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HORTON, R. W. AND C. J. PYCOCK. Circling behaviour in rodents Jbllowing an imbalance of basal ganglia GABA 
concentrations. PHARMAC. BIOCHEM. BEHAV. 6(5) 493 497, 1977. - Unilateral focal injection of the GABA - 
transaminase inhibitor, ethanolamine O-sulphate, into one substantia nigra or globus pallidus of rats or the striatum of mice 
induces spontaneous and drug-induced circling behaviour. Circling parallels the imbalance of GABA concentrations 
between the injected and the noninjected side of the brain, being most striking on Day 1 and 3, and non-existent by Day 7. 
Increases in GABA concentration were demonstrated in areas distant from the injection site, on both the injected and 
noninjected side of the brain presumably due to diffusion of the ethanolamine O-sulphate. This diffusional effect made it 
impossible to define the exact site of GABA and dopamine interaction. 
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BIOCHEMICAL,  h i s tochemica l  and e lec t rophys io log ica l  
s tudies  have impl i ca ted  a n e u r o t r a n s m i t t e r  role of  v -amino-  
bu ty r i c  acid ( G A B A )  in the brain  ( for  reviews, [ 1 5 , 2 0 ] ) .  
G A B A  is found  in high c o n c e n t r a t i o n s  in the  dopamine - r i ch  
areas of  the  basal ganglia a l t hough  the  exact  func t iona l  
re la t ionsh ips  b e t w e e n  these  two  n e u r o t r a n s m i t t e r s  are still 
no t  clear. Recen t  r epor t s  have suggested t ha t  basal ganglia 
G A B A  d y s f u n c t i o n  may be impl ica ted  in cer ta in  neuro-  
logical d isorders  such as H u n t i n g t o n ' s  chorea  [ 2 , 1 8 ] .  

An imba lance  of  basal ganglia dopamine rg i c  act ivi ty in 
roden t s  resul ts  in ro t a t i ona l  behaviour ,  the  an imal  tu rn ing  
in circles away f rom the  side of  h igher  act ivi ty  [ 1 ,22] .  The  
classical r o t a t i ng  rat  is p roduced  by  les ioning one nigro- 
neos t r ia ta l  dopamine rg i c  p a t h w a y ,  leaving a s t r i a tum void 
of  d o p a m i n e - c o n t a i n i n g  te rminals ,  bu t  wi th  in tac t  dopa-  
mine  receptors .  Such an imals  will r o t a t e  towards  the  
lesioned side when  given an ind i rec t ly -ac t ing  d o p a m i n e  
agonist ,  such as a m p h e t a m i n e ,  which  causes release of  
d o p a m i n e  f rom the  in tac t  s t r i a tum,  and  away f rom the 
lesioned side when  given d i rec t ly-ac t ing  agonists ,  such as 
a p o m o r p h i n e ,  due,  it is suggested,  to p re fe ren t ia l  s t imula-  
t ion  of  the  supersensi t ive  dene rva ted  receptors .  [ 2 2 ] .  

Recent ly ,  Dray, Oakley and  S i m m o n d s  [7] r epor t ed  
drug- induced  ipsi lateral  r o t a t i o n  in rats  fo l lowing focal 
e leva t ion  of  G A B A  c o n c e n t r a t i o n s  in one subs t an t i a  nigra. 

Tarsy and colleagues [21] have repor ted  con t ra la te ra l  
tu rn ing  in rats  fo l lowing uni la tera l  intra-nigral  in jec t ion  of 
the G A B A  recep to r  b lock ing  agent ,  p ic ro tox in .  We have 
fu r the r  exp lored  the  possibi l i t ies  of  induc ing  circl ing in 
roden t s  by  uni la tera l  in jec t ion  of e t h a n o l a m i n e  O-sulphate ,  
an irreversible,  active site d i rec ted  inh ib i to r  of  GABA- 
t r ansaminase  [ 9 ] ,  at various sites wi th in  the  basal ganglia. 
We have measured  regional  bra in  GABA c o n c e n t r a t i o n s  in 
an a t t e m p t  to  relate  the observed r o t a t i o n  to b iochemica l  
changes.  

METHOD 

In/ection Procedure 

Male Sprague-Dawley rats  (180  200 g) were ana- 
es the t i sed  wi th  chloral  hyd ra t e  (300  mg/kg,  IP) and 
immobi l i sed  in a Kopf  s te reo tax ic  frame.  Uni la tera l  injec- 
t ions  of  e t h a n o l a m i n e  O-sulphate  (100  ug in 1 ul saline over 
a 2 min  per iod)  were made  wi th  a Hami l ton  syringe in to  
e i the r  the  subs tan t i a  nigra (A + 2.4, L 1.8, V 2.6) or 
globus pall idus (A + 6.5, L 2.5, V - 1.0) (co-ord ina tes  f rom 
K6nig and Klippel,  [ 1 2 ] ) .  Con t ro l  animals  received 1 ul 
saline in to  the same sites. 

Male Swiss 'S '  mice received uni la te ra l  in jec t ions  of 
e t h a n o l a m i n e  O-sulphate  (100  ug in 2.5 ul saline or saline 
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alone) into the s t r ia tum by the free-hand inject ion tech- 
nique as previously described [191. 

Behavioural Testing 

Fol lowing recovery from anaesthesia, animals were 
observed for postural  asymmetr ies ,  spontaneous  circling 
and drug-induced circling activity at 1, 3 and 7 days after 
operat ion.  For  behavioural  testing, rats were placed in 
plastic cages measuring 35 x 25 cm, and the mice in boxes 
measuring 12 × 12 cm. Circling rates were assessed as the 
number  of  comple te  turns made by an animal in a 
one-minute  period. Spontaneous  act ivi ty was recorded after 
a 5 min habi tua t ion  period. Drug-induced circling behaviour  
was measured 30 min fol lowing amphe tamine  (4 mg/kg, IP) 
or 15 rain after apomorphine  (0.5 mg/kg, SC). 

Bio che m ical Analysis 

Other  animals injected with e thanolamine  O-sulphate or 
saline into the same site as for behavioural  testing were 
killed on Days 1, 3, and 7 after opera t ion  for the 
measurement  of  regional GABA concentrat ions .  Animals 
were killed by decapi ta t ion,  and the various brain regions 
from injected and noninjec ted  sides were rapidly dissected 
out and frozen in liquid nitrogen. Brain areas from the 
e thanolamine  O-sulphate treated groups were always dis- 
sected in the same order;  the t ime interval f rom decapita- 
tions to freezing the last sample did not  exceed 60 sec. For  
substantia nigra rats, mesol imbic  (nucleus accumbens  + 
tuberculum ol fac tor ium) ,  striatal and nigral samples were 
taken, and for globus pallidus rats, mesol imbic,  frontal  
cor tex and pal l idal /poster ior  caudate nucleus regions were 
taken. Only the str iatum was dissected out  from mice. 

GABA Estimation 

Frozen tissue samples were quickly  weighed and homo-  
genised in ice-cold 0.6 N perchloric  acid conta ining 1 mm 
EDTA. Perchloric acid extracts  were neutralised with 2 N 
potassium hydroxide ,  potassium perchlorate  removed by 
centr i fugat ion,  and samples diluted to a known volume.  
Aliquots  of  samples plus appropriate  tissue blanks were 
assayed for GABA concent ra t ions  by the enzymat ic  
method  of  Graham and Aprison [10] .  

Histology 

Animals selected at random were killed and the brains 
fixed for a week in formal  saline. Ident i f ica t ion  of the 
injection site was verified by bo th  macroscopic  and 
histological techniques.  

Drugs 

Ethanolamine  O-sulphate was synthesized by the meth-  
od of  Lloyd,  Tudball  and Dodgson [13] .  Dexamphe tamine  
sulphate (Smith,  Kline and French)  and apomorphine  
hydrochlor ide  (Evans Medical) were dissolved in saline. 
Weights of  drugs are expressed in terms of  the salt. 

Statistical Analysis 

Changes in GABA concent ra t ions  and circling rates were 
statistically compared using Student ' s  t-test. 

RESULTS 

Circling Behaviour 

None of the control  animals injected with saline into any 
of the sites studied within the basal ganglia exhibi ted any 
degree of  postural  asymmetry ,  spontaneous  circling activity 
or drug-induced circling behaviour on the first or subse- 
quent  days after operat ion.  

The results of  both spontaneous,  amphe tamine  and 
apomorphine- induced  circling behaviour in all three 
e thanolamine  O-sulphate injected animal groups are pre- 
sented in Fig. 1. Unilateral focal inject ions of  e thanolamine  
O-sulphate into either the substantial  nigra or globus 
pallidus of rats or into the str iatum of mice, resulted in 
animals that showed both spontaneous  and drug-induced 
circling behaviour towards the injected side on both Days 1 
and 3 after operat ion.  Amphe tamine  (4 mg/kg, IP) and 
apomorphine  (0.5 mg/kg, SC) both induced ipsiversive 
circling of  similar intensi ty on Day 1 and Day 3 (a mean 
rate of  5 - 6  turns per min in all three animals group). By 
Day 7 both  spontaneous  and drug-induced circling activities 
were very much reduced (under one turn per rain) or 
non-existent .  On Days I and 3, drug-induced circling 
behaviour was always accompanied by a tight ipsiversive 
body asymmet ry  in all three e thanolamine  O-sulphate 
injected animals groups. 
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FIG. I. Spontaneous and drug-induced circling rates tk)llowing focal 
injection of ethanolalnine O-sulphate into one substantia nigra (SN) 
or globus pallidus (GP) of rats or the striatum (ST) of mice on Days 
1, 3 and 7 after operation. All circling was observed towards lhe 
injected side and was recorded as the number of turns completed in 
a I min period. Circling was recorded spontaneously (open columns) 
15 min after apomorphine (0.5 mg/kg, SC), (striped columns) or 3(1 
min after amphetamine (4 mg/kg, IP) (dotted columnsL Vertical 
bars denote standard errors. Number of observations for each poin! 

was 6. 
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T A B L E  1 

THE TIME COURSE OF CHANGES IN REGIONAL BRAIN GABA CONCENTRATIONS FOLLOWING UNILATERAL FOCAL INJECTIONS OF 
ETHANOLAMINE O-SULPHATE INTO THE BASAL GANGLIA OF RATS AND MICE 

M L  St S N  C o r t e x  G P  M L  St S N  C o r t e x  G P  
C o n t r o l  R a t s  2 .67  _+ 0 .34  1.56 ± 0 .12  2.94 + 0 .29  1.15 ± 0 .10  2.21 + 0 .20  

I n j e c t e d  S i d e  N o n i n j e c t e d  S ide  

4.91 ± 1.09 2.31 ± 0 ,13  8 .64  ± 1.02 3 .64  ± 0 .55  1.92 ± 0 .24  3.18 ± 0 ,42  

D A Y  1 135% 120% 2 7 2 % t  
4.31 + 0 .28  4 .93  ± 0.31 8.81 ± 0 .96  4 .33  + 0 .73  2 .57  ± 0 .14  5.15 ± 0 .77  

S N  R a t s  D A Y  3 9 9 . 5 %  192%,* 171%* 
3 .26  ± 0 .16  2 .20  ± 0 .13  2 .67  ± 0.21 37 ,7  + 0 .45  1.93 ± 0 .12  3 .36  -+ 0 .56  

D A Y  7 9 7 %  114% 811% 

10.26 ± 1.19 5 .40  +- 11.18 6 .52  -+ 0 .89  3 .89  ± 0 .99  2 .98  -+ I).26 3.81 -+ 0 .37  

D A Y  1 264 '~  * 1 8 1 ~ t  171%* 

11.83 + 0 .92  6 .72  ± 0 .53  16.97 ± 6 .8  8 .85 ± 0.71 3.59 ÷ (/.21 5.57 + 0 .59  

G P  R a t s  D A Y  3 134%* 187c~+ 305%~ 
4 .70  ± 0 .27  1.95 + 0 .08  3.27 ± 0 .20  4 .46  ± 0 .48  1.58 + 0 .04  2 .68  -+ 0.15 

D A Y  7 105% 123~:~ 1 2 2 ~  ;t 

7 .89  ± 1.32 4.41 + 0 .87  

D A Y  1 179%* 
5.25 ± 0 .66  3.21 ± 0 .64  

St  M i c e  D A Y  3 164% 

2 .89  ± 0 .38  2.85 + 0.42 

D A Y  7 101% 

Rats and mice were killed at the stated times following focal unilateral injection of ethanolamine O-sulphate or saline on Day 0. Brain areas are denoted as: -mesolimbic (ML), Striatum 
(St), Substantia nigra (SN), frontal cortex Icortex) and pallidum/posterior caudate (GP) Brain GABA concentrations (~t moles/g) are expressed as means ± SEM (n = 6-101 with the % 
increase on the injected side compared to the non-injected side. The significance of the differences between the injected and non-injected side IStudent's t test) is denoted by * p<0.05, ~; 
p <0.0005. Rats injected with saline into one substantia nigra or one globus pallidus showed no significant differences in GABA concentrations between the injected and non-injected sides or 
between the sites of injection and are thus presented as a combined control group. 

Observat ion of  the e thano lamine  O-sulphate  injected rat 
groups awakening f rom anaesthesia showed tha t  these 
animals cons i s ten t ly  tu rned  t ight ly away f rom the injected 
side. Such contraversive circling lasted only a few hours.  

GABA Concentrations 

GABA concen t r a t ions  in various brain regions f rom 
injected and non in jec ted  sides af ter  focal unilateral injec- 
t ions  of  e thano lamine  O-sulphate  in the three animal groups 
are shown in Table l,  t oge the r  wi th  regional GABA 
concen t r a t ions  in con t ro l  (sal ine-injected) rats. 

Unilateral  in jec t ions  of  e thanolamine-O-su lpha te  into the 
substant ia  nigra resulted in a 3-fold increase in GABA 
concen t r a t i on  in this region on the injected side compared  
with the nonin jec ted  side on Day 1 af ter  opera t ion  
(p<0 .005) .  This elevation fell to 2-fold by Day 3 (p<0 .05 )  
and there  was no significant d i f fe rence  be tween  the injected 
and non in jec ted  sides by Day 7. Compared  to  saline 
injected cont ro ls  the GABA concen t r a t ion  in the substant ia  
nigra on the non in jec ted  side was increased (maximally ,  
175% on Day 3, p < 0 . 0 1 )  but  was not  significantly d i f ferent  
on Days 1 and 7. The striatal GABA concen t ra t ion  on the 
e thanolamine-O-su lpha te  injected side was increased at all 
t imes compared  to saline injected controls ,  but  an im- 
balance be tween  the e thano lamine  O-sulphate injected and 
non in jec ted  sides was only seen on Day 3 (p<0 .005) .  There 
was no significant imbalance of  GABA concen t ra t ions  
be tween  the injected and non in jec ted  sides in the meso- 
l imbic areas at any t ime studied fol lowing focal inject ion of  
e thano lamine  O-sulphate in to  one substant ia  nigra. The 
mesol imbic  GABA concen t r a t ion  of  the non- in jec ted  side 
was, however ,  significantly increased compared  to cont ro l  
saline-injected values on Day 3 (162%, p<O.05) .  

Unilateral inject ion of  e thanolamine-O-su lpha te  into the 
globus pallidus resulted in a 2-fold increase in GABA 
concen t ra t ion  in this region on the injected side compared  

to the non in jec ted  side on Day 1 after  opera t ion  (p<0.05) .  
and a 3-fold increase on Day 3 (p<0 .005) .  A small, but 
statistically significant imbalance of pallidal GABA concen-  
t ra t ion remained at Day 7 (p<0 .05) .  The concen t ra t ion  of  
GABA in the globus pallidus of the non in jec ted  side was 
significantly increased compared  to saline injected controls  
on Days 1 and 3. 

Increase in cort ical  and mesol imbic  GABA concent ra-  
t ions were seen in bo th  injected and nonin jec ted  sides 
compared  to sal ine-treated controls .  However,  there  was a 
significant imbalance be tween  the e thanolamine  O-sulphate 
injected and non in jec ted  sides (maximally 264% increase on 
the injected side in the mesol imbic  area on Day 1 and 
maximal ly  87% increase on the injected side in the cortical  
area on Day 3. 

Unilateral  inject ion of  e thanolamine  O-sulphate into one 
s t r ia tum of  mice caused an 80% increase in GABA levels 
(p<0 .05 )  on the injected side as compared  wi th  the 
nonin jec ted  side on Day 1. On Day 3 this was reduced to a 
64% increase (p <0 .0 5 )  and by Day 7 there was no 
di f ference  be tween  striatal GABA concen t ra t ions  of  the 
two sides. 

Histological Observations 

Histological examina t ion  of tissue sect ions verified that  
all in jec t ions  were within the target area. Apart  f rom the 
expec ted  slight gliosis defining the needle tract ,  no tissue 
damage was observed.  

DISCUSSION 

Unilateral in ject ion of  the specific GABA-T inhibi tor  
e thanolamine  O-sulphate in to  the substant ia  nigra, globus 
pallidus, or s t r ia tum of  roden t s  results in an animal that  
circles towards  the injected side b o t h  spontaneous ly  and 
after  e i ther  a m p h e t a m i n e  or apomorph ine .  This behavioural  
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effect  was absent in control  animals previously injected 
with saline into the various regions of  the basal ganglia. 
This, together  with the histological  evidence of  minimal  
tissue damage, suggests that  the circling activity is a true 
drug-induced effect .  Similarly, the fact that  circling activity 
was very much diminished or absent 7 days after the 
intracerebral  inject ion of  e thanolamine  O-sulphate dismisses 
the possibil i ty of  permanent  tissue damage. 

Circling act ivi ty paralleled an imbalance in brain GABA 
concent ra t ions  be tween the injected and noninjec ted  sides, 
suggesting a GABA-media ted  effect .  The correlat ion was 
strongest in the rats injected into the substantia nigra, there 
being a marked imbalance of GABA concent ra t ions  in this 
region on the injected side compared to the noninjected 
side at Days 1 and 3, and no difference by Day 7. The only 
other  imbalance observed in the regions measured was a 
significant GABA increase in the str iatum on the injected 
side at Day 3, which itself probably contr ibutes  to the 
turning phenomenon ,  as suggested from the exper iments  in 
the mice. However,  there was no significant imbalance in 
striatal GABA at Day 1 in the substantia nigra injected rats 
when turning was of  equal  intensi ty to that  on Day 3. The 
biochemical  and behavioural  correlat ion in the globus 
pallidus injected rats is less clear. In these animals there was 
a significant imbalance be tween injected and nonin jec ted  
sides in the three regions measured at each t ime (except  the 
mesol imbic  areas at Day 7) a l though by Day 7 the increases 
were only of  the order  of  20%. Therefore  spread of 
e thanolamine  O-sulphate induced GABA elevation was 
more prominent  in the pallidal rats than in the nigral 
animals. Such a difference is probably due to two factors;  
the relative distances involved between the structures,  for 
example,  the globus pallidus and mesol imbic  areas (approxi-  
mately 3 mm)  or the substantia nigra and mesol imbic  areas 
(approximate ly  7 mm),  and secondly,  the closer p rox imi ty  
of the ventr icular  system to the globus pallidus as compared 
with the substantia nigra may, at least in part,  facili tate 
such a diffusion. Inject ion of  e thanolamine  O-sulphate into 
one side of  the brain not  only increased GABA concen- 
trat ions on that  side as compared  to the noninjected side, 
but  also elevated GABA concent ra t ions  on bo th  sides of the 
brain when compared  to saline-injected control  animals. 
Unfor tuna te ly ,  this apparent  diffusion of  the e thanolamine  
O-sulphate effect  may limit its use as an elegant research 
tool,  with which to study the interact ion of  GABA with 
other  neuro t ransmi t te r  systems. However ,  our results sup- 
port the suggestion that  circling behaviour  is observed 
following an imbalance of  GABA concent ra t ions  be tween 
two sides of  the brain, rather than being direct ly related to 
absolute increased in GABA concentrat ions.  

In the rotat ing model  of  Ungerstedt  [22] where degener- 
ation of  one nigro-neostriatal  dopaminergic  pa thway is 
achieved by the direct inject ion of  6 -hydroxydopamine  into 
the cell bodies of  the substantia nigra, amphe tamine  causes 
rotat ion towards the lesioned side while apomorph ine  
causes ro ta t ion  towards the intact  side. However,  fol lowing 
unilateral elevation of GABA both amphetaming" and 
apomorphine  induce rotat ion in the same direct ion,  i.e. 
towards the injected side. Such a result suggests that  these 
agents are bo th  acting on the noninjec ted  side. Therefore  it 
is likely that the elevation of  GABA has rendered one side 
of the brain unresponsive to dopaminergic  st imulation.  
Similarly, e lect rolyt ic  lesions of  one nigro-neostriatal  path- 
way or of  one globus pallidus produces an animal that 
circles towards the lesioned side in response to both 

directly and indirectly acting dopamine agonists [5 ,16] .  At 
the former  site it is likely that  the electrolesion has not  
only dest royed the ascending nigro-neostriatal  dopa- 
minergic pa thway but  also a second neuronal  system, 
perhaps a nondopaminerg ic  nigro-neostriatal  tract or a 
strio-pallidal efferent  pathway,  required for expression of" 
circling behaviour  resulting from st imulat ion of dopa- 
minergic receptors  in the denervated str iatum [4] .  The 
similarity of  the electrolesion and e thanolamine  O-sulphate 
effect  in rat substantia nigra has been reported [6] .  

A number  of  studies have provided evidence for the 
existence of inhibi tory GABAminerg ic  strio-nigral and 
pallido-nigral pathways in rat brain [11, 14, 17]. Such 
pathways may serve to regulate the activity of  the 
ascending dopaminergic  nigro-neostriatal  tract. Thus an 
elevation of  GABA levels in one substantia nigra may 
produce decreased dopaminergic  nigro-neostriatal  trans- 
mission on that  side, as remarked by Dray e t  al. [7] which 
might well account  for amphetamine- induced  ipsilateral 
rota t ion,  but  fails to explain apomorphine- induced ipsi- 
lateral rotat ion.  Apomorph ine  is believed to act directly at 
dopamine  receptors  [81 and thus should be predominant ly  
independent  of  presynapt ic  nerve activity. 

The present demons t ra t ion  of  a spread of elevated 
GABA levels from the region of the substantia nigra to 
o ther  areas, may account  for the apomorphine  effect.  Thus, 
elevated GABA may cause local inhibi t ion of  dopamine 
receptor  s t imulat ion in the str iatum itself or possibly at 
o ther  levels of  the str io-efferent  pathway such as the globus 
pallidus through which dopamine-dependent  circling behav- 
iour is expressed. Alternatively,  as suggested by Dray and 
colleagues [6] ,  the behavioural  observations may be the 
results of  an increase in nigro-neostriatal  dopaminergic  
transmission caused by GABA-media ted  inhibit ion of non- 
GABA inhibi tory  neurones within the region of  the 
substantia nigra on the injected side. 

In agreement  with Dray and his colleagues [71 we also 
noted a transient contralateral  asymmetry ,  together  with 
some circling, when the rats awoke from anaesthesia. We 
too  have no definite explanat ion for this effect  o ther  than a 
nonspecif ic  s t imulat ion of  certain neurones.  

It can be concluded that an imbalance of  GABA 
concent ra t ions  in the rodent  brain induces circling behav- 
iour to dopamine  agonists. Such a result suggests that 
eleveated GABA concent ra t ions  inhibit  dopaminergic  mech- 
anisms, but  it is difficult  to assess at which level such 
control  is apparent.  From these exper iments  it is not 
possible to say whether  modif icat ion of  dopamine funct ion 
occurs at the level of  the dopamine receptor,  at the level of  
a striatal or nigral in terneurone,  or perhaps, at the level of 
the globus pallidus. The recent work of Cools and Jannsen 
[3] supports  this conclusion as they found that GABA can 
comple te ly  suppress the effects  induced by either dopamine 
or apomorphine  in certain regions of  cat caudate nucleus. 

The results of  our  exper iments  underline the problems 
of focally injecting e thanolamine  O-sulphate into the brain. 
We can only assume that the diffuse increase in GABA 
concent ra t ions  is entirely related to the spread of ethanol-  
amine O-sulphate away from the injection site rather than 
secondary changes of  t ransmit ter  turnover.  Previously such 
a spread of  the e thanolamine  O-sulphate induced effect  has 
not  been reported:  for example,  it is surprising that no 
circling behaviour was observed after dopamine agonists in 
rats in which e thanolamine  O-sulphate was injected immedi-  
ately above the substantia nigra [6] .  
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