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According to  the  generally accepted assum ption the  tran sm itte r mole­
cules are stored  in the  nerve term inals and  synaptic  vesicles. The supposition 
of G e r s c h e n f e l d  (1963) according to  which in the  cen tral nervous system  
of Molluscs th e  dense-core vesicles are the  storing places of monoamines is 
supported  by results ob tained  m orphologically (Zs .-N a g y , 1968; Co ttr ell  
and  Osb o r n e , 1970; J o u rd a n  and  N ic a is e , 1970; P e n t r e a t h  e t al., 1973) 
as well as by  differential and  grad ien t centrifugation (H ir ip i  e t al., 1973).

The histochemical investigations performed on the heart of Helix (Co t­
t r e l l  and Osb o r n e , 1969) and of Lymnaea (S.-R ózsa and Z s .-N a g y , 1967) 
revealed the localization of monoamines in the neuronal elements and muscle 
cells. The localization of serotonin in the neuronal elements is confirmed also 
by autoradiographic examinations carried out on the heart of Aplysia  (Taxi 
and G a u t r o n , 1969).

A lthough the  physiological and  pharm acological exam inations perform ed 
on th e  nervous system  and  h eart of Helix pomatia (S.-R ózsa and  P e r é n y i , 
1966; S.-R ózsa , 1969; G e r s c h e n f e l d , 1973) support the tran sm itte r role of 
serotonin, its exact localization in these tissues is yet unknown. Since th e  
nervous tissue can be separated  by  careful hom ogenization and  subsequent 
centrifugation in to  different fractions (W h it t a k e r , 1965; 1971) we set th e  
ta rg e t in our present work to  investigate the  subcellular localization of sero­
tonin in the  nervous and  heart tissue of Helix pomatia by  sim ply applying 
th is method.

Material and method

For the  exam inations the  cerebral ganglion, the  suboesophageal ganglion 
ring and  th e  h ea rt tissue of Helix pomatia were used. D uring the  preparation  
the tissues were collected in ice-cold physiological solution, th ey  were washed, 
th en  afte r b lo tting  w ith filter paper th e ir w et weights were tak en  and  homog­
enization was carried ou t in 0.2 M iso-osmotic sucrose. P rio r to  hom ogeniza­
tion  the  tissues were cu t up, then  in a  glass p o tte r (clearance 0.1 mm; 3000 rev/ 
min; 15 strokes) th ey  were homogenized in such volume of sucrose th a t 5 per 
cent hom ogenizate were obtained. The differential and  gradient centrifugation 
was carried out by slightly  m odifying W h it t a k e r ’s m ethod (1965). The
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prim ary  fractions were ob tained  by differential centrifugation as follows. The 
nuclear fraction (Nuc) was separated  by  centrifuging a t  900 g for 10 min, 
the  m itochondrial fraction (Mit) a t 11,000 g for 60 min, the microsomal frac­
tion  (Mic) a t  100,000 g for 60 min. The residual su p ern a tan t represented the  
soluble (S) fraction. The subfractions of the  m itochondrial fraction were 
ob tained  by centrifuging on a sucrose gradient. The m itochondrial fraction 
was resuspended in iso-osmotic sucrose by careful m anual homogenization 
such th a t 1 ml of suspension was equivalent to  500 mg of original tissue. 1 ml 
of the  suspension was layered onto a discontinuous sucrose gradient., which 
was prepared  in the  case of the  ganglion from  1 — 1 ml ot 2.0 M; 1.5 M; 1.2M; 
0.8 M sucrose solutions ( Fig. 1A) , while in the  case of the heart from  1 — 1 ml 
o f 2.0 M; 1.7 M; 1.5 M; 1.2 M; and  0.8 M sucrose solutions ( Fig. IB )  before 
using up, and  was stored a t  0°C for 1 hr. The centrifuging was carried ou t 
a t  50,000 g for 2 hr. The fractions were obtained with slicing. Beckm an Spinco 
ultracentrifuge (Model L50; rotors SW 25.1 and  L50) was used. The procedure 
was carried ou t a t  4°C. Small aliquots of the  iractions were used .or the  d e ter­
m ination of proteins (Lowry e t al., 1951) as well as for electron microscopic 
exam inations.

F or estim ating serotonin the norm ality  o f the  fractions was ad justed  
to  0.4 by  HCK), and they  were d ilu ted  to  5 ml then  were rehomogenized. 
A fter keeping a t 0°C for 30 min the  hom ogenizate was centrifuged, and  the  
serotonin content of the  supernatan t was estim ated  by the  m ethod of Snyder 
e t al. (1965). The RSA of a fraction was calculated as the  percentage of the  
to ta l recovered protein found in the same fraction.

Samples tak en  from the  fractions for electron microscopic analysis were 
d ilu ted  when necessary to  the  concentration of iso-osmotic sucrose, then  cen tri­
fuged a t  100,000 g for 1 hr. The pellet was fixed in g lutaraldehyde diluted 
w ith  3% tap -w ater or by Helix physiological solution for 2 18 h r a t room
tem perature, or a t  4°C. A fter a short washing th e  pellet was postfixed in 
2% O s04-collidine a t 0°C for 30 min. Following the  dehydration the  pellets 
were em bedded in A raldite. Sections were cut on an  L K B  U ltrotom e I I I ,  
m icrographs were taken  on a TESLA ty p e  BS 413 A electron microscope. 
The sections were stained  w ith u ranvl acetate  and  lead c itra te  (R e y n o l d s , 
1963).
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Results

Table I  contains the  percentage d istribu tion  of serotonin in the  prim ary  
fractions. 70 per cent of serotonin is bound to  th e  tissue elem ents and  30 per 
cent of th a t  is present in free form in th e  soluble fraction. Among the  p rim ary  
fractions of the  ganglion the highest concentration of serotonin is found in the  
nuclear fraction while for the  h eart in th e  m itochondrial fraction. The m icro­
som al fraction contains 1 0 - 1 5  per cent serotonin (Table I ) .  The nuclear

T A B L E  I
D istribution  of serotonin in  the p rim ary  fractions of the 

ganglion and heart tissue of H e lix  pom atia

Fractions H eart Ganglion

Pt (Nuc) 24.2 31.9
P 2 (Mit) 43.2 26.5
P 3 (Mic) 14.7 10.45
S (Soluble) 28.6 31.6

fraction oi the  ganglion contained nuclear fragm ents, num erous unhom og­
enized cell fragm ents, free dense-core vesicles, granules, g ranular elem ents 
of the  endoplasm ic reticulum , glycogen granules and  m itochondria. The 
dom inant s tru c tu re  of the  P 2 fraction ( Fig. 2) is th e  synaptosom a, in addition 
a great num ber of dense-core vesicles, granules of o ther type, m itochondria 
and  vesicular forms of the  granular endoplasm ic reticulum  also occur. In  some 
areas unique or fascicled collagen fibrils can be found. The glycogen granules 
or rosettes are uniform ly distributed. In  th e  P 3 fraction uniform ly d istribu ted  
free ribosomes and  vesicular m em brane fragm ents of sm ooth surface can be 
seen (Fig. 3). In  the  deeper region of the  pellet num erous dense-core vesicles 
also occurred. Elem ents of the  granular endoplasm ic reticulum  are encountered 
only rarely  (F ig. 4).

In  th e  nuclear fraction of the  heart collagen fibrils to  a high ex ten t, 
num erous fibrous and  filam entous structu res presum ably constitu ting  the 
contractile elements, m itochondria, m em brane fragm ents of unknow n origin 
can be observed. In  some areas tu b u la r elem ents are fairly visible, ra th e r 
resonably the  elements of th e  sarcoplasm ic reticulum . In  the  m itochondrial 
fraction nerve endings containing dense-core vesicles or elem entary and glyco­
gen granules could be observed. This fraction  is characterized by a great 
num ber of free dense-core vesicles or granules, glycogen granules. M itochondria, 
elem ents of the  granular endoplasm ic reticulum , sm ooth m em brane elem ents 
are also ab undan t (Fig. 5). The s tru c tu re  of th e  microsomal fraction: the  
upper layer of the  pellet generally is characterized by  a dense, fibrous funda­
m ental s tru c tu re  containing vesicles of sm all and  larger size, m em brane frag­
m ents, sometimes m itochondria and granules. Sporadically some collagen 
fibrils occur too (Fig. 6). The denser layer of th e  pellet contains num erous 
rounded, sm ooth-surfaced m em brane profiles as well as a g reat num ber of 
elongated tu b u la r form ations, which m ight be considered to  be th e  co n stitu t­
ing elem ents of the  sarco tubular system . The num erous free ribosomes are 
uniform ly d istribu ted  (Fig. 7).
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F ig . 2. E lec tro n  m icrograph  o f th e  m ito ch o n d ria l (P 2) frac tio n  o f th e  ganglion. N E  — 
nerv e  endings, Mi — m itochond ria , G L — glycogen g ranu les o r ro se ttes , R E R  —g ran u la r

endoplasm ic re ticu lu m . X 22,000

Table I I  shows the  percentage d istribu tion  and  RSA values of serotonin 
found in the subfractions of the  m itochondrial fraction. The 17 per cent sero­
tonin conten t of the  P.2A subfraction is p ractically  no t bound to  tissue ele­
m ents b u t it  is present in free s ta te  in th e  su p ern a tan t fluid. The pro tein  con­
centration  of th is fraction is m inim al and  when m easuring serotonin in the  
supernatan t, an d  in o ther p a r t of th e  fraction containing tissue elem ents 
separately, the  q u an tity  of serotonin is found to  be 15 per cent in the  super-
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F ig. 3. E lec tro n  m icrograph  o f  th e  m icrosom al (P 3) frac tio n  o f  th e  ganglion. X 35,000

n a ta n t fluid while only 1 2 per cent in th a t  part, which contains tissue ele­
m ents. The 10—12 per cent serotonin conten t of subfractions P 2B and  P 2E  
has a low RSA value. 60 per cent of th e  serotonin content of th e  m itochondrial 
fraction is present in subfractions P 2C and  P 2D displaying a RSA of more 
th an  1.0.

In  the  case of th e  ganglion according to  the  electron microscopic exam ina­
tions the  mam com ponents of subfraction P 2A were the  larger and  sm aller 
m em brane profiles. Dense-core vesicles and  granules are also observed sporad­
ically. F rac tion  P 2B is characterized by a very great num ber of free dense-core 
vesicles and  granules. There are m any sm ooth m em brane profiles, which p a rtly  
m ight have been depleted svnaptosom es. In  some places in tac t nerve endings 
could be seen containing vesicles of different type. The elem ents of th e  endo­
plasm ic reticulum  carrying ribosomes occurred, though rarely. The p re ­
dom inant s tru c tu re  of th e  fraction P 2C is the  synaptosom a (Fig. 8). The 
vesicule population of th e  nerve endings is of heterogeneous appearance 
(Fig. 9). Beside the  typ ical dense-core vesicles, its elem ents and  neuro­
secretory granules sometimes term inals could be seen, which m ight be con­
sidered to  be of cholinergic nature . This subfraction is characterized by  a mass 
of free dense-core vesicles, granules. M itochondria can be seen bo th  in free 
form  and  in nerve endings and  th e  same arrangem ent is found concerning 
th e  glycogen granules. E lem ents of th e  granular endoplasm ic raticulum  also
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F ig . 4. E lec tro n  m icrog raph  of th e  m icrosom al (P 3) fra c tio n  o f  th e  ganglion. X 35,000

T A B L E  I I

D istribution  and R S A  o f serotonin in  the subfractions of the m itochondrial 
fraction obtained from  the ganglion of H elix  pom atia

Fractions 5H T % RSA

p 2a 17.1
P ,B 12.4 0.84
P 2C 25.8 1.48
p ,n 34.2 1.22
P„E 10.4 0.38

occur. Subfraction P.,D shows an accum ulation of more dam aged nerve end­
ings as com pared to  those of P 2C, m ost of them  are full of dense-core vesicles 
(F ig. 10). Among th e  num erous free vesicles glia granules are also abundant. 
E lem ents of the  granular endoplasm ic reticulum  are frequently  encountered. 
Glycogen granules can be found in large quantities sim ilarly to  those of P 2C. 
M itochondria occur to  a lesser ex ten t. F raction  P 2E  contains sporadically 
nerve endings, free dense-core vesicles and  vesicles of o ther type. E lem ents 
o f the  reticulum  w ith  ribosomes and  num erous collagen fibrils are also charac­
teristic  here.
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F ig. 5. E lec tro n  m icrograph  o f  th e  m itochond ria l ( P 2) frac tio n  o f th e  h e a rt . N E  — n erv e  
endings, Mi — m itochond rium . X 25,000

As far as the  heart is concerned, the  prelim inary investigations showed 
th a t  when for the  separation of fractions the same grad ien t was used as in 
the case of the ganglion, fraction P 2D consisted of two fractions of different 
density, which could be separated  to  subfractions P 2D j and  P 2D 2 by increas­
ing the q u an tity  of the  gradients in such a w ay th a t  the  RSA value of the 
more dense subfraction P 2D 2 showed a  considerable increase as com pared 
to  the  RSA of the fraction P 2D. In  the  case of the  ganglion, the  separation
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jP-ig. 6. E lec tro n  m icrograph  o f  th e  m icrosom al (P 3) frac tio n  o f  th e  h e a rt . Sm ooth 
m em brane  profiles in  th e  ty p ic a l filam en tous fu n d am en ta l s tru c tu re . X 22,000

of th e  fraction P 2D in the  sam e way did  no t resu lt in any fraction having 
higher RSA value. Sim ilarly to  th a t  of the  ganglion, the  subfraction P.,A con­
ta in ed  only a few tissue elem ents, and  its serotonin content of 9 per cent was 
practically  present dissolved in the  su p ern a tan t fluid.

Subfractions P 2B and  P 2C contain m inim al am ount of serotonin w ith 
low RSA. The 20 per cent serotonin conten t of the  fraction P 2D 1 has nearly  
identical RSA value w ith  th a t  of the  subtraction P 2D of the ganglion. The 
highest concentration of serotonin is present in subfract'ons P 2D 2 and  P 2E. 
However, in fraction P 2E  serotonin is bound w ith a low RSA, while in fraction 
P 2D 2 w ith a very  high RSA (Table I I I ) .

According to  the  u ltras tru c tu ra l analyses, sub traction  P.,A consists of 
sm ooth m em brane fragm ents and  em pty  m em brane vesicles. F rac tion  P 2B is 
sim ilar to  P.,A, b u t here a few vesicular elem ents can be found w ithin the  
em pty  m em brane profiles now and  th en  indicating their synaptosom atic 
origin. Some free dense-core vesicles frequently  w ith  eccentric core can also 
be seen as well as a num ber of m itochondria. Subtraction P 2C is characterized 
by  a  g reat num ber of m itochondria as an  exclusive s tru c tu ra l com ponent in 
some places (Fig. 11). Tn addition, sm ooth m em brane fragm ents, dense-core
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Fig. 7. E lec tro n  m icrograph  o f  th e  m icrosom al frac tio n  o f  th e  h e a rt . The freq u en t 
tu b u la r  fo rm ations p resu m ab ly  correspond to  th e  elem en ts o f  th e  sa rco tu b u la r system .

X 30,000

vesicles of relatively  frequent occurrence and  granules are also seen. The p re­
dom inant com ponents of fraction P.,D1 are th e  m itochondria occurring en 
masse cohered com pletely in some places. R are ly  a few nerve endings w ith  
dense-core vesicles and  generally free granules of m ajor size can be seen 
(Fig. 12). Subfraction IM P  is the  only one, where besides a ra th e r large 
q u an tity  of m itochondria often encountered nerve endings in shrunken s ta te

T A B L E  I I I

D istribution and R S A  of serotonin in  the subfractions of the m itochondrial 
fraction obtained from  the heart tissue of H elix  pom atia

Fractions 5HT % RSA

P 2A 9.00
P„B 4.28 0.79
P 2C 10.00 0.40
P d h 20.60 1.16

25.20 3.17
P 2E 26.80 0.73
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are characteristically  observed (Figs. 13 14). The synaptosom es contained 
dense-core vesicles m ixed w ith em pty  ones or elem entary neurosecretory 
granules. M embrane profiles containing no vesicular com ponent frequently  
occur, b u t th e  glycogen granules w ithin them  unequivocally indicate their 
svnaptosom atic origin. Freely occurring glia (interstitial) granules are also

Fig. 8. E lec tro n  m icrog raph  o f th e  su b frac tion  P 2(7 o f th e  ganglion. N erve ending  — 
N E  — is th e  p red o m in a tin g  s tru c tu re . X 24,000
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F ig. 9. E lec tro n  m icrograph  o f  th e  su b frac tio n  P 2C o f  th e  ganglion. N erve endings 
con ta in ing  vesicles o f  d iffe ren t ty p e  (N lt N 2). X 35,000

characteristic. Sometimes th e  nerve endings are com pletely filled w ith  an  
intensively dense medium. Collagen fibrils appear in groups. Subfraction P 2E  
contains sporadically occurring m itochondria, elem entary collagen fibrils, 
sm ooth m em brane profiles and  m em brane fragm ents.
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F ig . 10. E lec tro n  m icrograph  o f  th e  su b frac tio n  P„D  o f th e  ganglion. N E  — nerv e
ending . X 31,500

Discussion

Our results show th a t  afte r th e  prim ary fractionation  of the  ho- 
m ogenizate ob tained  both  from  the  ganglion and  from  the  h eart 70 per cent 
of serotonin is bound to  th e  tissue elem ents. I t  is in agreem ent w ith  the ra tio  
of free 5HT to  bound 5HT described for the  m am m alian brain (W h it t a k e r , 
1965; 1971). However, i t  is conspicuous, th a t  the  percentual serotonin content 
of the  nuclear fraction in Helix is a relatively  high value, especially as far as
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F ig. 11. E lec tro n  m icrog raph  o f  th e  su b trac tio n  P 2C o f  th e  h e a r t , x  35,000

the  ganglion is concerned. The high serotonin concentration of th is fraction 
is accounted for the difficulty  to  homogenize bo th  the  ganglion for its strong  
connective tissue and  the  heart for its fibrous structure , thus, the frequent 
occurrence of unhom ogenized cellular particles, supported  by  the  m orpho­
logical analyses, increases th e  serotonin content of this fraction. Though th e  
serotonin conten t in the  nuclear fraction decreases by  using im proved and  
more powerful hom ogenization, th is decrease in fact causes an  increase in th e  
percentual serotonin content of the soluble fraction b u t not in the  m itochondrial
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F ig. 12. E lec tro n  m icrograph  o f  th e  su b frac tion  / ' , / t ,  o f  th e  h e a rt. DCV — dense-core 
vesicle, Mi — m itochond rium . X 35,000

one. In the case of the ganglion, the high percentual serotonin content may 
be due to the fact that the elements of connective tissue sedimented in the 
nuclear fraction contain serotonin in a considerable concentration (Juokio 
and K il l ic k , 1972).

Since the  serotonin conten t of the  microsomal fraction is relatively  low 
and  the  m itochondrial fraction contains those tissue elem ents, which m ay take 
p a r t in the storage of the  transm itte r, the  subtractions of th e  la tte r  fraction 
were investigated.
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F ig. 13. E lec tro n  m icrographs o f th e  su b frac tio n  P 2D 2 o f  th e  h e a rt . N E — nerve  
end ing , Mi — m itochond rium . x 22,000

In  the  case of the  ganglion, am ong the  m itochondrial subtractions, P 2C 
and  P 2D have the  highest 5HT content w ith  highest RSA, while subfractions 
A, B and  E  contain a lower q u an tity  of serotonin w ith  low RSA value. On the  
basis of u ltras tru c tu ra l analyses we m ay suppose th a t subfractions C and  D 
m ay bind 5HT more specifically th an  th e  o ther th ree subfractions. Since nerve 
endings and  free dense-core vesicles occur in fractions C and  D in the greatest 
num ber, it is obvious to  suppose th a t these structu res take p a rt in the  binding 
of 5HT. I t  is in agreem ent w ith the  results of our previous investigations per­
formed on mussel (H m im  e t al., 1973), where the  prim ary binding of 5HT

2
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F ig . 14. E lec tro n  m icrograph  o f th e  su b frac tio n  P 2D 2 o f th e  h e a rt. N E  — nerve  ending,
M i-m itoohondrium . x 22,000

in synaptosom es an a  vesicles was also observed. The vesicular binding of 
5HT in the  cen tral nervous system  of the  snail is suggested also by norm al 
electron microscopic, autoradiographic and  electron-hystochem ical exam ina­
tions (Co ttr ell  and Os b o r n e , 1970; J otjrdan and  N ic a is e , 1970; P e n - 
t r e a t h  and  Co t t r e l l , 1973; P e n t r e a t h  e t al., 1973; W e in r e ic h  e t ni., 1973).

Among the m itochondrial subfractions of the heart, subfraction P 2D  2 
shows a  significantly high RSA of serotonin. The electron microscopic ana l­
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yses revealed th a t th is is the  only subtraction in the  heart, where a large 
q u an tity  of nerve endings occurs. On the  basis of th is fact, i t  can be supposed 
th a t  serotonin is bound to  the  nerve endings also in  th e  case of th e  heart. 
In  the heart of Aplysia  th e  exam ination of th e  accum ulation of radioactive 
serotonin by  electron-m icroscopic au torad iography also indicates the  5HT 
conten t of the  nervous elem ents (Taxi and  G a u t r o n , 1969). However, it is 
conspicuous, th a t  the  5HT conten t and  RSA in subfraction V 2D1 of the  heart 
is hard ly  lower th an  those of the  subtractions P 2C and  P.,1) containing m ainly 
synaptosom a. Considering the  alm ost exclusive m itochondrium  conten t of 
subfraction P A h  of the  h eart the  possibility of 5HT binding also to  th e  m ito­
chondria cannot be disregarded.

Though the  RSA value characterizing the  serotonin conten t of the sub­
fraction P 2E  is low, the  fact cannot be neglected, th a t  its percentual serotonin 
content corresponds to  th a t of fraction P 2D 2. Since th is fraction consisted 
m ainly of elem entary  collagen fibrils, th e  possibility should no t be excluded 
th a t  the  muscle cells m ay store a considerable am ount of the  serotonin. This 
confirms th e  results of th e  histochem ical investigations showing localization 
of serotonin in the  muscle elem ents (S.-R ózsa and  Z s .-N a g y , 1967; Co ttrell  
and  Osb o r n e , 1969).

Summary

E xam ination  of the subcellular localization of serotonin in the nervous 
and heart tissue of Helix pomatia by  differential and  gradient centrifugation 
revealed th a t

1. In  the  p rim ary  fractions of the  ganglion and h eart homogenizates 
70 per cent of 5HT is p resent in bound, 30 per cent in free form. In  the  ganglion 
the  5HT content of the  nuclear fraction is relatively  high.

2. In  the  nervous tissue th e  highest p roportion of bound 5HT is con­
ta ined  by the  dense-core vesicles of the  synaptosom a.

3. 5HT is prim arily  localized in th e  nerve endings also in the  case of 
the  h eart and  m itochondria also contain 5HT in a considerable quan tity .

4. In  the  h eart 5HT is also localized in th e  muscle elements.
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SZ ER O TO N 1N  IN T R A C E L L U L Ä R E S M EG O SZLÁ SA  
H E L I X  P O M A T IA  K Ö Z P O N T I ID E G R E N D S Z E R É B E N  É S  S Z IV É B E N

H ir ip i  László, E lekes K áro ly  és S .-R ózsa  K a ta lin

Összefoglalás

S zero ton in  szubcellu láris lokalizác ió jának  v izsgá la ta  d ifferenciál és grad iens 
cen trifugálássa l H elix  pom atia  ideg és szívszövetében  igazo lta , hogy

1. A  ganglion és szív hom ogen izátum  p rim er frakc ió iban  az 5H T  70% -a k ö tö t t,  
30% -a szabad  fo rm áb an  van  jelen. G anglionban  a  nuclearis  frakció  5H T  ta r ta lm a  re la ­
tív e  m agas.

2. Idegszövetben  a k ö tö t t  5H T  a legnagyobb h á n y a d á t a  szinap toszóm a dense-core 
veziku lái ta r ta lm azzák .

3. Az 5H T  a  szív  ese tén  is elsődlegesen idegvégződésekre lokalizá lt, de em ellett 
a  m itochond rium ok  is je len tős m ennyiségű  5H T -t ta r ta lm a z n a k .

4. Az 5H T  szívben az izom elem ekre lo k a lizá ltan  is m eg ta lá lh a tó .
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