" with large 
pulses and Cm with small pulses are complementary; the former allows 
kinetic analysis but the latter has the advantage of not depending on any 
subtraction of  currents. 

D. Dielectric Properties of  Excitable Membranes 

In this somewhat speculative section, I a t tempt to interpret the dielectric 
behavior of squid axon membranes, using results on artificial lipid bilayers, 
as well as the frequency- and voltage-dependence of membrane capacity. 
Although this section refers specifically to squid giant axons, I believe that 
it might apply also to frog skeletal muscle or other excitable membranes. 

The frequency dependence of capacity shows that Cm consists of 
lossy and loss-free components. The loss-free portion (white in Fig. 12b) 
amounts to 0 .55/aF/cm 2 or less. If squid axolemma contains 70.5% lipid 
by weight (Came]o et al., 1969), a large fraction of the axolemma must be 
lipid bilayer. It seems, therefore, natural to suggest that the 0.55/aF/cm 2 
arises mainly in the lipid bilayer, though loss-free polarization of proteins 
will also contribute. By analogy with solvent-free artificial lipid bilayers, 
one may assume that the high-frequency capacity is potential independent. 
This assumption is tentative since we cannot be sure that the axolemmal 
bilayer with proteins has precisely the same characteristics as a pure artifi- 
cial one, but what evidence there is (Takashima, 1976; see footnote 7) 
tends to support it. 

The lossy components of Cm (shaded and stippled in Fig. 12b) contri- 
bute another 0 .45-0 .55  taF/cm 2 at the resting potential. They are, by 
chemical analysis, most likely due to a mixture of proteins. Some proteins 
may produce loss by forming an impedance in series with otherwise loss- 
free membrane constituents (protein coats), others penetrate the mem- 
brane, become polarized when a static field is applied across the membrane 
and behave as genuinely lossy dielectrics. Among the latter proteins are 
sodium and potassium channels, sodium ~nd calcium pumps, Na÷-Ca ex- 
change proteins, transport proteins for amino acids and sugars, and others. 
Beyond that, the components contributing, to the lossy portion have been 
characterized neither chemically nor functionally. At potentials negative 
to the resting potential, it seems unlikely that sodium channels contribute 
substantially to lossy polarization since they form only a small fraction of 
all membrane proteins. In particular, the delayed birefringence changes 
after potential steps, being probable indicators of delayed membrane 
polarization (Cohen et al., 1971), are unlikely to result from the relatively 
few sodium channels in the membrane. 
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The potential-dependence of  Cm suggests that the lossy portion can be 
subdivided further into a dielectrically saturable component  (stippled in 
Fig. 12b) and a component  (shaded) which persists at all experimentally 
accessible potentials. The saturable component  gives rise to all or most of  
the gating current and, because it clearly arises in molecules which are 
exquisitely sensitive to physiologic potential changes in nerve, may have 
to do largely with the gating of  sodium and K ÷ channels. The shaded com- 
ponent predominates at potentials negative to the resting potential 
( -  70 mV). There is no evidence that it is related to the gating of  sodium 
or other ionic channels, and it seems more likely that it comes from a mix- 
ture of  some or all of  the other proteins found in the axolemma. It will, 
therefore, be called "nonspecific". Though the nonspecific component  
may not experience strong dielectric saturation at experimentally acces- 
sible potentials, it seems possible that at more extreme potentials it too 
would diminish. 

For interpretation of  "gating currents", it is important how one distin- 
guishes between saturable and nonspecific polarization. The method used 
here relies solely on the voltage dependence of  total static capacity and 
forms the basis of  all subtraction techniques in measurements of "gating 
currents" and charge movements. For example, if we interpret the charge 
displacement in Figure 4 to be exclusively due to gating of sodium chan- 
nels, then we make the tacit assumption that the potential-dependence of  
the nonspecific component  is given by the dashed line. However, this 
potential-dependence cannot at present be determined independently and 
may, for example, just as well be given by the dotted line in Figure 12b 
(or, in principle, by any other). Unless one has other criteria to distinguish 
nonspecific membrane polarization from that arising in voltage sensors of 
ionic channels, one must accept that records of  gating currents may be 
contaminated by nonspecific protein polarization to an extent which is 
not accurately known. It would be of interest, for example, to know the 
voltage dependence of  capacity in a nerve membrane without sodium 
channels. Neuroblastoma cell lines may offer an opportunity since mutants 
with and without sodium channels are available (e.g., Peacock et al., 1972) 
and can be voltage clamped (Moolenaar and Spector, 1977). Comparing 
the voltage dependence of Cm in the two mutants may allow one to 
reconstruct the contribution of sodium channels. 

E. Conclusion 

Some essential points of  the material covered so far can be summarized by 
considering what happens if we apply a potential step from - 150 to 
+ 50 mV to the axon of  Figure 12b. The charge displacement necessary 
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for this is the integral of C m with respect to potential between - 150 and 
+ 50 mV, or 212 nC/cm 2 in total. The lipid bilayer and other portions of 
the membrane capable of loss-free polarization will absorb 110 nC/cm 2 
instantly. Then there will be a charging transient relaxing with a wide 
spectrum of time constants centered around, perhaps, a value of 40/as, 
4 kHz being an estimate for the characteristic frequency of the lossy por- 
tion of the membrane dielectric at 20°C (Takashima and Schwan, 1974b). 
[Whether this value applies at + 50 mV, as well as at - 60 mV as in Taka- 
shima and Schwan's (1974b) experiment, is, of course, unknown.] The 
transient is at least partly due to polarization of nonspecific membrane 
proteins and carries, perhaps, 70 or 87 nC/cm 2 , depending on whether the 
dotted or the dashed line separates saturable and nonspecific components 
of  Cm. Finally, there will be a "gating current" transient relaxing with a 
time constant of the order of 60 /as at 8°C (Bezanilla and Armstrong, 
1975). It will carry 32 nC/cm 2 (dashed line) or 14.5 nC/cm 2 (dotted 
line). Polarization due to "gating currents" may amount to only about 1/7 
to 1/3 of the total polarization of lossy material. 

IV. Gating Currents in Nerve Membranes 

This section explores asymmetric displacement currents in nerve and their 
relation to sodium channels. It begins by examining the arguments in 
favor of identifying these currents with sodium channel "gating currents". 
The arguments fall into two groups. In the first, theoretical expectations 
about gating currents are compared to measurements. In the second, paral- 
lel effects of various experimental maneuvers on sodium and asymmetric 
displacement currents are exploited. 

A. Are Asymmetric Displacement Currents "Gating Currents"? 

1. Time Course 

Even with the most detailed knowledge of the time and voltage depen- 
dence of sodium conductance available today, we do not know what 
kinetics to expect for the "gating currents". A finite but otherwise un- 
known gating charge movement may be expected to precede any change 
in conductance. Further, the time courses of gating current and conduc- 
tance change should overlap because rate, as well as amplitude of conduc- 
tance change, are strongly voltage dependent. The observed asymmetric 
displacement currents meet both of these not very stringent requirements. 
The time course of displacement currents, therefore, gives no clue about 
what fraction of it is associated with gating sodium channels. 
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Pharmacologic studies of kinetics have also failed to yield firm conclu- 
sions. Armstrong and Bezanilla (1975) have reported that external Zn 2÷ 
(30 mM) slows both sodium conductance change and displacement cur- 
rent kinetics by a factor of 2 or 3 (P/4 procedure). Replacement of all 
H2 O wit D2 O, on the other hand, delays the increase in sodium conduc- 
tance without noticeable effects on displacement currents (Meres, 1974), 
and procaine (37 mM) slows the increase of sodium conductance while 
reportedly speeding the kinetics of displacement currents (Keynes and 
Ro/as, 1974; but see also Kniffki et al., 1976). Clearly, we do not yet un- 
derstand how the time courses of sodium and asymmetric displacement 
currents are related. 

2. Maximal Charge and the Number of Sodium Channels 

A simple and potentially compelling approach was implicit in several early 
discussions of "gating currents" (Hodgkin and Huxley, 1952c;Armstrong 
and Bezanilla, 1973; Keynes and Rojas, 1973, 1974; Meves, 1974; Almers, 
1975). If one knew the charge displacement, q, necessary to open one 
sodium channel, as well as the number of channels per unit area, N, one 
could predict the total gating charge due to sodium channels and compare 
it with measurements of maximal charge displacement, Qmax, at saturating 
depolarizations. Though q is not known with certainty, it seems intuitively 
that its value should be related to the steepness with which sodium con- 
ductance depends on membrane potential. To be more precise, we define 

KNa = gNa/(gNa,max -- gNa) (10) 

where gNa, the sodium conductance, is assumed to be proportional to the 
number of open sodium channels, gNa,max being the value with all chan- 
nels open. KNa, the ratio of open to closed channels, can be looked upon 
as a voltage-dependent equilibrium constant, and we define d (In KNa)/dV 
as the logarithmic potential sensitivity of the sodium channel. If the chan- 
nel were a two-state, open/close system and Boltzmann's principle applied, 
one would find (Hodgkin and Huxley, 1952c) that 

d (In KNa)/dV = q/kT (11) 

where V is the membrane potential and k and T Boltzmann's constant and 
absolute temperature. At potentials so negative that gNa '~ gNa,max, g~  
then grows exponentially with V: 

gNa = const • exp qV/kT (12) 
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At these potentials, peak sodium conductance grows e-fold within 4 mV 9 
(Hodgkin and Huxley, 1952a; Chandler and Meres, 1970b), suggesting by 
Eqs. (11 ) or (12) that q = 6 elementary charges. Therefore if N is taken as 
533 channels//~m 2 (Levinson and Meres, 1975), one would expect that 
Qmax = 3200 e/um 2 , nearly twice what is observed (1882 e/tim 2, Keynes 
and Rojas, 1974; 1600 e/#m 2, Meres, 1974). In English squid, therefore,  
there is barely enough (or not enough) charge movement  to account  for 
the estimated number o f  channels and the assumed q = 6e. One might con- 
clude that what asymmetric charge displacement one does observe must 
be entirely due to the gating of  sodium channels. 

Besides the accuracy of  N, one can question the  implausibly simple 
model  on which Eqs (11) and (12) rest, as well as the applicability of  
Boltzmann's principle to what is probably a field-dependent conforma- 
tional change o f  a macromolecule.  However, the treatment can be gener- 
alized to some degree. Suppose the  sodium channel, a macromolecule,  is 
in state a0 at the resting potential and upon depolarization undergoes a 
sequence o f  transitions through various states a k until it reaches state bo 
and opens: 

ao . q o  a, -.q' . . .  . . . .  ak . q k . .  an -. qn . bo (13) 

At each transition a k . ak÷ 1 , the molecule suffers a change in dipole 
moment  causing a current equivalent to the transfer to qk electrons across 
the entire membrane.  The charge transfer needed to open one channel is 

q =  q o + q l  + ' '  "+qn  (14) 

Assuming the % to be independent of  voltage Eq. (12) follows also 
in this more general case. The logarithmic potential sensitivity now is 
no longer a constant as in Eq. (11) but grows as the potential becomes 

more negative, approaching Eq. (11) in the limit. Measuring the logarith- 
mic potential sensitivity at very negative potentials may, therefore,  be 
an approach o f  some general validity for obtaining a lower limit on q. 
This applies even if several conducting states exist. Perhaps the most 
serious reservation about accepting the value q/> 6e from Hodgkin and 
Huxley's data arises from the fact that the t reatment  applies only at equi- 
librium and not, strictly speaking, to the peak sodium conductance.  It 
would, therefore, be interesting to reevaluate the limiting logarithmic 
potential sensitivity of  the sodium channel using axons where inactivation 

9 Recently, Keynes and Rojas (1974) have reported that conductance grows e-fold 
within "just over 6 mV". However, in absence of sufficient information as to how this 
value was obtained, Hodgkin and Huxley's (1952a) well-documented result is preferred 
here. 
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of sodium channels has been prevented or greatly slowed by treatment 
with pronase (Armstrong et al., 1973) or N-bromoacetamide (Oxford et 
al., 1976). Voltage dependence of steady-state sodium conductance in 
such axons has been studied (Oxford and Yeh, 1977) and the preliminary 
report suggests tliat it is no less steep than that of the parameter, m 3 (V), 
used by Hodgkin and Huxley (1952c) to describe sodium channel behavior 
in intact axons. Thus, one may tentatively accept 6e as the lower limit for 
the gating charge necessary to open a single sodium channel. 

Table 2 compares values of Qmax and N collected from the literature. 
The value of Qmax/N may be viewed as an estimate of q assuming the 
entire asymmetry transients to be pure "gating current". Qmax/N varies 
from 3 to 11 elementary charges in squid axons, and is given as 9-17  e in 
the node of Ranvier. In no case have the measurements necessary to deter- 
mine N and Qmax been carried out on the same fiber, and for this reason 
alone the large variation in Qmax/N is not surprising. In future studies, it 
may be possible to measureQmax and N on the same axon using the highly 
radioactive saxitoxin which has recently become available (Ritchie et al., 
1976). Such measurement may diminish the variability. The values shown 
in Table 2 are, nevertheless, consistent with the estimated q >I 6e. Such 
agreement, though not very convincing at present, is a potentially power- 
ful argument for identifying asymmetric displacement currents with 
"gating currents". With q ~> 6e and N = 554, the observed charge displace- 
ment must be entirely due to sodium channel gating. Anyone doubting 
this would have to explain why the large charge movement expected for 
gating does not form the major part of that actually observed. 

3. Block of Gating Currents and Sodium Channels 

Perhaps the most direct and convincing information about the physiologic 
role of asymmetric displacement currents would be obtained by compar- 
ing these currents in the same membrane, first with, and then without, 
sodium channels. Unfortunately, this seems at present impossible, at least 
in naturai excitable membranes. The next best approach is to look for 
ways to block both sodium channels and asymmetric displacement cur- 
rents. In such an endeavor, we might expect at the outset that (1) the 
most interesting treatments will be those that are specific in that they act 
only on sodium channels, and (2) effects on gating currents will usually be 
smaller than, and only in exceptional cases equal to, those observed on 
sodium conductance. [In Eq. (13) on p. 131, for instance, one would need 
to interfere only with the final transition in order to prevent the channel 
from opening.] Expectation (2) seems so fully confirmed by experiments 
that it may be stated as a general rule. Membrane depolarization, local 
anesthetics, and ultraviolet irradiation all inhibit sodium currents more 
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than displacement currents and, to mention an extreme case, the highly 
specific drug tetrodotoxin blocks sodium channels entirely without mea- 
surable effect on displacement currents (Armstrong and Bezanilla, t 974). 

Effects of  Zn 2÷ and other "gating current" blockers. Internally applied 
Zn 2÷ blocks sodium currents (Begenisich and Lynch, 1974, 10 mM) and 
asymmetric displacement currents nearly completely (Bezanilla and Arm- 
strong, 1974, 10 mM; Meves, 1976, 3.3 mM), at least if the equal-and- 
opposite pulse protocol ist used for subtraction. The effect is reversible, 
and Zn 2÷ sensitivity has become, perhaps wrongly, a pharmacologic crite- 
rion for recognizing sodium channel-related displacement currents (Meres, 
1976). As far as linking sodium channels and asymmetric displacement 
currents, the Zn 2÷ effect would be totally conclusive if it were known 
that at 10 mM concentration, Zn 2÷ interacted only with sodium channels. 
Unfortunately, Zn 2÷ binds to imidazole groups of many proteins, and 
even to some amino acids at submillimolar cohcentrations (Gurd and 
Wilcox, 1956). Therefore, Zn 2÷ may bind to and affect the dielectric 
properties of many membrane proteins. The Zn 2÷ effect on asymmetric 
displacement currents may be an expression of such nonspecific action 
having nothing to do with sodium channels. 

A clear effect of  Zn 2÷ on presumably nonspecific membrane polariza- 
tion (see Fig. 12) is seen in Meves' (1976) experiments where a sizeable 
"late" displacement current always follows more than 0.1-0.2 ms after a 
potential step. Only about one-third of the charge carried by this compo- 
nent is due to asymmetric displacement current. Not only blockage of the 
asymmetric portion, but also halving of the large and presumably nonspe- 
cific remainder takes place with 3.3 mM Zn 2÷. Blockage by Zn 2÷ of both 
asymmetric displacement current and sodium channel is, therefore, not in 
itself conclusive evidence that the two are related. It would be useful to 
have more evidence that both Zn 2÷ effects are related. 

Even if this evidence were available, however, it would still be unclear 
whether or not Zn 2÷ affected nonspecific membrane polarization equally 
at all potentials. Only if this were known to be true could one use block 
by internal Zn 2÷ as a pharmacologic criterion for separating nonspecific 
polarization from gating currents in the way that tetrodotoxin has been 
used to separate leakage from currents through the sodium channel. 
Similar considerations may apply to block of sodium channels and asym- 
metric displacement current by glutaraldehyde (Meres, 1974) or ultravio- 
let irradiation (Fox et al., 1976). Treatment with internal pronase also 
diminishes both gating currents (Bezanilla and Armstrong, 1976) and 
sodium currents; due to pronase effects on inactivation (Armstrong et al., 
1973), it is difficult to decide whether the enzyme affects one more than 
the other. Regarding effects on dielectric membrane properties, very little 
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is known about these treatments, and in the absence of evidence to the 
contrary, one may expect that glutaraldehyde, ultraviolet irradiation, and 
perhaps also pronase modify many kinds of membrane proteins. 

Membrane depolarization. Bezanilla and Armstrong (1974) found that 
membrane depolarization lasting more than about 1 ms reversibly dimin- 
ishes "gating current",  just as it diminishes sodium current. Depolarization 
is said to cause partial immobilization of  the polar membrane constituents 
responsible for "gating currents". Recovery from this charge immobiliza- 
tion occurs with time constants of  4 - 8  ms at 8°C and - 70 mV (Arm- 
strong and Bezanilla, 1975). The parallel between charge immobilization 
and the inactivation of  sodium channels seems obvious, and recently 
Armstrong and Bezanilla (1977) report that both processes, as well as 
their reversals, occur with identical time courses over a wide range of 
membrane potentials. Pronase treatment (Armstrong et al., 1973) pre- 
vents not only sodium channel inactivation but also the immobilization 
process (Bezanilla and Armstrong, 1976). Despite possible reservations 
about such a nonspecific agent as pronase (Takashima et al., 1975), these 
results provide kinetic and pharmacologic evidence that the immobilizing 
effect of depolarization is closely related to the inactivation of  sodium 
channels. 

Charge immobilization is not predicted by the Hodgkin-Huxley model, 
and Ro]as and Keynes (1975), Ro]as (1976) and Keynes (1977) have not 
accepted the finding. They had worked mainly with short pulses and, con- 
sequently, did not notice the effect in their experiments. There are two 
published reasons for their disbelief; one a criticism, the other a seemingly 
conflicting experimental result. The criticism is implicit in a discussion by 
Ro]as (1976), who raised the possibility that the charge deficit at the end 
of  a long depolarizing pulse appears because the subtracted currents at the 
end of  a control pulse are too large, and not because the charge returning 
at the end of  the test pulse is genuinely less than that at the beginning. 
The experimental result (Keynes et al., 1974) was obtained on fibers 
which were held for minutes at positive potentials, and should have suf- 
fered maximal charge immobilization, but still displayed asymmetric dis- 
placement currents of  similar size and time course as in polarized fibers. 
Both points have now been convincingly settled. Unlike conventional 
gating currents, the asymmetric displacement currents in depolarized 
fibers are not blocked by internal Zn 2÷ (Meres, 1976) and have been ob- 
served only with equal-and-opposite pulse protocols starting from depolar- 
ized potentials. These currents may thus have an origin different from that 
of  the usual "gating currents", and their presence, though interesting, does 
not conflict with charge immobilization. The criticism of  Rojas (1975) has 
been answered by an elegant experiment of  Meres and Vogel (1977a) 
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which is reproduced in Figure 13. The figure shows the result of subtract- 
ing two off-transients, one (loft, 1 ms) during a brief (1 ms) pulse, the 
other (loft, lo ms) during a longer (10 ms) but otherwise identical pulse. 
An inward transient remains after the subtraction, indicating a displace- 
ment current deficit which must have developed during the last 9 ms of  
the longer pulse. 

~JA/Cm 2 
]: o f f ,  I r es  - [ o f f ,  10 ms 

20 : 

,o[" 

-:°oE v 
Fig. 13. Immobil izat ion of gating charge by depolarization. The trace is the difference 
between off-transients following pulses from - 70 to + 20 mV lasting 1 and 10 ms. 
The inward current shows that off-charge after the 10-ms pulse was less than after 
the 1-ms pulse. Ionic channels blocked by TTX and TEA*. Squid axon, 9°C. From 
Meres and Vogel (1977a) 

Charge immobilization has now been observed in squid giant axons 
(Bezanilla and Armstrong, 1976; Meres and Vogel, 1977a; Cahalan and 
Almers, in preparation) and in the node of Ranvier (Neumcke et al., 1976; 
Nonner et al., as communicated by Rojas, 1976). The finding may be re- 
garded as well established, even though it does not fit into the Hodgkin- 
Huxley model. However, the kinetic correlation between sodium channel 
inactivation and charge immobilization is still disputed. Meres and Vogel 
(1977a) report that sodium channel inactivation at + 20 mV occurs three 
times faster than the immobilization process. It seems extremely impor- 
tant that agreement be reached on the matter. The close kinetic and phar- 
macologic parallelism between the two processes reported by Armstrong 
and Bezanilla is the strongest evidence yet for linking displacement cur- 
rents with sodium channels. If it is confirmed, at least one-half or two- 
thirds of  the asymmetric displacement current in squid axons must be gat- 
ing current, since up to one-half (Meres and Vogel 1977a; Armstrong and 
Bezanilla, 1977, their Fig. 10) or two-thirds (Bezanilla and Armstrong, 
1976) of the charge carried by these currents is immobilized, the extent of  
immobilization depending somewhat on pulse protocol. In the node of 
Ranvier, nearly two-thirds of the asymmetric charge displacement is sub- 
ject to immobilization (Rojas, 1976). 
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Long-lasting membrane depolarization. Depolarizing the membrane for 
periods of 1 min or more produces an inactivation or block of sodium 
channels which differs from that described by Hodgkin and Huxley 
(1952c) in that recovery takes minutes instead of  milliseconds. Asymmet- 
ric displacement currents are also blocked almost completely under that 
condition (Armstrong and Bezanilla, 1974; Meves and Vogel, 1977b) and 
there is a suggestion that after repolarization they recover at about the 
same rate as sodium currents. This again might suggest that the two effects 
are linked, but the point cannot be pressed as there is no quantitative com- 
parison of  time coarses. It is interesting that K ÷ channels also show slow 
inactivation (Ehrenstein and Gilbert, 1966), as do asymmetric displace- 
ment currents in frog skeletal muscle (Chandler et al., 1976b; Adrian and 
Almers, 1976b) although they are for the most part unrelated to sodium 
channels. Membrane depolarization lasting minutes, therefore, appears to 
affect many different membrane constituents. It is not clear whether such 
depolarizations also affect displacement currents at potentials outside the 
range where gating of  sodium channels is thought to occur. Figure 4 of  
Meres (1976) suggests that they do, but no such effect is apparent in Fig- 
ure 5 of the same paper. Rudy (1976) reports an effect probably related 
to that o f  long-lasting depolarization. In Myxicola axons, both sodium and 
asymmetric displacement currents are diminished by repetitive stimulation. 

4. Contamination o f  Gating Currents and Its Dependence 
on Pulse Protocol 

Among the arguments for identifying a large portion of  the asymmetric 
displacement currents with sodium channel gating, two are particularly 
compelling. ( 1 ) Given the potential sensitivity of sodium conductance and 
the number o f  sodium channels, "gating currents" are expected on theo- 
retical grounds to carry a charge of similar magnitude as the observed 
asymmetric displacement currents. (2) Relatively brief membrane depolari- 
zation inactivates sodium channels and immobilizes the molecular compo- 
nents giving rise to asymmetric displacement currents. The pharmacologic 
and kinetic similarities between the two processes strongly suggest that 
they are linked and, therefore, that asymmetric displacement currents are 
closely related to the events which open and close sodium channels. Taken 
together, these arguments provide strong support for a view which is no 
longer seriously challenged: that in nerve a large part of  the observed 
asymmetric displacement currents are "gating currents" in that they arise 
from the molecular rearrangements necessary for the opening and closing 
of  sodium channels. Theoretically expected contributions from other 
potential-dependent membrane components,  such as potassium channels, 
are discussed later; they are probably small and have not yet been identified. 
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This may be sufficient to allow many useful qualitative studies of gat- 
ing currents. Before one can go much further, however, one will need to 
know precisely which portion of the asymmetric displacement currents are 
gating currents. So far, our methods for recording these currents rely on a 
subtraction, and ultimately on the fact that displacement current transients 
at different potentials will carry different charge and relax with different 
kinetics. Unless sodium channels are the only source of this membrane 
nonlinearity, all gating current records will be contaminated by polariza- 
tion of unrelated, nonspecific polar membrane constituents. It is not yet 
possible to study these in isolation. However, after block of gating currents 
in their usual form by permament membrane depolarization or treatment 
with internal Zn 2+, one can still record asymmetric displacement currents 
if one adds currents during equal-but-opposite pulses starting from poten- 
tials positive to - 30 mV (Keynes et al., 1974; Meves, 1974, 1976). These 
displacement currents in depolarized fibers have no known physiologic 
significance, but their presence suggests that even without sodium chan- 
nels, the squid axon membrane would behave as a dielectric which is 
neither linear nor loss-free. Thus one expects that gating currents will in 
general be contaminated. Two kinds of contamination are discussed here; 
charge contamination and kinetic contamination. 

Charge contamination is expected whenever nonspecific membrane 
proteins contribute to the variation of static capacity with voltage. The 
effect is illustrated in the hypothetical example of Figure 14. The figure 
shows as a function of voltage the static membrane capacity (solid line), 
as well as the (in reality unknown) polarizability of the membrane in the 
absence of sodium channels (dotted line). The charge displacement caused 
by a pulse from VI to V2 is given by the integral of the curve with respect 
to voltage between V1 and V2. The stippled area is assumed to represent 
the charge carried by gating currents during a pulse from - 70 to + 30 mV, 
namely, 16.5 nC/cm ~ , and Figure 14 explores how accurately this charge 
would be obtained with the various pulse protocols given next to each 
graph. In Figure 14a the P/4 procedure is used with a control pulse from 

190 to - 165 mV which causes the charge displacement given by the 
dashed area. After four times this charge is subtracted from the charge dis- 
placement during the test pulse there remains an asymmetric charge dis- 
placement of 27.4 nC/cm 2 which exceeds the gating charge by 67%, 
namely, the amount contained in the white section beneath the dotted 
curve. In Figure 14b the control pulse is taken at less negative potentials, 
and the asymmetric charge displacement is 19.6 nC/cm 2 , exceeding the 
gating charge by only 20%. Charge contamination is less in this example. 
In Figure 14c the equal-and-opposite procedure is used, giving an asym- 
metric displacement charge of 22.7 nC/cm 2 , 38% too much. 
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Fig. 14 a-c.  Charge contamination with three pulse protocols as shown on the left of 
the figure. Graphs on the right show three capacity/voltage curves: total capacity 
(solid, taken from Fig. 12) and possible hypothetical curves in the absence of sodium 
channels (dotted and dashed). Shaded areas to the left of - 70 mV represents the 
charge carried by one control pulse. The blank and stippled areas under the solid curve 
between - 80 and + 30 mV represents the charge carried by displacement current. The 
more negative the average potential during the control pulse, the larger the asymmetry 
charge; it is unknown, however, whether the additonal charge becoming visible in this 
way is due to gating currents 

It mus t  be emphas ized  tha t  the  vo l tage-dependence  o f  nonspeci f ic  
polar izabi l i ty  is u n k n o w n .  I f  it were descr ibed by  the  hor izon ta l  dashed 
line instead,  t hen  the  gating charge d isplacement  carried by  the  100 m V  
test pulse would be  26,4 nC/cm ~ . The  pulse p ro t o c o l  o f  Figure 14a would  
t hen  give a co r rec t  answer,  wehreas  b and c would  give a symmet r i c  charge 
d isp lacements  which  are t oo  low. [Some charge d isp lacement  arising in 
sodium channels  during pulses negative to  - 70 mV  seems l ikely because  
Arms t rong  and Bezanilla (1974)  f ind tha t  sodium channel  opening  is 
de layed  wh en  a hype rpo la r i za t ion  precedes  the  depolar iz ing pulse.] 
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The example shows that the more negative the average potential during 
the control pulse, the larger the asymmetric charge displacement. Very 
negative control pulses will ensure that virtually the entire gating current 
survives the subtraction, but they will also tend to increase charge con- 
tamination. Less negative control pulses will minimize contamination but 
may "hide" part of  the gating current and severely distort the relationship 
between gating charge and membrane potential (see Adrian and Almers, 
1976b). It is at present difficult to decide upon an optimal control pulse 
regime, and the many different protocols used in the literature may have 
contributed their share to the variability of published results. 

Kinetic contamination is expected if the kinetics of nonspecific mem- 
brane polarization show potential-dependence. It can occur even if there 
is no voltage dependence of  static membrane capacity other than that due 
to sodium channel gating. To illustrate the effect, Figure 15 shows capac- 
itive transients and asymmetric displacement currents in a hypothetical 
membrane without sodium channels and with a constant static capacity. 
It is merely assumed that the relaxation time constants vary with mem- 
brane potential, being 40/as at potentials negative to - 150 mV and other- 
wise 60 #s. In this example, there is an asymmetric displacement current 
during, but not after the pulse; the time integral during the pulse is zero. 
Such effects, when superimposed on gating currents, could distort their 
kinetics even though they may not alter the charge displacement. Again, 
the danger of  kinetic contamination is largest when control and test pulses 
span widely different voltage ranges. There is no documented example of 
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Fig. 15. Kine t ic  c o n t a m i n a t i o n  
of  gat ing cur ren ts .  Top, vol tage ;  
middle, m e m b r a n e  cu r r en t s  in  
a h y p o t h e t i c a l  m e m b r a n e  wi th-  
o u t  sod ium channe l s ;  bottom, 
a s y m m e t r y  cu r r en t  t 
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kinetic contamination; however, the effect would be hard to detect unless 
one has prior knowledge of the gating-current kinetics. 

5. Conclusions 

Although there is good reason to believe that a large portion of the asym- 
metric displacement currents in squid giant axons is gating current, it ap- 
pears equally likely that some of it is not. We expect the contamination of 
gating-current records to depend on pulse protocol as well as on other un- 
known factors. However, in assessing the "purity" of gating currents, the 
best one can do at present is to take the portion which is resistant to, say, 
a I 0-ms depolarization, as an upper limit for the contribution of nonspe- 
cific polar membrane constituents. On this basis, the degree of contamina- 
tion varies appreciably from axon to axon and also between the two 
groups of investigators who have studied charge immobilization (Armstrong 
and Bezanilla, 1977; Meves and Vogel, 1977a). The possibility of varying 
degrees of contamination must be taken into account when comparing 
seemingly discordant results. A definitive and complete description of the 
relationship between gating currents and sodium-channel gating will 
depend on obtaining uncontaminated records of gating currents, or, at 
least, on being able to correct for existing contamination. Unfortunately, 
study of gating currents in isolation may not be possible until we learn to 
isolate sodium channels from excitable tissues and incorporate them into 
artificial lipid bilayers. 

B. Gating Currents and Sodium Channels 

This section explores some of the conclusions that would follow if two- 
thirds or all of the observed asymmetric displacement current were gating 
current of the sodium channel. 

1. Time Courses o f  Sodium and Gating Currents 

In Hodgkin and Huxley's (1952c) model, sodium conductance, gNa, is de- 
sribed by 

gNa = m3 h" gNa (15) 

where gNa is the conductance expected when all channels are open, and m 
and h are voltage-dependent parameters which adjust with first-order 
kinetics to changes in membrane potential. The parameter m rapidly in- 
creases, and h slowly decreases upon depolarization. In a physical inter- 
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pretation of the Hodgkin-Huxley model, one imagines that there are two 
gates on each sodium channel. The first, sometimes called " m "  or "activa- 
tion gate", responds quickly, opening during depolarization and closing 
upon repolarization. The second, called "inactivation-" or "h-gate", re- 
sponds more slowly, closing upon depolarization and opening again after 
repolarization. Operating in series, the two gates produce the transient 
increase in sodium conductance observed after depolarization. Activation 
and inactivation can be separated kinetically and pharmacologically (e.g., 
by treatment with intracellular pronase). In this section we will concen- 
trate on the activation process as it appears in studies with brief (< 1 ms) 
depolarization. 

In the most popular physical interpretation of Hodgkin and Huxley's 
description of  the activation process, it is imagined that a sodium channel 
becomes conducting after three subunits, the "m-particles", have made 
independent first-order transitions from the resting to the activating posi- 
tion, and closes as soon as the first m-particle has reverted to the resting 
position. Since in this model the sodium channel derives its voltage depen- 
dence entirely from that of the m-particles, all gating current should be 
due to them. Gating and sodium currents seen u p o n  depolarization (see 
Fig. 3) seem qualitatively consistent with this idea; much gating charge 
moves before the first channels open, perhaps due to movement of the 
first two m-particles. However, the model does not correctly describe the 
events following repolarization. The model predicts that a channel should 
close as soon as the first m-particle has reverted to the resting position, 
but continue to generate gating current until all three m-particles have 
returned. Gating current should, therefore, last approximately three times 
longer than the sodium current "tail". Instead, both decline at almost 
exactly the same rate in Figure 3. Also, gating currents often cannot be 
described by single exponentials, and depend in time course and amplitude 
on factors other than the potential at which they are measured (Arm- 
strong and Bezanilla, 1974; Keynes and Rojas, 1974; Meves, t 974). 

Keynes and Rojas (1976) have recently reinvestigated the properties 
of  sodium and gating currents and have concluded that they are consistent 
with the Hodgkin-Huxley model. However, some of their own data (their 
Table 4) conflict with this conclusion: While gating currents outlast 
sodium currents after repolarization to very negative potentials, those 
recorded at more physiologic potentials behave as in Armstrong and 
Bezanilla's work (1974). The matter was taken up again by Neumcke et 
al. (1976). In a careful investigation of gating currents and sodium cur- 
rents in the node of Ranvier, they showed convincingly that for any fixed 
exponent of  (m) in Eq. (15), there is no first-order parameter which will 
describe both gating currents and sodium conductance changes in the 
manner demanded by the equation. Equation (15) fails both kinetically 
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and in the description of  the steady state (see also Meves, 1974). Not even 
the sodium conductance data on their own (Frankenhaeuser and Hodgkin, 
1957; Armstrong and Bezanilla, 1974; Neumcke et al., 1976) are always 
consistent with a constant exponent in Eq. (15). Therefore, one of  the 
first definite insights to emerge from the study of  gating currents is a nega- 
tive one: Any literal physical interpretation of  the Hodgkin-Huxley equa- 
tions for sodium conductance is now ruled out. The sodium channel can- 
not derive its voltage dependence solely from three, or any other constant 
number of, independent subunits obeying first-order kinetics. Remember- 
ing that the Hodgkin-Huxley equations were never intended to be more 
than a mathematically convenient formalism designed for reconstructing 
action potentials, it now seems that theoretical considerations based on a 
literal physical interpretation of  these equations are unlikely to be helpful. 

While there is no evidence for independent gating subunits, the delayed 
increase in sodium conductance after a step depolarization indicates at 
once that the channel molecule must undergo a sequence of  transitions 
before it can open. The portion of  the gating current preceding the sodium 
current in Figure 3 (left) undoubtedly arises from some or all of these pre- 
liminary transitions. Upon repolarization, this sequence of transitions pre- 
sumably is driven backwards. The identical t ime course of  gating and 
sodium currents at - 70 mV suggests that the channel-closing transition at 
that potential is the rate-limiting step for the backward reaction. 

No other conclusions can be reached at present regarding the gating 
of  sodium channels during and after brief depolarizations. Early studies 
gave the misleading impression that within experimental error, gating cur- 
rent transients can be fitted by single exponential functions. The discour- 
aging implication of such a conclusion might be that our methods are 
insufficient to reveal the complexities one might expect from the kinetics 
of  sodium conductance changes. As methods have improved, however, it 
became clear that the time course of gating current transients is far from 
featureless. Some of  these features are reviewed below. 

On-transient (following step depolarization). (1) The transient shows an 
initial rising phase extending over more than 50 -100  us. All data and dis- 
cussions regarding this effect are due to Bezanilla and Armstrong (1975) 
since other authors could not record the initial time course reliably. The 
rising phase is most pronounced if control pulses start from relatively 
positive potentials, a fact which led to the early suggestion (Armstrong 
and Bezanilla, 1973, 1974) that  a rapid component  of  gating current flows 
during the control pulse. However, the rising phase is seen to some extent 
even when control pulses are restricted to the most negative potential 
ranges which are experimentally practicable. The origin and significance of  
the rising phase are unknown. (2) At very positive (> 20 mV) potentials, 
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transients show a slow and a rapid phase. The effect has been observed on 
squid axons with the P/4 procedure (Bezanilla and Armstrong, 1975), as 
well as on the node of Ranvier with the equal/opposite method (Neumcke 
et al., 1976). It may be associated with the transition of sodium channels 
from one open state into another (see later). Keynes and Rojas (1974, 
1976) and Meves and Vogel (1977a) report no evidence of two compo- 
nents in the on-transient. 

Off-transient. Off-transients cannot be described by single exponentials 
(Meres and Vogel, 1977a) and vary in their time course with duration and 
amplitude of the preceding depolarization (see Fig. 16). Some of these 
effects are undoubtedly related to the charge immobilization occurring 
during maintained depolarization. In addition, off-transients, like on-tran- 
sients, often show a rising phase (Fig. 16). 

The complicated time course of gating currents promises to provide 
much information about sodium channels in the future. As methods im- 
prove it may become possible to make quantitative comparisons of sodium 
conductance changes and gating currents. This can be done on the same 
axon, as Keynes and Ro]as (1976) and Neumcke et al. (1976) have shown; 
measurements of sodium conductance in the absence of TTX can be fol- 
lowed by measurements of gating currents in the presence of the drug. It 
will be important to record the entire gating current transient, and to 
avoid discarding information during the first 20-100 tas after a potential 
step, as was done in all early studies. Data acquisition problems caused by 
the rapid capacitive charging transient can be overcome most conveniently 
by subtracting it out at an early stage using an analogue "transient genera- 
tor" (Armstrong and Bezanilla, 1975). 

2. Immobilization of Gating Charge and Its Relation to Inactivation 
of Sodium Channels 

The following discussion concerns the second voltage-dependent gating 
process, namely the depolarization-induced closing (inactivation) of 
sodium channels (Hodgkin and Huxley, 1952b). Once again, a literal inter- 
pretation of the Hodgkin-Huxley formalism is the most convenient start- 
ing point although the model does not account for all sodium conductance 
inactivation data (Goldman and Schauf, 1972; Chiu, 1976). Since inactiva- 
tion is just as steeply potential-dependent~ as the activation process, one 
might expect there to be gating currents associated with the inactivation 
gate carrying as much charge as those associated with activation. These 
displacement currents may be small at physiologic potentials since inac- 
tivation is a comparatively slow process. At extreme potentials, however, 
inactivation can proceed or be reversed within milliseconds, and the 
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currents generated by the hypothetical "inactivation gate" should be large 
enough to measure. Even so, displacement currents of time course similar 
to inactivation have never been observed. Therefore, it seems reasonable 
to suggest, as Armstrong and Bezanilla (1977) have done, that there are 
no separate "inactivation gating currents", at least not in the presence of 
TTX where all relevant measurements have been carried out. 

Instead, maintained depolarization immobilizes the gating mechanism 
as shown in Figures 13 and 16. The longer the depolarization, the smaller 
are the gating currents and the charge carried by them after repolarization. 
Up to two-third of the total charge can be immobilized in this way (Beza- 
niUa and Armstrong, 1976). When repolarized, the fiber recovers from 
immobilization within some 10 ms at - 70 mV (Armstrong and Bezanilla, 
1975). As soon as the gating machinery is freed from the immobilizing 
influence, it is thought to return to the resting configuration, carrying its 
full complement of  charge. At - 70 mV and the usual low temperatures, 
this happens very slowly, so the delayed charge movement does not gener- 
ate currents large enough to be visible. At - 150 mV, however, the rate of 
recovery is so rapid that remobilized gating units returning to rest can 
generate a slow but prominent transient inward current (Armstrong and 
Bezanilla, 1977). I will call this slow transient the "remobilization tran- 
sient" because its time course is thought to be determined by the rate at 
which gating units escape from the immobilizing influence. Charge move- 
ments during and after a long depolarization are thought to be about 
equal if the remobilization transient is included in the measurement. 

Fig. 16. Effect of  pulse dura- 
tion on the off-gating current 
transient. Test pulses as 
shown in the inset; pulse 
duration is given beneath 
each off-transient. Subtrac- 
tion pulses were four times 
smaller and started at 
- 170 mV. Ionic channels 
blocked with TTX and 
internal cesium. Squid axon, 
8°C. After Bezanilla and 
Armstrong ( 1975) 
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According to Armstrong and Bezanilla (1977),  there are many paral- 
lels between charge immobilization and inactivation. (1) At positive in- 
ternal potentials, the time courses of  the two processes coincide. (2) At 
- 70 mV, recovery from the two effects occurs with the same time course. 
(3) At - 150 mV, the remobilization current decays with a time constant 
similar to recovery from inactivation at that potential.  (4) When the dura- 
tion of  a depolarizing pulse is varied, the charge carried by  the remobiliza- 
tion current increases with pulse duration at a rate similar to that of  inac- 
tivation during the pulse. (5) The steady-state potential-dependences of  
charge immobilization and inactivation approximately coincide if one 
corrects for the immobilization-resistant port ion of  the charge movements.  
(6) Treatment with internal pronase prevents both  inactivation and 
charge immobilization. These results provide strong evidence that inactiva- 
tion and immobilization are related. They indicate that at any moment  in 
time the amount  of  immobilized charge is proportional to the number of  
inactivated sodium channels. Based on these findings, Armstrong and 
Bezanilla (1977) have proposed the following sequence of  events for inac- 
tivation of  sodium channels and their recovery: 

Depolarization. (1) Sodium channels undergo a sequence of  three transi- 
tions through closed states Xs to x2 until, after a fourth transition, they 
reach the first open state, x l .  These transitions are accompanied by dipole 
moment  changes generating the fast component  of  on-gating current. 
This first open state cannot inactivate. (2) The channel undergoes a fifth 
transition to a second conducting ("wide open")  state, x~ y; this produces 
the slow component  o f  on-gating current 1o. (3) The inner channel open- 
ing is now large enough to accomodate  a blocking particle waiting 
near-by. The blocking particle inserts itself into the inner channel mouth,  
plugging it up and producing the nonconducting inactivated state, x~ yz. 
Transitions between x~ y and the blocked state x~yz are thought not  
to be measurably voltage dependent  because no gating current has been 
found which could be associated with this transition. (4)Presence  of  
the blocking particle in the pore "stabilizes" the channel in the inac- 
tivated state x lyz .  In Armstrong and Bezanilla's (1977) model, the 
particle is positively charged, and stabilization occurs by electrostatic 
interaction between particle and gating machinery. If  the charge move- 

10 The concept of this second open state xly is new. In particular, state xly is not 
identical to the inactivation-resistant open state observed at extremely positive poten- 
tials by Chandler and Meres (1970b) and Bezanilla and Armstrong (1977). If this 
inactivation-resistant state is included, the total number of open states in Armstrong 
and Bezanilta's (1977) model would be three. There are so far no known features of 
gating current which are associated with the extreme state postulated by Chandler and 
Meres (1970b). 
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ment  accompanying the transition from rest to state xl y is visualized as 
being due to the movement of  an "equivalent gating dipole", it is easy to 
imagine how such a gating dipole, having turned its negative end towards 
the axoplasm, could create a more favorable environment for a positively 
charged blocking particle. 

Repolarization. (1) Equilibrium now strongly favors the resting state. 
The channel begins to close and, in closing half-ways, generates the immo- 
bilization-resistant component  of off-gating current. (2) Complete recov- 
ery cannot occur, however, as long as the blocking particle is stuck inside 
the channel and has stabilized it in the depolarized configuration. In other 
words, electrostatic interaction between blocking particle and channel has 
erected a large energy barrier in the reaction path to the resting configura- 
tion. "Immobilization" has occurred. Return to rest is so slow that the 
accompanying gating currents, though carrying normal charge, are too 
small to see. "Remobilization" gating current can be seen easily only at 
very negative potentials. (3) Having adjusted itseff slowly to the resting 
potential, the equivalent gating dipole has turned its positive end towards 
the axoplasm, and the inner channel mouth  is no longer a stable position 
for the blocking particle. Dissociation occurs and the channel can quickly 
complete its return to rest. 

Some previously unexplained findings are qualitatively consistent with 
the model. (1) Inactivation of sodium channels proceeds with a delay 
(Bezanilla and Armstrong, 1977), which may result because inactivation 
cannot occur before the channel reaches state xl y. (2) The rate of  inactiva- 
tion seems to reach a limiting, maximal value at positive potentials (squid 
axon: tlodgkin and Huxley, 1952; frog node of Ranvier and frog muscle: 
Hille and Campbell, 1976). This would be expected if the voltage-indepen- 
dent entry of a blocking particle into the channel became rate limiting. 
(3) After a depolarization too brief to produce substantial inactivation~ 
closing of  channels at the resting potential depends on pulse duration, 
being slower after the longer pulse (Hodgkin and Frankenhaeuser, 1957). 
This might be expected if a channel in state xl y must transform into the 
other open state xl before it can close. 

In the future, Armstrong and Bezanilla's (1977) model should be 
tested both experimentally (Meves and Vogel, 1977a, were unable to con- 
firm the temporal correlation between inactivation and charge immobiliza- 
tion) and theoretically (a quantitative test of the model has not yet been 
made). The complicated effect of  calcium on activation and inactivation 
(Frankenhaeuser and Hodgkin, 1957) might well be particularly interest- 
ing in future studies of  sodium channel gating. 
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3. Pharmacologic Findings 

Much has. been learned from pharmacologic studies of  sodium currrents, 
and similar investigations of  gating currents will be no less rewarding. At 
present, however, the accuracy with which gating currents can be recorded 
is limited, and subtle pharmacologic effects are likely to escape detection. 
Therefore, interesting early at tempts to investigate the effects of pH 
(Rojas, 1975) and calcium (Keynes and Rojas, 1974) sould be repeated 
with improved methods. The insecticide DDT slows the closing of open 
sodium channels (Hille, 1968) without striking effects on gating currents 
(Dubois and Bergman, 1977). Perhaps the clearest results have been ob- 
tained with some sodium channel blockers, and these are reviewed below. 

Lack of effect of tetrodotoxin and related compounds. Tetrodotoxin 
(TTX), saxitoxin (STX), and maculotoxin (MTX) are cationic compounds 
with molecular weights less than 540 which block sodium channels at 
nanomolar (STX, TTX) or less than micromolar (MTX, Gage et al., 1976) 
concentrations. None of  them have noticeable effects on gating currents 
(TTX, 0.3 taM: Armstrong and Bezanilla, 1974; MTX, 0.02 mM: Arm- 
strong et al., as cited by Gage et al., 1976; STX, 0.3 taM: Keynes and 
Ro/as, 1974). Both TTX and STX bear a (positively charged) guanidinium 
group which is thought to insert itself into the outer channel mouth  
(Hille, 1975), thereby blocking ion flow through the channel. Maculotoxin 
is now thought to be identical to tetrodotoxin (Sheumack et al., 1978). 
Within experimental error, the otherwise extremely potential-sensitive gat- 
ing portion of  the sodium channel evidently fails to notice the insertion of 
these molecules with their positive charge. The qualification "within 
experimental error" is necessary because the potential dependence of gat- 
ing currents is very much less steep than that of  sodium conductance. 
Small changes in gating currents can accompany large effects on sodium 
conductance and may have gone unnoticed in the experiments of Keynes 
and Rojas (1974) and Armstrong and Bezanilla (1974). 

Just as the gating machinery seems to remain unaware of the presence 
of  TTX in the outer channel mouth,  the TTX molecule apparently remains 
unaware of  the state of  the gating machinery. In frog skeletal muscle, 
membrane depolarization from - 80 to - 15 mV, enough to activate and 
inactivate virtually all sodium channels (Adrian et al., 1970), changes the 
dissociation constant between TTX and its receptor by less than 50% 
(Almers and Levinson, 1975). Similarly, Ulbricht and Wagner (1975) show 
that between - 50 and - 90 mV block of  sodium channels is independent 
of the potential at which a node of Ranvier is held. Together, these find- 
ings establish a remarkable degree of  molecular independence between the 
"gating port ion" of  the sodium channel and that which binds TTX. 
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Local anesthetics and sodium channels. Recent work suggests that local 
anesthetics block sodium channels at a common site inside the channel 
(Strichartz, 1973; Courtney, 1975; Hille, 1977a,b; Schwarz et al., 1977) 
which is accessible either from the axoplasm (Strichartz, 1973) or from a 
nonpolar compartment,  perhaps the lipid bilayer, which will accept sub- 
stances to the extent that they are lipid soluble (Hille, 1977b). The first 
experiments with local anesthetics were carried out by Keynes and Rojas 
(1974) who reported reduction of gating current size to one-third their 
normal value by 37 mM procaine. In later studies (Almers and Cahalan, 
1977; and in preparation), it proved convenient to be able to alter the 
fraction of anesthetic-blocked channels rapidly and reversibly. This is pos- 
sible with an internally applied, membrane-impermeant quaternary lido- 
caine derivative, QX-314, whose block of  sodium conductance appears to 
be voltage-dependent. Block at 1 mM internal concentration is not very 
marked in a resting axon, but is strongly enhanced after a train of depolar- 
izing pulses. Sodium currents can be diminished tenfold in this manner. 
Figure 17 shows gating currents before and after a train of  depolarizing 
pulses which normally (a) has no effect, but in presence of  QX-314 
reduced peak sodium conductance about tenfold (not shown). Gating 
charge is reduced about twofold (b); the effect is reversible. 

So far, the effect is reminiscent of Armstrong and Bezanilla's model 
for sodium channel inactivation; entry of a blocking particle into the axo- 
plasmic end of  the channel immobilizes gating charge movement.  However, 
here the similarity ends. Figure 17c shows the same experiment in the 
presence of 0.4 ~M external TTX which, according to Armstrong and 
Bezanilla (1977), does not affect inactivation-related charge immobiliza- 
tion or the recovery from this effect. Again, QX-314 is present internally. 
Now gating charge displacement is always half the normal size, regardless 
of whether or not a train of  depolarizing pulses is given. The system, there- 
fore, behaves as if in the presence of  TTX the QX-314 is permanently 
present in the channel. Curiously, TTX ÷ in the outer channel mouth  makes 
the local anesthetic binding site more favorable for the positively charged 
QX-314. The effect may be related to the finding that external sodium 
antagonizes block by QX-314 (Almers and Cahatan, in preparation; 
Strichartz, unpublished) and by other compounds (e.g., strychnine; Shapiro, 
1977a,b) as if they could remove the drug from its receptor inside the 
sodium channel. TTX ÷ could enhance the binding of QX-314 by blocking 
entry of external sodium ions (Almers and Cahalan, 1977). 

4. Theoretical Considerations 

This section provides a discussion of the most frequently used mathemat- 
ical expression for quantitative descriptions of gating currents. Some of  
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Fig. 17 a-c.  Effect of internal QX-314 ( 1 mM) on gating current. (a) control in an ex- 
ternal medium containing 29 mM sodium; (b) after applying 1 mM internal QX-314 
to the same axon; (c) with QX-314 plus 4 x 10 -7 M external TTX. Each panel shows 
two superimposed traces, one before, the other after conditioning the membrane with 
a train of 50 conditioning pulses to + 70 mV. Such conditioning has no effect in a nor- 
mal axon (a) but produces "use-dependent inhibition" of sodium currents (not shown) 
and gating currents (b). Reversal of the effect takes tens of seconds. In presence of 
external TTX and internal QX-314, gating currents are always inhibited (c). Test pulse 
went from - 70 to 55 mV, the reversal potential for the sodium channel in this fiber. 
Subtraction pulses went from - 110 to - 79 mV. K+-free, Cs+-containing internal solu- 
tion. Squid axon, 16°C. From Atmers and Cahalan (in preparation) 

the  t r ea tmen t  given here fol lows tha t  of Schwarz (1977) .  In addi t ion ,  this 

sect ion will explore some features  of  the po ten t ia l -dependence  o f  multi-  

state ionic channels  in terms o f  the charge transfer  caused by  gating currents.  

The two-state, constant-dipole model  Starting with the most  simple gat- 
ing mechanism,  we imagine a popu la t ion  o f  macromolecu les  which can 

exist in two states a and b, depending on  the m e m b r a n e  potent ial .  I f  the  
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macromolecule is an ionic channel, state a may be the closed and b the 
open conformation: 

a ~ b (16) 

We imagine the macromolecule to be so firmly embedded in an electrically 
incompressible lipid bilayer that it does not change its overall direction in 
the membrane; i.e., the extraceUular end of  the molecule will always re- 
main extracellular, and the intracellular end always intracellular (Schwarz, 
1977). This assumption is untested but most likely correct; inside-out 
transition of  phospholipid molecules takes minutes to hours (e.g., Korn- 
berg and McConnell, 1971), much longer than the times with which we 
are concerned, and it is difficult to see how intramembrane macromole- 
cules, such as lipoproteins, could undergo such "flip-flop" transitions any 
faster. Instead we imagine that the macromolecule may change its overall 
dipole moment.  Let Ata be the component  of  this dipole moment  change 
in the direction of  the electric field, that is, normal to the membrane. If 
we define a (potential-dependent) equilibrium constant K = A/B where A 
and B are the occupancies of  states a and b, then, in general, K is a func- 
tion of  the Gibbs free-energy change experienced by the system during the 
transition. Holding pressure and temperature constant, we are interested 
only in the dependence of K on membrane potential. It follows from 
thermodynamic principles (e.g., Schwarz, 1967) that 

d In K _ a/~ (E) (17) 
dE kT 

where E is the electric field experienced by the macromolecule and k, T 
have their usual significance. Usually, dipole moments  are measured in 
Debye units, but in our case the dipole moment  cannot be measured at all, 
if only because the distance 6 over which the membrane potential V drops, 
and, therefore, E are unknown. Instead it is convenient to define 

/xti (V) - /x/a (E) (18) 

A~ can be looked upon as the charge carried on each end of an equivalent 
dipole extending across the distance over which the membrane potential 
drops. If we measure Aft in units of charge carried across the membrane 
when one macromolecule makes the transition from a to b, Eq. (17) can 
be rewritten 

d l n K _  Aft(V) (19) 
dV kT 
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In Eq. (19), zXg depends on V, and this dependence includes all interac- 
tions between the macromolecule and its environment, the transmembrane 
profile of  the electric field and its voltage dependence, as well as other 
unknown factors (Stevens, 1977). For the present, we ignore these com- 
plications and assume for no reason other than simplicity that over the 
voltage range of interest, 2x~ (V) = constant = q. Then Eq. (19) can be 
integrated and one obtains 

A 
K = --ff = exp [q (V - V)/kT] (20) 

where V is the potential where K = 1. This equation is formally equivalent 
to the Boltzmann relation and follows from first principles if the dipole 
moment  change is assumed constant. If A and B are the fraction of  mole- 
cules in states a and b, one can show from Eq. (20) and from A + B = 1 
that 

1 
B = 1 + exp [ -  q (V - V)/kT] (21) 

With regards to asymmetric displacement currents, one can simulate the 
experiment in Figures 1 and 2 by taking q positive and holding the mem- 
brane potential so negative that B = 0. Since the amount  of  charge trans- 
ferred per transition is assumed constant, the total charge transfer is given 
by Q/Qmax = B; here Qmax, the maximum charge at saturation, equals 
q times the number of  macromolecules, N, per unit area. Eq. (21) can, 
therefore, be used to describe the potential dependence of  charge displace- 
ment,  as in the case of  lipid soluble ions [Eq. (15)]. 

Various authors have derived identical expressions picturing permanent 
dipoles which flip-flop between two positions (Meres, 1974; Almers et al., 
1975) or charged particles which are trapped in the membrane and redis- 
tribute themselves between the two sides (Schneider and Chandler, 1973; 
Keynes and Ro]as, 1974). All models assume that the system has only two 
states and that the dipole moment  change is constant. In all these models, 
the transition should obey first-order kinetics and asymmetric displace- 
ment currents should relax as single exponentials whose time constants 
depend only on the membrane potential. While the two-state, constant- 
dipole model provides a useful starting point for quantitative analysis, it 
probably does not  apply to any of  the excitable membranes studied so far. 
Equation (21) often does not provide a good fit, asymmetric displacement 
currents often do not follow single exponentials (Armstrong and Bezanilla, 
1975; Meres and Vogel, 1977a), and their time course depends on past 
voltage history besides the membrane potential at which they are mea- 
sured (Keynes and Ro/as, 1974; Meres, 1974). Other models which can be 
explored quantitatively picture continuously (Meres, 1974) or discontinu- 
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ously (Chiu, 1977) rotating dipoles, or continuous electrodiffusion of 
charged particles across the membrane (Neumcke et al., 1977). Although 
it is often convenient to speak in terms of  "equivalent gating dipoles" or 
the movement of  charged particles, and although such models may, as 
mathematical equivalents, fit experimental data artibrarily well, they do 
not seem very realistic. When constructing models, it may ultimately seem 
preferable to cast them in the form of  what most likely happens on a 
molecular level: Dipole moment  changes in a macromolecule whose over- 
all orientation in the membrane does not change. 

More general two-stage models. If one rejects the constant-dipole assump- 
ti6n, one may consider expanding A/7 (V) as a polynomial: 

A/7=c~ + c 2 V + c 3 V  2 + . . .  (22) 

where co, c l ,  c2, etc., are constants. Now Eq. (19) can be integrated. If 
the above series converges, as it will for sufficiently small values of  V, one 
can approximate 

/x~ - c~ + c2 V (23) 

and obtain after integration of Eq. (19) 

K = exp [(Co + c, V + ~ -  V: )/kT] (24) 

Equation (23) has been called the Debye low-field limit for a polarizable 
dipole (Stevens, 1977). Physically realizable dipoles may increase but 
never decrease their moment  when the electric field is increased, implying 
that c l ,  c2 in Eq. (23) must be positive. In our case, however, one is deal- 
ing with changes in dipole moment ,  and thus the coefficients Co, cl and 
c2 can in principle have either sign. Hill and Chen (1972) found that 
Eqs. (23) and (24) provided an accurate description for the voltage depen- 
dence of the Hodgkin-Huxley parameters m, n, and h, and discuss the 
physical significance of  the coefficients c; and c2. However, since m, n, 
and h have no known physical meaning and the reaction scheme of chan- 
nel gating is altogether unknown,  such a theoretical finding is at present of  
little help. We do not know whether the coefficients c2, c3 . . .  in Eq. (22) 
are other than negligible for the gating of ionic channels over experimen- 
tally accessible voltage ranges. 

Reaction rates. For a description of reaction rates ~ and/~ in the scheme 
Eq. (16) 

a--a----" b (25) a ~-ff--- 
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we follow Eyring rate theory and assume an intermediate "transition 
state" x: 

a .  " x .  ~ b (26) ¢ 

where ~' and/~' are so fast that they are never rate limiting. Since a and 
are voltage-dependent, we assume that the macromolecule undergoes the 

moment  changes Aria? and --A~t~t when state x is formed from dipole a 

or b respectively. The dipole moment  change appearing as a gating current 
will generally be the sum, A~ -- A ~ ?  + A~t3t , since by assumption, the 
transition state is too short-lived to ever be populated appreciably. 

In scheme Eq. (25), the rates a, ~ will be determined by the (negli- 
gible) occupancy X of state x, and X can be looked upon as being related 
to A and B by the "equilibrium constants" 

Kat, x = A  
X 
X (27) 

where these Kt ' s  are related to the A~t 's  by equations of the form (19). 
If the A~ t ' s  are constant, then a and j3 increase or diminish exponentially 
with potential: 

a = Caex p ( / x ~  V/kT) 
(28) 

= Ct3ex p ( -AB;V/kT)  
/ 

These equations may apply to the cholinergic channel at the neuromus- 
cular junction of  Rana pipiens (Magleby and Stevens, 1972) but probably 
not to many other examples. If the reaction sequence is known, failure to 
obey Eq. (28) would imply that the "equivalent dipoles" Afft are voltage- 
dependent, i.e., polarizable (see, e.g., Levitan and Palti, 1975). The physi- 
cal meaning of  a polarizable dipole moment  change associated with the 
formation of  a hypothetical transition state is at present unclear. 

Sequential models. Here we will show that certain observed deviations of 
conductance-voltage curves from the constant-dipole, two-state Eqs. (20) 
and (21) are expected from a sequential gating reaction. We will also ex- 
plore the possibility of  obtaining a lower limit on the gating charge per 
channel from the logarithmic potential sensitivity of a membrane conduc- 
tance. We repeat here Eq. (13), 

q o  q t  q i  q n  
a 0 . .  ~ a l  ,, -, a2 • • • a i , - , . . .  a n .. x b0  
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as a reaction sequence for channel opening or closing. The resting state is 
denoted by ao, the single and final open state by bo and intermediate 
states by a i. Each transition is accompanied by a constant change in dipole 
moment equivalent to transferring a charge qi through the entire potential 
drop across the membrane. (In the Hodgkin-Huxley model, bo would be 
the state of the sodium channel with all three m-particles in the activating 
position, a: that with two, al with one and ao the resting state with none.) 
Let the occupancy of a state a i be A i and that of state bo, Bo. Then by 
the constant-dipole Eq. (20) 

mi 
Ai + 1 - exp w i 

where w i is the reduced work of moving the charge qi across the mem- 
brane: 

wi = qi (V - Vi)/kT 

The fractional occupancy Bo of the final state b0 can then be calculated as 

exp(w0 +Wl + . . . + w n )  
Bo = l + e x p w o + e x p ( w o + w ~ ) + . . . + e x p ( w o + w ~  + . . . + w  n) (29) 

In general, B0 will depend on all the parameters qi and V i. However, 
for the limiting case where V becomes sufficiently negative, the exponen- 
tial terms in the denominator of Eq. (29) become negligible and the de- 
nominator becomes unity: 

B0 =exp(wo +wl  + . . . + w  n) V - ~ - o o  

m 

Factoring out terms of the form exp ( -  Viqi/kT), and combining 
them into a constant C 

Bo = C e x p [ ( q o  +ql  + . - . + q n ) V / k T ]  V ~  - ° °  (3O) 

Since the total charge transfer q which accompanies the transition from 
ao to bo is q = qo + ql + . • • + qn, it appears that 

Bo = C exp qV/kT V ~ - (31) 

Equation (31) is identical to Eq. (12) except for a constant. At very nega- 
tive potentials, the voltage dependence of Bo is determined in its steepness 
only by the overall dipole moment change occurring during the transition 



156 w. Almers 

(here equivalent to the charge movement q), and not by the number or 
nature of  intermediate states. 

Turning next to the logarithmic potential sensitivity, we define an 
apparent equilibrium constant K between the sum of  all closed states and 
the open state, namely, K = B0/(1 - B0). From Eq. (29), it can be shown 
that 

(32) 

q ( + ~  q~ e x p w ~ + ~  q~ exp(w~+w2)+.. .+q-P-nexpn~ ~ ) - -  __ w i 
d l n K =  2 q 3 q __ q _1_ 

dV kT n - 1 
+ expwl  + exp(wl  + w 2 ) + .  + e x p Z  w i 

Again, for V ~ - o,, Eq. (32) reduces to Eq. ( 11 ). Remembering that ~ qi = q, 
however, it is clear that generally the expression in brackets in Eq. (32) 
will be less than unity. Consequently, the logarithmic potential sensitivity 
in a sequential system will usually be less than in a two-state system, the 
two being equal only in the limit V ~ - ~. Figure 18 compares three ionic 
channels in order to illustrate how a multistep reaction affects the steady- 
state voltage dependence. Figure 18a shows data on the sodium channel 
from Hodgkin and Huxley (1952a). Assuming peak sodium conductance 
to be proportional to the number of open sodium channels, we set B0 = 
g/gmax" Given a limiting logarithmic potential sensitivity corresponding to 
six elementary charges per channel, a two-state model predicts the 
straight line, whereas the data appear to trace out a curve whose slope is 
less at all but the most negative potentials, as expected from the kinetically 
established fact that the opening of  sodium channels is a sequential reac- 
tion. Figure 18b shows similar data for the potassium channel of frog 
skeletal muscle (Stanfield, 1975), also a multistate channel, whose limiting 
logarithmic potential sensitivity (solid line) is equivalent to more than 
eight elementary charges per channel (Almers, 1976). Included for com- 
parison (~Fig. 18c) are data obtained by Noble and Tsien (1971) on an 
inwardly rectifying potassium channel in sheep Purkinje fibers, whose 
slow time and voltage dependence is the basis for pacemaker activity in 
this cardiac tissue. The voltage dependence appears to follow first-order 
kinetics, so the underlying gating mechanism, the s-system, may be an 
open-close, two-state system. If the kinetic parameter s (see Noble and 
Tsien, 1968, for method of  measurement) is regarded as the fraction of  
open channels and plotted as in the other two systems, one would expect 
a straight line, that is, a constant logarithmic voltage sensitivity. The data 
in Figure 18c suggest that this may be so, although the agreement 
would be more convincing if the data extended to smaller values of  s~. 
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Fig. 18 a-c. Steady-state potential-sensitivity and membrane potential. (a) Data of 
Hodgkin and Huxley (1952a); different symbols from different fibers, gNa is the peak 
sodium conductance during a given depolarization. If the average single channel con- 
ductance is independent of potential, the ordinate gives the ratio open/closed sodium 
channels. The slope of the curve - an e-fold increase per 4 mV at the most negative 
potentials (solid line) - is the logarithmic potential sensitivity. (b) A similar analysis 
for potassium channels of frog muscle (data from Stanfield, 1975), gK is steady-state 
potassium conductance. The limiting logarithmic potential sensitivity (solid line, e-fold 
in 3 mV) was measured over the range given by the crosses (Almers, 1976). (c) A simi- 
lar analysis for the slow gating mechanism of a cardiac potassium channel (gK2 of 
Noble and Tsien, 1968). The parameter soo can be viewed as giving the fraction of open 
channels. This channel is a two-state system on the basis of its kinetic behavior, and 
behaves in accordance with Eq. (11) with q = 4.5 electronic charges. Data from Tsien 
and Noble (1969) 

As a whole, these results confirm the not ion that multistate channels, but 

not  two-state channels, seem to lose some o f  their voltage-sensitivity at 
potentials where a substantial fraction of  them is conducting. 

It must be emphasized that estimates o f  the limiting logarithmic poten- 
tial sensitivity always give a lower limit for q. (1) Explora t ion o f  more 
negative potentials may always reveal greater potential  sensitivity. (2) State 
b0 in scheme Eq. (13) may not be the first conducting state in the se- 
quence.  The conductance due to conducting precursors o f  bo will develop 
with a voltage sensitivity less than corresponding to a transfer of  charge q. 
Apart f rom these reservations and the nonequilibrium nature o f  the peak 
sodium conductance,  the t reatment  depends only on fairly general assump- 
tions and suggests that at potentials close to the resting potential ,  the 
overall dipole moment  change associated with the opening o f  a sodium 
channel in squid axons is equivalent to q >i 6e. It seems possible that at 
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more positive potentials the channel molecule becomes dielectrically 
polarized into a state where this dipole moment  change is less. However, 
this hypothetical polarization of  the channel molecule would itself con- 
tribute to gating current,  so q ~> 6e will probably remain a valid lower limit. 

5. A Design Consideration for Gating Mechanisms 

Given the amplitude of  the action potential, the range of  membrane 
potentials available to excitable cells is only about 120 mV. Therefore,  the 
exquisite potential sensitivity o f  sodium and potassium channels, or other  
voltage dependent  processes, such as contractile activation, is not surpris- 
ing. As discussed above, it cannot be obtained without a large dipole moment  
change in the gating- or voltage-sensing mechanism. Such dipole moment  
changes have their price: They tend to increase the membrane capacity 
(see Fig. 1 2) and constitute a load on the  impulse propagation mechanism. 
As Hodgkin (1975) suggested, and Adrian (1975) confirmed by calcula- 
tion, the capacitive load caused by the sodium channel gating mechanism 
is already so large that inserting more sodium channels into the axon 
membrane would fail to speed impulse propagation or could even slow the 
process. Although adding more sodium channels increases sodium conduc- 
tance, this advantage is outweighed by the additional capacitive load 
caused by the additional gating mechanism. As a corollary, an excessively 
large gating charge movement,  be it associated wi th  sodium channels or 
with other  gating mechanisms fast enough to respond to the action poten- 
tials would be a distinct disadvantage as far as the nerve impulse is con- 
cerned 11 , One may expect that as a principle of  economy,  the equivalent 
dipole moment  change (or charge movement)  per gating unit should be 
the minimum necessary to achieve a required voltage sensitivity. The most 
"economical"  gating mechanism would be the two-state model with con- 
stant, maximal logarithmic voltage sensitivity. 

The sodium channel does not reach this theoretical ideal. Its multi- 
state nature, causing the delayed opening of  sodium channels, may have 
other biologic advantages but also results in a loss of  voltage sensitivity at 
medium and strong depolarizations (see Fig. 18a). However, at excitation 
threshold where a steep steady-state potential dependence seems most 
important,  the voltage sensitivity corresponds to a charge movement  of 
about six electrons/channel; this is probably not much less than, or equal 

11 As pointed out by Armstrong and Bezanilla (1975), any superfluous polarizability 
of excitable membranes would be disadvantageous, and one may expect that evo- 
lution will have selected against it. It is probably no accident that at frequencies im- 
portant for the rising phase of an impulse, the background capacity of squid axolemma, 
lipid bilayer plus nonspecific proteins, is at most 50% higher than expected for a 
bilayer made from pure axolemmal lipid (see Sect. III). 
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to, the total gating charge per channel estimated by other means (Table 2). 
Near threshold the axon, therefore, utilizes almost the entire dipole 
moment change experienced by a sodium channel on its way from rest to 
activity. As another possible indication of the economy of sodium channel 
gating, the inactivation process is said to derive part or all of its voltage 
dependence from the activation process, and needs no charge movement 
of its own. It seems, therefore, that in designing the sodium channel, 
nature has avoided redundant charge movement. 

Why have gating currents for potassium channels not been seen? Even 
during depolarizations long and large enough to activate more than half of 
all K ÷ channels, there is no conspicuous sign of such currents (see, e.g., 
Figure 3 of Bezanilla and Armstrong, 1975). Most likely, K÷-channel gat- 
ing currents are very small. In analogy with the sodium channel, the limit- 
ing logarithmic voltage sensitivity suggests that each K ÷ channel generates 
a charge movement of not much more than eight electronic charges on its 
way from rest to activity (Almers, 1976; data on frog muscle). The num- 
ber of potassium channels in squid axons, though not accurately known, is 
given as 60-70/tam 2 (Armstrong, 1966, 1969; Conti et al., 1975). This 
would give a maximal K÷-channelgating charge movement of 500-600 elec- 
trons/um 2 , half to one-quarter that due to sodium channels. Since K ÷ chan- 
nels open and close roughly 10 times more slowly than sodium channels 
(Hodgkin and Huxley, 1952c), the actual K÷-channel gating current ampli- 
tude (charge/time) may be only 0.05-0.03 times that of sodium channels 
at a given potential, difficult to see with present methods (see, however, 
Armstrong and Bezanilla, 1977). In a sense, our failure to see K÷-channel 
gating current tends to support the notion that nature avoids redundant 
gating charge movement. 

However, an alternative reason for this negative finding is difficult to 
rule out and has to do with the impossibility of observing small gating 
currents while ions flow through open channels. Whereas sodium channels 
blocked by TTX appear to generate unaltered gating currents, TEA÷-blocked 
potassium channels may not. If in an attempt to avoid TEA ÷ one eliminates 
permeant ions inside and out, one finds that replacement of all internal 
K ÷ with Na + (Chandler and Meres, 1970a) or tetramethylammonium ÷ 
(Armstrong and Almers, unpublished) irreversibly denatures or removes 
potassium channels. K÷-channel gating currents may have escaped detec- 
tion because no method has yet been found to maintain the gating mech- 
anism of K ÷ channels intact, while at the same time preventing ion flow 
through them. 
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V. Charge Movements in the Membrane of Skeletal Muscle 

If in nerve we are only beginning to understand asymmetric displacement 
currents and their physiologic rote, this section should start with the 
observation that the state of knowledge is even less advanced in skeletal 
muscle. All difficulties encountered in nerve - identifying a physiologic 
role, complicated effects of  pulse protocol, various kinds of contamina- 
tion of displacement currents transients - also apply in skeletal muscle. 
We know a priori that more than one physical process will contribute to 
displacement currents in muscle. Furthermore, while in nerve we can ob- 
serve asymmetric displacement currents and their physiologic consequence 
(sodium conductance changes) in the same molecule (the sodium channel), 
we are much less fortunate in muscle. Even if present hypotheses are cor- 
rect and displacement currents in muscle arise in the voltage sensor for a 
Ca2÷-permeable ionic channel in the sarcoplasmic reticulum, we can in 
general observe only distant effects of this Ca2*-channel, such as contrac- 
tion. Finally, the asymmetrical displacement currents observed in muscle 
may be greatly distorted versions of what one might observe under uni- 
form membrane polarization. This difficulty arises from the complicated 
geometry of muscle cell membrane. 

A. Geometry, Capacitance and Passive Properties 
of the Muscle Cell Membrane 

The cell membrane of a skeletal muscle fiber is highly invaginated. There 
are folds, many 0.1 tam large, vesiclelike infoldings (caveoli), and, most im- 
portantly, the transverse tubular system (T system). The T system is a net- 
work of branching tubules, each 500/~ in diameter, and allows the action 
potential to spread from the surface into the center of the fiber. The 
tubule lumen is most likely filled with bulk extracellular fluid since mole- 
cules as large as 110 ~ in diameter, such as ferritin, have ready access to it. 
Historically, morphologic and electrical measurements have been referred 
to the smooth surface of a circular cylinder as wide as the muscle fiber. 
In an average cylindrical fiber of 80/am diameter, the tubule membranes 
then have an area of 4.4, and the surface membrane or sarcolemma an area 
of 1.8 cm 2/cm 2 cylinder surface (Peachey, 1965;Mobley and Eisenberg, 
1975). The total static membrane capacity of 7 uF/cm 2 cylinder surface 
reflects this geometry and results from an average static capacity of 1 -  
1.2 uF/cm 2 membrane area. 

In electrical measurements, the tubule lumen acts as a resistance in 
series with the tubule membranes, which is "distributed" in that its mag- 
nitude depends on the position of the tubule inside the fiber. Therefore, 
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even if one has achieved uniform polarization of the surface membrane, 
radially uniform polarization of the T system is often impossible. In fact, 
with present methods we can measure the membrane potential only across 
the surface membrane; that in the T system must be inferred indirectly 
and on the basis of models. In general, electrical signals generated across 
the surface membrane will suffer decrement and distortion as they spread 
into the T system, just as they would spreading along a leaky cable. The 
same is true for electrical signals in the T system spreading to the surface 
membrane. "Cable effects" of this kind are particularly important for 
rapidly changing voltage signals. Any electrical event in the T system can 
at present be recorded only with relatively low time resolution. 

As a consequence of cell geometry, the electrical admittance between 
inside and outside the cell shows what one might call a pronounced disper- 
sion in the frequency range 0 .2-5  kHz. The inside/outside admittance has 
been investigated extensively with various excitation waveforms (sine- 
waves, frequencies up to 2 -  I 0 kHz: Falk and Fatt, 1964; Schneider, 1970; 
Valdiosera et al., 1974; voltage steps: Chandler andSchneider, 1976; cur- 
rent steps and action potentials: Hodgkin and Nakafima, 1972a,b). 
Throughout, sarcolemma and tubular membranes were assumed to behave 
as leaky, but otherwise perfect, capacitors. All studies then indicated a 
resistance in series with the tubular membranes, whose magnitude and dis- 
tribution are now (Mathias et al., 1977) thought to be consistent with it 
arising in a space of extracellular resistivity and the morphologic dimen- 
sions of the tubule lumen. Decreasing the conductivity of the extracellular 
fluid increases the series resistance proportionately ( Valdiosera et al., 1974). 

In view of the squid axon data and the voltage dependence of static 
capacity, one may expect the membrane to show dielectric loss. This does 
not invalidate the basic and qualitative conclusion concerning the origin 
of the resistance in series with the tubular membranes. On the other hand, 
the presence of the large and distributed series resistance makes an explora- 
tion of dielectric loss virtually impossible at any other than the lowest 
frequencies ( <  200 Hz). For higher frequencies, one cannot in general 
determine with the required accuracy which portion of the "series" resis- 
tance arises as dielectric loss in the membrane, and which in the electrical 
access to the membrane. 

Uniform cell membrane polarization, though difficult under transient 
conditions, can be achieved in the steady state if permeant ions are 
removed and the membrane resistance is sufficiently high. Membrane con- 
ductances as low as 20-50  umho/cm ~ of cylinder surface (or 3-7/~mho/  
cm 2 of membrane area) can be obtained (Adrian and Almers, 1974). 
Given the lumen resistance obtained by AC admittance analysis, or calcu- 
lated from morphology, the T system is expected in that case to experience 
DC sarcolemmal potential changes uniformly and without decrement. 
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Fig. 19. Effective static membrane capacity, Ceff, as a function of external conductivity 
and membrane conductance. Left ordinate, Ceff as fraction of maximum;right ordinate, 
absolute values of Cef f referred to unit cylinder surface. Triangles: C1--containing solu- 
tions; the low-conductivity solution also contained 12 mM of the highly permeant K +, 
so the membrane conductance, 700/amho/cm 2 cylinder surface, was relatively high. 
The low value of Ceff indicates substantial potential decrement in the transverse 

• R + 2 -  t u b u l e s •  Black dots in media containing the relatively impermeant ions b,  SO4 , 
Na +, and Ca 2÷. Membrane conductance 20-50 gmho/cm 2 of cylinder surface. Ceff now 
shows little or no decline at tow condictivities, indicating the absence of potential de- 
crements throughout. The value of Ceff in the high-conductivity, chloride-containing 
medium (membrane conductance 300/amho per cm 2 cylinder surface) was the same as 
that in the SO42--containing fluids, indicating that in this condition, too, potential 
decrements were practically negligible. Error bars refer to left ordinate and give stan- 
dard error of mean. Modified from Adrian and Almers (t 974). Frog muscle, 20-25°C 

An experimental demonstration of  this fact is shown in Figure 19, 
where the effective static membrane capacity per unit cylinder surface, 
C~ ,  is plotted as a function of  external fluid conductivity. If C ~  is 
defined as the charge supplied to the cell membrane divided by the sarco- 
lemmal potential displacement, it is easy to see that C ~  should depend on 
the extent of  potential decrements in the tubules. Under uniform cell 
membrane polarization, Cdr should equal the product of  total cell mem- 
brane area (sarcolemma plus tubules) times the average specific capacity. 
If, on the other hand, a sarcolemmal voltage step suffers steady-state 
at tenuation in the tubules, the charge stored on tubular membranes, and 
thus Ce~r, will be less. For instance, low conductivity in the tubule lumen 
should enhance tubule potential decrements, and this in turn should 
diminish C~r. The triangles in Figure 1 9 show this effect; they represent 
experiments in solutions where membrane conductance is appreciable. 
The black dots show the same experiment in media maintaining a low 
membrane conductance ( 3 - 7  umho/cm 2 membrane area) throughout.  
Lowering the conductivity fourfold now fails to decrease C~ ;  the apparent 
decrease at even lower conductivities is probably an artifact caused by 
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microelectrode impalement leaks. Theory shows that had there been sub- 
stantial potential decrements at the high external conductivity, lowering 
external (and probably tubule lumen) conductivity should have made de- 
crements substantially worse. Instead, potential decrements in the tubules 
must have been equal over a wide range of external, and presumably 
tubule lumen, conductivities. The only way this can happen is for poten- 
tial decrements to be negligible throughout. Therefore, if membrane con- 
ductance is low enough, adequate potential uniformity in the steady-state 
can readily be achieved. 

The voltage dependence of static membrane capacity (Fig. 12) was 
measured under such conditions (see legend for details). It indicates that, 
as in squid giant axons, there are polar intramembrane molecules with suf- 
ficient equivalent dipole moment to experience dielectric saturation over 
the physiologic potential range. In analogy with the squid axon results, 
there may in additon be many other lossy membrane constituents which 
do not suffer dielectric saturation over experimentally accessible poten- 
tials and contribute to the membrane capacity throughout. 

The depolarization-induced capacity increase in Figure 12 was ob- 
served earlier (Schneider and Chandler, 1973;Adrian and Almers, 1974) 
and reported most recently by Schneider and Chandler 12 (1976). These 
authors also describe experiments where they varied the (potassium) con- 
ductance of the tubule membrane by changing the membrane potential. 
Increasing this conductance produced DC potential decrements in the 
tubules, and, therefore, a fall in Ca .  The authors used these measurements 
to calculate the membrane conductance of the transverse tubules. In the 
present context, their work is important mainly because it provides an 
elegant example of how an apparent effect of membrane potential on 
static capacity can result from nonuniform cell membrane polarization. 
Their result should be borne in mind by all those investigating asymmetric 
displacement currents in systems where membrane polarization is likely 
to be nonuniform, be it due to cell membrane invaginations, the presence 
of dendrites and other cell processes, or in tissues composed of electrically 
connected cells. 

12 Schneider and Chandler (I 976) worked in an isotonic medium almost identical in 
composit ion to Ringer's fluid and did not  observe the gradual fall in capacity evident 
in Figure 12 at potentials more negative than - 100 mV. The effect has appeared in 
many other experiments (Chandler et al., 1976a, their Fig. 9; Adrian and Almers, 
1976a,b, all in hypertonic solution; Adrian et al., 1976, their Fig. 17b;Almers, 1976, 
his Fig. 10, all in isotonic solutions), and the reasons for its absence in Schneider and 
Chandler's experiment is n o t  clear. 
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B. Description o f  Asymmetric Displacement Currents 

Asymmetr ic  displacement currents in skeletal muscle decline 2 0 - 1 0 0  times 
slower than in nerve. Since it is possible that part or all of  these currents 
flow across the transverse tubular membrane, one asks immediately to 
what extent the kinetics are affected by tubular delays. Chandler et al. 
(1976a) have treated the problem quantitatively, using a simplified, 
" lumped"  representation of  sarcotemma and transverse tubular system 
(Falk and Fatt, 1964). Their calculations show that tubular series resistan- 
ces of  the magnitude observed in hypertonic solutions can cause apparent 
slowing of  the relaxation time constant by several milliseconds. For exam- 
ple, if sodium channel gating currents o f  time constant 0.5 ms flow in the 
transverse tubules, they could appear with an apparent time constant o f  
up to 5 ms in experimental recordings. Tubular delays could, therefore, 
cause significant distortion. However, some of  the longest relaxation times 
observed - from 1 0 - 5 0  ms - significantly exceed any expected tubular 
delay; at least some of  the asymmetric displacement currents are, there- 
fore, very much slower than sodium channel gating currents in nerve. 

The kinetics and physiologic significance of  asymmetric displacement 
currents in muscle are not  well understood, and tubular delays will make 
their analysis difficult. Nevertheless, the data in the literature are suffi- 
ciently well documented to allow compiling a catalogue o f  observed 
kinetic behavior. The following discussion emphasizes results obtained 
with depolarizing test pulses approximately to the "transition potential" ,  
defined as the potential where asymmetric charge displacement is about  
half-maximal. Relaxation times there are longest, and distortions due to 
tubular delays should be smallest. 

Figure 20 shows asymmetric displacement currents recorded during 
and after depolarizations to potentials about  10 mV more negative than 
the transition potential. The two top traces show transients recorded in 
isotonic media from normal fibers (a) or after block of  contraction by 
2 mM tetracaine (b). Very similar traces are also recorded after contrac- 
tion block in hypertonic solutions ( c - e ) ,  except that transients sometimes 
are somewhat slower (e.g., the off-transient in d), perhaps because hyper- 
tonicity tends to increase the resistance in series with the tubular mem- 
branes (Valdiosera et al., 1974) la. More variable and perhaps more inter- 

13 Valdiosera et at. (1974) report a nearly sevenfold increase in the tubule lumen re- 
sistivity ( 1/G L) They referred the resistance in series with the tubule membrane to the 
osmotically diminished, rather than the physiologic diameter. However, there is no 
evidence that the geometric current path changes in hypertonic fluids. In order to reach 
an axial tubule, current probably will still have to flow through the lumen of the same 
tubules as before. Therefore, it seems more appropriate to refer T system variables to the 
physiologic fiber diameter throughout. If this is done, the data of VaMiosera et at. (1974) 
indicate an only three- to fourfold increase in the tubule lumen resistivity, 1/G L. 
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esting results are recorded during depolarizations to, or beyond, the transi- 
tion potential as in Figure 21. Traces in Figures 20 and 21 marked with the 
same letter are from the same fiber. These stronger depolarizations would 
activate the contraction mechanism and open delayed potassium channels 
in a normal fiber. In trace a of  Figure 21, contraction was only narrowly 
avoided by keeping the pulse short, and current through the delayed K ÷- 
channels obscures the later part of  the transient. K* currents are not evident 
in the other traces due to the presence of tetracaine (which shifts activa- 
tion of  K÷-channels to more positive potentials) or the K+-channel blocker 
TEA + (c-e) ,  and contraction was blocked in traces b - e  by pharmacologic 
or osmotic means. The relatively rapid transients in Figure 20 are still visible 
in Figure 21 at the beginning of traces a, b, and e. In addition, a slower 
component  appears in many traces (d, e), sometimes as a distinct "hump"  
(trace e). The hump in trace e could not have arisen from the subtraction 
procedure because it was visible even during a single depolarizing test pulse 
and before any subtraction (see, e.g., Fig. 1 ofAlmers et al., 1975). At more 
positive potentials, humps and slow phases merge into the initial transient. 

Slow phases, though not generally of  the magnitude observed in hyper- 
tonic fluids, are often seen also in isotonic media (Fig. 21b) when contrac- 
tion is blocked with 2 mM tetracaine. A slow phase might have appeared 
even in trace a had conditions allowed longer pulses and had the delayed 
K÷-channel been blocked. While the initial rapid transient becomes more 
visible when control pulses are taken at extremely negative potentials, the 
slow phase does not (Almers, 1976, isotonic media containing tetracaine; 
Adrian and Almers, unpublished results in hypertonic fluids). It seems that 
the molecules responsible for the slow phase are relatively more potential 
sensitive, being in a state of  dielectric saturation already at relatively mod- 
erate ( -  100 mV) potentials. The same is true for humps (Fig. 21). Humps 
have so far only been observed in moderately hypertonic, chloride-free 
media (Almers, 1975; Almers et al., 1975; Adrian and Peres, personal 
communication) and never under the more extreme hypertonic conditions 
used by Chandler et al.,1976a) nor in tetracaine-poisoned or formaldehyde- 
treated muscles in isotonic fluids (Almers and Best, 1976; Almers, 1976). 
The significance of slow phases and humps are unknown,al thoughtheir  steep 
potential dependence suggests that they could be physiologically important.  

All the kinetic effects discussed here are subject to distortion by tubu- 
lar delays. For instance, one may consider (Chandler et al., 1976a) that 
rapid and slow phases represent the same event, and that their kinetic dif- 
ferences arise only because the sarcolemmal portion is recorded faithfully 
and the tubular portion with a delay. This seems unlikely, however; slow 
phases and humps are often too slow to be explicable solely by tubular 
delays. It seems that the kinetics of charge movements during depolariza- 
tions to, or beyond, the transition potential are genuinely complicated. 
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Fig. 20 a - e .  Asymmetric  displacement currents during test depolarizations which fall 
short of  the transition potent ial  by  the amounts indicated in mV. Experimental condi- 
t ions follow. (a, b) holding potential  - 100 mV, control  pulses between - 100 and 

- 90 mV. Isotonic solution containing 180 mM Na2SO4 and 5 mM Rb2SO4, plus 
Ca 2÷ and buffer (pH 7.2). (a) in the absence, (b) in the presence of 2 mM tetracaine. 
Transition potentials - 26.6 mV in (a) and - 27.4 mV in (b);  two fibers from the 
same muscle (Almers, 1976). (c, d) from Chandler et al. (1976a) in a strongly hyper- 
tonic Ringer's fluid containing TEA ÷ in place of Na + and 5 mM Rb ÷ in place of K +. 
Holding potentials - 100 mV (c) and - 90 mV (d), transition potentials - 41 mV (c) 
and - 54.5 mV (d), control  pulses from - 150 to - 100 mV (c) and from - 169 to 
- 140 mV (d). The resistance in series with the tubule membrane was less in (c) than 
in (d). (e) from Adrian and Almers (unpublished), solution and pulse protovol as in (a) 
except that TEA + replaced Na* and the medium was moderately hypertonic.  Transition 
potential  - 40 mV. TTX present throughout (0 .4 -1  #M); frog muscle, 1 -5°C 

C. A s y m m e t r i c  D i s p l a c e m e n t  C u r r e n t s  a n d  I o n i c  C h a n n e l s  

in  t h e  M u s c l e  Cel l  M e m b r a n e  

G i v e n  t h e  r e s u l t s  o n  ne rve ,  t h e r e  a r e  e x p e r i m e n t a l  a n d  t h e o r e t i c a l  r e a s o n s  

t o  e x p e c t  t h a t  g a t i n g  c u r r e n t s  in  s o d i u m  a n d  p o t a s s i u m  c h a n n e l s  wi l l  c o n -  

t r i b u t e  t o  a s y m m e t r i c  d i s p l a c e m e n t  c u r r e n t s  in  m u s c l e .  
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Fig. 21 a-e.  Asymmetric displacement currents during test depolarizations going 
slightly bexond the transition potential by the amounts indicated. (a) from the same 
fiber as in Figure 20a, b from the same experiment as Figure 20b, etc., and under 
precisely the same experimental conditions and pulse protocols. An exception is trace 
(c) where the holding potential was - 80 mV and the control pulse went from - 130 
to - 80 mV. Baselines (dashed) or steady levels (solid) are indicated. Dashed line in 
(a) indicates possible time course of displacement current underneath a developing 
outward current through the K* channel. Note pronounced hump in trace (e)• Frog 
muscle; details as in Figure 20 

Sodium channels. Asymmet r i c  d isp lacement  cur rents  in muscle  are too  
slow to  be conce rned  solely wi th  sodium channel  gating. Based on  the  
n u m b e r  o f  sod ium channels  in frog muscle  and the p robab le  gating charge 
per  channel ,  Table  3 shows tha t  sodium channel  gating cur ren ts  should 
con t r i bu t e  at mos t  one - t en th  to  one- th i rd  o f  the  to ta l  observed charge dis- 
p l acement  (Almers and Levinson, 1975) .  Th e  figures given are uppe r  l imits  
in tha t  t h e y  depend  on  assuming the  ent i re  a symmet r i c  charge displace- 
m en t  o f  squid nerve to  arise in sod ium channels• Clearly,  there  are t o o  few 
sod ium channels  to  a c c o u n t  fo r  all t he  a symmet r i c  charge d isp lacement  in 
muscle.  

Under  a s tep depolar iza t ion ,  sod ium channel  gating cur ren t  would  
appear  as an  initial " sp ike"  super imposed  on  the  s lower por t ions  o f  asym-  
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Table 3. Expected contributions of gating currents to charge movements in frog skele- 
tal muscle 

Number q Qmax 
(/lm -2 of (electronic (nC//IF) 
cylinder charges) 
surface) 

Reference 

Na+ channels 380 (1) 3-13 (2) 26-113 

K* channels 10-20 (3) 8-10 (4) 0.2-0.5 

Total observed 25 (5) 
29 (6) 
32 (7) 

(1) Almers and Levinson ( 1975) 
(2) Table 2 

(3,4) Almers (1977) 

(5) Chandler et al. (1976a) 
(6) Almers and Best (1976) 
(7) Adrian and Almers (1976b) 

Qmax, maximal expected gating charge; q, gating charge per channel. (1) From tetrodo- 
toxin binding; a similar result was obtained also by others (Jaimovitch et al., 1976; 
Ritchie and Rogart, 1976). (3) Obtained by dividing the maximal K + channel in iso- 
tonic media by the estimated conductance for a single K + channel (4 pmho); noise 
analysis on frog myelinated nerve byBegenisich and Stevens (1975). (4) From measure- 
ments of limiting logarithmic potential sensitivity. (5, 7) Hypertonic media. (6) Tetra- 
caine-poisoned isotonic medium. Membrane capacity was assumed to be 7/~F/cm 2 of 
cylinder surface. 

metric displacement current; even if Qmax for sodium channels is only 
one-tenth of  the total, the gating current amplitude should be as large as 
or larger than that o f  the observed currents. Sodium channel gating cur- 
rents should, therefore,  in principle be large enough to see in frog skeletal 
muscle, and may have been seen byHille and Campbell (1976). Their failure 
to appear prominently in all other  studies so far is probably due to (1) the 
relatively slow microelectrode voltage-clamp techniques usually employed 
and, (2) the possibility that more than half o f  all sodium channels reside 
in the transverse tubules (Jaimovitch et al., 1976) where a step sarcolemmal 
potential change can reach them only after a delay. Both factors would 
tend to prolong the gating current transient and diminish its amplitude. 
Sodium channel gating currents may contribute significantly, though not 
predominantly,  to the relatively rapid outward transients in Figures 20 
and 21. 

Potassium channels. On kinetic grounds, an association between delayed 
K ÷ channels and asymmetric displacement currents may seem likely. How- 
ever, unless the gating charge o f  a single potassium channel exceeds that of  
a sodium channel more than tenfold, there are far too  few K ÷ channels in 
muscle membrane to contr ibute appreciably to the total charge observed 
(Table 3). Present evidence (failure of  K ÷ gating currents to appear in 
nerve, Chandler et al., 1976b, and Armstrong and Bezanilla, 1977; the 
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limiting logarithmic potential sensitivity of  K ÷ channels in muscle, Almers, 
1976) does not indicate that a K ÷ channel requires substantially more gat- 
ing charge than a sodium channel. There is other evidence against K + chan- 
nels as major contributors to the observed asymmetric displacement cur- 
rents. (1) Chandler et al. (1976b) found that the sudden withdrawal of 
glycerol from glycerol-loaded fibers (Eisenberg and Eisenberg, 1968) 
strongly reduced asymmetric displacement current but probably not the 
number of  functional K ÷ channels. This statement relies on the reasonable 
assumption that K ÷ outward currents at extreme depolarizations are pro- 
portional to the internal K ÷ activity, as they are in squid giant axons 
(Chandler et al., 1965). (2) Almers (1976) has studied the effects of  a 
local anesthetic, tetracaine, on potassium and asymmetric displacement 
currents. The drug (2 mM) was found to slow the opening of K ÷ channels 
fourfold, as well as shift their voltage dependence to 24 mV more positive 
potentials. Despite these large effects on the gating of potassium channels, 
effects of  the drug on asymmetric displacement currents were minimal 
(see, e.g., Figs. 20 and 21). Tetraethylammonium ions, another agent 
known to slow K ÷ conductance changes (Stanfield, 1970), is also without 
measurable effects on the displacement currents (Almers, 1976). Presently 
published evidence, therefore, unanimously suggests that the contribution 
of  delayed K ÷ channels to the observed displacement currents is negli- 
gible 14 

Since sodium and potassium channels are unlikely to be major contri- 
butors to displacement currents in muscle, one turns next to contractile 
activation, one of the most steeply potential-sensitive processes known. 

D. Excitation-Contraction Coupling 

The contractile proteins in a muscle fiber will contract and develop force 
when the myoplasmic Ca 2÷ concentration, [Ca]~ +, is sufficiently high. 
[Ca]~ ÷ is controlled by a system of intracellular vesicles, the sarcoplasmic 
reticulum (called SR in the remainder). The SR occupies roughly 10% of 
the fiber volume and its membrane area is about 100 times larger than the 
smooth surface of  a cylindrical muscle fiber (Peachey, 1965). Most of  this 
membrane area is densely populated with a protein of 110,000 molecular 

14 Adr ian  and Peres (1977) have recently pointed out that the hump sometimes seen 
in moderately hypertonic media in the presence of TEA + resembles the time derivative 
of K + conductance changes in the. absence of TEA +, and have suggested that it may, 
therefore, represent a portion of the K + gating current. There is at present little evi- 
dence for this provocative suggestion. However, the fact that it has been made illus- 
trates that the case against a significant contribution from K*-channels is not univer- 
sally accepted. 
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weight, a Ca 2÷ pump. The pump captures Ca ions in the myoplasm and 
transfers them into the lumen of the SR. Due to the pump, the Ca content 
of  the lumen is high - about 10-2 M - and [Ca] s+ in the myoplasm at 
rest below 10-7 M. During activity, the SR releases Ca ~÷, probably via a 
Ca2+-permeable ionic channel in the SR membrane. We know virtually 
nothing about this hypothetical Ca ~+ channel other than what might be 
inferred from the fact that muscle contraction is regulated by the (tubular) 
membrane potential (Hodgkin and Horowicz, 1960; Adrian et al., 1969; 
Heistracher and Hunt, 1969a,b). Depolarization causes contraction and, 
presumably, Ca 2÷ release, and repolarization stops both processes. This 
strongly suggests that depolarization (repolarization) causes the Ca ~÷ chan- 
nel to open (close). 

In order for the membrane potential in the T-system to influence an 
ionic channel in the SR, the two membrane systems must interact. On 
morphologic grounds, the most likely site for this to happen is where SR 
and T-system meet in close apposition and form a structure called "triad" 
(for the anatomy of the triad, see Franzini-Armstrong, 1970). The nature 
of this interaction is entirely unclear, but one might expect that it begins 
with the movement or structural change of a voltage sensor in the tubule 
membrane. Schneider and Chandler (1973) and Chandler et al. (1976b) 
have suggested that most of the asymmetric displacement current in skel- 
etal muscle arises in this voltage sensor. More specifically, they suggested 
that the triadic gap between T-system and SR is bridged by long macro- 
molecules, which sense the tubule membrane potential with one end and 
with the other open or close Ca ~+ permeable channels in the neighboring 
SR. The remainder of this section will discuss the evidence linking asym- 
metric displacement currents in muscle - or charge movements, as Chand- 
ler et al. (1976a,b) call them - with Ca 2÷ release from the SR. Once again, 
two strategies will be explored: (1) correlations between block of charge 
movements and block of muscle contraction, (2) correlations between 
charge movements and the gating of Ca 2+ channels. 

E. Block of Charge Movement and Muscle Contraction 

Agents and experimental maneuvers of interest here are those that block 
contraction by blocking the intracellular Ca 2÷ release induced by cell 
membrane depolarization. They are glycerol treatment, long-lasting mem- 
brane depolarization, and treatment with some local anesthetics. 

Glycerol treatment. Sudden glycerol withdrawal from glycerol-loaded mus- 
cles disrupts the transverse tubular system, or at least its continuity with 
the extracellular space (Eisenberg and Eisenberg, 1968; Franzini-Armstrong 
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et al., 1973). The technique seemed suitable for deciding whether charge 
movements occur across sarcolemma or T-system membranes. In the exper- 
iments o f  Chandler et al. (1976b), glycerol t reatment reduced the effec- 
tive static capacity by about one-third, consistent with a disruption or dis- 
connection of  about 40% of  the T-system. Maximal charge movement was 
reduced by about two-thirds, so glycerol treatment is more effective in 
producing block of  charge movement than in disconnecting transverse 
tubules. Thus, the one cannot be solely a consequence of  the other. While 
this finding is disappointing in that the treatment cannot be used to local- 
ize charge movements, it does have a pharmacologic parallel: The muscle 
twitch is also more sensitive to glycerol treatment than could be explained 
by tubule disruption alone (Dulhunty and Gage, 1973). Perhaps glycerol 
t reatment  has a more pronounced effect on the SR-tubule junction than 
on the tubule-sarcolemmal junction,  thereby interfering with Ca:+-release 
in response to tubule membrane depolarization. 

Long-lasting depolarization. Like sodium channel gating currents, charge 
movements are reversibly blocked by long-lasting depolarization is. At 
- 20 mV, block is from 70% (Adrian and Almers, 1976b, their Fig. 13) to 
100% complete (Chandler et al., 1976b; Adrian and Almers, 1976b, their 
Fig. 9). The time course o f  the effect suggests first-order kinetics with a 
time constant o f  about 20 s at - 2 1  mV and 1°-2°C;  reversal at - 8 0  mV 
occurs with a time constant of  about 40 s (Chandler et al., 1976b) or 

1 O0 s (Adrian et al., 1976) depending on pulse protocol. Muscle's contrac- 

1 s Although conventional charge movement disappears under maintained depolariza- 
tion, asymmetric displacement currents can still be recorded in depolarized fibers if 
control pulses are taken at positive potentials (Adrian and Alrners in Almers, 1975). 
Furthermore, the static membrane capacity remains voltage dependent (Adrian and 
Almers, 1976a; Schneider and Chandler, 1976). Charge movements in depolarized 
fibers - called "charge 2" by Adrian and Almers (1976b) and Adrian et al. (1976) - 
are similar in size to the conventional charge movements (charge 1) in polarized fibers. 
However, the voltage dependence of charge 2 is less steep, the charge/voltage curve 
varying over the entire range of experimentally accessible potentials. Most likely, this 
second type of charge movement occurs independently of the holding potential in 
both polarized and depolarized fibers (Adrian et al., 1976). Since the voltage depen- 
dence of relaxation rates and equilibrium parameters is relatively slight, charge 2 does 
not contribute prominently to asymmetric displacement currents recorded in the con- 
ventional way. When control pulses are taken at sufficiently negative potentials, pro- 
portionally about the same displacements of charge 2 will occur during test and con- 
trol pulses, and little or no charge 2 will remain after the subtraction (Almers, 1975). 

Charge 2 may be responsible for the gradual decline in static capacity observed in 
Figure 12 (top) at very negative potentials. We do not know whether charge 2 in skel- 
etal muscle is related to the asymmetric displacement currents recorded from depolar- 
ized squid giant axons under similar conditions (Keynes et al., 1974). It seems possible 
that both in squid and skeletal muscle, these depolarization-resistant asymmetric dis- 
placement currents arise in nonspecific membrane proteins. 
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tile response to cell mebrane depolarization is also blocked by maintained 
depolarization (Hodgkin and Horowicz, 1960). A muscle fiber will respond 
with a "K ÷ contracture" to membrane depolarization by K÷-rich external 
media, and then relax spontaneously. After relaxation is complete, the 
Ca ~+ release mechanism is inactivated (refractory), and no other contrac- 
tion can be elicited by changes in membrane potential unless the fiber is 
allowed to recover (reprime) at the resting potential. The final time con- 
stant of  relaxation in K÷-rich media, possibly the "inactivation time con- 
stant" of the release mechanism, is about 10 s at 0 mV; half-time of recov- 
ery is about 1 min at - 80 to - 90 mV (3°C, Caputo, 1976a,b). Both are 
of the same order of magnitude as the time constants of loss and reappear- 
ance of charge movement. 

Tetracaine. The local anesthetic tetracaine inhibits the contractile response 
to cell membrane depolarization (Liittgau and Oetliker, 1968). Further 
investigation of this effect (Almers and Best, 1976) has shown that in 
"skinned" fibers where the sarcolemma has been removed mechanically, 
this inhibition is observed only when contraction depends on calcium 
release from internal stores as, for example, during exposure to the cal- 
cium-releasing agent, caffeine. When Ca 2÷ is applied directly to the con- 
tractile proteins, tetracaine (2 mM) diminishes neither the force developed 
by a skinned fiber nor its sensitivity to Ca 2÷. Therefore, the drug blocks 
contraction in intact fibers by inhibiting Ca 2÷ release from the sarcoplas- 
mic reticulum. Tetracaine effects on the strength-duration curves for con- 
tractile activation (Fig. 22) are consistent with the drug blocking 82% and 
96% of all release sites at 0.5 and 2 mM concentration (see later). Despite 
this large effect on Ca 2+ release, tetracaine has little or no effect on charge 
movements (Almers and Best, 1976; see Figs. 20, 21 and Table 3) other 
than possibly eliminating the hump sometimes observed in moderately 
hypertonic media. It may shift the charge-voltage dependence to 4 mV 
more positive potentials, but does not, within an experimental error of 
perhaps -+ 30%, affect any other parameter of charge movements. 

Conclusion. Attempts to obtain parallel block of contraction (Ca ~÷ release) 
and charge movements have given results which are consistent with, but 
do not prove, a relationship between these two events. In the first two 
examples, it is not clear whether the contraction-blocking effects of glyc- 
erol treatment and membrane depolarization are related to their effects on 
charge movements. Glycerol treatment has many poorly understood 
effects, and long-lasting membrane depolarization shows a general ten- 
dency to eventually inhibit the processes which it transiently activates. On 
the other hand, the failure of tetracaine to block charge movements is not 
necessarily evidence aginst their involvement in regulating Ca 2÷ release nor 
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even against a direct linkage (Chandler et al., 1976b) between the mole- 
cules giving rise to charge movements and the hypothetical Ca 2÷ channel 
in the SR. For example, tetrodotoxin blocks ion flow through the sodium 
channel without appreciably disturbing the "gating currents" arising in 
that channel. 

F. Attempts to Correlate Charge Movements with the Gating 
of a Hypothetic Ca 2+ Channel in the SR 

Cell membrane depolarization and contractile response are only the begin- 
ning and end of a long chain of events, with many steps intervening. This 
fact is one of the most serious difficulties in the study of excitation-con- 
traction coupling. Ideally, one would like to have a measurement related 
to the number of open Ca 2÷ channels in the SR membrane, just as in nerve 
membrane one has the sodium conductance as a measure of the number of 
open sodium channels. However, electrical observation of events in the SR 
membrane is at present impossible. Optical signals possibly related to SR 
membrane potential changes (Bezanilla and Horowicz, 1975; Oetliker et al., 
1975) may become useful in the future and are now under intensive inves- 
tigation (Baylor and Oetliker, 1977a,b,c; Kovacs and Schneider, 1977). 
Further interesting information may be obtained by using the Ca2÷-acti - 
vated, bioluminescent protein aequorin (Taylor et al., 1975) or certain 
dyes, such as arsenazo-III (DiPolo et al., 1976) as indicators of myoplasmic 
Ca :÷ concentration (Miledi et al., 1977). Future results with these new 
optical methods are anxiously awaited. So far, however, almost all infor- 
mation on the regulation of Ca 2÷ release by the cell membrane potential 
has come from monitoring contraction, that is, from using the contractile 
proteins as an indicator for Ca 2+ release. The most promising experimental 
technique is that of Heistracher and Hunt (1969a) and Bezanilta et al. 
(1972) who voltage-clamped short muscle fibers and simultaneously re- 
corded tension. However, some of the best analyzed results so far have 
been obtained by using voltage-clamp techniques for mapping the depen- 
dence of contraction threshold on membrane potential. This highly in- 
direct approach was introduced by Adrian et al. (1969). In order to out- 
line the many assumptions one needs to make before conclusions can be 
reached, it is convenient to begin by describing an experiment which is 
interpreted only later. 

Strength-duration curves. In experiments such as in Figure 22, a muscle 
fiber is voltage-clamped at - 100 mV, close to the normal resting poten- 
tial, and observed under a microscope. Periodically, depolarizing pulses are 
applied, whose duration (abscissa) and amplitude (ordinate) are adjusted 
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Fig. 22. Strength-duration curves for contractile activation. External medium contained 
90 mM Na2 SO4, 5 mM Rb2 SO4, as well as Ca 2+, buffer at pH 7.0 and TTX to block 
sodium channels. The ionic strength of this solution was twice that of Ringer's fluid, 
hence the abnormally positive rheobasic threshold of - 35 to - 38 mV. Open symbols 
from one muscle, closed symbols from another. Tetracaine (Tet) present as indicated. 
Data from Almers and Best (1976), and unpublished material. Holding potential 
- 100 inV. Frog muscle, 5°C 

to produce a threshold contaction. All experimental points in Figure 22 
define pulses which were just strong enough and long enough to give a just 
visible flicker o f  contraction under the microscope. Together, they define 
strength-duration curves of  contractile activation. 

In interpreting strength-duration curves, we assume that ( 1 ) a threshold 
contraction will result whenever the myoplasmic Ca 2+ concentration has 
risen to a certain value which is unknown but constant.. 

Two parameters of  these curves are of  particular interest: the threshold 
potential for activation with long (0.1-1 s) pulses, called rheobase, and 
the threshold duration of  a strong depolarization to 50 or 100 mV, called 
minimum stimulus duration (abbreviated msd). At rheobase, Ca 2÷ uptake 
by and release from the SR must be equal; that is, the number of  open 
Ca 2+ channels is just large enough to balance the activity of  the Ca 2÷ pump. 
If  a t reatment inhibited or inactivated Ca 2+ channels more (less) than the 
pump, one might expect the rheobase to shift in the negative (positive) 
direction. At positive potentials, Ca 2÷ release will ordinarily exceed uptake, 
and if the msd gives an estimate of  the time needed by the SR to release 
a threshold amount  o f  Ca ~+ into the myoplasm, then block or inactivation 
of  some Ca 2÷ channels in the SR might show up as a lengthening of  the 
msd. In the presence o f  tetracaine (0.5 mM and 2 mM in Fig. 22), the msd 
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is greatly lengthened suggesting strong inhibition of Ca 2÷ release; the ab- 
normally positive rheobase indicates that the drug inhibits Ca 2÷ release 
more strongly than Ca 2÷ uptake. Strength-duration curves are readily 
measured in the presence of other pharmacologic agents. Such studies 
(Almers, 1977) show that among local anesthetics, tetracaine and dibu- 
caine (not shown) are extreme in their ability to block Ca 2÷ release. Pro- 
caine lengthens the msd while making the rheobase more negative; the 
drug probably inhibits uptake more than release. Lidocaine makes the 
rheobase more negative without lengthening the msd, most likely the drug 
inhibits Ca 2÷ uptake only. 

In all further discussions, we will make additional assumptions: (2) The 
SR Ca 2÷ pump is not directly influenced by the cell membrane potential. 
I t s  activity is determined only by the myoplasmic Ca ~÷ concentration. 
(3) Ca 2÷ release by an open Ca ~÷ channel is constant over the times and 
conditions of concern here. 

With these untested but plausible assumptions, rheobase and msd can 
be used to obtain information about the relative number of open Ca 2÷ 
channels. Unfortunately, kinetic and equlibrium information about the 
Ca 2÷ channel gating system are inextricably mixed in the curves of Fig. 22, 
and it is convenient to consider next a slightly different kind of experiment. 

A n  a t t empt  to determine the dependence o f  Ca 2÷ release on the cell mem- 
brane potential  16. In the experiment of Figure 23, the fiber is kept chron- 
ically at a potential ( -  21 mV) producing complete mechanical refrac- 
toriness, and presumably complete inactivation of all Ca ~÷ channels. 

Periodically, the membrane is stepped to - 120 mV for a time (t) 
(ordinate) and then depolarized to a variable potential V (abscissa). Dur- 
ing repolarization, some Ca 2+ channels recover from inactivation, and the 
stronger the following depolarization, the more of them open. If the num- 
ber open reaches a certain value, Ca 2÷ escape through them will balance 
(or slightly outweigh) uptake by the pump, and, since the potential (V) is 
maintained for 2 -10  s, a contraction will eventually occur. All points in 
Figure 23 may, therefore, be assumed to define pulse patterns where the 
number of Ca 2÷ channels opened by the final depolarization reached an 
unknown, but constant, value. By increasing the recovery interval (t), we 
increase the pool from which open channels can be recruited, and by in- 
creasing the final (depolarized) potential, one can increase the fraction of 
recovered channels which will open. On this basis, one expects (and finds) 
that the stronger the final depolarization, the shorter the recovery period 

16 In the interest of clarity, the description of Adrian et al's (1976) work given here 
is a great deal less cautious than the original paper. Adrian et al. (1976) should not be 
held responsible for the present overinterpretation of their experiments. 
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Fig. 23. Recovery interval (t) 
(ordinate) necessary to give a 
just-visible contraction during 
depolarization to the potential 
(V) (abscissa). For pulse pattern 
see inset. Pulses represented by 
filled symbols did, those by 
open circles did not, give a con- 
traction. External medium iden- 
tical to that of Figure 22 except 
that 90 mM Na2SO4 was re- 
placed with 50 mM (TEA)] SO4 
and 40 mM Rb2SO4. Vertical 
dahed line represents the rheo- 
basic contraction threshold in 
the fully recovered fiber. Rest- 
ing potential - 27 mV. Frog 
muscle, 4 .1-4.4°C.  From 
Adrian et al. (1976) 

required for contraction, until a minimum value is reached (about 3 s in 
Fig. 23) below which contraction is impossible regardless of the final 
depolarization. The curve becomes horizontal, indicating that the voltage 
dependence o f  contractile activation saturates at positive potentials. 
Under our assumption, depolarization to 20-40  mV must open all re- 
covered Ca 2÷ channels, since otherwise one should, by stronger final de- 
polarization, be able to obtain contraction with shorter recovery intervals. 

The steady-state voltage dependence of Ca ~+ channels could be partial- 
ly reconstructed from the experiment if one knew the time course with 
which Ca ~+ channels recover from maintained depolarization. Adrian et al. 
(1976), therefore, made an additional assumption: 

(4) Recovery of Ca 2+ channels from inactivation proceeds linearly 
with time. 

With this assumption, the fraction of recovered Ca 2+ channels opened 
at the potential (V) (the total number of open channels at threshold being 
constant) should be proportional to the reciprocal of the recovery interval. 
For example, after 6 s recovery in Figure 23, one should have recovered 
twice as many Ca 2÷ channels as after 3 s; contraction threshold at - 20 mV 
then indicates that half of all recovered channels opened at that potential. 

Figure 24 shows the average "steady-state activation curve" for Ca 2+ 
channels obtained in this way (curve A). Also shown (B) is the curve 
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Fig. 24. Steady-state voltage dependence of threshold activation obtained from experi- 
ments as in Figure 23. Curve A (dashed) gives 1/t normalized so 1/t = 1 at extreme 
positive potentials. The curve is, on average, the best least-squares fit of 

1/t = F (V) 

to the data of  Adrian et al. (1976), where 

F (V) = 1/1 + exp [ ( V -  V)/~] 

and V = - 21.5 mV and K = t0.9 mV(Adrian et al., 1976). This equation is formally 
identical to the two-state, constant dipole equation [Eq. (21)]. Curve B (solid) plots 
the function G (V) obtained from curve A by 

1 - exp ( - ¢) 
G (V) = 

1 - e x p  [ - q~/F ( V ) ]  

where ~b = 0.25. With the assumptions outlined in the text, these curves give the frac- 
2+ tion of open Ca channels if recovery from inactivation proceeds linearly (curve A) 

or exponentially (curve B); 4) = 0.25 is the fraction of Ca 2+ channels open at rheobase 
in a fully recovered fiber; rheobase was assumed to be at - 43 mV for the calculation 
of G (V). With a mean minimum recovery time of 3.4 s and ~b = 0.25, the time con- 
stant of recovery becomes 13.7 s, in reasonable agreement with the recovery of charge 
movement at - 80 mV (Chandler et al., 1976b). Note that G (V) and F (V) can be 
determined from contraction thresholds only over the range 0.25-1.00.  The data of 
Adrian et al. allow F (V) and G (V) to be reconstructed only at potentials positive to 
- 30 mV, so there is no experimental basis for curve B between - 43 mV and - 30 mV. 

Included for comparison is the average charge/voltage curve (C, dotted) obtained 
in a medium virtually identical to that of Figure 22 containing 2 mM tetracaine 
(Almers and Best, 1976, their Table 2). Frog muscle, 1 -5°C  

o b t a i n e d  f r o m  t h e  same  da ta  if  t i m e  cou r se  o f  r e c o v e r y  is a s s u m e d  to  be 

e x p o n e n t i a l  w i t h  t i m e - c o n s t a n t  13.7 s, a p e r h a p s  m o r e  r e a s o n a b l e  a s s u m p -  

t i o n  (Adrian et al.,  1976) .  T h e  curve  is s o m e w h a t  f l a t t e r  and  sh i f t ed  t o  t h e  

left .  A s igmoid  r e c o v e r y  t i m e  cou r se  (see,  e.g., Heistracher a n d  Hunt, 
1 9 6 9 a , b )  w o u l d  have  g iven  a cu rve  w h i c h  is s t eepe r  a n d  sh i f t ed  t o  t h e  

r ight .  Curve  C, f o r  c o m p a r i s o n ,  s h o w s  t h e  average  cha rge -vo l t age  curve  o b -  

t a ined  (Almers and  Best, 1 9 7 6 )  in a t e t r a c a i n e - p o i s o n e d  b u t  o t h e r w i s e  

nea r ly  iden t ica l  m e d i u m .  I t  m a y b e  c o n c l u d e d  (Adrian et al., 1 9 7 6 ) t h a t  
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within experimental uncertainties, the charge/voltage distribution curve 
and the steady-state activation curve for the SR-Ca 2÷ channel are similar in 
shape and position on the abscissa. If both curves coincided, it would fol- 
low that each aliquot o f  charge transfer opens a constant number of  Ca 2÷ 
channels, a behavior very different from that of  sodium channels in the 
cell membrane. Adrian et al. (1976) also measured charge movements  in 
partially reprimed fibers; in one case, both the charge/voltage curve and 
part o f  the Ca 2÷ channel activation curves were measured on the same 
fiber. Within the large experimental uncertainties, the two curves were 
found to coincide. 

Further interpretation of  strength-duration curves. Among the conclusions 
reached in the foregoing discussion, the saturation of  voltage-dependence 
of  contraction in severely inactivated fibers relies on the fewest assump- 
tions. Yet the strength-duration curve of  a normal fiber ( "con t ro l "  in 
Fig. 22) shows no evidence of  saturation. The more extreme the depolari- 
zation, the less the duration of  a threshold pulse. This feature is not a con- 
sequence of  tubular delays (Costantin, 1974),and must therefore reflect 
properties of  the Ca ~÷ channel gating system. In explaining this effect, one 
considers that the amount  o f  Ca ~÷ released due to a depolarizing pulse can 
depend not  only on the steady-state relation between cell membrane 
potential and the number of  open Ca ~÷ channels, but  also on the (poten- 
tial-dependent) rate with which Ca 2÷ channels open and close. Even if cell 
membrane depolarizations to both  50 and 100 mV could eventually open 
all Ca 2÷ channels, the threshold pulse duration at 100 mV may still be less 
than at 50 mV simply because Ca 2÷ channels at 100 mV open more 
quickly. 

On the other  hand, under conditions where the msd is long compared 
to the response time of  Ca :÷ channels, the strength-duration curve at posi- 
tive potentials may be expected to reflect only the steady-state properties 
of  the Ca 2÷ channel gating system. This is most likely the case when a Ca 2÷ 
release inhibitor, such as tetracaine, is present. Whereas in a normal fiber, 
contract ion can be elicited by 1 - 3  ms depolarizations, it appears that 
whatever Ca 2÷ channels remain intact in tetracaine must remain open for 
at least 16 ms (0.5 mM) or 73 ms (2 mM) to release a threshold amount  of  
Ca 2+ into the myoplasm. The strength-duration curves are now vertical at 
positive potentials, showing the expected saturation of  the voltage depen- 
dence of  contractile activation. Comparison of  strength-duration curves 
with and without  tetracaine therefore suggests that 2 ms is insufficient, 
but  16 ms ample time for all Ca 2÷ channels to open under a depolarization 
to positive potentials. 

The kinetics of  charge movement  (tetracaine-poisoned fibers) fall 
within these constraints. In Figure 25, kinetic and steady-state charge 
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movement parameters were used in a partial reconstruction of  the strength- 
duration curves. It was assumed that the number of  open Ca ~÷ channels is 
at all times proportional to the amount  of  charge in the depolarized 
(active) configuration. The maximal Ca 2÷ release rate (or number of  func- 
tional channels) was assumed to be reduced 5.6-fold (0.5 mM) or 25-fold 
(2 mM) in the presence of  tetracaine. The calculated curves reproduce the 
main feature of  the observation, namely, that a vertical strength-duration 
curve results when the msd is long (as it is in tetracaine-poisoned fibers) 
but not when Ca ~÷ release is as rapid as in normal fibers. The treatment 
fails at negative potentials, perhaps in part because the activity of  the Ca ~÷ 
pump has been neglected. 

o 

... 50 
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0.:5 m M  2raM 
tetracoine 

100 

10 I00 

Pulse duration (ms) 

Fig. 25. Partial reconstruction of the data in Figure 22 using charge movement para- 
meters obtained in a solution identical to that of Figure 22 except that TEA ÷ replaced 
Na* and 2 mM tetracaine were added. Neither TEA ÷ nor tetracaine have large effects on 
charge movements (Almers, 1976). Method of reconstruction and parameters of charge 
movement are the same as in Figure 11 of Almers and Best (1976). It was assumed 
that 0.5 mM tetracaine blocked 82% and 2 mM tetracaine 96% of all release sites. 
From Almers and Best (1976) and unpublished material. Frog muscle, 5°C 

Conclusion. The gating of  Ca 2+ release, as reflected by measurements of  
contraction thresholds, is consistent with an instantaneous, one-to-one 
correspondence between charge displacement and open Ca 2÷ channels. 
However, this conclusion is based on many untested assumptions, and 
measurement uncertainties are large. The correlations established here are 
far less tight than those established by Keynes and Rojas (1976) between 
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sodium channel gating currents and the behavior of the hypothetical m- 
particle of  the Hodgkin-Huxley model. Yet on the basis of  additionalgat- 
ing current measurements, it is now clear that gating currents are irrevoc- 
ably inconsistent with m particles. Our considerations on muscle do not 
even remotely approach, in accuracy or detail, those which were required 
in squid axons to first establish and then rule out the m-particle model for 
sodium channel gating. 

G. Possible Implications of  Charge Movements for Excitation-Contraction 
Coupling 

The evidence for a role of  charge movements in regulating intracellular 
Ca 2÷ release and contraction rests on the following: 

1. Charge movements are large and steeply potential dependent. 
Except for a relatively small portion, they seem to be related to neither 
sodium nor potassium channels. The only other steeply potential-depen- 
dent process of  major physiologic importance is contraction. 

2. Some treatments inhibit charge movements, as well as the contrac- 
tile response to cell membrane depolarization. 

3. On the basis of  contraction threshold measurements, it appears that 
the voltage and time dependence of  a hypothetical Ca 2+ channel in the SR 
correlates well, or even coincides, with the voltage and time dependence of 
charge movements. 

The above evidence is suggestive, but not conclusive. For instance, it 
seems possible that only a portion of the observed displacement currents 
have to do with contraction, such as the hump in Figure 21 or the so far 
poorly defined, relatively slow and steeply potential-dependent fraction of  
charge movements. It would clearly be helpful to decompose charge move- 
ments into well-characterized components, using voltage dependence and 
pharmacologic properties as criteria. The localization of charge move- 
ments (T system vs. sarcolemma) in particular is unclear at present and 
could be investigated, for example, by creating steady-state potential dif- 
ferences between sarcolemma and T system (see Adrian and Almers, 1974; 
Schneider and Chandler, 1976) and taking advantage of  the steep potential 
dependence of  rate of  charge recovery from maintained depolarization 
(Adrian et al., 1976). The point is important, because any component  of 
charge movement residing in the sarcolemma would at once be unlikely to 
participate in the regulation of  Ca 2+ release. Studies along these lines will 
be difficult, but it is hard to see how further progress in the field can be 
made without them. Useful recent at tempts at separating charge move- 
ments into components have been made by Adrian and Peres (1977). 
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It may be of interest to list some implications of charge movements 
for the mechanism of excitation-contracting coupling. 

1. An upper limit on the number of  voltage-sensing units for intracel- 
lular Ca 2÷ release. If the charge/voltage curve (e.g., Fig. 2) is fitted with 
the two-state, constant-dipole equation [Eq. (21)], one obtains a logarith- 
mic voltage sensitivity corresponding to three (Schneider and Chandler, 
1973; Chandler et al., 1976b) or two (Adrian and Almers, 1976a; Almers 
and Best, 1976; Almers, 1976) electronic charges per voltage-sensing unit. 
These figures are lower limits, since the steady-state characteristics for charge 
displacement is often more steeply potential-dependent at negative than 
at positive potentials. Dividing the total charge observed at saturating 
depolarizations, 30 nC//aF, by the minimum charge per voltage-sensing 
unit, one obtains 6.25 x 101° to 9.4 x 101° per/aF of static capacity as an 
upper limit for the number of voltage sensors. If there are about 0.6 cm 2 
of tubule membrane associated with each ~F of total cell membrane 
capacity, voltage-sensing units are distributed in the T-system membrane 
at a density of no more than 1000-1500ham 2 . As pointed out by Schnei- 
der and Chandler (1973), this number is similar to the number of electron- 
dense bridges between tubule and SR membranes, 500-1000/tam 2 of 
tubule membrane (Franzini-Armstrong, 1970). The similarity has led 
Schneider and Chandler (1973) to suggest a role of these "bridges" in 
excitation-contraction coupling. With 1000 voltage sensors//am ~ , the rate 
of Ca 2÷ release from the SR during contractile activation would be between 
2000 and 100,000 Ca ions per second and voltage sensor (Almers, 1975; 
Almers et al., 1975; Chandler et al., 1976b).. Since ion transit rates 
through known ion-permeable pores can exceed this number 10- to 1000- 
fold, one would probably need only one Ca 2÷ channel per voltage sensor, 
perhaps in the immediate neighborhood of a T-system-SR-bridge, in order 
to satisfy the calcium requirements for contractile activation in muscle. 

2. Other conclusions whichwould follow if charge movements regulate 
contraction. (a) Under maintained cell membrane depolarization, inactiva- 
tion of Ca 2÷ channels in the SR, like that of sodium channels in nerve, is 
accompanied by immobilization of the voltage sensor. (b) It is possible to 
block the Ca 2÷ channel in the SR, as with tetracaine, without measurably 
interfering with the voltage sensor for that channel. 

VI. Other Systems 

Besides in axons and muscle fibers, asymmetric displacement currents have 
been recorded in snail nerve cell bodies (Adams and Gage, 1976; Krishtal 
and Pidoplichko, 1976; Kostyuk et al., 1977). Asymmetric displacement 
currents in Helix pomatia neurones recorded at 25°C decline about ten 
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times faster than those in muscle at 2 - 5  ° C; it seems possible that, if inves- 
tigated at the same temperature,  their kinetics in the two tissues would be 
similar. Kos tyuk  et al. (1977) have suggested that the asymmetric displace- 
ment  currents in H. pomatia neurones are gating currents for a Ca 2+ chan- 
nel in the cell membrane, since internal fluoride ( 1 0 0 - 2 0 0  m M ) b l o c k s  
both the Ca 2+ channel and the asymmetric displacement currents. 

Asymmetric displacement currents have so far been found in all cells 
where they have been looked for. It seems safe to predict that a t tempts  to 
record them will be made in many other cells. These at tempts  will prob- 
ably succeed. Capacitive transients during equal-and-opposite pulses will 
never completely cancel, if only because biologic membranes are seldom 
that perfect. Although much may ultimately be learned from studying 
asymmetric displacement currents in all kinds of  tissues, considerable ex- 
perimental effort may be necessary before a physiologic significance of  
such currents is established. 

So far, the discussion has centered on probable intramembrane dipole 
moment  changes due to cell membrane potential changes. For complete- 
ness, one should refer to a case where such dipole moment  changes are 
caused by  other  energy sources. In photoreceptors  of  vertebrate retinae, 
bright light flashes produce brief transmembrane currents; these are 
thought to be displacement currents caused by photoisomerization of  a 
membrane protein, rhodopsin. They cause the "early receptor potential"  
which has been recorded extracellularly (Brown and Murakami, 1964) and 
intracellularly (Murakami and Pak, 1970; Hodgkin and O'Bryan, 1977). 
The early receptor potential is probably no more than a byproduct  in the 
visual process, and any information contained in it is most likely discarded 
by the CNS during further processing. Nevertheless, the effect has been 
investigated fairly extensively (Cone and Pak, 1971 ) and is of  interest as a 
signal which can be recorded in intact cones and is correlated with some 
o f  the first events in the visual process. 
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