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MCBRIDE, W. J., J. N. HINGTGEN AND M. H. APRISON. Neurochemical correlates of behavior: levels of amino acids in 
four areas of the brain of the rat during drug-induced behavioral excitation. PHARMAC. BIOCHEM. BEHAV. 4(1) 
53-57 ,  1976. - The levels of GABA, aspartate, glutamate, glycine and alanine were determined in 4 specific brain areas 
(telencephalon, diencephalon-mesencephalon, cerebellum and pons-medulla oblongata) of rats killed during a period of 
drug-induced behavioral excitation. Behavioral excitation was obtained in adult, male Wistar rats working on a Sidman 
shock-avoidance schedule following administration of 2 mg[kg tetrabenazine (TBZ) 18 hr after iproniazid (50 mg/kg) 
pretreatment. When compared to trained animals (working on the avoidance schedule but receiving no drugs), the excited 
rats had increased levels of GABA in the telencephalon and diencephalon-mesencephalon, decreased levels of aspartate in 
all 4 brain areas, and a lower content of glycine in the pons-meduUa region. The changes in the levels of aspartate in all 
areas of the brain, GABA in the diencephalon-mesencephalon, and glycine in the pons-medulla were significantly correlated 
(p<0.01) with the degree of excitation. It was observed that avoidance training alone produced increases in the levels of 
four amino acids: aspartate in telencephalon and cerebellum, GABA in cerebellum, and glycine and glutamate in the 
pons-medulla. The injection of iproniazid alone or iproniazid followed by TBZ into naive animals had little effect on the 
levels of the five amino acids. The data are discussed in terms of aspartate and GABA interacting as neurotransmitters with 
cholinergic and catecholaminergic and/or serotonergic neurons to produce the behavioral excitation. 
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B E H A V I O R A L  e x c i t a t i o n  can be p r o d u c e d  for  f ini te  
l eng th s  of  t ime  in ra ts  working  o n  shock-avo idance  
schedules  by  in jec t ing  t e t r a b e n a z i n e  (TBZ)  18 hr  a f t e r  
ip ron iaz id  p r e t r e a t m e n t  [ 13 ,25] .  Apr i son  and  coworke r s  
[3, 5, 14, 15, 25] have p rov ided  data  wh ich  s t rong ly  
ind ica te  t h a t  some  chol inerg ic  p a t h w a y s  may  be  involved  
wi th  m a i n t e n a n c e  of  this  t ype  of  behav iora l  exc i t a t ion .  
However ,  we have also suggested the  poss ib i l i ty  t h a t  
mul t ip le  t r a n s m i t t e r  p a t h w a y s  m ay  be  involved in var ious  
types  o f  behav iora l  changes  [3, 4, 6, 7 ] .  Thus,  two  facts  led 
us to  cons ider  ce r ta in  amino  acids in this  t ype  of  behaviora l  
exc i t a t ion .  Firs t ,  t he  data  we have p rov ided  wh ich  suggest  a 
role for  glycine and  G A B A  as i n h i b i t o r y  t r a n s m i t t e r s  and  
g lu t ama te  and  aspar ta te  as e x c i t a t o r y  t r an s m i t t e r s  [ 9 ] .  
Second,  the  s tudies  of  Berl and  coworker s  [10 ,23]  wh ich  
showed  t h a t  reserp ine  and  pargyl ine  cou ld  have an  ef fec t  o n  
t h e  p u t a t i v e  amino  acid n e u r o t r a n s m i t t e r s  aspar ta te ,  
g lu t ama te  and  GABA.  These reasons  and  the  fact  t h a t  TBZ 

has reserpine-l ike effects  [19 ,21]  and  ip ron iaz id  is a 
h y d r a z i n e - t y p e  m o n o a m i n e  oxidase  inh ib i to r ,  wh ich  migh t  
have a d i rec t  ef fec t  on  a m i n o  acid m e t a b o l i s m  [ 2 0 ] ,  led us 
to  e x a m i n e  the  levels of  a m i n o  acids in four  areas of  the  
bra in  o f  rats  kil led dur ing  the  per iod  of  behaviora l  exci ta-  
t i on  fo l lowing  ip ron iaz id -TBZ admin i s t r a t i on .  

METHOD 

Behavioral Procedures 

Five g roups  of  adul t  male,  a lb ino  rats  (Wistar  s t ra in)  
were used in these studies.  The first g roup  of  9 animals  
r e c e i v e d  daily t ra in ing  sessions on  a S idman  shock-  
avoidance  schedule  (RS20 :SS lo  ; 1.6 m A  in t ens i t y ;  0.5 sec 
d u r a t i o n )  in  a s t anda rd  lever pressing appa ra tu s  [ 2 5 ] .  Af te r  
s table  behav io r  was ob t a ined ,  rats  were p re in jec ted  (sub-  
cu t aneous ly )  wi th  50 mg /kg  ip ron iaz id  p h o s p h a t e  a b o u t  17 
h r  be fore  the  session and  were s u b s e q u e n t l y  in jec ted  wi th  

1A portion of this study was presented to the Society for Neuroscience, St. Louis, Missouri, October 1974. This is Number 8 in the 
series: Neurochemical Correlates of Behavior. 
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TABLE 1 

EFFECTS OF IPRONIAZID AND IPRONIAZID PLUS TBZ ON THE LEVELS OF AMINO ACIDS IN VARIOUS REGIONS OF THE CNS 
OF THE NAIVE RAT 

~moles/g tissue wet weight 

Treatment Alanine Glycine GABA Aspartate Glutamate 

Telencephalon 

Saline+ Saline 0.558 -+ 0.028 0.754 ± 0.046 1.51 ± 0.08 2.51 _+ 0.07 12.2 ± 0.13 

Iproniazid + Saline 0.577 ± 0.005 0.774 _+ 0.073 1.38 -+ 0.05 2.79 -+ 0.04* 12.6 -+ 0.22 

Irponiazid + TBZ 0.592 +- 0.020 0.807 ± 0.013 1.52 -+ 0.06 2.46 ± 0.07 12.4 -+ 0.38 

Diencephalon + Mesencephalon 

Saline+Saline 0.420_+0.011 1.07 50.06 3.37 -+0.30 3.0550.06 12.5 +_0.51 

Iproniazid+Saline 0.388-+0.006 * 1.15 -+0.08 3.33 -+0.17 3.24+-0.15 12.6 50.40 

Iproniazid+TBZ 0.444_+0.010 1.32 -+0.11 3.48 _ + 0 . 1 9  3.30+_0.14 13.3 _+0.32 

Cerebellum 

Saline + Saline 0.433 ± 0.008 0.518 ± 0.018 0.898 _+ 0.063 2.14 +- 0.08 12.4 _+ 0.52 

Iproniazid + Saline 0.417 ± 0.021 0.585 -+ 0.044 0.806 -+ 0.068 2.39 ± 0.07 13.0 _+ 0.23 

Iproniazid + TBZ 0.453 +- 0.022 0.582 ± 0.036 0.970 ± 0.081 2.20 ± 0.04 13.2 ± 0.30 

Pons-Medulla 

Saline+ Saline 0.424 _+ 0.028 3.83 ± 0.14 1.18 +_ 0.07 2.70 _+ 0.15 8.14 _+ 0.40 

Iproniazid + Saline 0.377 -+ 0.016 3.57 -+ 0.10 1.02 +- 0.09 2.54 _+ 0.07 7.74 +_ 0.28 

Iproniazid + TBZ 0.421 +- 0.026 3.90 +- 0.09 1.15 -+ 0.08 2.57 -+ 0.08 8.48 _+ 0.37 

Data represent the means _+ SEM from 4 individual naive animals within each of the subgroups. Statistical significance was determined 
with the student's t-test. Significance of difference between control and drug-treated animals are as follows: *p<0.05 

TBZ (2 mg/kg subcu taneous ly )  3 0 - 6 0  min af ter  the s tar t  
of  the session (once  stable pe r fo rmance  was establ ished) .  
They were then  killed during the per iod of  behavioral  
exc i t a t ion  ( response  rates  at least 1.5 t imes con t ro l  rates) 
which fo l lowed the iproniazid-TBZ admin is t ra t ion  [3 ]. The 
second  group  inc luded 6 animals which were in jec ted  wi th  
saline instead of  iproniazid and TBZ, and were similarly 
t ra ined and were killed during an avoidance session. The 
last 3 groups  inc luded  naive rats which were handled  bu t  
no t  subjec ted  to  any training sessions and were killed 
fol lowing saline-saline inject ions  (18 animals),  iproniazid-  
saline in jec t ions  (4 animals) or iproniazid-TBZ inject ions  (4 
animals) according to the same t ime sequence  used in the  
first group.  

Biochemica l  Procedures  

All animals were killed by decap i ta t ion ;  the  telen- 
cepha lon ,  d iencepha lon  plus mesencepha lon ,  cerebel lum 
and pons  plus medulla  oblongata  were quickly removed,  

wrapped  in a luminum foil and f rozen be tween  blocks o f  
dry-ice. Samples were usually processed wi thin  48 hr  o f  
killing. Tissue levels o f  alanine, glycine, GABA, aspartate  
and glutamate  were de t e rmined  with a GLC procedure  
[8 ,24] .  

RESULTS 

The in ject ion o f  iproniazid  alone or iproniazid fo l lowed 
by TBZ into  naive rats had very little e f fec t  on the levels o f  
alan±n±, glycine, GABA, aspartate  or g lu tamate  in the CNS 
of  the rat (Table 1). No apparent  effects  were observed on 
the  gross behavior  o f  the naive rats af ter  inject ion of  the 
drugs. However ,  when iproniazid and TBZ were given to 
animals trained to  work on a Sidman shock-avoidance 
schedule ,  the  rate o f  responding  of  these animals increased 
(mean  response rate = 3.2 t imes cont ro l  rates at t ime o f  
sacrifice). At the  t ime when these animals were killed 
(mean sacrifice t ime = 18 min fol lowing TBZ inject ion)  the 
levels o f  GABA in the te lencepha lon  and diencephalon-  
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TABLE 2 

AMINO ACID LEVELS IN FOUR REGIONS OF THE BRAIN OF NAIVE RATS, SHOCK-AVOIDANCE TRAINED RATS, AND RATS 
DISPLAYING DRUG-INDUCED EXCITATION DURING SHOCK-AVOIDANCE BEHAVIOR 

~tmoles/g tissue wet weight 

Treatment Alanine Glycine GABA Aspartate Glutamate 

Telencephalon 

Naive 0.532 ± 0.019 0.697 -+ 0.038 1.34 ± 0.07 2.49 ± 0.10 12.9 ± 0.36 

Trained 0.537 ± 0.011 0.838 ± 0.034 1.37 ± 0.07 2.98 ± 0.06* 14.8 +- 0.21" 

Excited 0.539 _+ 0.042 0.720 ± 0.058 1.93 -+ 0.10*t 2.37 -+ 0.2 H- 16.0 ± 1.10" 

Diencephalon + Mesencephalon 

Naive 0.448 ± 0.012 1.09 ± 0.04 3.29 ± 0.22 3.03 ± 0.16 11.3 ± 0.28 

Trained 0.403 ± 0.011 0.958 ± 0.052 2.11 ± 0.19'  3.31 ± 0.08 11.6 ± 0.36 

Excited 0.394 ± 0.019" 1.14 ± 0.10~ 4.61 -+ 0.25"t 2.33 ± 0.10"~ 12.7 ± 0.69* 

Cerebellum 

Naive 0.379 _+ 0.017 0.511 -+ 0.036 0.835 ± 0.016 2.07 ± 0.04 12.4 ± 0.34 

Trained 0.441 _+ 0.016 0.695 ± 0.040 0.896 ± 0.026* 2.27 _+ 0.04* 14.0 ± 0.29* 

Excited 0.374 ± 0.022 0.578 ± 0.058 1.04 ± 0.05* 1.76 -+ 0.09*t 13.8 ± 0.67* 

Pons + Medulla-Oblongata 

Naive 0.371 _+ 0.022 3.26 _+ 0.29 1.24 ± 0.11 2.54 ± 0.21 7.38 ± 0.53 

Trained 0.341 ± 0.031 4.11 ± 0.27* 1.19 ± 0.06 2.97 ± 0.14 9.41 ± 0.74* 

Excited 0.301 ± 0.009* 3.06 ± 0.08 t 1.13 ± 0.07 1.88 ± 0.03" t 8.04 ± 0.19 

The various brain areas were isolated from rats which were (a) not trained and given saline injections in place of iproniazid and TBZ 
(naive); (b) trained on the shock-avoidance schedule, given saline injections in place of iproniazid and TBZ, and killed during an avoidance 
session (trained); or (c) trained on the shock-avoidance schedule, injected with iproniazid and TBZ, and killed during the subsequent 
period of behavioral excitation (excited). For additional details see Experimental Procedures section. The animals used for the naive group 
were killed on the same days as the behavioral animals and are not the same animals used to obtain the data for the saline + saline group 
in Table 1. 

Data represent the means ± SEM of 8-9 ,  5 -6 ,  and 13-14 determinations each for excited, trained, and naive groups, respectively 
(with one noted exception). Significance of difference at least at the level of p<0.05 is indicated by (*) with respect to the naive group 
and (t) with respect to the trained group. 

~N = 6 

mesencepha lon  had increased while the levels o f  aspartate  
significantly decreased in all four  brain areas wi th  respec t  to  
the  values found  for  the t ra ined animals receiving no drugs 
(Table 2). The con t en t  o f  glycine was also lower  in the  
pons-medul la  region of  the exc i ted  rats compa red  to  the 
t rained rats. The c o n t e n t  o f  g lu tamate  appeared  to be ele- 
vated over cont ro l  levels in b o t h  the  exc i ted  and t ra ined 
animals (Table 2). The levels o f  aspar ta te  in the  te lenceph-  
alon and cerebel lum,  GABA in the cerebel lum,  and glycine 
and glu tamate  in the pons-medul la  were higher in t ra ined 
animals than in con t ro l  rats. 

A compar i son  o f  the  change in the  degree of  exc i ta t ion  

and the  change in the levels o f  amino  acids, using the levels 
ob ta ined  for  the  t rained animals as the baseline cont ro l ,  
showed  that  the  changes in the  levels o f  aspartate  in all 4 
CNS areas, GABA in the d i encepha lon-mesencepha lon  and 
glycine in the  pons-medul la  were significantly corre la ted 
with the degree o f  exc i ta t ion  (Table 3). 

DISCUSSION 

The most  impor t an t  f inding in this s tudy  is tha t  there  
appears to be a corre la t ion with respect  to degree of  excita- 
t ion  (Table 3) and changes in the  levels o f  (a) aspartate  in 
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T A B L E 3  

CORRELATION BETWEEN CHANGES IN THE LEVELS OF 
AMINO ACIDS IN VARIOUS CNS AREAS OF THE RAT AND 

DEGREE OF DRUG-INDUCED BEHAVIORAL EXCITATION 

Average Change Correlation 
with Excitation* Coefficient 

Amino Acid (%) (r) p 

Telencephalon 

GABA + 41 0.401 NS 

Aspartate - 21 -0.747 <0.005 

Glutamate + 8 -0.166 NS 

Diencephalon + Mesencephalon 

GABA +118 0.709 <0.01 

Aspartate - 30 -0.821 <0.005 

Glutamate + 9 0.034 NS 

Alanine - 2 0.175 NS 

Cerebellum 

GABA + 16 0.311 NS 

Aspartate - 22 -0.889 <0.005 

Glutamate - 1 -0.259 NS 

Pons-Medulla Oblongata 

Aspartate - 37 -0.775 <0.005 

Glycine - 26 -0.670 <0.01 

Alanine - 12 -0.368 NS 

Only those amino acids from the drug-induced excited animals 
which were statistically significant from the data obtained for 
either the trained or naive animals were tested for correlation with 
degree of excitation. The degree of excitation for any one animal 
was determined quantitatively by dividing the responses made 
during the 2 min period prior to death by the responses made 
during the 2min prior to injection (see Aprison etal.  [3], for 
additional information). The animals which were trained but not 
injected with drugs were used to obtain values for amino acids for 
a degree of excitation of 1.0. The range of the degree of 
drug-induced excitation was from 2.0 to 5.5. 

*The average percent change with excitation was determined 
with respect to the values obtained for the trained animals which 
received no drugs. 

the te lencephalon,  d iencephalon-mesencephalon,  cerebel- 
lum and pons-medulla;  (b) G A B A  in the diencephalon-  
mesencephalon;  and (c) glycine in the pons-medulla.  
These 3 amino  acids have been suggested to be neuro-  
t ransmit ters  [ 1, 2, 9, 11, 12, 22] .  

There have been several reports  which suggest that  there 

might  be an in teract ion be tween  catecholamine and amino 
acid metabol i sm in brain [10, 17, 18, 23, 27] .  Tyce [27] 
repor ted  that  the combina t ion  of  L-DOPA and a MAO 
inhibi tor  ( /3-phenylisopropylhydrazine) decreased the rate 
of  14C incorpora t ion  f rom 14C-glucose into glutamate ,  
glutamine,  aspartate and GABA. Nicklas et  al. [18] 
repor ted  that  the combina t ion  of  L-DOPA and a non-  
hydrazine  MAO inhibi tor  (pargyline) decreased the levels of  
aspartate in 6 areas, increased the levels of  glutamine in 5 
areas, and increased the levels of  GABA in 2 areas o f  the 
CNS of the rat. These lat ter  investigators offer  the hypothe-  
sis that  the catecholamines  in their role as neurotrans-  
mit ters  may also funct ion  as metabol ic  regulators of  the 
amino acid transmitters .  Our data would no t  only suppor t  
the con ten t ion  that  there is an interact ion be tween  cate- 
cholamines  and amino acids but  it also suggests a third 
in teract ion be tween  ei ther  or  both  of  these two groups with  
acetylchol ine  [ 3,25 ]. 

In the present studies, the combina t ion  of  iproniazid 
plus TBZ does not  appear to have any marked effect  on the 
levels of  amino acids if  given to naive rats (Table 1). How- 
ever, the combina t ion  o f  these two drugs and the animals 
working in the shock-avoidance session appears to be 
required before significant changes are observed (Table 2). 
Using the same avoidance schedule,  inject ion schedule,  and 
dose o f  iproniazid plus TBZ, Aprison and coworkers  have 
presented data which indicate that  certain cholinergic 
pa thways  may be involved in the maintenance  of  the excita- 
t ion observed [3, 5, 14, 15, 25] .  However,  Aprison e t  al. 
[3] also postulated,  on the basis of  their  data, that  certain 
catecholaminergic  pathways may also be involved in the 
maintenance  o f  this type of  behavioral  exci ta t ion.  The 
combina t ion  of  iproniazid plus TBZ may have its pr imary 
e f f e c t  on  the  catecholaminergic  and/or  serotonergic 
neurons.  Iproniazid causes an increased amount  o f  mono-  
amines to accumulate  within neurons;  subsequent  adminis- 
t rat ion of  TBZ, which has reserpine-like effects  [19 ,21] ,  
causes an increased release of  monoamines  from nerve 
endings. These released monoamines  in turn act upon 
cholinergic neurons and cause an increased release of  acetyl-  
choline.  Since a t ropine  can block this exci ta t ion  [14] ,  i t  
appears that  the released acetylchol ine  is impor tan t  for the 
maintenance  of  this type  of  behavior.  The released acetyl-  
choline in turn then may act upon neurons  containing (and 
releasing as t ransmit ter)  aspartate and GABA. The inter- 
act ion o f  these 4 or 5 t ransmit ter  systems are then required 
for the maintenance  o f  this type of  behavior.  The training 
p r o c e d u r e  s o m e h o w  sensitizes certain acetylchol ine,  
a s p a r t a t e  and GABA pathways and possibly certain 
c a t e c h o l a m i n e r g i c  and/or  serotonergic pathways;  the 
behavioral  exci tabi l i ty may then be triggered by the drug- 
induced release of  catecholamines  and/or  serotonin.  The 
concep t  of  a funct ional  in teract ion be tween  dopaminergic  
and cholinergic neurons has received significant experi-  
mental  support  (for a review see [ 16] ). 

In all previous behavioral  studies in our  laboratory,  we 
have no t  found any correlat ions be tween  behavior and 
neurochemical  changes in the pons-medulla  region [7 ] .  
Therefore ,  at this t ime,  we are not  emphasizing the changes 
observed for glycine in the pons-medulla  region unti l  addi- 
t ional  in format ion  can be collected.  

Alternat ively,  the decreased levels of  aspartate may  be a 
result o f  its carbon a toms being channeled into the TCA 
cycle to help maintain a sufficient  supply of  carbon a toms 
for ox ida t ion  to help meet  the increased energy demands of  
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the  exc i ted  an imals  a n d / o r  for  p r o d u c t i o n  o f  g l u t a m a t e  
wh ich  is t h e n  ut i l ized for  t he  p r o d u c t i o n  of  g lu tamine .  In 
the  p resen t  s tudies  the  levels of  g lu t amine  were n o t  mea-  
sured  b u t  the  s tudies  of  Nicklas et  al. [ 18 ] ,  using in jec t ions  
of  a MAO i n h i b i t o r  in  c o m b i n a t i o n  wi th  L-DOPA, f o u n d  
t ha t  a spa r t a t e  levels decreased  while  g lu t amine  levels 
increased.  G l u t a m i n e  levels have been  r e p o r t e d  to  increase  
as a resul t  o f  increased  cerebra l  ac t iv i ty  [ 2 6 , 2 8 ] .  Conse-  
q u e n t l y ,  in the  behaviora l ly  exc i ted  an imals  aspar ta te  may  
be ut i l ized for  the  p r o d u c t i o n  of  g lu t ama te  molecules  
wh ich  are t h e n  c o n v e r t e d  to g lu tamine .  In the  dien-  
c e p h a l o n - m e s e n c e p h a l o n  the  p r o d u c t i o n  of  g lu t ama te  
molecules  may  be  ut i l ized for  the  p r o d u c t i o n  of  GABA.  

I n t e r p r e t a t i o n  o f  da ta  in t e rms  of  a t r a n s m i t t e r  role for  

glycine,  a spar ta te  and  g lu t ama te  is very  d i f f icul t  since these  
amino  acids are mos t  l ikely p resen t  in all cells in  the  CNS 
and  may  have several  me tabo l i c  func t ions ,  in add i t i on  to a 
possible  t r a n s m i t t e r  role.  C o n s e q u e n t l y  any  i n t e r p r e t a t i o n  
of  da ta  for  these  amino  acids mus t  be w o r d e d  cau t ious ly  
and  mus t  t ake  i n to  cons ide ra t ion  all the  possible  func t i ons  
t h a t  may  involve glycine,  aspar ta te ,  and  g lu tamate .  
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