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A b s t r a c t 

The e f f e c t s of a l t e r i n g s e r o t o n i n (5-HT) c o n c e n t r a t i o n on 

p h y s i c a l e x e r c i s e were i n v e s t i g a t e d i n a d u l t , male, hooded r a t s . 

The r a t s were t r a i n e d t o run on a t r e a d m i l l a t a speed of 40 

m/min, then s u b j e c t e d t o an e x h a u s t i v e r u n . S e r o t o n i n l e v e l s 

were d e c r e a s e d by p a r a - c h l o r o p h e n y l a l a n i n e (300 mg/kg; 

i n t r a g a s t r i c ) and i n c r e a s e d by 5-HT (50 ug; i n t r a v e n t r i c u l a r ) . 

R a t s w i t h lowered 5-HT l e v e l s had a 30% i n c r e a s e i n r u n n i n g time 

t o e x h a u s t i o n whereas t h e i r c o n t r o l s o n l y had a 1% i n c r e a s e . 

E l e v a t i n g 5-HT l e v e l s d e c r e a s e d r u n n i n g time 44% whereas 

a p p r o p i a t e c o n t r o l s had a 7% i n c r e a s e i n r u n n i n g t i m e . In some 

a n i m a l s the e f f e c t of e x e r c i s e on 5-HT l e v e l s i n the c e r e b e l l u m , 

m e d u l l a o b l o n g a t a , hypothalamus, m i d b r a i n , s t r i a t u m , 

hippocampus, and c o r t e x were measured. When compared t o yoked, 

shocked c o n t r o l s , e x e r c i s e d r a t s had no d i f f e r e n c e i n the 

a b s o l u t e l e v e l s of 5-HT except f o r a l e s s e r amount i n the 

hypothalamus. These r e s u l t s suggest t h a t a l t h o u g h e x e r c i s e d i d 

not i n c r e a s e a b s o l u t e 5-HT l e v e l s , changing r e s t i n g l e v e l s of 5-

HT can markedly a l t e r subsequent r u n n i n g time t o e x h a u s t i o n . 
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INTRODUCTION 

Based on a l a r g e number of s t u d i e s , T r u l s o n and Jacobs 

(1979b) have put f o r w a r d a h y p o t h e s i s t h a t c r a n i a l s e r o t o n i n 

modulates an a n i m a l ' s a c t i v i t y l e v e l r a n g i n g from s l e e p t o 

w a k e f u l n e s s t o s i m p l e locomotor a c t i v i t y . They h y p o t h e s i z e t h a t 

low s e r o t o n i n (5-HT) l e v e l s , which o c c u r d u r i n g s l e e p , promote 

locomotor a c t i v i t y ; h i g h 5-HT l e v e l s o c c u r r i n g d u r i n g p r o l o n g e d 

locomotor a c t i v i t y induce r e s t i n g . T h i s h y p o t h e s i s s u g g e s t s 

t h a t the mo d u l a t o r y e f f e c t s of 5-HT s e r v e as a s a f e t y mechanism 

a g a i n s t o v e r - s t r e s s i n g the organism w i t h too l i t t l e or too much 

a c t i v i t y . 

From a b e h a v i o u r a l p e r s p e c t i v e , t h e r e i s no reason why 

T r u l s o n and J a c o b s ' h y p o t h e s i s s h o u l d be l i m i t e d t o the range of 

s l e e p i n g t o w a l k i n g . I t i s r e a s o n a b l e t o i n f e r t h a t the 

a c t i v i t y spectrum c o u l d be extended beyond w a l k i n g t o i n c l u d e 

i n t e n s e motor a c t i v i t y ( e x e r c i s e ) . 

T h i s e x t r a p o l a t i o n of T r u l s o n and Jacobs' h y p o t h e s i s t o 

i n c l u d e i n t e n s e motor a c t i v i t y has o b v i o u s and r e a d i l y t e s t a b l e 

i m p l i c a t i o n s . The f i r s t i s t h a t the a l t e r a t i o n of s e r o t o n i n 

l e v e l s s h o u l d a l t e r e x e r c i s e performance. To d a t e , t h e r e have 

been no s y s t e m a t i c s t u d i e s which have a l t e r e d s e r o t o n i n l e v e l s 

and r e c o r d e d subsequent performance of i n t e n s e motor a c t i v i t y . 

However, F e l d b e r g and Sherwood (1954) d i d make a p e r i p h e r a l 

o b s e r v a t i o n t h a t s e r o t o n i n ( i n t r a v e n t r i c u l a r ) produced apparent 

muscular weakness. 

The second i m p l i c a t i o n of e x t e n d i n g T r u l s o n and Jac o b s ' 

h y p o t h e s i s i s t h a t e x e r c i s e s h o u l d cause an i n c r e a s e i n c r a n i a l 

5-HT l e v e l s . Rats t h a t a re f o r c e d t o e x e r c i s e a r e c o n f r o n t e d 
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w i t h two d i f f e r e n t s t r e s s e s : (1) the motor a c t i v i t y r e q u i r e d and 

(2) the d e t e r r i n g c o n d i t i o n which augments the performance of 

the e x e r c i s e (eg. an e l e c t r i c g r i d a t the r e a r of a r u n n i n g 

chamber or water immersion d u r i n g swimming). Research by 

T h i e r r y e t a l ( 1 968), d emonstrates tha,t m i l d e l e c t r i c shock 

i n c r e a s e s 5-HT l e v e l s i n the b r a i n s t e m . A few s t u d i e s have 

i n d i c a t e d t h a t s e r o t o n i n does i n c r e a s e d u r i n g e x e r c i s e (Barchas 

and Freedman, 1963; B l i s s , 1973; Romanowski, 1967; Romanowski 

and G r a b i e c , 1974). These s t u d i e s , however, used o n l y s e d e n t a r y 

a n i m a l s as c o n t r o l s and hence t h e i r d a t a do not i n d i c a t e whether 

the i n c r e a s e d 5-HT i s the r e s u l t of the shock, the e x e r c i s e , or 

b o t h . 

I t i s the purpose of t h i s study t o lower and r a i s e 

s e r o t o n i n e r g i c l e v e l s i n the r a t b r a i n and r e c o r d subsequent 

r u n n i n g time t o e x h a u s t i o n . F u r t h e r m o r e , by d e t e r m i n i n g 5-HT 

c o n c e n t r a t i o n i n v a r i o u s a r e a s of the b r a i n a f t e r e x e r c i s e and 

u s i n g n o n - e x e r c i s e d c o n t r o l r a t s t h a t r e c e i v e a shock regime 

comparable t o the e x e r c i s e d r a t s , i t w i l l be d e t e r m i n e d i f 5-HT 

l e v e l s do i n d e e d i n c r e a s e d u r i n g e x e r c i s e . 
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METHODS 

S u b j e c t s 

The s u b j e c t s were 48 a d u l t male hooded r a t s o b t a i n e d from 

C h a r l e s R i v e r , Canada. The r a t s weighed 180-200 g a t t h e time 

of s u r g e r y and 220-240 g by the f i n a l t e s t . The a n i m a l s were 

housed i n d i v i d u a l l y i n w i r e mesh cages w i t h f r e e a c c e s s t o food 

and water. The c o l o n y room was m a i n t a i n e d on a normal 12:12 

hour l i g h t : d a r k c y c l e . 

S u r g e r y 

N i n e t e e n of the 48 a n i m a l s underwent s u r g e r y . S u r g e r y was 

performed u s i n g a Kopf s t e r e o t a x i c i n s t r u m e n t and sodium 

p e n t o b a r b i t a l a n a e s t h e s i a (50 mg/kg). B i l a t e r a l 23 gauge 

s t a i n l e s s s t e e l c a n n u l a s were permanently i m p l a n t e d i n t o the 

l a t e r a l v e n t r i c l e s . The b e v e l l e d t i p s of the c a n n u l a s were 

a l i g n e d p o s t e r i o r l y . The c o o r d i n a t e s , based on the a t l a s of 

P e l l i g r i n o and Cushman (1967), were AP: -0.2, ML: ±1.8, DV: -2.7 

mm from the c o r t i c a l s u r f a c e . The upper i n c i s o r bar was s e t 5 

mm above the i n t e r a u r a l l i n e . 

When not i n use the c a n n u l a s were capped w i t h 30 gauge 

s t a i n l e s s s t e e l . p l u g s . A n i m a l s were a l l o w e d 1 week of 

p o s t s u r g i c a l r e c o v e r y . 

I n j e c t i o n s 

To d e p l e t e s e r o t o n i n , 10 a n i m a l s were g i v e n an i n t r a g a s t r i c 

i n j e c t i o n of p a r a - c h l o r o p h e n y l a l a n i n e (pCPA; 300 mg/kg; 30 

mg/ml) w h i l e , a n a e s t h e t i z e d w i t h e t h e r . The pCPA was p r e p a r e d 

i m m e d i a t e l y b e f o r e use by a d d i n g 0.1 ml Tween 80 t o the pCPA i n 

s a l i n e then homogenizing the s o l u t i o n . Ten c o n t r o l s r e c e i v e d an 

e q u i v a l e n t volume of v e h i c l e . The i n j e c t i o n s were performed 3 
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days prior to the f i n a l exercise session. 

To increase c r a n i a l serotonin l e v e l s , 9 rats received a 

b i l a t e r a l intraventicular inj e c t i o n of serotonin creatinine 

monophosphate (50 ug in 5 ul) through two 30 gauge i n j e c t i o n 

needles placed in the cannulas. A Sage Instruments pump, f i t t e d 

with two 50 ul syringes, injected the 5 u l over a period of 3 

min 45 sec. Passage of 5-HT solution into the v e n t r i c l e s was 

confirmed by the movement of a 1 ul bubble in the infusion l i n e . 

Serotonin creatinine monophosphate was dissolved in saline 

and adjusted to a pH of 6.5 just prior to use. Nine rats 

received a s i m i l a r l y administered vehicle solution. 

Serotonin Analysis 

After the f i n a l test session, designated animals were 

quickly s a c r i f i c e d by c e r v i c a l d i s l o c a t i o n . Their brains were 

excised within 20 sec, cooled in 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 

p l a s t i c 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 of the method of Curzon and Green (1970) as 

recommended by Dr. A. Pearson (personal communication). 

Apparatus 

Locomotor a c t i v i t y was measured in a 60 x 60 x 60 cm grey 

box with 3 cm of San-i-cel on the f l o o r . The floor was divided 

into 9 equal squares by marking the San-i-cel with ink. The 
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a c t i v i t y was" r e c o r d e d by an overhead camera and m o n i t o r e d on 

t e l e v i s i o n s c r e e n i n an a d j a c e n t room. 

The m o t o r i z e d t r e a d m i l l c o n s i s t e d of 3 r u n n i n g a l l e y s 32 x 

10 x 10 cm, w i t h the f o r w a r d 14 cm p a i n t e d b l a c k . The e l e c t r i c 

g r i d , 12 x 10 cm, l o c a t e d a t the r e a r of each r u n n i n g a l l e y , was 

2 cm below the r u n n i n g s u r f a c e . 

The c o n t r o l shock box was 35 x 13 x 35 cm, the f l o o r b e i n g 

an e l e c t r i c g r i d . S i m u l t a n e o u s e l e c t r i f i c a t i o n of the c o n t r o l 

shock box g r i d and t r e a d m i l l g r i d was a t t a i n e d by h a v i n g a low 

r e s i s t a n c e p h o t o e l e c t r i c r e l a y i n l i n e w i t h the t r e a d m i l l g r i d 

and p l u g g e d i n t o the e x t e r n a l c o n t r o l of the shock g e n e r a t o r 

g o i n g t o the c o n t r o l shock box. 

P r o c e d u r e 

There were 6 groups of a n i m a l s : the pCPA-^ i n j e c t e d group 

(N=10), the c o n t r o l group f o r the p C P A - i n j e c t e d r a t s (N=10), the 

s e r o t o n i n - i n j e c t e d group (N=9), the c o n t r o l s f o r the s e r o t o n i n 

group (N=8), the yoked, shocked, c o n t r o l group (N=6), and the 

s e d e n t a r y group (N=3). 

The f o u r r u n n i n g groups ( p C P A - i n j e c t e d , 5 - H T - i n j e c t e d , and 

t h e i r r e s p e c t i v e v e h i c l e - i n j e c t e d c o n t r o l s ) r e c e i v e d the same 

t r a i n i n g regime and f a t i g u e runs ( T a b l e 1 ) . T h i s e n t a i l e d 3 

days of t r a i n i n g f o l l o w e d by a p r e t e s t f a t i g u i n g run a t 40 

m/min. Four days l a t e r , day 8,- the r a t s performed t h e i r second 

f a t i g u i n g run ( p o s t t e s t ) . A r a t was c o n s i d e r e d f a t i g u e d i f i t 

d i s p l a y e d a non-running response e x c e e d i n g 8 seconds. The time 

t o e x h a u s t i o n was r e c o r d e d . Each yoked, shocked, c o n t r o l r a t 

was p a i r e d w i t h a r a t from the p C P A - i n j e c t e d c o n t r o l group. 

Each time a p C P A - i n j e c t e d c o n t r o l r a t was r u n , the p a i r e d r a t i n 



TABLE 2 

RUNNING TIMES TO EXHAUSTION 

Group F a t i g u e 1 F a t i g u e 2 

pCPA 810±109 953189 
c o n t r o l 8321132 8711179 

5-HT 6201112 4081127 
c o n t r o l 6031134 6041128 

R e s u l t s a r e g i v e n as mean 1 S.E.M. i n 
seconds. 
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the yoked, shocked, c o n t r o l group was put i n the c o n t r o l s h o i c k 

box. 

On day 5, one day a f t e r the f i r s t f a t i g u e run (F1) the 

p C P A - i n j e c t e d group and i t s c o n t r o l group r e c e i v e d t h e i r 

i n j e c t i o n . T w e n t y - f i v e minutes p r i o r t o the second f a t i g u e run 

(F2) 5 - H T - i n j e c t e d group and i t s c o n t r o l group r e c e i v e d t h e i r 

i n j e c t i o n . 

The locomotor a c t i v i t y was r e c o r d e d i n 3 f i v e minute 

p e r i o d s 20 minutes p r i o r t o F2. 

To d e t e r m i n e i f c r a n i a l l e v e l s of s e r o t o n i n change d u r i n g 

e x h a u s t i v e e x e r c i s e , r a t s from the shocked c o n t r o l group and 

s e l e c t e d r a t s from the c o n t r o l s f o r the p C P A - i n j e c t e d group were 

i m m e d i a t e l y s a c r i f i c e d a f t e r e x h a u s t i o n . T h e i r b r a i n s were 

r a p i d l y removed and l a t e r a n a l y z e d f o r s e r o t o n i n . 

S e r o t o n i n a n a l y s i s was a l s o done on a group of s e d e n t a r y 

r a t s as a comparison t o the e x e r c i s e d and shock s t r e s s e d r a t s . 

T h i s d a t a was used f o r comparison t o p r e v i o u s l i t e r a t u r e on the 

s u b j e c t . 

H i s t o l o g y 

A few days a f t e r F2 the r a t s from the 5 - H T - i n j e c t e d group 

and i t s c o n t r o l group were a n a e s t h e t i z e d w i t h sodium 

p e n t o b a r b i t o l . The r a t s were then i n j e c t e d w i t h 10 u l of I n d i a 

i n k over a 7 1/2 min p e r i o d . S h o r t l y a f t e r t h i s t h e i r b r a i n s 

were removed and f i x e d i n f o r m a l i n s o l u t i o n . 

A f t e r f i x i n g , the b r a i n s were f r o z e n t o -18°C i n a 

c r y o s t a t . A n t e r i o r and p o s t e r i o r t o the c a n n u l a e placement, 

c o r o n a l s e c t i o n s 90 urn t h i c k were t a k e n t o v e r i f y ink 

d i s t r i b u t i o n throughout the v e n t r i c l e s . At the l e v e l of the 
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p l a c e m e n t 30 urn s e c t i o n s were t a k e n t o f u r t h e r v e r i f y t h e 

p l a c e m e n t o f t h e c a n n u l a t i p s . 
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RESULTS 

R u n n i n g T ime 

F o r a n i m a l s i n j e c t e d w i t h pCPA, t h e r u n n i n g t o e x h a u s t i o n 

t e n d e d t o be l o n g e r t h a n t h o s e i n j e c t e d w i t h s a l i n e ( s e e T a b l e 

2 ) . To compare any c h a n g e t h a t o c c u r e d f r o m F1 t o F 2 , t h e t i m e 

t o e x h a u s t i o n f o r F2 was e x p r e s s e d as a p e r c e n t a g e o f t h e t i m e 

t o e x h a u s t i o n f o r F1 ( i . e . , F 2 / F 1 X 1 0 0 ) . The p C P A - i n j e c t e d 

g r o u p showed an a v e r a g e i n c r e a s e i n r u n n i n g t i m e o f 31% w h e r e a s 

i t s c o n t r o l g r o u p o n l y i n c r e a s e d 1% ( s e e f i g . 1 ) . A o n e - t a i l e d 

S t u d e n t ' s t t e s t f o r i n d e p e n d e n t g r o u p s i n d i c a t e s t h e d i f f e r e n c e 

b e t w e e n t h e i n j e c t e d and c o n t r o l g r o u p b a r e l y m i s s e d 

s i g n i f i c a n c e ( p < . 0 6 ) . 

The r u n n i n g p e r f o r m a n c e o f t h e r a t s i n j e c t e d 

i n t r a v e n t r i c u l a r l y w i t h 5-HT d e c r e a s e d 44% w h e r e a s i t s c o n t r o l 

g r o u p i n c r e a s e d 7%; t h i s was s i g n i f i c a n t ( p < . 0 0 5 ) . 

S e r o t o n i n A n a l y s i s 

S e r o t o n i n c o n c e n t r a t i o n s i n e a c h a r e a o f t h e b r a i n e x a m i n e d 

a r e g i v e n i n T a b l e 3. The e x e r c i s e g r o u p showed no d i f f e r e n c e 

when c o m p a r e d t o i t s s h o c k e d c o n t r o l g r o u p e x c e p t i n t h e 

h y p o t h a l a m u s . 

F o r t h e e x e r c i s e g r o u p , t h e m e d u l l a o b l o n g a t a and 

h y p o t h a l a m u s showed i n c r e a s e s when c o m p a r e d t o s e d e n t a r y 

c o n t r o l s . F o r t h e s h o c k e d c o n t r o l g r o u p , t h e m e d u l l a o b l o n g a t a , 

h y p o t h a l a m u s a n d m i d b r a i n showed i n c r e a s e s when c o m p a r e d t o 

c o n t r o l s . Who le b r a i n 5-HT l e v e l s , o b t a i n e d by p o o l i n g t h e 

i n d i v i d u a l b r a i n a r e a s , were n o t s i g n i f i c a n t l y d i f f e r e n t be tween 

g r o u p s . 
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TABLE 1 
EXERCISE REGIME 

Day 

Bout 1 2 3 4 8 

1 5+18 22 24 24 2 1 ^ 4 0 — 2 1 
( 1 ) ( 2 ) (2) (2) (2) . (2) 

2 21 25 30 33 40 
(2) (2) (1) (1) ( f a t i g u e ) 

3 24 27 33 37 
(2) (2) (1) (1) 

4 25 29 35 40 
(2) (2) (1 ) (1 ) 

5 40 
( f a t i g u e ) 

T a b l e 1 g i v e s the r u n n i n g speed (m/min) f o r each 
bout of e x e r c i s e . The d u r a t i o n of each bout of 
e x e r c i s e i s g i v e n i n b r a c k e t s ( m i n ) . There was a 10 
min r e s t between each bout of e x e r c i s e except f o r a 
30 min r e s t between bout 4 and 5 of day 4. 
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FIG. 1. P e r c e n t change i n r u n n i n g time from F1 t o F2 
(means±SEM). B l a c k column (pCPA g r o u p ) ; s t r i p e d column 
(5-HT g r o u p ) ; open column ( r e s p e c t i v e c o n t r o l q r o u p ) . 
*=p<.06; **=p<„005. 



TABLE 3 

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

Brain Area 

Behavioural Medulla 
Condition Cerebellum Oblongata Hypothalamus Midbrain Striatum Hippocampus Cortex 

Exerc 1 se .24+.02 .91+. 15a 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=p<.01; e.f=p<.001. 



13 

Locomotor A c t i v i t y 

The pCPA-injected group averaged 129 crossings over the 15 

min period. Its respective control averaged 127. Analysis of 

variance of the locomotor a c t i v i t y divided into 5 min intervals 

indicated no difference between groups (p>.80), a s i g n i f i c a n t 

e f f e c t of time (p<.00l), and no s i g n i f i c a n t interaction of the 

groups by time (p>.60). 

The 5-HT-injected group averaged only 80 crossings in 15 

min whereas i t s control averaged 157 crossings. Analysis of 

variance showed a s i g n i f i c a n t group effect (p<.00l), a 

s i g n i f i c a n t time effect (p<.00l), and a nonsignificant 

interaction (p>.20). 

Hi stology 

In 5 of the 10 placements in the 5-HT-injected group ink 

injections indicated that both cannula tip s were located in the 

ve n t r i c l e s . Four other animals in the 5-HT group had u n i l a t e r a l 

placements in the ventricles and in 1 animal both canula t i p s 

were located outside of the 3rd v e n t r i c l e . This l a s t animal was 

not included in the s t a t i s t i c a l analysis. The 4 animals with 

u n i l a l t e r a l placements were included in the s t a t i s t i c a l analysis 

because there was no signicicant differences in their running 

times (t=.64; p>.50) or their locomotor a c t i v i t y (F group=2.52, 

p>.13; F groupXtime=.27, p>.75) when compared to animals with 

b i l a t e r a l placements. 

The controls for the 5-HT-injected group had 6 b i l a t e r a l 

placements in the v e n t r i c l e s , 2 u n i l a t e r a l placements, and 1 

animal that had neither 'cannula located in the v e n t r i c l e s . This 

animal was discarded from the s t a t i s t i c a l analysis. 
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DISCUSSION 

The t r e n d of the d a t a does su p p o r t the e x t e n s i o n of T r u l s o n 

and J a c o b s ' h y p o t h e s i s t h a t lower 5-HT l e v e l s promote an 

i n c r e a s e i n the d u r a t i o n of f a t i g u i n g e x e r c i s e . pCPA 

i n j e c t i o n s , which l o w e r e d 5-HT l e v e l s , i n c r e a s e d r u n n i n g time t o 

e x h a u s t i o n by 30% when compared t o c o n t r o l s . However, t h i s 

b a r e l y f a i l e d t o r e a c h s i g n i f i c a n c e (p<.06) hence a f i r m 

c o n c l u s i o n cannot be made. I n c r e a s i n g 5-HT l e v e l s i n the b r a i n 

caused the o p p o s i t e e f f e c t : a s i g n i f i c a n t d e c r e a s e i n r u n n i n g 

time of 50% when compared t o c o n t r o l a n i m a l s . 

Compared t o s e d e n t a r y c o n t r o l s the yoked, shocked c o n t r o l s 

i n c r e a s e d a b s o l u t e 5-HT l e v e l s i n the m e d u l l a o b l o n g a t a , 

hypothalamus, and m i d b r a i n . The e x e r c i s e d r a t s o n l y had 

i n c r e a s e s i n the m e d u l l a o b l o n g a t a and hypothalamus. 

C o n t r a s t i n g the s e r o t o n i n l e v e l s of e x e r c i s e d r a t s and shocked 

c o n t r o l s , o n l y the hypothalamus r e v e a l e d a s i g n i f i c a n t 

d i f f e r e n c e : the c o n c e n t r a t i o n was e l e v a t e d i n the shocked 

c o n t r o l a n i m a l s . There was no d i f f e r n e c e between any of the 

groups when whole b r a i n 5-HT l e v e l s were compared. 

The r e s u l t s of the s e r o t o n i n a n a l y s i s i s i n agreement w i t h 

the l i t e r a t u r e . T h i e r r y e t a_l (1968), found s m a l l but not 

always s i g n i f i c a n t i n c r e a s e s i n 5-HT l e v e l s i n the b r a i n stem-

mesencephalon and i n the whole b r a i n . S e r o t o n i n l e v e l s may not 

be h i g h e r d u r i n g e x e r c i s e because c o n c u r r e n t w i t h the 

a c c e l e r a t i o n of 5-HT s y n t h e s i s t h e r e i s an a c c e l e r a t i o n of 5-HT 

c a t a b o l i s m . T h i s i s o b s e r v e d d u r i n g m i n i m a l muscular e x e r c i s e 

( t r e a d w h e e l a c t i v i t y @3.7m/min) ( E l o and T i r r i , 1972) and d u r i n g 

f o o t shock ( B l i s s e t a l , 1968). The i n c r e a s e d c a t a b o l i c 
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a c t i v i t y may p r e v e n t a summation of 5-HT l e v e l s d u r i n g compound 

s t r e s s e s c r e a t i n g a c e i l i n g e f f e c t . The l a c k of summation i s i n 

agreement w i t h Heym, T r u l s o n , and Jacobs (1982). These a u t h o r s 

found an e x c i t a t i o n of s e r o t o n i n e r g i c neurones w i t h p h a s i c 

a u d i t o r y and v i s u a l s t i m u l i but d i d not observe any summation 

when the s t i m u l i were p r e s e n t e d s i m u l t a n e o u s l y . 

The e f f e c t s of changing 5-HT l e v e l s on locomotor a c t i v i t y 

were as e x p e c t e d . A l t h o u g h l o w e r i n g 5-HT l e v e l s does i n c r e a s e 

locomotor a c t i v i t y , the e f f e c t i s o n l y o b s e r v e d i n f a m i l a r 

e nvironments and not i n n o v e l s i t u a t i o n s (Mackenzie §_t_ a l , 

1978). S i n c e the a n i m a l s were not p r e v i o u s l y exposed t o the 

t e s t i n g box, the s i m i l a r s c o r e s f o r the p C P A - i n j e c t e d group and 

i t s c o n t r o l group a r e not c o n t r a d i c t o r y . In accordance w i t h 

o t h e r s t u d i e s , the 5-HT i n j e c t e d group performed s i g n i f i c a n t l y 

fewer c r o s s i n g s than did* i t s c o n t r o l group (Green e t a_l, 1976a; 

Green e t a l , 1976b; Jacobs and Eubanks, 1974; W a r b r i t t o n , 1978). 

In c o n c l u s i o n , a l t e r a t i o n s of 5-HT can i n c r e a s e and 

d e c r e a s e the endurance time t o p h y s i c a l e x h a u s t i o n . The e f f e c t 

can be p r e d i c t e d from e x t e n d i n g T r u l s o n and Jacobs' motor 

a c t i v i t y spectrum t o i n c l u d e e x e r c i s e . A l i m i t a t i o n of the 

e v i d e n c e i s the f a i l u r e t o f i n d any o v e r a l l d i f f e r e n c e i n 5-HT 

l e v e l s when comparing e x e r c i s e d r a t s t o yoked, shocked c o n t r o l s . 

Thus a l t h o u g h m a n i p u l a t i o n of s e r o t o n i n l e v e l s produce the 

p r e d i c t e d change i n motor performance, i t c o u l d not be 

demonstrated t h a t i n v o l u n t a r y e x h a u s t i v e e x e r c i s e w i l l d i r e c t l y 

produce changes i n ' t h e a b s o l u t e l e v e l s of s e r o t o n i n . 
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REVIEW OF LITERATURE 

J _ I n t r o d u c t i o n 

A l t h o u g h most s t u d i e s r e l a t i n g f a t i g u e and e x e r c i s e 

i n v e s t i g a t e o n l y t he p e r i p h e r a l l o c u s , i . e . , w i t h i n the muscle, 

t h e r e i s o t h e r r e s e a r c h t o support an i n h i b i t o r y e f f e c t a t the 

c e n t r a l l e v e l , i . e . w i t h i n the c e n t r a l nervous system. F i g u r e 

1 i s an e x t e n s i o n of the h y p o t h e s i s t h a t s e r o t o n i n (5-HT) i s a 

modulator of a c t i v i t y ( T r u l s o n and J a c o b s , 1979b); the r i g h t end 

has been extended t o i n c l u d e i n t e n s e locomotor a c t i v i t y . 

REM SHORT 
SLEEP WAVE QUIET TONIC 
(ATONIA) SLEEP DROWSY WAKING AROUSAL EXERCISE 

0.1 0.9 1.9 2.3 2.8 4.0 ??? 

/////////////////////////////////////////////////////?? ????????? 
/////////////////////////////////////////////////////? ?????????? 
////////////////////// ///////////////////? ?????????? 
//////////////// //////////////? ?????????? 
/////////// ////////? ?????????? 
/////// ////??????????? 
/// ??????????? 
F i g u r e 2. The motor a c t i v i t y spectrum i n c l u d i n g e x e r c i s e as a 

proposed e x t e n s i o n . The numbers r e p r e s e n t the f i r i n g 
f r e q u e n c y ( s p i k e s / s e c ) of s e r o t o n i n - c o n t a i n i n g 
neurones. See t e x t f o r f u r t h e r e x p l a n a t i o n . 

B e f o r e t h i s h y p o t h e s i s can be a c c e p t e d , the a n a t o m i c a l , 

b i o c h e m i c a l , p h a r m a c o l o g i c a l , p h y s i o l o g i c a l , and b e h a v i o u r a l 

l i t e r a t u r e r e l a t i n g 5-HT t o mod u l a t o r y f u n c t i o n s and locomotor 

a c t i v i t y must be re v i e w e d . 
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2 S e r o t o n i n as a M o d u l a t o r 

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

I t i s g e n e r a l l y a c c e p t e d t h a t the m a j o r i t y of s e r o t o n i n ' s 

e f f e c t s a r e i n h i b i t o r y . Some a u t h o r s have expanded the r o l e of 

s e r o t o n i n , s u g g e s t i n g i t i s a modulator of b e h a v i o u r a l a r o u s a l 

(Harvey ejt a l , 1975; T r u l s o n and J a c o b s , 1979b). When b r a i n 5-

HT l e v e l s a r e h i g h t h e r e i s a co n c o m i t a n t d e c r e a s e i n motor 

a c t i v i t y p r e v e n t i n g a h y p e r a c t i v e s t a t e . C o n v e r s e l y , when 

b e h a v i o u r a l a r o u s a l i s low, 5-HT d e c r e a s e s ; t h i s r e s u l t s i n 

removal of i n h i b i t i o n of motor a c t i v i t y thus p r e v e n t i n g 

h y p o a c t i v i t y . T h i s h y p o t h e s i s i m p l i e s t h a t 5-HT a c t s t o 

m a i n t a i n the organism's a c t i v i t y i n the mi d d l e range of a motor 

a c t i v i t y spectrum (see F i g . 1) thus a c t i n g as a s a f e g u a r d 

a g a i n s t d e t r e m e n t a l extremes of a c t i v i t y . For F i g u r e 1, the 

amount of shaded a r e a (/////) i s p r o p o r t i o n a l t o b e h a v i o u r a l 

change t h a t would be i n c u r r e d by a maximal a n t a g o n i z i n g change 

i n the s e r o t o n i n e r g i c system. An e x t e n s i o n t o the r i g h t , t o 

i n c l u d e e x e r c i s e , has been added t o the motor spectrum. 

2.2 A n a t o m i c a l E v i d e n c e 

The now c l a s s i c a l s t u d i e s of D a h l s t r o m and Fuxe (1964; 

1965) e l u c i d a t e d the anatomy of the s e r o t o n i n e r g i c pathways 

w i t h i n the c e n t r a l nervous system. The s o u r c e s of c r a n i a l 

s e r o t o n i n a r e d i s c r e t e n u c l e i w i t h i n the c a u d a l b r a i n s t e m . The 

a u t h o r s l a b e l l e d t h e s e n u c l e i , c a u d a l t o r o s t r a l , B1-B9. The 

major, though not o n l y , s o u r c e s of the a s c e n d i n g s e r o t o n i n e r g i c 

system a r e the B7 ( d o r s a l r a p h e ) , B8 (median r a p h e ) , and B9 

n u c l e i ( L o r e n s , 1978; U n g e r s t e d t , 1971). The de s c e n d i n g system 

o r i g i n a t e s m a i n l y from B1 (raphe o b s c u r u s ) , B2 (raphe p a l l i d u s ) , 
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and B3 (raphe magnus) (Dalhstrom and Fuxe, 1965; Loewy and 

M c k e l l a r , 1981; S a t o h , 1979; Tohyama e t a l , 1979; U n g e r s t e d t , 

1971). 

The a s c e n d i n g s e r o t o n i n e r g i c system i s as much d i f f u s e as 

i t i s t o p o g r a p h i c a l . I t i s a w i d e l y d i s t r i b u t e d , h i g h l y 

c o l l a t e r i z e d , u n m y e l i n a t e d system (Moore et a l , 1978). T h i s i s 

e x e m p l i f i e d by immunohistochemical e v i d e n c e i n d i c a t i n g the 

a s c e n d i n g s e r o t o n i n e r g i c system may c o n t a c t every c e l l i n the 

c o r t e x ( L i d o v e t a l , 1980). I t i s v e r y l i k e l y t h a t i n d i v i d u a l 

s e r o t o n i n e r g i c neurones themselves account f o r the l a r g e a r r a y s 

of t e r m i n a l s and l i m i t e d topography noted under a u t o r a d i o g r a p h y 

(Moore e t a l , 1978). 

2.3 P h y s i o l o g i c a l E v i d e n c e 

A l t h o u g h F i g u r e 1 i l l u s t r a t e s o n l y the motor a c t i v i t y 

s pectrum, o t h e r a c t i v i t y s p e c t r a i n c l u d i n g b i o c h e m i c a l and 

p h y s i o l o g i c a l phenomena may a l s o be modulated by s e r o t o n i n . 

Most spontaneous f a s t - f i r i n g somatosensory neurones of the 

c a t a r e i n h i b i t e d by e l e c t r o p h o r e t i c a l l y a p p l i e d 5-HT. 

C o n v e r s e l y , most s l o w - f i r i n g neurones a r e e x c i t e d by 5-HT. A 

v e r y h i g h c o r r e l a t i o n of r=.98 was d e t e r m i n e d between the 

p e r c e n t a g e of c e l l s d e p r e s s e d by, 5-HT and t h e i r spontaneous 

f i r i n g r a t e s ( S z a b a d i e t a l , 1977). The a c t i o n p o t e n t i a l s of 

c a t l a t e r a l g e n i c u l a t e neurones w i t h l a r g e a m p l i t u d e s a r e 

d e c r e a s e d by 5-HT a d m i n s t r a t i o n , w h i l e s i m u l t a n e o u s l y , the 

a c t i o n p o t e n t i a l s i n i n d i v i d u a l neurones w i t h low a m p l i t u d e s a r e 

i n c r e a s e d by 5-HT a d m i n i s t r a t i o n d i r e c t l y i n t o the n u c l e u s 

( R i n a l d i e t a l , 1975). W i t h i n the s y s t e m i c system, the v a s c u l a r 

response of the dog's g r a c i l i s muscle t o 5-HT i s found t o be 
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dependent upon the i n i t i a l l e v e l of v a s c u l a r r e s i s t a n c e (Emerson 

et a l , 1973). The r e s i s t a n c e of v e s s e l s w i t h a low b a s e l i n e 

r e s i s t a n c e i s i n c r e a s e d w h i l e the c o n v e r s e i s t r u e f o r v e s s e l s 

w i t h a h i g h v a s c u l a r r e s i s t a n c e . 

S e r o t o n i n a d m i n i s t r a t i o n ( i n t o the s o l i t a r y t r a c t n u c l e u s 

or i . p . ) c auses a t r a n q u i l i z i n g e f f e c t upon c o r t i c a l a c t i v i t y 

(Key and Mehta, 1977; Monnier and T r i s s o t , 1958). The d o r s a l 

raphe n u c l e u s (B7) and the median raphe n u c l e u s (B8) may be 

i n v o l v e d i n t h i s o b s e r v a t i o n . The u n i t a c t i v i t y of the d o r s a l 

raphe n u c l e u s i s i n v e r s e l y r e l a t e d t o EEG s y n c h r o n i z a t i o n 

( T r u l s o n and J a c o b s , 1979a). E l e c t r o l y t i c l e s i o n i n g of the 

median raphe causes a p e r s i s t e n t a r o u s a l i n EEG p a t t e r n 

( K o s t o w s k i et a_l, 1968; 1969). I o n t o p h o r e t i c a d m i n i s t r a t i o n of 

5-HT i n t o the deep neurones of the sensomotor c o r t e x or 

e l e c t r o l y t i c s t i m u l a t i o n of the median raphe i n h i b i t s the 

c o r t i c a l neurones ( S a s t r y and P h i l l i s , 1977b). These e f f e c t s 

a r e d i m i n i s h e d by m e t e r g o l i n e (a s e l e c t i v e 5-HT a n t a g o n i s t 

( S a s t r y and P h i l l i s , 1977a)) and p r o l o n g e d by f l u o x e t i n e (a 

s e l e c t i v e 5-HT uptake b l o c k e r (Wong et a_l, 1975)) ( S a s t r y and 

P h i l l i s , 1977b). Reader (1980), has shown t h a t the i n h i b i t i o n 

r e s u l t i n g from 5-HT i n j e c t i o n (10" 1 2M) i n t o the c o r t e x l a s t s 

over a time span of seconds t h r o u g h t o m i n u t e s . T h i s l o n g 

d u r a t i o n suggest t h a t i n a d d i t i o n t o i o n i c changes, m e t a b o l i c 

and b i o c h e m i c a l changes are a l s o o c c u r r i n g . 

F i g u r e 1 i l l u s t r a t e s the p o s i t i v e c o r r e l a t i o n between 

s e r o t o n i n neurone f i r i n g r a t e and motor a c t i v i t y . I t i s 

p o s s i b l e t o d i s s o c i a t e a t o n i a and REM s l e e p by l e s i o n i n g by the 

p o n t i n e tegmentum a t the l e v e l of the l o c u s c o e r u l e u s . When 
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t h i s d i s s o c i a t i o n i s c r e a t e d , raphe u n i i t a c t i v i t y s t i l l remains 

c o r r e l a t e d t o motor output ( T r u l s o n and J a c o b s , 1981). 

2.4 B e h a v i o u r a l E v i d e n c e 

I n j e c t i o n s ( i . p . or i n t r a v e n t r i c u l a r l y ) of low doses of 

s e r o t o n i n or i t s p r e c u r s o r s , t r y p t o p h a n and 5- h y d r o x y t r y p t o p h a n 

(5-HTP), produce a s e d a t i o n e f f e c t and apparent muscular 

weakness i n r a t s (Green et. a_l, 1976a; Green e t a_l, 1976b; Jacobs 

and Eubanks, 1974; W a r b r i t t o n , 1978), i n c a t s ( F e l d b e r g and 

Sherwood, 1954; Monnier and T i s s o t , 1958; P a t k i n a and L a p i n , 

1976), and i n monkeys ( R a l e i g h e t a_l, 1980). D e c r e a s i n g 

s e r o t o n i n e r g i c l e v e l s w i t h i n j e c t i o n s of p a r a -

c h l o r o p h e n y l a l a n i n e (pCPA), a s p e c i f i c i n h i b i t o r of s e r o t o n i n 

s y n t h e s i s (Koe and Weissman, 1966), produces the r e v e r s e e f f e c t , 

i . e . , insomnia and i n c r e a s e d locomotor a c t i v i t y i n mice 

( C h r u s c i e l and Herman, 1969; H u t c h i n s and Rogers, 1973), i n r a t s 

( F i b i g e r and Campb e l l , 1971; Jacobs et aJ., 1975; Kayser and 

H i l d w e i n , 1977; Mackenzie e t a l , 1978), and i n monkeys ( R a l e i g h 

e t §_1, 1980). P a r a - c h l o r o p h e n y l a l a n i n e b l o c k s the c o n v e r s i o n of 

t r y p t o p h a n t o 5-HTP but does not e f f e c t the c o n v e r s i o n of 5-HTP 

t o 5-HT (Koe and Weissman, 1966). One would t h e r e f o r e e xpect 5-

HTP a d m i n i s t r a t i o n t o r e v e r s e the e f f e c t of pCPA whereas 

t r y p t o p h a n a d m i n i s t r a t i o n would have no • e f f e c t . P u j o l et. al 

(1971), d i d f i n d t h a t 5-HTP a n t a g o n i z e d the pCPA-induced 

i n c r e a s e i n locomotor a c t i v i t y and R a l e i g h e t a l (1980) found 

t h a t t r y p t o p h a n d i d not a f f e c t pCPA-induced b e h a v i o u r a l e f f e c t s . 

In r a t s , e l e c t r o l y t i c l e s i o n s ( C o s t a l l e t §_1, 1976; Geyer, 1978; 

Gulmulka et a l , 1970; .Jacobs et a l , 1974; 1975; Jacobs and 

Cohen, 1976; K o s t o w s k i e t a l , 1968; 1976; Mackenzie et a l , 1978; 
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S r e b r o and L o r e n s , 1975) or 5,7-dihydroxytryptamine(5,7-DHT; a 

s e r o t o n i n n e u r o t o x i n ) l e s i o n s (Deakin et a l , 1979; Mackenzie e t 

a l , 1978) of the median raphe n u c l e u s e l i c i t an i n c r e a s e i n 

spontaneous motor a c t i v i t y . 

Some a u t h o r s (Hole et. a_l, 1 976; Lorens e_t a l , 1976) have 

c o n c l u d e d t h a t c e n t r a l s e r o t o n i n e r g i c f i b r e s a r e not i n v o l v e d i n 

l e s i o n - i n d u c e d i n c r e a s e s i n spontaneous a c t i v i t y . A l t h o u g h 

e l e c t r o l y t i c l e s i o n s i n c r e a s e a c t i v i t y , more e f f e c t i v e and 

s p e c i f i c 5,7-DHT l e s i o n s do n o t . These a u t h o r s t e s t e d a c t i v i t y 

i n the open f i e l d and not i n the home cage. Mackenzie e t a_l 

(1978), u s i n g both environments when measuring locomotor 

a c t i v i t y found the 5,7-DHT l e s i o n s i n c r e a s e a c t i v i t y o n l y i n the 

home s e t t i n g . The a u t h o r s c o n c l u d e d t h a t the home cage and 

n o v e l environment s e t t i n g s are not measuring the same type of 

l o c o m o t i o n . T h i s f i n d i n g i s not s u r p r i s i n g s i n c e the b e h a v i o u r 

of r a t s i n an u n f a m i l i a r environment i s the r e s u l t of a complex 

i n t e r a c t i o n between f e a r and c u r i o s i t y ( B l a n c h a r d e_t a l , 1974). 

Semenova et. a_l (1981), took a d i f f e r e n t approach t o 

i n v e s t i g a t i n g 5-HT and locomotor a c t i v i t y . I n s t e a d of a l t e r i n g 

5-HT l e v e l s and r e c o r d i n g subsequent motor a c t i v i t y , t h e s e 

a u t h o r s grouped r a t s a c c o r d i n g t o t h e i r a c t i v i t y l e v e l and 

measured c r a n i a l 5-HT i n each group. T h e i r r e s u l t s i n d i c a t e the 

l a r g e r the r a t i o of c o r t i c a l t o c a u d a l b r a i n s t e m 5-HT 

c o n c e n t r a t i o n the more p a s s i v e a r a t would be. 

There a r e o n l y a few s t u d i e s t h a t have a l t e r e d 5-HT l e v e l s 

i n human s u b j e c t s and have r e c o r d e d some a s p e c t of muscular 

performance. The s u b j e c t s used i n the s e s t u d i e s a r e u s u a l l y 

p r i s o n e r s ' or peopl e w i t h n e u r o l o g i c a l d i s o r d e r s . Myoclonus i s a 
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movement d i s o r d e r c h a r a c t e r i z e d by i n v o l u n t a r y , i r r e g u l a r 

c o n t r a c t i o n of muscl e s . When 5 - h y d r o x y i n d o l a c e t i c a c i d (5-HIAA; 

s e r o t o n i n ' s major m e t a b o l i t e ) i s measured the c e r e b r a l s p i n a l 

f l u i d of p e o p l e w i t h myoclonus, the l e v e l s a r e found t o be 

reduced. Treatment of t h i s d i s o r d e r w i t h 5-HTP p l u s a 

d e c a r b o x y l a s e i n h i b i t o r d r a m a t i c a l l y d e c r e a s e s the frequ e n c y and 

i n t e n s i t y of m y o c l o n i c c o n t r a c t i o n s (Van Woert and Sethy, 1975). 

W i t h r e f e r e n c e t o human motor a c t i v i t y , one study i n d i c a t e d t h a t 

22 out of 25 c h i l d r e n t h a t were h y p e r a c t i v e had low l e v e l s of 

b l o o d 5-HT (Coleman, 1971). 

As n o t e d above t h e r e a r e many s t u d i e s r e l a t i n g changes i n 

c r a n i a l s e r o t o n i n l e v e l s t o locomotor a c t i v i t y . These s t u d i e s 

have g e n e r a l l y found t h a t low c r a n i a l s e r o t o n i n e r g i c l e v e l s 

i n c r e a s e locomotor a c t i v i t y w h i l e h i g h s e r o t o n i n e r g i c l e v e l s 

i n h i b i t l ocomotor a c t i v i t y . However, ve r y few s t u d i e s have 

i n v e s t i g a t e d the r o l e of s e r o t o n i n under a c t i v i t y c o n d i t i o n s 

more i n t e n s e than g e n e r a l w a l k i n g b e h a v i o u r . 

The f i r s t s t udy of the r e l a t i o n between 5-HT l e v e l and 

e x e r c i s e r e p o r t e d v e r y s i g n i f i c a n t i n c r e a s e s (P<.001) i n c r a n i a l 

5-HT, i n the r a t , i m m e d i a t e l y f o l l o w i n g 15-30 min of swimming 

(Barchas and Freedman, 1963). S i g n i f i c a n t i n c r e a s e s (p<.05) i n 

5-HT a f t e r l o n g e r d u r a t i o n s of swimming or r u n n i n g wheel 

a c t i v i t y were a l s o r e c o r d e d . 

The most s i g n i f i c a n t work i n r e l a t i n g 5-HT t o the s t r e s s of 

p h y s i c a l e x e r c i s e has been performed by Romanowski and co

w o r k e r s . Romanowski and co-workers b u i l t t h e i r s t u d i e s upon the 

f i n d i n g of a s u b s t a n c e , e x t r a c t e d from the b r a i n s of r e s t i n g 

r a t s , which i n h i b i t s a c e t y l c h o l i n e a c t i o n s (Pataky and P f e i f e r , 
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1955; P f e i f e r and P a t a k y , 1955). S i m i l a r b r a i n e x t r a c t s from 

e x e r c i s e d r a t s i n h i b i t a c e t y l c h o l i n e - s t i m u l a t e d f r o g r e c t u s 

t r u n c i muscle and, when i n j e c t e d i n t r a p e r i t o n e a l l y , make r a t s 

drowsy and immobile (Romanowski and Janota-Lukaszewska, 1967). 

I t was s u b s e q u e n t l y found t h a t the b r a i n 5-HT c o n c e n t r a t i o n 

i n c r e a s e s i n the e x e r c i s e d r a t , and t h a t 5-HT mimics the e f f e c t 

of the e x t r a c t on f r o g r e c t u s t r u n c i muscle a t c o n c e n t r a t i o n s 

comparable t o those found i n the b r a i n (Romanowski, 1967; 

Romanowski and G r a b i e c , -1974). R u l e d out as b i o c h e m i c a l bases 

f o r the e f f e c t s of the i n h i b i t o r y e x t r a c t a r e l a c t a t e , sodium, 

c a l c i u m , p o t a s s i u m , a s p a r t i c a c i d , e t h a n o l a m i n e , s e r i n e , 

g l y c i n e , a l a n i n e , l y s i n e , t h r e o n i n e , l e u c i n e , i s o l e u c i n e , 

v a l i n e , a c e t y l c h o l i n e , l i p i d s , a n u e r i n , AMP, ADP, ATP, 

h i s t a m i n e , a d r e n a l i n e , s u b s t a n c e P, and c h o l i n e ( P f e i f e r and 

P a t a k y , 1955; Romanowski, 1967; Romanowski and J a n o t a -

Lukaszewska, 1967). 

E x p l o r i n g p o s s i b l e mechanisms of s e r o t o n i n ' s i n h i b i t o r y 

a c t i o n , Romanowski and G r a b i e c (1979) found t h a t 5-HT and the 

e x t r a c t i n h i b i t an in v i t r o o x i d a t i v e r e a c t i o n and t h a t 5-HT 

h y p e r p o l a r i z e s b r a i n c e l l s u r f a c e p o t e n t i a l s . 

R e l a t i v e t o r e s t , spontaneous a c t i v i t y i n c r e a s e s the 

c r a n i a l l e v e l of dopamine's major m e t a b o l i t e , h o m o v a n i l l i c a c i d 

(HVA), i n mice. There i s no change i n the c r a n i a l l e v e l s of 

s e r o t o n i n ' s major m e t a b o l i t e , 5 - h y d r o x y i n d o l a c e t i c a c i d (HIAA). 

Under the more p h a s i c c o n d i t i o n of swimming (1 h r ) t h e r e i s an 

i n c r e a s e i n both HVA and HIAA l e v e l s , i n d i c a t i n g an i n c r e a s e i n 

the t u r n o v e r of dopamine and 5-HT r e s p e c t i v e l y ( B l i s s , 1973). 
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3 S e r o t o n i n I n t e r a c t i o n s W i t h Other N e u r o t r a n s m i t t e r s  

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

The r o l e of 5-HT i n b e h a v i o u r a l a r o u s a l has a l s o been 

approached by i n t e g r a t i n g the s e r o t o n i n e r g i c system w i t h the 

c a t e c h o l a m i n e r g i c system. In 1954, Hess p o s t u l a t e d two 

competing systems: (1) an e r g o t r o p i c system "which i s c o u p l e d 

w i t h energy e x p e n d i t u r e " and (2) a t r o p h o t r o p i c system which i s 

f o r " p r o t e c t i o n and r e s t i t u t i o n " (Hess, 1954; p60). L a t e r 

n o r a d r e n a l i n e (NA) was p o s t u l a t e d t o be the c h e m i c a l m e d i a t i n g 

the e r g o t r o p i c r esponses and 5-HT t o be the c h e m i c a l m e d i a t i n g 

t r o p h o t r o p i c responses ( B r o d i e and Shore, 1957). 

Numerous e x p e r i m e n t s have i n v e s t i g a t e d the e r g o t r o p i c and 

t r o p h o t r o p i c systems i n d i v i d u a l l y and these s u p p o r t e d B r o d i e and 

Shore's h y p o t h e s i s . Review a r t i c l e s c o n c l u d e t h a t any 

e x p e r i m e n t a l t o o l t h a t i n c r e a s e s the c r a n i a l a c t i v i t y of 

n o r a d r e n a l i n e or dopamine (DA) or both t y p i c a l l y enhances 

b e h a v i o u r a l a r o u s a l , of which locomotor a c t i v i t y was one i n d e x . 

C o n v e r s e l y , any method t h a t d i m i n i s h e s the f u n c t i o n of t h e s e 

c a t e c h o l a m i n e s produces a d e c r e a s e i n l o comotor a c t i v i t y 

( S c h i l d k r a u t and K e t y , 1967; Weiss and L a t i e s , 1969). E v i d e n c e 

f o r s e r o t o n i n ' s r o l e i n the t r o p h o t r o p i c system has a l r e a d y been 

d i s c u s s e d (see s e c t i o n 2 i n c l u s i v e ) . 

A s e r o t o n i n e r g i c system t h a t i n h i b i t s c a t e c h o l a m i n e a r o u s a l 

(dopamine and n o r a d r e n a l i n e were not i n v e s t i g a t e d i n d i v i d u a l l y ) 

i s i n f e r r e d from the o b s e r v a t i o n s t h a t (1) 5-HT d e p l e t i o n v i a 

pCPA i n c r e a s e s b e h a v i o u r a l a r o u s a l , (2) pCPA p o t e n t i a t e s a r o u s a l 

i n d u c e d by amphetamines ( c a t e c h o l a m i n e s t i m u l a n t s ) , (3) 5-HTP 

r e v e r s e s the i n c r e a s e i n b e h a v i o u r a l a r o u s a l i n d u c e d by pCPA, 
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(4) 5-HTP e l i m i n a t e s the p o t e n t i a t i o n of amphetamine-induced 

a r o u s a l by pCPA, and (5) pCPA t r e a t m e n t augments b e h a v i o u r a l 

a r o u s a l i n d uced by r e s e r p i n e (a p o t e n t d e p l e t o r of b i o g e n i c 

amines) (Mabry and Campbell, 1973). I n c r e a s i n g 5-HT l e v e l s by 

5-HT i n f u s i o n t o the l a t e r a l v e n t r i c l e ( W a r b r i t t o n , 1978), 

a d m i n i s t e r i n g 1 - tryptophan ( i . p . ) ( H o l l i s t e r e t a_l, 1976), 

t r e a t m e n t w i t h p a r g y l i n e (an i n h i b i t o r of monoamine o x i d a t i o n ) 

( H o l l i s t e r e t a_l, 1974) or d e c r e a s i n g 5-HT l e v e l s by l e s i o n i n g 

of the median and d o r s a l raphe n u c l e i (Carey, 1976; N e i l l et. a l , 

1972), u s i n g a t r y p t o p h a n f r e e d i e t ( H o l l i s t e r e_t a l , 1976), and 

a d m i n i s t r a t i o n of pCPA ( H o l l i s t e r e t a l , 1974; H o l l i s t e r e_t a l , 

1976) support Mabry and Campbell's f i n d i n g s t h a t t h e r e i s a 

s e r o t o n i n e r g i c system t h a t i n h i b i t s amphetamine-induced a r o u s a l . 

S i m i l a r e f f e c t s a r e a l s o o b t a i n e d u s i n g 5 , 6 - d i h y d r o x y t r y p t a m i n e 

(75ug; i n t r a c i s t e r n a l ) (a p o t e n t and s p e c i f i c s e r o t o n i n e r g i c 

n e u r o t o x i n w i t h the e f f e c t d e l i m i t e d t o the CNS when 

a d m i n i s t e r e d i n t h i s manner (Baumgarten e_t a_l, 1971)) which 

f u r t h e r i n d i c a t e s t h a t the l o c u s of s e r o t o n i n e r g i c i n h i b i t i o n of 

amphetamine-induced a r o u s a l i s p r o b a b l y c e n t r a l (Breese et a l , 

1974) . 

A c o m b i n a t i o n of harmine and apomorphine induces an extreme 

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

jumping, can be p o t e n t i a t e d by pCPA or m e t h y s e r g i d e (a s e r o t o n i n 

b l o c k e r ) and reduced by 5-HT t r e a t m e n t ( T a k a s h i and Kuga, 1981). 

C l i n i c a l s t u d i e s a l s o i n d i c a t e a s e r o t o n i n - c a t e c h o l a m i n e 

i n t e r a c t i o n . M i n i m a l b r a i n d y s f u n c t i o n i s symptomized i n p a r t 

by h y p e r k i n e t i c b e h a v i o u r , o u t b u r s t s of a g g r e s s i v e a c t s , and 

f a i l u r e t o respond t o reprimand or punishment. A r e v i e w by 



26 

Brase and Loh (1975), r e l a t i n g 5-HT and c a t e c h o l a m i n e s t o 

m i n i m a l b r a i n d y s f u n c t i o n ( e s p e c i a l l y the symptom of 

h y p e r a c t i v i t y ) c o n c l u d e s t h e r e i s an i n h i b i t o r y s e r o t o n i n e r g i c 

system c o n t r o l l i n g c a t e c h o l a m i n e r g i c a r o u s a l . W i t h r e g a r d s t o 

o t h e r symptoms of m i n i m a l b r a i n d y s f u n c t i o n s e r o t o n i n i s thought 

t o (1) subserve a punishment f u n c t i o n by i n h i b i t i n g normal 

c a t e c h o l a m i n e g o a l - d i r e c t e d reward systems ( S t e i n and Wise, 

1974; Wise e t a l , 1973) and (2) i n h i b i t a g g r e s s i v e b e h a v i o u r 

( A l b e r t and Walsh, 1982). In mice t r e a t e d w i t h pCPA, a g g r e s s i v e 

b e h a v i o u r has been s i g n i f i c a n t l y c o r r e l a t e d w i t h g r o s s motor 

b e h a v i o u r (Matte and Tornow, 1978). 

3.2 S e r o t o n i n I n t e r a c t i o n w i t h N o r a d r e n a l i n e 

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

Gromova et a l , (1976; p149), p o i n t e d out t h a t t h e r e i s a 

"remarkable s i m i l a r i t y i n the d i s t r i b u t i o n of the t e r m i n a l s and 

axons which proceed from s e r o t o n i n e r g i c and n o r a d r e n e r g i c 

neurones and g i v e r i s e t o t r a c t s both a s c e n d i n g t o the f o r e b r a i n 

and d e s c e n d i n g t o the s p i n a l c o r d . . . . a l s o some common 

e n z y m e s . . . p a r t i c i p a t e i n the metabolism of s e r o t o n i n and 

n o r a d r e n a l i n . " From t h i s the a u t h o r s c o n c l u d e d t h e r e must be a 

f u n c t i o n a l i n t e r r e l a t i o n s h i p between these two monoamines. 

3.2.2 A n a t o m i c a l E v i d e n c e 

A n a t o m i c a l s t u d i e s s u p p l y p h y s i c a l e v i d e n c e f o r the 

c o n n e c t i o n s between the l o c u s c o e r u l e u s (the main s o u r c e of 

n o r a d r e n e r g i c p e r i k a r y a ) and s e r o t o n i n e r g i c n u c l e i . The use of 

h o r s e r a d i s h p e r o x i d a s e , d e g e n e r a t i o n , and a u t o r a d i o g r a p h y 

i n d i c a t e the l o c u s c o e r u l e u s r e c e i v e s a f f e r e n t i n p u t from 

s e r o t o n i n e r g i c n u c l e i ( B o b i l l i e r e t a l , 1976; 1 979; Conrad e_t a l 
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, 1974; Morgane and J a c o b s , 1979; S a k a i e t a l , 1976). A l s o , 5-

HT c o n t a i n i n g t e r m i n a l s (l0 7/mm 3) have been i n d e n t i f i e d i n the 

l o c u s c o e r u l e u s (Leger and D e c a r r i e s , 1978; P i c k e l e t a l , 1977). 

The r e v e r s e , c a t e c h o l a m i n e t e r m i n a l s c o n t a c t i n g s e r o t o n i n e r g i c 

neurones i n raphe n u c l e i , has been demonstrated v i a f l u o r e s c e n c e 

( D a l h s t r o m and Fuxe, 1964; Fuxe, 1965). 

3.2.3 B i o c h e m i c a l and P h y s i o l o g i c a l E v i d e n c e 

B i o c h e m i c a l a n a l y s i s has demonstrated h i g h l e v e l s of 

n o r a d r e n a l i n e i n the source n u c l e i of 5-HT as w e l l as h i g h 

l e v e l s of 5-HT i n the sour c e n u c l e i of n o r a d r e n a l i n e (Saaverda 

et a l , 1976). 

L e s i o n i n g of the d o r s a l raphe n u c l e u s d e c r e a s e s 5-HT l e v e l s 

i n the l o c u s c o e r u l e u s (McRae-Degueurce et a_l, 1982; P a l k o l v i t s 

e t a l , 1977). D e p l e t i o n of 5-HT by pCPA ( C r e s p i e t a l , 1980; 

McRae-Degueurce e t a l , 1982), by 5,6-DHT (McRae-Degueurce e t a l , 

1982; P u j o l e t a l , 1979; Renaud e t a l , 1975), or by e l e c t r o l y t i c 

l e s i o n i n g of the d o r s a l raphe (DR) or median raphe (MR) n u c l e i 

(Lewis et a_l, 1976; McRae-Degueurce e t a l , 1982), i n c r e a s e s the 

a c t i v i t y of the NA s y n t h e s i s enzymes, t y r o s i n e h y d r o x y l a s e and 

dopamine-b-hydroxylase, i n the l o c u s c o e r u l e u s . The i n c r e a s e d 

e nzymatic a c t i v i t y i s g r e a t l y reduced i f 5-HTP i s s i m u l t a n e o u s l y 

a d m i n i s t e r e d w i t h pCPA, s u g g e s t i n g an antagonism of the 

c a t e c h o l a m i n e r g i c system by 5-HT ( C r e s p i e t . a l , 1980). The 

r e v e r s e has a l s o been i n d i c a t e d , i . e . , c a t e c h o l a m i n e r g i c 

antagonism of the s e r o t o n i n e r g i c system, by the o b s e r v a t i o n t h a t 

5-HT s y n t h e s i s and u t i l i z a t i o n i n c r e a s e s i n the c o r t e x , 

b r a i n s t e m , mesencephalon, and c e r e b e l l u m a f t e r an i n t r a c i s t e r n a l 

i n j e c t i o n of the c a t e c h o l a m i n e n e u r o t o x i n 6-hydroxydopamine (6-
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OHDA) (Blondaux e t a l , 1973). A l s o , the i n f u s i o n of the 

c a t e c h o l a m i n e p r e c u r s o r 3 , 4 - d i h y d r o x y p h e n y l a l a n i n e (1-DOPA; 20mg 

i . p . ) causes an i n c r e a s e i n n o r a d r e n a l i n e l e v e l s and a d e c r e a s e 

i n 5-HT l e v e l s i n the c o r t e x and hypothalamus (Gromova e t a l , 

1976). The r e c i p r o c a l i n t e r a c t i o n between 5-HT and NA i s 

f u r t h e r s u p p o r t e d by (1) n o t i n g an i n c r e a s e i n the NA m e t a b o l i t e 

3 - m e t h o x y - 4 - h y d r o x y - p h e n y l g l y c o l s u l p h a t e a f t e r e l e c t r o l y t i c 

l e s i o n i n g of the m i d b r a i n raphe n u c l e i and (2) o b s e r v i n g an 

i n c r e a s e 5-HIAA a f t e r b i l a t e r a l l e s i o n i n g of the l o c u s c o e r u l e u s 

( K o s t o w s k i e_t a l , 1974). I n j e c t i o n s ( i . p . ) of the p o w e r f u l 

dopamine-b-hydroxylase i n h i b i t o r , 1 - p h e n l y - 3 - ( 2 - t h i a z o l y l ) - 2 -

t h i o u r e a , caused a 79-98% d e p l e t i o n of n o r a d r e n a l i n e l e v e l s i n 

the b r a i n , i n c l u d i n g the s e r o t o n i n e r g i c raphe n u c l e i . 

C o n c u r r e n t w i t h the n o r a d r e n a l i n e d e p l e t i o n t h e r e was an 

i n c r e a s e i n s e r o t o n i n l e v e l s i n the m e d i a l raphe n u c l e u s and the 

raphe magnus (Saaverda et. a l , 1976) and i n the whole b r a i n 

(Johnson e_t a_l, 1972). No change i n 5-HT l e v e l s were o b s e r v e d 

i n the d o r s a l raphe (Saaverda e t a_l, 1976). In r a t hippocampal 

s l i c e s , NA i n h i b i t s the d e p o l a r i z a t i o n - i n d u c e d 5-HT r e l e a s e . 

T h i s p r o c e s s i s thought t o oc c u r d i r e c t l y v i a o c - r e c e p t o r s 

(Frankhuyzen and M u l d e r , 1980). 

At the s p i n a l l e v e l , f l u o r e s c e n c e t e c h n i q u e s have i n d i c a t e d 

a c o n c e n t r a t i o n of 5-HT t e r m i n a l s i n the s y m p a t h e t i c l a t e r a l 

column ( C a r l s s o n e t a l , 1964). S t i m u l a t i n g the raphe p a l l i d u s 

or raphe o b s c u r u s and r e c o r d i n g the e f f e c t on s y m p a t h e t i c 

o u t f l o w a t the t h o r a c i c l e v e l i n d i c a t e s the f u n c t i o n of t h e s e 

s e r o t o n i n e r g i c t e r m i n a l s i s one of i n h i b i t i o n ( G i l b e y e t a l , 

1981). Coote and Macleod (1974), found t h a t a l t h o u g h 5-HTP 
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( i n t r a v e n o u s ) had no e f f e c t on spontaneous s y m p a t h e t i c r e n a l 

nerve a c t i v i t y , 5-HTP d i d de p r e s s r e f l e x a c t i v i t y of the ner v e . 

T h i s o b s e r v a t i o n i l l u s t r a t e s the p h a s i c n a t u r e of s e r o t o n i n 

m o d u l a t i o n i n many i n s t a n c e s . A change i n the s t a t e of the 

system t o be modulated had t o oc c u r b e f o r e an a n t a g o n i s t i c 

change i n the s e r o t o n i n e r g i c system c o u l d have a s i g n i f i c a n t 

e f f e c t . 

There a r e s t u d i e s t h a t i n d i c a t e the s e r o t o n i n - n o r a d r e n a l i n e 

i n t e r a c t i o n i s not r e c i p r o c a l . N o r a d r e n a l i n e t e r m i n a l s p r e s e n t 

i n the d o r s a l raphe mediate a t o n i c a l l y a c t i v e a d r e n e r g i c 

i n f l u e n c e upon which the f i r i n g of s e r o t o n i n e r g i c c e l l s depend. 

The impairment of n o r a d r e n e r g i c t r a n s m i s s i o n by r e s e r p i n e 

(Baraban e t a l , 1978) or low doses (30ug/kg) of c l o n i d i n e 

(Svensson e t a l , 1975) reduces s e r o t o n i n e r g i c c e l l f i r i n g and 

n o r a d r e n e r g i c c e l l f i r i n g . S e r o t o n i n e r g i c c e l l a c t i v i t y i s a l s o 

s u p p r e s s e d by the s y s t e m i c a d m i n i s t r a t i o n of drugs which b l o c k 

a d r e n e r g i c a c t i v i t y (Baraban and A g h a j a n i a n , 1980; G a l l a g e r and 

A g h a j a n i a n , 1976). Furthermore m i c r o i o n t o p h o r e t i c a l l y a p p l i e d 

a d r e n e r g i c a g o n i s t s can reduce the s u p p r e s s i o n caused by a l p h a 

a d r e n e r g i c a n t a g o n i s t s (Baraban e t a l , 1978; Baraban and 

A g h a j a n i a n , 1980; Svensson ejt a_l, 1975). T h i s d a t a , r e c o r d e d 

from a n a e s t h e t i z e d a n i m a l s , l e d A g h a j a n i a n and co-workers t o 

c o n c l u d e t h e r e i s a t o n i c n o r a d r e n e r g i c i n p u t ( i n the d o r s a l 

raphe) which d r i v e s 5-HT c e l l f i r i n g . However, Heym e t a_l 

(1980), have shown t h a t even w i t h n o r a d r e n e r g i c t r a n s m i s s i o n 

i m p a i r e d , the s e r o t o n i n e r g i c system s t i l l f u n c t i o n s i n a s t a t e 

dependent manner. 
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3.2.4 B e h a v i o u r a l E v i d e n c e 

As noted e a r l i e r i n s e c t i o n 2.4, i n c r e a s i n g 5-HT l e v e l s 

a t t e n u a t e motor a c t i v i t y and d e c r e a s i n g 5-HT l e v e l s promote 

motor a c t i v i t y . The r e v e r s e i s t r u e f o r n o r a d r e n l i n e . 

D e p l e t i o n of n o r a d r e n a l i n e l e v e l s w i t h d i s u l f i r a m ( G o l d s t e i n e t 

a l , 1964) or 6-OHDA ( L a v e r t y and T a y l o r , 1970) de c r e a s e motor 

a c t i v i t y . I n c r e a s i n g c r a n i a l n o r a d r e n a l i n e l e v e l s by i n j e c t i o n 

of the n e u r o t r a n s m i t t e r (50ug-3mg) i n t o the t h i r d v e n t r i c l e or 

c i s t e r n a magna produces w a k e f u l n e s s and e x c i t a t i o n (Cordeau e_t 

a l , 1971). 

I n t r a v e n t i c u l a r i n j e c t i o n s of 6-OHDA (200ug) d e c r e a s e NA 

l e v e l s by 70-80% i n the d o r s a l raphe, median raphe, and raphe 

magnus (Saaverda e t a_l, 1976). Six-hydroxydopamine a d m i n i s t e r e d 

i n t h i s manner a l s o d e c r e a s e s l o c o m o t o r a c t i v i t y , y e t 5,6-DHT 

i n j e c t i o n s ( i n t r a v e n t r i c u l a r l y ) do not cause the o p p o s i t e 

e f f e c t . I f the two n e u r o t o x i n s a r e a d m i n i s t e r e d s i m u l t a n e o u s l y 

t h e r e i s no change i n locomotor a c t i v i t y . These r e s u l t s l e d 

R i c h a r d s o n e t a l , (1974) t o c o n c l u d e the de c r e a s e d motor 

a c t i v i t y caused by 6-OHDA i s due t o an i n c r e a s e i n 5-HT l e v e l s 

and not the de c r e a s e i n NA l e v e l s . The above o b s e r v a t i o n s once 

more i n d i c a t e a p h a s i c n a t u r e of s e r o t o n i n . 

M i l l e r and M a i c k e l (1969), a l t e r e d 5THT and NA l e v e l s i n 

r a t s and obs e r v e d the e f f e c t s on a c o n t i n u o u s a v o i d a n c e 

response. The b e n z o q u i n o l i z i n e , Ro 4-1284 (a drug t h a t r e l e a s e s 

both 5-HT and NA, 5-HT b e i n g r e l e a s e d i n g r e a t e r q u a n t i t i e s ) , 

c auses b e h a v i o u r a l d e p r e s s i o n of the avoi d a n c e t a s k . pCPA had 

no e f f e c t on the t a s k . However, pCPA tre a t m e n t p r i o r t o Ro 4-

1284 r e v e r s e d the e f f e c t s of Ro 4-1284 t r e a t m e n t . The a u t h o r s 
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c o n c l u d e d i t i s the b a l a n c e of f r e e 5-HT/NA t h a t i s the d e c i d i n g 

f a c t o r i n the b e h a v i o u r a l d e p r e s s i o n induced by 

b e n z o g u i n o l i z i n e s . I t s h o u l d a g a i n be noted t h a t a c t i v a t i o n of 

the n o r a d r e n e r g i c system was r e q u i r e d b e f o r e a l t e r a t i o n of the 

s e r o t o n i n e r g i c system c o u l d have an e f f e c t . 

3.3 S e r o t o n i n I n t e r a c t i o n w i t h Dopamine 

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

The r e l a t i o n s h i p t h a t Gromova et a l (1976) i n d i c a t e d 

between s e r o t o n i n and n o r a d r e n a l i n e (see 4.3.2.1) i s a l s o t r u e 

f o r s e r o t o n i n and dopamine i n the b r a i n . A s c e n d i n g t r a c t s of 

s e r o t o n i n e r g i c and dop a m i n e r g i c neurones t e r m i n a t e i n the 

n e o s t r i a t u m and l i m b i c f o r e b r a i n . Monoamine o x i d a s e i s 

r e s p o n s i b l e f o r the o x i d a t i o n of 5-HT and DA. H i g h 

c o n c e n t r a t i o n s of both monoamines a r e found i n the sour c e n u c l e i 

of 5-HT and DA. Hence one must a c c e p t the p o s s i b i l i t y of a 

f u n c t i o n a l i n t e r r e l a t i o n s h i p between s e r o t o n i n and dopamine. 

3.3.2 A n a t o m i c a l E v i d e n c e 

There a r e two major a s c e n d i n g d o p aminergic pathways: the 

n i g r o - n e o s t r i a t a l pathway ( i n c l u d i n g the s u b s t a n t i a n i g r a and 

s u p e r i o r c o l l i c u l s ) and the me s o l i m b i c dopamine system 

( i n c l u d i n g the m e d i a l accumbens and tu b e r c u l u m o l f a c t o r i u m ) 

(Anden e_t a l , 1 966; U n g e r s t e d t , 1971). E a r l y s t u d i e s of the 

anatomy of s e r o t o n i n e r g i c and dopaminergic systems i n d i c a t e 

common a r e a s of t e r m i n a t i o n i n c l u d i n g the n e o s t r i a t u m and l i m b i c 

f o r e b r a i n (Anden e_t a_l, 1966). L o c a l i z e d i n j e c t i o n s of 

h o r s e r a d i s h p e r o x i d a s e and 3 H - l e u c i n e p r o v i d e s t r o n g e v i d e n c e 

f o r a d o r s a l raphe n u c l e u s p r o j e c t i o n ( F i b i g e r and M i l l e r , 1977; 

Moore et a_l, 1 978) and a median raphe n u c l e u s p r o j e c t i o n 
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( B o b i l l i e r et a l , 1979; Dray et a l , 1976; Moore e t a l , 1978) t o 

the s u b s t a n t i a n i g r a (SN; a major source of c r a n i a l dopamine). 

T h i s c o i n c i d e s w i t h the o b s e r v a t i o n of l a r g e number of 

s e r o t o n i n e r g i c f i b r e s f o r m i n g a x o - d e n d r i t i c synapses w i t h i n the 

SN ( P a r i z e k et. §_1, 1971). A l a r g e number of c a t e c h o l a m i n e 

t e r m i n a l s can a l s o be seen on the s u r f a c e of 5-HT p r o d u c i n g 

n e u r o n a l p e r i k a r y a ( D a l h s t r o m and Fuxe, 1964; Fuxe, 1965). 

3.3.3 B i o c h e m i c a l and p h y s i o l o g i c a l e v i d e n c e 

B i o c h e m i c a l and p h y s i o l o g i c a l t e c h n i q u e s a r e used t o 

s u b s t a n t i a t e an i n t e r a c t i o n between the s o u r c e n u c l e i of DA and 

5-HT. W i t h i n the SN t h e r e a r e s u b s t a n t i a l c o n c e n t r a t i o n s of 5-

HT ( P a l k o v i t s e t a l , 1974; P a l k o v i t s e t a l , 1977) and h i g h 

t r y p t o p h a n h y d r o x y l a s e a c t i v i t y ( B r o w n s t e i n et a l , 1975). • In 

the s e r o t o n i n e r g i c raphe n u c l e i (B1-B9) dopamine c o n c e n t r a t i o n s 

a r e h i g h and l e v e l s of t y r o s i n e h y d r o x y l a s e a r e of the same 

o r d e r of magnitude as t r y p t o p h a n h y d r o x l a s e (Saaverda et a l , 

1976). E l e c t r o l y t i c ' ( F i b i g e r and M i l l e r , 1977) or 5,7-DHT 

(Deakin et a l , 1979) l e s i o n i n g of the DR d e c r e a s e s n i g r a l and 

s t r i a t a l 5-HT c o n t e n t . S t i m u l a t i o n of the DR i n h i b i t s u n i t 

a c t i v i t y i n the SN; t h i s e f f e c t i s b l o c k e d by pCPA p r e t r e a t m e n t 

( F i b i g e r and M i l l e r , 1977) and mimicked by 5-HT a p p l i c a t i o n i n t o 

the s t r i a t u m ( D a v i e s and Tongroach, 1978). However, pCPA 

t r e a t m e n t a l o n e does not a l t e r DA u t i l i z a t i o n i n the m e s o l i m b i c 

nor n i g r o - s t r i a t a l systems ( F i b i g e r and M i l l e r , 1977). These 

o b s e r v a t i o n s l e d the a u t h o r s t o c o n c l u d e the i n h i b i t o r y 

s e r o t o n i n e r g i c p r o j e c t i o n from the DR i n f l u e n c e s dopaminergic 

c e l l s i n the SN i n a p h a s i c but not a t o n i c manner. 

T h i s p h a s i c n a t u r e of s e r o t o n i n e r g i c i n f l u e n c e on dopamine 
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may e x p l a i n the n e g a t i v e f i d n i n g s of Gumulka e_t a l (1970) and 

Rommelspacher and S t r a u s s , (1980). These a u t h o r s found t h a t 

e l e c t r o l y t i c l e s i o n s i n the DR or MR do not a l t e r t he s t r i a t a l 

dopamine c o n t e n t . 

Serotonin-dopamine i n t e r a c t i o n has a l s o been obse r v e d under 

more t o n i c c o n d i t i o n s . S e r o t o n i n uptake i n h i b i t o r s p o t e n t i a t e 

and 5-HT r e c e p t o r b l o c k e r s a n t a g o n i z e the i n c r e a s e d dopamine 

met a b o l i s m induced by h a l o p e r i d o l (Waldmeier e t a l , 1979). 

U n i l a t e r a l i n j e c t i o n s of 5,7-DHT i n t o the SN cause an 

i p s i l a t e r a l i n c r e a s e i n s t r i a t a l DA t u r n o v e r (Giambalvo and 

Snodgrass, 1978). C h r o n i c t r e a t m e n t w i t h pCPA or m e t e r g o l i n e 

(Roberge, 1979) or e l e c t r o l y t i c l e s i o n i n g of the d o r s a l and 

median raphe n u c l e i (Herve e t a_l, 1 979; 1981) enhance dopamine 

u t i l i z a t i o n i n the n u c l e u s accumbens. E l e c t r i c a l s t i m u l a t i o n of 

the MR c a u s e s , m a i n l y , the d e p r e s s i o n of s i n g l e neurone a c t i v i t y 

i n t he SN (Dray e t a_l, 1976). M i c r o i o n t o p h o r e t i c a l l y a p p l i e d 5-

HT t o the SN produces m a i n l y i n h i b i t i o n of n e u r o n a l a c t i v i t y 

(Dray e t §_1, 1 976). D i s c r e t e e l e c t r o l y t i c l e s i o n s of the MR 

de c r e a s e 5-HT i n the SN and i n c r e a s e ' s t r i a t a l dopamine l e v e l s 

(Dray e_t a_l, 1976).. 5,7-DHT i n j e c t i o n s i n t o the MR d e c r e a s e 5-

HT uptake i n the SN (Giambalvo and Snodgrass, 1978). The d a t a 

c o l l e c t e d by t h e s e a u t h o r s s t r o n g l y suggest a d i r e c t i n h i b i t o r y 

pathway from the MR t o the SN t h a t i n f l u e n c e s n i g r o - s t r i a t a l 

d o p a m i n e r g i c a c t i v i t y . U n i l a t e r a l l e s i o n s of the DR d e c r e a s e 5-

HT and 5-HIAA and i n c r e a s e dopamine metabolism i n the 

i p s i l a t e r a l SN ( N i c o l a o u e_t a_l, 1979). U n i l a t e r a l l e s i o n s of 

the MR produced s i m i l a r e f f e c t s i n . t h e c o r p us s t r i a t u m ( N i c o l a o u 

et a l , 1979). The a u t h o r s c o n c l u d e d t h a t the DR and MR send 
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p r o j e c t i o n s d i f f e r e n t i a l l y t o the SN and corpus s t r i a t u m , 

r e s p e c t i v e l y , which e x e r t t o n i c i n h i b i t i o n of DA metabolism. 

N i g r a l dopamine a d m i n i s t r a t i o n (10" 7M) d e c r e a s e s 5-HT i n the 

caudate putamen and SN and s i m i l a r a p p l i c a t i o n of a l p h a -

m e t h y l p a r a t y r o s i n e (a dopamine d e p l e t o r ) has the o p p o s i t e e f f e c t 

(Hery e t a_l, 1980). In an i n v i t r o s t r i a t a l synaptosome 

p r e p a r a t i o n , 3uM 5-HT d e p r e s s e s dopamine s y n t h e s i s from t y r o s i n e 

(Andrews e t a l , 1978). 

Somewhat c o n t r a r y t o the above r e s u l t s , e v i d e n c e p r e s e n t e d 

by Lyness and Moore (1981) does not su p p o r t a 5-HT-DA 

i n t e r a c t i o n . These a u t h o r s r e c o r d e d an i n c r e a s e i n d-

amphetamine- and apomorphine-induced locomotor a c t i v i t y a f t e r 

5,7-DHT i n j e c t i o n s i n t o the l a t e r a l c e r e b r a l v e n t r i c l e or the 

n u c l e u s accumbens s e p t i but d i d not f i n d a c o n c u r r e n t change i n 

dopa m i n e r g i c neurone a c t i v i t y as i n d i c a t e d the DOPAC 

c o n c e n t r a t i o n or 1-DOPA a c c u m u l a t i o n . 

3.3.4 B e h a v i o u r a l E v i d e n c e 

Motor a c t i v i t y i s reduced by e l e c t r o l y t i c l e s i o n s of the SN 

(Gumulka e_t a_l, 1 970) and by b i l a t e r a l 6-OHDA l e s i o n s i n 

dopamine's m e s o l i m b i c system (Koob and R o b i n s , 1979). 

S t i m u l a t i o n of c e n t r a l dopamine r e c e p t o r s by apomorphine ( i . p . ) 

i n d u c e s h y p e r a c t i v i t y i n r a t s (Grabowska and M i c h a l u k , 1974; 

Westermann e t a_l, 1976). S e r o t o n i n e r g i c d e p l e t i o n by pCPA 

( i . p . ) or 5,6-DHT ( i n j e c t e d i n t o the MR) enhances the 

h y p e r a c t i v i t y . S e r o t o n i n e r g i c e l e v a t i o n w i t h harmine (a 

monoamine o x i d a s e i n h i b i t o r ) p r e t r e a t m e n t reduces the 

apomorphine-induced h y p e r m o t i 1 i t y and the e x t r a enhancement 

caused by pCPA or 5,6-DHT (Westermann et. a l , 1976). An 
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enhancement of apomorphine- and "d-amphetamine-induced l o c o m o t i o n 

i s a l s o o b s e r v e d a f t e r i n j e c t i o n s of 5,7-DHT i n t o the l a t e r a l 

v e n t r i c l e or b i l a t e r a l l y i n t o the n u c l e u s accumbens s e p t i 

(Lyness and Moore, 1981). The a u t h o r s a l s o c o n c l u d e d the 

enhanced a c t i v i t y was not due t o a change i n dopaminergic 

a c t i v i t y as de t e r m i n e d by 3 , 4 - d i h y d r o x y p h e n y l a c e t i c a c i d 

c o n c e n t r a t i o n s and 1-DOPA a c c u m u l a t i o n . 

A dose-dependent i n c r e a s e i n locomotor a c t i v i t y i s produced 

by i n j e c t i o n s of dopamine i n t o the n u c l e u s accumbens ( C a r t e r and 

Pycock, 1979; C o s t a l l e t a l , 1976; C o s t a l l e t a l , 1980; 

P i j n e n b u r g e t a_l, 1976). S e r o t o n i n i n j e c t i o n s , a t the same 

s i t e , reduce locomotor a c t i v i t y ( C a r t e r and Pycock, 1979; 

C o s t a l l et a l , 1976; Jones et_ a l 1981; P i j n e n b u r g e t a l , 1976). 

E l e c t r o l y t i c median raphe l e s i o n s enhance dopamine-induced 

h y p e r a c t i v i t y and markedly d e c r e a s e the t h r e s h o l d and maximal 

doses of dopamine ( C o s t a l l e_t a_l, 1976). S e r o t o n i n i n j e c t i o n s 

i n t o the n u c l e u s accumbens, of r a t s p r e t r e a t e d w i t h dopamine 

i n t o the same s i t e , causes an immediate r e d u c t i o n i n motor 

a c t i v i t y ( C o s t a l l et_ a l , 1976). 

S e r o t o n i n a l s o i n t e r a c t s w i t h dopamine s t i m u l a t e d a c t i v i t y 

i n the n i g r o - s t r i a t a l system. 6-OHDA l e s i o n s of the SN (the 

o r i g i n of DA p e r i k a r y a f o r the n i g r o - s t r i a t a l s y s t e m ) , a l t h o u g h 

not a f f e c t i n g apomorphine-induced h y p e r l o c o m o t i o n , does p r e v e n t 

f u r t h e r augmentation of the h y p e r a c t i v i t y induced by 5,6-DHT 

l e s i o n s (Westermann e t aJL, 1976). 

L e s i o n i n g of the s u p e r i o r c o l l i c u l u s ( p a r t of the n i g r o -

s t r i a t a l system) and o b s e r v i n g the e f f e c t s upon amphetamine-

induced locomotor a c t i v i t y , Pope et a l (1980) c o n c l u d e d 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 P o s s i b l e L o c i and Mechanisms by Which S e r o t o n i n May I n h i b i t  

P h y s i c a l A c t i v i t y 

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

The p o s s i b l e mechanisms d i s c u s s e d , by which s e r o t o n i n may 

i n h i b i t p h y s i c a l a c t i v i t y , a r e those i n the l i t e r a t u r e t h a t have 

a r e a s o n a b l e documented b a s i s . I t s h o u l d not be assumed t h a t 

any of the p o s s i b l e l o c i and mechanisms are m u t u a l l y e x c l u s i v e . 

4.2 T h e r m o r e g u l a t i o n 

The i n t e g r i t y of the monoamine system i s v i t a l f o r c o r r e c t 

f u n c t i o n i n g of the hypothalamus i n temperature r e g u l a t i o n 

( C r o n i n and Baker, 1977; Jacob and G i r a u l t , 1979; Woolf e_t a l , 

1975). Many a s p e c t s of the r o l e of 5-HT i n t h e r m o r e g u l a t i o n 

remain t o be e l u c i d a t e d . C o n f l i c t i n g o b s e r v a t i o n s due t o 

s p e c i e s , drug dosage, and s i t e of i n j e c t i o n have been r e p o r t e d 

(see C l a r k and C l a r k (1980) and Jacob and G i r a u l t (1979) f o r an 

e x t e n s i v e r e v i e w ) . The c o n f l i c t i n g d a t a may, i n p a r t , be 

e l u c i d a t e d by the p r o p o s i t i o n t h a t 5-HT synapses i n the r o s t r a l 

and c a u d a l p o r t i o n s of the hypothalamus of c a t s mediate 

f u n c t i o n a l l y o p p o s i n g t h e r m o r e g u l a t o r y e f f e c t s (Komiskey and 

Rudy, 1977). T h i s may e x p l a i n the f i n d i n g t h a t DR l e s i o n s 

d e c r e a s e c a t e c h o l a m i n e a c t i v i t y i n the hypothalamus whereas MR 

l e s i o n s i n c r e a s e c a t e c h o l a m i n e a c t i v i t y i n the hypothalamus 

(Rommelspacher and S t r a u s s , 1980). C e r t a i n 5-HT pathways do a c t 

t o i n c r e a s e heat l o s s and de c r e a s e heat p r o d u c t i o n ( B l i g h e_t a l , 

1971). I t i s known t h a t , i n the r a t , an i n c r e a s e i n ambient 

te m p e r a t u r e causes an i n c r e a s e i n 5-HT t u r n o v e r and 

i n t r a v e n t r i c u l a r i n j e c t i o n s of 5-HT cause a d e c r e a s e i n c o r e 
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temperature ( F e l d b e r g and L o t t i , 1967; Jacob and G i r a u l t , 1979; 

Weiss and A g h a j a n i a n , 1971). In a n e s t h e t i z e d c a t s , most 

neurones i n and around c a u d a l m i d b r a i n raphe n u c l e i i n c r e a s e d 

t h e r e f i r i n g f requency w i t h i n 30 sec when the temperature was 

i n c r e a s e d 5°C by water thermodes ( C r o n i n and Baker, 1977) 

D u r i n g h i g h i n t e n s i t y e x e r c i s e the f a s t t w i t c h f i b r e s of 

the a c t i v e muscle ' are p r e f e r e n t i a l l y r e c r u i t e d (Essen and 

K a y s e r , 1976; G i l l e s p i e e t a l , 1974; G o l l n i c k e t a l , 1974; 

K a r l s s o n and Komi, 1976). I f the e x e r c i s e i s not of h i g h 

i n t e n s i t y or e x h a u s t i v e , f a s t t w i t c h f i b r e s w i l l not be 

a c t i v a t e d . These f a s t t w i t c h , g l y c o l i t i c f i b r e s a r e r e s p o n s i b l e 

f o r the major p o r t i o n of muscle temperature i n c r e a s e ( B o l s t a d 

and E r s l a n d , 1978). Here 5-HT, p o t e n t i a l l y , can f u n c t i o n as 

d u a l s a f e t y mechanism f o r an a n i m a l p e r f o r m i n g h i g h i n t e n s i t y 

e x e r c i s e . F i r s t l y , 5-HT can i n h i b i t the motor a c t i v i t y thus 

r e d u c i n g the organism's heat p r o d u c t i o n . S e c o n d l y , 5-HT can 

s t i m u l a t e heat l o s s , r e d u c i n g the organism's c o r e t e m p e r a t u r e . 

4.3 I n h i b i t i o n of C o r t i c a l Neurones 

L i d o v e t a_l (1980) i n v e s t i g a t e d the a s c e n d i n g 

s e r o t o n i n e r g i c pathways of the B7-B9 n u c l e i u s i n g a new and v e r y 

s e n s i t i v e i m m u n o h i s t o l o g i c a l p r o c e d u r e . These r e s e a r c h e r s found 

such a u b i q u i t o u s a r r a y of 5-HT t e r m i n a l s i n the c e r e b r a l c o r t e x 

as t o s t a t e "the raphe neurones may c o n t a c t every c e l l i n the 

c o r t e x " (p.207). O n t o l o g i c a l l y , h i g h c o n c e n t r a t i o n s of 

s e r o t o n i n a r e p r e s e n t i n the motor c o r t e x a t b i r t h and i n the 

e a r l y s t a g e s of p o s t n a t a l development i n the r a t . These l e v e l s 

s l o w l y d e c r e a s e t o a d u l t l e v e l s (Uzbekov et a l , 1979). 

S t i m u l a t i o n of the DR, i n a n a e s t h e t i z e d r a t s , causes a 
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frequency-dependent r e l e a s e of 5-HT i n the p a r i e t a l c o r t e x 

( F u j i w a r a , 1981). E l e c t r o p h o r e t i c , i o n t o p h o r e t i c , a r t e r i a l 

i n j e c t i o n , and d o r s a l and median raphe s t i m u l a t i o n s t u d i e s 

i n d i c a t e s e r o t o n i n has i n h i b i t o r y (Bloom et a l , 1973; 

F r e d e r i c k s o n et. a_l, 1972; Huang and M a r r a z z i , 1973; Johnson et 

a l , 1970; O l p e , 1981; P h i l l i s ejt a l , 1968a; Reader et a l , 1979; 

Reader, 1980; S a s t r y and P h i l l i s , 1977b; Sharma, 1977) or both 

e x c i t a t o r y and i n h i b i t o r y e f f e c t s ( S z a b a d i et. a_l, 1977) upon 

c o r t i c a l neurones. A l t h o u g h the e x a c t l o c a t i o n of the c o r t i c a l 

neurones were not always s t a t e d , the i n h i b i t o r y e f f e c t s of 5-HT 

were obse r v e d i n the p o s t e r i o r c r u c i a t e c o r t e x ( F r e d e r i c k s o n e t 

a l , 1972), the deep neurones of the sensomotor c o r t e x ( S a s t r y 

and P h i l l i s , 1977b; Szabadi et a l , 1977) and p y r a m i d a l , 

p e r i c r u c i a t e c o r t e x c e l l s (Huang and M a r r a z z i , 1973). 

K o s t o w s k i e t a l , (1968) showed t h a t e l e c t r o l y t i c l e s i o n i n g 

of the MR n u c l e u s causes (1) a d e c r e a s e of f o r e b r a i n 5-HT and 5-

HIAA l e v e l s , (2) an i n c r e a s e d i n g e n e r a l , a c t i v i t y , (3) the 

e s t a b l i s h m e n t of a p e r s i s t e n t EEG a r o u s a l p a t t e r n , and (4) an 

i n c r e a s e i n spontaneous motor a c t i v i t y . More r e c e n t l e s i o n 

s t u d i e s have c o n f i r m e d t h a t the MR n u c l e u s i s r e s p o n s i b l e f o r 

the i n c r e a s e d l o comotor a c t i v i t y o bserved i n r a t s when the 

a s c e n d i n g pathways are l e s i o n e d (Geyer, 1978; Jacobs e_t a l , 

1974; J acobs and Cohen, 1976; L o r e n s , 1978). 

The hippocampus i s thought t o p l a y a major r o l e i n 

m e d i a t i n g the e f f e c t s of median raphe l e s i o n s . A n a t o m i c a l d a t a 

i n d i c a t e s t h a t t h e r e are two d i s t i c t pathways of median raphe 

f i b r e s t o the hippocampus: one pathway i s s u p r a c a l l o s a l 

t r a v e l l i n g w i t h the c i n g u l u m bundle and the o t h e r i s 
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i n f r a c a l l o s a l a s s o c i a t i n g w i t h the f o r n i x - f i m b r i a system 

( A z m i t i a and S e g a l , 1978). L a t e r , A z m i t i a (1981) used 

h o r s e r a d i s h p e r o x i d a s e and 3H-5-HT i n a double l a b e l l i n g 

t e c h n i q u e t o show t h a t the DR a l s o has an e f f e r e n t pathway t o 

the hippocampus. R e s e a r c h by P a s q u i e r and Rein o s o - S u a r e z (1977) 

i n d i c a t e s the d o r s a l raphe e f f e r e n t s t e r m i n a t e p r i m a r i l y i n the 

d o r s a l hippocampus whereas the median raphe p r o j e c t s neurones 

throughout the e n t i r e hippocampus. 

A comparison of DR and MR l e s i o n s i n d i c a t e t h a t o n l y MR 

l e s i o n s s i g n i f i c a n t l y d e c r e a s e hippocampal s e r o t o n i n (Geyer, 

1978; Geyer et a l , 1976; H e r r and Roth, 1976; Jacobs e t a l , 

1974; K e l l e r e t a l , 1977; L o r e n s and G u l d b e r g , 1974; Trimbach as 

i n d i c a t e d by Mabry and Campb e l l , 1973; Van de Kar and L o r e n s , 

1979) whereas DR l e s i o n s have l i t t l e e f f e c t on hippocampal 5-HT 

l e v e l s (Geyer, 1978; Jacobs e t a l , 1974; K e l l e r e t a l , 1977; 

Lor e n s and G u l d b e r g , 1974; Trimbach a c c o r d i n g t o Mabry and 

Ca m p b e l l , 1973; Van de Kar and L o r e n s , 1979). C o n t r a r i l y , 

D e a k i n e t a l (1979) showed t h a t 5,7-DHT l e s i o n s of the DR and MR 

produced s i m i l a r d e c r e a s e s i n hippocampal 5-HT l e v e l s and 

Rommelspacher and S t r a u s s , (1980) found t h e r m a l l e s i o n s of DR 

a l s o d e c r e a s e hippocampal 5-HT a l t h o u g h not n e a r l y t o e x t e n t as 

MR l e s i o n s . 

A p p r o x i m a t e l y n i n e t y p e r c e n t of hippocampal p y r a m i d a l c e l l s 

a r e i n h i b i t e d by i o n t o p h o r e t i c a d m i n i s t r a t i o n of 5-HT and 40% of 

hippocampal p y r a m i d a l c e l l s a r e i n h i b i t e d by median raphe 

s t i m u l a t i o n ( S e g a l , 1975; 1980; 1981). In v i t r o s t u d i e s a l s o 

s u p p o r t 5-HT i n h i b i t i o n of hippocampal c e l l s . S e r o t o n i n caused 

h y p e r p o l a r i z a t i o n of a l l r a t CA1 hippocampal c e l l s s t u d i e d i_n 
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v i t r o (Cobbett and C o t t r e l l , 1980). The h y p e r p o l a r i z a t i o n i s 

b e l i e v e d caused by a c t i v a t i o n of p o t a s s i u m c h a n n e l s ( S e g a l , 

1980) . 

C o n t r a r i l y , Hole e t a l (1977) found t h a t l e s i o n i n g the 

mes e n c e p h a l i c m e d i a l s e r o t o n i n e r g i c bundle (the major a s c e n d i n g 

s e r o t o n i n e r g i c system) w i t h 5,7-DHT had no e f f e c t on motor 

a c t i v i t y . However, the motor a c t i v i t y was measured 20 days 

a f t e r l e s i o n i n g and by t h i s time r e g e n e r a t i o n of some 5-HT 

neurones (Svendgaard e_t a l , 1975; W i k l u n d e t a l , 1978) or 

i n c r e a s e s i n 5-HT s e n s i t i v i t y ( B l a c k b u r n e_t a l , 1981; Seeman e t 

a l , 1980; Stewart e t a l , 1976; T r u l s o n and J a c o b s , 1978), or 

b o t h , c o u l d have o c c u r r e d . The locomotor a c t i v i t y was a l s o 

measured i n the open f i e l d — a n environment not c o n d u c i v e t o 

measuring a c t i v i t y i n 5-HT d e p l e t e d a n i m a l s (see s e c t i o n 2.4). 

The o b s e r v a t i o n s t h a t p r i o r hippocampectomy b l o c k s t h e 

a b i l i t y of pCPA or e l e c t r o l y t i c l e s i o n s t o produce h y p e r a c t i v i t y 

( Jacobs e t a l , 1975) p r o v i d e s s t r o n g e v i d e n c e f o r hippocampal 

i n v o l v e m e n t i n s e r o t o n i n e r g i c m o d u l a t i o n of a c t i v i t y . 

4.4 Act i o n on S p i n a l Motorneurones 

The p o s t e r i o r raphe n u c l e i (B1-B3) a r e the major source of 

d e s c e n d i n g s e r o t o n i n e r g i c t r a c t s which t e r m i n a t e i n the s p i n a l 

c o r d . Minor c o n t r i b u t i o n s of d e s c e n d i n g 5-HT neurones come from 

B5, B7, B8, and B9 (Bowker e t a l , 1981; Satoh, 1979; S h i m i z u e t 

a l , 1981; Tohyama e t a l , 1979). 

S e r o t o n i n c o n c e n t r a t i o n s a r e h i g h e s t i n s p i n a l segments 

t h a t c o n t a i n motorneurones which i n n e r v a t e the l i m b s (Anderson, 

1972). Moreover, u s i n g m i c r o a s s a y , m i c r o d i s s e c t i o n , and 

f l u o r e s c e n c e t e c h n i q u e s i t was d e t e r m i n e d t h a t the v e n t r a l 
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h o r n s , the l o c a t i o n of motorneurone p e r i k a r y a , have the h i g h e s t 

5-HT c o n c e n t r a t i o n i n the s p i n a l c o r d (Anderson and H o l g e r s o n , 

1966; C a r l s s o n e t a l , 1964; O l i v e r a s e t a l , 1977; Segu and 

C a l a s , 1978). I t i s p o s t u l a t e d t h a t the source of the h i g h 5-HT 

l e v e l s i n the v e n t r a l horn i s from d e s c e n d i n g s e r o t o n i n e r g i c 

neurone t e r m i n a l s d i r e c t l y c o n t a c t i n g a l p h a motorneurones 

( D a l h s t r o m and Fuxe, 1965; N a f t c h i e_t a_l, 1972; Torskaya and 

Goloborodo'ko, 1977; U n g e r s t e d t , 1971). S p i n a l c o r d t r a n s e c t i o n 

produces d i m i n i s h e d amounts of 5-HT below the t r a n s e c t i o n 

i n d i c a t i n g the sour c e of 5-HT t o be of b r a i n o r i g i n (Anderson, 

1972; N a f t c h i e t a l , 1972; O l i v e r a s e t a l , 1977). 

Only a few s t u d i e s have a t t e m p t e d t o e l u c i d a t e the e f f e c t s 

of 5-HT on motorneurones and the r e s u l t s a r e c o n f l i c t i n g . 

E x t r a c e l l u l a r a p p l i c a t i o n of 5-HT (l50nA; i o n t o p h o r e t i c ) or 

n o r a d r e n a l i n e (lOOnA) t o s p i n a l motorneurones causes membrane 

p o l a r i z a t i o n s u g g e s t i n g both t r a n s m i t t e r s a c t as i n h i b i t o r y 

a g e nts ( P h i l l i s e t a l , 1968b). The s e r o t o n i n a n t a g o n i s t s 

c i n a n s e r i n and me t h y s e r g i d e a b o l i s h l o n g l a t e n c i e s of v e n t r a l 

r o o t p o t e n t i a l s evoked by b r a i n s t e m s t i m u l a t i o n i n d i c a t i n g a 

t o n i c i n h i b i t i o n of motorneurone p o t e n t i a l s ( P r o u d f i t and 

Anderson, 1973). C o n t r a r i l y , i t has been noted t h a t 5-HTP 

(75mg/kg; i . v . ) ( M y s l i n s k i and Anderson, 1978) or 5-HT (.16M; 

i o n t o p h o r e t i c ) ( B a r a s i and R o b e r t s , 1974; White and Neuman, 

1980) i n c r e a s e s the e x c i t a b i l i t y of s p i n a l motorneurones. 

Perhaps e l u c i d a t i n g these c o n t r a d i c t o r y r e s u l t s Komissarov and 

Abramets (1980) r e p o r t e d t h a t low c o n c e n t r a t i o n s of 5-HT (10~ 5M) 

d e p o l a r i z e s p i n a l motorneurones whereas h i g h c o n c e n t r a t i o n s 

(10""-10" 3M) h y p e r p o l a r i z e motorneurones. 
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4.5 A i r I o n i z a t i o n 

Another p o s s i b l e mechanism of 5-HT a c t i o n i s a i r 

i o n i z a t i o n . W i t h a h i g h barometer t h e r e i s a decrease of 

p o s i t i v e i o n s i n the a i r ( S c h r e i b e r , 1967). P o s i t i v e i o n i z a t i o n 

of ambient a i r i n c r e a s e s b l o o d and c r a n i a l 5-HT and, l i k e w i s e , 

n e g a t i v e i o n i z a t i o n d e c r e a s e s b l o o d and c r a n i a l 5-HT (Krueger e_t 

a_ l , l 9 6 6 ; Krueger and K o t a k a , 1969). N e g a t i v e i o n i z a t i o n a l s o 

d e c r e a s e s c o r t i c a l 5-HT l e v e l s (Diamond et a l , 1980). With 

r e g a r d t o these o b s e r v a t i o n s , one would e x p e c t a r i s i n g 

barometer t o i n c r e a s e spontaneous a c t i v i t y and a f a l l i n g 

barometer t o decrease spontaneous a c t i v i t y . T h i s i s what 

happens a c c o r d i n g t o Krueger and Smith (1960). 

In r a t s , t h e r e i s an i n c r e a s e i n 5-HIAA e x c r e t i o n a f t e r 

n e g a t i v e i o n i z a t i o n t r e a t m e n t ( O l i v e r e a u , 1971). I t i s 

p o s t u l a t e d t h a t n e g a t i v e i o n i z a t i o n a c c e l e r a t e s enzymatic 

o x i d a t i o n of 5-HT thus d e c r e a s i n g b o d i l y 5-HT l e v e l s ( O l i v e r e a u , 

1971). The mechanism by which p o s i t i v e i o n s i n c r e a s e b l o o d 5-HT 

i s b e l i e v e d v i a a c a t i o n exchange. The r e l e a s e of 5-HT from 

b l o o d c e l l s such as mast c e l l s and p l a t e l e t s i s v i a a 

d i s p l a c e m e n t of p o s i t i v e i o n s i n t o the c e l l s c a u s i n g 5-HT t o be 

r e l e a s e d from the c e l l s i n t o the b l o o d stream (Unvas, 1978). 

F u r t h e r e v i d e n c e s u p p o r t i n g a r e l a t i o n s h i p between a i r 

i o n i z a t i o n and 5-HT i s as f o l l o w s : 

(1) n e g a t i v e i o n s have been shown t o decrease a l p h a wave 

f r e q u e n c y 2-4Hz, i n c r e a s e EEG a m p l i t u d e , i n c r e a s e 

s p r e a d of a l p h a waves, i n c r e a s e s y n c h r o n i z a t i o n of EEG 

between hemispheres, i n c r e a s e a l e r t n e s s , and i n c r e a s e 

w o r k i n g c a p a c i t y ( A s s a e l et a l , 1974). 
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(2) n e g a t i v e i o n s have been shown, i s some c a s e s , t o 

i n c r e a s e muscular endurance i n r a t s ( O l i v e r e a u , 1973). 

(3) weather c o n d i t i o n s t h a t augment p o s i t i v e i o n i z a t i o n and 

i n c r e a s e 5-HT cause the S e r o t o n i n I r r i t a t i o n Syndrome i n 

about one t h i r d of the human p o p u l a t i o n (Sulman et a l , 

1975). T h i s syndrome, as m a n i f e s t e d by headaches, 

d i z z i n e s s , and i r r i t a t i o n of the r e s p i r a t o r y pathways, 

i s r e l i e v e d by t r e a t m e n t w i t h n e g a t i v e a i r i o n i z a t i o n . 

T h i s syndrome can be i n d u c e d , i n humans, by t r e a t m e n t 

w i t h p o s i t i v e i o n s (Winsor and B e c h e t t , 1958). 

(4) n e g a t i v e i o n s i n c r e a s e oxygen uptake of i s o l a t e d mouse 

l i v e r c e l l s (Bhartendu and Menon, 1978). 

I t i s a p o s s i b i l i t y t h a t the i n c r e a s e d p r e s s u r e and 

temperature t h a t take p l a c e i n the l u n g s and muscles d u r i n g 

e x e r c i s e w i l l i n c r e a s e b l o o d 5-HT enough t o cause a s i g n i f i c a n t 

p h y s i o l o g i c a l e f f e c t on muscular performance. 

4.6 S e r o t o n i n e r g i c I n h i b i t i o n a t Motor E n d p l a t e s 

S e r o t o n i n d e c r e a s e s the e l e c t r o p h y s i o l o g i c a l and a s s o c i a t e d 

m e c h a n i c a l responses of a c e t y l c h o l i n e a p p l i e d t o the f r o g 

neuromuscular j u n c t i o n (Akasu et a l , 1981; Colomo e t a l , 1968; 

H i r a i et a_l, 1981; Magazanik e_t a l , 1976 a c c o r d i n g t o Akopyan et 

a l , 1980; Romanowski, 1967). S e r o t o n i n , i n i t s e l f , does not 

a l t e r the p o s t s y n a p t i c membrane conductance but i s a b l e t o 

i m p a i r the a c e t y l c h o l i n e - a c t i v a t i o n of i o n i c c h a n n e l s (Magazanik 

e t a l , 1976) by r e d u c i n g the a f f i n i t y of a c e t y l c h o l i n e t o the 

r e c o g n i t i o n s i t e of a c e t y l c h o l i n e r e c e p t o r s ( H i r a i e t a l , 1981). 

The c o n c e n t r a t i o n of 5-HT r e q u i r e d i s the same as found i n the 

b r a i n e x t r a c t s of e x e r c i s e d r a t s (Romanowski, 1967). 
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4.7 S e r o t o n i n e r g i c I n h i b i t i o n of G l u c o c o r t i c o s t e r o i d A c t i o n 

Adrenalectomy d e c r e a s e s r u n n i n g wheel t i m e . S y n t h e t i c 

c o r t i c o s t e r o n e t r e a t m e n t of a d r e n a l e c t o m i z e d r a t s r e s u l t s i n an 

immediate i n c r e a s e i n r u n n i n g wheel a c t i v i t y (Moberg and C l a r k , 

1976; P e d e r s e n - B j e r g a a r d and Tonnesen, 1954). The r i s e i n 

g l u c o c o r t i c o s t e r i o d s e c r e t i o n d u r i n g the l a t e r e s t i n g phase 

r e s u l t s i n an i n c r e a s e i n g l y c o g e n c a t a b o l i s m - — y i e l d i n g f u e l f o r 

the subsequent a c t i v i t y phase. E l i m i n a t i o n of the 

s e r o t o n i n e r g i c i n n e r v a t i o n t o the s u p r a c h i a s m a t i c n u c l e i (SCN) 

of the hypothalamus e i t h e r v i a e l e c t r o l y t i c l e s i o n of B7 and B8 

n u c l e i or d e s t r u c t i o n of 5-HT neurones i n the SCN by 5,7-DHT 

( l u g i n 1ul) t r e a t m e n t , d e c r e a s e s a d r e n o c o r t i c o t r o p i c hormone 

(ACTH) a m p l i t u d e s and l e v e l s and i n c r e a s e s c o r t i c o s t e r o n e 

a m p l i t u d e s and l e v e l s ( S z a f a r c z y k e_t a l , 1980). C o n c u r r e n t w i t h 

the i n c r e a s e i n c o r t i c o s t e r o n e above c o n t r o l l e v e l s , the 

locomotor a c t i v i t y of the a n i m a l was a l s o e l e v a t e d r e l a t i v e t o 

c o n t r o l s f o r b o t h l e s i o n p r o c e d u r e s . There was no change i n 

e i t h e r the phase r e l a t i o n s h i p of the c o r t i c o s t e r o i d or the ACTH 

c i r c a d i a n rhythm t o the l i g h t - d a r k c y c l e ( B a l e s t r e r y and Moberg, 

1976; S z a f a r c z y k e t a l , 1980). E l e c t r i c a l s t i m u l a t i o n of 

m i d b r a i n raphe n u c l e i reduces the s t r e s s i n d u c e d i n c r e a s e of 

plasma c o r t i c o s t e r o n e — a n e f f e c t t h a t i s b l o c k e d by m e t h y s e r g i d e 

(a 5-HT a n t a g o n i s t ) (Kovacs e t a l , 1976). These o b s e r v a t i o n s 

l e d Kovacs e t a l (1976), t o s p e c u l a t e the e x i s t e n c e of 

s e r o t o n i n e r g i c i n h i b i t i o n of h y p o t h a l a m o - p i t u i t a r y -

a d r e n c o r t i c a l a c t i v a t i o n i n r a t s . 

The 5 - H T - c o r t i c o s t e r o n e i n t e r a c t i o n may a l s o e x i s t i n the 

r e v e r s e d i r e c t i o n . N o r m a l l y , i t appears c o r t i c o s t e r o n e mediates 
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a n e g a t i v e feedback mechanism on s e r o t o n i n . B i l a t e r a l 

a d r e n a lectomy and c o n c u r r e n t d e c r e a s e s i n c o r t i c o s t e r o n e l e v e l s 

e l e v a t e s b r a i n t r y p t o p h a n l e v e l s but d e c r e a s e s the 

c o n c e n t r a t i o n s of c r a n i a l 5-HT and 5-HIAA ( M i l l e r e t a l , 1980; 

Sze, 1976). The l o c u s of a c t i o n f o r t h i s e f f e c t i s p r o b a b l y 

t r y p t o p h a n h y d r o x y l a s e , f o r b i l a t e r a l a d r e n a l e c t o m y a l s o 

d e c r e a s e s t r y p t o p h a n h y d r o x y l a s e a c t i v i t y and 5-HT uptake. T h i s 

e f f e c t i s r e v e r s e d w i t h c o r t i c o s t e r i o d t r e a t m e n t ( A z m i t i a e t a l , 

1970; D e k l o e t e t a l , 1982; Sze, 1976; Vermes, 1976). I n c r e a s e s 

i n c o r t i c o s t e r o i d s augment t r y p t o p h a n uptake and i t s subsequent 

me t a b o l i s m t o 5-HT (Sze, 1976). Sze (1976), c o n c l u d e s t h a t 

c o r t i c o s t e r i o d s have a f a s t a c t i o n upon 5-HT by r e g u l a t i n g 

t r y p t o p h a n uptake and a slow a c t i o n on 5-HT by r e g u l a t i o n of 

t r y p t o p h a n h y d r o x y l a s e a c t i v i t y . Vermes et a l (1976), goes even 

f u r t h e r , s u g g e s t i n g t h a t c o r t i c o s t e r o i d hormones might p l a y a 

modulatory r o l e i n m a i n t a i n i n g a c e r t a i n f u n c t i o n a l a c t i v i t y 

l e v e l of c e n t r a l s e r o t o n i n e r g i c neurones. 

The l o c u s of the n e g a t i v e feedback of c o r t i c o s t e r o i d s upon 

the s e r o t o n i n e r g i c system may o c c u r i n the raphe n u c l e i , or even 

the hippocampus. Twenty t o t h i r t y p e r c e n t of the s m a l l b l o o d 

v e s s e l s i n the DR and MR have d i r e c t a p p o s i t i o n w i t h 

s e r o t o n i n e r g i c p e r i k a r y a and d e n d r i t e s ( F e l t e n and C r u t c h e r , 

1979). H i s t o c h e m i c a l f l u o r e s c e n c e and p h a r m a c o l o g i c a l 

m a n i p u l a t i o n p r o v i d e s t r o n g s u p p o r t f o r the e x i s t e n c e of 5-HT 

t e r m i n a l s i n the supra-ependymal l a y e r of. the l a t e r a l c e r e b r a l 

v e n t r i c l e s ( R i c h a r d s e t a l , 1973). The hippocampus, which 

b o r d e r s the v e n t r a l s u r f a c e of the l a t e r a l v e n t r i c l e s , has the 

h i g h e s t c o r t i c o s t e r i o d uptake and b i n d i n g c a p a c i t y of any 
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s t r u c t u r e i n the b r a i n ( G r o s s e r e t a_l, 1973; McEwen et a l , 

1969) . 

The p o s s i b i l i t y of a 5 - H T - c o r t i c o s t e r o n e i n t e r a c t i o n 

i n f l u e n c i n g motor a c t i v i t y i s s t r o n g l y documented. 

4.8 S e r o t o n i n e r g i c I n h i b i t i o n of A d r e n a l T y r o s i n e H y d r o x y l a s e 

L e s i o n i n g of the a d r e n a l m e d u l l a reduces the time t o 

e x h a u s t i o n i n l o n g d u r a t i o n e x e r c i s e ( R i c h t e r e_t a_l, 1981). 

P r i o r t o and d u r i n g e x e r c i s e , s y m p a t h e t i c a c t i v i t y r e l e a s e s 

a d r e n a l i n e and n o r a d r e n a l i n e from the a d r e n a l g l a n d s i n t o the 

b l o o d stream. These c a t e c h o l a m i n e s markedly enhance 

g l y c o g e n o l y s i s mediated by motor nerve a c t i v i t y ( R i c h t e r e l a l , 

1981). T h i s enhancement can come about v i a s t i m u l a t i n g 

g l y c o g e n o l y s i s (Mayer, 1970), s t i m u l a t i n g c a l c i u m r e l e a s e from 

the s a r c o p l a s m i c r e t i c u l u m (Mayer et a l , 1970), s t i m u l a t i n g 

l i p o l y s i s ( C a r l s o n , 1965; Newsholme and S t a r t , 1973; F i z a c k , 

1965; Schimmel, 1976), s t i m u l a t i n g muscle (Na+,K+)-ATPase (Cheng 

et a l , 1977; Flatman and C l a u s e n , 1978), s t i m u l a t i n g s u b s t r a t e 

c y c l i n g i n the muscle (Newsholme, 1976) and i n h i b i t i n g g l y c o g e n 

s y n t h e s i s (Mayer, 1970). The f o r c e of c o n t r a c t i o n i s a l s o 

f a c i l i t a t e d by c a t e c h o l a m i n e s , but o n l y i n f a s t t w i t c h f i b r e s 

and o n l y by b e t a a d r e n e r g i c s t i m u l a t i o n (Holmberg et a l , 1979). 

The key r e g u l a t o r y enzyme f o r s y n t h e s i z i n g t h e s e 

s y m p a t h e t i c hormones i s t y r o s i n e h y d r o x y l a s e (TOH) (Nagatsu et 

a l , 1964). There i s a s l i g h t ( 1 8 % ) , though s i g n i f i c a n t , 

i n c r e a s e i n a d r e n a l TOH a c t i v i t y f o l l o w i n g 5-HT d e p l e t i o n w i t h 

pCPA (Breese e t a l , 1974). I f the TOH a c t i v i t y i s i n c r e a s e d v i a 

c h r o n i c amphetamine a d m i n i s t r a t i o n p r i o r t o pCPA t r e a t m e n t , 

t h e r e i s a v e r y l a r g e i n c r e a s e (100%) i n TOH a c t i v i t y (Breese e t 



48 

a l , 1974; H o l l i s t e r e t aJL, 1974). These o b s e r v a t i o n s i n d i c a t e 

t h a t 5-HT i n h i b i t i o n of c a t e c h o l a m i n e s y n t h e s i s i n the a d r e n a l s 

i s much g r e a t e r when t h e c a t e c h o l a m i n e system i s a c t i v a t e d . 

Most l i k e l y , the c e n t r a l nervous system mediates the e f f e c t s of 

pCPA. C e n t r a l s e r o t o n i n e r g i c neurones i n h i b i t s y m p a t h e t i c 

o u t f l o w from the s p i n a l c o r d (Coote and Macleod, 1974) and 

a d r e n a l TOH a c t i v i t y ( Q u i r k and Sour k e s , 1977). F u r t h e r m o r e , 5-

HT has been l o c a l i z e d i n the c y t o p l a s m and n u c l e u s of a d r e n a l 

m e d u l l a c e l l s (Csaba and Sudar, 1978). The a u t h o r s e l u c i d a t i n g 

the s e r o t o n i n e r g i c a c t i o n on the a d r e n a l m e d u l l a used a time 

s c a l e of days f o r t h e i r o b s e r v a t i o n s . On a s h o r t e r time s c a l e , 

i . e . d u r i n g e x e r c i s e of a l o n g d u r a t i o n , a d r e n a l p r o d u c t i o n of 

c a t e c h o l a m i n e s i s i n h i b i t e d ( M a t l i n a , 1976). The p o s s i b l i t y 

t h a t 5-HT may i n h i b i t a d r e n a l t y r o s i n e h y d r o x y l a s e d u r i n g 

e x e r c i s e must be c o n s i d e r e d . 

4.9 Other P o s s i b l e L o c i of I n h i b i t i o n 

Other p o s s i b l e l o c i where 5-HT may have i t s i n h i b i t o r y 

e f f e c t on locomotor a c t i v i t y have a l r e a d y been d i s c u s s e d i n 

s e c t i o n 3. The l o c i i n c l u d e the do p a m i n e r g i c n i g r o - s t r i a t a l and 

me s o l i m b i c systems and the l o c u s c o e r u l e u s . 
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5 C o n c l u s i o n s 

Numerous i n v e s t i g a t i v e p r o c e d u r e s have documented s e r o t o n i n 

as a m o d u l a t o r . A n a t o m i c a l l y , 5-HT neurones a r e u n m y l e i n a t e d , 

h i g h l y c o l l a t e r a l i z e d , and have a l a r g e number of t e r m i n a l 

a b o r a t i o n s . Many d i r e c t c o n t a c t s a r e made between 5-HT c e l l 

b o d i e s and the c i r c u l a t o r y system. There i s a v a s t a r r a y of 5-

HT t e r m i n a l s l i n i n g the v e n t r i c l e s . B i o c h e m i c a l l y , 5-HT and 

t r y p t o p h a n h y d r o x y l a s e a r e found w i t h i n the e r g o t r o p i c system; 

c o n t r a r i l y NA, DA, and t h e i r s y n t h e s i s enzymes a r e found w i t h i n 

the t r o p h o t r o p i c system. P h y s i o l o g i c a l l y , the t o n i c low f i r i n g 

r a t e of 5-HT neurones and t h e i r l o n g t e m p o r a l e f f e c t s are not 

c o n d u c i v e t o an o n - o f f system. P h a r m a c o l o g i c a l l y , the many 

drugs t h a t have been used t o a l t e r the s t a t e of the e r g o t r o p i c 

and t r o p h o t r o p i c systems support the modulatory i n f l u e n c e t h a t 

5-HT has upon the e r g o t r o p i c system. B e h a v i o u r a l l y , i n c r e a s e s 

or d e c r e a s e s i n s e r o t o n i n e r g i c f u n c t i o n i n g cause the r e c i p r o c a l 

e f f e c t i n locomotor a c t i v i t y . C o n s i d e r i n g the above, i t appears 

the s e r o t o n i n e r g i c system i s b e t t e r s u i t e d f o r f u n c t i o n i n g i n 

m o d u a l t o r y c a p a c i t y — s e t t i n g the response l e v e l s of i n n e r v a t e d 

neurones t o modify i n p u t from o t h e r neurones, r a t h e r than an on-

o f f system of i n f o r m a t i o n p r o c e s s i n g . 

One can s p e c u l a t e t h a t a modulator t h a t opposses e i t h e r 

extreme of a c t i v i t y (be the a c t i v i t y b i o c h e m i c a l , p h y s i o l o g i c a l , 

or b e h a v i o u r a l i n n a t u r e ) t o have a s t r o n g e r modulatory 

i n f l u e n c e a t the extremes of an a c t i v i t y continuum. The 

numerous i n s t a n c e s of s e r o t o n i n m o d u l a t i o n under p h a s i c 

c o n d i t i o n s o n l y (Breese e t a l , 1974; Coote and Macleod, 1974; 

F i b i g e r and M i l l e r , 1977; M i l l e r and M a i c k e l , 1969; R i c h a r d s o n 
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e t a l , 1974), support t h i s h y p o t h e s i s . 

The s t u d i e s mentioned i n t h i s r e v i e w l e a d me t o a s i m i l a r 

c o n c l u s i o n as Heym, T r u l s o n , and J a c o b s (1982): s i n c e the 

a c t i v i t y of 5-HT neurones i s i n f l u e n c e d by- and i n f l u e n c e s the 

o u t p u t of c e n t r a l motor systems and t h a t t h e s e c e l l s a r e a l s o 

r e s p o n s i v e t o sensory i n p u t suggest 5-HT p l a y s a m o d ulatory r o l e 

i n sensomotor i n t e g r a t i o n . 
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