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A l ight-  and e l ec t ron -mic roscop ic  s tudy was made of changes in the s t r u c tu r e  of neurons and 
synapses  in the caudate nucleus of ra ts  2 and 3 days af ter  motor  exci tat ion induced by  am-  
phetamine (10 m g / k g  body weight).  E l ec t ron -mic roscop ic  investigations 2 days a f t e r  am -  
phetamine excitat ion showed predominance of synthesis  over  ut i l izat ion of the in t race l lu la r  
organel les  in the neurons of the caudate nucleus; the la t te r  p rocess  took place,  moreove r ,  
in the d i rec t ion  f rom nucleus to pe r iphery  of the cel l  body. A s ta t i s t ica l ly  s ignif icant  in- 
c r e a s e  in the mean a rea  of c r o s s - s e c t i o n  of the nuclei and bodies of the neurons and in the 
number  of impregnated spines pe r  unit length of the dendrites was found. The u l t r a s t r u c tu r e  
of the neurons was la rge ly  r e s t o r e d  to normal  af ter  3 days although the mean a rea  of c ross  
sect ion of the bodies and nuclei of the neurons had not yet  reached  its initial values .  There  
was v i r tual ly  no d i f ference  in the number  of impregnated spines of the dendri tes compared  
with the control ,  but e lec t ron  mic roscopy  revea led  many synaptic ves ic les  in the axon t e r m -  
inals .  
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The object  of this combined l ight-  and e l ec t ron-mic roscop ic  investigation was to s tudy the mechan-  
isms lying at the basis of r e s to ra t ion  of the s t ruc tu re  of neurons and synapses  in the caudate nucleus af ter  
amphetamine exci tat ion.  

E X P E R I M E N T A L  M E T H O D  

Exper iments  were  c a r r i e d  out on male albino r a t s .  Amphetamine was injected in t raper i tonea l ly  in 
a dose of 10 m g / k g  body weight, suff icient  to cause  the development of a motor  s t e reo type  that indicated 
exci tat ion of adrenerg ic  s t r uc tu r e s ,  which a re  widely represen ted ,  in pa r t i cu la r ,  in the caudato nucleus.  
The animals were  killed 2 and 3 days af te r  receiving amphetamine.  Brain sect ions were  stained by the 
methods of Nissl and Golgi. The a rea  of c ross  sect ion of 50 neurons and the i r  nuclei  was measu red  with 
an ocular  m i c r o m e t e r  in th ree  exper imenta l  and three  control  ra ts  {magnification 420• The resu l t s  were  
subjected to s ta t i s t ica l  analysis by the S t u d e n t - F i s c h e r  method. The number  of spines in consecut ive seg-  
ments ,  50/~ long, along the dendri tes of the densely  branching neurons of the caudate nucleus also was 
counted.  The spines were  counted on a length of 10 p of the dendri te .  The equations used for  the evalua-  
tion of biological  ma te r i a l  were  employed to analyze the resul ts  [6]. Stat ist ical  s ignificance was de t e r -  

mined by the equation 

di f ferences  being signif icant  for  which t - 2, F o r  the d e c t r o n - m i c r o s c o p i c  investigation the bra in  was p e r -  
fuses in t ravi ta l ly  with a mix ture  of 1% glutaraldehyde solution and 27c paraformaldehyde  solution in phosph- 
ate buffer  (pH 7~2-7.4) with the addition of 0.01% CaC12 solution and 7% glucose;  posffixation followed in 2% 
osmium te t roxide  solut ion.  P ieces  f rom the dorsa l  pa r t  of the caudate nucleus were  embedded in Epon- 
812 af ter  appropr ia te  t r ea tment .  The sect ions were  s tained with uranyl  acetate  and lead c i t r a t e .  
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Fig.  1. Structure of dendrite of densely 
branching neuron in r a t  caudate nucleus 
af ter  amphetamine excitation. Golgi, 
900x: a) increase  in number  of impreg -  
nated spines 2 days af ter  amphetamine 
excitation. Axo-dendri t ic  s ynaps e s  can 
be seen;  b) dec rease  in number  of im-  
pregnated spines 3 days after amphetamine 
excitation. 

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

The investigations showed that the leading role in the 
p rocesses  of rest i tution after  amphetamine excitation is 
placed by the nucleus as placenta of in t race l lu lar  synthesis  
of RNA and protein.  Activation of the nuclear  s t ruc tu res  
could be seen as ear ly  as 24 h after  administrat ion of 
amphetamine.  Meanwhile, ~he a rea  of the mean c ross  s e c -  
tion of the nucleus was increased  f rom 60.19 �9 0.53# 2 at 
the height of the s t imulant  effect of amphetamine to 61.33 * 
0.69 ~2 (difference s ta t i s t ica l ly  significant).  Migration of 
mater ia l  f rom the nucleolus into the cytoplasm and the 
format ion of Nissl substance,  RNA, and proteins as the r e -  
sul t  of nucleolar  activi ty were descr ibed  some t ime ago 
af ter  morphological  and his tochemical  investigation [10-13]. 

E l ec t ron -mic roscop ica l l y  the per inuc lear  zone of the 
cytoplasm was r ichly  supplied with various organel les  2 
days af ter  adminis t ra t ion of amphetamine.  This zone oc -  
cupied a l a rge r  or sma l l e r  a rea  around the nucleus and it 
s tood out c lea r ly  against  the per iphera l  zone of the cyto-  
plasm, which contained few organel les .  Ribosomes and 
polysomes,  lying f ree ly  in the cytoplasm,  and mitochondria  
were  par t i cu la r ly  numerous in the per inuc lea r  zone. Main- 
ly these were smal l ,  round mitochondria  with a dark  
matr ix  and c l ea r ly  outlined c r i s t ae .  A few long mito-  

chondria  with cons t r ic t ions ,  p resumably  at tr ibutable to division of the mitochondria,  were seen.  Cha rac -  
te r i s t ic  groups of mitochondria  were  observed  in cer ta in  zones of the cytoplasm,  which were  regarded  as 
functionally more  active [1, 7, 8]. The l iberat ion of granules of RNP type f rom the nucleolus was found 

Fig.  2. U l t r a s t ruc tu re  of smal l  neuron of caudate nucleus 3 days after  ad- 
minis t ra t ion  of amphetamine,  10 mg/kg:  10,000x. 
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Fig.  3. Synapses invaginated into axon. Axon terminals  contain many syn -  
aptic ves ic les :  3 days af ter  amphetamine administrat ion,  40,000x. 

and the outlines of the nuclear  membrane  were indistinct as the resu l t  of the many granules lying on the 
membrane  itself, around the outer nuclear  membrane ,  and in the adjacent layer  of cytoplasm.  P redomin-  
ance of synthesis  over  breakdown of the s t ruc tu ra l  mater ia l  was observed in conjunction with an increase  
in the mean a rea  of c ross  sect ion of the nuclei (60.30 • 0.68 ~2) and bodies (86.27 �9 0.75 ]~2) of the neurons,  
although compared  with the state 24 h af ter  administrat ion of amphetamine these values were a little r e -  
duced. It can accordingly be postulated that the period of r e c o v e r y  of the s t ruc tu ra l  organizat ion of the 
neurons af ter  their  hyperfunction is a period of special ized function ref lected in the morphological  appear-  
ance of the ce l l s .  

At the l ight-optical  level, increased  function of the neuron and the beginning of r e c o v e r y  processes  
af ter  hyperfunction were ref lec ted  morphological ly  in the same way, as an increase  in the s ize  of the cell  
body and nucleus combined with part ial  chromatolys is  of the Nissl substance.  The differences between 
these states of the neuron were found at the submicroscopic  level; the phase of increased  function was 
cha rac t e r i zed  by a reduct ion of the number  of organelles in the cytoplasm,  especial ly  at the per iphery  of 
the cel l  body, whereas the r ecove ry  stage was marked by an increase  in the number of organelles in the 
per inuc lear  zone and a decrease  in their  number  more  per ipheral ly .  
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The intensi f icat ion of synthes is  in neurons  of the caudate  nucleus 2 days a f t e r  moto r  exci tat ion in- 
duced by amphe tamine  c o r r e l a t e d  with a s t a t i s t i ca l ly  s ignif icant  i nc r ea se  in the number  of impregna ted  
spines pe r  unit length of the dendri tes  of the dense ly -branch ing  neurons :  to 8.86 + 0.183 spines pe r  10 p 
length of dendri te  c o m p a r e d  with 7.4 • 0.71 spines  24 h a f t e r  admin i s t r a t ion  of amphe tamine .  The number  
of axodendri t ic  contacts  on the spines  and trunks of the dendri tes  was i nc rea sed  (Fig. l a ) .  Most  probably ,  
r e c o v e r y  p r o c e s s e s  in the cy top la sm took place in r e sponse  to s t rengthening of p resynap t i c  afferenta t ion,  
so  that  no rma l  re la t ions  were  r e s t o r e d  between p r o c e s s e s  of synthes is  and breakdown of s t r u c t u r a l  
m a t e r i a l s  and the phys io logica l  act ivi ty  of the neuron.  

The s t r u c t u r e  of the neurons and in te rneurona l  synapses  was l a rge ly  r e s t o r e d  3 days a f t e r  admin i -  
s t r a t ion  of a s ingle  dose of amphe tamine .  However ,  the mean  a r e a  of c r o s s  sec t ion  of the neuron bodies 
(83.59 • 1.01 ~2) and the i r  nuclei  (57.31 • 0.90 ~2) did not r ega in  the i r  or ig inal  values  (79.47 • 0.41 and 
55.02 • 0 28  ~2 respec t ive ly ) ,  although they were  l e s s  than on the second day a f t e r  amphe tamine  exci tat ion,  
poss ib ly  as a r e s u l t  of the s low excre t ion  of the drug f rom the body, which takes place during the 2-4 days 
a f t e r  its injection [5-8]. 

E l e c t r o n - m i c r o s c o p i c  invest igat ions  at  this t ime ,  jus t  as in the cont ro l  r a t s ,  r evea l ed  at l e a s t  two 
types of neurons to c o r r e s p o n d  to the pa t t e rn  of dis t r ibut ion of the i r  i n t r ace l l u l a r  o rgane l l e s .  In the cy to -  
p l a s m  of s o m e  ce l l s  they were  a r r a n g e d  r e l a t ive ly  uni formly,  but in other  neurons the i r  concent ra t ion  in 
some  places  was h igher  (Fig. 2). The outlines of the nuc lear  m e m b r a n e  were  e i the r  indis t inct  over  a 
ce r t a in  p a r t  of the i r  length, or  the nucleus was main ly  c l e a r l y  outlined and the m e m b r a n e  i t se l f  s o m e -  
t imes  had a num ber  of s e p a r a t e  invaginat ions .  L ibera t ion  of granules  f r o m  the nucleolus ,  loca l ized  d i la ta -  
t ion of the endoplasmic  r e t i eu lum,  and hype r t rophy  of individual mi tochondr ia ,  accompanied  by m a r k e d  
swell ing of s o m e  of them,  as is m o r e  often found in cel ls  with an i r r e g u l a r  dis t r ibut ion of i n t r ace l l u l a r  
o rgane l les ,  were  seen .  In s o m e  cel ls  the c i s t e rn s  of the endoplasmic  r e t i cu lum were  na r row  but we re  of 
cons ide rab le  length and cove red  by many  r i b o s o m e s ,  while at the s a m e  t ime  many  r i b o s o m e s  and poly-  
somes  were  p r e s e n t  in the spaces  between the c i s t e r n s .  The n u m b e r  of spines  pe r  unit length of the 
dendri tes  3 days a f t e r  admin i s t r a t ion  of amphe tamine  was v i r tua l ly  at the c o n t r o l  level  (7.4 �9 0.1 c o m -  
pa red  with 7.3 • 0.1 in the control) ;  axo-dendr i t ic  contacts  were  infrequent ly  seen  (Fig.  1B), and under  
the e lec t ron  m i c r o s c o p e  ve ry  many  synapt ic  ves i c l e s  were  found in m o s t  axon t e rmina l s  and contacts  were  
v is ib le  on the spines  and s m a l l  b ranches  of the dendri tes  invaginated into the axon (Fig. 3). The functional 
s ignif icance  of u l t r a s t r u c t u r a l  changes in the synapses  of this s o r t  is unknown. An i n c r e a s e  in the number  
of synapt ic  ves ic les  has been found in the c i l i a ry  ganglion of bi rds  in the r e s p o n s e  to o r t hod romic  e l ec -  
t r i c a l  s t imula t ion  [4], in the c e r e b r a l  cor tex  of monkeys during genera l  exci ta t ion [2], and also in the 
per iod  of depress ion  of the dendri t ic  exc i t a to ry  pos tsynapt ie  potent ial  in the visual  cen te r  of the f rog in 
r e sponse  to e l ec t r i c a l  s t imula t ion  of the optic ne rve  [3]. If we take into cons idera t ion  physiological  da ta  
which show that during r e c o v e r y  of condi t ion-r~f lex  activi ty of r a t e  2 days  a f te r  amphe tamine  a d m i n i s t r a -  
tion the la tent  per iods  of the conditioned r e f l exes  a r e  shor tened,  [9] then the i nc r ea se  in the number  of 
synapt ie  ves i c l e s  in m o s t  synapses  of the caudate nucleus at that t ime  can be connected with inc reased  
functional act ivi ty of the synapses .  

Microscopic  and s u b m i c r o s c o p i c  changes in neurons and in te rneurona l  synapses  in the caudate  
nucleus of ra t s  obse rved  during amphe tamine  exci ta t ion mus t  be  c l a s s e d  as functional changes .  The func-  
t ional  c h a r a c t e r  of the obs e rved  morpholog ica l  changes is demons t r a t ed  by  the i r  rap id  appea rance  a f te r  
the admin i s t r a t ion  of amphe tamine  and the i r  g radua l  d i s appea rance  a f t e r  the subs tances  has c ea se d  to ac t .  
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