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The  power of serotonin to suppress ce l l  division has been demonstrated in experiments  on regenerat ion of the 
tadpole  t a i l  [5], and also in studies of HeLa ce l l  cultures [7]. At the same t ime  it has been established [17] that in 
young rats with a regenerat ing liver injections of serotonin increases the uptake of t r i t i um- labe l l ed  thymidine  by the 
parenehyma cells of the l iver,  i .e . ,  it was shown that serotonin st imulates mi to t ic  ac t iv i ty  in the regenerat ing liver. 

The  s t imulat ing act ion of serotonin on the deve lopment  of shoots of the oat has also been demonstrated [18]. Con- 
t radictory results have been obtained on the action of serotonin in inhibiting, on the one hand, the growth of various 
grafted rat and mouse tumors [3, 4, 23], and st imulating,  on the other hand, myelo id  hemopoiesis  [6, 15, 25]. 

There  are also indications of a possible involvement  of serotonin in ce l l  function in vivo. It is sometimes 

held [16] that serotonin should be considered an important  growth factor whose act ion is to be attributed to its anti-  

oxidiz ing properties, and that  it is also related to the ac t iv i ty  of the somatot topic  pi tui tary hormone. 

On the other hand it  has been proposed that  the  s t imulat ion of hemopoiesis  to which we have referred is not 
due to the direct  act ion of serotonin on the bone marrow, but takes place  through the ac t iva t ion  of the adrenal  cor- 
tex and through an enhanced secret ion of cort ico steroids [25]. Descriptions have been given of the hypertrophy and 
hyperfunction of the adrenals under the influence of serotonin [10, 22]. However according to the results obtained 

by other authors neither  adrenalec tomy or hypophysectomy causes appreciable  changes in the distribution of  seto- 

tonin among the various tissues [20, 21], and many of its pharmacologica l  effects on adrena lec tomized  rats may 

even be enhanced [14]. 

At the same t ime  from established data  on the metabol ism of serotonin in animals it may  be supposed that its 
var iable  act ion on ce l l  division depends upon differences in its rate of metabol ism in the different tissues, i .e . ,  in 

other words its act ion depends upon the var ia t ion in the ac t iv i ty  of the enzyme monoaminoxidase,  which is involved 
in the oxidi t ive  d eamina t ion  of 5-oxyt ryptamine  and in the formation first of 5 -oxyindoleace ta ldehyde ,  and then of 
the t e rmina l  me tabo l i t e  of se ro ton in-5-oxyindoleace t ic  acid.  This idea is in line with the results of our experiments  
using b lockade  of monoaminoxidase in vivo before adminis trat ion of serotonin to rats or mice  tumors [4]; in this 
connect ion it has been shown that  when monoaminoxidase  has been blockaded the growth of cer ta in  tumors is more 

inhibited than it is under conditions when the ac t iv i ty  of this enzyme is normal.  We may therefore suppose that 
inhibit ion of ce l l  division in a tumor is brought about by serotonin itself, and not by products of oxidat ion of mono- 

aminoxidase which it has ca ta lyzed .  

The  object  of the present investigation has been to deten-nine whether there is a relat ionship between the 
nature of  the act ion of serotonin on ce l lu lar  proliferation and the rate  of its metabol ism under the influence of  

monoaminoxidase.  

M E T H O D  

The experiments  were carried out on ma le  rats of an impure strain weighing about 200 g. Chlorhydrate of 
5-oxyt ryptamine  obtained from the laboratory of the chemistry of natural  substances, Institute of Experimental  and 
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Mitotic Activity in the Regenerating Liver, in the Duodenal Crypts, and in the Rat Corneal 
Epithelium after Intraperitoneal Injection of 30 mg/kg Serotonin 

No. of  [ 
experi-[ Organ 
m e n t [  

A c t i o n  of  

Mitotic index 
Number of rats (percentage) 

Time of fixatior 
Control ] Experi-ment Control I Experi-ment 

s e r o t o n i n  u n d e r  c o n d i t i o n s  o f  n o r m a l  a c t i v i t y  
o f  m o n o a m i n o x i d a s e  

P 

9 I 10 

Regenerating liver 
Duodenum 
Cornea 

A c t i o n  

In the morning 

In morning (sub- 
cutaneous in- 
jection) 

Evening 

5 

5 

6 

6 

6 5 

7 8 

of  s e r o t o n i n  u n d e r  c o n d i t i o n  
o f  m o n o a m i n o x i d a s e  

5 2.3 5.1 

5 7.8 8.5 

8 1.4 1.2 

4 2.0 1.6 

2.0 0.7 

0.8 0.45 

s of  b l o c k a g e  

< 0.001 
0.45 

0.57 

0.037 

0.t  

Cornea [Evening 7 [ 5 0.8 I 0.07 [<0.001 
Duodenum Morning 5 4 6.5 6.5 - 

C o n t r o l  w i t h  i p r o n i a z i d  ( w i t h o u t  i n j e c t i o n  o f  s e r o t o n i n )  

Cornea ]Evening [ 7 [ 4 0.8 0.24 10 .005  
Duodenum Morning 5 4 6.5 6.2 - 

Clinical Oncology, was mixed with physiological saline, and a single dose of 30 mg/kg was given intraperitoneally 
or subcutaneously. The material  was fixed in formalin or with Carnoy's fluid, and subsequently stained with Feulgen 
or hematoxylin-eosin. We studied the mitotic activity of the regenerating liver after removal of two-thirds of the 
crypts, the duodenum, and the corneal epithelium. As a monoaminoxidase inhibitor we used iproniazid. The rats 
were decapitated and the organs fixed 2-3 h after the injection of serotonin either at 8 a.m. or 5 p.m. In experi- 
ments with regenerating liver serotonin was injected at 6 a.m., 70 h after resection. In the experiments with block- 
ade of monoaminoxidase 100 mg/kg iproniazid was injected 20 h before the injection. Control materiat  was fixed 
simultaneously with the material  from each experimental group. For detemqination of the mitotic index we counted 
from 4,000 to 5,000 cells. The results were treated statistically by the method of Student. 

RESULTS 

Monoaminoxidase was shown to be present in most organs and tissues, where it localized in the mitochondria 
[2, 12]. It is well known that the liver shows a characteristic high monoaminoxidase activity [8, 2g]. It is also 
known that serotonin exerts no toxic action on hepatic function even after mice have been injected with 100 mg/kg 
of 5-oxytryptamine chlorhydrate [1], but it does cause a great reduction in the amount of glycogen in the liver, and 
increases phosphorylase activity [11, 19]. Some authors [24] have observed a tendency for there to be a reduction 
in the activity of monoaminoxidase in actively proliferating tissues, particularly in regenerating rat liver. However, 
they have investigated the activity of the enzyme only 20 h after resection of the liver, i.e., principally before the 
onset of maximum proliferation; therefore quite possibly the activity of monoaminoxidase might have recovered by 
this t ime to the normal level. 

Theoretically it would be expected that serotonin injected into a rat would be unlikely to inhibit mitosis 
in the liver, because it would become rapidly deaminated by monoaminoxidase. This expectation was fulfilled; 
serotonin caused no reduction of mitotic activity in the regenerating liver (see table), but, on the other hand, it 
markedly increased this activity. This result takes us beyond our initial supposition, but confirms the results which 
we have already mentioned as obtained by other authors concerning the stimulating action of serotonin on prolifera- 
tion in the regenerating liver [17]; it suggests that in the liver not only is serotonin inactivated, but some other 
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monoaminoxidase  / /  
,.erotonin 

mi to t i c  ac t iv i ty  

The  diagram il lustrat ing proposed scheme of con- 
t rol  by monoaminoxidase  of the act ion of serotonin 

on cel lu lar  proliferation. 

5 -ox indo ly lace t i c  ac id  

/ 
metabo l i t e  having mi to t i c  s t imulat ing properties is formed�9 

t t  is quite probable that  5 -oxyindoleace t ic  acid may  serve 
as such a st imulator;  large amounts of it may  form rapidly 
from serotonin under the influence of monoaminoxidase (and 
of oxyindoly lace ta ldehyde-dehydrogenase  of the l iver);  this 
substance is ex t remely  closely related structurally to the 

heteroauxin p l a n t s - i n d o l y l a c e t i c  acid.  The  lat ter  substance 
also possesses the power of s t imulat ing mi to t i c  ac t iv i ty  in 
the regenerat ing l iver [13]. There  is therefore a r e la t ive ly  
s imple  explanat ion  of the contradictory results obtained in a 
study of the ac t ion  of serotonin on various models of ce l lu lar  

proliferat ion,  and i t  may  be represented d i ag rammat i ca l l y  

(see figure). 

It would be expected that the react ion for serotonin on 
the part of the cei ls  of the duodenal  crypts should be of a 
specia l  nature because the epi the l ium of the duodenum itself  

is par t icular ly  rich in enterochromaffin cells (cells of 

Kul 'chi tski i ) ,  which, in the modern view, are regions for the synthesis of serotonin. Therefore a l l  the cel ls  of the 
intest inal  epi theI ium are without doubt adapted to the re la t ive ly  high concentrat ion of serotonin, which here func- 
tions as one of the intest inal  hormones. In our exper iment  (see table)  the duodenum was taken from rats with a 
regenerat ing l iver;  apparent ly  it was on this account that the mi to t ic  ac t iv i ty  of the duodenal  crypts was par t icular ly  

high in animals  of the control  group which received no serotonin. In the exper imenta l  group the react ion of the 
ceils to serotonin was weakly  shown (the difference in the indices between the control  and the exper imenta l  groups 
was not significant).  The experiments  on the act ion of serotonin on physiological  regenerat ion of the corneal  
epi the l ium were repeated 4 t imes  (see table ,  experimentsNos.  3-6); the ma te r i a l  was fixed at various t imes  of the 
day,  either at 8 a .m. or 5 p.m. ,  and the serotonin was injected subcutaneously instead of in t raper i toneal ly  (see table ,  

exper iment  No. 5). In none of these experiments  was any increase in mi to t ic  ac t iv i ty  observed in the cornea of rats 

receiv ing serotonin. On the other hand, in every case there was a reduction in the mi to t ic  index, which reduction 

was however shown only in the exper iment  in which the serotonin was injected subcutaneously. Possibly the effect  
was due to a slower rate of absorption of the serotonin into the blood stream when it was injected in this way, so that  
there was then a reduced oxidat ion of this substance in the organ. Also, it has a l ready been shown that  there is some 
difference not only in the  rate but also in the nature of the metabol i sm of serotonin, which depends upon the different  

ways it may  be administered [9]. 

In exper iments  on b lockade  of monoaminoxidase  in rat  tissues (the b lockade being produced by 100 m g / k g  of 
iproniazid) and subsequent inject ion of serotonin, the mi to t i c  index was studied only in the duodenal  crypts and in 
the corneal  ep i the l ium.  The  react ion of the cells of these tissues to serotonin under conditions which favored reduc- 

tion or comple te  suppression monoaminoxidase  ac t iv i ty  was again ex t remely  varied (see table ,  experiments  Nos. 7 

and 8). Comple te  confirmat ion was obtained for the notion that  in the experiments  on the cornea the inhibitory 

effect  of serotonin was related to the monoaminoxidase  ac t iv i ty ,  because under these conditions serotonin caused 
almost comple te  cessation of c e l l  division, and only a few late  telophases remained.  It was interesting that  the 
cornea of the control  group of rats (exper iment  No. 9), which received only iproniazid without a subsequent serotonin 
in ject ion reacted by a smal ler  but nevertheless signif icant  reduction of mi to t i c  act ivi ty .  It is highly probable that  

in this case the inhibit ion of the mitoses after the inject ion of iproniazid was caused by the accumula t ion  in the 

cornea of serotonin from endogenous sources which had not undergone natural  oxidat ion on account of the b lockade  

of the monoaminoxidase.  The cornea in exper iment  No. 6 was fixed at the same t ime.  

In the crypts of the duodenum no react ion on the part of the proliferating cells occured in response to the in- 
ject ion of setotonin after iproniazid:  the mi to t ic  index of the exper imenta l  group coincided precisely with the con- 
trol  value.  There  have been reports of subsidiary routes for the b io log ica l  inact ivat ion and removal  from the body 
of excess of 5-oxyt ryptamine ,  routes which involve the conjugat ion of this amine  with sulfonic, sulfuric, or glucu- 
ronic acids and the formation of the corresponding esters where the most intense formation of esters is observed after 
oral  administrat ion of serotonin [9]. Possibly therefore cei ls  of the epi thel ium of the digest ive t ract  use this means 
of inact iva t ion  of serotonin without formation of 5 -oxy indo ly lace t i c  acid extensively.  
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All abbreviations of periodicals in the above b i b l i o g r a p h y  are l e t t e r - b y - l e t t e r  t r a n s l i t e r -  

a t i o n s  of the abbreviations as given in the o r i g i n a l  R u s s i a n  journal Some or all of  this  peri- 

odical  l i terature may  well  be a v a i l a b l e  in Engl i sh  translation. A complete list of the c o v e r - t o -  

c o v e r  E n g l i s h  t r a n s l a t i o n s  a p p e a r s  at the back of  th i s  i s s u e .  
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