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BASHORE, T. R., G. V. REBEC AND P. M. GROVES. Alterations of spontaneous neuronal activity in the 
caudate-putamen, nucleus accumbens and amygdaloid complex of rats produced by d-amphetamine. PHARMAC. 
BIOCHEM. BEHAV. 8(4) 467-474, 1978. - Changes in spontaneous neuronal activity in the caudate-putamen, 
accumbens nucleus and amygdaloid complex of immobilized, locally anesthetized rats were recorded following 
intraperitoneal injection of 2.5 mg/kg d-amphetamine sulfate. In each site, d-amphetamine typically produced a prolonged 
depression of firing rate which, in most cases, occurred after an initial, brief potentiation of activity. However, the onset of 
the amphetamine-induced depression occurred significantly later in the amygdala. Subsequent IP administration of either 
5.0 mg/kg chlorpromazine or 2.0 mg/kg haloperidol reversed, to varying degrees, the amphetamine-induced depression of 
neuronal activity in each area. These results are discussed in terms of the known biochemical effects of amphetamine on 
catecholaminergic transmission and the alleged role of the nigro-neostriatal and mesolimbic dopamine systems in the 
amphetamine behavioral response. 
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AMPHETAMINE elicits a dose-dependent sequence of 
behavior that in the rat includes an increase in locomotor  
activity and stereotyped sniffing, licking, gnawing and 
repetitive head movements [ I 1, 29, 35].  The dopaminergic 
nigro-neostriatal pathway, which projects from the sub- 
stantia nigra, pars compacta to the ipsilateral caudate- 
putamen [26], may be responsible, in part, for the 
psychomotor stimulant effects of amphetamine [14].  
Recent evidence, however, suggests that the amygdaloid 
complex, parts of which receive dopaminergic innervation 
from the pars compacta, and the accumbens nucleus, which 
is part of the mesolimbic dopamine system and receives 
innervation from the mesencephalic ventral tegmental area 
may mediate some components of the amphetamine 
behavioxal response [9, 10, 22, 28, 33]. 

Intraperitoneal injections of d-amphetamine typically 
produce a prolonged depression of firing rate of  spon- 
taneously active neurons in the caudate-putamen that is 
usually preceded by an initial, brief potentiation of 
neuronal activity [ 17, 30, 31 ]. The amphetamine-induced 
depression of neostriatal firing rate, which may be sig- 
nificantly related to some behavioral effects of  the drug 
[15], appears to reflect the postsynaptic accumulation of 
dopamine [16], an alleged inhibitory transmitter [24]. 

d Amphetamine administration also slows the firing rate of 
dopaminergic neurons in the substantia nigra, pars com- 
pacta [6, 18, 30] and in the ventral tegmental area [1]. 
The amphetamine-induced depression of activity in these 
sites is reversed by the administration of dopamine receptor 
blocking agents which also antagonize the behavioral 
response to amphetamine. 

In the present study, we characterized and compared 
amphetamine-induced changes in neuronal activity in areas 
of the brain that receive dopaminergic innervation from the 
nigro-neostriatal or mesolimbic pathways. Our results in- 
dicate that under conditions designed to approximate the 
behavioral time-course of action of amphetamine, the drug 
produced qualitatively similar effects on neuronal activity 
in the caudate-putamen, accumbens nucleus and amyg- 
daloid complex. 

METH OD 

Data were collected from 64 adult, male Sprague-Dawley 
rats, supplied by Simonsen Laboratories (Gilroy, CA), 
weighing between 250 and 470g  at the time of  ex- 
perimentation. The surgical procedure has been described in 
detail elsewhere [ 17]. Briefly, animals were anesthetized by 
ether inhalation and placed in a stereotaxic instrument 
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having blunt  a t raumat ic  ear bars. A short midsagittal  scalp 
incision exposed the calvarium. The areas in and sur- 
rounding the wound were thoroughly  infi l t rated with 
procain hydrochlor ide  (Novocain)  and points  o f  s tereotaxic  
contac t  were treated with a local anesthet ic  o in tmen t  
(Xylocaine).  Supplementa l  applicat ions of  Novocain  were 
administered periodically th roughou t  the exper iment .  
Commercia l  eyedrops (Visine) were applied in te rmi t t en t ly  
to prevent  d i scomfor t  f rom corneal  drying. Af ter  small 
bilateral holes were drilled in the skull overlying the 
accumbens nuclei (approximate ly  9.4 mm anterior  and 
1 . 0 m m  lateral s tereotaxic zero),  amygdaloid complex  
(approximate ly  4.8 anter ior  and 3.5 mm lateral to stereo- 
taxic zero) or  the caudate-putamen (approximate ly  
8.10 mm anter ior  and 2.5 mm lateral to s tereotaxic  zero),  
the dura was removed,  and ether  anesthesia discont inued.  
Bilateral coordinates  for each area were determined accor- 
ding to Koenig and Klippel [23] .  Each animal was then 
immobi l ized  with 2.0 mg/kg d- tubocurar ine  chloride 
(Abbot t )  with supplementa l  inject ions given at approx- 
imately hourly  intervals. The preparat ion was artificially 
respired by means of  a Harvard Inst ruments  rodent  res- 
pirator.  Respirat ion rate and volume were adjusted to 
maintain  a carbon dioxide  concen t ra t ion  in the expired air 
of  approx imate ly  3.75% which was measured by a Beckman 
Ins t ruments  LB2 electronic  carbon dioxide  analyzer.  Heart- 
beat  was displayed cont inuously  on the face of  an 
oscil loscope and body tempera ture  (YSI t e l e the rmomete r )  
was maintained be tween  36.0 and 37.5°C by means of  a 
recirculating hot-water  heating pad (Tempump) .  

Fol lowing a period of  approximate ly  30 min,  glass- 
coated tungsten microelectrodes ,  having a tip dia. of  
approx imate ly  1 ~zm and impedance  of  f rom 0.5 to 2.5 ms2, 
were lowered into the target areas on each side of  the brain 
and the search for spontaneous  neuronal  act ivi ty was 
begun. Single uni t  discharges were passed through a 
high-impedance amplif ier  and displayed on an oscilloscope. 
Unit  act ivi ty was moni to red  on the audio mon i to r  and, in 
some instances, was also photographed on 35 mm film. 
Isolated extracel lular  act ion potent ials  meet ing a signal- 
to-noise cri terion of  3 to 1 or more,  were counted  by means 
of  ampli tude discriminators at tached to a digital pr inter  
(Newpor t  Model 810) which provided a minute-by-minute  
pr in tout  of  neuronal  firing rates th roughou t  the ex- 
per iment .  Spontaneous  unit  activity was moni to red  on a 
minute-by-minute  basis for several minutes  prior to an 
exper iment  to insure that a consistent  rate of  firing was 
established. The mean spontaneous  firing ra te /min  for a 
10 min period immedia te ly  prior  to drug inject ion was used 
to define a mean preinject ion control  firing rate for each 
neuron.  Preinject ion firing rates f luctuated on a minute-  
by-minute  basis within no more than 40% of this value. 
Each animal received an intraper i toneal  (IP) inject ion of  
2.5 mg/kg d-amphetamine  sulfate (Smith,  Kline and 
French)  in saline. Some animals also received an IP 
inject ion of  ei ther  5.0 mg/kg ch lorpromazine  hydrochlor ide  
in saline or 2.0 mg/kg  haloper idol  (McNeil)  50 rain after 
d-amphetamine.  

Upon comple t ion  of  each exper iment ,  the animal re- 
ceived a lethal dose of  sodium pentobarbi ta l  (Nembutal) ,  
the placements  of  the e lect rode tips were marked by 
passing current  through the microelec t rodes  (Grass DC 
Constant  Current  Lesion Maker), and the preparat ion was 
perfused intracardially with normal  saline fol lowed by 10% 
Formal in  and the brain removed.  Each brain was frozen,  

sect ioned and stained with cresyl-violet to verify e lectrode 
tip placements .  Subsequent  examinat ion  o f  the histological 
material  revealed electrode tip locat ions which were then 
transferred to composi te  histological  drawings of  re- 
presentative brain sections [ 23 ].  

R E S U L T S  

The mean spontaneous  firing rates for all neurons 
sampled f rom the caudate-putamen,  nucleus accumbens and 
amygdaloid  complex  are given in Table 1. An analysis of  
variance revealed that spontaneous  activity did not  differ  
significantly across brain sites. Intraperi toneal  inject ion of  
2.5 mg/kg d-amphetamine  sulfate produced a depression o f  
activity in a large major i ty  of  neurons encountered  in all 
three brain regions (60 of  73 cells, see Table 1) al though in 
some cases we observed prolonged increases in neuronal  
discharges fol lowing inject ion of  the drug. Unit  act ivi ty was 
considered to be depressed by d-amphetamine  if its rate of  
firing declined to 60% of the preinject ion baseline value and 
remained below that  level for at least 15 min. Conversely,  
an increase in activity fo l lowing d-amphetamine  t rea tment  
was defined by a change in firing rate that reached 140% of 
the predrug control  value and maintained that  f requency 
for a min imum of 15 rain. These atypical  responses could 
not  be predicted on the basis of  preinject ion firing rates or  
e lectrode tip locat ion within each nucleus and are discussed 
separately below. 

In some cases, the d-amphetamine- induced depression 
was fol lowed by a rebound poten t ia t ion  of  activity,  which 
was defined as an increase of  firing rate that  at tained 140% 
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FIG. 1. Changes in neuronal activity recorded from the caudate- 
putamen following d-amphetamine administration. Two individual 
examples are shown. The positions of the electrode tips are 
illustrated to the right of each graph. The drug was administered at 

time zero. 
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T A B L E  1 

MEAN SPONTANEOUS NEURONAL ACTIVITY IN EACH REGION EXPRESSED AS SPIKES PER MIN 

Pre-Injection Firing Rate 

Caudate-Putamen Nucleus Accumbens Amygdaloid Complex 

91 spikes/min 51 spikes/min 71 spikes/min 
(SEM ± 30) (SEM ± 10) (SEM ± 11) 
n=25; A=23 n=26; A=24 n=22, A=17 

d-Amphetamine induced alterations 

Depression 18 23 19 

Excitation 7 3 3 

Initial potentiation 10 7 8 

Rebound recovery 2 (7) 6 (9) 3 (7) 

Neuroleptic blockage 

Depression 

Chlorpromazine 5 (7) 5 (9) 

Haloperidol 3 (4) 4 (5) 

Excitation 

Chlorpromazine 2 (4) I (1) 

Haloperidol 2 (3) I (1) 

3 (6) 

5 (6) 

SEM = standard error of the mean; n = number of cells; A = number of rats from whom cell population sampled, d-Amphetamine 
induced alterations: expressed as the number of cells in each nuclear group from the total sample that responded to the drug with either 
a decrease or an increase in firing rate. Also includes the number of cells whose activity depressed and this depression was preceded by an 
initial increase in firing rate, and the number of neurons that recovered from being depressed by d-amphetamine with a rebound 
potentiation. In the latter case, the numbers in parentheses represent the total number in that treatment group. Neuroleptic Blockade: 
number of cells in each condition whose depression or excitation in response to d-amphetamine was blocked by treatment with either 
chlorpromazine or haloperidol. Numbers in parentheses refer to total number of cells in that group. 

of  the  p redrug  in jec t ion  rate  and  pers is ted for  at  least  
5 min.  A s ignif icant  p r o p o r t i o n  of  n e u r o n s  in each nuc lea r  
group r e sponded  to  d - a m p h e t a m i n e  wi th  an  init ial ,  b r i e f  
p o t e n t i a t i o n  of  firing rate  t ha t  p receded  the  p ro longed  
depress ion  we observed  in the  ma jo r i ty  of  ou r  sample.  This  
a l t e ra t ion  was def ined  by  an increase in discharge rate t h a t  
reached  140% of  the  p re in j ec t ion  value  and lasted for  n o  
less t han  5 min  bu t  no  longer  t h a n  20 min.  The  n u m b e r  of  
cells in each bra in  site whose  act iv i ty  was a l tered in the  
above  descr ibed ways is s h o w n  in Table  1. 

The  abi l i ty  of  the  neu ro l ep t i c  drugs, c h l o r p r o m a z i n e  
(5.0 mg/kg)  and ha loper ido l  (2.0 mg/kg) ,  to  an tagon ize  the  
d - a m p h e t a m i n e - i n d u c e d  a l t e ra t ions  o f  firing rate  was 
assessed in 46 of  the  73 cells t ha t  we e n c o u n t e r e d .  Each 
neuro lep t i c  was admin i s t e red  50 min  a f te r  d - a m p h e t a m i n e  
and  reversal of  the  d - a m p h e t a m i n e  ef fec t  was judged to  
have occur red  if  the  firing rate r e tu rned  to t he  pre- 
a m p h e t a m i n e  in jec t ion  level wi th  in 15 min.  Table  1 lists 
the  n u m b e r  of  neu r ons  in each c o n d i t i o n  t ha t  m e t  this  
cr i ter ion.  

Figure 1 i l lus t ra tes  t w o  individual  examples  of  the  
a m p h e t a m i n e - i n d u c e d  depress ion  of  ac t iv i ty  in the  
cauda t e -pu t amen .  Fir ing rate  in this  and  all o t h e r  figures is 
expressed as pe rcen t  of  con t r o l  f ir ing rate wi th  100% 
def ined as the  m e a n  p re in j ec t i on  con t r o l  firing rate  per  
m i n u t e  for  a 10 rain per iod  pr ior  to  drug in jec t ion .  
Pos t in j ec t ion  n e u r o n a l  ac t iv i ty  is r epo r t ed  o n  a minu te -by -  

m i n u t e  basis for  the  first 15 min  and  t h e n  as mean  fir ing 
rate for  5 m in  b locks  un t i l  f iring rate  r e t u r n e d  to  at  least  
60% con t ro l  f ir ing rate.  Neurona l  ac t iv i ty  t ha t  did no t  
r e tu rn  to  this  level o f  responsiveness  was exc luded  f rom the  
sample.  Cor respond ing  e lec t rode  tip p l acemen t s  are s h o w n  
to the  r ight  of  each graph.  

Note  t h a t  in the  c a u d a t e - p u t a m e n  the  depress ion  of  
firing rate,  which  in the  lower  g raph  persists  for  approx-  
imate ly  100 min  af te r  a m p h e t a m i n e  admin i s t r a t ion ,  is qui te  
d rama t i c  and,  in some cases, was p receded  by  a marked  
init ial  p o t e n t i a t i o n  of  act ivi ty ,  as revealed clearly by  the  
example  in the  u p p e r  graph.  In 10 of  18 c a u d a t e - p u t a m e n  
n e u r o n s  t ha t  subsequen t l y  decreased firing rate to  
d - a m p h e t a m i n e  admin i s t r a t i on ,  an init ial  p o t e n t i a t i o n  o f  
act ivi ty  occur red  t ha t  ranged in m a g n i t u d e  for  ind iv idual  
neu rons  f rom 150 to 550% con t ro l  firing rate  (see Table  1). 
The  onse t  of  the  a m p h e t a m i n e - i n d u c e d  depress ion  o f  f ir ing 
rate  began at a p p r o x i m a t e l y  20 min  in 7 c a u d a t e - p u t a m e n  
neu rons  in which  the  response  to d - a m p h e t a m i n e  w i t h o u t  a 
s u b s e q u e n t  neu ro lep t i c  in j ec t ion  was m o n i t o r e d  and  per- 
sisted (be low 60% con t ro l  firing ra te)  for  per iods  o f  f rom 
45 to 155 min  af te r  in j ec t ion  wi th  a m e a n  d u r a t i o n  o f  
81 min  (SEM ± 10). 

A qual i ta t ive ly  similar  response  occur red  in the  nuc leus  
a c c u m b e n s  fo l lowing an i n t r ape r i t onea l  in jec t ion  of  
2.5 mg/kg  d - a m p h e t a m i n e .  Represen ta t ive  samples  of  this  
response  are i l lus t ra ted  in Fig. 2. Note  again t h a t  fo l lowing 
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FIG. 2. Changes in neuronal activity recorded from the nucleus 
accumbens following d-amphetamine administration. Two individual 
examples are shown with the positions of the microelectrode tips 
illustrated to the right of each graph. The drug was administered at 

time zero. 

a brief  po ten t ia t ion  of  activity,  firing rate was markedly  
inhibi ted,  and in the case of  the lower  graph, this effect  
lasted for approx imate ly  2 hr  before returning to pre- 
inject ion cont ro l  firing rate. In 7 nucleus accumbens  
neurons (see Table 1), an initial p ro ten t ia t ion  of  act ivi ty 
was observed that  ranged in magni tude from 220 to 305% 
contro l  firing rate. Recordings from 9 neurons in which 
d-amphetamine  was the only drug administered revealed 
that  the onset  of  the amphetamine- induced  depression of  
activity occurred at approx imate ly  20 min and the return 
to cont ro l  firing rate ranged for individual neurons f rom 35 
to 180 rain with a mean durat ion of  109 min (SEM _+ 15). 

In neurons variously located in the amygdaloid complex,  
an IP inject ion of  2.5 mg/kg d-amphetamine  produced  
effects qual i ta t ively similar to those described for the 
caudate-putamen and nucleus accumbens.  Figure 3 illus- 
trates amphetamine- induced  changes in uni t  activity in two  
different  amygdaloid  neurons which exempl i fy  the vari- 
ability in response duration.  In both cases, an initial 
po ten t ia t ion  of  firing rate preceded the depression of  
activity which, as shown in the upper  graph, persisted for 
70 rain after the inject ion.  This effect  was much more 
prolonged in some neurons,  as revealed by the example  
shown in the lower graph, where the depression o f  act ivi ty 
lasted for 250 rain from the t ime of  inject ion.  Note  that  
both  recordings were obta ined from the central  amygdaloid  
nucleus. As shown in Table 1, of  19 amygdaloid neurons 
that  subsequent ly  decreased firing rate to amphe tamine  
administrat ion,  an initial po ten t ia t ion  of  activity was 
apparent  in 8 that  ranged in magni tude  from 147 to 175% 
of control  firing rate. The amphetamine- induced  de- 
pression, which in the amygdala typically occurred at 40 

160 

A M Y G D A L A  
2.5 mg /Kg  d - a m p h ,  i.p. 

120 -... 

- i ~  ~- E. 
C.. 

FIG. 3. Changes in neuronal activity recorded from the amygdala 
following d-amphetamine administration. Two individual examples 
are shown. The positions of the microelectrode tips are illustrated to 

the right of each graph. The drug was administered at time zero. 

rain after drug inject ion, ranged in durat ion for  7 individual 
neurons treated only wi th  amphetamine f rom 35 to 305 
rain wi th a mean durat ion of  171 min (SEM -+ 36). 

Statistical analyses revealed that the magnitude of  the 
i n i t i a l  po tent ia t ion  of  act iv i ty  and the amphet- 
amine-induced depression of f i r ing rate did not  d i f fer  
signif icantly across brain sites, F(2,53) = 1.94, nor was 

there a consistent relat ionship, on an indiv idual  basis, 
between the durat ion and magnitude of  the in i t ia l  increase 
in activity and that  o f  the subsequent  depression o f  firing 
rate, F ( 2 , 2 1 ) =  1.82. Nevertheless,  the overall durat ion of  
the drug-induced response, defined as the t ime from the 
amphe tamine  inject ion to a return to at least 60% control  
firing rate, was significantly longer in the amygdala than in 
the o ther  two  sites, F(2,21)  = 8.10, p<0 .05 .  This difference 
was at t r ibutable  to a significant delay in onset of  the 
amphe tamine  induced depression in the amygdala,  F(2,57),  
p<0 .05 .  Interestingly,  neurons in each site spent a com- 
parable amount  of  t ime below 60% control  rate, 
F(2,21)  = 1.62. 

When unit  activity was moni to red  beyond  the return to 
recovery cri terion,  a secondary or  rebound increase in 
activity was recorded from several neurons (see Table 1). 
This phase of  the amphe tamine  response, which was 
observed to occur  in neurons in each site, was of  variable 
magni tude and duration.  The increase in activity fol lowing 
the amphetamine- induced depression in one amygdaloid 
neuron,  located in central  nucleus, is illustrated in Fig. 4. 
This unit  responded to d-amphetamine  with a prolonged 
depression of  activity that  persisted for over 300 min and 
was fol lowed by a rebound poten t ia t ion  of  firing rate 
lasting approximate ly  125 min. 

At tempts  to reverse the d-amphetamine- induced de- 
pression in the caudate-putamen (n = 11), nucleus ac- 
cumbens (n = 14) and amygdaloid complex  (n = 12) with 
an IP inject ion of  ei ther chlorpromazine  (5.0 mg/kg) or 
haloperidol  (2.0 mg/kg) were successful to varying degrees. 
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FIG. 4. The change in firing rate for one neuron recorded from the amygdaloid complex illustrating the rebound increase in firing rate that 
often follows the prolonged depression of activity produced by drug administration. 
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FIG. 5. Reversal of the d-amphetamine induced depression of firing 
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tration of chlorpromazine (5.0mg/kg IP). Amphetamine was 
administered at time zero, chlorpromazine 50min  later. The 
position of the microelectrode tip is illustrated to the right of the 

graph. 

In a ma jo r i ty  of  the  neu r ons  (68%) an a p p a r e n t  b lockade  
occur red  wi th in  15 rain of  the  in jec t ion .  However ,  in a 
subs tan t i a l  p r o p o r t i o n  (32%) of  the  sample  act ivi ty  
r e tu rned  to the  con t ro l  level la ter  t h a n  15 min  a f t e r  the  

in jec t ion  of  c h l o r p r o m a z i n e  or  ha loper ido l  and  the re fo re  
any  subsequen t  increase in firing rate  could  no t  be 
a t t r i b u t e d  to an ef fec t  of  drug admin i s t r a t i on .  Table  1 
shows the  an tagon is t i c  effects  of  each neuro lep t i c  for  the  
respect ive nucle i  and  it is a p p a r e n t  t h a t  they  were un- 
d i f ferent ia l ly  effective.  

Figure 5 i l lus t ra tes  the  rapid reversal  of  the  amphe t -  
amine  response  p roduced  by c h l o r p r o m a z i n e  for  one  
nuc leus  a c c u m b e n s  neu ron .  Fo l lowing  a depress ion  of  firing 
rate,  c h l o r p r o m a z i n e  p roduced  an increase in act ivi ty  t ha t  
surpassed con t ro l  rate for  several minu tes .  Note  t ha t  this  
reversal was fo l lowed by a s u b s e q u e n t  depress ion  o f  
act ivi ty.  An example  of  the  rapid reversal by  ha loper ido l  of  
the  a m p h e t a m i n e  ef fec t  in the  amygda la  is shown  in Fig. 6. 
In th is  uni t ,  loca ted  in the  baso la te ra l  nucleus ,  ha loper ido l  
caused a d rama t i c  increase in firing rate well above  con t ro l  
level which lasted for  several minutes .  

A small  p r o p o r t i o n  of  ou r  to ta l  sample of  n e u r o n s  (18%) 
r e sponded  to an  IP in jec t ion  of  2.5 mg/kg  d - a m p h e t a m i n e  
wi th  a p ro longed  increase in act ivi ty  (see Table  1). This  
a typica l  response  ranged in magn i tude  for  indiv idual  
neu rons  f rom 200 to 800% con t ro l  f ir ing rate  and pers is ted 
in some cases for  near ly  2 hr  or more .  In some of  these  
cases, we a t t e m p t e d  to b lock  this  p ro longed  increase w i t h  
an IP in jec t ion  of  5.0 mg/kg  c h l o r p r o m a z i n e  or 2.0 mg /kg  
ha loper ido l  at  50 min  af te r  d - a m p h e t a m i n e  admin i s t r a t i on .  
Bo th  drugs appeared  to reverse this  a m p h e t a m i n e - i n d u c e d  
exc i ta t ion .  An example  of  the  ha loper ido l  b lockade  of  this  
response  in the  c a u d a t e - p u t a m e n  is dep ic ted  in Fig. 7. 
S u b s e q u e n t  admin i s t r a t i on  of  e i the r  c h l o r p r o m a z i n e  or  
ha loper ido l  also reversed the  a m p h e t a m i n e  exc i t a t i on  in the  
nuc leus  a c c u m b e n s  bu t  no  a t t e m p t s  were made  to b lock  
this  a typica l  response  in the  amygdala .  
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FIG. 6. Reversal of the d-amphetamine induced depression of firing 
rate for one neuron in the amygdaloid complex by subsequent 
administration of haloperidol (2.0 mg/kg IP). Amphetamine was 
administered at time zero, haloperidol 50 rain later. The position of 

the microelectrode tip is illustrated to the right of the graph. 

D I S C U S S I O N  

The IP administration of d-amphetamine elicited in the 
large majority of  neurons in the caudate-putamen, nucleus 
accumbens and amygdaloid complex a marked depression 
of activity which was often preceded by an initial, brief 
potentiation of firing rate. These results, which are con- 
sistent with previous reports on amphetamine-induced 
alterations in the caudate-putamen [14, 17, 30, 31, 32],  
suggest that amphetamine has qualitatively similar effects 
on neuronal activity in those areas of  the brain that receive 
dopaminergic innervation from the substantia nigra, pars 
compacta and ventral tegmental area. It is unlikely that 
these drug-induced changes in unit activity are secondary to 
peripheral effects since they are not correlated with changes 
in body temperature, expired carbon dioxide concentration 
or heart rate. We have previously reported that meph- 
entermine, a weak central nervous system stimulant with 
peripheral effects comparable to those of  amphetamine 
[20],  does not significantly alter firing rate in the caudate- 
putamen or mesencephalic reticular formation [16,30]. In 
contrast to the effects of amphetamine on neuronal activity 
in sites of termination of  dopaminergic afferents, a marked 
increase occurs in the reticular formation and substantia 
nigra pars reticulata following intraperitoneal amphetamine 
administration [15, 17, 30].  

The initial, brief potentiation of activity which was 
observed in many cases prior to a depression of firing rate 
probably does not represent an effect of dopaminergic 
transmission. Lesions of the nigro-neostriatal bundle, which 
reduce telencephalic dopamine levels, attenuate the am- 
phetamine-induced depression of activity in the caudate- 
putamen but have no significant effect on the initial 
potentiation [16]. That the depression of firing rate 
involves a dopaminergic component is supported by 
evidence that the subsequent administration of  haloperidol, 
a dopamine receptor blocking agent, reverses this response 
to amphetamine in the caudate-putamen [ 17]. Our results 
are consistent with these reports and suggest further that an 
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FIG. 7. An atypical, marked increase in neuronal firing rate for a 
neuron recorded in the caudate-putamen following d-amphetamine 
administration at time zero. This excitatory effect could also be 

blocked by subsequent haloperidol administration (2.0 mg/kg IP). 

amphetamine-induced release of dopamine may also 
account for the slowing of firing rate in the nucleus 
accumbens and amygdala, although a noradrenergic 
influence cannot be ruled out. In most cases, both 
haloperidol and chlorpromazine were effective in rapidly 
blocking the depression of activity in the caudate-putamen, 
n u c l e u s  a c c u m b e n s  and amygdala produced by 
d-amphetamine. Although haloperidol is generally con- 
sidered to be a relatively more specific dopamine receptor 
blocking agent than chlorpromazine, both agents, at the 
doses in this study, may have noradrenergic blocking 
properties as well [2].  Both dopamine and norepinephrine 
are present in the nucleus accumbens, and dopaminergic 
and noradrenergic nerve terminals have been identified in 
the amygdaloid complex [ 3,19 ]. Iontophoretic application 
of either dopamine, norepinephrine or amphetamine has 
been reported to produce a depression of unit activity in 
the nucleus accumbens, amygdala and caudate-putamen [5, 
13, 24, 37, 40].  

Although the return to control firing rate following the 
amphetamine-induced depression occurred significantly 
later in the amygdala than in the other two sites, this 
difference was apparently due to a significant delay in onset 
of the depression and not to an overall increase in the 
duration of the drug response. The total amount of time 
that unit activity in each site was depressed by amphet- 
amine did not differ nor was the magnitude of the 
depression significantly different across brain sites, 
although a floor effect would undoubtedly obscure the 
latter. Further, the duration and magnitude of the initial 
amphetamine-induced potentiation of activity were not 
significantly different between the brain areas. The 
relatively late onset of the depression in the amygdala may 
reflect  a number of pharmacokinetic and neuro- 
physiological factors, which were not addressed by our 
experiments. It is interesting to note, however, that despite 
the heterogeneity of the neuronal population of the 
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amygda lo id  c o m p l e x  [38]  the  depress ion  of  f ir ing rate  
fo l lowing a m p h e t a m i n e  a d m i n i s t r a t i o n  was relat ively 
widespread  and  did no t  appea r  to  be con f ined  to  a specif ic  
nuc leus  or  region wi th in  the  amygdala .  

Some  n e u r o n s  whose  ac t iv i ty  was m o n i t o r e d  b e y o n d  the  
r e t u r n  to  con t ro l  f ir ing rate  recovered  f rom the  a m p h e t -  
amine - induced  depress ion  wi th  a s econda ry  or  r e b o u n d  
increase in act ivi ty .  A similar  response  has  been  r epo r t ed  to  
occur  in the  c a u d a t e - p u t a m e n  fo l lowing sys temic  a m p h e t -  
amine  a d m i n i s t r a t i o n  [30]  or s t i m u l a t i o n  o f  the  subs t an t i a  
nigra [ 7 , 12 ] .  Such s econda ry  inc=eases m a y  ref lect  a 
r e d u c t i o n  in in the  avai labi l i ty  of  c a t echo l amines  for  release 
which ,  in the  case of  a m p h e t a m i n e  admin i s t r a t i on ,  cou ld  
resul t  f rom a drug induced  r educ t i on  of  d o p a m i n e  bio- 
synthes is  [ 4 ] .  

A small  sample  o f  n e u r o n s  in the  c a u d a t e - p u t a m e n ,  
nuc leus  a c c u m b e n s  and  amygda lo id  c o m p l e x  r e sponded  to  
d - a m p h e t a m i n e  a d m i n i s t r a t i o n  wi th  a p ro longed  increase  of  
act ivi ty.  Such a typ ica l  responses  to  a m p h e t a m i n e  have b e e n  
r epo r t ed  previously  for  some n e u r o n s  in the  caudate-  
p u t a m e n  [ 3 0 , 3 2 ] .  In the  amygdala ,  i n t r avenous  adminis -  
t r a t i on  of  a m p h e t a m i n e  has also been  r epo r t ed  to elicit  an 
incrase in f ir ing rate  [ 4 0 ] .  It is d i f f icul t  to  specula te  on  the  
m e c h a n i s m s  unde r ly ing  these  a typ ica l  increases  in act iv i ty .  
A l t h o u g h  there  is some  evidence t h a t  t w o  d i f fe ren t  
popu l a t i ons  of  d o p a m i n e  recep tors  med ia t i ng  synap t i c  
i n h i b i t i o n  and  exc i t a t i on  could be d i f fe ren t ia l ly  d i s t r ibu ted  
in the  n e o s t r i a t u m  and  nuc leus  a c c u m b e n s  (see Cools [8] ), 
we were unab le  to  f ind a cons i s t en t  t opograph ica l  dis- 
t r i b u t i o n  of  n e u r o n s  exc i ted  by  a m p h e t a m i n e .  Nevertheless ,  
cons i s ten t  wi th  such a dual  r ecep to r  idea is ou r  evidence  
t ha t  b o t h  c h l o r p r o m a z i n e  and ha loper ido l  b locked  the  
a m p h e t a m i n e - i n d u c e d  exc i t a t i on  in the  c a u d a t e - p u t a m e n  
and nuc leus  accumbens .  

A g rowing  b o d y  of  behaviora l  ev idence  suggests t ha t  
b o t h  the  neos t r i a ta l  and  meso l imbic  d o p a m i n e  sys tems ,  in 
par t ,  med ia t e  the  behaviora l  response  to a m p h e t a m i n e .  The  
a d m i n i s t r a t i o n  of  d o p a m i n e  r ecep to r  b lock ing  agents  
reverses the  p s y c h o m o t o r  s t imu lan t  e f fec ts  o f  a m p h e t a m i n e  
[ 3 4 , 3 9 ] .  6 - H y d r o x y d o p a m i n e  lesions of  the  nuc leus  
a c c u m b e n s  and  n e o s t r i a t u m ,  which  subs tan t ia l ly  reduce  
fo rebra in  d o p a m i n e  levels, a t t e n u a t e  a m p h e t a m i n e - i n d u c e d  
l o c o m o t i o n  and  s t e r eo typy ,  respect ively,  in ra ts  [ 2 1 , 2 2 ] .  
The  role of  the  amygda la  in the  a m p h e t a m i n e  behaviora l  
response  is less clear. Amygda lo id  m e d i a t i o n  of  e m o t i o n a l  
express ion  is well d o c u m e n t e d  (see Lea ton  [ 2 5 ] )  and this  
area may  be o f  s ignif icance to  the  m o o d  a l te ra t ions  
p r o d u c e d  by  a m p h e t a m i n e  [ 2 7 , 3 6 ] .  E lec t ro ly t ic  lesions of  
the  amygda la  have been  r epo r t ed  to  reduce  the  in tense  
c o m p o n e n t s  of  the  a m p h e t a m i n e - i n d u c e d  s t e r e o t y p y  in rats  
[9 ,101.  

O u r  resul ts  ind ica te  tha t  a m p h e t a m i n e  is capable  of  
p roduc ing  d rama t i c  changes  in un i t  ac t iv i ty  in the  caudate-  
p u t a m e n ,  nuc leus  a c c u m b e n s  and  amygda lo id  complex .  
Such changes  in firing rate  in areas t h a t  receive cons iderab le  
dopamine rg ic  i nne rva t ion  lend add i t iona l  suppo r t  to  the  
n o t i o n  t ha t  these  sites play an  i m p o r t a n t  role in the  
behaviora l  response  to a m p h e t a m i n e  and  a m p h e t a m i n e - l i k e  
agents.  
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