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Abstract

The effects .oanltering serotonin (5-HT) concentration on
physical exercise were investigated in adult, male, hooded rats.
The rats were trained to run on a treadmill at a -speed of 40
m/min, then subjected to an exhaustive run. Serotonin levels
were decreased by para-chlorophenylalanine (300 mg/kg;
intragastric) and increased by 5-HT (50 ug; intraventricular).
Rats with lowered 5-HT levels had a 30% increase in running time
to exhaustion whereas their controls only had a 1% increasé.
Elevating 5-HT 1levels decreased running time 44% whereas
appropiate controls had a 7% increase in running time. In some
animals the effect of exercise on 5-HT levels in the cerebellum,
medulla oblongata, hypothalamus, midbrain, striatum,
hippocampus, and cortex were measured. When compared to yoked,
shocked controls, exercised rats had no difference in the
absolute levels of 5-HT except for a lesser amount in ‘the
hypothalamus. These results suggest that although exercise did
not increase absolute 5-HT levels, changing resting levels of 5-

HT can markedly alter subsequent running time to exhaustion.
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INTRODUCTION

Based on a large number of studies, Trulson and Jacobs
(1979b) have put forward a hypothesis that cranial serotonin
modulates an animal's activity level ranging from sleep to
wakefulness to simple locomotor activity. They hypothesize that
low serotonin (5-HT) levels, which occur during sleep, promote
locomotor activity; high~5—HT levels occurring during prolonged
locomotor activity induce resting. This hypothesis suggests
that the modulatory effects of 5-HT serve as a safety mechanism
against over-stressing the organism with too little or too much
activity.

From a behavioural perspective, there is no reason why
Trulson and Jacobs' hypothesis should be limited to the range of
sleeping to walking. It 1is reasonable to infer that the
activity spectrum could be extended beyond walking to include
intense motor activity (exercise).

This extrapolation of Trulson and Jacobs' hypothesis to
include intense motor activity has obvious and readily testable
implications. The first 1is that the alteration of serotonin
levels should alter exercise performance. To date, there have
been no systematic studies which have altered serotonin levels
and recorded subsequent performance of intense motor activity.
However, Feldberg and Sherwood (1954) did make a peripheral
observation that serotonin (intraventricular) produced apparent
muscular weakness.

The second implication of extending Trulson and Jacobs'
hypothesis is that exercise should cause an increase in cranial

5-HT levels. Rats that are forced to exercise are confronted



with two different stresses: (1) the motor activity required and
(2) the deterring condition which augments the performance of
the exercise (eg. | an electric grid at the rear of a running
chamber or water immersion during swimming). Research by
Thierry et al (1968), demonstrates that mild electric shock
increases 5-HT levels in the brainstem. A few studies have
indicated that serotonin does increase during exercise (Barchas
and Freedman, 1963; Bliss, 1973; Romanowski, 1967; Romanowski
and Grabiec, 1974). These studies, however, used only sedentary
animals as controls and hence their data do not indicate whether
the increased 5-HT is the result of the shock, the exercisé, or
both. |

It is the purpose of this study to lower and raise
serotoninergic 1levels in the rat brain and record subsequent
running time to exhaustion. Furthermore, by determining 5-HT
concentration in various areas of the brain after exercise and
using non-exercised control rats that receive a shock regime
comparable to the exercised rats, it will be determined if 5-HT

levels do indeed increase during exercise.



METHODS

Subjects

The subjects were 48 adult male hooded rats obtained from
Charles River, Canada. The rats weighed 180-200 g at the time
of surgery and 220-240 g by the final test. The animals were
housed 1individually in wire mesh cages with free access to food
and water. The colony room was maintained on a normal 12:12
hour light:dark cycle.
Surgery

Nineteen of the 48 animals underwent surgery. Surgery was
performed wusing a Kopf stereotaxic instrument and sodium
pentobarbital anaesthesia (50 mg/kg). Bilateral 23 gauge
stainless steel cannulas were permanently implanted into the
lateral ventricles. The bevelled tips of the cannulas were
aligned posteriorly. The coordinates, based on the atlas of
Pelligrino and Cushman (1967), wére AP: -0.2, ML: *1.8, DV: -2.7
mm from the cortical surface. The upper incisor bar was set 5
mm above the interaural line.

When not in use the cannulas were capped with 30 gauge
stainless steel | plugs. ‘Animals were allowed 1 week of
‘postsurgical recovery.

Injections

To deplete serotonin, 10 animals were given an intragastric
injection of para-chlorophenylalanine (pCPA; 300 mg/kg; 30
mg/ml) while anaesthetized with ether. The pCPA was prepared
immediately before use by adding 0.1 ml-Tween 80 to the pCPA in
saline then homogenizing the solution. Ten controls received an

equivalent volume of vehicle. The injections were performed 3



days prior to the final exercise session. -

To increase cranial serotonin levels, 9 rats received a
bilateral intraventicular injection of serotonin creatinine
monophosphate (50 ug in 5 ul) through two 30 gauge injection
needles placed in the cannulas. A Sage Instruments pump, fitted
with two 50 wul syringes, injected the 5 ul over a period of 3
min 45 sec. Passage of 5-HT solution into the ventricles was
confirmed by the movement of a 1 ul bubble in the infusion line.

Serotonin creatinine monophosphate was dissolved in saline
and adjusted to a pH of 6.5 just prior to |use. Nine rats
received a similarly administered vehicle solution. |

Serotonin Analysis

After the final test session, designated animals were
quickly sacrificed by cervical dislocation. Their brains were
excised within 20 sec, cooled 1in ice water for 40 sec, and
divided into seven regions within 3 minutes. The 7 regions
were: the cerebellum, medulla oblongata, hypothalamus, striatum,
midbrain, hippocampus, and cortex according to the method of
Glowinski and Iversen (1966). Each brain region was put into a
plastic bag and frozen in dry ice and acetone, then stored at
-20°C for a maximum of 2 weeks. Each region was
spectrofluorometrically analyzed (Farand 810) for 5-HT content
using a modification o; the method of Curzon and Green (1970) as
recommended by Dr. A. Pearson (personal communication).
Apparatus

Locomotor activity was measured in a 60 x 60 x 60 cm grey
box with 3 cm of San-i-cel on the floor. The floor was divided

into 9 equal squares by marking the San-i-cel with ink. The



activity was recorded by an overhead camera and monitored on
television screen in an adjacent room. |

The motorized treadmill consisted of 3 running alleys 32 x-
10 x 10 cm, with the forward 14 cm painted black. The electric
grid, 12 x 10 cm, located at the rear of each running alley, was
2 cm below the running surface.

The control shock box was 35 x 13 x 35 cm, the floor being
an electric grid. Simultaneous electrification of the control
shock box grid and treadmill grid was attained by having a low
resistance photoelectric relay in line with the treadmill grid
and plugged into the external control of the shock generator
going to the control shock box.

Procedure

There were 6 groups of animals: the pCPA-injected group
(N=10), the control group for the pCPA-injected rats (N=10), the
serotonin-injected group (N=9), the controls for the serotonin
group (N=8), the yoked, shocked, control group (N=6), and the
sedentary group (N=3).

The four running groups (pCPA-injected, 5-HT-injected, and
their respective vehicle-injected controls) received the same
training regime and fatigue runs (Table 1). This entailed 3
days of training followed by a pretest fatiguing run at 40
m/min. Four days later, day 8, the rats performed their second
fatiguing run (posttest). A rat was considered fatigued if it
displayed a non-running response exceeding 8 seconds. The time
to exhaustion was recorded. Each yoked, shocked, control rat
was paired with a rat ffom the pCPA-injected control group.

Each time a pCPA-injected control rat was run, the paired rat in



TABLE 2

RUNNING TIMES TO EXHAUSTION

Group Fatigue 1 Fatigue 2
pCPA 810+£109 953189
control 832+132 871£179
5-HT 620112 408+127
control 603+134 604+128

Results are given as mean * S.E.M, in
seconds.



the yoked, shocked, control group was put in the control shoick
bok.

On day 5, one day after the first fatigue run (F1) the
pCPA-injected group and its control group received their
injection. Twenty-five minutes prior to the second fatigue run
(F2) 5-HT-injected group and its cohtrol group received their
injection.

The locomotor activity was vrecorded in 3 five minute
periods 20 minutes prior to F2,

To determine if cranial levels of serotonin change during
exhaustive exercise, rats from the shocked <control group and
selected rats from the controls for the pCPA-injected group were
immediately sacrificed after exhaustion. Their brains were
rapidly removed and later analyzed for serotonin.

Serotonin analysis was also done on a group of sedentary
rats as a comparison to the exercised and shock stressed rats.
This data was used for comparison to previous literature on the
subject.

Histology

A few days after F2 the rats from the 5-HT-injected group
and 1its control group were anaesthetized with sodium
pentobarbitol. The rats were then injected with 10 ul of India
ink over a 7 1/2 min period. Shortly after this their brains
were removed and fixed in formalin solution.

After fixing, the brains were frozen to -18°C 1in a
cryostat. Anterior and posterior to the cannulae placement,
coronal sections 90 wum thick were taken to verify ink

distribution throughout-the ventricles. At the 1level of the



placement 30 um sections were taken to further verify the

placement of the cannula tips.



RESULTS

Running Time

For animals injected with pCPA, the running to exhaustion .
tended to be longer than those injected with saline (see Table
2). To compare any change that occured from F1 to F2, the time
to exhaustion for F2 was expressed as a percentage of the time
to exhaustion for F1 (i.e., F2/F1 X100). The pCPA-injected
group showed an average increase in running time of 31% whereas
its control group only increased 1% (see fig. 1). A one-tailed
Student's t test for independent groups indicates the difference
between the 1injected and control group barely missed
significance (p<.06).

The running performance of the rats injected
intraventricularly with 5-HT decreased 44% whereas 1its control
group increased 7%; this was significant (p<.005).

Serotonin Analysis

Serotonin concentrations in each area of the brain examined
are given 1in Table 3. The exercise group showed no difference
when compared to its shocked control group except in the
hypothalamus. |

For  the exercise group, the medulla oblongata and
hypothalamus showed increases when compared to sedentary
controls., For the shocked control group, the medulla oblongata,
hypothalamus and midbrain showed increases when compared to
ﬁontrols. Whole brain 5-HT levels, obtained by pooling the
individual brain areas, were not significantly different between

groups.
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TABLE 1
EXERCISE REGIME

Day
Bout 1 2 3 4 8
1 5+18 22 24 24 21—=40-—-21
(1)(2) (2) (2) (2) (2)
2 21 25 30 33 40
(2) (2) (1) (1) (fatigue)
3 24 27 33 37
(2) (2) (1) (1)
4 25 29 35 .40
(2) (2) (1) (1)
5 40
(fatigue)

Table 1 gives the running speed (m/min) for each
bout of exercise. The duration of each bout of
exercise is given in brackets (min). There was a 10
min rest between each bout of exercise except for a
30 min rest between bout 4 and 5 of day 4.
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FIG. 1. Percent change in running time from Fi to F2
{means+*SEM). Black column {(pCPA group); striped column
5-HT group); cpen column (respective control group).
*=p<,06; **=p<,005.
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TABLE 3

SEROTONIN CONCENTRATIONS IN THE RAT BRAIN AFTER EXERCISE, SHOCKED CONTROL, AND SEDENTARY CONTROL
CONDITIONS

Brain Area

Behavioural Medultla
Condition Cerebellum Oblongata Hypothalamus Midbrain Striatum Hippocampus Cortex
Exercise .24+.02 .91+, {5a 1.58+.25bf 1.12+.21 .99+ .25 .78+ .17 .45+ .06
(6) (7) (7) - (7) (7) (7) (7)
Shocked .27+.03 1.02+.15d 1.93+.25be 1.18+ . 14c .90+ .18 .78+.10 .47+ .05
Control (5) (6) (6) (6) (6) (6) (6)
Sedentary .24+ .02 .71+.05ad 1.40+. 10ef .95+ .05c .85+.03 .66+ .02 .43+.02
(3) (3) (3) (3) (3) (3) (3)

Results are given as mean ug/g+S.D. The number of rats used is given in brackets.
a,b,c=p<.05; d=pl.01; e, f=pLl.001.

T
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Locomotor Activity

The. pCPA-injected group averaged 129 crdssings over the 15
min period. 1Its respective control averaged 127. Analysis of
variance of the locomotor activity divided into 5 min intervals
indicated no difference between groups (p>.80), a significant
effect of time (p<.001), and no significant interaction of the
groups by time (p>.60).

The 5-HT-injected group averaged only 80 <crossings in 15
min whereas 1its control averaged 157 crossings. Analysis of
variance showed a significant group effect (p<.001), a
significant time effect (p<.001), and a nonsignificant
interaction (p>.20).

Histology

In 5 of the 10 placements in the 5-HT-injected group ink
injections 1indicated that both cannula tips were located in the
ventricles. Four other animals in the 5-HT group had unilateral
placements in the ventricles and in 1 animal both <canula tips
werevlocated outside of the 3rd ventricle. This last animal was
not included 1in the statistical analysis. The 4 animals with
unilalteral placements were included in the statistical analysis
because there was no signicicant differences 1in their running
times (t=.64; p>.50) or their locomotor activity (F group=2.52,
p>.13; F groupXtime=,27, p>.75) when compared to animals with
bilateral placements.

The controls for the 5-HT-injected group had 6 bilateral
placements in the ventricles, 2 ﬁnilateral placements, and 1
animal that had neither cannula located in the ventricles. This

animal was discarded from the statistical analysis.
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‘DISCUSSION

The trend of the data does support the extension of Trulson
and Jacobs' hypothesis that 1lower 5-HT levels promote an
increase in the duration of fatiguing exercise. pCPA
injections, which lowered 5-HT levels, increased running time to
exhaustion by 30% when compared to controls., However, this
barely failed to reach significance (p<.06) hence a firm
conclusion cannot be made. Increasing 5-HT levels in the brain
caused the opposite effect: a significant decrease in running
time of 50% when compared to control animals.

Compared to sedentary controls the yoked, shocked controls
increased absolute ©&5-HT 1levels in the medulla oblongata,
hypothalamus, and midbrain. The exercised rats only had
increases 1in the medulla oblongata and hypothalamus.
Contrasting the serotonin levels of exercised rats and shocked
controls, only the hypothalamus revealed a significant
difference: the <concentration was elevated 1in the shocked
control animals. There was no differnece between any of the
groups when whole brain 5-HT levels were compared.

The results of the serotonin analysis is in agreement with
the literature. Thierry et al (1968), found small but not
always significant increases in 5-HT levels in the brain stem-
mesencephalon and in the whole brain. Serotonin levels may not
be higher during exercise because concurrent with the
acceleration of 5-HT synthesis there is an acceleration of 5;HT
catabolism, This is observed during minimal muscular exercise
(treadwhéel activity @3.7m/min) (Elo and Tirri, 1972) and during

foot shock (Bliss et al, 1968). The increased ‘catabolic
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activity may prevent a summation of 5-HT levels during compound
stresses creating a ceiling effect. The lack of summation is in
agreement with Heym, Trulson, and Jacobs (1982). These authors
found an excitation of serotoninergic neurones with phasic
auditory and visual stimuli but did not observe any summation
when the stimuli were presented simultaneously.

The effects of changing 5-HT levels on locomotor activity
were as expected. Although lowering 5-HT levels does increase
locomotor activity, the effect 1is only observed in familar
environments and not in novel situations (Mackenzie et al,
1978). Since 4the animals were not previously exposed to the
testing box, the similar scores for the pCPA-injected group and
its control group are not contradictory. In accordance with
other studies, the 5-HT injected group performed significantly
fewer crossings than did its control group (Green et al, 1976a}
Green et al, 1976b; Jacobs and Eubanks, 1974; Warbritton, 1978).

In conclusion, alterations of 5-HT can increase and
decrease the endurance time to physical exhaustion. The effect
can be predicted from extending Trulson and Jacobs' motor
activity spectrum to include exercise. A limitation of the
evidence is the failure to find any overall difference in 5-HT
levels when comparing exercised rats to yoked, shocked controls.
Thus although manipulation of serotonin levels produce the
predicted change in motor performance, it could not be
demonstrated that involuhtary exhaustive exercise will directly

produce changes in' the absolute levels of serotonin.
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REVIEW OF LITERATURE

1 Introduction

Although most studies relating fatigue and exercise
investigate only the peripheral locus, i.e., within the muscle,
there is other research to support an inhibitory effect at the
central level, i.e. within the central nervous system. Figure
1 is an extension of the hypothesis that serotonin (5-HT) 1is a
modulator of activity (Trulson and Jacobs, 1979b); the right end

has been extended to include intense locomotor activity.

REM SHORT

SLEEP WAVE QUIET TONIC

(ATONIA) SLEEP DROWSY WAKING . AROUSAL EXERCISE
0.1 0.9 1.9 2.3 2.8 4.0 2?7

/1117717777777 /7/77777 /117777077777 /2222222222
/7777777777777 77 - SIS/ /222222227
11110001777 ////////?22222222222
/117777 ////22222222227?
/17 D 227222722277

Figure 2. The motor activity spectrum including exercise as a
proposed extension. The numbers represent the firing
frequency (spikes/sec) of serotonin-containing
neurones., See text for further explanation.

Before this hypothesis can be accepted, the anatomical,
biochemical, pharmacological, physiological, and behavioural
literature relating 5-HT to modulatory functions and locomotor

activity must be reviewed.
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2 Serotonin as a Modulator

2.1 Introduction

It 1is generally accepted that the majority of serotonin's
effects are inhibitory. Some authors have expanded the role of
serotonin, suggesting it is a modulator of behaviourai aroﬁsal
(Harvey et al, 1975; Trulson and Jacobs, 1979b). When brain 5-
HT levels are high there 1is a concomitant decrease in motor
activity preventing a hyperactive state. Conversely, when
behavioural arousal 1is 1low, ©5-HT decreases; this results in
removal of inhibition of motor activity thus preventing
hypoactivity. This hypothesis implies that 5-HT acts to
maintain the organism's activity in the middle range of a motor
activity spectrum (see Figqg. 1) thus acting as a safeguard
against detremental extremes of activity. For Figure 1, the
amount of shaded area (/////) is proportional to behavioural
change that would be incurred by a maximal antagonizing change
in the serotoninergic system. An extension to the right, to
include exercise, has been added to the motor spectrum.

2.2 Anatomical Evidence

The now classical studies of Dahlstrom and Fuxe (1964;
1965) elucidated the anatomy of the serotoninergic pathways
within the central nervous system. The sources of cranial
serotonin are discrete nuclei within the caudal brainstem. The
authors labelled these nuclei, caudal to rostral, B1-B9. The
major, though not only, sources of the ascending serotoninergic
system are the B7 (dorsal raphe), B8 (median raphe), and 59
nuclei (Lorens, 1978; Ungerstedt, 1971). The descending system

originates mainly from B! (raphe obscurus), B2 (raphe pallidus),
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and B3 (raphe magnus) (Dalhstrom and Fuxe, 1965; Loewy and
Mckellar, 1981; Satoh, 1979; Tohyama et al, 1979; Ungerstedt,
1971). ‘

The ascending serotoninergic sysfem‘is as much diffuse as
it 1is topographical. It is a widely distributed, highly
collaterized, unmyelinated system (Moore et al, 1978). This |is
exemplified by immunohistochemiéal evidence indicating the
ascending serotoninergic system may contact every cell in the
cortex (Lidov et al, 1980). It is very likely that individual
serotoninergic neurones themselves account for the large arrays
of terminals and limited topography noted under autoradiography
(Moore et al, 1978).

2.3 Physiological Evidence

Although Figure 1 illustrates only the motor activity
spectrum, other activity spectra including biochemical and
physiological phenomena may also be modulated by serotonin.

.Moﬁt spontaneous fast-firing somatosensory neurones of the
cat are inhibited by electrophoretically applied 5-HT.
Conversely, most élow-firing neurones are excited by 5-HT. A
very high correlation of r=.98 was determined between the
percentage of cells depressed by. 5-HT and their spontaneous
firing rates (Szabadi et al, 1977). The action potentials of
cat lateral geniculate _néurones with large amplitudes are
decreased by 5-HT adminstration, while simultaneously, the

action potentials in individual neurones with low amplifudes are
increased by 5-HT administration directly into the nucleus

(Rinaldi et al, 1975). Within the systemic system, the vascular

response of the dog's gracilis muscle to 5-HT is found to be
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dependent upbn the initial level of vascular resistance (Emerson
et al, 1973). The resistance of vessels with a 1low baseline
resistance is increased whiie the converse is true for vessels
with a high vascular resistance.

Serotonin administration (into the solitary tract nucleus
or 1i.p.) causes a tranquilizing effect upon cortical'activity
(Key and Mehta, 1977; Monnier and Trissot, 1958). The dorsal
raphe nucleus (B7) and the median raphe nucleus (B8) may be
involved in this observation. The unit activity of the dorsal
raphe nucleus 1is inversely related to EEG synchronization
(Trulson and Jacobs, 1979a). Electrolytic 1lesioning of the
median raphe causes a persistent arousal in EEG pattern
(Kostowski et al, 1968; f969). Iontophoretic administration of
5-HT 1into the. deep neurones of the sensomotor cortex or
electrolytic stimulation of the median raphe inhibits the
cortical neurones (Sastry and Phillis, 1977b). These effects
are diminished by metergoline (a selective ©5-HT antagonist
(sastry and Phillis, 1977a)) and prolonged by fluoxetine (a
selective 5-HT uptake blocker (Wong et al, 1975)) (Sastry and
Phillis, 1977b). Reader (1980), has shown that the inhibition
resulting from 5-HT injection (10-'2M) 1into the <cortex lasts
over a time span of seconds through to minutes. This long
duration suggest that in addition to 1ionic changes, metabolic
and biochemical changes are also occurring.

Figure 1 illustrates the positive correlation between
serotonin neurone firing rate and motor activity. It 1is
possible to dissociaté atonia and REM sleep by lesioning by the

pontine tegmentum at the level of the locus coeruleus. When
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this dissociation is created, raphe uniit activity still remains
correlated to motor output (Trulson and Jacobs, 1981).

2.4 Behavioural Evidence

Injections (i.p. or intraventricularly) of low doses of
serotonin or its precursors, tryptophan and 5-hydroxytryptophan
(5-HTP), produce a sedation effect and apparent muscular
weakness in rats (Green et al, 1976a; Green et al, 1976b; Jacobs
and Eubanks, 1974; Warbritton, 1978), in cats (Feldberg and
Sherwood, 1954; Monnier and Tissot, 1958; Patkina and Lapin,
1976), and in monkeys (Raleigh et al, 1980). Decreasing
serotoninergic levels with injections of para-
chlorophenylalanine (pCPA), a specific inhibitor of serotonin
synthesis (Koe and Weissman, 1966), produces the reverse effect,
i.e., insomnia and 1increased locomotor activity in mice
(Chrusciel and Herman, 1969; Hutchins and Rogers, 1973), in rats
(Fibiger and Campbell, 1971; Jacobs et al, 1975; Kayser and
Hildwein, 1977; Mackenzie et al, 1978), and in monkeys (Raleigh
et al, 1980). Para-chlorophenylalanine blocks the conversion of
tryptophan to 5-HTP but does not effect the conversion of 5-HTP
to 5-HT (Koe and Weissman, 1966). One would therefore expect 5-
HTP administration to reverse the effect of pCPA whereas
tryptophan administration would have no: effect. Pujol et al
(1971), did find that 5-HTP antagonized the pCPA-induced
increase in locomotor activity and Raleigh et al (1980) found
that tryptophan did not affect pCPA-induced behavioural effects.
In rats, electrolytic lesions (Costall et al, 1976; Geyer, 1978;
Gulmulka et al, 1970; .Jacobs et al, 1874; 1975; Jacobs and

Cohen, 1976; Kostowski et al, 1968; 1976; Mackenzie et al, 1978;
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Srebro and Lorens, 1975) or 5,7-dihydroxytryptamine(5,7-DHT; a
serotonin neurotoxin) lesions (Deakin et al, 1979; Mackenzie et
al, 1978) of the median raphe nucleus elicit an increase in
spontaneous motor activity.

Some authors (Hole et al, 1976; Lorens et al, 1976) have
concluded that central serotoninergic fibres are not involved in
lesion-induced increases 1in spontaneous activity. Although
electrolytic 1lesions increase activity, more effective and
sbecific 5,7-DHT lesions do not. These authors tested activity
in the open field and not in the home cage. Mackenzie et al
(1978), wusing both environments when measuring locomotor
activity found the 5,7-DHT lesions increase activity only in the
home setting. The authors concluded that the home cage and
novel environment settings are not measuring the same type of
locomotion. This finding is not surprising since the behaviour
of rats in an unfamiliar environment is the result of a complex
interaction between fear and curiosity (Blanchard et al, 1974).

Semenova et al (1981), took a different approach to
investigating 5-HT and locomotor activity. Instead of altering
5-HT levels and recording subsequent motor activity, these
- authors grouped rats according to their activity level and
measured cranial 5-HT in each group. Their results indicate the
larger the ratio of cort}cal to caudal brainstem 5-HT
concentration the more passive a rat would be.

There are only a few studies that have altered 5?HT levels
in human subjects and have recorded some aspect of muscular

performance. The subjects used in these studies are wusually

prisoners or people with neurological disorders. Myoclonus is a
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movement disorder characterized by involuntary , irregular
contraction of muscles. When 5-hydroxyindolacetic acid (S-HIAA;
serotonin's major metabolite) is measured the cerebral spinal
fluid of people with myoclonus, the levels are found to be
reduced. Treatment of this disorder with G5-HTP plus a
decarboxylase inhibitor dramatically decreases the frequency and
intensity of myoclonic contractions (Van Woert and Sethy, 1975).
With reference to human motor activity, one study indicated that
22 out of 25 children that were hyperactive had low levels of
blood 5-HT (Coleman, 1971).

As noted above there are many studies relating changes in
cranial serotonin levels to locomotor activity. These studies
have generally found that 1low <cranial serotoninergic levels
increase locomotor activity while high serotoninergic levels
inhibit locomotor activity. However, very few studies have
investigated the role of serotonin under activity conditions
more intense than general walking behaviour.

The first study of the relation between 5-HT level and
exercise reported very significant increases (P<.001) in cranial
5-HT, in the rat, immediately following 15-30 min of swimming
(Barchas and Freedman, 1963). Significant increases (p<.05) in
5-HT after longer durations of swimming or running wheel
activity were also recorded.

The most significant work in relating 5-HT to the stress of
physical exercise has been performed by Romanowski and co-
workers. Romanowski and co-workers built their studies upon the
finding of a substance, extracted from the brains of resting

rats, which inhibits acetylcholine actions (Pataky and Pfeifer,
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1955; Pfeifer and Pataky, 1955). Similar brain‘extracts from
exercised fats inhibit acetylcholine-stimulated frog rectus
trunci muscle and, when injected intraperitoneally, make rats
drowsy and immobile (Romanowski and Janota-Lukaszewska, 1967).
It was subsequently found that the brain 5-HT concentration
increases in the exerciséd rat, and that 5-HT mimics the effect
of the extract on frog rectus trunci muscle at concentrations
comparable to those found 1in the brain (Romanowski, 1967;
Romanowski and Grabiec, -1974). Ruled out as biochemical bases
for the effects of the inhibitory extract are lactate, sodium,
calcium, potassium, aspartic acid, ethanolamine, serine,
glycine, alanine, 1lysine, threonine, leucine, ' isoleucine,
valine, acetylcholine, lipids, anuerin, AMP, ADP, ATP,
histamine, adrenaline, substance P, and choline (Pfeifer and
Pataky, 1955; Romanowski, 1967; Romanowski and Janota-
Lukaszewska, 1967).

Exploring possible mechanisms of serotonin's inhibitory
action, Romanowski and Grabiec (1979) found that 5-HT and the
extract inhibit an ig'giggg oxidative reaction and that 5-HT
hyperpolarizes brain cell surface potentials.

Relative to rest, spontaneous activity increases the
cranial level of dopamine's major metabolite, homovanillic acid
(HVA), in mice. There 1is no change in the cranial levels of
serotonin's major metabolite, 5-hydroxyindolacetic acid (HIAA).
Under the more phasic condition of swimming (1 hr) there 1is an
increase in both HVA and HIAA levels, indicating an increase in

the turnover of dopamine and 5-HT respectively (Bliss, 1973).
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3 Serotonin Interactions With Other Neurotransmitters

3.1 Introduction

The role of 5-HT in behavioural arousal has also been
approached by integratihg the serotoninergic system with the
catecholaminergﬁc system. In 1954, Hess postulated two
competing systems: (1) an ergotropic system "which is coupled
with energy expenditure” and (2) a trophotropic system which is
for "protection and restitution" (Hess, 1954; p60). Later
noradrenaline (NA) was postulated to be the chemical médiating
the ergotropic responses and 5-HT to be the chemical mediating
trophotropic responses (Brodie and Shore, 1957).

Numerous experiments have investigated the ergotropic and
trophotropic systems individually and these supported Brodie and
Shore's hypothesis. Review articles conclude that any
experimental tool that increases the <cranial activity of
noradrenaline or dopamine (DA) or both typically enhances
behavioural arousal, of which locomotor activity was one index.
Conversely, any method that diminishes the functién of these
catecholamines produces a decrease in locomotor activity
(Schildkraut and Kety, 1967; Wéiss and Laties, 1969). Evidence
for serotonin's role in the trophotropic system has already been
discussed (see section 2 inclusive).

A serotoninergic system that inhibits catecholamine arousal
(dopamine and noradrenaline were not investigated individually)
is inferred from the observations that (1) 5-HT depletion via
pCPA increases behavioural arousal, (2) pCPA potentiates arousal
induced by amphetamines (catecholamine stimulants), (3) 5-HTP

reverses the increase in behavioural arousal induced by pCPA,
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(4) 5-HTP eliminates the potentiation of amphetamine-induced
arousal by pCPA, and (5) pCPA treatment augments behavioural
arousal 1induced by reserpine (a potent depletor of biogenic
amines) (Mabry and Campbell, 1973). Increésing 5-HT levels by
5-HT infusion to the lateral ventricle (Warbritton, 1978),
administering 1l-tryptophan (i.p.) (Hollister et al, 1976),
treatment with pargyline (an inhibitor of monoamine oxidation)
(Hollister et al, 1974) or decreasing 5-HT levels by lesioning
of the median and dorsal raphe nuclei (Carey, 1976; Neill et al,
1972), using a tryptophan free diet (Hollister et al, 1976), and
administration of pCPA (Hollister et al, 1974; Hollister et al,
1976) support Mabry and Campbell's findings that there 1is a
serotoninergic system that inhibits amphetamine-induced arousal.
Similar effects are also obtained using 5,6-dihydroxytryptamine
(75ug; intracisternal) (a potent and specific serotoninergic
neurotoxin with the effect delimited to the CNS when
administered in this manner (Baumgarten et al, 1971)) which
further indicates that the locus of serotoninergic inhibition of
amphetamine-induced arousal is probably central (Breese et al,
1974). |

A combination of harmine and apomorphine induces an extreme
catecholaminergic arousal. This arousal, typified by wviolent
jumping, can be potentiated by pCPA or methysergide (a serotonin
blocker) and reduced by 5-HT treatment (Takashi and Kuga, 1981).

Cliniéal studies also 1indicate a serotonin-catecholamine
_interactidn. Minimal brain dysfunction is symptomized 1in part
by hyperkinetic behaviour, outbursts of aggressive acts, and

failure to respond to reprimand or punishment. A review by
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. Brase and Loh (1975), relating G5-HT and catecholamines to
minimal brain dysfunction (especially the symptom of
hyperactivity) concludes there is an inhibitory serotoninergic
system controlling catecholaminergic arousal. With regards to
other symptoms of minimal brain dysfunction serotonin is thought
to (1) 'subserve a punishment function by inhibiting normal
catecholamine goal-directed reward systems (Stein and Wise,
1974; Wise et al, 1973) and (2) inhibit‘aggressive behaviour
(Albert and Walsh, 1982). 1In mice treated with pCPA, aggressive
behaviour has been significantly correlated with gross motor
behaviour (Matte and Tornow, 1978).

3.2 Serotonin Interaction with Noradrenaline

3.2.1 Introduction

Gromova et al, (1976; p149), pointed out that there is a
"remarkable similarity in the distribution of the terminals and
axons which proceed from serotoninergic and noradrenergic
neurones and give rise to tracts both ascending to the forebrain
and descending to the spinal cord....also some common
enzymes...participate in the metabolism of serotonin and
noradrenalin." From this the authors concluded there must be a
functional interrelationship between these two monoamines.

3.2.2 Anatomical Evidence

Anatomical studies supply physical evidence for the
connections between the locus coeruleus (the main source of
noradrenergic perikarya) and serofoninergic.nuclei. The use of
horse radish peroxidase, degeneration, 'and‘ autoradiography
indicate the 1locus coeruleus receives afferent input from

serotoninergic nuclei (Bobillier et al, 1976; 1979; Conrad et al
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, 1974; Morgane and Jacobs, 1979; Sakai et al, 1976). &also, 5-
HT vcontaining terminals (107/mm?3) have been indentified in the
" locus coeruleus (Leger and Decarries, 1978; Pickel et al, 1977).
The reverse, catecholamine terminals contacting serotoninergic
neurones in raphe nuclei, has been demonstrated via fluorescence
(Dalhstrom and Fuxe, 1964; Fuxe, 1965).

3.2.3 Biochemical and Physiological Evidence

Biochemical analysis has demonstrated high levels of
noradrenaline in the source nuclei of 5-HT as well as high
levels of 5-HT in the source nuclei of noradrenaline (Saaverda
et al, 1976).

Lesioning of the dorsal raphe nucleus decreases 5-HT levels
in the locus coeruleus (McRae-Degueurce et al, 1982; Palkolvits
et al, 1977). Depletion of 5-HT by pCPA (Crespi et al, 1980;
McRae-Degueurce et al, 1982), by 5,6-DHT (McRae-Degueurce et al,
1982; Pujol et al, 1979; Renaud et al, 1975), or by electrolytic
lesioning of the dorsal réphe (DR) or median raphe (MR) nuclei
(Lewis et al, 1976; McRae-Dequeurce et al, 1582), increases the
activity of the NA synthesis enzymes, tyrosine hydroxylase and
dopamine-b-hydroxylase, in the locus coeruleus. The increased
enzymatic activity is greatly reduced if 5-HTP is simultaneously
administered with pCPA, suggesting an antagonism of the
catecholaminergic system by 5-HT (Crespi et al, 1980). The
reverse has also been indicated, i.e., catecholaminergic
antagonism of the serotoninergic system, by the observation that
S—HT synthesis and wutilization increases 1in the cortex,

brainstem, mesencephalon, and cerebellum after an intracisternal

injection of the catecholamine neurotoxin 6-hydroxydopamine (6~
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OHDA) - (Blondaux et al, 1973). Aiso, the infusion of the
catecholamine precursor 3,4-dihydroxyphenylalanine (1-DOPA; 20mg
i.p.) causes an increase in noradrenaline levels and a decrease
in 5-HT 1levels 1in the cortex and hypothalamus (Gromova et al,
1976). The reciprocal interaction between G5-HT and NA is
further supported by (1) noting an increase in the NA metabolite
3-methoxy-4-hydroxy-phenylglycol sulphate after -electrolytic
lesioning of the midbrain raphe nuclei and (2) observing an
increase 5-HIAA after bilateral lesioning of the locus coeruleus
(Kostowski et al, 1974). Injections (i.p.) of the powerful
dopamine-b-hydroxylase ihhibitor, 1-phenly-3-(2-thiazolyl)-2-
thiourea, caused a 79-98% depletion of noradrenaline levels in
the brain, including the serotoninergic raphe nuclei.
Concurrent with the noradrenaline depletion there was an
increase in serotonin levels in the medial raphe nucleus and the
raphe magnus (Saaverda et al, 1976) and in the whole brain
(Johnson et al, 1972). No change in 5-HT levels were observed
in the dorsal raphe (Saaverda et al, 1976). 1In rat hippocampal
slices, NA 1inhibits the depolarization-induced 5-HT release.
This process 1is thought to occur directly via o&-receptors
(Frankhuyzen and Mulder, 1980).

At the épinal level, fluorescence techniques have indicated
a concentration of 5-HT terminals in the sympathetic lateral
column (Carlsson et al, 1964). Stimulating the raphe paliidus
or raphé obscurus and recordiné the effect on sympathetic
outflow at the thoracic level indicates the function -of these
serotoninergic terminals 1is one of inhibition (Gilbey et al,

1981). Coote and Macleod (1974), found that although 5-HTP
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(intravenous) had no effect on spontaneous sympathetic renal
nerve activity, 5-HTP did depress reflex activity of the nerve.
This observation illustrates the phasic nature of serotonin
modulation in many 1instances. A change in the state of the
system to be modulated had to occur before an antagonistic
change 1in the serotoninergic system could have a significant
effect.

There are studies that indicate the serotonin-noradrenaline
interaction is not reciprocal. Noradrenaline terminals present
in the dorsal raphe mediate a tonically active adrenergic
influence upon which the firing of serotoninergic cells depend.
The impairment of noradrenergic transmission by reserpine
(Baraban et al, 1978) or 1low doses (30ug/kg) of clonidine
(svensson et al, 1975) reduces serotoninergic cell firing and
noradrenergic cell firing. Serotoninergic cell activity is also
suppressed by the systemic administration of drugs which block
adrenergic activity (Baraban and Aghajanian, 1980; Gallager and
Aghajanian, 1976). Furthermore microiontophoretically applied
adrenergic agonists can reduce the suppression caused by alpha
adrenergic antagonisfs (Baraban et al, 1978; Baraban and
Aghajanian, 1980; Svensson et al, 1975). This data, recorded
from anaesthetized animals, 1led Aghajanian and co-workers to
conclude there is a tonic nofadrenergic input (in the dorsal
raphe) which drives 5-HT cell firing. However, Heym et al
(1980), have shown that even with noradrenergic transmission
impaired, the serotoninergic system still functions in a state

dependent manner,.
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3.2.4 Behavioural Evidence

As noted earlier in section 2.4, -increésing 5-HT levelé
attenuate motor activity and decreésing 5-HT levels promote
motor activity. The revérse is true for noradrenline.
Depletion of noradrenaline levels with disulfiram (Goldstein et
gl; 1964) or 6-OHDA (Laverty and Taylor, 1970) decrease motor
activity. Increasing cranial noradrenaline levels by injection
of the neurotransmitter (50ug-3mg) into the third ventricle or
cisterna magna produces wakefulness and excitation (Cordeau et
al, 1971),

Intraventicular injections of 6-OHDA (200ug) decrease NA
levels by 70-80% in the dorsal raphe, median raphe, and raphe
magnus (Saaverda et al, 1976). Six—hydroxydobamine administered
in this manner also decreases locomotor activity, yet 5,6-DHT
injectiong (intraventricularly) do not cause the opposite
effect. If the two neurotoxins are édministered simultaneously
there is no <change in locomotor activity. These results led
Richardson et al, (1974) to conclude the decreased motor
activity caused by 6—OHDA§is due to an increase in 5-HT levels
and not the decrease in NA levels. The above observations once
more indicate a phasic nature of serotonin.

Miller and Maickel (1969), altered 5-HT and NA levels in
rats and observed the effects on a continuous  avoidance
response. The benzoquinolizine, Ro 4-1284 (a drug that releases
both 5-HT and NA, 5-HT being released in greater quantitieé),
causes behavioural depression of the avoidance task. pCPA had
no effect on the task. However, pCPA treatment prior to Ro 4-

1284 reversed the effects of Ro 4-1284 treatment. The authors
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concluded it is the balance of free 5-HT/NA that is the deciding
factor iﬁ the Ibehavioural depression induced by
benzoquinolizines. It should again be noted that activation of
the noradrenergic system was required before alteration of the
serotoninergic system could have an effect.

3.3 Serotonin Interaction with Dopamine

3.3.1 Introduction

The relationship that Gromova et al (1976) 1indicated
between serotonin and noradrenaline (see 4.3.2.1) is also true
for serotonin and dopamine in the brain. Ascending tracts of
serotcninergic | ahd dopaminergic neurones terminate in the
neostriatum and 1limbic forebrain. Monoamine oxidase is
responsible fér the oxidation of 5-HT and DA. High
concentrations of both monoamines are found in the source nuclei
of 5-HT and DA. Hence one must accept the possibility of a
functional interrelationship between serotonin and dopamine.

3.3.2 Anatomical Evidence

There are two major ascending dopaminergic pathways: the
nigro-neostriatal pathway (including the substantia nigra and
superior colliculs) and the mesolimbic dopamine system
(including the medial accumbens and tuberculum olfactorium)
(Anden et al, 1966; Ungerstedt, 1971). Early studies of the
anatomy of serotoninergic and dopaminergic systems indicate
common areas of termination including the neostriatum and limbic
forebrain (Anden et al, 1966). Localized injections of
horseradish peroxidase and *H-leucine provide strong evidence

for a dorsal raphe nucleus projection (Fibiger and Miller, 1977;

Moore et al, 1978) and a median raphe nucleus projection
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 (Bobillier et al, 1979; bray»g& al, 1976; Moore et al, 1978) to
the substantia nigra (SN; a major source of cranial dopamine).
This coincides with the observatioﬁ of large number of
serotoninergic fibres forming axo-dendritic synapses within the
SN (Parizek et al, 1971). A large number of catecholamine
terminals can also be seen on the surface of 5-HT producing
neuronal perikarya (Dalhstrom and Fuxe, 1964; Fuxe, 1965).

3.3.3 Biochemical and physiological evidence

Biochemical and physiological techniques are wused to
substantiate an interaction between the source nuclei of DA and
5-HT. Within the SN there are substantial concentratioﬁs of 5-
HT (Palkovits et al, 1974; Palkovits et al, 1977) and high
tryptophan hydroxylase activity (Brownstein gE. al, 1975).. 1In
the serotoninergic raphe nuclei (B1-B9) dopamine concentrations
are high and levels of tyrosine hydroxylase are of the same
order of magnitude as tryptophan hydroxlase (Saaverda et al,
1976). Electrolytic' (Fibiger and Miller, 1977) or 5,7-DHT
(Deakin et al, 1979) lesioning of the DR decreases nigral and
striatal 5-HT content. Stimulation of the DR inhibits unit
activity 1in the SN; this effect is blocked by pCPA pretreatment
(Fibiger and Miller, 1977) and mimicked by 5-HT application into
the striatum (Davies and Tongroach, 1978). However, pCPA
treatment alone does not alter DA utilization in the mesolimbic
nor nigro¥striatal systems (Fibiger and Miller, 1977). These
observations led the authors to conclude the inhibitory
serotoninergic projection from the DR influences dopaminergic

cells in the SN in a phasic but not a tonic manner.

This phasic nature of serotoninergic influence on dopamine
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may explain the negative fidnings of Gumulka et al (1970) and
Rommelspacher and Strauss, (1980). These authors fouhd that
electrolytic lesions in the DR or MR do not alter the striatal
dopamine content.

Serotonin-dopamine interaction has also been 6bserved under
more tonic conditions. Serotonin uptake inhibitors potentiate
and 5-HT receptor blockers antagonize the increased dopamine
metabolism induced by haloperidol (Waldmeier et al, 1979).
Unilateral 1injections of 5,7-DHT into the SN cause an
ipsilateral 1increase 1in striatal DA turnover (Giambalvo and
Snodgrass, 1978). Chronic treatment with pCPA or metergoline
(Roberge, 1979) or electrolytic lesioning of the dorsal and
median raphe nuclei (Herve et al, 1979; 1981) enhance dopamine
utilization in the nucleus accumbens. Electrical stimulation of
the MR causes, mainly, the depression of single neurone activity:
in the SN (Dray et al, 1976). Microiontophoretically applied 5-
HT to the SN produces mainly inhibition of neuronal activity
(Dray et al, 1976). Discrete electrolytic lesions of the MR
décfease 5-HT 1in the SN and increase striatal dopamine levels
(Dray et al, 1976). 5,7-DHT injections into the MR decrease 5-
HT wuptake 1in the SN (Giambalvo and Snodgrass, 1978). The data
collected by these authors strongly suggest a direct inhibitory
pathway from .the MR to the SN that influences nigro-striatal
dopaminergic activity. Unilateral lesions of the DR decrease 5-
HT and 5-HIAA and increase dopamine metabolism in the
ipsilateral SN (Nicolaou et al, 1979). Unilateral lesfons of

the MR produced similar effects in.the corpus striatum (Nicolaou

t al, 1979). The authors concluded that the DR and MR send
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projections differentially to the SN and corpus striatum,
respectively, which exert tonic inhibition of DA metabolism.
Nigral dopamine administration (10-7M) decreases 5-HT in the
caudate putamen and SN and similar application of alpha-
methylparatyrosine (a dopamine depletor) has the opposite effect
(Hery et al, 1980). In an in wvitro striatal synaptosome
preparation, 3uM 5-HT depresses dopamine synthesis from tyrosine
(Andrews et al, 1978). |

Somewhat contrary to the above results, evidence presented
by Lyness and Moore (1981) does not support a 5-HT-DA
interaction. These authors recorded an increase in d-
amphetamine- and apomorphine-induced locomotor activity after
5,7-DHT injections into the lateral cerebral ventricle or the
nucleus accumbens septi but did not find a concurrent change in
dopaminergic neurone activity as indicated the DOPAC
concentration or 1-DOPA accumulation.

3.3.4 Behavioural Evidence

Motor activity is reduced by electrolytic lesions of the SN
(Gumulka et al, 1970) and by bilateral 6-OHDA lesions in
dopamine's mesolimbic system (Koob and Robins, 1979).
Stimulation of central dopamine receptors by apomorphine (i.p.)
induces hyperactivity in rats (Grabowska and Michaluk, 1974;
Westermann et al, 1976). Serotoninergic depletion by pCPA
(i.p.) or 5,6-DHT (injected into the MR) enhances the
hyperactivity. Serotoninergic elevation with harmine (a
monoamine oxidase inhibitor) pretreatment reduces the
apomorphine-induced hypermotility and the extra enhancement

caused by pCPA or 5,6-DHT (Westermann et al, 1976). An
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enhancement of apomorpﬁine— and d-amphetamine-induced locomotion
is also observed after injections of 5,7-DHT into the lateral
ventricle or bilaterally 1into the nucleus accumbens septi
(Lyness and Moore, 1981). The authors also concluded the
enhanced activity was not due to a change in dopaminergic
activity as determined by 3,4-dihydroxyphenylacetic acid
concentrations and 1-DOPA accumulation.

A dose-dependent increase in locomotor activity is produced
by injections of dopamine into the nucleus accumbens (Carter and
Pycock, 1979; Costéll et al, 1976; Costall et al, 1980;
Pijnenburg et al, 1976). Serotonin injections, at the same
site, reduce locomotor activity (Carter and Pycock, 1973;
Costall et al, 1976; Jones et al 1981; Pijnenburg et al, 1976).
Electrolytic median raphe 1lesions enhance dopamine-induced
hyperactivity and markedly decrease the threshold and maximal
doses of dopamine (Costall et al, 1976). Serotonin injections
into the nucleus accumbens, of rats pretreated with dopamine
into the same site, causes an immediate reduction in motor
activity (Costall et al, 1976).

Serotonin also interacts with dopamine stimulated activity
in the nigro-striatal system. 6-OHDA lesions of the SN (the
origin of DA perikarya for the nigro-striatal system), although
not affecting apomorphine-induced hyperlocomotion, does prevent
further augmentation of the hyperactivity induced by 5,6-DHT
lesions (Westermann et al, 1976).

Lesioning of the superior colliculus (part of the nigro-
striatal system) and observing the effects upon amphetamine-

induced locomotor activity, Pope et al (1980) concluded the
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nigro-striatal system is not necessary for the increased
locomotor behaviour- induced by amphetamine. However, a review
by Cole (1978) concludes that both the mesolimbic and nigro-
striatal dopamine systems are involved in amphetamine-induced
locomotor activity and that inhibition of these systems inhibits

the amphetamine-induced locomotion.
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4 Possible Loci and Mechanisms by Which Serotonin May Inhibit

Physical Activity

4,1 Introduction

The possible 'mechénisms discussed, by which serotonin may
inhibit physical activity, are those in the literature that have
a reasonable documented basis. It should not be assumed that
any of the possible loci and mechanisms are mutually exclusive.

4.2 Thermoregulation

The 1integrity of the monoamine system is vital for correct
functioning of the hypothalamus in temperature regulation
(Cronin and Baker, 1977; Jacob and Girault, 1979; Woolf et al,
1975). Many aspects of the role of 5-HT 1in thermoregulation
remain to be elucidated. Conflicting observations due to
species, drug dosage, and site of injection have been reported
(see Clark and Clark (1980) and Jacob and Girault (1979) for an
extensive review). The conflicting data may, 1in part, be
elucidated by the proposition that 5-HT synapses in the rostral
and caudal portions of the hypothalamus of cats mediate
functionally opposing thermoregulatory effects (Komiskey and
Rudy, 1977). This may explain the finding that DR lesions
.decrease catecholamine activity in the hypothalamus whereas MR
lesions increase catecholamine activity in the hypothalamus
(Rommelspacher and Strauss, 1980). Certain 5-HT pathways do act
to increase heat loss and decrease heat production (Bligh et al,
1971). It is known that, in the rat, an increase in ambient
temperature causes an increase in 5-HT turnover and

intraventricular injections of 5-HT cause a decrease in core
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temperature (Feldberg and Lotti, 1967; Jacob and Girault, 1979;
Weiss and Aghajanian, 1971). In anesthetized cats, most
neurones in and around caudal midbrain raphe nuclei increased
there firing frequency within 30 sec when the temperature was
increased 5°C by water thermodes (Cronin and Baker, 1977)

During high intensity exercise the fast twitch £fibres of
the active muscle "are preferentially recruited (Essen and
Kayser, 1976; Gillespie et al, 1974; Gollnick et al, 1974;
Karlsson and Komi, 1976). If the exercise 1is not of high
intensity or exhaustive, fasﬁ twitch fibres will not be
activated. These fast twitch, glycolitic fibres are responsible
for the major portion of muscle temperature increase (Bolstad
and Ersland,‘1978). Here 5-HT, potentiaily, can function as
dual safety mechanism for an animal performing high intensity
exercise. Firstly, 5-HT can inhibit the motor activity thus
reducing the organism's heat production. Secondly, 5-HT can
stimulate heat loss, reducing the organism's core temperature.

4.3 Inhibition of Cortical Neurones

Lidov et al (1980) investigated the ascending
serotoninergic pathways of the B7-B9 nuclei using a new and very
sensitive immunohistological procedure. These researchers found
such a ubiquitous array of 5-HT terminals in the cerebral cortex
as to state "the raphe neurones may contact every cell in the
cortex" (p.207). Ontologically, high concentrations  of
serotonin are preéent in the motor cortex at birth and in the
early stages of postnatal development in the rat. These levels
slowly decrease to adult levels (Uzbekov et al, 1979).

Stimulation of the DR, in anaesthetized rats, causes a
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frequency-dependent release of 5-HT in the parietal cortex
(Fujiwara, 1981). Electrophoretic, iontophoretic, arterial
injection, and dorsal and median raphe stimulation studies
indicate  serotonin  has inhibitory (Bloom et al, 1973;
Frederickson et al, 1972; Huang and Marrazzi, 1973; Johnson et
al, 1970; Olpe, 1981; Phillis et al, 1968a; Reader et al, 1979;
Reader, 1980; Sastry and Phillis, 1977b; Sharma, 1977) or both
excitatory and inhibitory effects (Szabadi et al, 1977) upon
cortical neurones. Although the exact location of the cortical
neurones were not always stated, the inhibitory effects of 5-HT
were observed in the posterior cruciate cortex (Frederickson et
al, 1972), the deep neurones of the sensomotor cortex (Sastry
and Phillis, 1977b; Szabadi et al, 1977) and pyramidal,
pericruciate cortex cells (Huang and Marrazzi, 1973).

Kostowski et al, (1968) showed that electrolytic lesioning
of the MR nucleus causes (1) a decrease of forebrain 5-HT and 5-
HIAA levels, (2) an 1increased in general. activity, (3) the
establishment of a persistent EEG arousal pattern, and (4) an
increase in spontaneous motor activity. More recent lesion
studies have confirmed that the MR nucleus is responsible for
the increased locomotor activity observed in rats when the
ascending pathways are lesioned (Geyer, 1978; Jacobs et al,
1974; Jacobs and Cohen, 1976; Lorens, 1978).

The hippocampus is thought to play a major role in
mediating the effects of median raphe lesions. Anatomical data
indicates that there are two distict pathways of ﬁedian raphe

fibres to the hippocampus: one pathway 1is supracallosal

travelling with the c¢ingulum bundle and the other is
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- infracallosal associating with the fornix-fimbria system
(Azmitia and Segal, 1978). Later; Azmitia (1981) used
horseradish peroxidase and °3*H-5-HT in a double labelling
technique to show that the DR also has an efferent pathway to
the hippocampus. Research by Pasquier and Reinoso-Suarez (1977)
indicates the dorsal raphe efferents terminate primarily in the
dorsal hippocampus whereas the median raphe projects neurones
throughout the entire hippocampus.

A comparison of DR and MR lesions indicate that only MR
lesions significantly decrease hippocampal serotonin (Geyer,
1978; Geyer et al, 1976; Herr and Roth, 1976; Jacobs et al,

1974: Keller et al, 1977; Lorens and Guldberg, 1974; Trimbach as

indicated by Mabry and Campbell, 1973; Van de Kar and Lorens,
1979) whereas DR lesions have little effect on hippocampal 5-HT
levels (Geyer, 1978; Jacobs et al, 1974; Keller et al, 1977;
Lorens and Guldberg, 1974; Trimbach according to Mabry and
Campbell, 1973; Van de Kar and Lorens, 1979). Cont;arily,
Deakin et al (1979) showed that 5,7-DHT lesions of the DR and MR
produced similar decreases in hippocampal 5-HT levels and
Rommelspacher and Strauss, (1980) found thermal lesions of DR
also decrease hippocampal 5-HT although.not nearly to extent as
MR lesions, |
Approximately ninety percent of hippocampal pyramidal cells
are inhibited by iontophoretic administrationlof 5-HT and 40% of
hippocampal pyramidal cells are inhibited by median raphe
stimulation l(Segal, 1975; 1980; 1981). 1In vitro studies also
support 5-HT inhibition of hippocampal cells. Serotonin caused

hyperpolarization of all ‘rat CA1 hippocampal cells studied in
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vitro (Cobbett and Cottrell, 1980). The hyperpolarization is
believed caused by activation of potassium channels (Segal,
1980).

Contrarily, Hole et al (i977) found that lesioning the
mesencephalic medial serotoninergic bundle (the major ascending
serotoninergic system) with 5,7-DHT had no effect dn motor
activity. However, the motor activity was measured 20 days
after lesioning and by this time regeneration of some 5-HT
neurones (Svendgaard et al, 1975; Wiklund et al, 1978) or
increases in 5-HT sensitivity (Blackburn et al, 1981; Seeman et
al, 1980; Stewart et al, 1976;-Trulson and Jacobs, 1978), or
both, could have occurred. The locomotor activity was also
measured in the open field—an environment not conducive to
measuring activity in 5-HT depleted animals (see section 2.4).

The observations that prior hippocampectomy blocké the
ability of pCPA or electrolytic lesions to produce hyperactivity
(Jacobs et al, 1975) provides strong evidence for hippocampal
involvement in serotoninergic modulation of activity.

4.4 Action on Spinal Motorneurones

The posterior raphe nuclei (B1-B3) are the major source of
descending serotoninergic tracts which terminate in the spinal
cord. Minor contributions of descending 5-HT neurones come from
B5, B7, B8, and B9 (Bowker et al, 1981; Satoh, 1979; Shimizu et
él,_1981; Tohyama gﬁ al, 1979).

Serotonin concentrations are highesf in spinal segments
that contain motorneurones which innervate the limbs (Anderson;
1972). Moreover, using microassay, microdissection,' and

fluorescence techniques it was determined that the ventral
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horns, the location of motorneurbne perikarya, have ﬁhe highest
5-HT concentration ih the spinal cord (Anderson and Holgerson,
1966; Carlsson et al, 1964; Oliveras et al, 1977; Segu and
Calas, 1978). It is postulated that the source of the high 5-HT
levels in the ventral horn is from descending serotoninergic
neurone terminals directly contacting alpha motorneurones
(Dalhstrom and Fuxe, 1965; Naftchi et al, 1972; Torskaya and
Goloborodo'ko, 1977; Ungerstedt, 1971). Spinal cord transection
produces diminished amounts of 5-HT below the transection
indicating the source of 5-HT to be of brain origin (Anderson,
1972; Naftchi et al, 1972; Oliveras et al, 1977).

Only a few studies have attempted to elucidate the effects
of 5-HT on motorneurones and the results are conflicting.
Extracellular application of 5-HT (150nA; iontophoretic) or
noradrenaline (100nA) to spinal motorneurones causes membrane
polarization suggesting both transmitters act as inhibitory
agents (Phillis et al, 1968b). The serotonin antagonists
cinanserin and methysergide abolish long latencies of ventral
root potentials evoked by brainstem stimulation indicating a
tonic inhibition of motorneurone potentials (Proudfit and
Anderson, 1973). Contrarily, it has been noted that G5-HTP
(75mg/kg; i.v.) (Myslinski and Anderson, 1978) or 5-HT (.16M;
iontophoretic) (Barasi and Roberts, .1974; White and Neuman,
1980) 1increases the excitability of spinal motorneurones.
Perhaps elucidating these confradictory results Komissarov and
Abramets (1980) reported that low concentrations of 5-HT (10-5M)
depolarize spinal motorneurones whereas high concentrations

(10-%-10-3M) hyperpolarize motorneurones.
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4.5 Air Ionization

Another possible mechanism of 5-HT . action | is air
ionization. With a high barometer there 1is a decrease of
positive ions in the air (Schreiber, 1967). Positive ionization
of ambient air increases blood and cranial 5-HT and, likewisé,
negative iohization decreases blood and cranial 5-HT (Krueger et
al,1966; Krueger and Kotaka, 1969). Negative ionization also
decreases cortical 5-HT levels (Diamond et al, 1980). With
regard to these 'observations, one would expect a rising
barometer to increase spontaneous activity and a falling
barometer to decrease spontaneous activity. This 1is what
happens according to Krueger'and Smith (1960).

In'rats, there is an increase in ©5-HIAA excretion after
negative ionization treatment (Olivereau, 1971). It 1is
postulated that negative 1ionization accelerates enzymatic
oxidation of 5-HT thus decreasing bodily 5-HT levels (Olivereau,
1971). The mechanism by which positive ions increase blood S—HT
is believed via a cation exchange. The release of 5-HT from
blood cells such as mast cells énd platelets 1is via a
displacement of positive ions into the cells causing 5-HT to be
released from the cells into the blood stream (Unvas, 1978).

Further evidence supporting a relationship between air
ionization and 5-HT is as follows:

(1) negative ions have been shown to decrease alpha wave
frequency 2-4Hz, 1increase EEG amplitude, 1increase
spread of alpha waves, increase synchronization of EEG
between hemispheres, increase alertness, and increase

working capacity (Assael et al, 1974).
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(2) negative 1ions have been shown, 1is some cases, to
increase muscular endurance in rats (Olivereau, 1973).

(3) weather conditions that augment positive ionization and
increase 5-HT cause the Serotonin Irritation Syndrome in
about one third of the human population (Sulman et al,
1975). This syndrome, as manifested by headaches,
dizziness, and irritation of the respiratory péthways,
is relieved by treatment with negative air ionization.
This syndrome can be induced, 1in humans, by treatment
with positive ions (Winsor and Bechett, 1958).

(4) negative ions increase oxygen uptake of isolated mouse

liver cells (Bhartendu and Menon, 1978).

It 1is a possibility that the increased pressure and
temperature that take place in the 1lungs and muscles during
exercise will increase blood 5-HT enough to cause a significant
physiological effect on muscular performance.

4.6 Serotoninergic Inhibition at Motor Endplates

Serotonin decreases the electrophysiological and associated
mechanical responses of acetylcholine applied to the frog
neuromuscular Jjunction (Akasu et al, 1981; Colomo et al, 1968;
Hirai et al, 1981; Magazanik et al, 1976 according to Akopyan et
al, 1980; Romanowski, 1967). Serotonin ,in itself, does not
alter the postsynaptic membrane conductance but 1is able to
impair the acetylcholine-activation of ionic channels (Magazanik
et al, 1976) by reducing the affinity of acetylcholine to the
recognition site of acetylcholine receptors (Hirai et al, 1981).

The concentration of 5-HT required is the same as found in the

brain extracts of exercised rats (Romanowski, 1967).
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4.7 Serotoninergic Inhibition of Glucocorticosteroid Action

Adrenalectomy decreases running wheel time. Synthetic
corticosterone treatment of adrenalectomized réts results in an
immediate increase in running wheel activity (Moberg and Clark,
1976; Pedersen-Bjergaard and Tonnesen, 1954). The rise in
glucocorticosteriod secretion during the late resting phase
results in an increase in glycogen catabolism—yielding fuel for
the subseguent activity phase. Elimination of the
‘serotoninergic innervation to the suprachiasmatic nuclei (SCN)
of the hypothalamus either via electrolytic lesion of B7 and B8
nuclei or destruction of 5-HT neurones in the SCN by 5,7-DHT
(tug in 1ul) treatment, decreases adrenocorticotropic hormone
(ACTH) amplitudes and levels and increases corticosterone
amplitudes and levels (Szafarczyk et al, 1980). Concurrent with
the increase in corticosterone above control levels, the
locomotor activity of the animal was also elevated relative to
controls for both 1lesion procedures. There was no change in
either the phase relationship of the corticostercid or the ACTH
circadian rhythm to the light-dark cycle (Balestrery and Moberg,
1976; Szafarczyk et al, 1980). Electrical stimulation of
midbrain raphe nuclei reduces the stress induced increase of
plasma corticosterone—an effect that is blocked by methysergide
(a 5-HT antagonist) (Kovacs et al, 1976). These observations
led Kovacs et al (1976), to speculate the existence of
serotoninergic inhibition of hypothalamo—pituitary—
adrencortical activation in rats.

The 5-HT-corticosterone interaction may also exist in the

reverse direction. Normally, it appears corticosterone mediates
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a negative feedback ‘mechanism on serotonin. Bilateral
adrenalectomy and concurrent decreases in corticosterone levels
elevates brain tryptophan levels but decreases the
concentrations of cranial 5-HT and 5-HIAA (Miller et al, 1980;
Sze, 1976). The locus of action for this effect is probably
tryptophan hydroxylase, for bilateral adrenalectomy also
decreases tryptophan hydroxylase activity and 5-HT uptake. This
effect is reversed with corticosteriod treatment (Azmitia et al,
1970; Dekloet et al, 1982; Sze,‘1976; Vermes, 1976). Increases
in corticosteroids augment tryptophan uptake and its subsequent
metabolism to 5-HT (Sze, 1976). Sze (1976), concludes that
corticosteriods have a fast action wupon 5-HT by regulating
tryptophan uptake and a slow action on 5-HT by regulation of
tryptophan hydroxylase activity. Vermes et al (1976), goes even
further, suggesting that corticosteroid hormones might play a
modulatory role in maintaininé a certain functional activity
level of central serotoninergic neurones.

The locus of the negative feedback of corticosteroids upon
the serotoninergic system may occur in the raphe nuclei, or even
the hippocampus. Twenty to thirty percent of the small blood
vessels in the DR and MR have direct apposition with
seroténinergic perikarya and dendrites (Felten and Crutcher,
1979). Histochemical fluorescence and pharmacological
manipulation provide strong support for the existence of 5-HT
terminals in the supra-ependymal layer of the lateral cerebral
ventricles (Richards et al, 1973). The hippocampus, which
borders the ventral surface of the lateral ventricles, has the

highest corticosteriod uptake and binding capacity of any
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structure in the brain (Grosser et al, 1973; McEwen et al,
1969).

The possibility of a b5-HT-corticosterone interaction
influencing motor activity is strongly documented.

4.8 Serotoninergic Inhibition of Adrenal Tyrosine Hydroxylase

Lesioning of the adrenal medulla reduces the time to
exhaustion in 1long duration exercise (Richter et al, 1981).
Prior to and during exercise, sympathetic activity releases
adrenaline and noradrenaline from the adrenal glands into the
blood stream. These catecholamines markgdly enhance
glycogenolysis mediated by motor nerve activity (Richter el al,
1981). This enhancement can come about via stimulating
glycogenolysis (Mayer, 1970), stimulating calcium release from
the sarcoplasmic reticulum (Mayer et al, 1970), stimulating
lipolysis (Carlson, 1965; Newsholme and Start, 1973; Fizack,
1965; Séﬁimmel, 1976), stimulating muscle (Na+,K+)-ATPase (Cheng
et al, 1977; Flatman and Cléusen, 1978), stimulating substrate
cycling in the muscle (Newsholme, 13976) and inhibiting glycogen
synthesié (Mayer, 1970). The force of contraction 1is also
facilitated by catecholamines, but only in fas; twitch fibres
and only by beta adrenergic stimulation (Holmberg et al, 1979).

The key regulatory enzyme for synthesizing these
sympathetic hormones 1is tyrosine hydroxylase (TQH) (Nagatsu et
al, 1964). There 1is a slight (18%), though significant,
increase in adrenal TOH activity following 5-HT depletion with
pCPA (Breese et al, 1974). If the TOH activity is increased via

chronic amphetamine administration prior "to pCPA treatment,

there is a very large increase (100%) in TOH activity (Breese et
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al, 1974; Hollister et al, 1974). These observations indicate
that 5-HT inhibition of catecholamine synthesis in the adrenals
is much greater when the catecholamine system is activated.
Most likely, the central nervous system mediates the effects of
pCPA, Central serotoninergic neurones inhibit sympathetic
outflow from the spinal cord (Coote and Macleod, 1974) and
adrenal TOH activity (Quirk and Sourkes, 1977). Furthermore, 5-
HT has been 1localized in the cytoplasm and nucleus of adrenal
medulla cells (Csaba and Sudar, 1978). The authors -elucidating
the serotoninergic action on the adrenal medulla used a time
scale of days for their observations. On a shorter time scale,
i.e. during exercise of a long duration, adrenal production of
catecholamines is inhibited (Matlina, 1976). The possiblity
that B5-HT may inhibit adrenal tyrosine hydroxylase during
exercise must be considered.

4.9 Other Possible Loci of Inhibition

Other possible loci where 5-HT may have 1its inhibitory
effect on locomotor activity have already been discussed in
section 3. The loci include the dopaminergic nigro-striatal and

mesolimbic systems and the locus coeruleus.
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5 Conclusions

Numerous investigative pfocedures have documented serotonin
as a -modulator. Anatomically, 5-HT neurones are unmyleinated,
highly collateralized, and have a large number of terminal
aborations. Many direct contacts are made between 5-HT cell
bodies and the circulatory system. There is a vast array of 5-
HT terminals lining the ventricles. Biochemically, 5-HT and
tryptophan hydroxylase are found within the ergotropic system;
contrarily NA, DA, and their synthesis enzymes are found within
the trophotropic system. Physiologically, the tonic low firing
rate of 5-HT neurones and their long temporal effects are not
conducive to an on-off system. Pharmacologically, the many
drugs that have been used to alter the state of the ergotropic
and trophotropic systems support the modulatory influence that
5-HT has upon the ergotropic system. Behaviourally, increases
or decréases in serotoninergic functioning cause the reciprocal
effect in locomotor activity. Considering the above, it appears
the serotoninergic system is better suited for functioning in
modualtory capacity—setting the response levels of innervated
neurones to modify input from other neurones, rather than an on-
off system of information processing.

One can speculate that a modulator that opposses either
extreme of acéivity (be the activity biochemical, physiological,
or behavioural in nature) to have a stronger modulatory
influence at the extremes of an activity continuum. The
numerous instances of serotonin modulation under phasic
conditions only (Breese et al, 1974; Coote and Macleod, 1974;

Fibiger and Miller, i977; Miller and Maickel, 1969; Richardson
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et al, 1974), support this hypothesis.

The studies mentioned in this review lead me to a similar
conclusion as Heym, Trulson, and Jacobs (1982): since the
activity of 5-HT neurones is influenced by- and 1influences the
output of rcentral motor systems and that these cells are also

responsive to sensory input suggest 5-HT plays a modulatory role

in sensomotor integration.
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