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Striatal dopamine-mediated motor behavior is altered following occlusion of the middle cerebral artery. PHARMACOL 
BIOCHEM BEHAV 52(l) 225-229, 1995. -Cerebral infarct (stroke) causes striatal damage with subsequent deterioration of 
sensorimotor and cognitive functions that may be mediated by the dopamine receptor system. In the present study, transient, 
focal ischemia was induced in Sprague-Dawley rats by middle cerebral artery occlusion. Ischemic animals exhibited signifi- 
cantly less dopamine antagonist (haloperidol)-induced catalepsy and more dopamine agonist (amphetamine)-induced hyperac- 
tivity than sham-operated animals. Younger ischemic animals showed more profound behavioral alteration but also displayed 
greater recovery over time than older ischemic animals. Histologic data revealed a lateral striatal lesion in all ischemic animals. 
These results place the striatal dopaminergic system as a possible strategic venue for the treatment of cerebral ischemia. In 
addition, aging is found to be a risk factor for stroke as noted in humans. 
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CEREBRAL infarction or stroke is usually secondary to 
cerebrovascular diseases, which often lead to irreversible neu- 
ropathologic damage (i.e., ischemic necrosis) and subsequent 
deterioration of motor, sensory, and cognitive functions (8, 
24). Investigations into the etiology and possible therapies for 
cerebral ischemia have used animal models. Various strategies 
have been explored to establish a physiologic, biochemical, 
and histologic similarity between animal models and the hu- 
man disease. The extracranial, transient, focal occlusion of 
the middle cerebral artery (MCAo) seems best to resemble the 
clinical cerebral ischemia (10,16). The MCAo technique uses 
an embolus to occlude blood supply that flows through the 
MCA to the brain without extensive surgery or craniectomy. 
Experimental studies have repeatedly shown that MCAo re- 
sults in a localized degeneration of the basal ganglia, in partic- 
ular the striatum (1,9,15). Rats with MCAo-induced ischemia 
demonstrate impairments in passive avoidance learning and 
memory (16), water-maze learning (9), spontaneous locomo- 

tor activity (26), and neurologic functioning (11,12). In the 
present study, we investigated the role of the nigrostriatal do- 
paminergic system in ischemic-induced behavioral deficits. 

Sanberg and colleagues (21,19) reported that dopamine re- 
ceptors localized postsynaptically on striatal neurons mediate 
cataleptic effects of dopamine antagonist haloperidol, a cen- 
tral dopamine receptor blocker. Considerable haloperidol- 
induced catalepsy was observed in normal animals with intact 
striatum, but an almost complete absence of cataleptic behav- 
ior was noted in animals with striatal lesions (19). Because 
striatal damage follows MCAo, we thought that the same stri- 
atal dopamine-mediated mechanism may be responsible for 
ischemic-induced behavioral effects. We hypothesized that 
ischemic animals would display minimal cataleptic response 
following haloperidol injection. To further confirm this dopa- 
mine-mediated mechanism, we also investigated the locomo- 
tor activity of ischemic animals in response to the dopamine 
agonist d-amphetamine. Previously, hyperactivity was ob- 
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served in animals with excitotoxic striatal lesions following 
injection of d-amphetamine (13,14,18,20,22). Our hypothesis 
was that ischemic animals would exhibit an exaggerated motor 
response to d-amphetamine injection. Finally, we explored the 
possible age effects that have long been identified as a risk 
factor in stroke (6). Two age groups of Sprague-Dawley rats 
were used; one group consisted of 5-mo-old rats (n = 12) and 
had a mean weight of 510 + 42 g, whereas the other group 
consisted of 8-week-old rats (n = 12) with a mean weight of 
320 -t 24 g. We hypothesized that older animals would ex- 
hibit longer-lasting behavioral deficits than younger animals 
in response to haloperidol and amphetamine. 

METHOD 

d-Amphetamine-induced locomotor activity. One week 
following the haloperidol-induced catalepsy test, the d-am- 
phetamine-induced locomotor activity test was carried out. 
The Digiscan Locomotor Activity System (Omnitech Elec- 
tronic, Columbus, OH) was used to quantify 13 different loco- 
motor variables. Detailed descriptions of the Digiscan system 
is reported elsewhere (23). Initially, the animals were placed in 
the Digiscan and baseline locomotor activity was recorded 
during a l-h period in three 20-min intervals. Immediately 
following this baseline recording, animals received 1.0 mg/ 
kg, IP, of d-amphetamine (Sigma Chemical, St. Louis, MO) 
dissolved in deionized water (pH 7.4). d-Amphetamine-in- 
duced locomotor activity was subsequently measured by the 
Digiscan over a 2-h period in six 20-min intervals. 

Surgery Histology 
Animals were obtained from Harlan Sprague-Dawley (In- 

dianapolis, IN) and were kept under a 12 L : 12 D cycle and 
allowed free access to food and water before and after sur- 
gery. We used the MCAo procedure, with a slight modifica- 
tion, originally described by Koizumi et al. (10) and Nishino 
et al. (16). Twelve animals, six from each age group, were 
randomly selected as experimental animals. Each animal was 
anesthetized with 0.60 ml/kg sodium pentobarbitol and 
shaved on the ventral portion of the neck. A V-shaped incision 
was made beginning at the caudal end of the sternomastoid 
and sternothyroid muscles and cutting toward the ears. After 
dissection, the right common carotid artery was exposed and 
carefully separated from the vagus nerve. The external carotid 
artery was then tied off tightly with two polypropylane su- 
tures. The internal carotid artery was tied loosely and a small 
clamp was placed distal to the tie. Upon clamping off the 
common carotid artery, a small cut was made in the external 
carotid artery just above the bifurcation. The embolus was 
then introduced through the external carotid artery and guided 
into the internal carotid artery until resistance was felt. The 
embolus, which was made by coating a 30-mm piece of silk 
suture with silicone mixed with hardener, was used to block 
the origin of the right MCA; it was left in place for 1 h and 
then removed. The embolus point of entry was then cauterized 
and the skin sutured. The animal was then placed in a heating 
pad to keep its body temperature at normal limits. The ani- 
mal’s condition was monitored constantly 24 h following sur- 
gery or until recovery. The remaining 12 animals, which 
served as sham-operated subjects, underwent the same surgi- 
cal procedures except that the embolus was not inserted. 

At the completion of all behavioral tests, all animals were 
decapitated and their brains studied for histology via cresyl 
violet and acetylcholinesterase (AChE) stains. Initially, ani- 
mals were injected with 50.0 mg/kg of pentobarbital. Intra- 
cardial perfusions by 0.9% saline then followed by 4% para- 
formaldehyde in phosphate-buffered saline were carried out. 
Brain sections were cut at 40 pm using the vibroslice (World 
Precision Instruments, Sarasota, FL). Qualitative compari- 
sons between ischemic and sham-operated brain sections were 
then performed in a blind-randomized manner. 

Statistical Analysis 

Group differences in cataleptic response to haloperidol 
were determined usina Student’s t-test. Repeated measures 
of ANOVA were used to analyze 
amine-induced locomotor activity. 
carried out. 

differences in d-amphet- 
Posthoc t-tests were also 

Histopathology 

RESULTS 

Behavioral Tests 

Haloperidol-induced catalepsy test. The procedure for the 
catalepsy test followed the procedures by Sanberg et al. (21) 
and was performed 1 mo following surgery. Animals were 
injected with 1.0 mg/kg haloperidol. This dosage has been 
demonstrated to induce catalepsy in normal animals for about 
6-12 h (3,7,19). At 2 and 4 h postinjection of haloperidol, 
animals were tested for catalepsy. The bar test was performed 
using two bar heights of 8 and 12 cm for the two-weight group 
of animals, <350 and >450 g, respectively. The rats were 
gently picked up from under the forelimbs and dragged to- 
ward the bar, with the hindpaws allowed to remain in contact 
with the surface top. Timing began as soon as the investiga- 
tor’s hand was removed from the animal and ended as soon 
as the animal’s right and left paws touched the table. Two 
separate latency scores (one for each paw) were obtained for 
each rat. 

Brain damage in ischemic animals was fairly localized in 
the lateral aspect of the striatum ipsilateral to the occluded 
MCA (Fig. 1). In most ischemic brains, extrastriatal damage 
extended to the underlying cortex (olfactory nuclei) and the 
lateral horns of the corpus callosum. Gliosis and cell loss- 
in particular, disappearance of AChE-positive neurons-were 
widespread in the damaged areas of the striatum. There was 
no damage to the contralateral hemisphere. Differences be- 
tween old and young ischemic brains were not visible at our 
level of gross macroscopic analysis. No corresponding CNS 
damage was noted in the sham-operated animals. 

Behavioral Tests 

Catalepsy test. At 2 and 4 h postinjection of haloperidol, 
ischemic rats exhibited a cataleptic response to haloperidol 
less than that of sham-operated animals (t = 12.62 and 5.28, 
p c 0.01, df = 22 for 2 and 4 h, respectively) (Fig. 2). When 
data were analysed across age, at 2 h postinjection of haloperi- 
dol, both age groups of ischemic rats spent significantly less 
time on the bar than sham-operated animals, with the younger 
ischemic rats spending the shortest time on the bar. At 4 h 
postinjection, the younger ischemic rats exhibited a cataleptic 
response that did not differ from that of the sham-operated 
animals (t = 0.86, p > 0.05, df = 22), but the older ische- 
mic rats were still spending significantly less time on the bar 
than younger ischemic and sham-operated animals (each t = 
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FIG. 1. Representative brain section from an ischemic rat. (A) An 
example of striatal infarct observed in animals that sustained right 
MCAo. The lesion was limited to the lateral aspect of the striatum 
ipsilateral to the MCAo. Gliosis and cell loss, particularly a decrease 
in AChE-positive neurons, were noted in the lesioned area. (B) Shaded 
areas correspond to severe infarction; striped areas are regions of 
moderate striatal degeneration. Ventricular dilation is also seen. LV, 
Lateral ventricle; Str, striatum; CC, corpus callosum. 

7.26 and 8.10, p < 0.01, each df = 10 and 16 vs. younger 
ischemic and sham-operated rats, respectively). No age differ- 
ence was found in sham-operated animals across test sessions. 

d-Amphetamine-induced locomotor activity. ANOVA re- 
vealed a significant treatment effect (preamphetamine vs. 
postamphetamine test sessions) [F(l, 20) = 60.02, p < 
O.OOOl] (Fig. 3). In contrast, no significant age effect was 
noted [F(l, 20) = 0.46, p > 0.051. Also, there was no signifi- 
cant treatment X age interaction [F(l) 20) = 0.701, p > 
0.051. Posthoc t-tests revealed that ischemic animals were sig- 
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FIG. 2. Haloperidol-induced catalepsy. Data from both age groups 
of sham-operated animals were combined because no age difference 
was found. Values are group means f SEM. At 2 h postinjection of 
haloperidol, both age groups of ischemic rats spent significantly less 
time on the bar than sham-operated animals, with the younger ische- 
mic rats spending the shortest time on the bar. However, at 4 h postin- 
jection of haloperidol, younger ischemic rats exhibited a cataleptic 
response that did not differ significantly from that of the sham- 
operated animals. In contrast, older ischemic rats continued to display 
a cataleptic response with a duration that was still significantly less 
than that of the sham-operated animals. 

nificantly more hyperactive than sham-operated animals in all 
locomotor variables across the post-d-amphetamine injection 
sessions (each t and p < 0.001, df = 22). A significant time 
effect was also found [F(7, 140) = 53.46, p < O.OOOl], as 
well as a treatment x time interaction [F(7, 140) = 23.33, p 
< O.OOOl], age x time interaction [fl7, 140) = 6.82, p < 
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FIG. 3. d-Amphetamine-induced locomotor activity. Countercloclt- 
wise rotation (contralateral to the ischemic-damaged side) was chosen 
to represent the general locomotor activity of ischemic animals across 
all locomotor variables sampled at pre- and postinjection of am- 
phetamine. Across the three 20-min pre-d-amphetamine sessions, no 
significant group difference was observed. In contrast, there was sig- 
nificant group difference across the six 20-min sessions of post- 
d-amphetamine injection. Both age groups of ischemic animals were 
significantly more hyperactive than sham-operated animals across the 
post-c-amphetamine injection sessions. Younger ischemic rats were 
significantly more hyperactive than older ischemic rats at 40 and 60 
min post-d-amphetamine injection sessions, whereas the older ische- 
mic rats were significantly more hyperactive than younger ischemic 
rats at 100 and 120 min post-d-amphetamine injection sessions. 
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O.OOOl], and treatment x age x time interaction [F(7, 140) 
= 7.04, p < O.OOOl]. Posthoc tests showed that younger is- 
chemic rats were significantly more hyperactive than older 
ischemic rats at 40 and 60 min post-d-amphetamine injection 
sessions [t = 18.36 and 20.35, p < 0.001, df = lo]. How- 
ever, at 100 and 120 min post-d-amphetamine injection ses- 
sions, older ischemic animals were significantly more hyperac- 
tive than younger ischemic animals (t = 7.61 and 12.04, p < 
0.001, df = 10). At 120 min post-d-amphetamine injection 
session, the younger ischemic animals were not significantly 
different from sham-operated animals (t = 0.16, p > 0.05, 
df = 16). 

DISCUSSION 

The present study demonstrated that ischemic animals were 
impaired in their locomotor functions. Specifically, ischemic 
rats showed a marked reduction in cataleptic response to halo- 
peridol and a potentiation of the locomotor response to d- 
amphetamine. Age effects were also found to play a signifi- 
cant role in these behavioral changes. The possible mechanism 
underlying the behavioral alterations following ischemia may 
be the neuropathologic damage to the striatal dopaminergic 
system. 

The present histologic data supported findings that brain 
damage following MCA-induced ischemia is concentrated in 
the lateral aspect of the striatum (9,16). Previous studies have 
also reported that striatal lesions may result in disruption of 
the dopamine system (2,25). The loss of striatonigral projec- 
tions, which inhibit the activity of mesolimbic dopaminergic 
neurons, has been demonstrated to facilitate locomotor activ- 
ity of the rat (3,13,14,17,21]. Within the striatum, haloperidol 
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and other neuroleptics may act at dopamine receptor sites 
(4,5). In ischemic animals, postsynaptic striatal dopamine re- 
ceptors may have been destroyed, which would result in a 
reduction of haloperidol-induced catalepsy. Accordingly, a 
damaged dorsolateral striatum could lead to a hyperrespon- 
sive mesolimbic dopamine system (17,21) thereby enhancing 
locomotor behavior following d-amphetamine administration, 
as was observed in the present study. 

An age effect was noted in both behavioral tests, with the 
younger ischemic animals being less cataleptic and more hy- 
peractive than the older ischemic ones in response to haloperi- 
do1 and amphetamine, respectively. However, the younger is- 
chemic animals showed recovery over time compared to the 
older ischemic animals, which displayed maintained hyperac- 
tivity. In humans, age has been reported as a risk factor of 
stroke (6). Although they suggest that older age may result in 
long-term ischemic-induced behavioral deficits, our present 
findings also provide evidence that younger age may be vul- 
nerable to a more severe motor dysfunction. Further investiga- 
tions are warranted to explore age effects on stroke. 

The present study supports a striatal dopamine receptor- 
mediated mechanism for MCAo-induced ischemia. Further 
studies should determine direct changes in dopamine receptor 
number and function. 

ACKNOWLEDGEMENTS 

The authors thank Dr. Hitoo Nishino, who generously shared his 
expertise on the ischemia rodent model, Dr. Toru Shimizu for valu- 
able help with the photomicrographs, and T. S. Randall, J. R. Jorden, 
S. Schultz, S. D. Ross, and T. K. Koutouzis for excellent technical 
assistance. This study was supported in part by the STRC and USF 
President’s Council. 

REFERENCES 

1. 

2. 

3. 

4. 

5. 

6. 

I. 

8. 

9. 

10. 

Aihara, N.; Mizukawa, K.; Koide, K.; Mabe, H.; Nishino, H. 
Striatal grafts in infarct striatopallidum increase GABA release, 
reorganize GABA, receptor and improve water-maze learning in 
the rat. Brain Res. Bull. 33:483-488; 1994. 
Coffey, P. J.; Perry, V. H.; Rawlins, J. N. P. An investigation 
into thee early stages of the inflammatory response following 
ibotenic acid-induced neuronal degeneration. Neuroscience 35: 
121-132; 1990. 
Costall, B.; Cui, S.-C. G.; Naylor, R. J. The relationship between 
cholinergic and dopaminergic mechanisms in the nucleus accum- 
bens for the control of locomotor activity. Br J Pharmacol 66: 
121-122; 1979. 
Creese, I.; Burt, D.; Snyder, S. H. Dopamine receptor binding: 
Differentiation of agonist and antagonist states with ‘H- 
haloperidol. Life Sci. 17:993-1001; 1975. 
Creese, I.; Burt, D. R.; Snyder, S. H. Dopamine receptor binding 
predicts clinical and pharmacological potencies of antischizo- 
phrenic drugs. Science 192:481-483; 1976. 
Davis, P. H.; Dambrosia, J. M.; Schoenberg, B. S.; Schoenberg, 
D. G.; Pritchard, D. A.; Lilienfield, A. M.; Whisnant, J. P. Risk 
factors for ischemic stroke: A prospective study in Rochester, 
Minnesota. Ann. Neurol. 22:319-327; 1987. 
FerrA, S.; Guix, T.; Prat, G.; Jane, F.; Casas, M. Is experimental 
catalepsy properly measured? Pharmacol. Biochem. Behav. 35: 
753-751; 1990. 
Joseph, R. Neuropsychology, neuropsychiatry, and behavioral 
neurology. New York: Plenum Press; 1989. 
Koide, K.; Hashitani, T.; Aihara, N.; Mabe, H.; Nishino, H. 
Improvement of passive avoidance task after grafting of fetal 
striatal cell suspensions in ischemic striatum in the rat. Rest. Neu- 
rol. Neurosci. 5:205-214; 1993. 
Koizumi, J.; Yoshida, Y.; Nakazawa, T.; Ooneda, G. Experi- 

11. 

12. 

13. 

14. 

15. 

16. 

17. 

18. 

mental studies of ischemic brain edema. 1. A new experimental 
model of cerebral embolism in rats in which recirculation can be 
introduced in the ischemic area. Jpn. J. Stroke 8:1-6; 1986. 
Markgraf, C. G.; Green, E. J.; Hurwitz, B. E.; Morikawa, E.; 
Dietrich, W. D.; McCabe, P. M.; Ginsberg, M. D.; Schneider- 
man, N. Sensorimotor and cognitive consequences of middle cere- 
bral artery occlusion in rats. Brain Res. 575:238-246; 1992. 
Markgraf, C. G.; Green, E. J.; Watson, B.; McCabe, P. M.; 
Schneiderman, N.; Dietrich, W. D.; Ginsberg, M. D. Recovery 
of sensorimotor function after distal middle cerebral artery pho- 
tothrombotic occlusion in rats. Stroke 25:153-159; 1994. 
Mason, S. T.; Sanberg, P. R.; Fibiger, H. C. Amphetamine- 
induced locomotor activity and sterotypy after kainic acid lesions 
of the striatum. Life Sci. 22:451-460; 1978. 
Mason, S. T.; Sanberg, P. R.; Fibiger, H. C. Kainic acid lesions 
of the striatum dissociate amphetamine and apomorphine stero- 
typy: Similarities to Huntington’s chorea. Science 201:352-355; 
1978. 
Nagasawa, H.; Kogure, K. Correlation between cerebral blood 
flow and histologic changes in a new rat model of middle cerebral 
artery occlusion. Stroke 20:1037-1043; 1989. 
Nishino, H.; Koide, K.; Aihara, N.; Kumazaki, M.; Sakurai, T.; 
Nagai, H. Striatal grafts in the ischemic striatum improve pallidal 
GABA release and passive avoidance. Brain Res. Bull. 32:517- 
520; 1993. 
Pijnenburg, A. J. J.; Honig, W. M. M.; Van der Heyden, J. A. 
M.; Van Rossum, J. M. Effects of chemical stimulation of the 
mesolimbic dopamine system upon locomotor activity. Eur. J. 
Pharmacol. 35:45-58; 1976. 
Pisa, M.; Sanberg, P. R.; Fibiger, H. C. Locomotor activity, 
exploration and spatial alternation learning in rats with striatal 
injections of kainic acid. Physiol. Behav. 24: 1 l-20; 1980. 



ISCHEMIA-INDUCED MOTOR BEHAVIOR IN RATS 

19. Sanberg, P. R. Haloperidol-induced catalepsy is mediated by 
postsynaptic dopamine receptors. Nature 284:472-473; 1980. 

20. Sanberg, P. R.; Lehmann, J.; Fibiger, H. C. Sedative effects of 
apomorphine in an animal model of Huntington’s disease. Arch. 
Neurol. 36:349-350; 1979. 

21. Sanberg, P. A.; Pisa, M.; Fibiger, H. C. Kainic acid injections in 
the striatum alter the cataleptic and locomotor effects of drugs 
influencing dopaminergic and cholinergic systems. Eur. J. Phar- 
macol. 74347-357; 1981. 

22. Sanberg, P. R.; Pisa, M.; Fibiger, H. C. Avoidance, operant and 
locomotor behavior in rats with neostriatal injections of kainic 
acid. Pharmacol. Biochem. Behav. l&137-144; 1979. 

229 

23. Sanberg, P. R.; Zoloty, S. A.; Willis, R.; Ticarich, C. D.; 
Rhoads, K.; Nagy, R. P.; Mitchell, S. G.; LaForest, A. R.; Jenks, 
J. A.; Harkabus, J.; Gurson, D. B.; Finnefrock, J. A.; Bednarik, 
E. J. Pharmacol. B&hem. Behav. 27:569-572: 1~27 , ._“,. 

24. Toole, J. T.; Patel. A. N. Cerebrovascular disorders. New York: 
Raven Press; 1974. 

25. Watanabe, H.; Watanabe, K.; Hagino, K. The involvement of 
catecholamine in scopolamine-induced locomotor activation and 
rotational behaviour in mice. Jpn. J. Pharmacol. 28465-472; 1978. 

26. Yamamoto, M.; Tamura, A.; Kirino, T.; Shimizu, M.; Sano, K. 
Behavioral changes after focal cerebral ischemia by left middle 
cerebral artery occlusion in rats. Brain Res. 452:323-328; 1988. 


