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Experiments  on albino rats  showed that 24 h af ter  amphetamine excitation, when the ani- 
mals '  behavior  was fully r e s to red  to normal ,  significant changes in the s t ruc ture  of the 
neurons and interneuronal  synapses were  present  in the caudate nucleus at the mic ro -  
scopic and submicroscopic  levels.  These changes in the u l t ras t ruc ture  of the synapses 
were manifested chiefly as a decrease  in the number of synaptic vesic les  in the over -  
whelming major i ty  of synapses.  The increase  in size of the smal l  neurons of the cau- 
date nucleus is based on a combination of destruct ion and formation of intracel lular  
s t ruc tures  in different quantitative proport ions.  This accounts for differences in the 
intensity of compensa tory  regenera t ion  in the caudate nucleus. 

In the modern  view the stimulant action of amphetamine on the CNS is due to its effect on adrenerg ic  
s t ruc tures .  

The authors previously [7, 8] demonst ra ted  changes in the neurons and interneuronal  synapses  in the 
caudate nucleus which is r ich  in dopamine [11] and in dopamine-containing terminals  [12, 13], at the period 
of maximal  intensity of the central  action of the drug. 

To investigate the finer details of the morphological  changes in neurons of the caudate nucleus in the 
later  stages af ter  pharmacological  stimulation the microscopic  and submicroscopic  changes in neurons 
and interneuronal  synapses  were  studied 24 h af ter  adminis t rat ion of amphetamine.  

EXPERIMENTAL METHOD 

Experiments  were  ca r r i ed  out on male albino ra ts .  Amphetamine was injected intraperi toneal ly in a 
dose of 10 m g / k g ,  which causes the development of s tereotyped movements  resembl ing subcort ical  au tom-  
a t i sms.  Brain sections were  stained by the Nissl  and Golgi methods. The a rea  of c ross  section of 50 
neurons and their  nuclei (magnification 420 times) was determined by means of an ocular  m i c r o m e t e r  in 
three  experimental  and three control  ra ts .  Statistical analysis of the resul ts  was ca r r i ed  out by the 
S tuden t - F i she r  method. The number of spines for each 10-~ length of the secondary  branches  of the 
dendrites was counted. 

For  e l ec t ron-mic roscop ic  investigation the brain  was fixed by intravital  perfusion with a mixture of 
1% glutaraldehyde solution and 2% formaldehyde solution in phosphate buffer (pH 7.2-7.4) with the addition 
of 0.01% CaC12 solution and 7% glucose solution, and then postfixed in 2% osmium tetroxide solution. Pieces  
f rom the dorsal  region of the caudate nucleus, after  appropria te  processing,  were embedded in Epon 812. 
Sections were  stained with uranyl  acetate and lead ci trate.  

E X P E R I M E N T A L  R E S U L T S  

In normal  ra ts  the a rea  of c ross  section of the nucleus of the smal l  neurons (the chief cell  popula- 
tion) was 56.2 • 0.5 ~t 2, and the a rea  of c ross  section of the body was 83.0 • 0.8 ~2. The cell nuclei in the 
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Fig.  t .  Swelling of neurons of caudate nucleus,  
ch roma to ly s i s  of N i s s l ' s  subs tance ,  thickening 
of nuc lea r  membrane ,  and act ivat ion of in t r a -  
nuc lea r  g ranu les  24 h a f te r  inject ion of am-  
phetamine (mg/kg) .  N i s s l ' s  method, 750x .  

Fig .  2. U l t r a s t r u e t u r e  of sma l l  neuron of caudate nucleus 24 h af- 
t e r  amphetamine  excitat ion;  8000x.  

caudate  nucleus a r e  l a rge ,  r e l a t i v e l y  poor in chromat in ,  and they usual ly  have one dark  nucleolus .  The 
nucleus is sur rounded  by a s m a l l  b o r d e r  of cy top lasm which s ta ins  r a t h e r  m o r e  deeply  than the nucleus.  
Individual neurons show signs of ch roma to ly s i s  of the N i s s l ' s  subs tance .  The dendr i t es  of many neurons 
a r e  th ickly  covered  with sp ines ,  with a mean number  of 7.3 • 0.1 per  10-/~ length of dendr i te .  The d i s -  
t inguishing fea ture  of the submic roscop i c  s t r u c t u r e  of the cy top lasm of the s m a l l  neurons of the n o r m a l  
caudate  nucleus is the poor degree  of development  of the endoplasmic  re t i cu lum,  which usual ly  cons i s t s  of 
a few shor t  and m o d e r a t e l y  dis tended c i s t e r n s  and vacuoles ,  i so la ted  f rom one another  and lying a con- 
s i d e r a b l e  d is tance  apar t .  The Golgi  complex  inco rpora t e s  flat  c i s t e r n s  and sma l l  and l a rge  vacuoles .  
Most  of the vacuoles  a r e  s i tuated at  i ts  pe r iphe ry .  Ribosomes  a r e  mos t  numerous  in the cytoplasm;  most  
of them l ie  f r ee ly  in the m a t r i x  of the cy top lasm as s ingle  g ranu les  or  they a r e  c lu s t e r ed  into r o s e t t e s .  
Some r i bosomes  and po lysomes  a r e  fixed to the m e m b r a n e s  of the endoplasmic  re t i eu lum.  The re  a r e  few 
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Fig .  3. U l t r a s t r u c t u r e  of synapses  in caudate  
nucleus 24 h a f te r  amphetamine  excitat ion;  
20,000•  

mi tochondr ia ,  mos t  of them a r e  s m a l l  o r  m e d i u m - s i z e d  with densely  packed c r i s t a e ,  round or  oval  in shape,  
and d i s t r ibu ted  diffusely thronghout  the cytoplasm;  only individual  mi tochondr ia  a r e  in c lose  p rox imi ty  to 
the c i s t e r n s  of the endoplasmic  r e t i cu lum.  The nucle i  of the ne rve  ce l l s  a r e  even in shape,  the nuc lea r  
m e m b r a n e s  a r e  c l e a r l y  outl ined,  and the p e r i n u c l e a r  space  is na r row.  

The caudate  nucleus has a thick neuropi l  in which two types  of axon t e r m i n a l s  can be d is t inguished.  
Most  t e r m i n a l s  contain s m a l l  s p h e r i c a l  ag ranu la r  v e s i c l e s  (400-450 .~), usual ly  in l a rge  numbers .  The 
a g r a n u l a r  synapt ic  v e s i c l e s  in the type II axon c r o s s  sec t ions  a r e  l a r g e r  (500-600 .~) and a r e  a l so  s p h e r i -  
cal  in shape.  T e r m i n a l s  containing,  b e s i d e s  s p h e r i c a l  v e s i c l e s ,  e longated or  round, g r a n u l a r  synapt ic  
v e s i c l e s  measu r ing  up to 800 .~, a r e  a l so  found among these  axons. As a ru l e  the synapt ic  v e s i c l e s  in the 
type II t e r m i n a l s  a r e  s m a l l e r  than in the type I. 

The p redominan t  fo rms  of synapses  in the caudate  nucleus a r e  axo -dendr i t i c  synapses  and synapses  
on the dendr i t ic  sp ines ,  in which the synapt ic  v e s i c l e s  a r e  uni formly  d i s t r ibu ted  in the axon t e r m i n a l  o r  
a r e  concen t ra ted  nea r  the p resynap t i c  membrane .  Most  synapses  have one act ive  zone of contact  m e a s u r -  
ing 2000-2300 .~, but t he re  a r e  some synapses  in which two o r  even th ree  ac t ive  zones of contact  cover  a 
to ta l  d i s tance  of up to 4500 .~. A c h a r a c t e r i s t i c  fea ture  of the caudate  nucleus  is the p r e s e n c e  of synapt ic  
contacts  between one axon and two spines  o r  one dendr i t e  and one spine.  Dark mi tochondr ia  with c lose ly  
packed c r i s t a e  a r e  typ ica l  of synapses  in a s ta te  of r e l a t i v e  r e s t .  Large ,  pale  mi tochondr ia  with fewer 
c r i s t a e ,  in which the membranous  s p a c e s  of the inner  sep ta  a r e  di la ted,  a r e  a lso  found in the synapses .  

The behav io r  of the r a t s  24 h a f t e r  motor  exci ta t ion evoked by amphe tamine  was outwardly  indis -  
t inguishable  f rom norma l .  However,  s igni f icant  changes we re  found in the s t r u c t u r e  of the neurons and 
in te rneurona l  synapses  in the caudate  nucleus .  The mean a r e a  of c r o s s  sec t ion  of the nucle i  (65.0 • 0.7 #2) 
and of the bodies  of the neurons  (102 =L 0.9 ~2) is h igher  than in the cont ro l  an ima l s .  Morphologica l  exami -  
nat ion showed an i n c r e a s e  in s i ze  of the i n t r anuc l ea r  g ranu les ,  thickening of the nuc lea r  m e m b r a n e ,  and a 
v a r i e d  deg ree  of c h r o m a t o l y s i s  of the N i s s l ' s  subs tance  (Fig.  1) in many cel ls ;  e l e c t r o n - m i c r o s c o p i c  ex- 
aminat ion  r e v e a l e d  a d e c r e a s e  in the number  o f o r g a n e l l e s , e s p e c i a t l y  at the p e r i p h e r y  of the neuron,  which 
a lso  v a r i e d  in deg ree  (Fig. 2). The c i s t e r n s  of the endoplasmic  r e t i cu lum a r e  d i la ted  and the i r  m e m b r a n e s  
c a r r y  both r i b o s o m e s  and po lysomes .  As under  n o r m a l  condit ions t he re  a r e  few l y s os om e s .  The mi to -  
chondr ia  v a r y  in s ize ,  some being s m a l l  and o the rs  l a rge ,  with a condensed ma t r ix .  Local  concen t ra t ions  
of mi tochondr ia ,  some  of which a r e  in t imate ly  connected with the outer  nuc lea r  membrane ,  a r e  obse rved .  
This m e m b r a n e  fo rms  numerous  p ro jec t ions  of va r ious  shapes  and s i ze s  into the cy top lasm,  and the p e r i -  
nuc lea r  space  i n c r e a s e s  cons ide rab ly  in d i a m e t e r  in the reg ion  of these  p ro jec t ions .  Concent ra t ions  of 
g r a n u l a r  m a t e r i a l  nea r  the inner  nuc lea r  m e m b r a n e  a r e  c l e a r l y  defined. 
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So far as ~he structure of the interneuronal connections is concerned, 24 h after administration of 
amphetamine they numbered 7.4 �9 0.071 per I0-# length of dendrite compared with 7.3 • 0.I in the control 
animals (the difference is not statistically significant). The spines appear coarser in structure and there 
are relatively few synapses on them. Electron-microscopic investigation reveals a decrease in the num- 
ber of synaptic vesicles in the overwhelming majority of axon terminals (Fig. 3), although vesicles are 
densely packed in some terminals also. Synaptic vesicles in some terminals lie close to the presynaptic 
membrane while in others most of them are far away from it. In some axon terminals the mitochondria 
are very swollen and contain few or no cristae. Large membranous inclusions without an internal struc- 
ture, occupying a large part of the axon terminal, are also seen. 

The results of this investigation show that the increase in size of the small cells of the eaudate nu- 
cleus24h after functional stress induced by amphetamine is based on changes in the ultrastructure of the 
whole series of systems responsible for cell metabolism. Both cytoplasmic and nuclear structures ex- 
hibit a high degree of variation in the period of the aftereffects of amphetamine. The functionally deter- 
mined enlargement of the neurons evidently takes place through a combination of destruction and formation 
of intracellular structures, including hypertrophy and hyperplasia of individual organelles, the relative in- 
tensities of which are varied. This accounts for differences in the intensity of compensatory processes in 
different cells. The massive formation of lysosomes was not observed in the neurons of the caudate nu- 
cleus 24 h after administration of amphetamine, as is seen in the motor cortex of the rat and, in particular, 
of the monkey [6]; however, mitochondria were found to be concentrated in areas with a high level of or- 
ganization of the cytoplasmic organelles in these experiments also. The activation of the nuclear struc- 
tures and contacts between mitochondria and the outer nuclear membrane point to an intensification of ex- 
change processes between the nucleus and cytoplasm. Definite changes also are observed in the ultrastrue- 
ture of the synapses that can be placed in the category of after-changes distinguished by Aleksandrovskaya 
et al. [i] when studying changes in RNA in spinal motoneurons after a single functional load. 

Changes in the ultrastrueture of the synapses and, in particular, the decrease in number of synaptic 
vesicles could be connected with the increased liberation of mediators. A more likely explanation, how- 
ever, is that they are due to a decrease in the functional activity of overwhelming majority of synapses, 

for similar ultrastructural changes in synapses have been observed during dark adaptation in the optic 
ganglion of insects [3], after picrotoxin convulsions in the rectum opticum of the frog [4], and in the visual 
cortex of blind rats [2]. There is thus no direct parallel between the restoration of normal behavior and 
the restoration of the structure of particular nervous centers. 

Structural changes in the caudate nucleus 24 h after administration of amphetamine are probably due 
to the slow elimination of the amphetamine from the body [5]. That is evidently why the noradienalin con- 
centration in the rat brain remains low for a long time after a single injection of amphetamine [I0, 14]. 
The metabolic changes correlate with the functional changes: conditioned-reflex activity of the rat dis- 
appears for between 4 h and 2 days after administration of amphetamine, even in a smaller dose [9]. 

The study of changes in the neurons and interneuronal synapses of the caudate nucleus in the later 
stages after administration of amphetamine would show how long these morphological changes persist and 
would provide further details about the mechanisms responsible for restoration of the structures after 
amphetamine excitation. 
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