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1 Introduction

Extensive networks of nerve fibres are found in the muscle and mucosa in the
intestine. Most of these fibres arise from ganglion cells in the myenteric or
submucous plexuses, whereas a relatively small proportion arise from extrin-
sic ganglia. Although considerable attention has been paid to the innervation
of the external musculature and the control of motility, until the past few
years comparatively little interest has been shown in the distribution and roles
of nerve fibres in the mucosa. A variety of functions may be subserved by
these nerve fibres. Sensory nerve fibres in the mucosa are responsible for
detecting chemical, osmotic and mechanical stimuli, while motor functions
potentially regulated by mucosal nerves include contraction of the muscularis
mucosae, secretions from endocrine and goblet cells, vascular tone, and move-
ment of water, ions and nutrients across the epithelium. It is also possible that
some nerve fibres have a trophic function.

Of these many possible functions, only the control of epithelial water and
ion movement will be discussed in this review. Although some evidence im-
plicating nerves in this role dates back as far as the last century, a convincing
body of data has been generated only in the past few years. Some of this in-
formation has recently been summarized by Tapper (1983), Hubel (1985) and
Cooke (1986).



Mucosal Innervation and Control of Water and Ion Transport in the Intestine 3
2 Distribution of Mucosal Nerve Fibres

In 1858 Billroth described a plexus of fine nerve fibres beneath the glands of
the human small intestine, and since then occasional references to mucosal in-
nervation have appeared in the literature; a number of more comprehensive
descriptions of this nerve network have also been published (Breiter and Frey
1862; Goniaew 1875; Drasch 1881; Miiller 1892; Berkley 1893; Ramoén y Cajal
1894, 1911; Miiller 1911; Sabussow 1913; Hill 1927; Oshima 1929; Waddell
1929a,b; Schabadasch 1930; Stohr 1934, 1952; Palay and Karlin 1959;
Schofield 1960; Honjin et al. 1965; Honjin and Takahashi 1966; Pick 1967;
Stach 1973; Stach and Hung 1979). Each of these studies has demonstrated
that the mucosa of the small intestine is provided with a rich supply of nerve
fibres. Most of the early work relied on methylene blue, gold chloride or silver
impregnation (Golgi) methods for staining neural tissue, and the distribution
and density of mucosal innervation described in these studies have largely
been consistent with recent immunohistochemical and ultrastructural work.
Acetylcholinesterase localization, originally thought to label cholinergic
neurons specifically, has also been used to stain a large proportion of the
mucosal nerve fibres. The general impression is gained that there are no large
differences between duodenum, jejunum or ileum in the degree or pattern of
mucosal innervation and the description here will apply to all areas of the
mammalian small intestine.

The mucosal nerve fibres form an extensive interlacing network throughout
the depth of the lamina propria. This network has commonly been subdivid-
ed into the intravillus (or villus), periglandular and subglandular plexuses
(Fig. 1), although these plexuses are not clearly delineated and appear to be
continuous with each other. It is generally agreed that the densities of inner-
vation around the crypts and in the villi are similar, although there have been
occasional reports that either the crypts (Oshima 1929) or the villi (Stach
1973; Stach and Hung 1979) have the higher density of nerves. Such
discrepancies could be due to differences in staining procedures, fixation and
sectioning techniques, or species studied. The mucosal nerve fibres are un-
myelinated and varicose and under the light microscope the majority of the
nerve strands appear as either single fibres or small bundles; however,
ultrastructural studies suggest that nerve strands which appear by light
microscopy to be only single fibres are often, in fact, small bundles of fibres.

The intestinal mucosa is comprised of a complex arrangement of cell and
tissue types. The loose connective tissue of the lamina propria has an exten-
sive supply of lymphatics and blood vessels, including small arterioles,
venules and capillaries; smail numbers of smooth muscle fibres may also be
found in the villi of some species. A simple columnar epithelium covers the
mucosa, and is itself a mixture of cell types, including simple absorp-
tive/secretory cells of the villi and crypts, goblet cells, endocrine cells, Paneth
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Fig. 1. Locations of nerve fibres in the intestinal mucosa. On the /ef? is a micrograph of a section
of dog ileum, in which mucosal nerve fibres are revealed by their immunoreactivity for VIP.
The micrograph shows nerve fibres in the fuil thickness of mucosa (luminal surface at the top
of the picture), submucosa (including a submucous ganglion with an immunoreactive neuron
and nerve terminals) and circular muscle. On the right is a drawing of the main tissue layers
in this micrograph, particularly to show examples of mucosal nerve fibres classified as subglan-
dular (sg), periglandular (pg) and subepithelial (sep). Most of the periglandular fibres seen here
could also be classified as subepithelial. The muscularis mucosae (zmm), a submucous ganglion
(smg) and circular muscle are indicated. Calibration bar represents 100 um. (Micrograph kindly
provided by JB Furness and M Costa)

cells and undifferentiated (stem) cells. Hence there are many possible target
tissues and motor functions for the mucosal nerve fibres; sensory nerve fibres
are also present in the mucosa. From the density of nerve fibres observed in
the intestinal mucosa, it is not surprising that many of the cell and tissue
types are closely associated with nerve fibres. Some nerve fibres travel close
to the villous and glandular epithelium, while others accompany smooth
muscle fibres and blood vessels. Those which are found close to blood vessels
frequently encircle them.
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There have been some suggestions of distinct, specific nerve plexuses for
each type of target tissue in the mucosa. Berkley (1893) believed that the nerve
plexuses around the crypts were separate from those in the villi, although this
has not commonly been reported. The subepithelial plexus is, in some
preparations, distinct from fibres supplying the mucosal muscle or vascular
tissue (Drasch 1881; Miiller 1892; Oshima 1929); some of the mucosal vascu-
lar nerves are clearly continuations of the nerve fibres which follow sub-
mucosal blood vessels (Schofield 1960). Stach and Hung (1979) described two
distinct types of villus innervation — the majority of nerve fibres were
thought to be continuous with the network in the crypts, whereas other nerve
fibres appeared to travel directly from the submucosa to the villi. Although
most authors agree that the subepithelial plexus is quite uniform throughout
the mucosa, there has been one report of specific or preferential innervation
of enterochromaffin cells (Lundberg et al. 1978). This study showed that
nerve bundles located close to enterochromaffin cells (but not those close to
other epithelial cells) have little or no covering by Schwann cells and are thus
presumably more likely to be involved in neurotransmission at those sites.
Wade and Westfall (1985) have recently reported that, in the duodenum, small
bundles of unmyelinated nerve fibres partially encircled by Schwann cells
were commonly present 0.5—1.0 um away from enterochromaffin cells.

Some of the very early studies described nerve fibres which penetrated be-
tween mucosal epithelial cells (Drasch 1881; Kuntz 1913; Miiller 1921; Hill
1927). These nerve endings were found in greater numbers in the villi than
around the crypts and were postulated to have a sensory function (Hill 1927).
Although an ultrastructural study by Dermietzel (1971) also found a single
intra-epithelial nerve ending in the pyloric mucosa, intra-epithelial nerve
fibres have not been found in the intestine using recent histochemical and
other microscopic techniques and, if present, are probably very rare. A num-
ber of factors could have led to the observation of structures which resembled
and were falsely described as intra-epithelial nerve fibres; these include partial
staining of enterochromaffin cells using silver impregnation techniques, the
study of thick sections or whole mounts, and deposition of heavy metals be-
tween epithelial cells.

Ultrastructural studies have shown that most of the mucosal nerve fibres
are varicose, with individual varicosities containing many vesicles; these
vesicles are thought to represent transmitter stores. Close contacts between
vesiculated nerve profiles and epithelial cells of the crypts and villi, smooth
muscle, blood vessels and lacteals, and connective tissue elements (e.g. mast
cells, macrophages) of the mucosa are common (Palay and Karlin 1959; Hon-
jin et al. 1965; Honjin and Takahashi 1966; Pick 1967; Stach 1979; Newson
et al. 1983). Although the distances between nerve fibres and other tissues
may be quite small (50— 100 nm), junctional specializations seem to be rare
(Newson et al. 1979b; Wade and Westfall 1985). However, in the autonomic



6 J.R. Keast

nervous system, transmission occurs at muitiple sites along nerve terminals,
and these sites are characterized by the presence of transmitter stores
(vesicles). An indication of functional innervation in the mucosa may
therefore be better given by the proximity of nearby tissues and the degree of
Schwann cell covering for any given nerve fibre profile, with less covering
perhaps indicating more effective neurotransmission at that site. In the
pylorus it has been estimated that approximately 61% of the surface of
mucosal nerve fibres is not covered by Schwann cells and is presumably able
to be involved in neurotransmission (Dermietzel 1971). Such calculations have
not yet been made for the intestinal mucosal innervation, although the nerve
fibre bundles have a similar appearance in this area.

3 Origins of Mucosal Nerve Fibres

Early light microscope studies distinguished two morphological types of
mucosal nerve fibres by differences in diameter. The thicker of these is scarcer
in the mucosa of the small than the large intestine and appears to arise from
the vagus (Waddell 1929a, b; Schofield 1960). Several studies have indicated
that some of the thinner fibres originate from sympathetic ganglia (Kuntz
1922; Hill 1927; Honjin 1951; Makino 1955; Fehér and Vajda 1974), whereas
most of the mucosal nerves are unaffected by either division of the spinal
nerves or mesenteric nerve crushes (Pitha 1969) and are therefore presumed
to be intrinsic. Transplantation and lesion studies in pigs have also suggested
that the majority of mucosal nerve fibres are of intrinsic origin (Malmfors et
al. 1981).

It has usually been assumed that the majority of intrinsic mucosal nerve
fibres arise from cell bodies in submucous ganglia, and in many cases they
have been traced to this source (Remak 1858; Reichert 1859; Krause 1861;
Breiter and Frey 1862; Goniaew 1875; Drasch 1881; Miiller 1892; Berkley
1893; Dogiel 1896; Kuntz 1922; Hill 1927; Okamura 1929; Oshima 1929;
Ohkubo 1936; Honjin 1951; Temesrékdsi 1955; Walter 1956; Rintoul 1960;
Schofield 1960; Stach and Hung 1979; Furness et al. 1985; Maeda et al. 1985).
The interrelationship between submucosal and mucosal nerve fibres is so
close in the small intestine that Stohr (1952) considered the nerves could be
regarded as one plexus. Nevertheless, some mucosal nerve fibres arise from
myenteric ganglia, as has been observed directly by Dogiel (1896) and Furness
et al. (1985).

Recent lesion studies have defined the origins of mucosal nerve fibres in the
guinea-pig small intestine, in particular those which contain peptides (Furness
and Costa 1987). The types of lesions used in these analyses are illustrated
in Fig. 2. Myectomy operations, in which the longitudinal muscle and
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Fig. 2a,b. Operations used a
to lesion intrinsic nerve
pathways in the guinea-pig
small intestine. The heavy
lines indicate the sites of
lesions and the dashed
processes of neurons show
those parts, which, being
severed, would degenerate
after the operation. a My-
ectomy. The longitudinal
muscle and myenteric
plexus is removed from a
length (5—10 mm) of in-
testine. Any nerve fibres
remaining in the underly-
ing mucosa must have
arisen from cell bodies
located in the submucous
plexus, or in pathways run-
ning in the submucosa
from more oral or anal
ganglia, or from extrinsic
ganglia. b Homotopic mp o__ _______ N o __o
autotransplant. Any re- Y 4
maining fibres in the T l
mucosa must arise from smp °__ e
local enteric ganglia or ex-
trinsic nerves. Any fibres
that persist in the mucosa
after myectomy, homotopic
autotransplant and extrin-
sic denervation must arise
from local submucous
ganglia; p myenteric
plexus, smp submucous
plexus; m mucosa
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myenteric plexus is removed from a small length of gut, have shown that, with
the exception of some substance P (SP) fibres, all of the mucosal nerve fibres
appear to remain after operation and are therefore likely to arise from sub-
mucous rather than myenteric ganglia. Homotopic autotransplants, in which
the wall of the intestine is completely severed at two sites and rejoined in its
original position, showed that in sections cut close (2—4 mm) to the sites of
lesion, no significant differences were seen in the density of peptide-contain-
ing mucosal nerve fibres (Keast et al. 1984b). Taken together, these ex-
periments have shown that the majority of mucosal nerve fibres in this region
arise from submucous ganglia and travel for only short distances (i.e. less than
a few mm) along the gut before projecting to the mucosa. Nevertheless, it
should be realized that the degeneration of a small number of fibres after
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operations may not necessarily be detected, and that other projection patterns
may exist for a small proportion of mucosal nerve fibres. In dog small in-
testine 1t also seems that the majority of mucosal nerve fibres originate from
submucous ganglia {(Daniel et al. 1987).

Nerve cell bodies are occasionally found in the mucosa of the small in-
testine (Drasch 1881; Ishikawa 1926; Stéhr 1934, Ito and Kubo 1940; Newson
et al. 1979a; Schultzberg et al. 1980; Dahlstrom et al. 1984; Keast et al.
1985b) and seem to be more common in the crypt region. The processes of
these nerve cells ramify in the small surrounding area of lamina propria.
Mucosal nerve cell bodies are more common in the large intestine, again par-
ticularly in the middie and basal glandular regions (Reiser 1933; Ohkubo
1937; Ito and Kubo 1940; Lassmann 1975). St6hr (1934) suggested that
mucosal nerve cells are “ectopic” submucous ganglion celis, having similar
morphological characteristics to submucous neurons. Nevertheless, some in-
accurate identification of neuronal perikarya has arisen due to the presence
of interstitial cells in the lamina propria. First described in the intestine by
Ramon y Cajal (1894; 1911), these stellate cells, with many long, interweaving
processes, have some morphological similarity to neurons as well as a reason-
ably strong affinity for both methylene blue and silver stains. It was con-
sidered for some time that they are either small anastomosing ganglion cells
or that, having many intimate connections with neuronal processes, they may
regulate nerve activity, Recent ultrastructural studies by Desaki et al. (1984)
and others suggest that in the mucosa these may correspond to cells which
are similar to fibroblasts and form a discontinuous sheath over mucosal
capillaries, and possibly have a role in controlling nutrient and water uptake.
Their actual physiological role is still unknown.

4 Localization of Mucosal Nerve Fibre Types

4.1 Acetylcholine Nerve Fibres

Recently antisera raised against acetylcholine (ACh) have been developed;
however, as yet, there have been no reports of ACh localization in the intesti-
nal mucosa using this method.

Many studies have been carried out using acetylcholinesterase localization
as a marker for cholinergic neurons; however, it is now known that many non-
cholinergic tissues also contain this enzyme. Ultrastructural studies have
sometimes suggested that nerve fibres containing small, clear vesicles repre-
sent cholinergic fibres; however, this definition is also questionable (Gibbins
1982). The best technique available to date is the immunohistochemical
localization of the synthesizing enzyme for acetylcholine, choline acetyltrans-
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ferase (ChAT). Using such antibodies specific populations of enteric neurons
(assumed to be cholinergic) have been identified at the light microscope level
in both myenteric and submucous ganglia of the guinea-pig small intestine
(Furness et al. 1983 a, 1984). From the detection of peptides in many of these
cholinergic submucosal neurons it is known that they send processes to the
mucosa, even though these processes are not usually well-stained by ChAT an-
tisera. The distribution of peptides in cholinergic neurons is discussed below.
From studies tracing nerve pathways or observations of nerve populations
after specific nerve lesions, it is clear that a small number of extrinsic (vagal)
nerve fibres also supply the intestinal mucosa (see above). These fibres have
not yet been identified directly by histochemical means.

4.2 Noradrenaline Nerve Fibres

Many descriptions of the noradrenergic innervation of the intestinal mucosa
have been published (Norberg 1964; Jacobowitz 1965, Baumgarten 1967;
Gabella and Costa 1967, 1968; Pick 1967; Read and Burnstock 1968a,b;
Costa and Gabella 1971; Silva et al. 1971; Krokhina 1973; van Driel and
Drukker 1973; Schultzberg et al. 1980; Llewellyn-Smith et al. 1984b). These
fibres have been identified by fluorescence histochemical or immunohisto-
chemical methods (e.g. using antibodies against dopamine-g-hydroxylase), or
by the chromaffin reaction. Noradrenergic nerve fibres comprise only a small
percentage of the total population of mucosal nerve fibres, are usually found
singly and are frequently associated with mucosal blood vessels. They are
more prevalent surrounding the intestinal glands, although fine nerve fibres
may be found in the villi. The nerve fibres within the villi are usually found
in the cores of the lamina propria, sometimes associated with the central
lacteal (Thomas and Templeton 1981). Subepithelial nerve fibres are found
around the crypts, but are rare in the villi. In guinea-pig small intestine some
of the mucosal noradrenergic nerve fibres also contain somatostatin (Costa
and Furness 1984).

In the small intestine, the mucosal noradrenergic nerve fibres arise from ex-
trinsic ganglia, as all fibres disappear 2—8 days after extrinsic denervation
(Silva et al. 1971; Keast et al. 1984b) or autotransplantation (Malmfors et al.
1981). There are no intrinsic noradrenergic neurons in the small intestine of
guinea-pigs, although there are a small number in the proximal colon
myenteric plexus (Costa et al. 1971). It is likely that these neurons do not pro-
ject to the colonic mucosa, as all mucosal nerve fibres disappeared after ex-
trinsic denervation (Mazzanti et al. 1972; Gabella and Juorio 1975). In addi-
tion there is a small population of mucosal nerve fibres which are capable of
taking up amines and decarboxylating aromatic amino acids (Furness and
Costa 1978); it is not known which other substances these neurons contain
and use as a transmitter.
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4.3 Peptide-Containing Nerve Fibres

Many populations of peptide-containing enteric neurons have been identified
using immunohistochemical techniques (see reviews by Schultzberg et al.
1980; Sundler et ai. 1980, 1982; Furness et al. 1986). The best-characterized
of these nerve fibre types are those containing vasoactive intestinal peptide
(VIP), substance P (SP), somatostatin (SOM), neuropeptide Y (NPY) or en-
kephalin (ENK). Each of these peptides is found in most mammalian species,
although a comparison of mucosal innervation between guinea-pigs, rats,
dogs, marmosets, rabbits and humans has shown that the innervation density
and the proportional representation of each peptide varies considerably along
the intestine and between species (Keast et al. 1985b, 1987). A more detailed
discussion of each of these major nerve fibre populations in the mucosa
follows. Here the immunoreactivity wil! be referred to as due to the peptide
it is thought to represent (by the results of absorption tests), although further
characterization studies have not been carried out in each case.

4.3.1 Vasoactive Intestinal Peptide

VIP has been measured by radioimmunoassay (RIA) in isolated mucosa of
the small intestine (Bryant et al. 1976; Dimaline and Dockray 1978; Gaginella
et al. 1978a; Furness et al. 1980; Yanaihara et al. 1980; Ferri et al. 1983).
Purification of mucosal VIP using high-pressure liquid chromatography
(HPLC) has shown that, along with authentic VIP, other forms of VIP exist
(Dimaline and Dockray 1978), including a larger form which may not be pre-
sent in muscle (Yanaihara et al. 1980).

In all species examined so far, immunohistochemical studies have shown
that mucosal VIP fibres form a dense network around the crypts and in the
villi; many fibres run close to the epithelium, while others are associated with
mucosal blood vessels (Larsson et al. 1976; Jessen et al. 1980; Schultzberg et
al. 1980; Reinecke et al. 1981; Ferri et al. 1982, 1983, 1984; Fehér and Léranth
1983; Tange 1983; Daniel et al. 1985; Keast et al. 1985b, 1987). In ultrastruc-
tural studies VIP immunoreactivity has been localized to large granular
vesicles in mucosal nerve profiles (Larsson 1977; Fehér and Léranth 1983); in
human small intestine and guinea-pig colon many nerve endings are seen in
the mucosa, particularly next to blood vessels. VIP nerve cell bodies have oc-
casionally been found in the intestinal mucosa of rats, guinea-pigs, dogs and
humans (Schultzberg et al. 1980; Keast et al. 1985b). Immunohistochemical
studies using well-characterized antibodies have shown that, in mammals,
VIP is not found in any intestinal epithelial cells (Larsson et al. 1979;
Dimaline et al. 1980). Recently it has been reported that PHI (peptide
histidine isoleucine) is part of the precursor for VIP and coexists with it in
many intestinal (including mucosal) nerve fibres (Yanaihara et al. 1983;
Ekblad et al. 1985).
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Mucosal VIP innervation arises primarily from enteric ganglia, as surgical
vagotomy (rabbits), chemical sympathectomy (mice), mesenteric nerve
crushes (guinea-pigs), autotransplantation or vagal denervation (pigs) cause
no detectable loss of VIP fibres (Larsson et al. 1976; Malmfors et al. 1981;
Costa and Furness 1983). In guinea-pigs and dogs it is likely that the majority
of mucosal VIP nerve fibres arise from local submucous ganglia, as their dis-
tribution is unaffected at the sites of myectomy or myotomy (Costa and
Furness 1983; Daniel et al. 1986), or close to homotopic autotransplants
(Keast et al. 1984b). In rat small intestine a VIP nerve fibre has been traced
directly to the mucosa from a submucous neuron (Maeda et al. 1985). Lesion
studies of this type have not been done in other species; however, it is possible
that in all mammalian species mucosal VIP innervation arises from sub-
mucous ganglia as VIP nerve cells are always found in this layer (Fuxe et al.
1977; Schultzberg et al. 1980; Reinecke et al. 1981; Keast et al. 1985b).
Moreover, in Hirschsprung’s disease the degree of submucous ganglion cell
loss is closely correlated with the loss of mucosal VIP (and SP) nerve fibres
(Taguchi et al. 1983; Tsuto et al. 1983; Kishimoto et al. 1984). It is interesting
that in the aganglionic segment a few mucosal VIP (but no SP) nerves remain,
which the authors suggest may arise from the ganglionated segment via long
projections, but may come from extrinsic ganglia. Whether such long
pathways also exist in the normal state is not known.

4.3.2 Substance P

Authentic SP has been detected by RIA in the mucosa of the intestine of
guinea-pigs, rabbits, rats and humans (Holzer et al. 1982; Ferri et al. 1983;
Llewellyn-Smith et al. 1984a). Immunohistochemical studies have shown that
SP is primarily located in nerve fibres, although in some species immunoreac-
tive endocrine cells are also seen (Nilsson et al. 1975; Pearse and Polak 1975;
Heitz et al. 1976; Ferri et al. 1983; Keast et al. 1985b, 1987).

SP nerve fibres are found throughout the lamina propria of rat, guinea-pig,
dog and human intestine (Hokfelt et al. 1975; Schultzberg et al. 1980; Ferri
et al. 1982, 1983, 1984; Brodin et al. 1983; Tange 1983; Llewellyn-Smith et al.
1984a; Lolova et al. 1984; Matthews and Cuello 1984; Daniel et al. 1985;
Keast et al. 1985b), where some fibres run close to the epithelium or with
small blood vessels. SP fibres are prevalent in these species, although they are
usually slightly outnumbered by VIP nerve fibres. However, in some other
species there are far fewer SP nerve fibres in the intestinal mucosa. In the pig
small intestine mucosal SP fibres are absent (Malmfors et al. 1981). In addi-
tion Brodin et al. (1983) could not find any in the intestinal mucosa of cats,
although Fehér and Wenger (1981) did find SP nerve fibres in both crypt and
villus regions. SP fibres are extremely rare in the intestinal mucosa of rabbits
(Keast et al. 1987). In human small intestine SP nerve fibres contained both
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small and large round vesicles (Llewellyn-Smith et al. 1984a), whereas in
cats such fibres usually contained large granular vesicles (Fehér and Wenger
1981).

The majority of mucosal SP nerve fibres are derived from enteric ganglia,
as shown by severing inputs from vagal or sympathetic ganglia, with no
subsequent changes in mucosal SP innervation (Costa et al. 1981; Matthews
and Cuello 1984). Capsaicin treatment, which is known to destroy the ter-
minals of primary afferent neurons, has no noticeable effect on the pattern
of mucosal SP innervation in guinea-pig (M. Costa and J. B. Furness, un-
published observations) or rat (Hoyes and Barber 1981) small intestine. It is
possible, however, that there is a small population of extrinsic SP fibres, the
disappearance of which would not be readily detected. In guinea-pig ileum,
the majority of the mucosal SP nerve fibres come from local submucous
ganglia (Keast et al. 1984b), while a small number arise from the underlying
myenteric plexus (Costa et al. 1981).

4.3.3 Somatostatin

Somatostatin has been detected by RIA in the mucosa of the small and large
intestine (Furness et al. 1980; Trent and Weir 1981; Vinik et al. 1981; Ferri et
al. 1983; Penman et al. 1983; Keast et al. 1984 a; Baldissera et al. 1985). Most
of this immunoreactivity has been commonly attributed to endocrine cells,
which contain a high concentration of SOM and stain brightly in immunohis-
tochemical studies, and little attention has generally been paid to a possible
neural source of mucosal SOM. However, Hokfelt et al. described mucosal
SOM nerve fibres in rats as early as 1975 and they have since been found in
guinea-pigs, cats, dogs, marmosets, rabbits and humans (Costa et al. 1980;
Schultzberg et al. 1980; Tange 1983; Lolova et al. 1984; Daniel et al. 1985;
Keast et al. 1985b, 1987). A number of studies have suggested that the molec-
ular weight of SOM found in endocrine cells is larger than that in nerves
(Trent and Weir 1981; Vinik et al. 1981; Ito et al. 1982; Penman et al. 1983;
Baskin and Ensinck 1984; Baldissera et al. 1985). It is possible that many an-
tisera used for immunohistochemistry preferentially recognize this larger
molecule. Use of such antisera may form a partial explanation for the com-
mon, but mistaken, observation by many authors that SOM nerves were ab-
sent from human intestine, whereas SOM endocrine cells were prevalent.
Mucosal SOM nerves form a sparse network, primarily around and below
the crypts, which is usually far less prominent than those of SP or VIP nerve
fibres in the same region. In guinea-pig ileum, with the exception of a small
number of noradrenergic nerve terminals which also contain SOM (Costa and
Furness 1984), all of the mucosal SOM nerve fibres arise from enteric ganglia
(Costa et al. 1980). Most come from local submucous ganglia, but a small
number come from myenteric ganglia (Keast et al. 1984b; Furness et al. 1985).
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As vet, to my knowledge, there have been no ultrastructural analyses of
mucosal SOM nerve fibres.

4.3.4 Neuropeptide Y

NPY has been found in specific populations of noradrenergic neurons
throughout the body, including some supplying the gastrointestinal tract.
However, in the intestine there are many more intrinsic NPY nerve fibres
which do not contain noradrenaline (NA; Furness et al. 1983 b, 1985; Sundler
et al. 1983).

Mucosal nerve fibres containing NPY have been localized using antisera di-
rected either towards this peptide or to a similar peptide, pancreatic polypep-
tide (PP). Although there is considerable structural homology between NPY
and PP, it is now thought that NPY is found exclusively in nerves, whereas
PP and the related peptide, PYY (peptide YY), are found in endocrine cells
(Lundberg et al. 1982; Emson and de Quidt 1984). NPY nerve fibres have
been found in the intestinal mucosa of guinea-pigs, rats, mice, cats, dogs,
marmosets, rabbits and humans (Lorén et al. 1979; Furness et al. 1983b;
Sundler et al. 1983; Taylor and Vaillant 1983; Daniel et al. 1985; Keast et al.
1985b, 1987). Many submucosal nerve fibres, along with some in the mucosa,
are associated with blood vessels (and probably of extrinsic origin), whereas
the remaining mucosal NPY nerves form quite a dense irregular network
throughout the lamina propria. Some fibres lie close to the epithelium of the
crypts and villi.

In rats, the mucosal innervation was unaffected by either vagotomy or up-
per abdominal sympathectomy (Sundler et al. 1983); similarly, surgical or
chemical sympathectomy had no effect on mucosal NPY nerve fibres in the
guinea-pig (Furness et al. 1983b). These studies suggest that most of the
mucosal NPY nerves arise from enteric ganglia. Other studies in the guinea-
pig have shown that the majority of mucosal NPY nerves arise from local sub-
mucous ganglia (Keast et al. 1984b), while a much smaller number, which
also contain other peptides (see below), come from myenteric ganglia
(Furness et al. 1985).

4.3.5 Enkephalin

Nerve fibres containing leu- or met-enkephalin have been detected in the gas-
trointestinal tract, but are very scarce or absent in the intestinal mucosa of
all species so far examined (Schultzberg et al. 1980; Ferri et al. 1982, 1984;
Furness et al. 1983 c; Lolova et al. 1984; Tange 1983; Kobayashi et al. 1984;
Keast et al. 1985b, 1987). As there are not known to be any differences in the
mucosal distribution of these two opiates, they will be referred to collectively
as enkephalin (ENK) fibres. In the intestine ENK-immunoreactivity (IR) is
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found in a very small population of mucosal nerve fibres, located almost ex-
clusively in the muscularis mucosae and around the bases of the glands. Very
few fibres have been observed in the villi or superficial lamina propria of the
small or large intestine. Nerve fibres containing dynorphin (DYN)-im-
munoreactivity have been found in the mucosa of the colon, and a small num-
ber in the duodenum of the guinea-pig; in the former tissue, immunoreactive
submucous neurons have also been found, which may be the source of the
mucosal nerve fibres (Vincent et al. 1984).

The origin of the ENK-IR mucosal nerve fibres is unknown. There are no
ENK neurons in the submucous ganglia of rat or guinea-pig small intestine
(Schultzberg et al. 1980; Furness et al. 1983 ¢), implying that fibres must arise
from either myenteric or extrinsic ganglia.

4.3.6 Other Neuropeptides

Many other peptides have been discovered in enteric nerve fibres, including
those in the mucosa. These include gastrin-releasing peptide {GRP; Dockray
et al. 1979; Moghimzadeh et al. 1983; Costa et al. 1984; Leander et al. 1984;
Keast et al. 1987), cholecystokinin (CCK; Schultzberg et al. 1980; Leander et
al. 1984), galanin (Melander et al. 1985), and calcitonin gene-related peptide
(CGRP; Clague et al. 1985; Furness et al. 1985). As these nerve fibres have
not yet been described in many areas and species, they will not be mentioned
further in this general summary.

4.4 Peptide Coexistence

In the past few years immunohistochemical techniques have been developed
which allow simultaneous localization of two antigens within the one
preparation. The enteric nervous system of the guinea-pig has been extensive-
ly studied in this way and the majority of neurons have been found to contain
more than one peptide (Fig. 3). Some of these neurons also contain ChAT and
are assumed to be cholinergic. In the submucous ganglia, which are the source
of the majority of peptide-containing mucosal nerve fibres (see Sect. 3), ap-
proximately 45% of all neurons contain both VIP and DYN, while the re-
maining approximately 55% contain ChAT. These cholinergic neurons can be
classified on the basis of the peptides they contain (Furness et al. 1984, 1985);
approx. 29% contain CCK, CGRP, NPY and SOM, another approx. 11%
contain SP, while the remaining cholinergic neurons do not contain any of the
peptides studied so far. As most of the peptide-containing nerve fibres in the
mucosa arise from submucous ganglia, the patterns of coexistence observed
for the submucous neurons could be expected to apply to their projections to
the mucosa. It is possible, however, that the relative amounts of each peptide
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Fig. 3. Chemical coding and origins of nerve fibres in the mucosa and submucosa of the guinea-
pig small intestine. Nerve fibres in the mucosa arise from extrinsic and intrinsic ganglia. Sensory
nerve fibres containing both SP and CGRP arise from dorsal root ganglia (DRG). Sympathetic
noradrenergic neurons from prevertebral ganglia (PVG) also travel to the mucosa and some con-
tain SOM. The majority of mucosal nerve fibres come from local submucous ganglia. Some
of these contain both VIP and DYN, while the remaining submucous neurons contain ChAT
and are assumed to be cholinergic. Some of these cholinergic neurons contain SP, some contain
CCK, CGRE NPY and SOM, while others contain none of these peptides. It is not known
whether this latter group of neurons project to the mucosa, although they are deduced to supply
submucous neurons (see text). Two groups of myenteric neurons also project to the mucosa, SP
neurons and ChAT neurons which contain CCK, CGRE NPY and SOM. Inputs to submucous
ganglia come from extrinsic ganglia (DRG and PVG) and myenteric neurons. Several types of
myenteric neurons (indicated by *) project to submucous ganglia; substances in these neurons
include CCK, DYN, ENK, GRE 5-HT, SOM, SP and VIP

may differ in the processes (compared with the cell body); this is exemplified
by CCK and SOM, which coexist in submucous nerve cell bodies, and yet in
the mucosa there are many more nerve terminals which show immunoreactivi-
ty for SOM than for CCK.

It is also known that a small number of myenteric neurons project to the
mucosa (see Sect. 3). Some of these contain the combination ChAT/CCK/
CGRP/NPY/SOM (as seen in some submucous neurons); it is not known
whether the SP neurons which project from the myenteric plexus to the
mucosa also contain ChAT.
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5 Mucosal Functions and Intestinal Reflexes

It is concluded that there are sensory nerve fibres in the mucosa, as some
chemical and mechanical stimuli applied to the mucosa can elicit changes in
intestinal motor, vascular and secretory activity (e.g. Biilbring et al. 1958;
Hukuhara et al. 1958; Biber et al. 1971). Many of these physiological ex-
periments suggest that both intrinsic and extrinsic reflex pathways modify
mucosal function, implying that there are also motor fibres to the epithelium
(Miiller 1911; Brunemeier and Carlson 1914; Ranson 1921; Schofield 1960;
Caren et al. 1974). Because most of the mucosal nerve fibres arise from sub-
mucous ganglia, these ganglia are likely to be important sites for regulating
mucosal function. Preganglionic nerve terminals on submucous neurons,
arise from vagal, sympathetic and myenteric and submucous neurons, and
submucous neurons may also send processes to the myenteric plexus (Ramoén
y Cajal 1911; Cavazzana and Borsetto 1948). Thus, pathways exist that could
enable coordination of mucosal function with other intestinal (e.g. peristalsis,
gastric emptying) or extra-intestinal (e.g. pancreatic, biliary, central)
events.

Of the many mucosal functions potentially regulated by neural activity, on-
ly transepithelial water and electrolyte movement will be discussed further.
However, it should be borne in mind that other factors {e.g. blood flow, en-
docrine and mucous secretions) are likely to influence the net state of mucosal
transport. “Secretion” is used to describe net movement of a substance in the
lumen, whereas “absorption” refers to movement from the lumen to the in-
terstitial fluid.

The primary function of the mammalian small intestine is the digestion
and absorption of nutrients and water. In the small intestine the epithelium
is highly permeable to water and electrolytes. Large bidirectional fluxes of
water, sodium and chloride pass across the epithelium, but most of this trans-
port occurs passively, by a paracellular route. Some net secretion of bicar-
bonate may also occur. Net absorption of water and ions is usually observed,
and this is ultimately dependent on active transcellular transport processes
(primarily the electrogenic sodium pump on the basolateral membrane of the
epithelial cell), which are responsible for setting up ionic and osmotic gra-
dients across the epithelium. These gradients therefore provide the driving
forces for ion uptake, water then following passively. During exposure to sub-
stances such as cholera toxin (CT), bile salts, theophylline and prostaglandins
(PGs), active chloride secretion is stimulated; the physiological role of active
secretion is not known, although some possibilities are discussed below. There
is spatial separation of active absorption and secretion, with secretion occur-
ring primarily in the crypts, and absorptive processes mainly localized to the
villi; this reflects differences in the nature of the epithelial cell layer in these
two regions.
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A similar absorptive function is provided by the large intestine, although
the epithelium is less permeable to passive water and ion fluxes, so that larger
concentration gradients can be maintained and the luminal content derived
from the small intestine concentrated further. In addition potassium and
bicarbonate secretion occur.

6 Stimulation of Mucosal Nerve Fibres In Vitro

It is possible to stimulate mucosal nerve fibres electrically in vitro, in a
modified Ussing chamber (Ussing and Zerahn 1951), and to monitor effects
on transport with an automatic voltage clamp. In the standard method a
small piece of intestine, usually with external muscle layers removed, is
mounted in a perfusion chamber. The potential difference (PD) generated
across the tissue is clamped at zero throughout the experiment; the current
required to offset the tissue PD is conventionally referred to as the short-cir-
cuit current (I,.) and, along with the measurement of transmembrane con-
ductance (G), gives a good indication of net active ion transport and
permeability of the tissue. Radioisotope substitutions of permeant ions can
be used to define the ionic basis of any changes in I,.. Where these details
are not described below, these analyses have not been carried out. By passing
a current between electrodes placed close to the tissue, the nerves within it can
be stimulated, a procedure referred to as electrical field stimulation (EFS).

EFS causes a marked transient rise in I in mucosa-submucosa prepara-
tions isolated from the small intestine of rabbits (Hubel 1978; Hubel and
Callanan 1980), humans (Hubel and Shirazi 1982) and guinea-pigs (Cooke et
al. 1983 b; Keast et al. 1985¢), and the human (Hubel et al. 1983) and canine
(Rangachari and McWade 1986) colon. These I increases are primarily due
to stimulation of chloride secretion, require extracellular calcium in the
serosal bathing fluid, and are abolished by tetrodotoxin (TTX), veratridine,
high potassium levels or scorpion venom (which initially depolarizes nerves
and eventually blocks transmission). The response to EFS in rabbits and
guinea-pigs was mimicked quite closely by the initial (depolarizing) response
to scorpion venom (Cooke et al. 1983a; Hubel 1983). The studies of Carey
et al. (1985) and Rangachari and McWade (1986) suggest that, in guinea-pigs
and dogs, respectively, EFS has no measureable direct effects on active ion
transport. Taken together, these studies indicate that there are secretomotor
nerve fibres in these tissues which can be stimulated electrically. In most of
these experiments only the mucosa and submucosa are present, so it is likely
that either submucous neurons or fibres in the mucosa are stimulated by this
technique.
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The relative sizes of the cholinergic and non-cholinergic components of the
secretory response to EFS differ between species. In guinea-pig and human
intestine the responses to EFS were substantially reduced by atropine or
hyoscine; however, in rabbit ileum they were only slightly reduced by atropine,
even though there was a more substantial cholinergic component of the
secretory response to scorpion venom in this species (Hubel 1978, 1983).

It is not known which neurotransmitter(s) are responsible for the hyoscine-
resistant responses to EFS, although in the rabbit ileum these responses are
unaffected by adrenoreceptor antagonists, hexamethonium, somatostatin and
desensitization to substance P (Hubel 1984). In the guinea-pig the reponse to
EFS is unchanged by the 5-HT antagonist cisapride or 5-HT desensitization
(Cooke and Carey 1985). Recent studies using a SP analogue which can
reduce the effect of SP on mucosal epithelial cells, but has little or no effect
on neuronal SP receptors, suggest that some of the secretion caused by EFS
is due to the stimulation of submucous neurons which release SP (Keast et
al. 1985¢).

A likely contributor to the remaining atropine-resistant responses to EFS
in all of the species that have been studied is VIP, which is found in a large
number of mucosal nerve fibres in all mammalian species examined so far
(see Sect. 4.3.1). VIP is also released by rabbit ileum during EFS (Gaginella
et al. 1981), and is a potent stimulant of water and ion secretion, wherever
it has been tested (see Sect. 7.3.1). However, it is possible that the release of
other substances present in mucosal nerves also contributes to the non-cholin-
ergic response to EFS, as substance P does in the guinea-pig.

Secretomotor neurons in the submucosa can also be stimulated in other
ways. In rat colon adenosine 5’-triphosphate (ATP) selectively stimulates non-
cholinergic secretomotor neurons (Cuthbert and Hickman 1985). In guinea-
pig ileum, where separate populations of cholinergic and non-cholinergic sub-
mucous neurons have been demonstrated immunohistochemically (Furness et
al. 1984); these two groups can also be stimulated selectively (Keast et al.
1985c). We have found that DMPP (1,1-dimethyl-4-phenylpiperazinium)
preferentially stimulates cholinergic secretomotor neurons, 5-hydroxytrypta-
mine (5-HT or serotonin) in a concentration of approximately 107'M
preferentially stimulates non-cholinergic neurons (i.e. the VIP neurons, in this
species), and higher concentrations of 5-HT and EFS stimulate both neuronal
populations (Figs. 4, 5). There is no evidence as yet for the existence of sub-
mucous neurons which, when stimulated, cause an increase in net absorption.
Thus, absorption cannot be enhanced directly by nerves but can be enhanced
by reducing the activity of these secretomotor neurons.

In rabbit ileum and rat and dog colon TTX causes a decrease in I,
representing an increase in sodium and chloride absorption and a decrease in
residual ion fluxes (probably representing a decrease in HCOj3 secretion;
Hubel 1978; Andres et al. 1985; Cuthbert and Hickman 1985; Rangachari and
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Fig. 4. Effects of EFS, DMPP and 5-HT on mucosal transport, measured in terms of short-
circuit current (I,)) of guinea-pig ileum mucosa-submucosa. Representative records of I, from
four tissues are shown. For each tissue, the effects of hyoscine and TTX (each 10~7 M) are in-
dicated. In the fop trace the period of EFS is indicated by the bar; bipolar rectangular current
pulses of 20 V peak-to-peak amplitude, 10 Hz, 0.5 ms duration were passed across the tissue for
20 s periods. Except for the period of EFS the PD was clamped at zero throughout all ex-
periments. Times of DMPP and 5-HT addition (both to the submucosal bathing solution) are
indicated by arrowheads. Between each period of EFS or drug addition, at least 10 min were
allowed. DMPP and 5-HT were washed out shortly after the maximum I, had been obtained
(washout period not shown here). Hyoscine and TTX were present for at least 10 min in both
mucosal and submucosal bathing solutions, prior to EFS, DMPP or 5-HT. EFS, DMPP and
5-HT all caused an increase in I, which was substantially reduced by TTX, indicating nerve-
dependent responses. The majority of the response to DMPP was also reduced by hyoscine, in-
dicating a predominant action on cholinergic neurons, whereas the responses to EFS or 5-HT
(5x107% M) were reduced by hyoscine to a lesser extent. These then act on both cholinergic
and non-cholinergic neurons. Lower concentrations of 5-HT (e.g. 10”7 M) caused an increase
in I, which was only partly affected by hyoscine, indicating that the response was dependent
mainly on non-cholinergic neurons. {Details of experiments given in Keast et al. 1985¢)

McWade 1986); in the colon of rats and dogs this effect of TTX is not seen
if the submucosa is removed, implying that in vitro, too, intrinsic secreto-
motor neurons are tonically active. In these tissues neuronal secretomotor ac-
tivity causes fluctuations in baseline I, which are abolished by TTX. The
existence of continuously active secretomotor nerves is less certain in isolated
guinea-pig ileum. Cooke (1986) has reported that TTX causes a significant
decrease in I, only when glucose is absent from the mucosal bathing solu-
tion, whereas in our experiments TTX causes a signifcant decrease in I
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Fig. 5. Concentration-response curves for increases in I, elicited by 5-HT in guinea-pig ileum
mucosa-submucosa. 5-HT was added to the submucosal bathing solution in increasing concen-
trations, with a washout period between each addition. For each tissue, two such curves were
generated, one a control (@) and the other in the presence of either 10~7 M hyoscine (A) or
1077 M TTX (M). The responses to 1073 M 5-HT in the absence of hyoscine or TTX were
taken as the response maxima, and all values are expressed as a percentage of these. Each point
represents the mean + SEM for control (# = 11}, hyoscine (# = 6) and TTX (n = 5) treated
tissues. Asterisks represent responses which are significantly different from control responses
to the same concentration of 5-HT in the absence of antagonist (P<0.05, paired two-tailed #-
test). These results indicate that a major component of the response to 5-HT is dependent on
nerve activity and that hyoscine has a significant inhibitory effect on responses to 5-HT, par-
ticularly when the concentration of 5-HT is = 10~% M. (Reprinted from Keast et al. (1985¢)
with minor modifications, with permission)

whether glucose is present or absent (unpublished observations). The reason
for this discrepancy is not known, but may be related to differences in tissue
preparation and handling.

In guinea-pigs and rabbits secretomotor neurons which are continuously
active in vitro are probably non-cholinergic, as exposure to hyoscine has
negligible effects on I.. In contrast, in in vivo studies in cats and dogs,
atropine causes an increase in absorptive fluxes, suggesting ongoing activity
in cholinergic neurons.
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7 Effects of Substances Found in Mucosal Nerve Fibres on Epithelial
Transport

A summary of the effects on mucosal transport of the substances found in
each major group of mucosal nerve fibres follows and is shown in Table 1.
Each substance is described in terms of its effects on the small and large in-
testine; major differences in results between in vivo and in vitro experiments
are also mentioned. Absorption and secretion generally refer to the movement
of both water and ions (usually only sodium and chloride are monitored),
although in some cases only water or only ion fluxes were recorded.

The most common way of investigating the effects of exogenous substances
on mucosal transport in vivo involves cannulation of a small length of in-
testine; after administration of drugs (by either intravenous, intra-arterial or
intra-luminal routes) the water and ion uptake by the segment is determined
(commonly by the use of radioactive non-absorbable solutes and
radioisotopes, respectively). In humans a triple lumen perfusion catheter is
used for a similar type of investigation. In most of the in vivo studies changes
in motility and blood flow are not described or accounted for. The majority
of in vitro studies utilize Ussing chambers or isolated sac preparations and,

Table 1. Actions of substances found in mucosal nerve fibres on mucosal transport

Substance Action?® Effect Probable site(s) of Comments
on I action
Cholinomimetics  Secretion Increase  Epithelium and nerves Muscarinic receptors

on epithelial cells
Nicotinic receptors on
submucous neurons

VIP Secretion Increase  Epithelium Receptors on
epithelial cells
Response unaffected
by TTX or removal of
submucous neurons

Substance P Secretion Increase  Epithelium and nerves

Adrenomimetics  Absorption Decrease Epithelium and nerves  Size of effect on
epithelial cells variable
between species
Usually act on a-re-

ceptors

Somatostatin Absorption Decrease Epithelium and nerves Effect on nerves only
tested in guinea-pig il-
eum

Neuropeptide Y ~ Absorption Decrease Epithelium

Opiates Absorption Decrease  Nerves Probably act on J-re-
ceptors

# Refers to net direction of effect on water and ion transport
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when results from these studies are taken together, effects on the epithelium
alone can be defined.

The limited amount of information to date suggests that there are coor-
dinated fluctuations in transmural PD and muscular contraction (Read et al.
1977, Greenwood and Davison 1985). During these PD changes the lumen
became more negative, possibly representing stimulation of anion secretion.
In ferrets simultaneous changes in PD and contraction can be elicited by vagal
stimulation; basal contractility and PD fluctuations can be reduced by
atropine, TTX or vagotomy, but are unchanged by cutting the splanchnic
nerves. Vagal activity can therefore alter both muscular and mucosal func-
tions, but as yet coordinated effects of activity in intrinsic neurons have not
been studied.

7.1 Cholinomimetics

Small intestine. Cholinomimetic agents cause a net secretion of water, Na and
Cl into the lumen of the small intestine, an action which is blocked by
atropine or hyoscine, mimicked by eserine and potentiated by neostigmine
(Tidball 1961; Hardcastle and Eggenton 1973; Hubel 1976, 1977; Isaacs et al.
1976; Hardcastle et al. 1981b; Cooke 1984). This secretion is represented in
vitro by an increase in I.

The secretory effects of muscarinic agonists appear to be primarily on
crypt cells (Browning et al. 1978). Cyclic AMP levels in the epithelial cells are
unaffected by these agonists (Schwartz et al. 1974; Isaacs et al. 1976; Labur-
the et al. 1979), but the secretory effects instead appear to cause, and be
dependent on, an enhanced influx of free Ca** into the epithelium or
subepithelial tissue (Bolton and Field 1977; Donowitz et al. 1982; Hardcastle
et al. 1983).

Binding studies using the irreversible muscarinic receptor antagonist
quinuclidinyl benzilate (QNB) have demonstrated muscarinic receptors on
crypt and villus epithelial cells of the small intestine (Isaacs et al. 1982). In
rats, the epithelial muscarinic receptors are primarily on the basolateral mem-
branes (Gaginella 1984) and have different agonist-binding affinity compared
with those found in intestinal smooth muscle (Tien et al. 1985) and in guinea-
pig ileum are of the M, subtype (Cooke 1986). Receptors for acetylcholine
have been demonstrated on cultured crypt cells from human foetal small in-
testine, which are hyperpolarized by this substance; this response is associated
with an increase in potassium conductance of the epithelial cell membrane
(Yada and Okada 1984). It is likely that substances such as somatostatin
(Guandalini et al. 1980; Keast et al. 1986a) and morphine (Turnberg et al.
1982), which can diminish carbachol secretory responses in vitro, do so by a
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direct effect on epithelial cells. It should be noted that opiates and somato-
statin can also inhibit secretion indirectly (see Sects. 7.3.3 and 7.3.5).

Nicotinic receptors are also present in the isolated mucosa-submucosa. In
the rabbit ileum, the nicotinic agonist DMPP initially caused an increase in
I, (thought to be due to an action on nicotinic receptors on submucous
neurons), followed by a prolonged decrease in I ., which could be blocked by
either hexamethonium or phentolamine (Tapper and Lewand 1981). High
concentrations (= 10~*M) of carbachol caused a similar phenomenon (Tap-
per et al. 1978). The decreases in I, are due to an increase in sodium and
chloride absorption and have been interpreted by the authors to be due to an
action on nicotinic receptors to release transmitters from noradrenergic nerve
fibres in the mucosa. In guinea-pig ileum DMPP also causes an increase in
I, which is abolished by TTX and largely inhibited by hexamethonium and
hyoscine (Keast et al. 1985c). However, even though a decrease in I, follows
(as for the rabbit), this is unlikely to be due to DMPP action on noradrenergic
nerve fibres, as a similar late decrease in I, was also elicited in segments of
small intestine which had been extrinsically denervated (i.e. in which the
mesenteric nerves supplying that segment of intestine had been crushed and
the damaged extrinsic nerve fibres allowed to degenerate; unpublished obser-
vations).

In guinea-pig ileum both noradrenaline (NA) and somatostatin alter basal
mucosal transport mainly by acting on nerves; in this tissue the secretory
component of the response to DMPP (i.e. the rise in 1) was significantly
reduced by NA or somatostatin, suggesting that both of these substances can
reduce the activity of cholinergic secretomotor neurons in submucous ganglia
(Keast et al. 1986).

Large intestine. Cholinomimetic agents cause an atropine-sensitive secretion
and increase in I, and chloride secretion, similar to that seen in the small in-
testine (Browning et al. 1977). The secretion caused by cholinomimetics is
potentiated by neostigmine, but unaffected by hexamethonium or TTX (Zim-
merman and Binder 1983). Carbachol also caused an increase in I, and
chloride secretion in a human colonic epithelium tumour cell line, grown as
a monolayer and perfused in a modified Ussing chamber (Dharmsathaphorn
et al. 1984; Dharmsathaphorn and Pandol 1986). DMPP and high concentra-
tions of carbachol (107*M) may also act on nicotinic receptors on
noradrenergic axons in rat colon (Zimmerman and Binder 1983), as has been
suggested for rabbit ileum (see above).

The effects on I and secretion are dependent on the presence of ex-
tracellular calcium (Zimmerman et al. 1982; Dharmsathaphorn and Pandol
1986). Saturable high-affinity receptors for *H-QNB have been demonstrated
in the epithelium of rat large intestine (Rimele et al. 1981; Rimele and
Gaginella 1982; Gaginella 1984); the concentration of agonist required to in-
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crease [, was well correlated with the agonist affinity for these muscarinic
receptors (Zimmerman and Binder 1982, 1983), implying that transport ef-
fects of cholinergic agonists could occur via such receptors. There do not
seem to be any differences in affinity between the muscarinic receptors (as
defined by this method) of rat jejunum, ileum and colon (Rimeie and
Gaginella 1982).

7.2 Adrenomimetics

Small intestine. Noradrenaline (NA) and adrenaline (A) enhance the absorp-
tion of water, Na and Cl across the intestinal mucosa ( Aulsebrook 1965b;
Hubel 1976; Brunsson et al. 1979; Parsons et al. 1983; Rao et al. 1984); in
vitro a decrease in I is observed, and represents an increase in coupled Na-
Cl absorption usually combined with an inhibition of chloride and bicar-
bonate secretion (Field and McColl 1973; Field et al. 1975; Durbin et al.
1982). This response is closely mimicked by acute administration of reserpine
(Aulsebrook 1965a) or tyramine (Tapper et al. 1981); the tyramine effects
were absent in animals which had been pretreated with 6-hydroxydopamine
(6-OHDA), an agent which degenerates noradrenergic axons. Rats pretreated
with 6-OHDA also have impaired basal fluid absorption compared with con-
trol animals (Chang et al. 1985). In the duodenum NA stimulates bicarbonate
ion secretion (Flemstrom et al. 1982).

NA and a-agonists diminish the secretory effects of cholera toxin (CT;
Donowitz and Charney 1979), E. coli heat-stable enterotoxin (ST, Ahrens and
Zhu 1982b), PGE, and dibutyryl-cAMP (Nakaki et al. 1982; Bunce and
Spraggs 1983), electrolyte perfusion (Schiller et al. 1985) and VIP (Nakaki et
al. 1982; Rao et al. 1984).

In most cases, where a variety of agonists and antagonists have been used,
a,-agonists (e.g. clonidine) were the most effective in increasing absorption
(Tanaka and Starke 1979; Chang et al. 1982, 1983) or reducing the responses
to a variety of secretory stimuli (Nakaki et al. 1982; Bunce and Spraggs 1983;
Doherty and Hancock 1983; Schiller et al. 1985). These effects on artificially
evoked secretion were blocked by antagonists such as yohimbine, but were
unaffected by prazosin, propranolol or naloxone.

The subtype of a-receptor involved may be partially dependent on the
species and intestinal site, with a,-receptors found in some areas of rat small
intestine (Cotterell et al. 1983; Parsons et al. 1983). As yet, the only species
in which significant f-receptor effects on transport have been described is the
human (Morris and Turnberg 1981). There are a number of reports of pro-
pranolol (a f-receptor antagonist) decreasing the secretory effects of CT
(Donowitz and Charney 1979) and bile acids (Conley et al. 1976; Coyne et al.
1977; Taub et al. 1977), without having any effect on mannitol-induced secre-
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tion, basal electrolyte transport or epithelial cCAMP levels. These actions
could be ascribed to the general anaesthetic effects of high concentrations of
propranolol; this would be consistent with the neural mechanism of action
proposed for CT and bile acid-induced secretion (see Sect. 10.1}, whereas in-
traluminal mannitol is known to cause secretion by a purely osmotic
mechanism and would thus be unaffected by propranolol.

In rabbit ileum and rat jejunum the effects of adrenomimetic agents in
vitro were unaffected by TTX (Dobbins et al. 1980; Parsons et al. 1984).
Moreover, a,-receptors have been localized in the isolated mucosa (Chang et
al. 1983; Tsai et al. 1985) and consequently adrenomimetics have been assum-
ed to act directly on epithelial cells of the mucosa. Although this is likely to
be true for some tissues, experiments in cats and guinea-pigs strongly suggest
that NA causes changes in mucosal transport primarily by an action on
enteric neurons. In studies on cats in vivo, the absorptive effects of NA were
inhibited by TTX (Sjovall et al. 1983¢c) and in guinea-pigs in vitro, the de-
crease in I, was abolished by TTX (Keast et al. 1986). In the latter case, ex-
ogenous NA was found to have an inhibitory action on both cholinergic and
non-cholinergic submucous neurons.

The experiments in the guinea-pig have some limitations in that only I
was measured, and the ionic site of action of TTX was not defined. Moreover,
NA and TTX both cause a decrease in I, and, in other studies, cause a net
increase in Na and Cl absorption. However, even when baseline Cl secretion
is enhanced by theophylline (which acts directly on epithelial cells), the
responses to NA were abolished by TTX (Keast et al. 1986). Thus, any effect
of NA on Cl movement which decreases I is probably dependent on nerve
activity. Ion substitution or radioisotope flux studies are needed to clearly
identify any direct action of NA on other ion transport processes (e.g. sodium
or bicarbonate fluxes) across the epithelium.

There have been no consistent changes in intracellular cyclic nucleotide or
calcium concentrations reported for the a-adrenoreceptor agonists (Field et
al. 1975).

Large intestine. When administered in vivo, NA enhances basal absorption
and reduces secretion caused by VIP (Rao et al. 1984); in vitro NA causes a
decrease in I, associated with an increase in Na and Cl absorption (Racusen
and Binder 1979; Sellin and de Soignie 1985). Beta-agonists cause similar ef-
fects in rabbit distal colon (Smith and McCabe 1986).

In the mucosa of rabbit descending colon NA effects are mediated by 8-
receptors (Smith and McCabe 1984), whereas in rats they involve both a- and
B-receptors, and are unaffected by TTX, naloxone and reserpine (Racusen
and Binder 1979). Adrenaline (A) causes a reversal of transepithelial PD in
preparations of isolated rabbit crypt epithelium (Krasny and Frizzell 1984).
In crypt cells from a human colonic tumour, A has no effect on I, (Dharm-
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sathaphorn et al. 1984), whereas in a similar preparation of normal human
colonic epithelial cells A decreased the basal cAMP levels, as well as an-
tagonizing the increases in cAMP due to VIP stimulation, via an a,-receptor
mechanism (Boige et al. 1984). Thus, there appears to be considerable
variability between tissues and species in the site of catecholamine action (i.e.
whether it acts on neurons, epithelial cells or both) and the receptor type in-
volved.

7.3 Peptides

The extensive distributions of peptides in nerve fibres of the mucosa and sub-
mucosa, along with their variety of effects in the gastrointestinal tract, sug-
gest physiological roles for these substances. The subepithelial distribution of
many of these nerve fibres in the small intestine indicates a possible action,
on epithelial function, although it should always be considered that other ac-
tions (e.g. changing blood flow, mucus secretion or muscle contraction) could
affect water and ion movement.

731 VIP

VIP has been implicated in the regulation of absorption and secretion since
the discovery of abnormally high concentrations of VIP in the plasma and
tissues of patients with the Werner-Morrison syndrome (pancreatic cholera;
Bloom et al. 1973; Said and Faloona 1975; Bryant et al. 1976; Udall et al.
1976). These patients are most commonly found to have pancreatic islet cell
carcinoma, pheochromocytoma or ganglioneuroblastoma. Such tumours pro-
duce and secrete enormous amounts of VIP, as well as a larger form of VIP
(Yamaguchi et al. 1980) and PHI (Bloom et al. 1983). It is not clear which
other peptides are produced in excessive amounts, but it is commonly assum-
ed that VIP is the primary factor causing the enhanced secretion in these pa-
tients, as it can be reproduced by intravenous VIP infusion and is reversed
when infusion stops (Modlin et al. 1978; Krejs and Fordtran 1980). VIP ef-
fects on mucosal transport have subsequently been studied more thoroughly
than those of any other of the neuropeptides.

Small intestine. The secretory effect of VIP in the small intestine was first
demonstrated by Barbezat and Grossman (1971) in the dog and has since been
reported many times (Schwartz et al. 1974; Krejs et al. 1978; Wu et al. 1979;
Beubler 1980; Camilleri et al. 1981; Mitchenere et al. 1981; Granger et al.
1982). This secretion is represented by an increase in I, which is primarily
attributed to an enhanced chloride secretion (Schwartz et al. 1974). Active
glucose absorption is unaffected by VIP (Coupar 1976). Duodenal bicar-
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bonate ion secretion is enhanced by VIP (Isenberg et al. 1984; Flemstrom et
al. 1985).

Under in vivo experimental conditions VIP also causes atropine-resistant
hyperaemia in the cat (Eklund et al. 1979). In addition, Krejs et al. (1978)
have shown that VIP causes a reversible increase in protein output from and
dilatation of the mucosal capillaries in dog jejunum. Conversely, Mailman
(1978) has described a VIP-induced atropine-sensitive decrease in intestinal
blood flow in the dog. Unfortunately, most other in vivo studies have not
mentioned blood flow changes after VIP, and it is not clear whether any of
the VIP effects on mucosal transport in vivo are associated with or dependent
upon vascular changes.

VIP-induced secretion in cats in vivo (Cassuto et al. 1983) and in rabbit
mucosa in vitro is unaffected by TTX (Binder et al. 1984); VIP-induced secre-
tion in rats in vivo is also unaffected by atropine (Beubler 1980). In the
isolated guinea-pig mucosa-submucosa the response to VIP is unaffected by
removal of the submucosa (Carey et al. 1985). Together these studies suggest
that VIP has a direct action on the epithelium. This is supported by studies
on cultured intestinal epithelial cells, in which VIP causes hyperpolarization,
primarily via an increase in potassium conductance (Yada and Okada 1984).
Consequently, opiate agonists, angiotensin II and NA, which reduce VIP-in-
duced secretion (Coupar 1983; Rao et al. 1984), are likely to do so by an effect
on epithelial cells.

VIP receptors have been demonstrated on epithelial cells of rat small in-
testine (Prieto et al. 1979), where they have been localized to the basolateral
membrane (Dharmsathaphorn et al. 1983). Binding of VIP to these receptors
appears to require the entire sequence of VIP (Prieto et al. 1979; Couvineau
et al. 1984), as synthetic fragments of VIP are, at best, approximately 1% as
potent as the complete VIP molecule. There are also considerable species dif-
ferences in binding properties of VIP receptors, more than would be expected
from the small differences in VIP sequences (Couvineau et al. 1984). Binding
of VIP to epithelial cell receptors is clearly linked with an increase in in-
tracellular cAMP concentration (Schwartz et al. 1974; Klaeveman et al. 1975;
Simon and Kather 1978; Laburthe et al. 1979; Beubler 1980, 1981). This is
assumed to result in phosphorylation of one or more membrane proteins to
cause a change in transepithelial ion movement.

Large intestine. VIP stimulates water and ion secretion into the lumen of the
large intestine (Racusen and Binder 1977, Waldman et al. 1977), and one
study suggests that VIP effects were greater in the large than the small in-
testine (Wu et al. 1979). VIP increases chloride secretion and I, across
monolayers of isolated human colonic epithlial cells (Dharmsathaphorn et al.
1984, 1985), indicating that, as in the small intestine, VIP receptors are pre-
sent on the epithelium. These responses are closely correlated with **I-VIP
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binding and can be reduced by somatostatin or verapamil (Dharmsathaphorn
et al. 1985) and the K*-channel blocker quinidine (Cartwright et al. 1984);
in isolated human colonic epithelial cells VIP effects can be reduced by
adrenaline, via an a,-receptor mechanism (Boige et al. 1984).

VIP causes an increase in intracellular cAMP levels (Simon et al. 1978; Du-
pont et al. 1980; Broyart et al. 1981), as in the small intestine. PHI, which has
substantial structural homology with VIP, has similar actions on intestinal
water and ion transport. This peptide interacts with VIP receptors, but with
less affinity than VIP (Bataille et al. 1980; Laburthe et al. 1985). In rats
(Ghiglione et al. 1982), pigs and humans (Anagnostides et al. 1983a,b;
Moriarty et al. 1984) PHI causes either a decrease in absorption or an in-
crease in secretion of water and ions.

7.3.2 Substance P

There have been comparatively few studies on the action of SP on mucosal
transport in vivo. A possible secretory action of SP has been suggested in pa-
tients with carcinoid syndrome, in which tissue and serum levels of SP are
elevated and diarrhea is a common symptom (Gamse et al. 1981); as with pan-
creatic cholera, however, other substances produced by the tumour (e.g. 5-HT)
may contribute to these symptoms.

Small intestine. When injected intravenously into dogs, SP caused a profound
secretion of water, sodium, chioride and potassium into the lumen of the pro-
ximal jejunum (McFadden et al. 1986), yet, in rats, SP stimulates absorption
(Mitchenere et al. 1981). Under in vitro conditions, however, SP consistently
causes an increase in I in rats, guinea-pigs and rabbits (Walling et al. 1977,
Kachur et al. 1982; Hubel et al. 1984; Keast et al. 1985 a), which is mainly due
to stimulation of chloride ion secretion, although neutral sodium chloride ab-
sorption is usually diminished.

These flux changes are not associated with any increase in epithelial AAMP
levels (Walling et al. 1977; Laburthe et al. 1979), but are dependent on the
presence of extracellular calcium (Kachur et al. 1982). Calcium is therefore
a possible “second messenger” utilised in the secretory response to SP.

In guinea-pig and rabbit ileum the majority of the SP effect on I, was
blocked by TTX (Hubel et al. 1984) and is therefore likely to be nerve-
mediated. In our studies of guinea-pig ileal mucosa-submucosa, the major
component of the I . response to SP was abolished by TTX and, of this
nerve-mediated response, approximately 60% was hyoscine-sensitive, and
hence probably involved stimulation of cholinergic submucous neurons
(Keast et al. 1985a; Fig. 6); in these studies it was also shown that the SP
analogue [D-arg!, D-pro?, D-trp”?, leu'']-SP was able to reduce or abolish
the TTX-resistant response to SP, but had no significant effect on the nerve-
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Fig. 6. Effect of the SP antagonist [D-arg!, D-pro?, D-trp” °, leu'')-SP on I induced by
10”7 M SP in the guinea-pig ileum mucosa-submucosa. Responses to SP in the absence and
presence of TTX (10~7 M) are shown. Responses are expressed as pA/cm? exposed membrane.
Antagonist concentrations are referred to as “low” (6.7 x 1075 M) or “high” (3.4x107° M).
The values represent mean + SEM of at least 5 experiments (SP with low dose antagonist,
n = 8); *P<0.05; **P<0.025; ***P<0,005, compared to the appropriate control responses to
SP (designated by bracket), paired two-tailed ttest. These results indicate that the majority of
SP effects on I are inhibited by TTX and are therefore nerve-dependent, and that the SP an-
tagonist significantly diminishes the TTX-resistant component of the SP response, but has little
or no effect on the major (nerve-mediated) component of the SP response. (Reprinted from
Keast et al. (1985a) with minor modifications, with permission})

dependent component of the response (Fig. 6). This suggests that this
analogue can be used to antagonize the action of SP on epithelial receptors,
but is relatively ineffective on SP receptors on submucous neurons, in this
species (Fig. 7).

Large intestine. SP had no effect on the I, of a human colonic tumour cell
line, grown as a monolayer and perfused in a modified Ussing chamber
(Dharmsathaphorn et al. 1984), which is consistent with SP having only a
minor action directly on the epithelium, as suggested by some studies on the
small intestine, As yet no other studies have examined the action of SP on the
large intestine or the nature of the receptors involved.
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Fig. 7. Proposed location of SP receptors in the mucosa and submucosa of the guinea-pig small
intestine. The layers of the intestine present in the Ussing chamber are represented (ep,
epithelium; /p, lamina propria; mm, muscularis mucosae; sm, submucosa). Two types of SP re-
ceptors have been distinguished using the antagonist [D-arg!, D-pro?, D-trp” %, leu'']-SP.
Those on submucous neurons are unaffected by the antagonist and have been designated SP,,
whereas those on epithelial cells (involved in the TTX-resistant responses to SP) are blocked by
the antagonist and have been designated SP,,. SP, receptors are present on cholinergic (ACh)
and non-cholinergic submucous neurons. In this species the non-cholinergic neurons contain
VIP. The possibility of other active substances in these neurons is indicated. (Reprinted from
Keast et al. (1985a) with minor modifications, with permission)

7.3.3 Somatostatin

Small intestine. When injected intravenously into rats, SOM stimulates fluid
absorption (Dharmasathaphorn et al. 1980b; Mitchenere et al. 1981). An in-
crease in coupled NaCl absorption and a decrease in bicarbonate secretion
and I, are seen in vitro (Dharmsathaphorn et al. 1980a; Freedman et al.
1980; Guandalini et al. 1980; Kachur et al. 1980; Dobbins et al. 1981; Favus
et al. 1981; Rosenthal et al. 1983). These in vitro effects are not altered by
phentolamine, reserpine, atropine, carbachol or naloxone (Dharmsathaphorn
et al. 1980a; Kachur et al. 1980), and do not appear to be accompanied by
changes in epithelial cAMP levels (Laburthe et al. 1979; Dharmsathaphorn et
al. 1980b). The effects of SOM on glucose and amino acid uptake are highly
variable (Pott et al. 1979; Dharmsathaphorn et al. 1980a, b; Krejs et al. 1980;
Mirki 1981; Daumerie and Henquin 1982).
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In experimental animals, the secretions caused by PGE,, theophylline and
cAMP are reduced or abolished by SOM (Dharmsathaphorn et al. 1980b;
Dobbins et al. 1981). However, in normal, healthy humans there was no effect
of SOM on basal absorption or VIP-induced secretion (Krejs et al. 1980). In
contrast, in pancreatic cholera patients SOM enhanced absorption and caus-
ed a marked decline in the plasma VIP levels, for the period of SOM infusion
(Davis et al. 1980; Krejs 1984); these antidiarrhoeal effects could also be pro-
duced by synthetic SOM analogues (Jaros et al. 1985; Santangelo et al. 1985).
This may suggest a change in SOM receptor sensitivity during this disease or
a dependence of SOM action on a background of activity or stimulant of
secretion being present.

Until recently it has usually been assumed that the primary site of SOM
action on mucosal transport was the epithelium. This has been investigated
in the guinea-pig ileum, where SOM nerve terminals are found in the mucosa
and submucosa, and where the major projection of submucous neurons is to
the underlying mucosa (see above). It is therefore feasible that SOM could
alter mucosal transport by reducing the activity of submucous secretomotor
neurons. Using the isolated mucosa-submucosa, we have found that most of
the I;. decrease caused by SOM was abolished by TTX, suggesting that the
major effect of SOM is dependent on nerve activity. Further experiments
showed that exogenous SOM can inhibit the activity of both cholinergic and
non-cholinergic submucous secretomotor neurons (Keast et al. 1986). As de-
scribed for the experiments on the mechanism of action of NA on guinea-pig
mucosa (see Sect. 7.2 and Keast et al. 1986), these studies do not exclude an
effect of SOM on all epithelial cell transport processes. However, as the effect
of TTX on the response to SOM was observed also in the presence of
theophylline (a stimulant of chloride secretion), it is likely that SOM effects
on chloride movement which alter I, are dependent on nerve activity.

Large intestine. SOM stimulates absorption of water, sodium and chloride,
and causes a decrease in I in the colon (Dobbins et al. 1981; Favus et al.
1981; Rosenthal et al. 1983). It also diminishes secretion evoked by 5-HT,
theophylline, carbachol, PGE; and VIP (Carter et al. 1978; Dharm-
sathaphorn et al. 1980b; Guandalini et al. 1980; Dobbins et al. 1981). A
reduction in the VIP-induced increase in I,. was observed in a monolayer
culture of human colonic tumour cells (Dharmsathaphorn et al. 1984), sug-
gesting that SOM receptors exist on epithelial cells of this tissue. The
possibility of a neural site of action of SOM has not been tested in the large
intestine.

7.3.4 Neuropeptide Y and Related Peptides

In the rabbit ileum, NPY causes a decrease in I, mainly due to an increase
in chloride absorption; this effect was unchanged by TTX (Hubel and Ren-
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quist 1985). In this tissue, then, NPY probably acts only by a direct effect on
the epithelium, rather than via nerves. Friel et al. (1986) have also shown that
NPY causes a decrease in I, due to increased NaCl absorption and decreas-
ed Cl secretion, in isolated guinea-pig and rabbit ileum; PYY had similar ef-
fects as NPY, but was more potent, whereas rat PP had no effect on mucosal
transport. A lack of effect of PP on mucosal transport has also been demon-
strated in the small and large intestine of rats, rabbits and pigs (Gaginella et
al. 1978b; Wu et al. 1979; Camilleri et al. 1981).

NPY has anti-secretory effects in the rat small intestine in vivo, where it
also reduces VIP- and PGE,-induced secretion; in this species PYY is less ef-
fective than NPY (Saria and Beubler 1985; McFadyen et al. 1986).

To my knowledge the actions of NPY and PYY on the mucosa of the large
intestine have not been investigated.

7.3.5 Opiates and Opioid Peptides

The constipating effect of opiates is well known, and although some of this
is due to an inhibition of intestinal motility, it is only quite recently that an
additional, direct action on mucosal transport of secretomotor neurons has
been acknowledged. This has been best illustrated by the many studies show-
ing that opiates inhibit secretion or augment absorption, even in preparations
of isolated mucosa-submucosa (see below).

Small intestine. Opiates and opioid peptides enhance absorption of water,
sodium and chloride (represented by a decrease in I, in vitro), as well as
diminish secretion induced by VIP, bile salts, PGE,, CT or ST (Valiulis and
Long 1973; Coupar 1978, 1983; Beubler and Lembeck 1979, 1980; Dobbins
et al. 1980, 1981; Kachur et al. 1980; Mailman 1980, 1984a; McKay et al.
1981; Sandhu et al. 1981; Ahrens and Zhu 1982 b; Hughes et al. 1982, 1984;
Kachur and Miller 1982; Turnberg et al. 1982; Barbezat and Reasbeck 1983;
Vinayek et al. 1983, 1985; Warhurst et al. 1983; Brown and Miller 1984;
Farack and Loeschke 1984; Fogel and Kaplan 1984); they are ineffective
against mannitol-induced secretion (Beubler and Lembeck 1979). These anti-
secretory effects are probably not associated with any change in epithelial
cAMP levels (Laburthe et al. 1979; Hardcastle et al. 1981a). Attempts to
define opiate receptors on intestinal epithelial cells have had mixed success
(Gaginella et al. 1983; Binder et al. 1984; Lopez-Ruiz et al. 1985). Where
various types of opiates have been used in the same tissue, J-agonists appear
to be the most effective. Dynorphin (1 —13), dermorphin and S-endorphin
cause much smaller decreases in I, (Kachur and Miller 1982).

In rabbits the effects of enkephalins on transport and I are completely
blocked by TTX but are unaffected by atropine, phentolamine, haloperidol,
yohimbine or sympathectomy (Dobbins et al. 1980; Turnberg et al. 1982;
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Binder et al. 1984). This suggests that, in this species, enkephalins do not have
a significant effect on epithelial cells, but instead act on intrinsic non-cholin-
ergic secretomotor neurons. This is likely to be via inhibition of nerves which
cause secretion, rather than stimulation of nerves which cause absorption, as
no intrinsic nerve population has yet been found which, when activated,
causes net absorption (see above). This neural site of action is consistent with
electrophysiological studies in the guinea-pig ileum, which showed that
opiates hyperpolarize submucous neurons, by an action on dJ-receptors
(Mihara and North 1986).

Administration of naloxone or naltrexone in vivo (but not in vitro) to mor-
phine-dependent rats elicits a “withdrawal” phenomenon, a component of
which is profound secretion of water and electrolytes (Warhurst et al. 1984);
the effect of naltrexone can be partly reduced by atropine or hexamethonium
(Beubler et al. 1984; Chang et al. 1984). Naloxone alone usually has no effect
on absorption in non-dependent animals, although Fogel and Kaplan (1984)
reported that it decreased absorption in the rat small intestine, an effect which
was inhibited by atropine.

The nerve-dependent effects of exogenous opioid peptides in rabbits are
consistent with the distribution of some endogenous opioid peptides in this
species, in which nerve fibres containing ENK are very rare or absent in the
mucosa, but ENK nerve terminals near submucous neurons (which probably
project to the mucosa) are found. This distribution of ENK is similar to that
observed in other species (see Sect. 4.3.5), indicating that the epithelial cells
are unlikely to be exposed to significant concentrations of ENK. However, the
distribution of other opioid peptides (e.g. dynorphin) in the mucosa has not
been studied in rabbits, and it is possible that these may act directly on
epithelial cells.

Large intestine. Opiates and opioid peptides have similar effects here as in the
small intestine, stimulating basal absorption and reducing the secretory ef-
fects of bile salts, VIP, PGE; and CT (Gordon et al. 1978; Beubler and
Lembeck 1979; Farack et al. 1981; Warhurst et al. 1983; Farack and Loeschke
1984), but not affecting that caused by mannitol (Beubler and Lembeck
1979). The effect on absorption may not be directly on the epithelium, as met-
ENK had no effect on the I, of a human colonic tumour epithelial cell
culture (Dharmsathaphorn et al. 1984). The effect of TTX on opiate-induced
absorption has not been studied in the large intestine.

7.4 Summary

There are many substances found in endocrine or neural tissues of the gastro-
intestinal tract which have been found to affect mucosal transport and the
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majority of these have a net secretory action (listed by Tapper 1983). Some
generalizations can be made about the substances which have been discussed
so far. Stimulation of the vagus or mucosal nerve fibres containing
acetylcholine, SP or VIP would be expected to cause secretion. Inhibition of
secretion could be initiated at the mucosal level by release of SOM or NPY;
however, the action of ENK or NA is likely to be primarily by release from
nerve terminals in submucous ganglia. SP and SOM possibly have two physi-
ologically relevant sites of action, the epithelium and submucous neurons
(Table 1).

8 Stimulation of Mucosal Nerve Fibres In Vivo

In 1859 Claude Bernard reported that surgical removal of the mesenteric
ganglia in dogs led to an enhanced intestinal secretion and diarrhoea. In
subsequent years these experiments were repeated, with similar results (see
reviews by Florey et al. 1941; Babkin 1950). The secretion observed was called
“paralytic secretion” and was abolished by atropine (Hanau 1886; Molnar
1909); however, an atropine-resistant component of this secretion was ob-
served by Brunton and Pye-Smith (1876). In other early experiments secretion
was elicited by pilocarpine (Reid 1892), vagal stimulation (Savitch and
Sochestvensky 1917) or feeding (Molnér 1909) and absorption was elicited by
atropine alone (Molnar 1909; Rabinovitch 1927). More recent studies with
atropine have also demonstrated its absorptive action in vivo (Blickenstaff
and Lewis 1952; Tidball and Tidball 1958; Hubel 1976; Ahrens and Zhu
1982a) and have shown that this action is not accounted for by motility or
cardiovascular changes (Morris and Turnberg 1980; Mailman 1984b). The
conclusion from these studies is that there are nerve pathways from extrinsic
ganglia to the intestine which can influence mucosal function, the vagal cho-
linergic (and possibly non-cholinergic) input causing net water and ion secre-
tion. The nerve pathways causing secretion appeared to be continuously active
and under tonic inhibition from sympathetic nerves. Brunton and Pye-Smith
(1876) also put forward the idea of intrinsic secretomotor neurons, although
experimental evidence at that stage was lacking.

A more extensive study of nerve-mediated secretion was carried out by
Wright et al. (1940). Decerebrated or decapitated cats were used, in order to
avoid the use of anaesthetics, which were found to depress both basal and
evoked secretion. Under these conditions vagal stimulation caused a pro-
found increase in the volume of secretion from the duodenum, but this con-
sisted mostly of mucus and was thought to have come from Brunner’s glands.
Neither vagal stimulation nor vagotomy had an effect on the volume of secre-
tion produced by the lower small intestine; moreover, stimulation of the pelvic
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nerves, which enhanced colonic secretion (Wright et al. 1938), had no effect
on secretion by the small intestine. However, after either administration of
eserine or cutting all of the preganglionic sympathetic fibres, or vagal
stimulation after section of the greater splanchnic nerve, secretion throughout
the small intestine was observed. The secretory responses were atropine-sen-
sitive after eserine or sympathetic nerve section, remained after vagotomy and
could be attenuated by stimulating the distal end of the severed splanchnic
nerves. The exact nature of the secretion is not known; it undoubtedly con-
tained mucus, but may also have contained watery secretion from the crypts.
Taken together, these experiments suggest that, throughout the small intestine,
there are tonically active, intrinsic cholinergic neurons which enhance secre-
tion and that vagal activity excites these intrinsic neurons; the effect of the
vagus is usually masked by the activity of inhibitory sympathetic nerve fibres,
an activity which is particularly marked in the lower small intestine. This is
consistent with the results from more recent studies in which vagotomy had
no effect on basal absorption and secretion (Tidball and Tidball 1958; Bunch
and Shields 1973).

Similar experiments have been carried out on the large intestine of cats, as
summarized by Wright et al. (1938) and Florey et al. (1941). Stimulation of
the pelvic nerves enhanced secretion, an effect which was blocked by atropine
and potentiated by eserine; pilocarpine mimicked the effect of pelvic nerve
stimulation. Section of the sympathetic nerves did not cause a “paralytic
secretion” (as seen in the small intestine), but stimulation of these nerves
reduced the secretory effect of pelvic nerve stimulation. The parasympathetic
input appears, then, to have a greater influence (and/or the sympathetic input
a smaller influence) in the large than in the small intestine.

The possible role of the nervous system in controlling intestinal absorption
and secretion in vivo was not investigated further until the past few years,
when a very thorough series of experiments to demonstrate actions of enteric
secretomotor neurons in vivo was carried out by Sjévall, Lundgren and co-
workers. Fluid absorption from cannulated loops of small intestine of cats
and rats was monitored and, because of the potentially complex interactions
of other intestinal processes with mucosal transport, vascular and motility
changes were either carefully monitored or minimized. This work showed
that, in animals with severed splanchnic nerves, vagal stimulation caused an
atropine-resistant fluid secretion, and that atropine itself increased fluid ab-
sorption (Sjovall et al. 1983 a). These results suggest that there are both non-
cholinergic and cholinergic secretomotor neurons, and that these cholinergic
neurons are continuously active. However, atropine generally has no signifi-
cant effect on basal I in vitro, which suggests that the intrinsic cholinergic
secretomotor neurons are not active under these conditions.

Intrinsic cholinergic secretomotor nerves have also been demonstrated in
surgically isolated or denervated segments of intestine. Nassett et al. (1935)



36 J.R. Keast

showed that the secretory response to mechanical stimulation of the mucosa
can be evoked in transplanted or isolated intestinal segments, in which all ex-
trinsic neural inputs had been severed. Knaffl-Lenz and Nagaki (1925)
showed that placing a hypertonic solution into the lumen of an isolated intes-
tinal loop caused secretion, and that this effect was blocked by atropine and
augmented by pilocarpine. More recently, Caren et al. (1974) showed that the
secretion evoked in extrinsically denervated Thiry-Vella loops of dog intestine
by luminal distension or tactile stimulation could be blocked with atropine or
hexamethonium.

Recent studies support the earlier conclusions that sympathetic nerve
stimulation enhances absorption. An increase in absorption can be elicited in
vivo in the small intestine of dogs by “electrical pacing” (i.e. directly passing
currents across the whole thickness of gut wall). This absorption was not
dependent on motility changes and was blocked by phentolamine, but not
propranolol (Collin et al. 1979; Bjoérck et al. 1984). This technique appears
to stimulate the sympathetic nerve fibres in the intestine, leading to an in-
crease in absorption. Other studies carried out on atropinized cats also dem-
onstrated the absorptive effects of splanchnic nerve stimulation, which were
blocked by phentolamine and mimicked by noradrenaline (Brunsson et al.
1979). These apparent noradrenergic effects were attributed primarily to the
inhibition of secretion in the crypts (Sjovall et al. 1983b). It has also been
shown that splanchnic nerve stimulation activated two distinct nerve
pathways, one which caused absorption (which was hexamethonium-resis-
tant) and another which caused vasoconstriction (which was blocked by hexa-
methonium; Sjovall 1984a). This idea of two distinct sympathetic nerve
pathways had already been proposed much earlier by Brunton and Pye-Smith
(1876), who noticed that, after cutting the mesenteric nerves, the hemorrhagic
and secretory effects usually had different time courses. Recent immunohisto-
chemical studies (Costa and Furness 1984; Macrae et al. 1986) have shown
that the noradrenergic neurons that supply intestinal arterioles and sub-
mucous ganglia can also be distinguished by their chemical coding.

The tonic absorptive or anti-secretory effects of sympathetic nerves have
also been demonstrated by Chang et al. (1985), who showed that rats with
degenerated noradrenergic nerve terminals (after either streptozocin or
6-OHDA pretreatment) have diminished ileal water and sodium absorption;
this decrease was not apparent in the jejunum, which may suggest different
secretomotor innervation at that site. However, adrenoreceptor antagonists
alone generally have no effect on basal or stimulated ion movement in vitro
(Chang et al. 1982), which implies that noradrenaline is not being released
continuously to alter mucosal transport when noradrenergic terminals are
separated from their cell bodies.
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9 Microcircuitry of Secretomotor Pathways

It has now been established that stimulation of submucous neurons and their
mucosal processes both in vivo and in vitro causes changes in mucosal water
and ion movement. As these submucous neurons are the source of the majori-
ty of mucosal nerve fibres, they are likely to be a primary site of integration
for secretomotor reflexes. Important insights into the microcircuitry of sub-
mucous ganglia have been obtained from intracellular microelectrode studies
of these neurons in guinea-pig small intestine. Submucous neurons can be
classified on the basis of the types of synaptic input they receive (Hirst and
McKirdy 1975; Surprenant 1984a,b; North and Surprenant 1985; Bornstein
et al. 1986, 1987). A small number of cells appear to have no synaptic input,
but in all of the remaining cells fast excitatory synaptic potentials (ESPs) can
be evoked. Of these cells, some also exhibit slow ESPs. Fast ESPs are thought
to be mediated by acetylcholine, via nicotinic receptors, whereas the transmit-
ter involved in the slow ESP has not been identified. Some of the fast and
slow ESPs are produced by nerve terminals which arise from myenteric
ganglia (Bornstein et al. 1987).

Cholinergic secretomotor neurons and interneurons have been defined
physiologically (see Sect. 8). In the guinea-pig small intestine, three popula-
tions of submucous cholinergic neurons can be identified histochemically
(Furness et al. 1984, 1985). In this species the ChAT/CCK/CGRP/NPY/SOM
and ChAT/SP neurons may be secretomotor neurons, as their processes are
found in the mucosa, but they are unlikely to be interneurons, as there are
very few NPY nerve terminals in submucous ganglia (Furness et al. 1983b)
and no SP nerve terminals remain in submucous ganglia after myectomy and
extrinsic denervation (Costa et al. 1981). Thus, it is likely that the cholinergic
neurons which contain no other peptide are the source of ESPs which remain
after myectomy (Bornstein et al. 1987) and these neurons might be in-
terneurons in secretomotor reflexes. The population of myenteric neurons
which provide excitatory inputs to submucous neurons has not been identified
structurally.

Inhibitory synaptic potentials (ISPs) are observed in those submucous
neurons which exhibit siow ESPs (Bornstein et al. 1986). It has been suggested
that NA is the transmitter responsible for the ISPs as a,-antagonists or
6-OHDA added in vitro abolish the ISPs, and NA mimics the ISP only in
those neurons in which ISPs can be evoked (North and Surprenant 1985). Re-
cent studies have shown that, in the guinea-pig, noradrenergic nerve terminals
preferentially innervate non-cholinergic submucous neurons (i.e. the
VIP/DYN neurons) and that ISPs can only be evoked in these neurons (Born-
stein et al. 1986). These studies are consistent with mucosal transport studies,
in which NA reduced the activity of non-cholinergic submucous secretomotor
neurons, as stimulated by EFS or low concentrations of 5-HT (Keast et al.
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1986); the inhibition by NA of the cholinergic secretory responses may in-
dicate that NA can reduce the activity of these neurons by acting on receptors
on initial or terminal regions of their axons (Keast et al. 1986).

A population of ISPs persists after extrinsic denervation (i.e. when
noradrenergic nerve terminals are no longer present; Hirst and McKirdy 1975;
J. C. Bornstein, J. B. Furness and M. Costa, unpublished observations); how-
ever, the transmitter involved has not been determined. Likely candidates are
somatostatin or an opioid peptide, as both hyperpolarize submucous neurons
(Mihara and North 1986), both are present in intrinsic neurons that supply
submucous ganglia (Costa et al. 1980; Furness et al. 1983¢) and both inhibit
water and ion secretion by a TTX-sensitive mechanism (see above).

10 Functions of Secretomotor Neurons

10.1 Types of Secretomotor Reflexes

As textbook descriptions attest, until quite recently the regulation of trans-
mucosal ion movement had been attributed almost solely to the properties of
the epithelium, conditions in the underlying interstitium, mucosal blood flow
and hormonal influences. Nevertheless, neural secretomotor reflexes have
been demonstrated in many recent experiments, particularly in cats. For ex-
ample, a secretomotor reflex can be elicited by intraluminal glucose (Sjévall
et al. 1983 c; Sjovall 1984b). In these experiments NA or stimulation of the
sympathetic nerves caused absorption only when glucose was present in the
luminal perfusate. As the NA effect was TTX-sensitive and TTX itself caused
a marked net absorptive change when glucose was present in the lumen, it was
proposed that both sympathetic nerve activity and NA cause net absorption
by inhibiting a glucose-activated secretory reflex. A similar secretory reflex
may be activated by alanine or polyethylene glycol (Sj6vall et al. 1984a). A
possible physiological role of this glucose-activated secretory reflex has been
suggested. Glucose, water and electrolytes are absorbed across the villus
epithelium and, by activation of this reflex, water and electrolytes are secreted
across the crypt epithelium; thus, the consequential uptake of water and elec-
trolytes with glucose is reduced.

Bacterial toxins, in particular cholera toxin (CT), also elicit secretomotor
reflexes and have been studied in considerable detail, again mainly in cats. As
CT appears to bind to and penetrate only the villus cells (Hansson et al.
1984), and as CT causes secretion primarily by stimulating active secretion,
an indirect mechanism for stimulation of crypt cells is predicted. The studies
of Lénnroth and Jennische (1982) showed that a variety of anaesthetics and
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sedatives inhibited CT-induced secretion. Other studies have shown that the CT
secretory response was considerably reduced by TTX, lidocaine and hexame-
thonium (Cassuto et al. 1981 b, 1983); in addition, CT caused a TTX-sensitive
release of VIP from the secreting intestinal segment (Cassuto et al. 1981 a) and
concurrent degranulation of 5-HT from enterochromaffin cells (Nilsson et al.
1983). The secretion was mimicked by intravenous VIP or 5-HT, or in-
traluminal 5-HT, with the VIP response unaffected by either TTX or hex-
amethonium (Cassuto et al. 1983), while the responses to 5-HT were reduced
by either agent (Cassuto et al. 1982a). It has therefore been suggested that at
least some of the CT-evoked secretion is mediated by a neuronal reflex; the pro-
posed theory is that the toxin may bind to enterochromaffin cells, causing
release of 5-HT onto nearby mucosal nerve endings, initiating a secretory
reflex. The nervous mechanism appears to involve a nicotinic synapse, and the
final effector neuron may release VIP. Extrinsic nerves may be involved in the
modulation of this response as the secretion can be reduced by sympathetic
nerve stimulation (Cassuto et al. 1982b). A similar neuronal reflex has been
proposed as a mechanism of action of E. coli enterotoxin (Eklund et al, 1985).
In pigs, the secretion induced by this toxin may involve cholinergic neurons, as
the response is reduced by atropine (Ahrens and Zhu 1982b).

As yet it has not been possible to demonstrate in vitro that CT-evoked secre-
tion occurs by a neural mechanism. In muscle-stripped preparations of
isolated guinea-pig or rabbit ileum, CT secretion is unaltered by TTX (Cooke
and Carey 1984; Moriarty et al. 1985) or, in the guinea-pig, by the 5-HT an-
tagonist cisapride (Cooke and Carey 1984); this may represent either a species
difference in the mechanism of CT action or a disruption in the reflex
pathway during tissue removal and dissection (e.g. the reflex may require
pathways that pass through the myenteric plexus, which was removed in these
experiments).

Secretomotor reflexes can also be elicited by mechanical stimulation of the
mucosa (Nassett et al. 1935; Caren et al. 1974) or by intraluminal application
of hypertonic solutions (Knaffl-Lenz and Nagaki 1925). More recently
luminal perfusion with bile salts (Karlstrom et al. 1983), dibutyryl-cAMP or
theophylline (Eklund et al. 1984), or serosal application of dilute hydro-
chloric acid (Sjoqvist et al. 1982), bile acids or ethanol (Brunsson et al. 1985)
have been shown to cause secretion in the jejunum of cats and rats. In these
later studies, the secretion was reduced by close intra-arterial injection of
TTX, serosal application of lidocaine or intravenous hexamethonium. Secre-
tory reflexes were elicited in both control and peri-arterially denervated seg-
ments and were unaffected by atropine. Taken together, these studies suggest
that the chemically induced secretion was mediated by a reflex involving a
nicotinic synapse and a non-cholinergic final neuron.

The above studies on bile salt-induced secretion differ slightly from those
of Kvietys et al. (1979) in rabbits, in which the secretion was atropine-sen-
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sitive; this difference may reflect interspecies variation in the intramural nerve
pathways. Taub et al. (1977) and Coyne et al. (1977) observed that bile acid-
induced secretion was blocked by propranolol, which, in high concentrations
is thought to have an anaesthetic effect; this may indicate that the secretion
was dependent on neural activity.

The mechanism by which sensory nerve endings are stimulated in these
secretory reflexes and the transmitters utilised by sensory nerve fibres are not
known. The studies of Brunsson et al. (1985; see above) have suggested that
the secretion induced by serosal irritation (as may be evoked in peritonitis)
may stimulate sensory nerve endings via the release of the PGs, bradykinin
or histamine. It is possible that 5-HT, released by enterochromaffin cells dur-
ing CT exposure, is the common stimulant of the sensory nerve endings in
other secretomotor reflexes. The cell bodies of sensory neurons involved in in-
trinsic reflexes must be in the myenteric or submucous plexuses; however,
there might also be sensory endings of extrinsic sensory neurons in the
mucosa.

Under some circumstances neural mechanisms for the stimulation of ab-
sorption rather than secretion appear to be activated. Bilateral carotid occlu-
sion, which activates baroreceptors and stimulates peripheral sympathetic
nerves, also increases intestinal fluid uptake (Sjovall et al. 1982). Cutting the
mesenteric nerves, as well as causing a decrease in the resting absorption level,
inhibited the effect of occlusion. The sympathetic nerves may therefore con-
tribute to a reflex compensatory mechanism to regulate extracellular fluid
volume (e.g. in cases of hypovolemic shock or hemorrhage; Sjovall et al. 1982;
Redfors and Sjovall 1984). It has been suggested that this mechanism is
mediated by elevated angiotensin II levels, which then enhance the release
from noradrenergic nerves {Levens 1985).

10.2 General Organization of Secretomotor Reflexes

A general arrangement of secretomotor reflexes can be postulated, as shown
in Fig. 8. This schema is based on histochemical and physiological informa-
tion derived mainly from guinea-pig tissues in vitro, whereas in vivo evidence
for these reflexes comes mainly from dogs and cats, where the microcircuitry
may differ. There are both cholinergic and non-cholinergic secretomotor
neurons. There are also sensory nerve fibres in the mucosa, responsive to
stimuli such as glucose and bacterial toxins; some of the sensory fibres arise
from intrinsic (submucous or myenteric) neurons and some may also come
from extrinsic ganglia. There are probably interneurons in the intrinsic
reflexes; these could be in either submucous or myenteric plexuses.
Secretomotor reflexes may, when appropriate, interact with reflexes controll-
ing muscular activity.
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Fig. 8. Components of secretomotor reflexes in the small intestine. Stimuli such as intra-luminal
glucose or bacterial toxins act on sensory nerve endings in the mucosa. The locations of these
sensory fibres, their cell bodies and those of subsequent interneurons in the reflex have not been
defined (indicated by broken lines and asterisks). Activation of this pathway causes stimulation
of cholinergic and non-cholinergic secretomotor neurons in the submucosa, leading to an
enhanced secretion of water and electrolytes. Nerve terminals from sympathetic noradrenergic
neurons can reduce the activity of the final secretomotor neurons. In some species (such as
guinea-pigs), only the non-cholinergic neurons are innervated by noradrenergic fibres, whereas
in some other species (e.g. cats) there is functional evidence that both cholinergic and non-cho-
linergic neurons are inhibited by sympathetic innervation

A question yet to be investigated is the physiological relevance of two (or
more) active substances coexisting within the one submucous neuron. In the
submucosa some neurons contain substances which have similar actions on
mucosal transport {e.g. NA and SOM cause absorption, ACh and SP cause
secretion), whereas other substances that are found together have opposing
actions (e.g. ACh causes secretion, but SOM and NPY cause absorption).
Preliminary studies in guinea-pig small intestine suggest that the effects of
NA and SOM on mucosal transport, which are in the same neurons, are no
more than additive (Keast et al. 1986); however, other combinations of sub-
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stances or other types of interactions (e.g. effects on transmitter release) have
not been investigated.

Immunohistochemical studies have suggested that there are a number of
possible target tissues for mucosal nerve fibres, and interactions between
blood flow, smooth muscle contraction {(in external muscle and muscularis
mucosae), hormonal secretion (from endocrine cells) and water and ion fluxes
are expected. These interactions have not yet been defined. A considerable
amount is now known about the neural circuitry and the secretory effects of
some substances contained in mucosal nerve fibres, particularly in guinea-pig
small intestine. It is now important to examine in more detail in this species
the mechanisms of action of substances (e.g. glucose, bacterial toxins) which
elicit secretomotor reflexes on other species and to determine the microscopic
anatomy of the circuitry in species such as cats and dogs, where physiological
studies have been made.

10.3 Physiological Roles of Secretomotor Reflexes

There are several physiological situations where neural mechanisms may
modify mucosal water and electrolyte transport. For example, in the presence
of nutrients (e.g. sugars, amino acids) stimulation of fluid secretion by the
crypts would allow for selective uptake of the nutrients, if the secreted fluid
and electrolytes are reabsorbed with nutrients in the villi. There is experimen-
tal evidence for a glucose-elicited secretory reflex in cats (Sjovall et al. 1983 ¢,
1984 a), but the physiological importance of this has not yet been demonstrat-
ed. As the absorption of water, electrolytes and nutrients varies along the gas-
trointestinal tract, there may be corresponding changes in secretomotor
reflexes. Moreover, there may be reflexes which coordinate the events between
different intestinal sites.

Some secretomotor reflexes can be thought of as “local” reflexes, in that
they directly pertain to intestinal functions. Tonic activity of secretomotor
neurons in the mucosa and submucosa (as demonstrated by the effects of
TTX) provides a mechanism for changes in the luminal contents to rapidly
increase or decrease secretomotor neuron activity and therefore permit fine
control over absorptive and digestive processes.

From the previous discussion (see Sects. 8 and 10.1) it is clear that mucosal
transport can also be modified by extrinsic nerves. It is possible that much
broader controls of mucosal transport are provided by these pathways to
coordinate intestinal absorption and secretion with other body functions,
notably whole body water and electrolyte balance. There is a considerable
amount of evidence for interactions of the renin-angiotensin system with in-
testinal transport and the enteric nervous system (as summarized by Levens
1985) and experiments by Sjovall et al. (1982, 1984b) indicate that activation
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of cardiovascular mechano- or baroreceptors can also alter intestinal fluid
transport,

The functional innervation of the mucosa should therefore be considered
not only in terms of regulating the local intestinal environment, but also as
a potentially vital component of the body’s regulatory system for maintaining
water and electrolyte homeostasis.
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1 Introduction

There have been many investigations involving the effects on the heart of
physical training by repeated dynamic muscular exercise. In several reviews,
interest has been shared by basic scientists, health experts and clinicians and
has largely focused on the possibility of beneficial effects, particularly in
terms of the prevention or treatment of ischaemic heart disease (e.g. Ekelund
1969; Froelicher 1972; Rowell 1974; Clausen 1976, 1977; Leon and Blackburn
1977; Scheuer and Tipton 1977; Greenberg et al. 1979; Stone 1980a; Wyatt
1982; Rigotti et al. 1983; Blomqvist and Saltin 1983; Froelicher 1983; Schai-
ble and Scheuer 1985). In general, studies in animals have indicated the occur-
rence of training-related improvements in cardiac performance. In respect of
coronary blood supply and myocardial ischaemia, however, the findings
regarding the benefit of such improvements have not been consistent.

The reasons for such inconsistency are not unequivocally known. However,
several factors could be implicated, which include the accuracy of techniques
used, the possibility of a small benefit, interference by concomitant training
effects, and variability related to the organism, training programmes and
species differences, as has been previously reported (e.g. Schaper et al. 1972;
Scheuer and Tipton 1977; Schaible and Scheuer 1985; Wyatt 1982). Many of
the interfering factors are less readily controlled in studies in man or in con-
scious animals than in experimental preparations, when appropriate methods
may be used and laboratory conditions specifically defined. Meaningful
deductions from laboratory findings would in addition require careful con-
sideration of the influence of experimental techniques (e.g. Linden and Mary
1983).

This review considers training-induced effects on the heart reported in ex-
perimental preparations and points out recent methods considered reliable in
assessing the effects in man. Emphasis will be placed on reports involving
changes in coronary blood supply and myocardial ischaemia. Although
discussion of mechanisms underlying effects of training is beyond the scope
of this review, some examples will be mentioned.

2 Effects of Training in General

As alluded to in the Introduction, laboratory experiments in animals offer the
potential of demonstrating a direct effect of exercise training on the heart. In
the context of coronary blood supply, it would be possible to control or define
other concomitant training-related changes, e.g. changes in haemodynamic
variables, which, by their effects on cardiac performance, coronary
vasculature or circulatory reflexes, could influence coronary blood flow.
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One of the most established haemodynamic effects of training has been on
heart rate. Less consistent effects have been reported on blood pressure,
volume and flow and cardiac mass and size, perhaps because of inaccuracy
of measurement or interplay between direct and reflex consequences of the
haemodynamic changes. This section will outline some of these effects of
training.

2.1 Heart Rate

Several studies have established that physical training results in decreases in
heart rate (see Schaible and Scheuer 1985). This bradycardia has been demon-
strated in experimental animals, including the rat, cat, dog, miniature swine
and horse (e.g. Marsland 1968; Wyatt and Mitchell 1974; Williams and Potter
1976; Dowell et al. 1977; Scheuer and Tipton 1977; Stone 1977; Sanders et
al. 1978; Gleeson et al. 1983) and has also been reported in man (e.g. Saltin
et al. 1968; Clausen 1977).

The decrease in heart rate has been shown during submaximal levels of
workload in exercise tests (e.g. Williams and Potter 1976; Stone 1977; Sanders
et al. 1978; Gleeson et al. 1983) but has not been consistently found at max-
imal levels of exercise (e.g. Saltin et al. 1968; Barnard et al. 1980). The occur-
rence of training-induced resting bradycardia has not been uniform: Though
it has been possible to show it in some studies in experimental animals (e.g.
Wyatt and Mitchell 1974; Sanders et al. 1978; Schaible and Scheuer 1979;
Musch et al. 1985), it has not been demonstrated in others (e.g. Williams and
Potter 1976; Bove et al. 1979; Stone 1980a) and has been considered too vari-
able for accurate assessment of training (e.g. Tipton et al. 1974). It is difficult
to rule out the possibility of effects related to the nervous system and con-
sciousness of the experimental animals which might mask training-induced
resting bradycardia. In one study, it was possible to show this effect only when
the animal was asleep (Breisch et al. 1986). Anaesthesia is expected to impose
its own interfering variables (e.g. Linden and Mary 1983), which could mask
such a (probably small) training effect. There have been reports in which there
were no significant differences in heart rate under anaesthesia between trained
and sedentary animals, despite the presence of training bradycardia
beforehand (e.g. Cohen et al. 1978; Sanders et al. 1978; Carey et al. 1983). It
should be pointed out at this stage that the above reports have involved dif-
ferent animals with various ages and different training programmes. These
findings do not refute the claim that training causes a decrease in heart rate;
however, they suggest that this effect could differ in extent relative to the ex-
perimental design used to disclose it, as will be very briefly outlined below.

The reduction in heart rate has been mainly reported to occur during the
initial 4—8 weeks of training by running, as demonstrated e.g. in rats, dogs
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and man (Tipton 1965; Wyatt and Mitchell 1974; Saltin et al. 1968; Siegel et
al. 1970; Li et al. 1986), and to disappear 2—5 weeks after the cessation of
training (Roskamm 1967; Wyatt and Mitchell 1974; Tipton et al. 1974). In
studies of male and female rats trained by running on a treadmill or swimm-
ing, the decrease in the resting heart rate was found to be least consistent in
the running female rats (Schaible and Scheuer 1981); this difference was one
of several and was attributed to the sex of rats and mode of training. Though
assessment using resting heart rate is subject to interfering variables, as men-
tioned above, it is interesting to point out some reported differences between
running and swimming.

Swimming has been proposed to involve less energy expenditure (e.g. McAr-
dle and Montoye 1966; McArdle 1967), but to impose more stress than runn-
ing in the rat. Changes in environment and temperature and, possibly,
respiratory problems and forced learning to swim have been thought to have
their own effects, in addition to that of training (e.g. Baker and Horvath 1964;
McArdle and Montoye 1966; McArdle 1967; Thomas and Millar 1958; Crews
and Aldinger 1967). A decrease or increase in food intake has been reported
in male or female rats respectively (Oscai et al. 1971 a, Harpur 1980), and thus
a decrease in body weight has been more consistent in male than in female
rats (see Schaible and Scheuer 1981). Any effect of forced training would be
expected to manifest itself early in the training process (O’Brien 1981) and
might be minimised by an adequate training period.

2.2 Heart Enlargement

Cardiac hypertrophy has been considered one of the effects of training. The
occurrence of hypertrophy has been identified in trained as against sedentary
groups of animals such as the rat, dog and pig by greater values for the
following variables: cardiac or ventricular weight (e.g. Crews and Aldinger
1967; Barnard et al. 1980; Anversa et al. 1982; Breisch et al. 1986), these
weights relative to body weight (e.g. Grimm et al. 1963; Ljungqvist and Unge
1972), ventricular wall thickness (e.g. Barnard et al. 1980; Anversa et al. 1983)
and cross-sectional area of myocytes (Breisch et al. 1986). In longitudinal
studies in intact animals or man, training-induced hypertrophy has been in-
ferred from radiographic or electrocardiographic assessment of ventricular
wall thickness changes (e.g. Wyatt and Mitchell 1974; Ehsani et al. 1978; de
Maria et al. 1978). Such an inference should be considered together with ex-
pectations of the influence of changes in cardiac dimensions, wall contents
of connective tissue and fluids. These aspects have been considered in ex-
perimental animals; the occurrence of excess fluid has been ruled out by
assessing dry heart or ventricular weight (e.g. Leon and Bloor 1968; Schaible
and Scheuer 1981). Furthermore, trained young male rats were reported to
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have greater cardiac proportions of myocardial fibres and sarcoplasmic mass,
but similar interstitial space in comparison with sedentary rats (Bloor et al.
1970). Also, there have been indications that increases in connective tissue
might not be of significance in repeated exercise training (Hickson et al.
1983). Assessment of ventricular volume is difficult, as will be mentioned in
subsequent sections of this review; it is dependent on changes in haemo-
dynamic variables.

The occurrence of hypertrophy has been reported to depend on the sex, age
and species of animals and the mode of training. In the rat, hypertrophy has
been consistently reported in female rats trained by swimming (e.g. Oscai et
al. 1971b; Schaible and Scheuer 1981). Hypertrophy has been observed in
young male rats trained by swimming 1 h twice weekly; adult rats required
daily swimming, and old rats were considered to have lost myocardial fibres
(Leon and Bloor 1968; Bloor and Leon 1970; Bloor et al. 1970). Hypertrophy
is reported to occur in female rats within 2 weeks of swimming at a frequency
of 75 min twice daily, 5 days/week (Buttrick et al. 1985a) or even within a
shorter period (Hickson et al. 1979) and to progress with training until about
the third week, when it alters only slightly (Buttrick et al. 1985a). Upon cessa-
tion of training in the rat, hypertrophy regresses in 3—7 weeks (Leon and
Bloor 1968; Hickson et al. 1979, 1983; Buttrick et al. 1985a).

2.3 Other Effects

Other heart-related alterations in the body which have been examined in con-
nection with training include changes in blood volume, arterial blood
pressure, oxygen consumption, stroke volume and cardiac output. For in-
stance, increases in plasma and red cell volumes during training have been re-
ported in the dog (e.g. Musch et al. 1985) and in man (see Scheuer and Tipton
1977; Conventino et al. 1983; Coyle et al. 1986), though the increases are
believed to be influenced both by the baseline value before training and by
associated thermal stresses (see Harrison 1985). In longitudinal studies in
animals and in man, training-related increases in cardiac output and oxygen
consumption during maximal exercise have been reported, and decreases or
variable changes occurred during submaximal exercise; the changes in resting
conditions have not been systematic (e.g. Saltin et al. 1968; Wyatt and Mit-
chell 1974; Clausen 1976, 1977; Barnard et al. 1980; Gleeson et al. 1983;
Mazzeo et al. 1984; Breisch et al. 1986). As would be expected from the re-
ported training effects on heart rate and cardiac output, increases in stroke
volume have been found before and during exercise. The effect of training on
arterial blood pressure has been less certain (e.g. Clausen 1976, 1977; Scheuer
and Tipton 1977).
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The training-related changes, mentioned above, interact to a certain degree
with each other, with other general training effects such as bradycardia and
with changes in cardiac performance and coronary blood supply. These issues
will be mentioned in some detail in subsequent sections of this review. In addi-
tion, peripheral changes are thought to occur, though their precise quan-
titative relationship to the heart has not been unequivocally established. For
instance, changes have been reported in skeletal muscle enzymes, function and
metabolic consequences (e.g. Holloszy and Coyle 1984), and reports involving
animals and man have suggested a role in training effects for the nature of
trained muscles or related indices such as oxygen consumption and lactate
production (e.g. Baldwin et al. 1977; Clausen 1976, 1977; Musch et al. 1985;
Parsons et al. 1985).

The above findings on training effects in general do highlight an important
aspect: The accuracy and ease of measuring the heart rate and the certainty
of the training-induced bradycardic effect place it in a prominent position
amongst other training effects for use as an indicator to evaluate the effec-
tiveness of the training intervention, particularly in longitudinal studies of
changes related to the heart. Other, relatively less readily available indices of
cardiac-related training effectiveness will be outlined later in this review.

3 Experimental Evidence

This section considers effects of training on the performance of the heart and
coronary blood supply. It is expected that the general effects of training
outlined in Sect. 2 might be involved in such considerations: for instance, that
training might exert an indirect influence through its effect on variables such
as the heart rate, ventricular dimensions, aortic blood pressure and flow (e.g.
Leonard and Hajdu 1962; Folkow and Neil 1971; Feigl 1983) and their related
reflex effects (e.g. Daly and Scott 1962; Kirchheim 1976; Vatner and Murray
1982; Feigl 1983). Furthermore, an interplay is expected between cardiac per-
formance and coronary blood supply (e.g. Feigl 1983). The changes in cardiac
performance and the possible interfering variables will initially be outlined.

3.1 Cardiac Performance

The reports on cardiac performance have involved changes in the inotropic
state and the effect of the initial length of myocardial fibres, subject to addi-
tional influence related to haemodynamic variables; i.e. the Starling mecha-
nism. These changes have been sought in myocardial tissue preparations,
isolated perfused hearts and hearts of anaesthetised and conscious animals.
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At this stage, a brief outline is warranted of indices used in the reported
studies to be reviewed in this section.

In myocardial preparations such as the papillary muscle, various assess-
ments have been used. In preparations made to contract at the same frequency
of stimulation, stretching to increase preload length or tension results in an
increase in isometrically developed tension. An increase in tension or the
maximal rate of increase in tension (d7/ds max) or in force (dF/df max) at
the same initial length or lengths which lead to maximal resting tension
(Lmax), may be obtained for example by means of the inotropic effect of cat-
echolamines. In isotonically contracting muscles, the inotropic effects have
been evaluated using the maximal velocity of shortening {¥max), as derived
from extrapolation of data to those at zero load and obtained with similar
mechanical properties of the muscle. These indices have been extended for use
in the heart. The effect of the initial length, or operation of the Starling
mechanism, has been represented in terms of increases in ventricular stroke
volume or external work during increases in ventricular filling pressure or
volume. The inotropic effects have been assessed using various indices which
include for example the maximal rate of development of ventricular pressure
(dP/d¢ max), velocity of contractile element shortening (Vce) or velocity of
circumferential fibre shortening (Vcf). The use of these indices in the assess-
ment of cardiac performance has been previously reviewed in detail (e.g. Ab-
bott and Mommaerts 1959; Sarnoff et al. 1960; Sonnenblick 1962; Leonard
and Hajdu 1962; Sonnenblick et al. 1969; Folkow and Neil 1971).

3.1.1 Papillary Muscle

Preparations of papillary muscles or trabeculae carneae have been used to
assess the effect of training on the intrinsic performance and physical proper-
ties of the myocardium (e.g. Nutter and Fuller 1977; Scheuer and Tipton
1977, Stone 1980a). Such preparations allow definition and control of vari-
ables, e.g. loading conditions, and unlike the case of the whole heart avoid
interference by factors such as haemodynamic changes, geometrical assump-
tions and reflex effects. However, the preparations might involve the release
of neurotransmitters and variability related to trauma (Allen 1983).

The reported effect of training on the contractile behaviour of the papillary
muscle has not been consistent. It should be pointed out that the reported
studies have involved comparisons between trained and sedentary groups of
animals. The baseline values of variables before training in the same animals
were unknown. Indices of contractile behaviour are more sensitive to changes
in the same muscles than to differences between animals and are subject to
variablility related to the influence of differences in the techniques used. Con-
clusions have depended on statistical analysis between groups of animals,
such that adequate numbers would be required to reduce variability.
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In three reports, male and female rats were trained by running on a tread-
mill up to 1 h daily or by swimming up to 6 h daily, 5 days/week for about
6— 11 weeks (Tibbits et al. 1978, 1981; Mole 1978). Trained rats had greater
gastrocnemius muscle cytochrome ¢ oxidase activity (Tibbits et al. 1978, 1981)
or ventricular dry weight (Mole 1978) than the sedentary control groups. In
these reports, the left ventricular papillary muscle was examined. In trained
male and female rats, there was no evidence of cardiac hypertrophy. The
muscles were subjected to isometric twitch studies (Tibbits et al. 1978, 1981);
peak developed tension or force and its dF/d¢ max at various bath calcium
concentrations were greater in trained rats, but the response to increasing
stimulation frequency was not significantly different. No significant dif-
ferences were found between trained and sedentary groups in the time re-
quired to attain peak developed tension or the resting tension (Tibbits et al.
1978).

In the report of Mole (1978), in which swimming female rats showed
evidence of ventricular hypertrophy, no differences were found in the relation
of length to passive tension in muscle or in the time required to attain peak
developed tension. In these isometrically contracting muscles, the developed
tension during various preload values at and below Lmax and d7/df max were
greater in trained rats; the same applied to isoprenaline-induced increases in
d77/dt max. In preparations for force-velocity analysis, the shortening velocity
of muscle in lengths per second relative to resting values was greater at
various loads in trained rats, as was Fmax at the lowest load. In this report,
it was proposed that an adequate number of tests were required to minimise
variability, which could mask a small improvement (Mole 1978).

These three reports (Tibbits et al. 1978, 1981; Mole 1978) make it seem pro-
bable that training resulted in an inotropic effect and an improvement in con-
tractile behaviour during both isometric contraction and shortening, and the
improvement was greater during isoprenaline stress. No evidence could be
found of any deterioration in muscle performance during increases in preload
length or tension. The improvement was present in the absence of significant
differences in passive stiffness and time of tension development.

There have been other reports of studies in the rat which did not show an
improvement. In one report (Nutter et al. 1981), young and adult male rats
trained by running on a treadmill up to 1 h daily 5 times per week for about
12 weeks and then detrained for a further 6 weeks were compared with seden-
tary control rats. Trained rats had greater gastrocnemius muscle succinate
dehydrogenase activity, but no evidence of cardiac hypertrophy. In
isometrically contracting left ventricular papillary muscles, no statistically
significant difference was observed in length-passive tension curves or time of
tension development. The peak developed tension and its d7/d¢# max were
lower in trained young rats and not significantly different in adult rats; also,
no differences were found in calcium- or noradrenaline-induced increases in
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peak developed tension. It is remarkable that the young rats showed training-
related deteriorations in contractile behaviour which did not occur in adult
rats and that this deterioration was reversed by detraining relative to the
sedentary rats. As will be mentioned in subsequent sections of this review in
the rat, the period of 6 weeks is similar to that during which any detraining-
related reversal of cardiac improvements other than in coronary structure
would occur (e.g. Tepperman and Pearlman 1961; Leon and Bloor 1968;
Hickson et al. 1979, 1983). However, no force-velocity analysis was made
(Nutter et al. 1981), and the intensity of running on the treadmill during train-
ing was less than that in the reports showing improvement (Mole 1978; Tib-
bits et al. 1981); indeed, positive evidence of cardiac training effects was lack-
ing (Nutter et al. 1981), though the possibility of a mild hypertrophy cannot
be excluded in such cross-sectional studies.

In another report, male rats with or without aortic constriction were train-
ed by running on a treadmill up to 4 h daily 5 days/week for about 8 weeks
and were compared with sedentary groups to examine the influence of ven-
tricular hypertrophy (Grimm et al. 1963). No evidence of ventricular hyper-
trophy was present in trained rats without aortic constriction, though their
ventricular papillary muscles were heavier. No differences were found in the
relations of length to passive or to developed tension in isometrically con-
tracting muscles. In rats with aortic constriction and ventricular hypertrophy,
the maximal developed tension was less than that in young sedentary rats
without constriction, and training did not further reduce developed tension.
The effects on rate of tension development were not studied, and there was
no force-velocity analysis. Furthermore, as in the report of Nutter et al.
(1981), training appeared less intensive than that reported by Mole (1978) and
Tibbits et al. (1981). Of note in this report (Grimm et al. 1963) was the
absence of deterioration in preload-related tension development during train-
ing.

The question of the effect of training on the performance of cardiac
muscles has been reviewed (e.g. Nutter and Fuller 1977; Stone 1980a). Two
further studies were cited involving isometric preparations of left ventricular
papillary muscles or trabeculae obtained from rats with swimming-induced
cardiac hypertrophy. No significant change in contractile performance of the
papillary muscles and either improvement or no change in the trabeculae were
said to have been observed in comparison with sedentary rats (Nutter and
Fuller 1977; Stone 1980a). In the study of papillary muscles, the decrease in
peak isometric tension noted during hypoxic conditions was less in trained
than untrained rats (Amsterdam et al. 1973).

The above findings include data which suggest an influence of the age of
rats; a brief consideration of this aspect is warranted, since various training-
related changes in biochemical, cellular, vascular and cardiac performance in-
dices have been related to the age of rats studied (e.g. Bloor and Leon 1970;
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Scheuer and Tipton 1977; Capasso et al. 1982; Starnes et al. 1983; Mazzeo
et al. 1984; Maclntosh et al. 1985), and age-related alterations in cellular
biochemistry and performance of the heart are believed to occur {(e.g.
Hansford 1978; Templeton et al. 1979; Lakatta and Yin 1982; Capasso et al.
1982). It has been argued that age-related shifts in baseline values could in-
fluence the magnitude of training-induced haemodynamic changes (Starnes
et al. 1983; Mazzeo et al. 1984).

In respect of the effects of age on myocardial performance, one report in-
volved studies of left ventricular papillary muscles from female rats (Capasso
et al. 1982). With progress of age, no changes were found in isometric
preparations at resting tension or d7/d¢ max, but increases occurred in peak
developed tension and the time to peak tension. During force-velocity analysis
in isotonic preparations, the shortening velocity decreased. In another report,
left ventricular trabeculae carneae were examined in adult and senescent male
rats (Spurgeon et al. 1983). In isometrically contracting preparations, no dif-
ferences were attributed to age in resting tension, peak developed tension and
its d77d¢ max; however, senescent rats had longer contraction times and
greater dynamic stiffness.

The issue of interplay between age and training effects was also involved
in the report of Spurgeon ¢t al. (1983). The adult and senescent male rats were
trained by running on motorised wheels 30 min daily 5 days/week for 1822
weeks and were compared with sedentary control groups. Left ventricular
hypertrophy in the trained groups was significant only in terms of ventri-
cle/body weight ratio in adult rats. In trabeculae preparations, no effects were
attributed to training in adult rats. Trained senescent rats did not differ from
sedentary ones in resting tension, developed tension or its d7/df max, but had
lower times during contraction and dynamic stiffness coefficients which were
similar to those in the younger rats. Dynamic stiffness was assessed by
superimposing length changes in the preparation, and the coefficient repre-
sented the rate of change in stiffness relative to that in tension during contrac-
tion (Spurgeon et al. 1983).

In another report, similar groups of male rats were examined; training com-
prised running on a treadmill at intensities considered to be normalized for age,
5 days/week for about 20 weeks (Li et al. 1986). Assessments of heart rate and
systolic arterial blood pressure before and during exercise were considered to
have entailed resting bradycardia only in the trained young adult rats, and no
differences in ventricular weights were reported. In isometrically contracting
right ventricular papillary muscles, training did not significantly affect
developed tension or its d 7/ds max relative to developed tension in adult or ag-
ed rats; however, contraction times were greater in trained young adult rats and
in sedentary aged rats than other groups of animals (Li et al. 1986).

These findings indicate that age-related effects on baseline values of intrin-
sic myocardial performance or physical properties are to be expected. There
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were indications that such baseline effects could have an influence on ob-
served effects of training, either directly or concomitantly through alterations
in physical myocardial properties. It is not possible unequivocally to explain
the effect of age in the reports on training in the rat which were reviewed in
this section, particularly those of Grimm et al. (1963) and Nutter et al. (1981),
since such age aspects were not examined.

In the cat, as in the rat, some, but not all studies report having demonstrat-
ed exercise-induced improvements in papillary muscle preparations. In one
report, cats were trained by swimming 45 min daily 5 days/week for about 20
weeks and compared with sedentary control cats; there were no significant
differences in the heart weight (Wyatt et al. 1978). In preparations of
isometrically contracting right ventricular papillary muscles, the means of
cross-sectional areas and peak developed force at Lmax were greater in train-
ed cats, and there were no significant differences in dF/d¢ max, time to peak
force and increases in muscle performance during increases in length or fre-
quency of stimulation. An improvement in contractile performance was also
obtained during the addition of isoprenaline and was associated with a de-
crease in time to peak force. Normalisation for differences in cross-sectional
area abolished the statistically significant difference in untreated muscles,
though the trend of improvement remained (Wyatt et al. 1978). However, an
improvement could be demonstrated under the influence of isoprenaline.

In another report, cats were trained by running on a treadmill to cause
fatigue for 45—60 min 5 days/week for about 6 weeks; in contrast to a seden-
tary control group of cats, submaximal and maximal heart rates were lower,
though heart weights were not different (Williams and Potter 1976). In
isometrically contracting right ventricular papillary muscles, the increases in
passive or developed force resulting from increases in length, time to peak
force and dF/dt max were not significantly different, though mean developed
tension at Lmax and its rate tended to be greater. In a further preparation,
force-velocity analysis showed no differences between the two groups at mus-
cle preloads which were not statistically significantly different (Williams and
Potter 1976).

It could be concluded from the reviewed reports, which mainly involve the
rat, that an improvement in intrinsic contractile performance is possibly
related to training. Inotropic effects and improvement in contractility during
shortening have been shown, and there was no evidence of any deterioration
in the response of the myocardium to increases in preload length or tension.
The improvements were reported in male and female rats with or without car-
diac hypertrophy. Though the number of reports is not large, indications
could be found that mild training might not have been effective. The extent
of improvement in contractile performance was probably small, such that its
demonstration was thought to be made possible either by imposing stressing
conditions or by using adequate numbers of tests statistically to account for
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interfering variables. Such variables have included differences in the tech-
niques used in myocardial tissue preparations and the reported possibility of
structural changes attributed to bouts of forced exercise in some animals of
the study groups (Loguens and Gomez-Dumm 1967; Tomanek and Banister
1972). Uncertainty still remains regarding the possible influence of age
operating either directly through its effects on baseline contractile perfor-
mance or concomitantly with training through the influence of age-related
changes in myocardial physical properties.

3.1.2 Heart

To examine the effect of training on the whole heart in experimental animals,
different methods have been used, which can conveniently be grouped in this
review according to whether they involve isolated hearts, anaesthetised
preparations or instrumented conscious animals. In general, the use of the
whole heart could be considered, in contrast to isolated parts of it, to allow
assessment of cardiac performance in terms of well-recognised and common-
ly used haemodynamic variables. In this context, it is important to outline
some fundamental differences between the three methods of assessing the ef-
fects of training.

Preparations of the heart in isolation from the body and circulation allow
direct assessment and definition of variables such as cardiac dimensions, rigid
control of interfering variables such as cardiac frequency and loading com-
ponents and exclusion of any concomitant influence of the multitude of reflex
neural and hormonal effects and their arcane interactions. The heart in
anaesthetised animals could be argued to provide net effects of most of the
above aspects and include the influence of anaesthetic agents. In conscious
animals, the net effects would include those from higher centres of the ner-
vous system, but longitudinal assessments and knowledge of pretraining levels
of some variables are more readily available, so some drawbacks of cross-sec-
tional studies as outlined in the preceding section are thus avoided.

Isolated Perfused Heart

Cardiac performance has been assessed in isolated hearts which were perfused
with a modified Krebs-Henseleit solution (Penpargkul and Scheuer 1970).
Studies have been reported with regard to the effect of exercise training on rat
heart (e.g. Scheuer and Tipton 1977; Schaible and Scheuer 1985); of these, the
more recent studies have allowed assessments of end-diastolic volume and
aortic flow (Bersohn and Scheuer 1977). Throughout experiments, hearts
were electrically paced at a constant rate of 340 beats per minute and aortic
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pressure kept constant; studies were made possible with preset levels of left
atrial pressure.

Hearts from male rats trained by swimming or by running on a treadmill
75 min twice daily 5§ days/week for about 8 weeks were compared with those
from groups of sedentary control rats (Penpargkul and Scheuer 1970; Scheuer
et al. 1974; Bersohn and Scheuer 1977; Giusti et al. 1978; Schaible and
Scheuer 1979). Trained rats had lower heart rates at rest and during exercise
(Scheuer et al. 1974; Schaible and Scheuer 1979) but in general displayed no
evidence of cardiac hypertrophy; differences in fluid contents of myocardial
wall were considered to be small (Bersohn and Scheuer 1977). Briefly, trained
rats mainly had greater cardiac output, stroke volume, ejection fraction,
stroke work, maximal power, extent of circumferential fibre shortening and
Jef at the same left atrial pressures; peak left ventricular pressures and dFP/d¢
max were also greater, and there were no systematic differences in end-
diastolic pressures or volumes. In the trained rats, there was a tendency for
measured variables to show greater increases for the same increments in left
atrial pressure. The isolated perfused heart was considered to provide more
consistent training-induced changes than occurred in anaesthetised animals
(Schaible and Scheuer 1979).

These findings indicated a training-related occurrence of greater left ven-
tricular pump performance and contractility, particularly during ventricular
ejection. The findings may be considered to extend to the heart improvements
in papillary muscle performance reviewed in the preceding section, as report-
ed by Tibbits et al. (1978, 1981) and Mole (1978); it is notable that the training
programmes in the isolated heart series were in general shorter or less inten-
sive than those in the three reports on papillary muscles.

With the isolated perfused heart, differences have been reported in training
effects between male and female rats for which similar training programmes
were employed (Schaible et al. 1981). Training comprised running on a tread-
mill up to 2h per day 5 days/week for about 12 weeks; this running was
therefore longer and more intensive than in the case of the male rats reviewed
above. Sedentary control groups included rats subjected to food restriction to
maintain body weights similar to those of male rats trained by running; this
was considered necessary because variables normalised for left ventricular
weight were greater in small than in large hearts (Schaible et al. 1981). Trained
rats had greater gastrocnemius cytochrome oxidase activity; the differences
were similar in male and female rats, and in neither group were there dif-
ferences in dry heart weights. Trained male rats had greater cardiac output,
stroke volume and stroke work at the same left atrial pressures and showed
greater increases during increments in left atrial pressure. In contrast, no sig-
nificant differences were found in female rats (Schaible et al. 1981).

These findings clearly show differences in training effects between male
and female rats and carry important implications. In female rats, skeletal
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muscle indices of training effectiveness were not associated with a discernible
cardiac training effect; this issue assumes relevance in respect of the contribu-
tion of peripheral training effects to those in the heart, as was alluded to in
Sect. 2.3. However, despite indications of equivalent training duration and in-
tensity and absence of cardiac hypertrophy in female rats, an improvement
has been reported in the performance of papillary muscles (Tibbits et al.
1981), but not in the isolated perfused heart (Schaible et al. 1981).

The differences between male and female rats have been related to whether
training involved swimming or running in female rats and to the occurrence of
cardiac hypertrophy. Female rats were studied (Schaible and Scheuer 1981) in
a swimming training programme similar to that used for male rats (e.g. Schai-
ble and Scheuer 1979). Trained female rats had greater dry ventricular weights,
which was not observed in trained male rats. In isolated perfused heart
preparations from trained female rats, the cardiac output at similar left atrial
pressures was greater than in preparations from sedentary female rats, though
this difference was abolished when cardiac weight was taken into account.
However, increases in cardiac output per increment in left atrial pressure were
greater, over lower ranges of this pressure, in trained rats. Trained female rats
showed greater stroke work, ejection fraction, peak left ventricular systolic
pressure, extent of circumferential fibre shortening and peak J&f at the same
left atrial pressure; no difference was reported in dP/df max. As a finding
possibly related to cardiac hypertrophy in trained female rats, it was noted that
no differences occurred relative to sedentary rats in left ventricular end-
diastolic pressure or volume at all left atrial pressures at a time when volumes,
normalised for ventricular weight, were smaller (Schaible and Scheuer 1981).

The finding that no improvement in cardiac performance occurred in fe-
male rats unless it was accompanied by ventricular hypertrophy contrasts
with reports of improvements in papillary muscle from female rats trained by
swimming or running in the presence or absence of cardiac hypertrophy
(Mole 1978; Tibbits et al. 1981). However, differences were apparent in the
length and intensity of the training programmes, as alluded to above.

There have been other reports which included examination of the influence
of age on the training effects in the isolated perfused heart. In one report, ag-
ed male rats were trained by running on a treadmill up to 35 min daily 5
days/week for about 16 weeks and were compared with two sedentary control
groups of male rats, young and aged (Starnes et al. 1983). No differences were
found in the weight of the heart, and in all rats under a paced constant heart
rate of 300 beats per minute, data were obtained before and after stresses in-
duced by raising left atrial and aortic pressure. Peak systolic pressure, cardiac
output and stroke volume were lower in aged than in young rats. In the group
of aged rats, trained animals showed greater peak systolic pressure and car-
diac output during the stress but were not different from young sedentary rats
(Starnes et al. 1983).
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In a further study using the isolated perfused heart (Fuller and Nutter
1981), young and old rats were trained by running as described in the report
of Nutter et al. (1981) and mentioned in Sect. 3.1.1. Hearts were paced at a
constant rate of 360 beats per minute and studied at various left atrial
pressures. Trained rats had greater gastrocnemius muscle succinate
dehydrogenase activity and, based on the heart/body weight ratio, were con-
sidered to have probable cardiac hypertrophy. With the hearts in the arrested
state, however, left ventricular volume increments led to similar pressures in
trained and untrained rats. Left ventricular pressure per volume was greater
in old than in young rats. In the perfused heart examined at various left atrial
pressures, no significant differences were found in cardiac output, left ven-
tricular pressures, dP/d¢t max and stroke work; though statistically insignifi-
cant, trained rats showed trends of higher cardiac output and lower left ven-
tricular pressures and dP/df max in mean group data at high left atrial
pressures. No differences were reported which were attributable to age (Fuller
and Nutter 1981).

These findings do not refute the possibility of an age-related influence on
the papillary muscles, as was construed in Sect. 3.1.1 nor do the findings rule
out training-related improvements, as reviewed earlier in this section.

It could be concluded from this review of the isolated perfused heart that
the prevailing findings indicated a possible training-related improvement in
pump performance and contractility of the heart, particularly during ven-
tricular ejection. In general, the findings were similar to those regarding the
papillary muscle reviewed in the preceding section: Both involved a possible
influence of age, a need to impose stresses to show changes and inconsistency
in showing training-related improvements. Unlike the findings in papillary
muscles, however, improvements in isolated hearts of female rats were related
to the occurrence of cardiac hypertrophy and the design of the training pro-
gramme. Taken together, it is possible that the findings indicated a small
degree of improvement in relation to training.

Anaesthetised Animals

In one report, female rats trained by swimming up to 6 h daily 6 days/week
for 118-250h were compared with sedentary control rats (Crews and
Aldinger 1967). Trained rats had greater heart weights and thicker ventricular
walls. At similar arterial blood pressure and lower heart rate in the
anaesthetised state, trained rats showed greater isometric systolic tension of
the ventricular walls at initial tensions of 10—-30g, as assessed by a strain
gauge lever system. The effects of intravenous adrenaline were reported to be
weaker in trained rats, though they were associated with large changes in heart
rate and blood pressure (Crews and Aldinger 1967). The findings might be
considered to indicate preservation of the Starling mechanism, though fur-
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ther interpretations would take into account effects of the different haemody-
namic variables.

In other reports in anaesthetised rats, cardiac stressing by increases in aor-
tic blood pressure or alterations in the filling pressures of the heart were used
to examine cardiac effects of training (Dowell et al. 1976; Codini et al. 1977;
Cutilletta et al. 1979; Fuller and Nutter 1981). Male rats were trained by
swimming 75 min twice daily 5 days/week for about 8 weeks (Codini et al.
1977) or by running on a treadmill 60 min daily 5 days/week for about 12
weeks and then detrained for 6 weeks (Fuller and Nutter 1981). Female rats
were trained by running on a treadmill up to 60 min daily 5 days/week for 8
weeks (Dowell et al. 1976; Cutilletta et al. 1979). Relative to sedentary control
groups, trained rats had greater gastrocnemius muscle succinate dehydro-
genase activity and heart/body weight ratios (Fuller and Nutter 1981). Train-
ing-related improvement in cardiac performance was reported in three of
these studies, mainly occurring during cardiac stress (Dowell et al. 1976;
Codini et al. 1977; Cutilletta et al. 1979), but not in unstressed hearts (Fuller
and Nutter 1981).

The improvement in trained male rats comprised greater peak left ven-
tricular systolic pressures and dP/d¢ max at levels of late diastolic pressures
increased by graded aortic constriction and at the same heart rate. Such im-
provement was still present when the same systolic pressures as in the control
groups were selected for comparisons. In addition, the trained rats showed
higher values for pressure and its dP/d¢ max during high levels of paced heart
rates (Codini et al. 1977). In the other study of male rats, differences between
groups of male rats were considered to have been produced by differences in
haemodynamic variables (Fuller and Nutter 1981).

Trained female rats showed a greater cardiac contractility index, relating
dP/d¢ max to pressure, following sustained aortic constriction, which also
resulted in lower left ventricular end-diastolic pressures. During infusion or
withdrawal of blood to change cardiac preload, there was a tendency towards
greater increases in cardiac output and stroke volume or smaller decreases in
these values respectively (Dowell et al. 1976; Cutilletta et al. 1979).

These findings support previous evidence in this review that cardiac stress-
ing is required to show a possibly small improvement in cardiac pump perfor-
mance and contractility. Furthermore, the possibility was raised that dif-
ferences in haemodynamic variables could be argued to mask such a small im-
provement. Improvements were shown in female rats despite the shorter and
less intensive running training programme used by Dowell et al. (1976) and
Cutilletta et al. (1979). This is in contrast to the one employed by Schaible
et al. (1981), which was not associated with an improvement in the isolated
heart.

There have been other reports of studies involving various types of cardiac
stressing, and some examples are outlined here. In one study in male rats,
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hypoxic ventilation or complete occlusion of the left coronary artery was used
(Carey et al. 1976). Training involved running on a treadmill up to 90 min dai-
ly 5 days/week for 10—16 weeks. Relative to a weight-matched sedentary
group, trained rats had higher gastrocnemius muscle cytochrome ¢ oxidase ac-
tivity. During hypoxia, trained rats were better able to maintain the heart rate,
left ventricular systolic pressure and its dP/d¢ max. No differences were ob-
served during coronary artery occlusion, which was attributed to the drastic
nature of the occlusion (Carey et al. 1976). In another study on male rats,
volume loading by dextran infusion with or without a more severe degree of
hypoxic ventilation than in the report of Carey et al. (1976) was used (Yipin-
tsoi et al. 1980). Trained rats were made to swim 75 min twice daily 5
days/week for 10 weeks; there were no differences in the weights of the heart
between trained and sedentary rats. Comparisons between the two groups of
rats were reported to show that the cardiac index of trained rats was better
maintained, a finding which was attributed to their lower body weight and
not to training (Yipintsoi et al. 1980). No significant benefit was found for
trained rats; as in the report of Carey et al. (1976), from the data of Yipintsoi
et al. (1980) the possibility could not be ruled out that a drastic intervention
which depresses cardiac performance might mask a small improvement asso-
ciated with training.

There are reports of stressing studies in dogs. For example, in one report,
pressure or volume loading of the heart was used in beagle dogs (Bove et al.
1979). Training comprised running on a treadmill 75 min daily 5 days/week
for about 8 weeks. Trained dogs had a slower heart rate during submaximal
exercise tests than before training and an unchanged resting heart rate; these
dogs also had greater heart/body weight ratios and gastrocnemius cyto-
chrome ¢ oxidase activity. At a constant heart rate controlled by atrial pacing,
there were no significant differences in cardiac output or work during in-
creases in arterial blood pressure by phenylephrine and during infusions of
saline or dextran. The interventions did not significantly alter the cardiac out-
put. Lack of sensitivity of the indicator-dilution technique, used to measure
the cardiac output, in detecting small changes could have contributed to the
findings (Bove et al. 1979), and the possibility of a mild degree of volume
loading by infusion cannot be excluded.

It is relevant at this stage to highlight assessments of cardiac output in two
subsequent reports (Ritzer et al. 1980; Carey et al. 1983), the details of which
will be respectively reviewed in Sects. 3.1.2 and 3.2.2. In one report involving
the effect of training on coronary resistance, the cardiac output measured by
indicator-dilution technique at rest and during pacing-induced increases in
heart rate was lower in a group of trained dogs than in a sedentary control
group (Carey et al. 1983). In the other study, beagle dogs were examined by
left ventricular angiography before and after training; at similar resting and
paced heart rates, the stroke volume was found to increase, and the increase
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was statistically significant in the case of resting heart rate. In the same
report, longitudinal comparisons in sedentary beagle dogs did not show a
consistent change in stroke volume (Ritzer et al. 1980).

In another study, dogs were trained by running 20—235 min twice daily 45
days/week for about 8 weeks, after which their left ventricles weighed more
than those of a sedentary control group (Riedhammer et al. 1976). The com-
parisons made between the two groups by means of angiography included left
ventricular pressures, dP/d¢ max, e, volumes, stroke volume, ejection frac-
tion and Vcf. They were repeated following vagotomy and administration of
propranolol or during acute pressure loading by methoxamine at the same
heart rate. Differences between the two groups of dogs were confined to the
stressing test by acute pressure loading. Trained dogs had smaller increases in
left ventricular end-diastolic pressure. Moreover, in contrast to sedentary
dogs, there were no increases in end-diastolic volume and no deterioration in
Vce at peak rate of pressure rise. An improvement in contractile performance
during afterload stressing was construed on the basis of better performance
from a smaller ventricular volume (Riedhammer et al. 1976).

The review in this section has shown inconsistent findings on training-
related changes in performance of hearts in anaesthetised animals. Because
of uncertainty regarding left ventricular dimensions, physical wall properties,
reflex neural and hormonal effects and the cross-sectional nature of the
studies, it is difficult to attribute a difference solely to training. However,
some findings were consistent with those in the review on papillary muscles
and isolated perfused heart. Together, they indicate a possible small improve-
ment in cardiac performance, which might readily be masked by interfering
haemodynamic variables and their reflex effects, by the absence of adequate
stressing of the heart or by the use of drastic interventions which severely
depress its performance.

Conscious Animals

Reports on the effects of training on the heart of conscious animals have
mainly involved studies in the dog and include longitudinal analyses in
animals before and after training, as well as cross-sectional comparisons be-
tween two groups of animals.

Reports of longitudinal studies in the dog have involved cardiac stressing
by exercise or by increasing left atrial pressure before and after training (e.g.
Dowell et al. 1977; Stone 1977; Ritzer et al. 1980; Musch et al. 1985).

In the reports of Dowell et al. (1977) and Stone (1977), training comprised
running on a treadmill up to 75 min daily 5 days/week for about 8 — 10 weeks.
This training was reported to result in increases in skeletal muscle cytochrome
¢ oxidase activity (Stone 1977) and no differences in left ventricular weight
between trained dogs and a sedentary control group (Dowell et al. 1977).
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Training was planned to cause a decrease in heart rate during exercise tests.
Cardiac output was assessed by electromagnetic flowmeters placed around
the ascending aorta, with the late diastolic signal considered to represent zero
flow, and had a variability of 7% between calibrations before and after
studies. Pressures were assessed in the left atrium and ventricle. With dogs
standing on the treadmill after training, the heart rate was lower and the car-
diac output and dP/df max were greater than before training; no significant
changes were found in left ventricular systolic and end-diastolic pressures. In
submaximal exercise tests, observations during training included decreases in
heart rate, increases in cardiac output at high levels of exercise and increases
in dP/d¢ max during exercise which were maintained when related to heart
rates; no significant changes were observed in left ventricular pressures. In-
creases occurred during exercise in stroke volume, though they did not attain
statistical significance (Dowell et al. 1977; Stone 1977). In some dogs, infu-
sion was used to examine the effects of raising left atrial pressure from about
3 to 30 mmHg. After training, the left atrial pressure at which heart rate or
cardiac output reached a plateau was less than that before training. These fin-
dings were considered, taking into account possible changes in ventricular
dimensions and reflex effects, to indicate training-related improvements in
left ventricular contractility and pump performance (Dowell et al. 1977; Stone
1977).

In the report of Musch et al. (1985), foxhounds were trained by running at
80% of maximal heart rate 60 min daily 5 days/week for about 8 — 12 weeks;
in previously reported studies using similar training in dogs, decreases in heart
rate and increases in left ventricular wall thickness were found, but not
changes in left ventricular end-diastolic volume (Wyatt and Mitchell 1974).
During training, increases occurred in plasma and red cell volumes (Musch
et al. 1985). Maximal exercise tests were performed at times before and after
training. A decrease in heart rate was shown only during submaximal exercise
and an increase in cardiac output only during maximal exercise; no changes
were found in arterial blood pressure. Oxygen consumption, derived using the
cardiac output as assessed by dye dilution, was found to increase only during
maximal exercise. The stroke volume, also derived using cardiac output, was
shown to increase throughout the exercise test. In a previous study in dogs,
stroke volume was measured using dye dilution and roentgenography of car-
diac markers; similar group data were reported from the two measurements
(Ordway et al. 1984). These findings were considered to represent training-
related increases in maximal oxygen consumption, which were mainly due to
increases in stroke volume (Musch et al. 1985).

The fourth report involved studies in beagle dogs, using submaximal exer-
cise tests before and after training, which comprised running up to 75 min
daily 5 days/week for 10 weeks; a sedentary group was also used for com-
parisons. Studies were performed at heart rates increased by electrical cardiac
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pacing and infusion and included assessments of left ventricular size (Ritzer
et al. 1980). No evidence of cardiac hypertrophy was found, but skeletal mus-
cle cytochrome ¢ oxidase activity was greater in the trained dogs. There was
a decrease in the heart rate during exercise, which mainly occurred within the
first 5 weeks of training; no such decrease was seen during exercise in the
sedentary group. Although the other assessments involved left ventricular
angiography and pressure measurements made under anaesthesia, this study
is reviewed in this section to put emphasis on its longitudinal nature. The in-
consistent decrease in resting heart rate relative to that during exercise sug-
gested central effects (Ritzer et al. 1980) and should recall similar interference,
though involving different mechanisms, in assessments made in the
anaesthetised state (e.g. Linden and Mary 1983). Significant changes during
training whilst in sinus rhythm at an average heart rate of 103 beats per
minute included increases in left ventricular end-diastolic volume, stroke
volume and peak midwall stress in relation to pressure and volume. In the
sedentary group, the only such change was a decrease in peak left ventricular
systolic pressure. At paced heart rates averaging 190 beats per minute, signifi-
cant increases during training were found in left ventricular peak systolic
pressure, peak midwall stress, peak ¥ce and dP/df max; no significant changes
were found in the sedentary group. In only three dogs, during cardiac pacing
and infusions to increase left ventricular end-diastolic volume, were the in-
creases in stroke volume relative to those in end-diastolic volume similar
before and after training. These findings were considered to suggest im-
provements in cardiac performance which were mainly obtained during the
cardiac stress of increases in heart rate and training-related changes in ven-
tricular dimensions. It was proposed, therefore, that comparisons involving
trained and sedentary groups were not as sensitive as those involving
longitudinal changes (Ritzer et al. 1980).

There have been other reports on conscious dogs in which trained groups
of greyhounds were compared with untrained ones to assess the effect of
training-related cardiac hypertrophy (Carew and Covell 1978) or changes in
the coronary circulation (Restorff et al. 1977; Barnard et al. 1980). In the
report of Carew and Covell (1978), ten conscious greyhounds considered to
have been in a trained state were studied and compared mainly with ‘normal’
dogs from other studies. Trained animals had heavier hearts than two
greyhounds which were less rigorously trained. In the trained animals, the
heart rate was lower, and resting levels of left ventricular pressure, d£/df max
and Vef did not differ from those obtained in normal dogs. During infusions
to increase the left ventricular end-diastolic pressure, no significant dif-
ferences between the groups were found in performance at a time when train-
ed animals developed higher heart rates. The findings were considered to in-
dicate preservation of “normal” performance of hearts with training-related
hypertrophy (Carew and Covell 1978).
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In the report of Barnard et al. (1980}, exercise tests up to heart rates greater
than 250 beats per minute in trained dogs were compared with those in seden-
tary dogs. Training involved running up to 2 h daily 5 days/week for 1218
weeks. Trained dogs had greater left ventricular weights and gastrocnemius
muscle maleate dehydrogenase activity, Trained dogs were found to have lower
heart rates at rest and during submaximal, but not maximal exercise. The car-
diac output, assessed using electromagnetic flowmeters around the ascending
aorta, was greater only during maximal exercise; the stroke volume was greater
throughout the exercise test in the trained dogs. Left ventricular d2/d7 max was
greater in trained dogs during maximal exercise, and differences in left ven-
tricular systolic or end-diastolic pressures were not statistically significant (Bar-
nard et al. 1980). In the report of Restorff et al. (1977), to be detailed in Sect.
3.2.2, the cardiac output measured by dye dilution was lower during exercise
in the group of trained dogs; training lasted only 2 weeks, and values at the
highest exercise test workloads were not given (Restorff et al. 1977).

Other reports have involved conscious rats or pigs (Gleeson et al. 1983;
Breisch et al. 1986). Female rats were trained by running up to 60 min daily
5 days/week for 14— 16 weeks. Running exercise tests were then performed,
and the findings were compared with those in a sedentary group of rats
(Gleeson et al. 1983). In the absence of differences in heart weight, trained
rats had greater vastus lateralis muscle citrate synthase activity. The heart rate
and cardiac output were lower in trained rats during both submaximal and
maximal exercise. The oxygen consumption in trained rats was lower during
submaximal and higher during maximal exercise (Gleeson et al. 1983). In the
other report, maximal running exercise tests in pigs trained by running as de-
scribed above for 12 weeks were compared with those in sedentary pigs
(Breisch et al. 1986). Trained pigs had greater heart weights and larger
myocytes. During maximal exercise, their heart rates and mean aortic blood
pressure were similar to those in sedentary pigs, whilst the cardiac index and
oxygen consumption were greater.

The above review indicates that it is possible to show training-related changes
in conscious animals which are more consistent in longitudinal studies of the
same animals and during cardiac stressing than in cross-sectional ones between
trained and sedentary groups of animals and when such changes derived from
unstressed hearts. Any training-induced improvements in cardiac pumping per-
formance or contractility deduced through these studies were probably in-
fluenced by effects related to cardiac dimensions and reflex mechanisms. The
review makes it possible to argue hypothetically that net improvements occur-
red during cardiac stressing conditions which were closer to the usual animal
environment than those obtained in anaesthetised animals, isolated hearts or
myocardial tissues. Furthermore, it is difficult to rule out the possibility that
the improvements found in conscious animals, albeit possibly small, included
those obtained in the isolated hearts or myocardium.
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The above findings on training-related changes in haemodynamic variables,
cardiac performance and dimensions and the associated reflex effects will
assume relevance subsequently in Sect. 3.2.

3.2 Coronary Circulation

As in the case of the myocardium, the available reports concerning training-
related changes in the coronary circulation have been inconsistent. The
studies reported have included the function of the coronary circulation with
both intact and narrowed or occluded vessels and consequences such as myo-
cardial ischaemia or infarction. Training-induced changes have been sought
in the structure of coronary vessels, blood flow, myocardial perfusion and
their adequacy to meet the need of the myocardium for blood during stresses.
The reported evidence will be reviewed according to these changes, though a
variable interplay between them cannot be dismissed.

3.2.1 Structure of Coronary Vessels

This part of the review considers reports on the effect of training on coronary
vascular structure in experimental animals. The reports have involved various
parts of the coronary vasculature in animals in which the coronary vessels
have not been narrowed, as well as the consequences of occluding the cor-
onary arteries.

Intact Coronary Vessels

Essentially, studies reporting on the structure of the coronary vessels have in-
volved anatomical and histological techniques designed to assess changes in
the number of coronary vessels or their size. In general, the prevailing view
has been that exercise training results in increases in the number of capillaries
and the size of larger coronary vessels. This section will review training-
related structural changes which have been reported in various segments of
the coronary tree.

Mpyocardial Vessels. Several reports have involved comparisons between
hearts from trained and sedentary control groups of animals regarding struc-
ture of vessels in the ventricular myocardium. Histological techniques were
used mainly to examine vessels identified as capillaries with respect to dif-
ferences in their number or proliferation. The number of capillaries has main-
ly been assessed in terms of capillary density in relation to myocardial sec-
tions or the ratio of capillaries to myocardial fibres; both assessments are
believed to be influenced by training-induced ventricular hypertrophy
(Hudlicka 1982).
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In the rat, studies indicating that training results in increases in the density
or the ratio of capillaries (e.g. Leon and Bloor 1968; Bloor and Leon 1970;
Bloor et al. 1970; Tomanek 1970; Ljunggvist and Unge 1972; Bell and
Rasmussen 1974; Leon and Bloor 1976; McElroy et al. 1978) have out-
numbered those not reporting this finding (e.g. Parizkova et al. 1972; Anversa
et al. 1982, 1983).

In one report in male rats, training involved swimming 1 h daily or twice
weekly for 10 weeks, and the results were compared with a sedentary control
group (Leon and Bloor 1968). Only rats trained daily had greater dry ven-
tricular weights however, both trained groups, with or without ventricular
hypertrophy, had greater capillary/fibre ratios, which persisted after 24—42
days of detraining (Leon and Bloor 1968). In another report, male rats were
trained by swimming up to 1 h daily 5 days/week for 5 weeks (McElroy et al.
1978). In comparison with sedentary rats subjected to water immersion, there
were no differences in ventricular weight or myocardial fibre diameter. The
trained rats had greater capillary/fibre and capillary/ventricle ratios (McElroy
et al. 1978).

The influence of age has been the subject of other reports. In two studies
(Bloor and Leon 1970; Bloor et al. 1970), young, adult and old male rats were
examined using methods similar to that reported by Leon and Bloor (1968).
Greater dry ventricular weights were observed only in the young trained rats;
the extent of this hypertrophy was greater in the group trained 6 days/week.
In these studies, the greater capillary/fibre ratio in young rats was attributed
to greater capillary numbers and in old rats to decreases in the number of
myocardial fibres. In addition, in the young trained rats, a greater total num-
ber of capillaries, as well as the number per unit volume of myocardium, were
found than in adult or old rats (Bloor and Leon 1970; Bloor et al. 1970). In
another report, young, adult and old male rats were trained by running on
a treadmill up to 40—50 min daily 6 days/week for 12 weeks and compared
with sedentary groups (Tomanek 1970). Trained rats had decreases in resting
and exercise heart rates, but there were no significant differences in myocar-
dial fibre diameter. The three trained groups had a greater capillary density
per unit area, which attained statistical significance only in the young rats.
All trained rats had greater capillary/fibre ratios (Tomanek 1970).

The maintenance of training-induced changes in coronary structure in male
rats has also been studied (Leon and Bloor 1976). In rats trained by swimming
1h daily 5 days/week for 10 weeks the effects of decreasing the training
regimen for a further 10 weeks were evaluated in relation to a group of rats
kept without exercise for 20 weeks. With complete cessation of training, there
were no differences relative to sedentary rats in indices of ventricular hyper-
trophy, which included dry ventricular weight, its proportion to body weight
and sarcoplasmic contents, the number of myocardial fibres per unit area, the
capillary density per unit volume and the capillary/fibre ratio. Decreases in
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swimming to 15min five times weekly also abolished differences.
Maintenance of ventricular hypertrophy required swimming 1 h five times
weekly. In contrast, maintenance of capillary density required swimming
30 min twice weekly, and maintenance of capillary number and capillary/
fibre ratio required swimming 1 h five times weekly. Maintenance of a greater
number of fibres required swimming either 30 min {wice weekly or 1 h/week
(Leon and Bloor 1976).

It has been suggested that a similar training-related change in coronary
structure occurs, as compared with sedentary rats, in female rats trained by
swimming 1 h daily 6 days/week for 3 months, attain a greater heart/body
weight ratio. The capillary density was assessed visually in microscopic sec-
tions and was reported to be greater in the trained group (Ljunggvist and
Unge 1972).

Capillary proliferation in relation to training in the rat has been assessed
using an index related to the incorporation of labelled thymidine in en-
dothelial nuclei. In one report, groups of female rats were trained by swimm-
ing 1 h daily 6 days/week for 2, 4 or 12 weeks or for 12 weeks followed by
detraining for 2 weeks. Comparisons were then made with another group of
normal control rats (Ljungqvist and Unge 1973). Heart/body weight ratios
were reported to be greater in 2- and 4-week-trained than in control rats.
Light-microscope autoradiography indicated neoformation of left ventricular
capillary wall cells, relative to control rats, in rats trained for 2 weeks. This
was further augmented at 4 weeks. No significant differences were found in
the case of 12 weeks’ training or after detraining; similar trends were reported
in the right ventricle and in respect of connective tissue cells. The labelling
index was also greater in left ventricular myocardial cells after 12 weeks’ train-
ing (Ljungqvist and Unge 1973). These findings were complemented using
electron microscopy in further, similar studies suggesting the training-related
formation of capillaries. However, this was not consistently observed in fe-
male rats with cardiac hypertrophy caused by aortic stenosis (Mandache et al.
1972, 1973) or in female rats with aortic stenosis followed by a 4-week swim-
ming period (Ljungqvist et al. 1976). In another study with a similar training
programme, no capillary growth was observed in hypertrophied limb skeletal
muscles (Ljungqvist and Unge 1977).

The same labelling technique has been used in male rats to examine the in-
fluence of age. Young, adult and old rats were trained by swimming 1 h daily
5 days/week for 3 weeks and compared with control groups (Unge et al.
1979); the trained rats had greater heart/body weight ratios. Capillary wall
cell formation was reported to be greater only in young and adult rats (Unge
et al. 1979).

In animals other than the rat, the reported effects of training on myocardial
vessels have not been consistent. In one report, guinea pigs trained by running
on a treadmill for about 15—30 min daily for 52 days were compared with
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sedentary ones (Tepperman and Pearlman 1961). Trained animals had no sig-
nificant cardiac hypertrophy, though they developed anastomotic vessels be-
tween coronary arteries. In another report involving guinea pigs, strenuous
training did not result in increases in capillary density (Hakkila 1955). In fly-
ing pigeons, evidence of cardiac hypertrophy and greater capillary density per
unit area relative to nonflying littermates was reported (Rakusan et al. 1971).

In another report, young farm pigs were trained by running on a treadmill
up to 60 min daily 5 days/week for 12 weeks; repeated exercise testing in these
pigs showed an increase in maximal oxygen consumption and a decrease in
sleeping heart rate. Moreover, in comparison with a sedentary group, the
trained pigs showed evidence of left ventricular hypertrophy, in the form of
greater weight and myocyte cross-sectional area (Breisch et al. 1986). Samples
from the anterolateral free wall of the left ventricle of trained and sedentary
pigs were examined; the number of capillaries per myocyte area in suben-
docardial and subepicardial layers was lower and the length of capillaries per
myocyte volume was less in the trained pigs, though there were no differences
in the diameter of the capillary lumen or in capillary endothelial area per
myocyte volume. In contrast, the number of arterioles per myocyte area and
their length per myocyte volume were greater in the trained than they were in
the sedentary pigs (Breisch et al. 1986).

In one report with dogs trained by running on a treadmill 1 h daily at
39% —72% of estimated maximal heart rate, 5 days/week for 12 weeks, biop-
sy samples from the right ventricular septal wall were examined. The number
of blood vessels per unit area increased during training, a trend reversed by
detraining for 5 weeks (Wyatt and Mitchell 1978). Also, training resulted in
an increase in vessel perimeter when it was less than 13.4 pm and a decrease
when it was greater than 15.5 pm beforehand (Wyatt and Mitchell 1978). It
is notable in this longitudinal study that the knowledge of pretraining values
permitted demonstration of a baseline effect.

These reports indicate that training was associated with increases in
capillary density or ratio in male and female rats, whether trained by running
or swimming and whether in the presence or absence of cardiac hypertrophy.
The changes in capillaries are possibly associated with an increase in their
number, which occurs more consistently with training in young than in old
rats. A direct relationship was suggested between cardiac hypertrophy and fre-
quency of training: increases in the number of capillaries start and continue
at a lesser frequency or intensity of training than is the case with ventricular
hypertrophy. Though fewer in number, reports on other animals have sug-
gested variable results, including effects on vessels in the myocardium other
than the capillaries.

Coronary Size. Studies in the rat have involved coronary segments which in-
cluded vessels much larger than the capillaries. Injection of a polymer into
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the coronary vessels has been used to obtain a cast of the vessels occupied.
The weight of a cast of the involved segment, which must be dependent at
least on the injection pressure and the nature or content of the vascular seg-
ment, is then used to assess the size of a coronary tree. As in the case of cor-
onary capillaries, reports on cast size involved comparisons between trained
and matched sedentary rats.

In male and female rats trained by running daily for 5 weeks and male rats
trained by swimming 30 min twice daily, 11 times over 6 days/week for 11
weeks, there was evidence of cardiac hypertrophy only in trained male rats
(Tepperman and Pearlman 1961). The size of the casts was greater in the three
trained groups than in control groups. The greater size of casts was also ob-
served in groups of male rats trained by swimming as described above and
then rested for 8 weeks, after which time cardiac hypertrophy was no longer
present {Tepperman and Pearlman 1961).

In another report (Stevenson et al. 1964), groups of sedentary male rats
were compared with groups trained by running on a treadmill 2 h daily, twice
or five times weekly for 4 weeks or five times weekly for 2 weeks followed by
2 weeks’ rest. Rats were also trained by swimming 1 h daily, twice or five times
weekly for 4 weeks with or without rest and by swimming 1—4 h daily for 4
weeks. Evidence of hypertrophy was reported only in the strenuous 4-h swim-
ming. Greater cast weights or cast/heart weight ratios were reported only in
the case of moderate running which was not followed by rest and moderate
swimming without rest (Stevenson et al. 1964). The reason for the lack of dif-
ferences in cast weight, attributable to intensive training, is unknown. Similar-
ly, in another study (Haslam and Stull 1974), greater cast weights observed
in male rats following swimming twice weekly for 4 weeks were not
augmented by swimming four times weekly or swimming at these intervals for
8 weeks.

Adolescent rats have been compared with adult ones; the rats were trained
by running, with motivation using electical shock (Denenberg 1972). Greater
cast weights or cast/heart weight ratios were not found in adolescent rats
trained by running 1 h daily, 3 or 5 days/week for 5 weeks. Greater cast/heart
weight ratios were observed in the only group of adult rats with a running fre-
quency of 3 days/week. In none of the trained rats was cardiac hypertrophy
reported (Denenberg 1972).

The findings in these reports suggest increases in the size of coronary tree
in relation to training programmes, irrespective of the sex of rats or occur-
rence of cardiac hypertrophy. In this context, the improvement was similar to
that observed in myocardial vessels (Sect. 3.2.1).

Large Coronary Vessels. Reports are available concerning the effect of train-
ing on the size of the lumen of large coronary arteries and of extracoronary
collateral vessels, which connect systemic with coronary circulation (e.g.
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Halpern and May 1958). These two vascular segments were examined in the
reports of Leon and Bloor (1968, 1976), which were mentioned earlier in this
Section (3.2.1). Comparisons of the sum of luminal cross-sectional area in the
left and right coronary arteries 0.5 mm from their origin were made between
trained and sedentary groups of young male rats. Swimming 1 h daily for 10
weeks was associated with a greater group average of luminal area, which,
though not statistically significant, was of proportions similar to increases in
the greater dry ventricular weights. Furthermore, a progressive decrease upon
cessation of training occurred in parallel to that in ventricular weights. In
contrast, neither ventricular hypertrophy nor greater luminal areas were
found in young male rats made to swim twice weekly (Leon and Bloor 1968).
In the same study, the luminal area of extracoronary collaterals was greater
in the trained young male rats, regardless of the frequency of training or ven-
tricular weight, and persisted along with the improved capillary/fibre ratio
upon cessation of training and after regression of ventricular weight. In the
report of Leon and Bloor (1976}, maintenance of a greater extracoronary col-
lateral area required swimming at least 1 h daily per week, in contrast to
capillary density and ventricular hypertrophy, whose maintenance respective-
ly required swimming 30 min daily, twice weekly and 1 h daily 5 days/week.

Regarding the age of rats, in the report of Bloor and Leon (1970), the ex-
tracoronary coliateral area was found to show trends towards greater values
in trained young, adult and old male rats. In contrast to this finding, the
greater number or density of capillaries was found only in trained rats of a
younger age.

Other reports are available in the dog (Wyatt and Mitchell 1978; Neill and
Ozxendine 1979). In the report of Wyatt and Mitchell (1978), dogs were trained
by running on a treadmill 1 h daily at 39% —72% of estimated maximal heart
rate, 5 days/week for 12 weeks; this type of training has been suggested to lead
to decreases in heart rate and increases in the thickness of left ventricular
walls (Wyatt and Mitchell 1974). In longitudinal studies, contrast media were
delivered to the coronary artery by aortic root injections. The diameter and
cross-sectional area of proximal segments of the left circumflex artery, mea-
sured in angiograms at similar heart rates, were found to increase or decrease
respectively during training and after detraining (Wyatt and Mitchell 1978).

The other report, which examined effects of training on occluded coronary
vessels, as will be mentioned in Sect. 3.2.2, involved coronary angiography
and is of interest to this section. Diameters of the proximal part of the left
anterior descending artery and the posterior descending branch of the
gradually occluded left circumflex artery were measured; also, visual
assessments were made of collateral vessels between the two major arteries
(Neill and Oxendine 1979). In comparison with a sedentary control group,
dogs trained by running showed no evidence of cardiac hypertrophy, though
the heart rate during exercise was lower after training. No significant dif-
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ferences were found in the diameter of the arteries or in the extent of collateral
vessels; the latter result was attributed to a lack of sensitivity of the methods
used (Neill and Oxendine 1979). The relevance of collateral blood flow will
be considered in Sect. 3.2.2; at this stage, it is important to point out that pro-
ximal occlusion has been reported to result in a smaller collateral flow than
distal occlusion (Schaper 1978; Reimer et al. 1981). Valid measurement of
coronary calibre in plastic models could only be obtained in vessels greater
than 3 mm in diameter (Bjork and O’Keefe 1976), which was greater than the
average diameter encountered in the angiograms of Neill and Oxendine
(1979).

The findings in the reports reviewed suggest that training results in changes
in the coronary vasculature which differ according to the segment of the vas-
cular tree. Any training-induced dilatation of large coronary arteries was
related to ventricular hypertrophy, which was not found to correlate with im-
provement in the capillaries or medium-sized coronary tree, as mentioned in
the preceding sections.

Coronary Occlusion

Other reports are available which involve assessment of training-related
changes in the structure of cardiac infarction induced by coronary occlusion.
Reports will be mentioned to provide examples of infarction inflicted before
or following training.

In the absence of assessment of myocardial perfusion, it could be argued
on the basis of structural observations that a link exists between myocardial
vessels and progress of infarction. In one report, comparisons were made be-
tween cardiac infarction inflicted in trained and sedentary rats (McElroy et al.
1978). In this report, also mentioned earlier (Sect. 3.2.1), male rats trained by
swimming had greater numbers of myocardial capillaries in the absence of
cardiac hypertrophy. Myocardial infarction 2 days after occlusion of the left
coronary artery was smaller in trained than in sedentary rats (McElroy et al.
1978).

1n the case of training following infliction of myocardial infarction, struc-
tural assessment would at least include the influence of the severity of infarc-
tion, scar tissue and haemodynamic consequences. Examples will be con-
sidered in relation to the rat (Kloner and Kloner 1981; Musch et al. 1986) and
the dog (Kalpinsky et al. 1968).

In the report of Kloner and Kloner (1981), the left coronary artery was oc-
cluded in rats, which were then divided according to electrocardiographic in-
farct size into training and sedentary groups. Training involved swimming up
to 40 min daily for about 2 weeks. In the absence of differences in septal wall
thickness, the healing scar tissue was less thick in the trained than in the
sedentary rats (Kloner et al. 1981). Scar thinning in the healing phase was as-
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sociated with training; however, it is not possible to distinguish any vascular
effect from that of changes in scar or heart dimensions which could occur
with such a drastic occulsion, as will be seen in the other report below.

The report of Musch et al. (1986) involved interventions in male rats con-
sisting of ligation of the left coronary artery to cause myocardial infarction
or sham intervention. After at least 6 weeks, each procedure was followed by
assignment to sedentary groups or groups trained by running on a treadmiil
up to 1 h daily 5 days/week for 12 weeks. Trained rats had higher levels of
succinate dehydrogenase activity in the soleus and plantaris muscles and
achieved lower levels of lactate in the blood during exercise than sedentary
rats. There were no differences in the weight of the heart, heart rate or max-
imal oxygen consumption during exercise. In this study, training was con-
sidered to be of moderate intensity, to have greater metabolic than cardiac ef-
fects and to have been imposed when fibrosis was possibly well established.
Estimates of the size of infarction in trained rats did not differ from those
in the sedentary group; i.e they were of a severity amounting to infarction of
over a third of the left ventricle. In addition, myocardial infarction was
thought to have caused cardiac failure, which was better tolerated by trained
than sedentary rats. During maximal exercise testing, trained rats with infarc-
tion achieved higher heart rates and oxygen consumption relative to body
weight than sedentary rats with infarction (Musch et al. 1986).

The report of Kalpinsky et al. (1968) involved the effect of training in con-
ditions of established myocardial infarction in the dog. The left anterior
descending artery was ligated, and after about 1 week, the dogs were assigned
to a sedentary group or a group trained by running on a treadmill 30 min
twice daily 6 days/week for about 4 weeks. Trained dogs had lower heart rates
during rest and exercise on a treadmill, a lower cardiac index and smaller in-
creases in blood lactate or plasma adrenaline levels during exercise. In the
anaesthetised state, trained dogs showed a tendency towards lower left ven-
tricular end-diastolic pressure. During selective left coronary angiography or
in postmortem angiograms using gelatin barium sulphate, no differences in
collateral vessels were shown. Histological studies of the myocardium
established fibrous tissue formation and, whilst considered subject to
shrinkage artefacts, did not show differences in the size of the infarction
(Kalpinsky et al. 1968). These findings are essentially similar to those outlined
above in the rat. In respect of the collateral vessels, the findings were reminis-
cent of those reported by Neill and Oxendine (1979), and their implications
will be considered in Sect. 3.2.2.

The above review on coronary vascular structure, which mainly involved the
rat, indicates that training possibly results in increases in the size of coronary
vessels and number of capillaries.

In the case of intact coronary vessels, there were indications of an influence
on the observed improvement exercised by age or possibly size of the heart
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and by the starting status of the vessels. Vascular inprovement appeared to be
longer lasting and required less frequent training than the other effect of
training, namely an increase in ventricular weight. There were differences in
training effects between vascular segments of the coronary tree, which were
even greater in animals other than the rat.

Regarding myocardial infarction induced by coronary occlusion, there were
indications mainly in the rat that training was associated with reductions in
the size of inflicted infarction. In established infarction, no training effect was
shown on the size of scar tissue, though training-related benefits were found
in terms of better cardiac haemodynamic performance, already depressed
through cardiac infarction and failure.

Finally, it should be pointed out in general that the demonstration of train-
ing-related improvements in coronary vascular structure has been remarkable
in view of expected interference by several factors. Variability is expected in
histological techniques and their sensitivity, in pressures or flow of the vessels
at the time of procurement and in the prevalent state of unstressed coronary
circulation. Furthermore, in the case of myocardial infarction, interference is
expected through the severity of infarction, scar tissue and haemodynamic
consequences, including changes in dimensions of the heart.

The implications of the above considerations must, at least, include a
degree of uncertainty in attributing structural improvements directly to train-
ing. Certainly, any quantification of increases in the number or size of cor-
onary vessels would be subject to serious limitations.

3.2.2 Coronary Blood Flow

The review in the preceding section makes it relevant to consider the reported
evidence on whether training results in improvements in coronary blood flow
or myocardial perfusion in experimental animals with intact or narrowed cor-
onary arteries. Clearly, any such relationship between changes in coronary
structure and flow would involve several important issues, The techniques and
design of studies used in examining the two changes are different. There could
be an influence of concomitant changes in haemodynamic variables on struc-
ture and flow. In the case of narrowed or occluded coronary vessels, questions
would arise involving the functional importance of coronary collateral vessels
and extracoronary vascular connections and the degree of flow deprivation
in terms of myocardial regions, layers or cells.

The above considerations will be included within the reported effects on
coronary blood flow to be reviewed in this section; the reports will be grouped
into two main parts concerning unoccluded and occluded coronary vessels.
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Intact Coronary Vessels

In experimental animals in which the coronary vessels have not been narrow-
ed, the available reports have not been consistent regarding training-induced
improvements in coronary blood flow or myocardial perfusion. Some general
considerations are required at this stage on the nature of reported studies.

Different techniques of blood flow assessment have been used, e.g. collec-
tion, flowmeters and labelled microspheres, the sensitivity of which has not
always been defined. It could be argued that flow obtained by collection may
be influenced by the method of assessment. In the case of flowmeters placed
around or inside coronary vessels, limitations are expected, e.g. in terms of
extending velocity measurements to flow, stability of zero flow recording,
placement and contact of the probe relative to vessel walls and their effect on
phasic pressure or flow waves (¢.g. Kramer et al. 1963; Berne and Rubio 1979).
Measurements using microspheres depend, for example, on their number in
the region involved, trapping in relation to size and trauma, resolution of
detecting techniques in relation to regional morphology, number of injections
and background activity (e.g. Hoffman et al. 1983; Winkler 1984).

Perhaps of greater pertinence to this review is the difficulty of specifically
relating findings on flow to training, since various cardiac and circulatory
consequences of training are known to have variable effects on coronary
blood flow which have not always been assessed. The extent of interplay be-
tween the effects on coronary blood flow of training consequences which are
often opposite in direction is not completely known. Only a very brief ac-
count could be considered in this review of such a vast subject, mainly to
highlight its perplexing nature and its pertinence to the findings on effects of
training.

According to Poiseuille’s equation, mean flow could hypothetically be con-
sidered to be directly proportional to the perfusion pressure and the 4th power
of the radius and inversely proportional to the length of vessel and viscosity
of perfusing fluid or blood. At the same level of the latter variables and mean
blood flow, values of resistance to the flow may be derived such that they
would directly vary with the perfusion pressure required and inversely with
the 4th power of the vascular radius. Evidence is available to suggest that cor-
onary blood flow or values of resistance to it is influenced by physical factors
related to hydrodynamic variables, properties of the vessel wall and the left
ventricle, metabolic factors related to cardiac performance and neurohumoral
factors and reflex effects. A small sample of reported reviews (e.g. Gregg and
Fisher 1963; Berne and Rubio 1979; Feigl 1983) includes most of these con-
siderations, and a brief description is given below in respect of the coronary
circulation with unstenosed vessels.

The physical factors involve extravascular resistance in the myocardium.
This is related to ventricular contraction, diastolic length, pressures and ven-
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tricular wall tension. The resistance is greater than that related to viscous fac-
tors in extramural arteries, such that most of coronary blood flow occurs dur-
ing ventricular diastole. The vessels are separately subject to elastic wall pro-
perties and the myogenic responses to transmural vascular pressure. Though
these factors are considered to be relatively small, they have recently been
deduced from specially designed studies during changes in perfusion pressure
brought about by haemorrhage (Gattullo et al. 1986).

Metabolic factors have been considered to exert a potent vasodilative effect.
Mean coronary blood flow and myocardial oxygen consumption are directly
proportional to heart rate and ventricular contractile behaviour or pressure
generation. Regarding ventricular work, myocardial oxygen consumption is
affected to a greater extent by aortic pressure than by cardiac output.

The neural effects have been considered to be relatively smaller than the
metabolic ones. These effects involve at least direct sympathetic vasoconstric-
tion and vagal vasodilatation. The reflex effects have been attributed to recep-
tors in the carotid region, coronary vessels and the ventricle.

An intermediary between metabolic and neural effects has been the
hydrodynamic factor of perfusion pressure, defined as aortic pressure minus
coronary sinus, myocardial tissue or intracavitary pressure. The perfusion
pressure would affect flow in the appropriate vascular segments both directly
and secondarily through the metabolic effects of afterload and ventricular
wall stresses. Blood flow in segments of the coronary circulation within the
myocardium is probably marginally greater in the subendocardium than in
the subepicardium. In the case of unstenosed coronary vessels under normal
experimental conditions, any difference in perfusion related to cardiac
haemodynamic performance is not considered great enough to reverse the
flow gradient between layers of the myocardium. This issue assumes further
relevance in narrowed coronary vessels, as will be mentioned later (Sect.
3.2.2).

Therefore, it is possible to suggest that training-induced decreases in heart
rate and increases in left ventricular contractile or pump performance may
respectively lead to decreases and increases in coronary blood flow. it could
also be argued that through their effect on extravascular coronary resistance
and afterload-related metabolic vasodilatation, changes in left ventricular wall
thickness, size and intracavitary pressure influence myocardial blood flow.
However, of these training-induced changes, the decrease in heart rate has been
considered to be the largest single factor influencing coronary blood flow.

Against the above background of interfering concomitant factors, the
reports on the effects of training on coronary blood flow will be reviewed in
groups, according to the experimental preparations used.

Isolated Perfused Heart. As reviewed in Sect. 3.1.2, it has been possible in
isolated perfused heart preparations to control or define variables such as
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heart rate and aortic and atrial pressures and to exclude reflex effects. Such
studies have involved cross-sectional comparsions of hearts between groups
of trained and sedentary animals.

In the reports involving male rats (Penpargkul and Scheuer 1970; Scheuer
et al. 1974; Bersohn and Scheuer 1977; Giusti et al. 1978; Schaible and
Scheuer 1979), coronary perfusate flow was measured by collection, myocar-
dial oxygen consumption was derived by incorporating measured
arteriovenous differences and the results were expressed relative to left ven-
tricular dry weight. There was no evidence of ventricular hypertrophy. Hearts
from trained and sedentary rats were compared at constant heart rate and
mean aortic pressure at set levels of left atrial filling pressure. Trained rats had
greater levels of, and increases in, coronary perfusate flow during elevation
of atrial pressure. They also had greater coronary arteriovenous oxygen dif-
ferences and myocardial oxygen consumption, and there were no significant
differences in ventricular end-diastolic pressures or volumes. However, the
same hearts showed greater ventricular pump and contractile performance at
the various atrial pressures. Moreover, these training-related improvements in
ventricular performance and coronary perfusate flow were not found follow-
ing 2 weeks of detraining. Though quantification in such studies is of limited
value, it is notable that training-related improvements in myocardial vessels
and extracoronary collateral size in male rats were found during detraining to
last longer then 2 weeks, as was mentioned in the preceding sections on cor-
onary vascular structure (Leon and Bloor 1968). In these reports, it is difficult
unequivocally to rule out the contention that training-related increases in cor-
onary perfusate flow did not correlate with vascular changes, as they could
have been related to the concomitant increase in ventricular contractile per-
formance and its secondary metabolic consequences.

Similar preparations were used to examine female rats (Schaible et al. 1981;
Schaible and Scheuer 1981). In contrast to male rats, it was reported that
training-related improvements in cardiac performance occurred in female
hearts only when training-induced hypertrophy was also present, as mention-
ed in Sect. 3.1.2. Changes in coronary perfusate flow and myocardial oxygen
consumption were found to follow the same pattern.

In the reports involving age influence described in Sect. 3.1.2, coronary per-
fusate flow was also assessed. In the study of Starnes et al. (1983), old trained
male rats showed greater peak systolic pressure and cardiac output during
high levels of cardiac loading stress than sedentary old rats. Similar trends in
average group values were reported for coronary perfusate flow and myocar-
dial oxygen consumption. In the study of Fuller and Nutter (1981), trained
young and adult male rats were reported to have greater cardiac output and
coronary perfusate flow at high left atrial filling pressures. During recovery
from hypoxia, which was examined in the young rats, the left ventricular
systolic pressure and coronary perfusate flow in the trained hearts were closer
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to the previous baseline levels, though group differences relative to sedentary
rats did not attain statistical significance (Fuller and Nutter 1981).

In these reports in the isolated perfused heart of the rat, training was asso-
ciated with a greater coronary perfusate flow and may have been related to
greater myocardial contractile performance.

Coronary Perfusion in Isolated Heart. The isolated heart of the rat has also
been used during training to assess changes in coronary flow and occurrance
of cardiac hypertrophy by utilizing a modified Langendorff retrograde-perfu-
sion apparatus to perfuse the coronary circulation with oxygenated Krebs-
Henseleit buffer (Buttrick et al. 1985a, 1985b). Female and male rats were
trained by swimming 75 min twice daily 5 days/week, and assessments were
made by comparing hearts from matched sedentary groups about six times
throughout the training period. Coronary perfusate flow was measured by
flow probes and collection at constant pacing heart rate and inflow pressure
before and after vasodilataion by anoxic perfusion or addition of adenosine.

In female rats, training resulted in an increase in dry heart weight, which
in proportion to initial values was found to begin on the 10th day and pro-
gress on the 20th day of training. The only improvement in coronary per-
fusate flow associated with the training occurred during vasodilatation and
was found to occur earlier than the hypertrophy. A similar improvement oc-
curred in trained male rats despite the absence of heart hypertrophy. The fin-
dings were considered consistent with those indicating that training-induced
changes in coronary vascular structure were independent of heart hyper-
trophy (Buttrick et al. 1985a). These considerations were supported by fin-
dings in a further study using the same preparation in female rat hearts. In
comparison with control rats, coronary perfusate flow during vasodilatation
was greater in trained rats and smaller in rats with renovascular hypertension.
Both interventions resulted in cardiac hypertrophy, and swimming in
hypertensive rats improved such coronary flow (Buttrick et al. 1985b).

Whether or not the reported improvements in coronary perfusate flow were
influenced by changes in ventricular volume, pressure or stress is not known,
since these variables were not assessed.

Anaesthetised Animals. Reports are available which involve training and cor-
onary blood flow in anaesthetised animals. In contrast with isolated heart
preparations, changes in haemodynamic variables and their reflex effects oc-
curring concomitantly with training would be expected to influence coronary
blood flow.

Findings in the rat have been reported by Wexler and Greenberg (1974),
Spear et al. (1978), Yipintsoi et al. (1980) and Koerner and Terjung (1982).
In the report of Spear et al. (1978), male rats were trained by running on a
treadmill 1 h daily 5 days/week for 12— 18 weeks and were compared with
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matched sedentary groups with or without restriction of food to permit mat-
ching of body weight. The trained rats had greater ventricular weights and
gastrocnemius cytochrome ¢ concentration. Coronary blood flow was mea-
sured using radioactive microspheres before and during hypoxic ventilation
with or without increases in aortic pressure brought about by the infusion of
methoxamine. Interference by changes in aortic pressure was considered as ac-
counted for by normalising coronary flow to aortic diastolic pressure as the
driving pressure during diastole, and the normalised value was labelled as cor-
onary conductance. During hypoxia, trained rats had greater coronary flow
and conductance, which were attributed to both training and ventricular
hypertrophy. However, average heart rate and cardiac work per minute were
also greater in the trained rats, though the diastolic intervals, considered as
the “primary period of coronary perfusion”, were not significantly different.
During hypoxia and raised aortic pressure, trained rats showed better
maintenance of coronary flow and greater increases in coronary conductance.
However, the trained rats also showed trends towards higher indices of ven-
tricular contractility and cardiac work per minute. These results were con-
sidered to indicate training-induced increases in coronary flow and myocar-
dial perfusion in vasodilated coronary circulation, reflecting expected im-
provements in coronary vascular structure (Spear et al. 1978).

In the report of Yipintsoi et al. (1980), mentioned in Sect. 3.1.2, the effects
of hypoxia and volume loading by dextran infusion were examined and
myocardial blood flow was measured by the microsphere technique. No sig-
nificant differences in myocardial blood flow attributable to training were
found between trained and sedentary groups of rats. Differences were report-
ed in haemodynamic variables during interventions, such as lower heart rates
in trained rats during hypoxia. This report highlighted possible explanations
for its findings against the background of reported improvements in coronary
structure and flow. The severity of hypoxic intervention and the viscosity of
blood compared with that of perfusing fluids in the isolated hearts were con-
sidered (Yipintsoi et al. 1980), as alluded to earlier.

In the report of Wexler and Greenberg (1974), young and old male rats were
trained by swimming 30 min daily for 2 weeks and compared with sedentary
groups. Trained rats had cardiac hypertrophy, and the average heart rate of
the group decreased during training. In all the rats, acute myocardial infarc-
tion known to heal within days was considered to have been caused by the ad-
ministration of isoprenaline. Only trained old rats showed benefits in terms
of electrocardiographic changes and survival rate, and there were no dif-
ferences in serum enzyme levels pertaining to the infarction (Wexler and
Greenberg 1974). The influence of any concomitant change in haemodynamic
variables is not known.

The report of Koerner and Terjung (1982) assessed regional myocardial per-
fusion using radioactive microspheres. Young male rats were trained by runn-
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ing on a treadmill up to 1 h daily 5 days/week for 12—24 weeks. Ventricular
weights did not differ from those in sedentary rats, though cytochrome ¢
levels in the vastus lateralis muscle were greater. Following ligation of the left
coronary artery, changes in coronary blood flow were assessed in regions of
the left ventricle marked by staining techniques; they included the normally
perfused region, the centre of the flow-deprived region and the border region
in between. In one series of studies, trained rats were reported to show a trend
of greater increases in border region blood flow relative to the normal flow
during elevations in aortic diastolic blood pressure over the range of
40— 150 mmHg caused by aortic constriction or haemorrhage. These rats,
however, maintained lower left ventricular end-diastolic pressures, which
could have influenced extravascular coronary resistance. In other series, no
differences were found in changes in myocardial blood flow caused by cor-
onary ligation performed during adenosine infusion. The findings were con-
sidered to indicate the possibility of a small training-related improvement in
myocardial blood flow, which could be obtained in border regions but not in
the severely flow-deprived myocardium (Koerner and Terjung 1982). It re-
mains to be determined whether or not such a small improvement was in-
fluenced by metabolic and physical factors related to changes concomitant
with training in haemodynamic variables or regional myocardial perfor-
mance.

In the dog, there have been reports which involved assessment of coronary
flow during various cardiac stresses (e.g. Laughlin et al. 1978; Bove et al.
1979; Carey et al. 1983). In the report of Laughlin et al. (1978), dogs were
trained by running on a treadmill up to 50 min daily 5 times weekly for 10
weeks. In comparison with a sedentary group, the trained dogs had greater
heart/body weight ratios and gastrocnemius cytochrome ¢ oxidase activity.
The peak reactive hyperaemic flow after 10-s occlusion of the left anterior
descending artery was assessed using flowmeters at similar heart rate and
arterial blood pressure. This flow was greater in the trained dogs, which also
had greater myocardial blood flow. However, it was not established whether
this flow improvement was due to larger coronary vasculature or to dif-
ferences in the operation of vasodilative mechanisms. As assessed with
radioactive microspheres, trained dogs had greater myocardial blood flow and
a trend towards lower vascular resistance, which was derived by including the
mean aortic pressure. During infusion of isoprenaline to increase the heart
rate to 200 beats per minute or more, the subendocardial/subepicardial flow
ratio was less than unity in the two groups of dogs. Trained dogs, however,
maintained a higher ratio, the mechanism of which was not determined
(Laughlin et al. 1978).

In the report of Bove et al. (1979), mentioned in Sect. 3.1.2, myocardial
blood flow was assessed by the microsphere technique during acute pressure
and volume loading. Trained dogs were reported to show significant increases
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in myocardial blood flow, which did not occur in sedentary dogs. However,
the trained dogs had lower baseline myocardial blood flow, and only these
dogs showed significant increases in heart rate during pressure loading and
in mean aortic pressure during both types of loading.

Carey et al. (1983) assesed myocardial blood flow using radioactive
microspheres, during pacing to increase the heart rate to about 200 beats per
minute or during adenosine infusion. In contrast to a sedentary group of
dogs, another group was trained by running on a treadmill 50 min daily 5
days/week for 8 weeks. The trained dogs showed a decrease in heart rate
before and during treadmill exercise tests, and their left ventricular weight was
not different from that of the sedentary dogs. In the pacing assessment, no
significant differences were found between group data in myocardial blood
flow, coronary resistance derived from mean aortic blood pressure alone or
in left ventricular oxygen consumption. The average group data for the train-
ed animals showed a tendency towards greater blood flow and oxygen con-
sumption and lower coronary resistance before pacing. The changes with pac-
ing in trained dogs tended towards a greater increase in blood flow or a
greater decrease in coronary resistance. Changes in left ventricular dimen-
sions or pressure were not measured, particularly since there were differences
between the two groups in cardiac output. In addition, the experiments dur-
ing adenosine infusion were associated with a greater decrease in average
heart rate in the trained dogs, amounting to about 18 beats per minute (Carey
et al. 1983).

In another report, pigs were trained by running, mainly on a circular track,
up to 1 h daily 5 days/week for about 10 months and were compared with a
sedentary group (Sanders et al. 1978). During training, the heart rate decreas-
ed before and during exercise, and there was no evidence of cardiac hyper-
trophy in the trained group. Blood flow in myocardial layers was assessed by
the microsphere technique, before and after occlusion of the left circumflex
artery and with or without elevation of aortic blood pressure, to examine the
effects of raising the perfusion pressure on dilated coronary circulation. No
statistically significant differences between the two groups were found in
myocardial blood flow or its layer distribution (Sanders et al. 1978). However,
trained pigs showed a significant decrease in stroke volume during coronary
occlusion and raised aortic pressure; no assessments were made of ventricular
pressure, dimensions or border regions.

The review of these reports in anaesthetised animals may be considered to
highlight the difficulty of distinguishing changes in myocardial blood flow of
regions or layers of the left ventricle attributed to training from those related
to changes in the respective perfusion pressures, as well as the interaction of
these changes with concomitant differences in ventricular performance,
haemodynamic variables and reflex effects.
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Coronary Cannulation and Retrograde Flow. There have been reports of
studies in anaesthetised dogs which included cannulation of a coronary artery
and measurement at its distal segment of blood flow retrogradely arriving
from the myocardial vascular bed (Burt and Jackson 1965; Cohen et al. 1978).

In the report of Burt and Jackson (1965), dogs were trained by running on
a track up to 90 min daily 5 times per week for 4 — 6 weeks and were compared
with sedentary dogs. The left circumflex artery was ligated and after its distal
end had been perfused by blood from the left carotid artery at a pressure of
100 mmHg, retrograde distal flow was measured every other minute. Trained
dogs had greater peak retrograde flows, though differences between the two
groups did not attain statistical significance. Also, trained dogs maintained
a higher flow for a longer period than the sedentary dogs. However,
haemodynamic data were not available, and both groups showed electrocar-
diographic changes indicative of myocardial damage.

In the other report, beagle dogs were trained on a treadmill by alternate
days of endurance and sprint running for 10— 12 weeks and were compared
with a sedentary group (Cohen et al. 1978). Trained dogs showed decreases
in heart rate during treadmill exercise tests and higher levels of gastrocnemius
cytochrome ¢ oxidase activity, but their left ventricular weights were not dif-
ferent from those of sedentary dogs. The left anterior descending artery was
perfused by blood from the left carotid artery, myocardial blood flow was
measured using radioactive microspheres before and after clamping of the
coronary perfusion line, and retrograde coronary flow was collected before
and after occlusion of the thoracic aorta. No significant differences were
found in myocardial blood flow or its layer distribution, nor in retrograde
flow or its conductance in terms of the ratio of flow to mean aortic pressure.
However, the cardiac output was significantly greater in the trained group,
and it is not possible to rule out an influence of differences in ventricular
dimensions or tension or a change in myocardial border regions.

In these reports, retrograde flow was considered to represent an index of
collateral blood flow. As will be mentioned later {Sect. 3.2.2), the significance
of this flow is debatable, particularly in the case of intact coronary vessels,
and it is believed to be subject to the influence of extracoronary vascular
resistance, as in the case of myocardial vascular bed.

Coronary Transport in Anaesthetised Animals. There is limited information
on the influence of training on transcapillary transport, and two available
reports on anaesthetised dogs are considered here (Laughlin and Diana 1975;
Laughlin 1985). Training in the two studies included running on a treadmill
up to 50 and 75 min daily 5 days/week for 10 and 12—20 weeks respectively.
In comparison with sedentary dogs, trained dogs had higher cytochrome ¢ ox-
idase activity, and in one report (Laughlin and Diana 1975), there was
evidence of cardiac hypertrophy. In these studies, the left anterior descending
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coronary artery was perfused through its orifice by blood from the femoral
artery, and blood was sampled from the coronary sinus.

In the report of Laughlin and Diana (1975), trained dogs had higher values
for coronary blood flow and lower values for resistance. These dogs also
showed average trends towards lower aortic pressure. In this study, the frac-
tional extraction of diffusible indicators and the permeability surface area
product, which includes fractional extraction and blood flow, did not differ
significantly between the two groups of dogs.

In the report of Laughlin (1985), measurements were made before and after
the infusion of adenosine, additional prazosin for alpha, receptor blockade
and papaverine into the coronary perfusion line. During constant pressure
perfusion, adenosine and prazosin infusion resulted in greater increases in
coronary blood flow, as measured by flowmeters in trained dogs, and similar
results were obtained in terms of perfusion pressure during constant flow per-
fusion. There were no significant differences in extraction or permeability sur-
face area product before coronary vasodilatation; after the dilatation and for
the same plasma flow, the product was greater in the trained dogs.

These findings were considered to indicate training-related improvements in
terms of increases in coronary blood flow and in indices of capillary permeabil-
ity and area during vasodilatation. The findings also suggested a relationship
with other reports on improvements in vascular structure, whether involving
available capillary surface area or microvascular pressure (Laughlin 1985). Of
pertinence to this review is the possibility raised by such findings of improve-
ments in coronary blood transport to supply the myocardium during condi-
tions of cardiac stress and increases in coronary blood flow, e.g. during exercise.

Conscious Animals. Reports are available of studies on conscious animals,
which mainly involve comparisons between trained and sedentary groups
(Restorff et al. 1977; Barnard et al. 1980; Breisch et al. 1986). In the report
of Restorff et al. (1977), dogs were trained by running on a treadmill in bouts
to attain a heart rate of more than 215 beats per minute 80 min daily for 8
weeks. Compared with untrained dogs, no evidence of cardiac hypertrophy
was found. During exercise tests, the myocardial blood flow, as measured by
radioactive microspheres, increased to a lesser extent in trained than in un-
trained dogs. This difference was attributed to smaller increases in heart rate
and arterial blood pressure in the former group. During exercise, trained dogs
had lower mean aortic blood pressure, heart rate and myocardial oxygen con-
sumption, and the ratio of flow in inner to that in outer myocardial layers was
always greater than unity; no data were given for the higher levels of exercise.
The results indicated changes consistent with those encountered during reduc-
tions in myocardial demand for oxygen and in blood flow.

In the report of Barnard et al. (1980), which was mentioned in Sect. 3.1.2,
training resulted in left ventricular hypertrophy. Myocardial blood flow was
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measured using radioactive microspheres. Before and during intermediate
levels of exercise, trained dogs had lower left ventricular blood flow, which
was associated with a lower heart rate and tension-time index, calculated to
represent myocardial demand for oxygen. However, left ventricular diastolic
pressure-time index (DPTI), calculated to represent oxygen supply, was
greater. These results were considered to indicate a more favourable balance
between myocardial demand for, and supply of, oxygen in the trained dogs.
During the highest level of exercise, there were no significant differences in
left ventricular blood flow or in the calculated indices. However, average
group data showed that trained dogs tended to have greater blood flow and
tension-time indices, although these did not attain statistical significance. The
comparisons respectively involved groups of 14 and 13 untrained and 5 and
4 trained dogs. In the same study, subendocardial resistance during drug-in-
duced vasodilatation was estimated as the ratio of DPTI to subendocardial
blood flow; no systematic differences in this resistance between the two
groups of dogs were established, despite the occurrence of training-induced
hypertrophy. These findings were considered to reflect, before and during ex-
ercise, an effect of training-induced reductions in myocardial demand for ox-
ygen, as well as an improvement in terms of subendocardial resistance and ox-
ygen balance to meet training-induced hypertrophy (Barnard et al. 1980).
Clearly, these findings raise the possibility, as do other reports reviewed, that
the consequences of training-induced effects in terms of reductions in
myocardial demand for blood might mask training-induced improvements in
coronary blood flow, if any has occurred.

In the report of Breisch et al. (1986), which was mentioned in Sect. 3.2.1,
myocardial blood flow in the pig was measured using radioactive
microspheres before and during exercise with or without adenosine infusion.
Statistically significant differences between trained and untrained groups in-
cluded greater increases in subepicardial blood flow during exercise in trained
pigs, leading to lower ratios of subendocardial to subepicardial flow, par-
ticularly during adenosine infusion. These findings were correlated with the
structural ones, which indicated reductions in the number of capillaries
(Breisch et al. 1986). Other differences in this cross-sectional study included
marked training-induced myocardial hypertrophy and lower heart rates dur-
ing exercise; no assessments were made of changes in cardiac dimensions or
pressure.

Longitudinal studies in conscious animals have been reported; one series
has involved assessments of phasic coronary blood flow in the dog (Stone
1980b; Liang and Stone 1982, 1983; Gwirtz and Stone 1984; Liang et al.
1984). Training involved running on a treadmill up to 75 min daily, with alter-
nating sprint and endurance periods, 5 days/week for 4—8 weeks or longer,
to obtain training-induced reductions in heart rate during exercise testing.
Before the occurrence of such bradycardia, dogs were considered partially
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trained (Stone 1980b). Though studies were carried out before and after train-
ing, a sedentary group of dogs were also observed; trained animals had higher
skeletal muscle citrate synthase activity, and no changes were reported in vari-
ables studied in the sedentary group.

In one study, coronary flow velocity was measured using Doppler
ultrasonic probes placed around the left circumflex artery (Stone 1980Db).
Right atrial pacing was used to increase the heart rate to about 240 beats per
minute. By the time of partial training, the dogs had greater increases in cor-
onary blood velocity during pacing, which was maintained to the end of train-
ing. No significant changes were reported in left ventricular systolic pressure
or its rate of rise. These findings were considered to suggest an early improve-
ment in coronary flow related to an improvement in vascular structure, main-
ly in the epicardial region.

Peak coronary blood velocity during reactive hyperaemia after 10-s occlu-
sion did not change, at a time when the heart rate and left ventricular pressure
were said to have changed very little if at all. Possible changes in wall tension,
dimensions or thickness were not ruled out.

During repeated submaximal exercise tests, coronary blood velocity
decreased during exercise in the partially trained state, with no changes in
heart rate, but eventually showed increases in the trained state towards the
baseline untrained values despite decreases in heart rate. Myocardial oxygen
consumption was measured in some of these dogs and was found to show
trends towards a progressive decrease with training, though statistical signifi-
cance was not achieved. Similarly, no changes were found in the relationship
between myocardial oxygen consumption and heart rate during training,
despite expected increases in myocardial contractility and changes in size.
Training was found to increase coronary arteriovenous differences, which,
with expected changes in ventricular mass (Stone 1980b), raised the possibili-
ty of changes related to coronary structure and capillary transport during
vasodilatation (Laughlin 1985).

In a subsequent report (Liang and Stone 1982), left circumflex coronary
flow was derived using the cross-sectional area of the vessel obtained post
mortem, and diastolic coronary resistance was derived from aortic pressure
and diastolic coronary blood flow. Studies were performed in the untrained
state and following partial training, which was considered to cause an increase
in left ventricular end-diastolic volume. Some of the dogs were eventually
detrained. During atrial pacing, no changes occurred in aortic diastolic blood
pressure, and there were increases in diastolic coronary blood flow and
decreases in diastolic coronary resistance. These changes were reversed by
detraining and were not found in sedentary dogs. In some dogs, no changes
were found in myocardial oxygen consumption or arteriovenous differences.
In the same study, beta- or alpha-adrenergic blockade, which resulted in
haemodynamic changes, was used to test the proposition that the improve-



102 D.A.S.G. Mary

ments during pacing were more likely to be associated with coronary struc-
tural changes than neural effects.

Similar assessments were made during submaximal exercise testing in
another study (Liang and Stone 1983). Improvements were found in diastolic
coronary flow and resistance during exercise, as in the pacing study. This im-
provement during exercise was considered to have been related to coronary
vascular structure, as well as training-related reductions in sympathetic
vasoconstrictive effects,

A further study (Gwirtz and Stone 1984) was completed in which the effects
of pharmacological blocking agents on total coronary blood flow during ex-
ercise were examined, following intracoronary administration to avoid large
haemodynamic changes. A role was construed for sympathetic vasoconstric-
tion, but not vasodilatation. v

In the last study of this series (Liang et al. 1984), myocardial blood flow
was measured longitudinally using radioactive microspheres before and dur-
ing adenosine-induced maximal vasodilatation at a constant heart rate in
sedentary, partially trained and trained groups of dogs. Trained dogs had
heavier left ventricles, though for groups of five and six dogs the difference
was not statistically significant. No statistically significant differences or
changes were found in myocardial blood flow in any ventricular layer or in
resistance to the flow, which was derived using mean aortic blood pressure.
Partially trained dogs were reported to show a tendency towards increased lay-
er blood flow or decreased resistance, and during adenosine infusion, only
sedentary dogs showed an average ratio of subendocardial to subepicardial
blood flow of less than unity. However, adenosine always caused a decrease
in mean aortic blood pressure and presumably in coronary perfusion pressure.
Also, maximal vasodilatation was determined by the extent of peak
hyperaemic left circumflex artery velocity, which in this series of studies was
not changed by training. If the velocity in this artery is felt to represent left
ventricular myocardial blood flow (Liang et al. 1984), then it is reasonable to
assume that a training-induced change during adenosine infusion is masked
by experimental design, as is also supported by the small numbers and the sta-
tistically insignificant trends of improvement.

Taken collectively, these five reports raise the possibility that training is as-
sociated with an improvement in coronary blood flow, the establishment of
which is perhaps made possible by a known baseline pretraining value for the
same rather than different animals, and by the use of cardiac stressing in
terms of increases in heart rate by pacing or exercise. The reports also
highlight the possibility of interference by concomitant haemodynamic
changes and reflex effects.

Considering all the reports reviewed in unoccluded coronary vessels, the
findings have not shown improvements in coronary flow as consistently as in
coronary structure. It is possible to find grounds for the hypothetical proposi-
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tion that such an outcome was not totally unexpected; factors such as changes
in regions or layers of the myocardium and interference by haemodynamic
changes are involved.

In respect of coronary structure, stimulation of capillary growth in the
myocardium during training could be attributed to the influence of relative
hypoxia or metabolites. Such influence is expected to operate in subendocar-
dial layers of the myocardium, at least through vascular compression related
to changes in ventricular dimensions. Alternatively, long-term bradycardial
pacing has been proposed to result in capillary proliferation (Hudlicka 1982);
training-induced bradycardia would lead to capillary growth through longer
diastolic periods and distension of the vessels.

The inconsistency in demonstrating increases in blood flow could be due
to their magnitude relative to that of the effect of interfering variables and
experimental design. The possibility of a small improvement in coronary
blood flow has not been unequivocally ruled out. As will be mentioned in the
next section, any structure-related improvement in intramyocardial collateral
vessels is of a limited nature in terms of functional flow increases, and species
differences have been implicated. It is difficult to prove a training-related in-
crease in blood flow which is greater than the effects of changes in cardiac
performance, particularly those of the well-established, potent metabolic
mechanisms. Some cross-sectional studies of isolated hearts may offer some
support in favour of this kind of increase, e.g. by rigid control of variables
related to metabolic demands and of the viscosity of the perfusate used. Im-
provements have also been demonstrated in regions bordering the flow-
deprived central region and were small, as expected by virtue of the limited
functional capabilities of the collateral circulation. In conscious animals, the
reported improvement could be argued to have been small, but unmasked by
longitudinal comparisons and the assessment of coronary flow during ven-
tricular diastole.

Findings in a few reports have suggested the possibility of a training-related
benefit in terms of increases in transcapillary transport. These issues would
assume relevance in the context of effects of training on myocardial
ischaemia, as will be considered later in this review.

Narrowed Coronary Vessels

There have been reports that involve training of animals in which the cor-
onary arteries have been narrowed or occluded. Any improvement in myocar-
dial blood flow to flow-deprived regions or layers to be tested would largely
depend on the availabilitiy and functional capacity of the appropriate col-
lateral circulation. All the interfering variables encountered in the previous
section would complicate the issues of narrowing and collateral circulation,
as well as the possible occurrence of variable degrees of myocardial infarc-
tion. A very brief outline of these aspects is warranted at this stage.
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In hearts with unoccluded coronary vessels, a systematic occurrence of
anastomoses between capillaries of two separate major coronary arteries and
the ability of collateral vessels to contain a substantial flow have not been
established. Following narrowing or slowly progressing occlusion of such
arteries, evidence has been reported that collateral vessels may actively grow.
In functional terms, the ability of collateral vessels formed in this way to sus-
tain flow rates which significantly compensate for increases in flow expected
during augmented performance of the heart has been controversial. Ex-
perimental evidence suggests that the ability to increase collateral flow or con-
ductance is limited to about a third of normal values and is further limited
by extravascular resistance imposed during increases in heart rate or ven-
tricular pressures. Such limitations are thought particularly likely in at least
two myocardial segments. The region bordering the flow-deprived area has
been argued to contain a variable number of collateral flow and flow-deprived
cells in proportion to the anticipated inadequacy of collaterals. Subendocar-
dial layers of the myocardium are thought more likely to be inadequate in
meeting flow increases, and the occurrence of coliaterals and their limited
flow also vary according to the species of animals. Moreover, collateral flow
conductance would be least in infarcted segments of the myocardium (e.g.
Schaper et al. 1972; Schaper and Wusten 1979; Flameng et al. 1979; Okun et
al. 1979; Bache and Dymek 1981; Newman 1981; Factor et al. 1982; Bache
and Schwartz 1983).

From these findings, it could be argued that any training-related increases
in coronary blood flow following narrowing or occlusion of the arteries
would be small. The improvement in flow in unoccluded coronary beds in
such studies was small, and any improvement in the collateral circulation con-
necting them to flow-deprived beds would occur within the limitations atten-
ding it. An improvement in collateral flow would hardly be expected for ex-
ample in some animal species when two of the three major coronary arteries
have been occluded and myocardial infarction and cardiac failure have been
induced.

Examples will be considered of reports involving studies of animals or their
isolated heart.

Anaesthetised and Conscious Animals. Studies have been reported on the ef-
fect of training in animals following narrowing or occlusion of major cor-
onary arteries (Eckstein 1957; Heaton et al. 1978; Neill and Oxendine 1979;
Bloor et al. 1984).

In the report of Eckstein (1957) in dogs, several grades of narrowing of the
left circumflex artery were imposed. The animals were assigned to a sedentary
group or another which was trained by running on a treadmill in four 15- to
20-min sessions daily, 5 days/week for 6—8 weeks. Dogs with gross myocar-
dial infarction were not included, and there were no differences between the
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two groups in ventricular weight or aortic blood pressure. The aortic blood
pressure during anaesthesia was kept at pre-anaesthesia levels, and carotid
blood was used to perfuse the distal part of the circumflex artery at the same
pressure. Antegrade flow beyond the narrowing was measured by collection
and used to assess the narrowing. The retrograde flow from the same artery
was collected and its maximal value considered to reflect flow during hypoxia
in the collateral circulation. Distal coronary pressure was also measured. In
all dogs, greater retrograde flow was found with more severe narrowing, and
the flow was higher in the trained dogs. It was also noted that retrograde flow
did not develop when narrowing was not severe, though this flow was always
present and was greater in the trained dogs (Eckstein 1957). Clearly, the
retrograde flow did not represent collateral flow which would exist relative to
the resistance in the vascular bed of flow-deprived regions. However, it could
be argued that this flow assessment made possible the demonstration of train-
ing-related improvements otherwise masked by the restrictions on collateral
flow in the intact circulation. The findings of this study were consistent with
the minimal extent of collateral flow in the normal heart as reviewed above.

In the report of Heaton et al. (1978) in foxhounds, the left anterior descen-
ding artery was occluded by an ameroid constrictor for 3 days and the left
circumflex artery narrowed by 60% — 90% of the cross-sectional area. Region-
al myocardial blood flow was measured using radioactive microspheres dur-
ing exercise tests, and this assessment was repeated after training by running
on a treadmill 1 h daily 5 days/week for 6 weeks. Similar measurements were
made in another group of sedentary foxhounds after similar occlusions.
Trained dogs developed significantly lower heart rates during exercise, and no
scarring was seen in assessed myocardium. In all dogs before training, the
normally perfused regions showed increases in myocardial blood flow during
exercise in the subendocardial and subepicardial layers. In flow-deprived
regions during exercise, flow increases, subendocardial flow and ratios of
subendocardial to subepicardial flow were lower, leading to subendocardial
underperfusion. These findings were not unexpected, as mentioned above in
the review on the behaviour of collateral flow, and there were no differences
between the two groups of dogs. In the trained dogs, the only significant
change was an improvement in flow during exercise-induced underperfusion
in the subendocardial layer of the flow-deprived region, at a time when no
such improvement occurred in the sedentary dogs. It was argued that the fin-
dings were not causally related to myocardial performance, since im-
provements were not seen in the normally perfused region, and that the de-
crease in heart rate or small changes in aortic blood pressure did not correlate
with the observed improvement (Heaton et al. 1978). However, in the trained
group, trends towards improvement were also apparent in subendocardial lay-
ers of normally perfused regions but did not attain statistical significance,
and the average heart rates during exercise were 184 and 163 beats per minute
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before and after training respectively. Moreover, changes in flow assessed by
the microsphere technique inciude those which occur in both normal and col-
lateral beds. This issue was examined in another study, in which coronary
blood flow in the myocardium and retrograde flow were assessed in the same
animals, as will be mentioned below.

In the report of Neill and Oxendine (1979), dogs with occlusion of the left
circumflex coronary artery, which was caused over 2—3 weeks by ameroid
constrictors, were assigned either to sedentary groups or to groups trained by
running on a treadmill up to 30 min daily 5 days/week for 5 or 8 weeks. Only
dogs trained for 8 weeks had a decrease in heart rate during submaximal exer-
cise, though these dogs did not show evidence of cardiac hypertrophy and
their left ventricular volume and ejection fraction, as determined by left ven-
triculography in the conscious state, were not different from those of seden-
tary dogs. Myocardial scarring was excluded from analysis. Studies were per-
formed during atrial pacing-induced tachycardia of up to 250 beats per
minute in the 5-week-trained, and up to 200 beats per minute in the 8-week-
trained dogs. In the former group, pacing led to a decrease in myocardial
blood flow in the flow-deprived region relative to that of the normally perfus-
ed one. In both groups, the reduction during pacing in flow ratios of suben-
docardial to subepicardial layers was greater in the flow-deprived than in nor-
mally perfused regions. In contrast, there were no differences between trained
and sedentary groups. Left coronary angiography with dogs under
anaesthesia was considered to be probably too insensitive to detect changes
in coronary vasculature. Retrograde flow was greater in trained than in seden-
tary dogs and tended to be further increased by the longer training time of
8 weeks (Neill and Oxendine 1979). This study again demonstrates the occur-
rence of underperfusion during cardiac stressing. Also, the findings were con-
sistent with the contention that any change in collateral flow is subject to
limitations attributable to resistance to blood flow in the myocardium and to
the tendency in the dog for collateral vessels to develop mainly in the
subepicardial layers of the myocardium, though their full development is
thought to require longer than the period of this study (e.g. Schaper et al.
1972).

A report is available (Bloor et al. 1984) of a study in pigs in which col-
Iaterals are thought to develop in the subendocardium, mainly in the papillary
muscles and the interventricular septum (Schaper et al. 1972), and to be
sparser than in the dog (Bloor et al. 1984). The left circumflex artery in pigs
was narrowed to reduce reactive hyperaemia to 15% of its prestenotic value
(Bloor et al. 1984). Four groups were studied, which comprised sedentary
sham-operated, trained intact, sedentary and trained coronary narrowing
groups. Training involved running on a treadmill at 70% — 100% of the max-
imal heart rate up to 45 min daily 5 days/week for 5 months. This was asso-
ciated with decreases in heart rate during exercise tests. Regional myocardial
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blood flow was measured using radioactive microspheres, at similar mean
aortic blood pressure, before and after release of occlusions in each of the
three coronary arteries. Collateral flow was greater in pigs with narrowing
and even more so in the trained animals with narrowing, particularly in the
regions bordering the centre of the flow-deprived region. However, the col-
lateral flow was always less than normal coronary flow. Anatomical studies
showed complete occlusion of the circumflex artery and the occurrence of
myocardial infarction, though the area of infarct laterally was less in the train-
ed pigs. Of interest was the finding that scar tissue contained collateral flow
(Bloor et al. 1984). It is possible to construe that a benefit in terms of tissue
salvage could have occurred, though it remains to be established whether the
difference in collateral flow occurs independently of the scar size and
resistance to blood flow, which in addition could have involved differences in
ventricular dimensions. In the absence of such knowledge or of changes in
flow in myocardial layers, acceptance of an improvement in collateral flow,
believed to be meagre in the pig, would assume relevance.

Isolated Heart. Even meticulous attempts in the isolated heart to test training-
induced effects on the collateral circulation have yielded opposite conclusions
(Scheel et al. 1981; Schaper 1982). In the first report (Scheel et al. 1981), four
groups of beagles were studied, comprising a group of sedentary animals, a
group trained by running on a treadmill 45 min daily 5 days/week for 6 weeks,
a sedentary group undergoing ameroid constrictor occlusion of the left cir-
cumflex coronary artery and, finally, a group with occlusion which subse-
quently underwent training for 8 weeks. Trained beagles were not considered
to have developed cardiac hypertrophy, but their heart rate was lower follow-
ing training. In an isolated beating heart preparation, the three major cor-
onary arteries were cannulated and perfused with blood at a preset constant
pressure. Coronary blood flow was measured using flow probes, and ex-
periments were completed during adenosine-induced vasodilatation at cons-
tant perfusion pressure and with the ventricles vented to atmospheric pressure
to minimise changes in afterload. The resistance to coronary flow in each of
the three arteries was derived by relating perfusion pressures to late diastolic
coronary flows. No statistically significant differences between trained and
sedentary groups were found, though the trained dogs tended to have lower
coronary resistance. The collateral resistance between various combinations
of coronary beds was assessed by retrograde flow measurement with a prefu-
sion pressure of 100 mmHg. Trained dogs with occlusion had lower
resistances between the left anterior descending, septal or right coronary
arteries and the occluded left circumflex artery. These findings indicated a
training-related improvement in collateral circulation, which was considered
to include epicardial and intramyocardial collateral vessels by virtue of septal
artery circulation (Scheel et al. 1981). These findings are consistent with the
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hypothetical contentions outlined in this review that changes in retrograde
flow could have been unmasked be removing the limiting effect of coronary
bed resistance, as expected in the intact heart.

The finding of a wider collateral circulation extending deeper than the
subepicardial layer of the beagles contrasts with that found in other dogs, as
has been previously observed (Schaper et al. 1972). It should be noted, how-
ever, that the report of Scheel et al. (1981) did not rule out the probability that
the greater coronary resistance to antegrade flow found in sedentary dogs
with only one occluded vessel was attributable to scarring.

In the second report (Schaper 1982) on trained dogs, two coronary arteries,
the left circumflex and right coronary, were occluded for 2.5 weeks by
ameroid constrictors, and postoperatively a group of trained dogs was com-
pared with a sedentary group. Training involved running on a treadmill 1 h
daily 5 days/week for 12 weeks. Trained dogs developed slower heart rates
during exercise, and their cardiac weight was slightly greater than in the seden-
tary group. The hearts were excised, connected to a Langendorff apparatus
and perfused with blood from support dogs. Regional myocardial blood flow
was measured by radioactive microspheres, and experiments were performed
during adenosine-induced vasodilatation at various levels of perfusing
pressure. No significant improvements were shown in the relation of perfu-
sion pressure to layer flow with or without consideration of the distal cor-
onary pressure. Also, even in such a rigidly controlled preparation, it was
notable that the increase in collateral flow during vasodilatation was substan-
tially less than the increase in normal coronary blood flow (Schaper 1982).

Regarding this condition of underperfusion with occlusion of two of the
three major coronary arteries, it should be pointed out that questions arise
concerning the reliance on one remaining vessel and the possibility of variable
degrees of scarring. The latter could be argued to have occurred during train-
ing exercises leading to underperfusion and to have masked any training-
related increases in conductance, which are expected to be small. As Schaper
(1982) points out, any exercise-induced underperfusion and ischaemia which
could stimulate growth of collaterals would be limited to the subendocardium
in dogs, which are known to have the capability of developing collateral
vessels in the subepicardium.

These findings in animals with narrowed coronary arteries were not entirely
unexpected, as pointed out earlier in this section. In a simple approach to the
problem, any training-related increase in collateral flow, which would be in
series with normal flow and subject to resistive components in both vascular
segments, should be small. An improvement would hardly be expected if the
source of flow to the collateral vessels were drastically curtailed because of
extravascular resistance. Also, in layers of the myocardium, because of a
species-related lack of collaterals, a predominant improvement is unlikely.
Improvements demonstrated in terms of retrograde flow are perhaps related
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to minimising effects of masking variables. If is occurs at all in the intact
heart, a small change would be difficult to demonstrate. Benefits of limiting
tissue death could then suggest different mechanisms, one of which, the
possibility of improved capillary transport, has already been raised earlier in
this review.

3.3 Summary

The review of reports in experimental preparations has indicated that exercise
training results in changes in cardiac performance and coronary circulation.
In general, these changes are related to the intensity and duration of training,
sex, age and animal species. In the intact animal, demonstration of single
training-related changes is influenced by concomitant factors.

There is evidence that training results in a slowing of heart rate, ventricular
hypertrophy and possibly a small improvement in cardiac pump performance
and myocardial inotropism. Changes in ventricular diastolic volume are vari-
able and, as is the case with cardiac performance or coronary blood flow, are
known to be sensitive to changes in haemodynamic variables which include
the heart rate. Increases in cardiac output are reported in conditions of car-
diac stressing, including exercise.

Training probably results in improvements in coronary vascular structure,
particularly increases in the number of myocardial vessels. Despite variability
in histological techniques, the improvements are demonstrated with remark-
able consistency.

The functional significance of structural improvements is less certain; for
example, discernible increases in blood flow in the myocardium are not con-
sistently found. However, the possibility has not yet been unequivocally ruled
out that during training flow increases occur in magnitudes relatively smaller
than and thus overshadowed by metabolic, physical and neural consequences
of concomitant haemodynamic and cardiac changes.

When coronary vessels are occluded and collateral vessels develop subject
to a species-determined influence, the function of the latter depends on cer-
tain limitations. Assuming an in-series connection to coronary vessels, col-
lateral flow is known to be limited and is vulnerable to extracoronary com-
pressions, as well as to coronary vascular resistance in general. Differences be-
tween species such as the sparse development and distribution of collateral
vessels have been postulated. These vessels develop in the subepicardium in
the dog and to a variable extent in further layers of the myocardium in the
beagle, pig and man. It is not surprising that any training-related im-
provements in collateral circulation, which may be demonstrated within rigid
experimental conditions, should have a minimal impact in the intact heart or
animal.
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Some findings suggest that functional improvement could still occur, e.g.
in terms of improved capillary transport during increased performance of the
heart and a related increase in coronary blood flow.

It would be difficult meaningfully to quantify a cardiac effect directly in
relation to training in general. Cardiac training effects are apparently in-
fluenced by the programmes used, as well as by a variable, though definite,
interplay between these effects. It is reasonable to assume that intrinsic car-
diac effects are small, in that they could be masked by concomitant effects
of training, but become more apparent under conditions of cardiac stressing
and increased performance.

4 Import of Experimental Evidence in General

As reviewed in preceding sections, reported findings in experimental animal
preparations have included evidence for the occurrence of cardiac training ef-
fects, as well as factors which could influence and even mask the manifesta-
tion of these effects, particularly in intact and conscious animals. A substan-
tial proportion of these findings could be considered in connection with the
issue of training in man, in whom, additionally, the influence of other factors
is expected. Such factors include at least characteristics of study populations
and genetic effects.

This section briefly highlights the importance for man of experimentally
demonstrated evidence on cardiac training effects. Clearly, most of the tech-
niques which reliably control the influence of interfering variables in ex-
perimental animal preparations cannot be used in man. However, the demon-
stration of similar cardiac training effects in man would at least raise the pro-
bability of fundamentally common backgrounds. The evidence thus obtained
will be relevant to Sects. 5 and 6 of this review, which involve recent tech-
niques, namely exercise tests, developed to assess the effect of training on car-
diorespiratory fitness and ischaemic heart disease in man.

4.1 Cardiac Performance

Trials in man have demonstrated general and cardiac performance effects of
training which were similar to those found in experimental animals; these ef-
fects have been described in detail (e.g. Astrand and Rodahl 1977; Clausen
1977; Schaible and Scheuer 1985; Cox et al. 1986) and will be briefly outlined
in this section.

A decrease in heart rate has been a consistent effect of training, particularly
during submaximal exercise. Other training-related changes demonstrated
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have included an increase in left ventricular diastolic wall thickness and
dimensions, which should be considered against the background of a decrease
in heart rate and prolongation of ventricular filling period. Increases in blood
volume have also been reported.

In respect of cardiac performance, training has been reported to result in
increases in ventricular stroke volume at rest and during exercise and an in-
crease in cardiac output during maximal exercise. An increase in oxygen con-
sumption during maximal exercise has been shown to result from training,
and was related to increases in cardiac output and skeletal muscle adapta-
tions.

It has not been unequivocally demonstrated whether changes occur in the
inotropic state and the Starling mechanism of the ventricle. This demonstra-
tion would at least make it possible to attribute the increases in ventricular
stroke volume and cardiac output during exercise to intrinsic cardiac
mechanisms. Assessment of such ventricular performance during exercise in
healthy subjects, is difficult. The use of recent methods such as echocar-
diography or radionuclide techniques is subject to certain limitations (e.g.
Gibson 1984; Wackers 1984), which assume relevance in detecting small
changes. Studies using these techniques have yielded inconsistent results (e.g.
Schaible and Scheuer 1985). Technical difficulties include achievement of
adequate records, assumptions related to geometrical dimensions or back-
ground stability and the fact that these techniques assess changes in dimen-
sions during ventricular ejection. Moreover, in intact subjects any assessment
of changes in intrinsic ventricular performance during exercise would be
limited by the interference of many variables, which include heart rate, ven-
tricular loading and reflex mechanisms (e.g. Mary 1986).

It could be concluded in general that results of training in man have been
shown to be essentially similar to those in animals, as reviewed in preceding
sections. In respect of mechanisms in man, it is not unreasonable to assume
that the training-related increases in ventricular output have included small
increases in pump performance and contractility.

The decrease in heart rate during submaximal exercise and the increase in
oxygen consumption during maximal exercise have been used as indices of the
effectiveness of training programmes. The two variables are dependent on the
intensity and the duration of training, as is the case in reports in animals. As
briefly outlined in this section, the effects in man have been demonstrated
after training which was sufficient to influence the two indices. It is as yet un-
known whether training programmes which are not sufficient to change these
indices would consistently result in effects which could be attributed to the
heart. This issue will assume relevance in the context of cardiorespiratory
fitness, to be reviewed in Sect. 5.
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4.2 Coronary Heart Disease

In subjects without coronary artery disease, there has not been an adequate
number of studies to allow unequivocal conclusions on effects of training on
the coronary circulation. In a cross-sectional study, a lower coronary sinus
flow was found in trained volunteers, which was associated with lower heart
rate levels and tension-time index (e.g. Stone 1980a; Schaible and Scheuer
1985).

In the pathological condition of coronary heart disease, some effects of
training, which include decreases in heart rate during exercise, are qualitative-
ly similar to those in healthy subjects. In coronary heart disease, however,
maximal oxygen consumption may not be attained during exercise and left
ventricular dimensions are likely to increase to a greater extent than in the
normal case (e.g. Clausen 1976). As outlined in Sect. 4.1, in the case of
healthy subjects, it is difficult to attribute changes in myocardial performance
to training. Further interfering factors include the extent of myocardial
damage related to coronary artery disease, its marked variability between pa-
tients and the difficulty of imposing adequate cardiac stress. All these com-
plications could be implicated in the inconsistency of reported changes in
myocardial performance (e.g. Sim and Neill 1974; Kennedy et al. 1976; Letac
et al. 1977; Nolewajka et al. 1979; Froelicher et al. 1980; Hagberg et al. 1983;
Ehsani et al. 1986).

In respect of the effects of training on the coronary circulation in patients
with coronary heart disease, certain issues need to be considered. As was
reviewed in Sect. 3.2.2, it would be difficult to distinguish a direct effect of
training from those which concomitantly influence coronary blood flow. This
is apparent even in studies in experimental animal preparations, where more
accurate techniques of assessement can be used and less variability is en-
countered than in patients with coronary artery disease. The disease occurs
in patients under examination with a variable extent of severity, progression
or myocardial damage and is clearly different pathologically from experimen-
tal narrowing or occlusion. The latter issues make it necessary to interpret the
findings in the context of considerations such as the adequacy of the examin-
ed sample to represent the disease in general, the influence of training on the
pathology of the disease and the appropriate duration required to manifest
such an influence. Examples of some reports will be outlined to highlight such
considerations.

Coronary blood flow has been examined by methods which may be con-
sidered to assess flow directly, though they cannot measure regional perfusion
in myocardial layers. The methods have included clearance techniques during
atrial pacing to increase the heart rate (Sim and Neill 1974), thermodilution
(Ferguson et al. 1978), thallium-201 scintigraphy (e.g. Scheuer 1982) and
radioactive macroaggregated albumin (Nolewajka et al. 1979) during exercise.



Exercise Training and Its Effect on the Heart 113

In the report of Sim and Neill (1974), no changes were found during training,
and the technique was considered mainly to reflect flow in normally perfused
myocardium. In the eight patients examined, coronary artery disease varied
markedly in severity, and coronary flow either increased or decreased (Sim
and Neill 1974). Similar variability in coronary artery disease and coronary
sinus flow or myocardial perfusion during exercise have been reported
(Ferguson et al. 1978; Scheuer 1982; Lynch and Crawford 1983). In the report
of Ferguson et al. (1978), coronary sinus flow was mainly influenced by con-
comitant haemodynamic changes. In the report of Nolewajka et al. (1979),
coronary artery disease progressed in patients following myocardial infarction
whether trained or not. Assessment of myocardial capillary flow, which was
not considered accurate in reflecting regional variations, did not suggest an
improvement. These reports are consistent with the contention, based on fin-
dings in experimental animal preparations, that it would be difficult to dem-
onstrate small improvements in coronary flow in the face of wide variability
in the severity of disease, technical limitations and interference by haemody-
namic changes.

In respect of coronary artery disease, examples will be considered of reports
which raise the possibility of training effects on the pathological occlusive
process. Repeated coronary angiography has been used to assess changes in
vascular dimensions or in the development of collateral vessels. The findings,
which comprise inconsistent changes, have previously been reviewed (e.g.
Hellerstein 1969; Froelicher et al. 1980; Scheuer 1982; Wyatt 1982). However,
it is not certain whether or not collateral vessels could be measured using
angiography, and inconsistency is known to occur in measurements of cor-
onary narrowing. Furthermore, the relationship between the degree of nar-
rowing and coronary blood flow is not linear (e.g. Linden and Mary 1982).
It has been pointed out that such techniques are of insufficient accuracy in
quantitative assessments, and the time required for the occurrence of struc-
tural changes could be too long for the period of study, particularly against
the background of interpatient variation in disease severity or rate of progres-
sion (e.g. Ferguson et al. 1974; Nolewajka et al. 1979; Scheuer 1982).

Regarding the pathology of coronary artery disease, reports are available
which raise the possibility of training benefits. Monkeys were trained before
and during 2 years’ consumption of atherogenic diets to raise the level of
serum cholesterol and were compared with sedentary groups (Kramsch et al.
1981). Trained animals had cardiac hypertrophy and developed slower heart
rates at rest and during exercise. They were reported to have smaller lesion size
and less collagen accumulation, as assessed by angiography and postmortem
histological examinations. These animals also had greater high-density
lipoprpotein cholesterol and lower triglyceride or low-density lipoprotein
levels. Whether or not such induced lesions are the same as in coronary artery
disease in man, there have been reports which suggest that training leads to
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similar changes in plasma catecholamine and serum lipid levels, as well as to
increases in fibrinolytic activity (e.g. Froelicher et al. 1980; Rigotti et al. 1983;
Ehsani et al. 1984; Rauramaa et al. 1984).

The above review on the coronary circulation bears a resemblance to ex-
perimental coronary artery narrowing or occlusion. As reviewed in Sect. 3.2.2,
it has been difficult to exclude interference by metabolic, physical and neural
consequences of training-related haemodynamic effects. In respect of training
benefits, there remains the possibility of changes in transcapillary transport,
coronary artery disease or associated pathological processes. These issues will
assume relevance in Sect. 6, which considers potential benefits of training on
myocardial ischaemia related to coronary artery disease.

5 Assessment of Fitness Effects of Training

Evidence was presented in preceding sections to suggest that training leads to
improvement in cardiac performance, particularly during stresses of exercise.
Many indices of physical fitness, obtained by non-invasive means, have been
associated with changes in cardiac performance. In this section, well-known
indices will be briefly reviewed and emphasis placed on recently developed
methods of assessment.

5.1 Definitions

Physical fitness in general includes important attributes of the body which in-
volve issues such as skills, body weight, cardiorespiratory function, muscle
strength and endurance. Training-related improvement in cardiorespiratory
fitness or oxygen transport and utilisation has been associated with changes
in cardiac frequency and pumping performance. In the absence of limitations
related to ventilation and diffusion, oxygen consumption during exercise
would depend on the magnitude of changes in cardiac output and the ade-
quacy of perfusion of organs involved in the exercise (e.g. Holmgren 1967;
Sinning 1975; Astrand 1976; Clausen 1977; Bassey and Fentem 1981).

In the assessment of cardiorespiratory fitness, it is pertinent to this review
to highlight certain considerations. Within the context of such fitness, an in-
terplay between cardiac and other effects of training is expected. Specifically,
changes in cardiorespiratory fitness during exercise would include both car-
diac and peripheral adaptations (e.g. Astrand 1976; Clausen 1977), which
possibly lead to increases in oxygen extraction (Astrand and Rodahl 1977).
Furthermore, the evidence reviewed in preceding sections has indicated that
training leads to small changes in cardiac performance which are influenced
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by the intensity, frequency and duration of the training programme. There-
fore, the design of tests for changes in cardiorespiratory fitness would require
adequate sensitivity to detect small changes which could reasonably be at-
tributed to cardiac adaptations.

5.2 Methods of Assessment

Cardiorespiratory fitness has primarily been assessed during exercise stress-
ing, and formal exercise tests which could be administered non-invasively
have been developed.

Most of the types or designs of exercise tests used have previously been
reviewed in detail {(e.g. Wydenham 1967; Astrand 1976; Shephard 1978;
Bassey and Fentem 1981). In general, indices of cardiorespiratory fitness have
involved maximal exercise testing and, less commonly, assessments during
submaximal exercise.

5.3 Maximal Oxygen Consumption

Maximal oxygen consumption (VO,max) has been extensively used as an in-
dex of cardiorespiratory fitness. Details of its use and accuracy are available
in several adequate reviews (e.g. Holmgren 1967; Pollock 1973; Astrand 1976;
Clausen 1977; Scheuer and Tipton 1977; Shephard 1978; Bassey and Fentem
1981), and some aspects will be outlined below.

Increases in VO,max could be shown to occur during training and have
been attributed at least in part to increases in cardiac output during maximal
exercise. However, VO,max is known to be influenced by several factors
other than cardiorespiratory fitness.

Measurement of oxygen consumption requires apparatus to allow assess-
ments during all steps of work increments in exercise testing, and portable
methods have been available. The criteria of maximal exercise used to obtain
VO,max are not always attainable with some individuals or during exercise
tests which involve small muscular mass. Maintenance of a plateau of oxygen
consumption during maximal exercise requires exhaustive effort which could
not be achieved in some sedentary subjects, patients or children. Blood lactate
level, respiratory exchange ratio and maximal heart rate have been used in ad-
dition. Clearly, premature stopping of exercise tests would yield values of ox-
ygen consumption which are less than VO,max. Though such values assume
relevance in respect of exercise tolerance, as will be mentioned in Sect. 6, they
are not thought solely to represent cardiorespiratory fitness.

The value of VO,max in healthy subjects has been found to depend on
conditions which include age, sex and genetic constitution. Progressive
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decreases occur after the age of 25 years, and higher values have been ob-
served in males than in females. During training, increases in VO,max ap-
peared to be determined by initial levels of fitness, as well as by the intensity,
duration and frequency of exercise training. Greater increases have been
shown to occur in individuals with low pretraining VO,max than in those
with higher levels. In gerneral, system::ic increases in VO,max during train-
ing have been reported to occur with exercise intensity at greater than
50% —60% of VO,max, with an exercise duration of about 20 min daily and
a frequency of three times per week. However, the effects of such training
criteria have varied between individuals and were subject to interactions be-
tween the criteria themselves and interferences by initial levels of VO,max,
age and muscles involved in the exercise.

The reported magnitude of training-related increases in VO,max in seden-
tary subjects has varied in relation to the factors mentioned above. Mean in-
creases in groups of subjects have been of the order of 15% —20%. Such
modest increases are not inconsistent with the evidence reviewed in preceding
sections that training-related improvements in cardiocirculatory performance
are small.

The findings on VO,max could now be considered in relation to its ac-
curacy as an index of cardiorespiratory fitness. Large variability is expected
between individuals, and VO,max in one exercise test does not reliably
predict the ‘level’ of cardiorespiratory fitness. In a “homogeneous, clinically
healthy and relatively well-conditioned” population, the 95% confidence
limits amounted to about 40% (Astrand 1976). As would be expected
therefore, VO,max would represent an index of change in, rather than level
of, fitness; in this context, reproducibility in the measurement of this index
would assume relevance. Differences between repeatedly measured VO,max
in the same subjects have been reported; 95% of individual differences, i.e.
95% tolerance limits, were estimated to be about 3.6% —14% of mean
VO,max (Newell 1982). Since VO,max varies directly with the intensity of
training, such reproducibility estimates would clearly place limitations on the
sensitivity of this index to detect small improvement in cardiorespiratory
fitness in the individual. This limitation would add to the other interfering
factors pointed out earlier in this section.

It could be concluded from this brief review that VO,max is an useful in-
dicator of changes in cardiorespiratory fitness during strenuous and ex-
haustive exercise. Its use is limited by the ability to attain maximal levels of
exercise, which could depend on factors other than cardiorespiratory fitness.
Furthermore, in the individual its use is limited by the wide tolerance limits
of measurement relative to expected changes. However, VO,max has been
useful in groups of healthy populations subjected to training of sufficient
severity.
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5.4 Other Indices

To avoid the difficulties encountered in its measurement, various methods
have been used indirectly to estimate VO,max, particularly with submaximal
exercise.

Commonly used methods have included linear extrapolation to an assumed
age-related maximal heart rate of the relationship between measured heart
rate and oxygen consumption throughout various numbers of steps of sub-
maximal exercise. However, such methods suffer from the drawback that they
assume levels of maximal heart rate known to vary widely, as well as the ex-
istence of a linear relationship between heart rate and oxygen consumption
at high levels of exercise, which is not an uniform finding (e.g. Astrand 1976).
The variability of such estimates has been documented in a review of interna-
tional experience (Shephard 1978).

Other indices have been assessed, especially in comparison with VO,max.
Examples of these include the work rate at a set heart rate, heart rate or blood
lactate concentration at a set rate of oxygen consumption or work rate, ratio
of maximal work rate to heart rate, changes in respiratory exchange ratio and
oxygen consumption at a respiratory exchange ratio of unity and combina-
tions of various criteria of exercise performance and anthropometric data
(e.g. Roskamm 1967; Wydenham 1967; Astrand 1976; Shephard 1978; Bassey
and Fentem 1981; Mortimer and Reed 1982; Weller et al. 1985). These indices
were in general reported to correlate in trend with VO,max and to differ
from its individual values. In the context of training-related changes in car-
diorespiratory fitness, the accuracy of these indices has not been fully quan-
tified, though potentially they could be useful in patients who are unable to
attain maximal levels of exercise.

5.5 Submaximal Heart Rate-Oxygen Consumption Relationship

The use of submaximal exercise to derive indices of cardiorespiratory fitness
would obviate the problems of measurement during maximal exercise. As was
reviewed in preceding sections, training has been shown consistently to result
in decreases in heart rate and increases in ventricular stroke volume during
submaximal exercise. The reported changes in cardiac output have not been
consistent. During such exercise, oxygen consumption would represent the
product of cardiac output, or heart rate times stroke volume, and
arteriovenous oxygen difference.

The relationship during submaximal exercise between work rate or oxygen
consumption and heart rate or cardiac output could be computed to fit linear
regression lines (e.g. Holmgren 1967; Astrand 1976; Bassey and Fentem 1981).
Measurement of heart rate, work rate and oxygen consumption may be ob-
tained by non-invasive means.
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5.5.1 Assessments in General

As reviewed in preceding sections, training which leads to improvement in car-
diac performance also results in decreases in heart rate at submaximal levels
of exercise work rate and oxygen consumption. Expressed in terms of com-
puted linear regression lines of heart rate on oxygen consumption, training
would be expected to shift the regression line to the right, such that a higher
oxygen consumption would be attained at the same heart rate. Examples of
such findings will be cited below because of their relevance to the heart rate-
oxygen consumption index to be mentioned in following sections.

Reports have been available on the effect of bed rest and training. For in-
stance, in a longitudinal study of young subjects, exercise testing was perform-
ed on a treadmill and oxygen consumption measured at submaximal loads at
40%, 60% and 80% of VO,max (Saltin et al. 1968). Relative to initial con-
trol values, mean VO,max decreased during bed rest and increased during
training. No significant change in oxygen consumption was reported at these
loads. Mean heart rates at rest and at the given levels of oxygen consumption
increased after bed rest and decreased after training {Saltin et al. 1968).

In other studies, middle aged men were examined before and after bed rest
{Convertino et al. 1982; Hung et al. 1983). Oxygen consumption was measur-
ed at rest and during the last 30 s of four 3-min stages of upright exercise on
a bicycle ergometer; the fourth stage represented maximal work. Bed rest was
associated with increases in mean heart rate at all levels of oxygen consump-
tion during exercise (Hung et al. 1983). This finding could be construed to
represent a shift to the left in the relationship during exercise in mean group
values of heart rate on oxygen consumption. In the same subjects, VO,max
decreased and maximal heart rate increased, and it was reported that during
rest and all stages of work rate mean oxygen consumption decreased and
heart rate increased at rest and all stages of work rate (Convertino et al. 1982).
It was notable in this study following bed rest, that increases in mean oxygen
consumption at higher work rates were less than those at low work rates, thus
suggesting changes in the slope as well as shifts in the level of mean oxygen
consumption-work rate relationship.

The computed linear regression relationship of heart rate to oxygen con-
sumption, as measured in the steady state during levels of submaximal exer-
cise, has been used to assess cardiorespiratory fitness. For instance, the slope
of the relationship has been directly calculated (Spiro et al. 1974), and a value
of heart rate interpolated at a preset level of oxygen consumption was used
to reflect the level of the relationship (e.g. Bassey and Fentem 1981). As
pointed out above, however, in an adequate analysis of the relationship of
heart rate to oxygen consumption, interpolation of single values would be
undermined by changes in both the level and the slope of this relation (Bassey
and Fentem 1981).
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The design of the exercise test is expected to influence the relationship of
heart rate to oxygen consumption and work rate. For instance, the reports of
Convertino et al. (1982) and Hung et al. (1983) involved comparisons between
supine and upright bicycle exercise tests. During the former test, bed rest
resulted in increases in mean heart rate only at high levels of oxygen consump-
tion or work rate. In general, bed rest-related decreases in oxygen consump-
tion and increases in heart rate were greater during upright than during supine
exercise. Relative to mean values of oxygen consumption, mean heart rates
were greater during upright than supine exercise (Convertino et al. 1982;
Hung et al. 1983). Similarly, in trained healthy subjects, VO,max achieved
during supine bicycle exercise is lower than during upright bicycle exercise
(e.g. Astrand 1976). These findings entail the possibility that haemodynamic
and reflex adaptations related to posture could influence the nature of, and
changes in, the relationship between heart rate and oxygen consumption dur-
ing submaximal increments in work rate.

Other findings suggest that heart rates at given submaximal oxygen con-
sumption levels would be greater during bicycle than during treadmill exercise
(e.g. Hermansen et al. 1970), and small differences may occur in these values
in individuals when obtained during the steady state of discontinuous and
continuous increments in work rate (e.g. Bassey and Fentem 1981).

Other examples involve findings of the effects of training the arms or legs,
as assessed by exercising either set of limbs (e.g. Clausen 1977). During exer-
cise tests, measurements were made at two work rates after 4—7 min of exer-
cise. Briefly, leg training resulted in decreases in heart rate relative to oxygen
consumption values obtained during leg and arm exercise tests. The resting
values were also included to yield three points of relationship of heart rate to
oxygen consumption. The decrease in heart rate during untrained muscle ex-
ercise tests followed the change which occurred during rest without changing
the slope of the relationship. During trained muscle exercise tests, there was
an additional reduction in the slope, such that increases in heart rate during
high submaximal oxygen consumption were lower than those at lower oxygen
consumption (Clausen 1977). It is expected that exercising muscle mass will
affect the relation of heart rate to oxygen consumption (e.g. Lewis et al. 1983).
Analysis of covariance showed that the slope of the linear computed relation-
ship was steeper with arm than with leg muscle exercise. Maximal heart rate
and oxygen consumption were greater during leg exercise, leading to greater
heart rates at 50% or more of exercise-related VO,max during leg than dur-
ing arm exercise. It is notable that in the same report no differences were
found in the computed relationship of cardiac output to oxygen consumption.

It is noteworthy that the findings reviewed primarily apply to healthy sub-
jects, since pathological conditions or drugs could have their own effects on
the relationship of heart rate to oxygen consumption and work rate. For in-
stance, healthy volunteers were made to breathe two levels of carbon monox-
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ide and examined during three stages of bicycle exercise, including maximal
levels (Ekblom and Huot 1972). Progressive increases in mean values of heart
rate at similar oxygen consumption and progressive decreases in mean
VO,max were reported. In another report, the effect of reductions in red cell
mass has been examined longitudinally in healthy volunteers (Woodson et al.
1978). Changes in the computed linear relationship of heart rate to oxygen
consumption (HR/VO,) during supine exercise were assessed by analysis of
covariance. The intervention was shown to result in a significant shift to the
left in the elevation of HR/VO,. A similar shift was found in the relation of
cardiac output to VO,, and there was a decrease in mean VO,max during
treadmill exercise (Woodson et al. 1978).

Acute administration of the beta-adrenergic blocking agent propranolol
has been found, during bicycle exercise, to decrease the heart rate at given sub-
maximal levels of oxygen consumption, as expressed in proportion to
VO,max attained during treadmill exercise, to reduce cardiac output and the
slope of heart rate relative to oxygen consumption. Opposite changes in levels
or slopes were obtained with atropine (e.g. Astrand 1976). Similar findings
were reported in respect of another beta-adrenergic blocking agent, atenolol
(Hespel et al. 1986). During submaximal upright exercise, oxygen consump-
tion was continuously calculated, and heart rates obtained at levels of oxygen
consumption in increments of 10% of the measured maximal value were used
for comparison with placebo. The resting and submaximal heart rates were
lower with atenolol, and the decrease was greater at high levels of percentage
oxygen consumption, as assessed by three-way analysis of variance.

As in the case of VO,max, therefore, it is possible from this review to find
evidence in healthy subjects {o suggest that changes in heart rate relative to
oxygen consumption and work rate during submaximal exercise might be
related to changes in cardiorespiratory fitness. This relationship could be in-
fluenced by variables which possibly include blood volumes, posture, the
mass of muscle involved in training and exercise tests.

5.5.2 Index of Cardiorespiratory Fitness

The relation of submaximal HR to VO, has been used to develop an index
of changes in cardiorespiratory fitness in individual subjects (Newell 1982).
Aspects utilised include suitable training programmes and a detailed analysis
of HR/VO, throughout submaximal levels of exercise testing.

Training was administered using the Royal Canadian Air Force programme
for men (5BX) and women (XBX). These programmes are defined according
to age in terms of duration, frequency and rate of progression and require
11—-12 min of exercise daily without the need for specialised equipment.
These features and the nature of training, which mainly involve callisthenics
and a stationary run, were considered to impose only minimal demands on
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normal daily activity and thus to be suited for systematically testing changes
in fitness. The programme SBX has been found in a group of soldiers to resuit
in a mean increase in VO,max (Malhotra et al. 1973).

The exercise test involved cycling in the upright position at submaximal
work rates which were presented in pairs in a discontinuous but increasing
series. Measurements for analysis were made in the steady state when oxygen
consumption and heart rate varied by less than 5% and 2% respectively for
at least 1 min. In each exercise test, regression analysis of heart rate on oxygen
consumption (HR/VO,) was performed to yield a linear regression line.
Changes in the slope and elevation of these lines in the same individuals were
examined for statistical significance using analysis of covariance. In tests
repeated on consecutive days, no significant changes were reported in the
slope, and those regarding elevation were not consistent (Kappagoda et al.
1979). Seven ‘sedentary’subjects were tested during training and after attain-
ing the target levels of the training programme. Training consistently led to
a significant shift to the right in HR/VO, elevation and reversal after
detraining. The only significant change in the slope was a decrease in one sub-
ject at the end of training. In contrast, these consistent changes were not ob-
tained when tests were repeated without training after a period equivalent to
the length of the training programme. It was notable that the shift in elevation
began even before target levels of training were attained. The elevation of
HR/VO, was considered a valid index for detecting sequential changes in
cardiorespiratory fitness in individual subjects (Kappagoda et al. 1979).

This index was used in subsequent studies in healthy volunteers to assess
the effect on cardiorespiratory fitness of changes in the components or fre-
quency of the SBX/XBX programmes (Mary et al. 1986). Omission of press-
ups for 8 weeks of daily SBX training did not significantly affect HR/VO,.
Volunteers who improved in fitness following 5BX/XBX training were serially
examined after 4 —8 weeks of training twice weekly, daily training, training on
alternate days and, finally, daily training. The sequence was reversed for alter-
nate subjects (Fig. 1). These trials showed that improved cardiorespiratory
fitness in some subjects could be maintained by training on alternate days or
twice weekly (Fig. 2). Any loss of improvement occurred within 4 weeks of
twice-weekly training or within 8 weeks of training on alternate days.

The effect of the SBX/XBX programmes was assessed using the same index
of cardiorespiratory fitness in patients recovering from replacement of a
single heart valve (Newell et al. 1980). In control patients followed up for 24
weeks without training, variable changes in the elevation of the HR/VO,
relationship were found. In particular, patients with rheumatic heart disease
failed to show shifts to the right in this elevation of HR/VO, relationship. In
contrast, during training all patients with and without rheumatic heart dis-
ease showed a consistent shift to the right in HR/VO, elevation. In the same
study (Newell et al. 1980) and during subsequent observations of serial test-
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ings in such patients (Winter, Mary, Ionescu and Linden; unpublished obser-
vations), a shift to the left in HR/VO; elevation was found in association
with development of subsequently diagnosed subacute bacterial endocarditis
and heart failure.

In another trial, the effect of indoramin, an alpha,-adrenoceptor an-
tagonist, on the HR/VO, relationship was examined in patients with un-
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treated mild hypertension (Bishop et al. 1986c). In patients in whom there
were reductions in arterial blood pressure during exercise and possibly reduc-
tions in cardiac afterload, a shift to the right occurred in the elevation of
HR/VO, relationship. Indoramin also resulted in small decreases in heart
rate at submaximal work rates.

These findings demonstrate the potential of the submaximal HR/VO,
relationship as an index of cardiorespiratory fitness in individual subjects.
The mechanisms involved have not been examined; given the findings men-
tioned in this review, it is not possible hypothetically to rule out an improve-
ment in cardiac pumping performance in relation to oxygen consumption.
Further studies are required to quantify the extent of this improvement.

6 Assessment of Training Effects on Ischaemic Heart Disease

In patients with coronary heart disease, the effects of training on myocardial
ischaemia have been assessed by methods which mainly involved exercise
testing. During such assessments, non-invasive methods have been considered
to offer the particular advantage of serial examinations in the same in-
dividuals. However, the methods used to detect myocardial ischaemia or its
change in relation to training have varied in their accuracy. This section brief-
ly considers the accuracy of commonly used methods of non-invasively
assessing ischaemia in relation to training and places emphasis on two recent-
ly developed indices of myocardial ischaemia.

6.1 Definitions

It is pertinent to this review to present a summary of commonly accepted
definitions of myocardial ischaemia, particularly in relation to exercise in
man. The precise mechanisms involved in the process of ischaemia are not
completely known, as has previously been reviewed (e.g. Maseri 1975; Hearse
1979; Hoffman 1981).

In coronary heart disease, a simplified and pragmatic definition of myocar-
dial ischaemia provoked by exercise has evolved, involving the failure of cor-
onary blood supply to meet increased myocardial demand for oxygen. This
issue has previously been reviewed by Linden and Mary (1982). Though other
possible variables including local metabolites or substrates other than oxygen
could follow, ischaemia would basically reflect reductions in myocardial oxy-
gen tension, to which subendocardial layers consistently appear most
vulnerable. According to these definitions, factors related to myocardial oxy-
gen consumption and supply would be involved in the precipitation of myo-
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cardial ischaemia during exercise. Myocardial oxygen consumption per
minute, or the product of myocardial blood flow and arteriovenous oxygen
difference, is known to be mainly influenced by the heart rate and ventricular
contractile behaviour or pressure generation. At constant arterial oxygen con-
tent, the supply of blood and oxygen to the myocardium could be reduced by
luminal narrowing or spasm of the coronary vessels. In addition, such reduc-
tions are expected during short diastolic periods and increases in myocardial
wall tension and ventricular pressure, particularly in subendocardial layers of
the myocardium (see also Sect. 3.2.2).

6.2 Methods of Assessment

In general, myocardial ischaemia has been assessed by the use of various in-
dicators. During cardiac stressing and increases in heart rate by exercise or
atrial pacing, the indices have included occurrence of anginal pain, area of
arterial diastolic pressure, electrocardiographic waves, myocardial lactate pro-
duction and function and segmental perfusion of the left ventricle (e.g.
Hellerstein et al. 1965; Detry and Bruce 1971; Redwood et al. 1972; Sim and
Neill 1974; Clausen 1976; Barnard et al. 1977; Wallace et al. 1978; Ferguson
et al. 1978; Lee et al. 1979; Nolewajka et al. 1979; Froelicher et al. 1980; Raffo
et al. 1980; Ehsani et al. 1981; Elamin et al. 1983; Rigotti et al. 1983; Lynch
and Crawford 1983).

The considerations regarding myocardial ischaemia mentioned in Sect. 6.1
have basically been involved in the majority of reported indices. For instance,
indices of coronary blood supply in terms of myocardial perfusion, arterial
diastolic pressure-time area, function or segmental wall movement have been
related to indices of myocardial oxygen consumption in terms of heart rate,
systolic blood pressure level with or without its duration and ejection time.
Also, the indices of myocardial oxygen consumption have been related to in-
dices of myocardial ischaemia in terms of anginal pain, lactate production
and electrocardiographic signs.

The relationship between the indices of myocardial ischaemia used and the
reviewed effects of training assumes particular relevance. For instance,
assessments of transmural coronary blood flow or myocardial perfusion
would differ from those of myocardial ischaemia, which is believed to occur
predominantly in subendocardial layers. Also, as was mentioned in preceding
sections, there were indications that training could involve factors related to
myocardial ischaemia other than coronary blood flow or myocardial oxygen
consumption, e.g. transcapillary transport. Clearly, the use of indices in the
non-invasive assessment of myocardial ischaemia in the same individuals is
fundamentally determined by their accuracy in detecting ischaemia or its
small changes.
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6.3 Exercise Testing

Extensive experience in exercise testing has provided the basis for non-invasive
assessments of the effect of training on ischaemic heart disease. Such
assessments have in the main involved two interrelated aspects: exercise
tolerance, in terms of incremental work rate before limitations are imposed
by myocardial ischaemia, and severity of ischaemia, in terms of levels of
myocardial oxygen consumption attained during myocardial ischaemia (e.g.
Hellerstein et al. 1965; Detry and Bruce 1971; Redwood et al. 1972; Clausen
1976; Froelicher et al. 1980; Raffo et al. 1980; Ehsani et al. 1981; Elamin et
al. 1983; Rigotti et al. 1983). This section will consider these aspects in rela-
tion to reports involving non-invasive assessments of the effect of training on
myocardial ischaemia.

6.3.1 Exercise Tolerance

The fact that training in patients with coronary heart disease makes possible
longer duration and higher levels of exercise before the occurrence of anginal
pain or myocardial ischaemia has been consistently reported (e.g. Redwood
et al. 1972; Sim and Neill 1974; Adams et al. 1974; Clausen 1976; Greenberg
et al. 1979; Raffo et al. 1980; Rigotti et al. 1983). Such an improvement has
been considered consistent with training-related reductions during submax-
imal exercise in indices of myocardial oxygen consumption. The latter have
included the heart rate, product of heart rate and systolic or mean arterial
blood pressure and the product of heart rate, systolic blood pressure and
systolic ejection time.

In these reports, it was possible to measure indices of myocardial oxygen
consumption objectively. However, their change was related to the occurrence
of anginal pain or indices of ischaemia. Clearly, such changes do not objec-
tively confirm or rule out changes in the severity of myocardial ischaemia. As
has been pointed out by Froelicher (1973) and reviewed in preceding sections,
training-related changes in ventricular contractile performance or dimensions
could influence myocardial oxygen consumption and coronary blood supply.
The objectivity and accuracy of assessment of angina or ischaemia will be
considered in the following section.

6.3.2 ST-Segment Depression

In patients with coronary heart disease, exercise has been shown to result in
various electrocardiographic changes. A considerable body of evidence has
been available that ST-segment depression could be used in formal exercise
testing as an index of the occurrence and severity of myocardial ischaemia
(e.g. Linden and Mary 1982; Froelicher 1983).
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The mechanisms responsible for the displacement of the ST segment in
man have not been unequivocally established. However, evidence has been re-
ported indicating that the magnitude of ST-segment depression is related to
that of restriction in the increase of subendocardial coronary blood flow
which occurs in relation to increased heart rate (e.g. Linden and Mary 1982;
Mirvis and Gordey 1983; Lee et al. 1986; Mirvis et al. 1986). In general, a cor-
relation has been found between the restrictions in myocardial blood flow, in-
tramyocardial oxygen or carbon dioxide tension and ST-segment displacement
or decline in regional myocardial contractile performance.

As would be expected according to the evidence reviewed so far, increases
in indices of myocardial oxygen consumption during exercise in such patients
would lead to increases in ST-segment depression (e.g. Detry and Bruce 1971;
Raffo et al. 1980; Linden and Mary 1982). Experimental evidence has also
been consistent with these findings. During occlusion of one major coronary
vessel and increases in heart rate, the magnitude of ST-segment depression
was shown to be directly related to the severity of myocardial ischaemia (e.g.
Linden and Mary 1982; Mirvis et al. 1986). These relationships have been
used to assess the effect of training on myocardial ischaemia during formal
exercise testing in patients with coronary heart disease.

ST-Segment and Heart Rate

The changes in indices of myocardial oxygen consumption attained at the
onset of angina or in ST-segment depression during exercise testing have been
used as indicators of changes in myocardial ischaemia during training in pa-
tients with coronary heart disease; these studies have been reviewed elsewhere
(e.g. Adams et al. 1974; Clausen 1976; Greenberg et al. 1979; Rigotti et al.
1983). In such studies, myocardial oxygen consumption was assessed using
heart rate with or without arterial blood pressure or systolic ejection time. As
indicated in this review, increases in these variables would imply increases in
the supply of oxygen to the myocardium and therefore either reductions in the
severity of myocardial ischaemia or reductions in other variables related to
myocardial oxygen consumption, such as left ventricular contractile perfor-
mance or dimensions. These studies have not consistently shown that training
results in increases in the indices of myocardial oxygen consumption used.

It is possible to suggest that such inconsistency could be related to variabili-
ty in the methods used to select reference levels of severity of myocardial
ischaemia at which the haemodynamic variables were assessed. For instance,
the use of anginal pain as an index of myocardial ischaemia is limited by its
subjective nature and vulnerability to the influence of factors other than
ischaemia and by changes reported during training in the relationship of pain
to ST-segment depression (e.g. Raffo et al. 1980; Linden and Mary 1982). In
respect of the use of ST-segment depression, its magnitude could increase dur-
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ing training in association with increases in work rates and heart rate, as men-
tioned earlier in this section and reported by Detry and Bruce (1971). Similar-
ly, training-related decreases in heart rate at submaximal work rate would lead
during training to the development of ST-segment depression at higher sub-
maximal work rates, as was shown by Nolewajka et al. (1979). During such
assessments, decreases or increases respectively in submaximal or ‘maximal’
ST-segment depression could involve improvements related to exercise
tolerance, as was mentioned in Sect. 6.3.1, as well as those in ischaemia.

More recently, Raffo et al. (1980) used a modified exercise test to assess the
effect of moderate training on myocardial ischaemia. The test was developed
to relate levels of heart rate and systemic blood pressure to an objectively
determined level of myocardial ischaemia, as assessed by the occurrence dur-
ing steady-state exercise of ST-segment depression of 0.1 mV. The test com-
prised two parts of exercise on a bicycle ergometer; during the first part, the
work rate was increased every 3 min until the occurrence of ST-segment
depression of at least 0.1 mV in electrocardiographic recordings of a bipolar
lead CM,. During the second part, smaller step increments in work rate were
used to increase the heart rate in smaller steps than in the first part and to
permit measurements in the steady state in terms of heart rate and ST-segment
depression of 0.1 mV. The latter heart rate (HR) was labelled HR/ST thresh-
old (Fig. 3) and used as an objective index of changes in the severity of
myocardial ischaemia.

In reproducibility studies, the 95% tolerance limits of single differences of
HR/ST threshold from the mean amounted to 2.5 beats per minute (Raffo et
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al. 1980). In a separate study, an increase in HR/ST threshold was shown to
occur in patients who continued to have ST-segment depression following aor-
tocoronary bypass (Luksic et al. 1981).

The effect of a moderate training programme (SBX/XBX) on HR/ST
threshold was examined in patients with stable angina pectoris due to coronary
heart disease who had ST-segment depression during exercise (Raffo et al.
1980). The patients were randomised into two groups, a training and a control
group. As was mentioned in Sect. 5.5.2, this training programme has been
shown to improve cardiorespiratory fitness in healthy volunteers and in patients
following heart valve replacement. In contrast to the control group, training
was shown to result in reductions in the heart rate during submaximal work
loads (Raffo et al. 1980). In preliminary studies in such patients, the relation-
ship of heart rate to work load was compared with that of heart rate to oxygen
consumption (Winter, Mary and Linden; unpublished observations). Following
training, significant decreases in the elevation of the heart rate/work load rela-
tionship, as assessed by analysis of covariance, were always associated with sig-
nificant decreases in the elevation of the heart rate/oxygen consumption rela-
tionship. However, in individual patients, decreases in the elevation of the heart
rate/work load relationship which did not reach statistical significance could
be associated with a significant reduction in the elevation of the heart rate/ox-
ygen consumption relationship. As mentioned in Sect. 5.5.2, these data objec-
tively indicated training-related improvements in cardiorespiratory fitness in
patients with coronary heart disease (Raffo et al. 1980).

Patients in the training group had an increase in HR/ST threshold, and
those in the control group had a decrease in this threshold. Changes in systolic
blood pressure were not significant, leading to similar results in terms of heart
rate and systolic blood pressure product/ST threshold (Raffo et al. 1980).
These results were considered to indicate reductions in the severity of myocar-
dial ischaemia following training, possibly through the ability to attain
greater levels of myocardial oxygen consumption at similar severity of
ischaemia, as objectively assessed by the same level of ST-segment depression
in the same patients. The heart rate alone provides a simple and accurate mea-
surement during such non-invasive exercise tests and, as outlined earlier in
this review, has a direct relationship with increases in myocardial oxygen con-
sumption during exercise. Over a period of time, the heart rate would provide
an integral of developed ventricular wall tension and pressure generation.
Furthermore, training-related changes in heart rate are more significant than
in blood pressure, and in general, experimental evidence has suggested that
reductions in cardiac dimensions or contractile performance are not as likely
or as consistent as the decrease in heart rate. These considerations were sup-
ported by the small variability in the measurement of the HR/ST threshold
and its diametrically opposite changes respectively in randomised groups of
patients with and without moderate training (Raffo et al. 1980).
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During a follow-up study, which partly involved patients from the trial of
Raffo et al. (1980), the same methods were used to examine the effect of long-
term maintenance training of up to 4.5 years (Winter et al. 1984). Similar im-
provement, indicating a reduction in the severity of myocardial ischaemia,
was shown to be sustained or increased in patients with coronary heart disease
whether or not they were receiving beta-blocking agents. This study confirm-
ed the results obtained by Raffo et al. (1980), in a further population of pa-
tients, of changes in myocardial ischaemia. In one patient who stopped train-
ing, there was a decrease in the HR/ST threshold which occurred in paraliel
with the absence of a significant change in the heart rate/work load relation-
ship. Also, in two patients who maintained improvement in cardiospiratory
fitness, there was a decrease in the HR/ST threshold, indicating progression
of myocardial ischaemia.

A similar approach to that of Raffo et al. (1980) has been reported, though
a different training programme and exercise test were used (e.g. Ehsani et al.
1981). In this study, patients with a history of myocardial infarction or with
hyperlipoproteinaemia and who did not have angina pectoris were examined
during intensive training and compared with a control group. The heart rate
and systolic blood pressure were measured at the time during exercise when
ST-segment depression of 0.1 mV first appeared in three consecutive elec-
trocardiographic cycles. In each patient, training resulted in increases in max-
imal oxygen consumption and heart rate at the target ST-segment depression.
An increase in systolic blood pressure occurred less consistently than did an
increase in the heart rate, and in the whole group the increases in heart rate,
systolic blood pressure and their product at the target ST-segment depression
were statistically significant. In the same patients during three levels of sub-
maximal exercise, ST-segment depression was progressively less during in-
creases in double product. Also, there was an increase in echocardiographical-
ly measured end-diastolic left ventricular dimensions. Subsequently, using the
same training programme Ehsani et al. (1986) examined patients with cor-
onary heart disease who, during exercise, had no change in ejection fraction
or developed segmental left ventricular wall motion abnormalities. Left ven-
tricular function and volumes were assessed during rest and supine exercise
using electrocardiographically gated cardiac pool imaging. Briefly, training in
one group of patients resulted, during supine exercise, in smaller ST-segment
depression and greater left ventricular ejection fraction and end-diastolic
volume at equivalent double product. Ehsani et al. (1981, 1986) considered
these findings to indicate a training-related decrease in the severity of myocar-
dial ischaemia, for reasons similar to those mentioned above in the report of
Raffo et al. (1980).

The findings reviewed suggest that exercise testing trials could be designed
to deduce training-related reductions in the severity of myocardial ischaemia.
However, it would be difficult to quantify the extent of such reductions. The
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findings also showed differences between patients in indices of myocardial ox-
ygen consumption at similar levels of ST-segment depression. This issue will
be considered in the next section, which involves the use of a quantitative in-
dex of myocardial ischaemia.

Maximal ST-Segment/Heart Rate Slope

Whilst exercise electrocardiography tests have been used over the past few
decades in the assessment of myocardial ischaemia in patients with coronary
heart disease, they have also been shown to suffer from drawbacks and limita-
tions to their accuracy. This subject has been reviewed in detail elsewhere (e.g.
Linden and Mary 1982), and only a brief account could be given in this
review.

A substantial proportion of exercise tests have been designed to rely, either
solely or amongst other variables, on ST-segment depression during or after
exercise. Qualitatively, a preset level of depression has been used to detect oc-
currence of myocardial ischaemia, and quantitatively, the extent of ST-seg-
ment depression has been used to detect its severity. The reliability of such
tests has mainly been determined by trials in hospital patients with angina
who have undergone the exercise test and coronary angiography. In this popu-
lation, it is widely reported that such exercise tests may fail to detect the
presence or absence of myocardial ischaemia and its severity. Possible ex-
planations that have been suggested include variability between patients, e.g.
in the ability to exercise, ventricular wall abnormalities, size and pressure. As
was reviewed in earlier sections, these variables could influence myocardial
blood flow. In respect of the ability to exercise, the measurement of ST-seg-
ment depression is objective, but its occurrence at the end of exercise is subjec-
tively determined and often depends on factors other than myocardial
ischaemia. Indeed, the exercise tests have continually been subjected to
modifications, which have included the type of exercise, electrocardiographic
leads and the setting of derived indices.

Recently, an exercise test was developed to avoid the variability of obtaining
indices at subjectively determined events in time, such as the end of exercise,
and to include factors which enhance the accuracy of the test by relating in-
dices of myocardial oxygen consumption to ST-segment depression through-
out the exercise test (e.g. Linden and Mary 1982). Briefly, the precision of
measuring the heart rate in the non-invasive setting and its relationship to
myocardial oxygen consumption during exercise, as mentioned in earlier sec-
tions of this review, were considered, and ST-segment depression was measur-
ed with the aid of a magnifying glass. There were indications in groups of pa-
tients that the level of heart rate considered in combination with the extent
of ST-segment depression was related to the severity of myocardial ischaemia.
In particular, experience from longitudinal studies (Raffo et al. 1980; Luksic
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Fig. 4. The results of the maximal ST/HR slope test for a patient with angina and narrowing
of two major coronary arteries. Each dot represents the average of measurements in at least ten
consecutive cardiac cycles recorded during the steady state of each step of exercise on the 13
electrocardiographic leads. The test was tailored to the patient by a preliminary exercise to effect
step increases in heart rate of about 10 beats per minute. Regression analysis in each lead was
performed (Linden and Mary 1982) to obtain linear lines (continuous lines) with the steepest
slopes (s) of the relationship of ST-segment depression on heart rate (R). The maximal
ST/HR slope was the greatest of all the slopes obtained in all leads, ie.
50 mm-beats ~'-min- 107 in lead CM;

et al. 1981; Ehsani et al. 1981), as reviewed in the preceding section, indicated
that the slope of heart rate or double product relative to ST-segment depres-
sion could be related to the severity of myocardial ischaemia, since changes
were observed in the thresholds at a time when the baseline values were
similar.

Following preliminary trials in learning populations, the relationship be-
tween heart rate and ST-segment depression throughout exercise was found to
be linear, as derived from a specially designed exercise test which is tailored
for individual patients. The maximal slope derived from standard 12 elec-
trocardiographic leads and a bipolar lead CM; (maximal ST/HR slope) was
used as an index of myocardial ischaemia (Fig. 4). In reproducibility studies,
the 95% tolerance limits of individual differences between repeated measure-
ment of the maximal ST/HR slope amounted to 1.9%.

The evidence for the accuracy of the slope in detecting the presence of
myocardial ischaemia and quantifying its severity in terms of coronary
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Fig. 5. Pooled data for heart rate and workload during exercise tests for eight patients, before
(B) and after (A) training. The continuous and interrupted lines represent the computed regres-
sion relationship between the two sets of data and their 95% confidence limits respectively.
There is a statistically significant shift to the right in the elevation of the relationship with train-
ing

angiographic changes in patients with coronary heart disease has been review-
ed in detail elsewhere (Linden and Mary 1982; Bishop et al. 1987). Briefly,
using 95% confidence limits of the binomial distribution, the slope detected
myocardial ischaemia attributable to coronary artery disease in 96% of
selected patients with angina. The disease was assessed by independent
analysis of coronary arteriograms. Only visual assessment and team judge-
ment were used to avoid error of measurement, and severe narrowing of ap-
proximately greater than 75% stenosis of proximal parts of major coronary
vessels was used to ensure certainty of ischaemic heart disease in the presence
of symptoms. The maximal ST/HR slope was not significantly affected by
beta-blocker therapy and was found reliable in studies before and after cor-
onary angioplasty or aortocoronary bypass to quantify severity of ischaemia
in terms of number of narrowed coronary vessels.

In patients with angina, the accuracy of the maximal ST/HR slope may be
limited by the presence of left ventricular enlargement, impaired function or
wall scarring, and in the presence of conduction defects such as right bundle
branch block and accelerated conduction. In general, however, the slope was
found more accurate in detecting myocardial ischaemia and its severity than
other tests in use (Linden and Mary 1982; Bishop et al. 1987). It should be
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Fig. 6. The maximal ST/HR slope before and after training for the eight patients described in
Fig. 5. The limits of ranges of the slope in patients with angina according to the number of
narrowed major coronary arteries (I, IT and IT]) (Linden and Mary 1982). With training, a
reduction occurred in the maximal ST/HR slope; each reduction was within the limits of severity
of coronary artery disease

pointed out that there have been reports which could not confirm the ac-
curacy of the slope. Reports have been available which discuss possible ex-
planations for differences in findings (Kligfield et al. 1986; Bishop et al. 1987)
and present mounting evidence of the superior accuracy of ST/HR slopes as
indices of myocardial ischaemia (Okin et al. 1986; Finkelhor et al. 1986;
Kligfield et al. 1985, 1986; Bishop et al. 1987). The ST/HR slope has also
been used in patients with angina to examine the effects of various vascular
dilating agents on the severity of myocardial ischaemia, which are separate
from those related to changes in exercise tolerance as defined in Sect. 6.3.1
(Bishop et al. 1986a, 1986b; Berkenboom et al. 1986).

The maximal ST/HR slope was used to examine the effect of the training
programme S5BX/XBX, mentioned earlier in this review, on myocardial
ischaemia in patients with coronary heart disease (Elamin et al. 1983). In
some patients examined, the slope accurately detected the severity of myocar-
dial ischaemia in terms of number of narrowed major coronary arteries.
Following training, the patients developed significant reductions in heart rates
at submaximal exercise workloads (Fig. 5); with each patient, there was a
reduction in the maximal ST/HR slope (Fig. 6). The findings were considered
to indicate a reduction in the severity of myocardial ischaemia. Changes in
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heart rate or blood pressure have not been found to affect the maximal
ST/HR slope, including those induced by pharmacological beta-blockade
{e.g. Linden and Mary 1982; Okin et al. 1985). Despite these reductions in the
severity of myocardial ischaemia, the patients retained values of the slope in-
dicating the same number of narrowed coronary vessels. However, the train-
ing programme was of moderate intensity, and it remains to be demonstrated
whether a more intensive programme would induce further changes.

The findings reviewed in this section have shown that exercise tests carefully
designed to provide sensitive indices of myocardial ischaemia and serial
assessments in individual patients indicate the possibility that training results
in reductions in the severity of myocardial ischaemia.

The mechanisms of this improvement remain unknown. However, the
evidence given earlier in this review could be used hypothetically to propose
possible improvements involving the supply of blood and oxygen to suben-
docardial layers of the myocardium. With the expected limitations of col-
lateral vessels and increased myocardial dimensions, any increase in blood
flow related to coronary structural changes or neural effects would be small
and inconsistent. However, evidence was presented to suggest improvement in
transcapillary transport and in coronary arteriovenous oxygen difference. The
latter, rather than the uncertainty of collateral circulation, would assume
relevance in attributing the reduction in severity of myocardial ischaemia to
regional improvement in oxygen availability. It is remarkable that indices of
myocardial ischaemia, in concert with the reviewed evidence, could only sug-
gest small improvements, which were perhaps limited to regions of the myo-
cardium.
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1 Introduction

Of all isolated neurotrophic molecules Nerve Growth Factor (NGF) is the on-
ly one with a fully established physiological function, at least in the peripheral
nervous system (see Thoenen and Edgar 1985; Thoenen et al. 1987b). This
is largely due to the fact that it is present in very large quantities in exocrine
glands (e.g. submandibular gland of the male mouse and accessory genital
organs of various species). The physioiogical function of NGF in these exo-
crine glands is unknown. In any case it is irrelevant for the development and
maintenance of specific properties of NGF responsive neurons (see Greene
and Shooter 1980; Thoenen and Barde 1980; Thoenen et al. 1985). These rich
sources allowed the purification of NGF at an early stage of NGF research.
This purification was an essential prerequisite for the production of anti-NGF
antibodies (see Levi-Montalcini 1966; Levi-Montalcini and Angeletti 1968),
the determination of NGF’s amino acid sequence (Hogue-Angeletti and
Bradshaw 1971) and allowed the molecular cloning and establishment of the
genomic organization of NGF (Scott et al. 1983; Ullrich et al. 1983). Over the
last decades NGF research was predominantly focussed on the peripheral
target neurons of NGF, the sympathetic and the neural crest-derived sensory
neurons (see Levi-Montalcini and Angeletti 1968; Greene and Shooter 1980;
Thoenen and Barde 1980). Increasing attention has been diverted towards the
central nervous system, however, as it became apparent that the cholinergic
neurons of the basal forebrain nuclei are also targets for NGF (Schwab et al.
1979; Gnahn et al. 1983; Seiler and Schwab 1984). The possible links between
NGF and the pathophysiology and potential therapy of Alzheimer’s disease
have thus moved into the range of realistic consideration (see Hefti 1983; Hef-
ti and Weiner 1986).

In the following we will first give a brief survey of the most essential aspects
of the present state of knowledge of the functions of NGF in the peripheral
nervous system. Thenceforward, we will concentrate on those aspects which
are important for the evaluation of the physiological function of NGF in the
central nervous system. We will then present a review of the current state of
knowledge of the functions of NGF in the central nervous system and finally,
we will discuss these functions in the context of the pathophysiology and
potential therapy of Alzheimer’s disease.
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2 Survey of the Physiological Functions of NGF in the Peripheral
Nervous System

2.1 Structure-Function Relationship of NGF Molecules from Different
Species

For many years NGF research has been primarily based on NGF purified
from the male mouse salivary gland and the antibodies produced against it.
At a relatively early stage of NGF research it became apparent that injection
of anti-mouse NGF antibodies into chick embryos did not result in the same
extensive destruction of the sympathetic nervous system as observed after an-
tibody injections into newborn mice and rats (see Levi-Montalcini and
Angeletti 1968; Thoenen and Barde 1980). Since chick sympathetic and sen-
sory neurons respond to mouse NGF in vivo and in vitro in a way similar to
the corresponding mouse neurons, it was reasonable to conclude that the do-
main(s) of the NGF molecule responsible for its biological activity must have
been preserved, whereas other domains had changed during evolution. This
assumption was further substantiated when bovine NGF was purified from
bovine seminal plasma (Harper et al. 1982), and a detailed and comprehen-
sive comparison between the biological activity of pure mouse and bovine
NGF became possible. These experiments demonstrated that the biological
activity of mouse and bovine NGF were identical, although immunological
crossreactivity was very limited (Harper et al. 1983). The molecular cloning
of mouse, human, bovine, and chick NGF, together with amino acid sequence
analysis of mouse NGF has allowed comparison of the conserved and un-
conserved domains of these molecules and their relationship to biological ac-
tivity and antigenicity. The overall conservation of NGF during evolution is
remarkably high. Of the 118 amino acids of mature mouse 8-NGF, only 16
amino acids were changed in bovine, and 19 in chick NGF (Meier et al. 1986).
As was expected from previous observations that the reduction of the three
S-S bridges of mouse NGF led to a complete loss of biological activity (see
Greene and Shooter 1980; Thoenen and Barde 1980), all the cysteine residues
were strictly conserved. The apparent discrepancy between the overall high
conservation of the amino acid sequence and the poor immunological
crossreactivity is due to the fact that the amino acid changes between species
are located in clusters. Hydropathy plots demonstrated that the changes are
virtually exclusively located in the hydrophilic domains (Meier et al. 1986) ex-
pected to be potential antigenic determinants (see Hopp and Woods 1981).
One single hydrophilic region has been shown to be strictly conserved in the
NGF molecules of all species investigated so far (Meier et al. 1986). This con-
served domain lends itself to future analysis by site-directed mutagenesis and
by antibodies directed against synthetic peptides corresponding to this region.
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2.2 Spectrum of Physiological Actions of NGF in the Peripheral Nervous
System

NGF is essential for the regionally selective regulation of the survival of
peripheral sympathetic and neural crest-derived sensory neurons during
restricted periods of their development (Levi-Montalcini and Angeletti 1968;
Thoenen and Barde 1980). Moreover, NGF is essential for the regulation of
the expression of specific properties of these neurons during the period of
neuronal differentiation. For instance, NGF regulates the synthesis of specific
enzymes involved in the formation of catecholamines and neuron-specific
peptides, such as substance P, somatostatin, and cholecystokinin (see Otten
1984; Thoenen et al. 1985). These regulatory actions of NGF on neuron-
specific enzymes and peptides are not only of importance during the period
of neuronal differentiation, but are also essential for the maintenance of
neuron-specific properties in the adult,

2.3 NGF as a (Retrograde) Messenger Between Peripheral Target Organs
and Innervating NGF-Responsive Neurons

NGF is taken up by sympathetic and sensory nerve terminals by a highly
selective, saturable receptor-mediated mechanism followed by (rapid)
retrograde transport in membrane-confined compartments to the perikarya
(see Hendry 1980; Thoenen and Barde 1980; Schwab et al. 1982; Schwab and
Thoenen 1983). It must be emphasized that under physiological conditions
the receptors of NGF-responsive neurons are never saturated by endogenous
NGF. This subsaturation of receptors is the prerequisite for all “phar-
macological” effects of NGF resulting in an augmented survival (if ad-
ministered during the period of natural cell death) and in the increase in
neuron-specific enzymes and peptides which are also physiologically
regulated by NGF (see Hendry 1980; Thoenen and Barde 1980; Schwab and
Thoenen 1983). That these pharmacological effects also reflect physiological-
ly relevant functions, was demonstrated with the observation that interference
with retrograde axonal transport had the same effect as the neutralization of
endogenous NGF by anti-NGF antibodies (sce Hendry 1980; Thoenen and
Barde 1980; Schwab and Thoenen 1983). During limited periods of the em-
bryonic development, NGF deprivation (by administration of anti-NGF an-
tibodies or interruption of the retrograde axonal transport) results in a
degeneration of the corresponding sympathetic and sensory neurons (see
Levi-Montalcini and Angeletti 1968; Johnson et al. 1980, 1986; Thoenen and
Barde 1980). In fully differentiated neurons interference with the availability
of NGF by the same procedures results in neuronal degeneration only under
extreme conditions, i.e. very long-lasting NGF deprivation by autoimmuniza-
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tion (Gorin and Johnson 1979, 1980; Rich et al. 1984). An impairment of
specialized functions is, however, consistently observed. For example, the ad-
ministration of a single dose of antibodies (which in newborn animals results
in an extensive destruction of the sympathetic nervous system) results in a
marked but transient reduction of the synthesis of both tyrosine hydroxylase
and dopamine-f-hydroxylase, key enzymes in the formation of the adrenergic
transmitter noradrenaline (see Thoenen and Barde 1980; Schwab and
Thoenen 1983).

Correspondingly, the administration of antibodies to adult animals also
resulted in a reduction of neuron-specific peptides in the spinal sensory
neurons (see Otten 1984).

Recently, this indirect evidence for a function of NGF as a retrograde
messenger between peripheral effector organs and innervating NGF-respon-
sive neurons was supplemented by more direct evidence. The development of
a highly sensitive enzyme immunoassay for NGF (accurate to within
0.01 fmol of NGF/assay) made it possible to determine NGF levels in periph-
eral effector organs (Korsching and Thoenen 1983 a). Additionally, pro-
cedures were developed for the reliable quantification of the very rare
mRNANSF (Heumann et al. 1984; Shelton and Reichardt 1984). These
methods demonstrated a positive correlation between the density of sym-
pathetic innervation and the levels of NGF (Korsching and Thoenen 1983 a)
and its nRNA (Heumann et al. 1984; Shelton and Reichardt 1984). Moreover,
the enzyme immunoassay for NGF also allowed a direct demonstration of the
retrograde axonal transport of endogenous NGF (Korsching and Thoenen
1983 b) and thus provided evidence that the high levels of NGF in sympathetic
ganglia result from accumulation of NGF by retrograde axonal transport
rather than by local synthesis. This was concluded after the observation that
the interruption of retrograde axonal transport by various procedures resulted
in a rapid decay in NGF levels in sympathetic ganglia (Korsching and
Thoenen 1985b). The t;,, of the decay was 4—5 h. Accordingly, the levels of
mRNANSF in sympathetic ganglia are at the limit of detectability, even
though the NGF levels in these ganglia exceeded those of the most densely
innervated peripheral organs, such as vas deferens, iris and heart atrium, by
nearly an order of magnitude (Korsching and Thoenen 1983 a; Heumann et
al. 1984).

2.4 Regulation of Synthesis and Cellular Localization of NGF in
Peripheral Target Organs

As outlined above, the blockade of retrograde axonal transport by
6-hydroxydopamine (by the selective destruction of sympathetic nerve ter-
minals) and colchicine (disassembly of microtubules) resulted in a rapid de-
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crease of NGF in sympathetic ganglia (t;,, 4—5 h). This rapid decay in sym-
pathetic ganglia was accompanied by a corresponding increase in NGF levels
in peripheral target organs (Korsching and Thoenen 1985b). These observa-
tions raised the question of whether the NGF increase in target tissues
resulted exclusively from the elimination of the efficient removal of NGF by
retrograde axonal transport or whether there was also an enhanced NGF syn-
thesis in these tissues. This question was addressed in tissue culture ex-
periments with the rat iris (Barth et al. 1984, Heumann and Thoenen 1986),
a tissue which is innervated in vivo by sympathetic, parasympathetic and sen-
sory neurons. After an initial lag period of 2 h, mRNANSF jevels in cultured
iris increased to a maximum of 35 times the base levels after 12 h. Thereafter
levels declined to 2- to 3-fold the base after 48 h, but remained constant up
to 72 h (Heumann and Thoenen 1986). This increase in mRNANCF levels was
immediately followed by an enhanced NGF synthesis and release of NGF into
the culture medium (Barth et al. 1984). The rapidly increasing mRNANYF
levels up to 12 h are suggestive of a mechanism resulting from the release of
molecules stored in nerve terminals. Nerve terminals are disconnected from
their cell bodies by the culture procedure and therefore degenerate. Since it
has been demonstrated that the process of nerve fiber degeneration starts
earlier when the peripheral nerve stumps are shorter (Malmfors and Sachs
1965; Lubinska 1975), it can be assumed that the degeneration process starts
virtually immediately after bringing the irides into culture. A large number
of neuropeptides and aminergic transmitter substances has been investigated,
but none of them is able to trigger an increase in NGF and mRNANSF com-
parable to that of the spontaneous increase in culture (Hellweg and Heumann
unpublished results). As an alternative to the idea of release of constituents
stored in nerve terminals, Shelton and Reichardt (1986b) suggested that the
augmented production of mRNANCF resulted from the tissue damage of the
lesion procedure as such, since they found augmented mRNANYF levels only
after retrobulbar general denervation (which seems to result in a damage to
the iris beyond the interruption of the nerve supply), but not after selective
transection of the sensory and sympathetic nerve fibers supplying the iris.
The problem of the cellular localization of NGF synthesis has been resolv-
ed by developing highly selective and sensitive in-situ hybridization pro-
cedures with 33S-labeled synthetic oligonucleotides, or cRNA probes produc-
ed in the SP6 system (for details see Bandtlow et al. 1987). These in situ-
hybridization experiments demonstrated that the label was more or less equal-
ly distributed over all layers of the iris, including the surface epithelium.
Reduced labelling, however, was consistently observed over the areas of the
constrictor muscle. This is in agreement with the observation that the NGF
and mRNANYF levels in the constrictor area are much lower than in the
dilator area (Barth et al. 1984; Shelton and Reichardt 1986b). If the in-situ
hybridization experiments were performed in irides maintainted in culture for
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12 h before cutting the cryostate sections, the overall distribution of the label
was approximately the same, but the signal was much stronger; this is in
agreement with augmented levels of mRNANYF that have been detected
(Heumann and Thoenen 1986; Shelton and Reichardt 1986b). The resolution
obtained in cryostate sections is insufficient to allow the association of label
with individual cell types. Therefore, further experiments were performed
with dissociated cultures of rat irides. There, all cells present in the iris, i.e.
smooth muscle cells (identified by antibodies to desmin), fibroblasts (iden-
tified by antibodies to Thy-1), Schwann cells (identified by antibodies to
O4-antigen) and even the small moiety of epithelial cells (identified by an-
tibodies to keratin) showed NGF-specific labelling. These experiments dem-
onstrate that differences between organs and the regional differences within
organs (e.g. constrictor and dilator muscle of the iris) in the levels of expres-
sion of NGF cannot be associated with a single population of cells. It appears
that the innervating neurons have an important regulatory function on the
local synthesis of NGF. These in-situ hybridization experiments have also
demonstrated that the suggestion of Rush and collaborators (Rush 1984; Finn
et al. 1986) that NGF is predominantly, if not exclusively produced by
Schwann cells (based on immunohistochemical data) is likely to be incorrect.
The recent finding of Taniuchi et al. (1986) that adult Schwann cells re-express
NGF receptors after denervation (in early stages of development all Schwann
cells express NGF receptors (Zimmermann and Sutter 1983; Rohrer 1985))
suggests that NGF produced by both Schwann cells and other cells such as
smooth muscle cells and fibroblasts could be bound by the NGF-receptors of
the Schwann cells (or even be accumulated by internalization) thereby
resulting in detectable staining with anti-NGF antibodies of Schwann cells on-
ly. This interpretation is further supported by the observation of Bandtlow et
al. (1987) that binding of radioiodinated NGF to dissociated rat iris cells oc-
curs exclusively on Schwann cells.

The regulatory function of neurons of the synthesis of NGF is not only
confined to the peripheral target tissue of NGF-responsive neurons. It also
seems to be exerted on the cells immediately surrounding the axons, that is,
the Schwann cells and fibroblasts. This conclusion can be drawn from the
results of recent experiments, which have demonstrated that NGF production
in the adult rat sciatic nerve by Schwann cells and fibroblasts is very low
under normal physiological conditions. The mRNANCF levels in the sciatic
nerve (determined as fg of mRNANCF per gram wet weight) amount to only
about 1/20 to 1/100 of those of peripheral target tissues (Heumann et al.
1987). That the NGF produced by Schwann cells ensheathing axons is not
essential for the neurons can be deduced from the observation that in
newborn rats the selective destruction of sympathetic nerve terminals by
6-hydroxydopamine or the removal of the peripheral target tissues still leads
to a degeneration of the corresponding sympathetic neurons. These degenera-
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tive changes, however, can be prevented by systemic administration of NGF
(see Thoenen and Barde 1980; Schwab and Thoenen 1983). Moreover, if the
production of NGF by Schwann cells did substantially contribute to the NGF
supply of the NGF-responsive neurons in the sciatic nerve (which contains ax-
ons of both sensory and sympathetic neurons), a proximo-distal gradient of
NGF would be expected. This, however, is not the case (Heumann et al. 1987).
The low mRNANCF Jevels in the sciatic nerve increase dramatically, however,
after transection and the levels remain elevated for weeks in the stump as long
as the regeneration of axons is prevented. Again, the very rapid transient in-
crease of NGF levels in the regions immediately adjacent to the transection
site favours the idea of a local effect associated with the lesion as suggested
by Shelton and Reichardt (1986b) for the iris, whereas the permanent
mRNANSF elevation lasting for weeks speaks in favour of the normal repres-
sion of NGF synthesis by immediate contact with the axons. It should also
be mentioned that in in-situ hybridization experiments with dissociated cells
from the sciatic of both adult and newborn animals demonstrated a labelling
of all the Schwann cells and fibroblasts (Bandtlow et al. 1987; Heumann et
al. 1987). Thus, it seems that all Schwann cells and all fibroblasts produce
NGF and not just those associated with the axons of NGF-responsive
neurons, i.e. sympathetic and sensory neurons. Preliminary experiments have
demonstrated that in newborn animals the mRNANCF levels of the sciatic
nerve are considerably higher than in adult animals, allowing the identifica-
tion of NGF-producing cells by in-situ hybridization without transection
(Bandtlow et al. 1987). These experiments demonstrated that mRNANCF is
localized around all of the axons and not only around a selective population,
as would be expected if only those Schwann cells ensheathing sympathetic
and sensory neurons expressed NGF. In this context it is worth mentioning
that in newborn animals NGF receptors are also expressed by Schwann cells
without transection (Heumann and Lindholm, unpublished observation).
The possible function of these NGF-receptors is under investigation, in par-
ticular with respect to the regulation of the synthesis of NGF and molecules
of the extracellular matrix such as laminin. The enhanced production of
laminin could play an essential role in the process of neuronal regeneration,
since it has been shown to be not only a good substrate for neuronal fiber
outgrowth, but also to potentiate the neurotrophic action of NGF and of
brain-derived neurotrophic factor (see Thoenen and Edgar 1985; Barde et al.
1987; Thoenen et al. 1987b). It is tempting to speculate that in newborn
animals, where a larger production of NGF by Schwann cells would be ex-
pected, the NGF-responsive neurons cannot benefit to an appreciable extent
from this production, for a large part of the NGF produced by the Schwann
cells is also taken up and possibly stored and/or digested by them.
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2.5 Mechanism of Action of Nerve Growth Factor on Peripheral Target
Neurons

A broad spectrum of physiological actions of NGF has been described in
much detail and yet, it is still not known by which mechanism(s) the interac-
tion of NGF with its specific receptors is translated into the numerous short-,
intermediate- and long-term effects (see Thoenen and Edgar 1985; Thoenen
et al. 1985; Radeke et al. 1987). The kinetics of the interaction of NGF with
its receptors have been studied extensively both in physiological target
neurons and in NGF-responsive tumor cell lines, such as PC 12 phaeochromo-
cytoma cells (see Sutter et al. 1984). The receptors on PC12 cells have been
identified by crosslinking **I-labelled NGF (Hosang and Shooter 1985) and
purified by affinity chromatography (Puma et al. 1983). Moreover, mono-
clonal antibodies against PC12 cell NGF receptors have been developed
(Chandler et al. 1984), which also allowed for its cloning (Radeke et al. 1987).
The molecular cloning of the NGF receptor has provided evidence that this
receptor belongs to a new class of receptors (Radeke et al. 1987). This new
class lacks the protein kinase consensus sequence of other “growth factors”,
which, in contrast to NGF, act as mitogens on their target cells (see Thoenen
et al. 1985). The elucidation of the structure of the NGF receptor is an essen-
tial prerequisite for a more detailed analysis of the signal transduction mecha-
nism of NGF. Previous experiments have demonstrated that a second mes-
senger mechanism for NGF must exist (Heumann et al. 1981; Schwab et al.
1982). However, information on the nature of the second messenger(s) from
these studies was exclusively negative; cCAMP, calcium influx and the sodium/
potassium activated ATPase could all be extuded (for discussion, see Thoenen
et al. 1985). Recently, experiments with PC12 cells have provided convincing
evidence that a ras-like protein might be involved in the NGF-mediated signal
transduction (Bar-Sagi and Feramisco 1985; Noda et al. 1985; Hagag et al.
1986). It will be of particular interest to see whether the observations made
in phaeochromocytoma tumor cells can also be verified in physiological target
cells of NGF, and to investigate how the NGF receptor is coupled to a ras-like
protein.

Another promising approach to the elucidation of the mechanism of action
of NGF on its target cells has arisen from the observation that inhibitors of
protein methylation (which act indirectly via the blockade of S-adenosyl
homocysteine hydrolase, resulting first in a build-up of S-adenosyl homocys-
teine, and then in a product inhibition of protein methylation) very specifical-
ly block both the short- and long-term effects of NGF in PC12 cells (Seeley
et al. 1984), bovine adrenal medullary cells (Acheson and Thoenen 1987) and
chick sympathetic neurons (Acheson et al. 1986). The specificity of the effect
of the inhibitors used was demonstrated by the fact that in PC12 cells the
responses to epidermal growth factor were not affected (Seeley et al. 1984).
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In cultured bovine adrenal medullary cells both the NGF-mediated activation
and induction of tyrosine hydroxylase was blocked, but not that produced by
cAMP. In chick sympathetic neurons the survival effect of NGF was blocked,
whereas the effect of 35 mmol/l potassium, which has a similar survival effect
as NGF (Wakade et al. 1983), was not affected by the methyltransferase in-
hibitors (Acheson et al. 1986). The specificity of the effects of the inhibitors
was further shown by the observation that the NGF-mediated changes in pro-
tein phosphorylation were blocked, whereas those mediated by 35 mmol/I
potassium were not consistently affected. In particular, the methyltransferase
inhibitors abolished the NGF-mediated, but not the 35 mmol/l potassium-
mediated dephosphorylation of a 70 kD protein. In the absence of inhibitors
both high potassium and NGF resulted in an identical dephosphorylation of
this protein (Acheson et al. 1986). In spite of the high selectivity of the block-
ing action of inhibitors of methyltransferase on NGF-mediated effects, it
seems unlikely that there is a causal relationship between the blockade of pro-
tein methylation and the selective blockade of NGF-mediated effects for the
following reasons. In contrast to bacterial systems, protein methylation in
eukaryotic cells has not yet been shown to serve a regulatory function. Indeed,
the eukaryotic protein carboxylmethylating enzyme has been shown to affect
only modified proteins, in which isoaspartate/D-aspartate residues are
substrates {see Aswad 1984; O’Connor et al. 1984; Clarke 1985). Moreover,
the substoichiometric nature of decarboxylmethylation of proteins such as
calmodulin in intact or semi-purified systems (Johnson et al. 1985) also
speaks against a regulatory function for this post-translational modification.
The conversion of normal aspartate residues to isoaspartate which results in
a stoichiometric carboxylmethylation {Johnson et al. 1985) suggests that car-
boxylmethylation serves as a tag for protein degradation or repair. Never-
theless the selectivity of the blockade of NGF’s effect by inhibitors of protein
methylation represents an attractive tool for future investigations on NGF’s
signalling mechanism.

3 NGF in the Central Nervous System

3.1 Identification of NGF-Responsive Neurons in the Central Nervous
System

In the peripheral nervous system catecholaminergic cells, such as sympathetic
neurons and adrenal chromaffin cells, together with neural crest-derived sen-
sory neurons, represent the mean target cells of NGF (see Levi-Montalcini and
Angeletti 1968; Greene and Shooter 1980; Thoenen and Barde 1980). Accor-
dingly, the initial investigations in the central nervous system were focussed
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on catecholaminergic, i.e. dopaminergic and adrenergic neurons. However, the
results of intraventricular and stereotactic intracerebral injections of NGF
were all negative, for neither the dopaminergic neurons of the substantia nigra
nor the adrenergic neurons of the locus coeruleus responded with an induc-
tion of tyrosine hydroxylase (Konkol et al. 1978; Schwab et al. 1979), a charac-
teristic response of peripheral catecholaminergic target cells to NGF. Con-
versely no effect was observed after intraventricular and intracerebral injec-
tion of anti-NGF antibodies (Konkol et al. 1978; Schwab et al. 1979). The
conclusiveness of these latter results, however, is questionable in view of the
poor penetration of antibodies into brain tissue (see below). In view of these
negative results the question arose as to whether they could be explained by
the absence of NGF receptors. The injection of '*I-labelled NGF into the
field of innervation of the neurons of the substantia nigra and locus coeruleus
did not result in a specific retrograde labelling of the corresponding cells
bodies as previously demonstrated in the periphery for all NGF-responsive
neurons (see Thoenen and Barde 1980; Schwab and Thoenen 1983). That the
local injection of '**I-labelled NGF was technically competent and that the
nerve terminals projecting from the locus coeruleus and the substantia nigra
were reached by the stereotactic injection of NGF, was demonstrated by the
fact that '»I-labelled tetanus toxin and wheat germ agglutinin (macromole-
cules transported retrogradely by all peripheral and central neurons in-
vestigated so far), injected in an identical manner as '>I-labelled NGF, were
transported retrogradely to the corresponding cell bodies. The injection of
1Z].labelled NGF into one of the projection fields of the locus coeruleus, the
hippocampus, resulted in an unexpected, but important observation. Instead
of the expected retrograde transport to the cell bodies of the locus coeruleus,
a labelling of neurons of the nuclei of the medial septum and the diagonal
band of Broca was observed (Schwab et al. 1979). These neurons projecting
to the hippocampus had been suspected to be cholinergic in view of their
positive reaction to acetylcholinesterase. Later, their cholinergic identity was
proven with anti-choline acetyltransferase antibodies (Sofroniew et al. 1982;
Eckenstein and Sofroniew 1983; Levey et al. 1983). In subsequent, more exten-
sive investigations it was demonstrated that not only the hippocampal, but
also the cortical projections of the cholinergic neurons in the basal forebrain
nuclei showed specific uptake and retrograde axonal transport of '*’I-la-
belled NGF (Seiler and Schwab 1984). However, specific retrograde tracing
with '»I-labelled NGF is not suitable for identifying interneurons expressing
NGF receptors. An important adjunct to the retrograde labelling procedure
is the recently developed autoradiographic '’I-NGF receptor binding pro-
cedure for cryostate sections of adult rat brains (Richardson et al. 1986;
Raivich and Kreuzberg 1987). These studies demonstrated, in a confirmation
of the retrograde labelling procedure, specific NGF binding by neurons of the
medial septal nucleus, the diagonal band of Broca and the basal nucleus of
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Meynert. Moreover, there was also labelling of a relatively sparse subpopula-
tion of randomly distributed neurons in the striatum. In this context it is
essential to note that cholinergic interneurons in the hippocampus and in the
mesencephalic cortex were not labelled by the same procedure. This also holds
for the neurons of the cholinergic motor nuclei of the brain stem, which were
also not labelled. However, in the brain stem, specific NGF binding sites were
located in a number of groups of neurons of the reticular formation, the dor-
so-lateral lemniscus and the cochlear nuclei. These labelled neurons in the
brain stem are predominantly non-cholinergic (Raivich and Kreutzberg 1987).
Their projection fields can only be deduced from available neuroanatomical
information, since the autoradiographic receptor binding procedure only
labels cell bodies, and not neuronal processes. Thus, this procedure is suitable
for identifying interneurons (in contrast to the retrograde labelling pro-
cedure), although it does not provide information on the field of projection
of the labelled neuronal cell bodies.

In summary, the predominant population of neurons expressing NGF re-
ceptors in the forebrain are cholinergic, whereas in the brain stem it is
predomiantly the non-cholinergic neurons which seem to express NGF recep-
tors. The functional role of the latter remains to be established.

3.2 Induction of Choline Acetyltransferase (ChAT) by Intraventricular
Administration of NGF

Given impetus by the observation that the cholinergic neurons of the basal
forebrain nuclei express NGF receptors (reflected by a specific uptake and
retrograde axonal transport of ZI-labelled NGF), the effect of intraven-
tricularly injected NGF on ChAT levels in the basal forebrain nuclei and their
fields of innervation has been studied. In newborn animals an increase in
ChAT activity in hippocampus, medial septum and cortex (Gnahn et al. 1983)
and in the striatum (Mobley et al. 1985) was observed. In adult animals a sta-
tistically significant increase in the ChAT activity was found only after
repetitive injections of NGF over 4 weeks (Gnahn et al. 1983; Hefti et al.
1984). NGF was also found to induce ChAT in aggregate cultures of total fetal
brain (Honegger and Lenoir 1982), and in explants and dissociated cultures
of septum and striatum (Hefti et al. 1985a; Martinez et al. 1985). In several
of these studies acetylcholinesterase was used as a histochemical cholinergic
marker. Despite the caveat that this enzyme is generally an unreliable cholin-
ergic marker, being expressed by both non-cholinergic neurons and even non-
neuronal tissues, in the basal forebrain nuclei there is a very good correlation
between the histochemical reaction of these neurons for acetylcholinesterase
and their immunohistochemical identification as cholinergic neurons with
specific ChAT antibodies (see Eckenstein and Sofroniew 1983; Levey et al.
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1983; Cuello and Sofroniew 1984). In the nucleus basalis of Meynert the cor-
relation is complete, and in the medial septum and the diagonal band of
Broca only about 10% of the neurons which are acetylcholinesterase-positive
are not stained by ChAT antibodies (see Eckenstein and Sofroniew 1983).

3.3 Effects of Intraventricular and Intracerebral Injection of Anti-NGF
Antibodies

Although the demonstration of the presence of NGF receptors in the plasma
membrane of a specific population of neurons, the uptake and retrograde ax-
onal transport of NGF by these neurons and their specific biochemical
response to exogenous NGF is certainly suggestive, it is not definite proof for
a physiological function of NGF in the brain. In the peripheral nervous
system the effects of anti-NGF antibodies played an essential role in
establishing the physiological function of NGF (see Levi-Montalcini and
Angeletti 1968; Thoenen and Barde 1980). As mentioned above, the elucida-
tion of the effects of NGF antibody administration and the interruption of
the retrograde axonal transport were the essential arguments for a physiologi-
cal role of NGF in the peripheral sympathetic and sensory nervous system as
a retrograde neurotrophic messenger (se¢ Thoenen and Barde 1980; Schwab
and Thoenen 1983; Otten 1984; Johnson et al. 1986). In the central nervous
system the situation is not as straightforward and unambiguous as in the
peripheral nervous system, both with respect to results obtained and their in-
terpretation. In analogy to the peripheral nervous system it would be expected
that the administation of anti-NGF antibodies would result in a decrease of
the number of cholinergic neurons in the basal forebrain nuclei during a
restricted period of their ontogenetic development and also in a reduction of
their ChAT levels when they are fully differentiated. These changes would
correspond to the reduction of the levels of enzymes involved in catechol-
amine synthesis and in a reduction of neuron-specific peptides in the
peripheral sympathetic and sensory nervous system (see Thoenen and Barde
1980; Schwab and Thoenen 1983; Otten 1984). To carry the analogy further,
because the function of NGF as a survival factor comes into play just as the
NGF-responsive nerve fibers reach their target tissues, it would be expected
that the cholinergic neurons of the basal forebrain nuclei would be particular-
ly sensitive to NGF deprivation in the early postnatal period, when their con-
nections in neocortex and hippocampus are forming (Angevine 1965; Mat-
thews et al. 1974; Nadler et al. 1974; Sorimachi and Kataoka 1975; Zimmer
and Haug 1978; Crutcher 1982; Milner et al. 1983; Nicoll 1985). However,
both intraventricular and intracortical injection of polyclonal anti-NGF an-
tibodies from birth to the 7th postnatal day had no effect on ChAT levels in
the hippocampus, cortex and septum (Gnahn et al. 1983). Additonal efforts
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to influence ChAT levels in basal forebrain neurons by intraventricular injec-
tion of affinity-purified Fab-fragments of anti-NGF antibodies every second
day from birth to the 14th postnatal day were also without effect (Thoenen
et al. 1987 a). The Fab-fragments used were shown to block the biological ac-
tivity of NGF in vitro and, according to their size, should better penetrate into
the brain tissue than intact IgG antibodies.

In contrast to these negative effects of the injection of anti-NGF antibodies
in the early postnatal period, the injection of anti-NGF antibodies into rat
fetuses at embryonic day 15.5 (E15.5) did lead to a significant decrease of
ChAT levels in septum, hippocampus, and the nucleus basalis region (but not
in the striatum) when levels were determined 6 weeks after birth (Otten et al.
1985). This effect is puzzling, since at the time of the antibody injection the
majority of the cholinergic neurons of the basal forebrain nuclei have not yet
been born (Bayer 1979a,b; 1985). Thus, two alternative interpretations of
these effects have to be considered: ¢) at the time of the injection (E15.5) the
penetration of the anti-NGF antibodies into the brain tissue, even after
systemic injection, is better than after local injection into the brain tissue in
the early postnatal period. The antibodies may possibly be preserved in the
critical brain regions until the NGF-dependent period of NGF-responsive
neurons starts in the early postnatal period; ) it is also possible that the cho-
linergic neurons of the basal forebrain nuclei depend on NGF for survival at
an earlier period of their development than expected from analogy to the
NGF-responsive neurons in the peripheral nervous system. Accordingly, in
later periods of the development NGF might not even be essential for the
maintenance of their specialized function. Possibly other kinds of trophic
molecules could be responsible for the maintenance of ChAT levels (Appel et
al. 1987).

However, firm conclusions from the negative results of the injection of an-
tibodies in the postnatal period are not wholly justified, since they could also
be explained by an insufficient penetration of the antibodies. Indeed, electron
microscopic studies using a horseradish peroxidase-IgG conjugate at a ratio
of 1:1 showed a very poor penetration into the surrounding brain tissue after
intracerebral injection in newborn rats (Thoenen et al. 1987a). In these ex-
periments it should be taken into account that the coupling product is about
200 kD and, thus, the penetration is even poorer than that of IgGs alone.
Evidence for the poor penetration of (uncoupled) anti-NGF antibodies into
the brain tissue is also provided by a recent report of Springer and Loy (1985),
who demonstrated that the ingrowth of (peripheral) sympathetic fibers into
the hippocampus after fimbria lesion was abolished after local injection of
anti-NGF antibodies. However, the inhibitory effect was confined to the im-
mediate vicinity of the injection site. At a distance of even only 1 mm from
the injection site, the reactive ingrowth of sympathetic fibers was not im-
paired.
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3.4 Regional Differences in the Distribution of NGF and its mRNA

In view of the difficulties in interpreting the results obtained after intraven-
tricular and intracerebral injection of anti-NGF antibodies, more information
was necessary to give an unequivocal answer to the question of whether NGF
does play a physiological role in the central nervous system. In the periphery
a further strong argument supporting the physiological function of NGF was
the positive correlation between the levels of NGF and its mRNA in target
tissues of NGF-responsive neurons and the density of their innervation (see
above). Indeed, in the central nervous system a remarkably good correlation
between the NGF and mRNANCF [evels and the density of innervation by
cholinergic neurons of the basal forebrain has also been demonstrated
(Korsching et al. 1985; Korsching 1986; Shelton and Reichardt 1986a; Whitte-
more et al. 1986). NGF levels comparable to those observed in relatively
densely innervated peripheral tissues were found in regions innervated by
neurons of the basal forebrain nuclei and the regions containing their cell
bodies, i.e. the hippocampus, neocortex, olfactory bulb, on the one hand, and
mediai septal nucleus, diagonal band of Broca, nucleus basalis of Meynert,
on the other hand (Korsching et al. 1985; Korsching 1986; Whittemore et al.
1986). In this context it is of particular interest that the NGF levels in the den-
tate gyrus and the CA3-CA4 region of the hippocampus were 2- to 3-fold
higher than in the CA1-CA2 region, demonstrating that also within discrete
regions of the hippocampus the NGF levels reflected the density of choliner-
gic innervation (Korsching et al. 1985). NGF levels in the region of the basal
forebrain nuclei were not as high as in the peripheral sympathetic ganglia
(Korsching and Thoenen 1983 a; Heumann et al. 1984). However, it has to be
taken into account that the basal forebrain nuclei do not consist of an
uniform population of neurons, and that the cholinergic neurons represent
only a relatively small fraction of the total cell population (Eckenstein and
Sofroniew 1983; Rye et al. 1984).

Brain regions not involved in the cholinergic basal forebrain system contain
considerably lower NGF levels (Korsching et al. 1985; Whittemore et al.
1986). However, it could well be that, hidden within the relatively gross sub-
divisions so far assayed, there are more marked differences, as for instance
in the subregions of the hippocampus (Korsching et al. 1985; Korsching
1986). 1t is interesting to note that the cerebellum, which has no known cho-
linergic input, has relatively high NGF levels (Korsching et al. 1985) and it re-
mains to be established whether they reflect an innervation by non-cholinergic
NGF-responsive neurons possibly located in the brain stem (Raivich and
Kreutzberg 1987). In the striatum, which also contains NGF-responsive cho-
linergic neurons (Mobley et al. 1985), the NGF levels are particularly low
(Korsching et al. 1985) and the levels of mRNANCF determined by Shelton
and Reichardt (1986 a) were only about 1/10 of those determined in the hip-
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pocampus. It should also be noted that the injection of rat fetuses with anti-
NGF antibodies did not result in a ChAT reduction in the striatum, in con-
trast to the cholinergic basal forebrain system (Otten et al. 1985).

If one compares the correlation between the NGF levels and the density of
innervation by NGF-responsive neurons in the periphery with that in the cen-
tral nervous system, it readily becomes apparent that the situation in the cho-
linergic basal forebrain system is directly comparable. However, in other brain
regions, in particular the brain stem and cerebellum, the situation is less clear.
The '»I-NGF labelling of NGF receptors by autoradiographic procedures in
tissue sections (Richardson et al. 1986; Raivich and Kreutzberg 1987) cannot
yet be combined with an immunological analysis which would allow the iden-
tification of '>I-NGF labelled neurons producing specific neuropeptides or
enzymes involved in transmitter synthesis. This information then would allow
us to analyze in a focussed manner the responsiveness of these neurons and
allow the assessment of whether their NGF receptors are functional or not.
That this consideration is not merely a theoretical one evolves from recent in-
vestigations of Davies et al. (1987b). They demonstrated that NGF has no
survival effect on trigeminal mesencephalic neurons in culture, although all
of these cells express NGF receptors. That this lack of an effect by NGF is
not due to inappropriate general culture procedures is shown by the fact that
virtually all the trigeminal mesencephalic neurons survive with brain-derived
neurotrophic factor (Davies et al. 1986). It is hoped that in-situ hybridization
experiments with NGF receptor cDNA or cRNA probes can be combined
with immunostaining of the same or adjacent tissue sections allowing the
identification of those neurons which express NGF receptors. A first indica-
tion of NGF-responsive central peptidergic neurons arose from the work of
Levi-Montalcini and Aloe (1985), who demonstrated an increase in
somatostatin and substance P in the CNS of Xenopus laevis tadpoles after
systemic administration of NGF.

3.5 Comparison Between Developmental Changes of NGF and ChAT in
the Septo-Hippocampal System

In contrast to the peripheral nervous system, in the CNS the injection of anti-
NGF antibodies has not yet indicated a definite physiological role for NGF.
The neurons of the septo-hippocampal system have been shown to express
NGF receptors (Schwab et al. 1979; Seiler and Schwab 1984; Richardson et
al. 1986; Raivich and Kreutzberg 1987), to respond to NGF by ChAT induc-
tion (Gnahn et al. 1983) and to display within the hippocampus a close cor-
relation between the density of cholinergic innervation and the levels of NGF
(Korsching et al. 1985; Whittemore et al. 1986). This system therefore seemed
to be particularly suitable for comparing the developmental time-course of



The Physiological Function of Nerve Growth Factor in the Central Nervous System 161

changes in NGF and ChAT levels and to deduce possible causal relationships.
Indeed, during the postnatal development of the hippocampus the time-
courses of NGF and ChAT increases are well correlated including a rapid
3-fold increase between postnatal (P) days P12 and P14 in the rat (Auburger
et al. 1987; Thoenen et al. 1987a). The increase in hippocampal NGF was
preceded by a corresponding increase in mRNANSY. The developmental
changes in hippocampal NGF levels were also closely reflected in the cor-
responding changes in the septum. This observation, together with the find-
ing in aduit animals that the relatively high NGF levels in the septum were
accompanied by mRNANCF Jevels below (Korsching et al. 1985; Whittemore
et al. 1986), or at the detection limit of (Shelton and Reichardt 1986a), the
assay further support the notion that the NGF levels in the septum result from
retrograde axonal transport rather than from local synthesis. One aspect of
the developmental changes of NGF and mRNANSF in this postnatal period
deserves special attention, namely that in the hippocampus the mRNANSF
increase preceded that of NGF by several days (Auburger et al. 1987; Thoenen
et al. 1987a). This considerable time-lag between the increase in mRNANSF
and the subsequent increase in NGF is in contrast to the periphery. There,
wherever rapid changes in mRNANSF were observed, they were followed
within hours by a corresponding increase in NGF levels. This was for instance
the case for both the rat iris in culture (Barth et al. 1984; Heumann and
Thoenen 1986) or during the developmental changes of NGF and mRNANCF
in the whisker pad of the mouse, where the increase in mRNANCF was also
immediately foliowed by a corresponding increase in NGF protein (Davies et
al. 1987a). That mRNANSF levels precede the corresponding increases in
NGEF levels for several days is unique to the septo-hippocampal system, and
it has to be assumed that either the mRNANCF is initially present in a non-
translatable form, or that, in the hippocampus during the period of the most
rapid mRNANSF increase, the mRNANSF level is not rate-limiting for the
production of NGF. If for instance the proteolytic processing enzymes for the
NGF precursor were rate-limiting, a build-up of NGF precursor molecules
would take place. These molecules are not recognized by antibodies directed
against mature NGF and they also seem to be biologically inactive (Wion et
al. 1984; Dicou et al. 1986). In addition to the unusually long time-lag be-
tween the increase in mRNANCF and the subsequent increase in NGF levels,
the time-course of the perinatal development of hippocampal NGF and
mRNANS showed additional unexpected features. The NGF levels in the
hippocampus from E17 to PO were remarkably high, they corresponded to 1/3
to 1/4 of adult hippocampal NGF levels (Auburger et al. 1987; Thoenen et
al. 1987a). In contrast, the mRNANSF levels were below the detection limit
suggesting that in this phase of the development there is a build-up of NGF,
based on a small quantity of mRNANSF| and a lack of retrograde axonal
transport to remove it. This interpretation is based on the fact that at this
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developmental stage the septal cholinergic neurons have not yet reached the
hippocampus (Crutcher 1982) and there can therefore be no removal of NGF
by retrograde axonal transport. This explanation for the relatively high
prenatal hippocampal NGF levels is also supported by the observation that
there is a distinct decrease in NGF from PO to P2 when the first cholinergic
fibers reach the hippocampus (Crutcher 1982). The decrease in hippocampal
NGF levels by retrograde axonal removal is also mirrored in the correspon-
ding increase of NGF in the septum {(Auburger et al. 1987; Thoenen et al.
1987 a).

Because a reliable dissection of the hippocampus before E17 was not possi-
ble, NGF levels were determined in samples of the whole telencephalic region
(which include both hippocampus and neocortex) between Ei4 and E18.
Astonishingly, in all the samples the NGF levels came close to those of adult
cortex (Korsching et al. 1985; Auburger et al. 1987). Thus, one is confronted
with the situation that the NGF levels supporting the prospective cholinergic
neurons of the basal forebrain nuclei have already stabilised before a major
part of the innervating neurons are even born and before all of them have
established their connection to the target region {Bayer 1979a,b, 1985; Crut-
cher 1982). This temporal separation between NGF production in target areas
and the ingrowth of the corresponding neurons is in distinct contrast to the
peripheral nervous system. For instance in the whisker pad of the mouse,
where the analysis has been performed most carefully, the increase in
mRNANY and NGF occurs virtually concomitantly with the arrival of the
corresponding neurites from the trigeminal ganglion into the target fields
{Davies et al. 1987a). In view of this temporal dissociation between the for-
mation of NGF in the prospective target areas of the cholinergic neurons of
the basal forebrain nuclei and the arrival of their outgrowing axons one has
to consider the possibility that during this developmental period NGF fulfills
functions which are not related to the cholinergic neurons. It could well be
that other neurons transiently express NGF receptors and depend on NGF, or
that NGF has still other unknown functions in the rat telencephalon during
this developmental stage.

The extension of the autoradiographic '*’I-NGF binding studies to tissue
sections of embryonic rat brain, and the availability of nucleotide probes for
the rat NGF receptor (Radeke et al. 1987) (which will allow in-situ hybridiza-
tion studies) should help to settle this question in the near future. It has also
to be taken into consideration that at this early developmental stage NGF
could have a physiological role for non-neuronal cells.
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3.6 Cellular Localization and Site of Synthesis of NGF in the Central
Nervous System

In contrast to the relatively detailed knowledge about the cellular localization
and site of synthesis of NGF in the periphery, corresponding information for
the central nervous system is at best fragmentary and controversial. The
cellular localization of NGF in embryonic (Ayer-Lelievre et al. 1983; Ebendal
et al. 1985) and adult brain (Whittemore et al. 1986) is based essentially on
immunohistochemical observations, from which it is impossible to decide
whether immunoreactivity is localized in neurons or glial cells. One exception
may be the fibrillary structures in the cerebral cortex of adult rats, which
might correspond to the projections of NGF-responsive cholinergic neurons
(Whittemore et al. 1986). Unfortunately, no photographs are available of the
cell bodies of the basal forebrain nuclei, where the highest immunoreactivity
would be expected. A comparison with the cell bodies of peripheral sym-
pathetic neurons would also be helpful because they contain by far the highest
detectable NGF levels (Korsching and Thoenen 1983a, 1985b). If one com-
pares the results of immunohistochemical experiments in the central nervous
system, and in particular the fetal brain, with those in the periphery, the inten-
sity of the signals in the central nervous system is generally much higher. For
example, in the iris, and particularly the denervated iris, in distinct contrast
to the high NGF levels (Ebendal et al. 1980, 1983; Korsching and Thoenen
1983 a; Barth et al. 1984) the immunohistochemical reaction was very weak
(Ayer-Lelievre et al. 1983; Rush 1984; Ebendal et al. 1985; Finn et al. 1986).
This discrepancy might be due to the fact that the fixation conditions for the
central nervous system were optimal for the visualization of NGF whereas
those for the iris were poor. A similar explanation could be offered for the
more intense staining seen in the fetal (Ayer-Lelievre et al. 1983; Ebendal et
al. 1985) as compared to the adult brain (Whittemore et al. 1986). In the fetal
rat brain immunoreactivity was found in many regions. Particularly strong
staining was found in the ventral medulla oblongata and pons, posterior parts
of the tectum, parts of the frontal cortex and the olfactory bulb. Areas with
barely detectable immunofluorescence included the mesencephalic nigral
region and the hypothalamus. Unfortunately, no quantitative data are avail-
able which would allow a comparison of the quantities of NGF determined
by reliable enzyme immunoassays with these immunohistochemical observa-
tions. However, if one compares the immunohistochemical data from fetal rat
brain (Ayer-Lelievre et al. 1983; Ebendal et al. 1985) with the data available
for the regional distribution of NGF in the adult brain (Korsching et al. 1985;
Whittemore et al. 1986) no obvious correlation is found. Of particular interest
is the observation that in both fetal (Auburger 1987) and adult (Korsching and
Thoenen 1985a) spinal cord the NGF levels were below the detection limit of
a sensitive two-site enzyme immunoassay. In contrast, in the spinal cord of
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fetal rats there was a high general immunoreactivity, particularly intense in
the ventral grey matter (Ayer-Lelievre et al. 1983; Ebendal et al. 1985).

The discrepancy between the relatively low NGF levels in the central ner-
vous system as compared to the densely innervated organs in the periphery,
and the inverse situation with respect to the immunohistochemical observa-
tions are disturbing. In particular, the puzzling discrepancy between the im-
munohistochemical findings in the spinal cord and the assayed NGF levels
raises doubts about the specificity of the immunohistochemical observations.
Although affinity-purified antibodies were used (Ayer-Lelievre et al. 1983;
Ebendal et al. 1985; Whittemore et al. 1986), this method would not exclude
the possibility that an antibody against a contaminant was responsible for the
immunohistochemical staining. It has therefore become essential to compare
that histochemical results obtained with affinity-purified antibodies with
those obtained with monoclonal antibodies directed against different epitopes
of mature NGF, and, if possible, against its precursor. It should also be
remembered that antibodies recognizing mature NGF do not recognize the
NGF-precursor and vice-versa (Dicou et al. 1986). This NGF-inherent com-
plication, when added to the general problems of immunohistochemistry
creates serious uncertainty as to which antigen is actually being recognized in
fixed tissues. A further sobering example of such problems is provided by
epidermal growth factor. In this case a highly specific regional distribution of
epidermal growth factor-reactive material was demonstrated in the rodent
brain by immunohistochemistry (Fallon et al. 1984), and yet epidermal
growth factor itself could not be detected with a sensitive and specific two-site
enzyme immunoassay {Probstmeier and Schachner 1986).

Very recently Rennert and Heinrich (1986) reported on the localization of
mRNAN in the stratum granulosum of the dentate gyrus and the stratum
pyramidale of the hippocampus by in situ-hybridization. The disposition of
the label (P*?) was taken to indicate that mRNANCF is localized in neurons.
However, their experimental procedure is open to criticism. The authors used
a P32labeled cRNA probe whose relatively large size (460 bases) is not op-
timal for in situ-hybridization. As proof for the specificity of the hybridiza-
tion signal, the authors showed that a} pre-digestion with ribonuclease
abolished the autoradiographic signal and b) pre-incubation with excess
unlabelled cRNA reduced the autoradiographic signal over the gyrus dentatus
and the stratum pyramidale. However, these controls are insufficient to dem-
onstrate the specificity of their hybridization signal. They merely demonstrate
that the P*-labeled cRNA probe reacted with structures containing large
quantities of RNA. RNA probes of strand and counterstrand have to be com-
pared, and the stringency of the hybridization-procedure increased so that the
signal arising from the strand corresponding to the mRNANCF disappears
before the signal of the complementary strand. Using this approach our labo-
ratory obtained exactly the same localization as Rennert and Heinrich (1986)
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with S%- and P*%-labeled single-stranded RNA probes of NGF. However, the
signal proved to be non-specific, because it disappeared for both strands at
the same stringency (unpublished observation). In this context, the observa-
tions of Schalling et al. (1986) with cRNA probes for tyrosine hydroxylase are
also very instructive. They demonstrated that the same structures in the hip-
pocampus were strongly labeled by strand and counterstrand of RNA probes
of tyrosine hydroxylase. Thus, it seems likely that the labeling of cells in the
hippocampus may be an artifact reflecting the high RNA content of these
cells. This interpretation is further supported by the fact that in the hip-
pocampus mRNANCF Jevels are distinctly lower than, for example, in the rat
iris which contains about 1—2 copies of mRNANSF per cell (Bandtlow et al.
1987). The signal arising after long exposure times just reached the limit of
detectability (Bandtlow et al. 1987). Using the same experimental procedure
for the hippocampus as for the iris we were not able to obtain a specific signal
over the hippocampus. This is not surprising in view of the very low
mRNANCF copy numbers present there.

In agreement with the earlier observations of Lindsay (1979) that NGF is
produced by rat astrocytes in culture, in primary cultures of various brain
regions we could detect specific hybridization signals only over astrocytes (un-
published observations). It has not yet been determined whether the labeled
cells represent a specific subpopulation. However, these results also have to
be considered with great caution, because, as was impressively demonstrated
in the case of laminin (Liesi et al. 1983), the expression of genetic information
in cultured astrocytes can differ significantly from that in situ.

3.7 The Role Played by Fimbria Lesion Experiments in the Elucidation of
a Potential Physiological Function of NGF in the Central Nervous System

About the same time that it was demonstrated that central catecholaminergic
neurons do not respond to NGF (Konkol et al. 1978; Schwab et al. 1979;
Olson et al. 1979; Dreyfus et al. 1980) and do not express NGF receptors
(Schwab et al. 1979), but that NGF is transported specifically from the hip-
pocampus to septal cholinergic neurons (Schwab et al. 1979), several laborato-
ries reported that lesioning the septo-hippocampal pathway resulted in an in-
growth of perivascular sympathetic fibers into the hippocampus (Loy and
Moore 1977; Stenevi and Bjorklund 1978; Crutcher et al. 1979; Crutcher and
Davis 1981). It was also demonstrated that only a fimbrial transection could
trigger this reactive ingrowth of peripheral sympathetic nerve fibers. In con-
trast, interruption of other afferent pathways to the hippocampus, in par-
ticular the entorhinal pathways and the adrenergic input from the locus
coeruleus had no effect (Bjorklund and Stenevi 1981). Later, it was demon-
strated that this reactive ingrowth occurred predominantly into the dentate-
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CA3 region, and that the transection enhanced the survival of superior cer-
vical ganglia transplanted into the denervated hippocampus of newborn rats
(Gage et al. 1984Db). In more recent experiments Collins and Crutcher (1985)
investigated the effect of fimbria lesion on the fiber outgrowth-promoting ac-
tivity of tissue culture media conditioned over hippocampus sections. These
workers used chick sympathetic ganglion explants as an assay system, and ex-
posed the ganglia to the conditioned media for 48 hours. The fiber outgrowth
activity in the conditioned media of CA1 sections of non-lesioned hippocam-
pi was about half that in the CA3-dentate region. Lesion of the fimbria a
week before the assay resulted in a doubling of the fiber outgrowth activity
in CA1-conditioned media, and in an about 50% increase in the dentate CA3
region. Under these experimental conditions a considerable part of the fiber
outgrowth activity could be neutralized by anti-NGF antibodies. Although
the differences obtained in this biological assay system between the fiber
outgrowth-promoting activity of the intact dentate-CA3 region and the
CA1-CA2 region is smaller than the difference determined in these two
regions by the two-site enzyme immunoassay {Korsching et al. 1985}, the max-
imal increase after fimbria lesion is about the same as that determined by the
enzyme immunoassay for both the entire (Korsching et al. 1986) and the ven-
tral and dorsal parts of the hippocampus (Gasser et al. 1986). Although these
experiments support the concept that the ingrowth of sympathetic fibers into
the hippocampus after fimbria lesion is at least partially mediated by NGF,
the most crucial and convincing evidence was provided by the recent ex-
periments of Springer and Loy (1985). These workers demonstrated that local
injection of anti-NGF antibodies into the hippocampus abolished the reactive
ingrowth of sympathetic fibers after fimbrial lesion, although the effect of the
antibody injection was limited to the immediate vicinity of the injection site
due to the limited diffusion of the antibodies (see above). That the hippocam-
pus also produces additional neurotrophic factors is supported by the obser-
vation that extracts of hippocampus contain activity which can promote fiber
outgrowth from chick ciliary neurons which cannot be abolished by anti-NGF
antibodies (Crutcher and Collins 1982; see also Ojika and Appel 1984). Addi-
tional evidence for the production of neurotrophic molecules distinct from
NGF come from the observations of Bjoérklund and Stenevi (1981) that after
fimbria lesion there is not only a reactive ingrowth of perivascular
(peripheral) sympathetic nerve fibers, but also an enhanced ingrowth of
adrenergic fibers from the locus coeruleus. These adrenergic neurons have
previously been shown neither to express NGF receptors nor to respond to
NGF (Konkol et al. 1978; Schwab et al. 1979; Dreyfus et al. 1980). In contrast
to the very marked NGF increases after denervation in the periphery (Ebendal
et al. 1980, 1983; Barth et al. 1984; Korsching and Thoenen 1985b), the NGF
increase in the hippocampus resulting from fimbria lesion is only about 50%
(Korsching et al. 1986; Gasser et al. 1986). This increase can easily be explain-
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ed by an elimination of the retrograde axonal transport. Moreover, it is
noteworthy that the NGF increase does not occur immediately, as for exam-
ple, after the administration of 6-hydroxydopamine in the periphery
(Korsching and Thoenen 1985b). After fimbria lesion maximal NGF levels
were attained either between 3 days to 1 week (Gasser et al. 1986) or after 2
weeks (Korsching et al. 1986). This delay in the small increase in NGF levels
after interruption of the cholinergic input may be explained by a slower
degeneration of axons distal to a lesion in the central as compared to the
peripheral nervous system. The time difference in obtaining the maximal
NGF levels after fimbria lesion between the experiments of Gasser et al.
(1986) (3 days to 1 week) and of Korsching et al. (1986) (2 weeks) may be due
to the fimbria lesion procedure used. In this context a puzzling observation
of Gasser et al. (1986) must be mentioned. These workers found that, after
fimbria lesion, instead of the expected decrease in septal NGF levels (see
above), a marked increase occurred. Because fimbria lesion leads to an exten-
sive degeneration of neurons in the septum and the Broca band (which would
be expected to result in a decrease in NGF accumulated in cholinergic neurons
by retrograde transport; Hefti 1986; Williams et al. 1986), it has to be assum-
ed that this marked increase (400%), reaching a maximum after 1 week,
results from a reactive local production. This enhanced production might
result from a direct mechanical lesion (the site of transection of the fimbria
is very close to the septum) leading to a reactive gliosis, accompanied by an
enhanced NGF production by these glial cells. A similar reactive gliosis could
also result as a response to the degeneration of septal cholinergic neurons
after fimbria lesion (see Hefti 1986; Williams et al. 1986). The assumption of
an enhanced local NGF synthesis is also supported by the observation that,
after fimbria lesion, in spite of the resulting degeneration of about 50% of
the neurons in the septum, there is no corresponding decrease in the ChAT
activity, as would be expected as a result of the degeneration of the cholinergic
neurons. After a small reduction in ChAT levels 3 days postlesion, the ChAT
levels return to normal or even to a slightly elevated level (Gasser et al. 1986).
In view of the demonstrated degeneration of cholinergic neurons (Hefti 1986;
Williams et al. 1986) one has to assume that the local reactive production of
NGF results in an augmented production of ChAT in the surviving neurons.
The solution to this puzzling observation of the marked increase in NGF
levels in the septum after fimbria lesion and the lack of a reduction of ChAT
and acetylcholinesterase levels, in spite of an extensive degeneration of the
cholinergic septal neurons, may be found by investigating whether local
mechanical lesions in the brain lead to an enhanced NGF synthesis in the sur-
rounding areas.

The marked ingrowth of sympathetic nerve fibers into the hippocampus
after the elimination of the septal cholinergic input is very surprising in view
of the relatively small increases in NGF levels determined by two-site enzyme
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immunoassays {Korsching et al. 1986; Gasser et al. 1986) or estimated by a
biological assay for fiber outgrowth (Collins and Crutcher 1985). It is hard
to conceive how a 50% increase in NGF levels could result in such a strong
fiber ingrowth. Either one has to assume that additional neurotrophic factors
are produced which act on sympathetic nerve fibers (which, however, should
be detected in bioassays), or that the NGF effect is potentiated. Indeed, it has
been demonstrated in vitro that the extracellular matrix glycoprotein laminin
potentiates very markedly fiber outgrowth and survival effect of NGF by
about one order of magnitude (Edgar et al. 1984). It has to be emphasized
that laminin has no neurotrophic effect on its own; it can only enhance the
effect of NGF and other neurotrophic molecules (Barde et al. 1987; Thoenen
et al. 1987b). Thus, it could well be that the cholinergic denervation of the
hippocampus leads to the formation of such potentiating molecules. For ex-
ample, it has been demonstrated that after mechanical brain lesion or cytotox-
ic degeneration of neurons, astrocytes start to produce laminin (Liesi et al.
1984). Laminin production by astrocytes after various brain lesions is also
suggested by the continuous production of laminin by astrocytes in tissue
culture (Liesi et al. 1983).

3.8 Effects of NGF After Fimbria Lesion

In adult rats even prolonged repetitive injections (4 weeks) of NGF resulted
only in a very small (15%) increase in septal hippocampal and cortical ChAT
levels (Gnahn et al. 1983). After partial fimbria lesion Hefti et al. (1984) dem-
onstrated that this borderline effect of NGF treatment in adult animals was
markedly enhanced. The ChAT increase on the lesioned side amounted to
60%. In agreement with the NGF effect in newborn animals, where NGF pro-
duces a marked ChAT increase in the neocortical and septal areas, but no in-
crease in acetylcholinesterase (Gnahn et al. 1983), there was no discernible ef-
fect of NGF in adult animals after partial fimbria lesion on acetylcholinester-
ase levels, either on the intact or the lesioned side. This result argues against
a sprouting of intact cholinergic fibers, but favours the assumption of an in-
duction of ChAT or (see below) the enhanced survival of cholinergic neurons
which would otherwise die. In recent experiments Hefti (1986) has found that
the complete transection of fimbria in adult rats resulted in a loss of neuronal
cell bodies in the medial-septal nucleus and in the vertical limb of the
diagonal band of Broca. Furthermore, in these same nuclei there was also a
reduction in the number of cholinergic neurons. On the lesioned side of the
medial-septal nucleus and the vertical limb of the Broca band the cholinergic
cell bodies were reduced by 50% as compared to the intact contralateral side.
Repetitive intraventricular injection of NGF through an implanted cannula
virtually abolished the degeneration of neurons in these regions (Hefti 1986).
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Independently, Williams et al. (1986) have made similar observations. These
workers also came to the conclusion that the non-cholinergic neurons in these
regions were also affected. In the studies of Williams et al. (1986) the effect
of fimbria lesion and NGF treatment were separately investigated in the
medial-septal nucleus and the vertical limb of the diagonal band of Broca.
The continuous administration of NGF by an infusion pump rescued at least
50% of the cholinergic and non-cholinergic neurons which would otherwise
degenerate after fimbria lesion in the medial-septal region and even up to
100% in the vertical limb of the diagonal band of Broca. It remains to be
established whether the rescue of the non-cholinergic neurons by NGF is due
to a direct action of NGF, or whether it results from an indirect effect
mediated by the cholinergic neurons. The latter assumption seems to be cor-
rect, since it has been demonstrated that NGF receptors are present only on
cholinergic neurons, at least in the human basal forebrain (Hefti et al. 1986).
At least part of the non-cholinergic population could be GABAergic, since it
has been demonstrated that glutamic acid decarboxylase-positive neurons
project from the septum to the hippocampus (Koéhler et al. 1984). In this con-
text the recent observation of Mobley et al. (1986) is of interest that in
newborn rats NGF does not influence the levels of glutamic acid decarbox-
ylase in regions where NGF increased the ChAT levels.

The sparing effect of NGF after fimbria lesion does not eo ipso prove that
the infused NGF replaces an interrupted natural supply of NGF. It might also
be replacing other endogenous neurotrophic molecules. However, it does in-
dicate that an augmented supply of NGF to damaged neurons (whatever the
cause) has a beneficial pharmacological effect and opens up interesting
possibilities for the treatment of Alzheimer’s disease (see below).

4 NGF and Alzheimer’s Disease: Possible Causal Relationships and
Therapeutic Implications

Alzheimer’s disease is characterized by a progressive loss of memory and
other cognitive functions, which result in severe disability (see Hefti and
Weiner 1986). The neuropathological correlates to these functional changes
are the presence of paired helical filaments localized in neuritic plagques, and
neurofibrillary tangles in neuronal cell bodies, the latter predominantly in the
neocortex and hippocampus. These characteristic changes are associated with
degeneration and/or atrophy of specific neuronal systems which synthesize
biogenic amines and peptides such as acetylcholine, noradrenaline and
somatostatin (see Perry et al. 1978; Willcock et al. 1983; Wisniewski and Merz
1983; Rossor et al. 1984; Price et al. 1985; Hefti and Weiner 1986). The loss
and/or atrophy of cholinergic neurons (Coyle et al. 1983; Pearson et al. 1983;
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Arendt et al. 1984) seems to be the most consistent neuropathological finding
in Alzheimer’s disease. The neurons affected are the cholinergic neurons of the
basal forebrain nuclei which project to the hippocampus, neocortex and
amygdala. Moreover, the impairment of acetylcholine synthesis is the earliest
sign of the disease and is well correlated with cognitive impairments. This was
demonstrated in bioptic specimens obtained from diagnostic craniotomies of
young Alzheimer patients (Francis et al. 1985). The involvement of the cholin-
ergic system in the clinical manifestations of Alzheimer’s disease is also sup-
ported by various experimental observations. For instance, in rats the interrup-
tion of the ascending cholinergic projections from the basal forebrain nuclei
results in a marked reduction of memory and learning ability (Hefti et al.
1985b; Hepler et al. 1985; Will and Hefti 1985). These learning and memory
deficits can be improved by either injecting NGF (Stein and Will 1983; Will
and Hefti 1985) or by the transplantation of fetal cholinergic neurons into the
hippocampus (Dunett et al. 1982; Low et al. 1982; Gage and Bjorklund 1986).
Although in patients the therapeutic benefit of cholinomimetics remains a
matter of debate (see Davies 1985; Collerton 1986; Hefti and Weiner 1986), at
least in rats cholinomimetic (ie. muscarinic) agonists do seem to have a
beneficial effect, not only on the performance of animals with septo-hip-
pocampal lesions, but also in subpopulations of aged rats with learning and
memory deficits (Bartus et al. 1982). These deficits are also improved by im-
plantation of fetal septal neurons into the hippocampus (Gage et al. 1984 a).
These experiments demonstrate that the cholinergic system of the basal
forebrain nuclei seems to be strongly involved in the learning deficits of the
animal models used. The available pathophysiological information from
Alzheimer patients, and the complementary information from animal ex-
periments, opens up interesting possibilities for the elucidation of the
pathophysiological causes of Alzheimer’s disease and potential new thera-
peutic approaches. The availability of cDNA probes for human NGF (Ullrich
et al. 1983), the possibility of producing human NGF by biotechnological
methods, the consequent production of specific antibodies against human
NGF, and the development of a specific enzyme immunoassay, are all prere-
quisites for an experimental approach to the question whether Alzheimer’s dis-
ease is actually associated with a deficit in the production of human NGF. If
such a deficit were found, it would also be necessary to postulate that as well
as a reduced production of NGF, there is also reduced production of other, un-
known neurotrophic factors acting on populations of neurons, which are also
affected by Alzheimer’s disease, but which are not responsive to NGF. Very
recently, during the preparation of this manuscript, Goedert et al. (1986) re-
ported that they could not find a difference in the mRNANYF in the brain of
Alzheimer patients as compared to age-matched controis.

With respect to the therapeutic consequences, the benefits of NGF ad-
ministration on learning deficits after experimental lesions of cholinergic
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systems suggest that, whatever the cause of the damage of the cholinergic
neurons is, an increased availability of NGF for these neurons, either by ex-
ogenous application or by stimulation of endogenous production, could be
substantial. Although the production of human NGF by biotechnological
methods is in principle possible and would eliminate potential immunological
pitfalls of a therapy with non-human NGF, such therapy would raise ethical
problems, which will not be discussed here. Beyond the ethical problems, the
intracerebral administration (Harbaugh 1986) of recombinant NGF is barely
practical in view of the large, and continuously increasing number of future
patients affected by Alzheimer’s disease. Particular attention, however,
should be paid to investigations aiming at the elucidation of the regulation
of the synthesis of endogenous NGF, and the possibilities of enhance this syn-
thesis by pharmacological procedures. Such a therapy seems to be particularly
promising for early stages of the disease, when affected neurons are not yet
irreversibly damaged and can be supported by an augmented supply of ex-
ogenously applied or endogenously produced NGF.
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