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SAVAGEAU,  M. M. AND W. W. BEATTY. Gonadectomy and sex differences in the behavioral responses to am- 
phetamine and apomorphine o f  rats. PHARMAC. BIOCHEM. BEHAV. 14(1) 17-21, 1981.--Following treatment with 5 
mg/kg d-amphetamine sulfate or 2 mg/kg apomorphine hydrochloride female rats displayed more intense and longer lasting 
stereotyped behavior than males. Gonadectomy did not affect the display of stereotyped behavior induced by either drug in 
either sex. A lower dose of amphetamine (1 mg/kg) caused greater stimulation of locomotor activity in females than in 
males. Castration of males had no effect, but ovariectomy blocked the stimulating effect of amphetamine on activity. By 
contrast, low doses of apomorphine depressed activity in a dose-dependent manner that was somewhat greater in ovariec- 
tomized females than in the other groups. These data add to the growing body of literature demonstrating that gonadal 
hormones modulate the activity of brain dopamine systems. 
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SEX differences in response to amphetamine treatment have 
been documented on several behavioral and physiological 
measures in the rat. For  example,  female rats exhibit more 
intense and longer lasting stereotyped behavior than males 
when given 5 mg/kg doses of  amphetamine [3} and lower 
doses of  amphetamine cause greater stimulation of  locomo- 
tor activity in females [22]. In the present experiment we 
examined the effects of  gonadectomy on these sex differ- 
ences in response to amphetamine and apomorphine treat- 
ment. 

METHOD 

Animals 

Adult rats of  both sexes (16 males, 18 females) were pur- 
chased from the Holtzman Co., Madison, Wl. At about 100 
days of  age half of  the animals of  each sex were gonadec- 
tomized (Gx) while the others received sham operations or 
were merely anesthetized. Surgery was performed under 
Chloropent anesthesia (Fort  Dodge Labs,  Fort  Dodge, IA, 3 
ml/kg males, 2 ml/kg females) using clean surgical technique. 
Except prior to surgery and during behavioral tests the 
animals had free access to food and water. They were caged 
singly in an air conditioned animal room maintained at 
22_+ 2°C that was illuminated from 0800-2000 hr. Behavioral 
tests occurred during the light portion of  the L:D cycle. 

Procedure 

Three weeks after surgery the animals were tested for 
stereotyped behavior after IP injections of  5 mg/kg 
d-amphetamine sulfate. The rats were placed into standard 
laboratory cages without food or water  and rated for stereo- 
typed behavior every 20 min, commencing 20 min after in- 
jection. The 7 point scale devised by Kelly and Iversen [181 
was used. On this scale: 0=as leep  or stationary, l=ac t ive ,  
2=act ive with bursts of  stereotyped rearing or  sniffing, 
3=s tereotyped sniffing or rearing over a wide area, 
4=s tereotyped sniffing or head bobbing in one place, 
5 =stereotyped behavior in one location with bursts of  gnaw- 
ing or licking, 6=continuous gnawing or licking in one place 
(including self destructive behaviors such as gnawing the 
paw or tail). 

Ovariectomy reduces dopamine sensitive adenylate 
cylase but the effect takes 4--6 weeks to develop [19]. Since 
this is one mechanism by which the behavioral effects of  
amphetamine might be expressed,  the test for stereotyped 
behavior was repeated 4 weeks later using the same proce- 
dure. 

Beginning one month later the effects of gonadectomy on 
amphetamine-stimulation of locomotor activity were studied 
using the same rats. Shuttling activity was measured in 
Lehigh Valley Electronics shuttle boxes (Model 143-02) dur- 
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ing 2-hr long tests that began 10 min after the rats received an 
IP injection of d-amphetamine sulfate (1 mg/kg) or an equiv- 
alent volume of saline. The order of treatments was counter- 
balanced and at least 7 days intervened between tests. 

About 1 month later the effects of apomorphine on shut- 
tling activity were studied. The rats received an IP injection 
of 0, 0.1, or 1.0 mg/kg apomorphine HCI 5 minutes before a 
30 min long test. The order of drug conditions was counter- 
balanced with at least 3 days between tests. Prior to the start 
of this phase of the study 1 female from each group devel- 
oped middle ear disease and both were dropped from the 
study. 

One week later the effect of a 2 mg/kg injection of 
apomorphine on stereotyped behavior was determined. The 
procedure was identical to that described above except that 5 
minutes elapsed between injection and the first rating and 
ratings were taken every 10 min for a period of 65 min after 
injection. 

RESULTS 

Stereotyped Behavior 

The influence of sex and gonadal condition on stereo- 
typed behavior elicited by 5 mg/kg d-amphetamine or 2 
mg/kg apomorphine is depicted in Figs. 1 and 2. Since the 
data from the two tests with amphetamine, conducted 3 and 
7 weeks after surgery, were virtually identical, they were 
pooled. On both tests amphetamine treatment produced 
more intense and longer lasting stereotyped behavior in 
female rats (Main effect of Sex: F(i,30)=34.76 and 40.91, 
both p<0.001 for Tests 1 and 2 respectively). Although 
stereotypy scores were somewhat higher in the castrated 
male group than in the gonadally intact male group, this 
trend was not statistically significant on either test (Main 
effect of Gonadectomy and Sex × Gonadectomy interaction: 
all Fs<3.05). 

A similar pattern was observed in the tests with apomor- 
phine. Again female rats exhibited more stereotyped behav- 
ior than males, F(1,28)=6.03, p <0.025, but gonadectomy did 
not affect the magnitude of the drug effect in either sex 
(Gonadectomy, Sex × Gonadectomy: both F<I ) .  

Since the stereotypy scale probably does not meet the 
requirements of an interval scale, we also analyzed the data 
with Mann Whitney U tests. Sex differences in stereotypy 
after amphetamine treatment were observed in intact (U=0, 
p<0.001) and gonadectomized animals (U<~14, p<0.05) on 
both tests), but neither the effect of castration in males 
(U = 14.5, p>0.05) nor the influence of ovariectomy (U>~36) 
was reliable. Nonparametric analyses of stereotyped behav- 
ior after apomorphine treatment revealed a sex difference in 
intact animals (U=7, p<0.01), but not in gonadectomized 
subjects (U= 19). Gonadectomy did not affect the response 
to apomorphine in either sex (U~>29.5). 

Shuttling Activity 

The effects of d-amphetamine and apomorphine on loco- 
motor activity measured in the shuttle box are shown in 
Table 1. Treatment with 1 mg/kg d-amphetamine stimulated 
activity in both groups of males as well as in intact females. 
However, amphetamine did not significantly increase activ- 
ity in the ovariectomized female group; 4 of the 9 rats in this 
group were more active after saline injections than after am- 
phetamine treatment. Statistical analysis confirmed the ap- 
parent dependence of the drug effect on the sex and gonadal 
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FIG. 1. Mean stereotypy ratings for male and female groups of 
gonadectomized (Gx) or intact (Cont) animals following treatment 
with 5 mg/kg d-amphetamine sulfate. Observations began 20 min 
after injection. 
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FIG. 2. Mean stereotypy ratings for male and female groups of 
gonadectomized (Gx) or intact (Cont) animals following treatment 
with 2 mg/kg apomorphine HCI. Observations began 5 min after 
injection. 

state of the subject. For this analyis difference scores were 
computed for each animal by subtracting activity under 
saline from activity after amphetamine treatment. This ap- 
proach was employed because females were more active 
than males in the saline condition. Analysis of variance of 
the difference scores revealed a main effect of Gonadec- 
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TABLE 1 
MEAN NO. SHU'I"I'LING RESPONSES (±SEM) 

2 hr Test 30 min Test 

Saline Amphetamine* Apomorphine (mg/kg)* 

Group* 0 0.1 1.0 

Intact Males 80.9 _+ 8.1 202.6 _+ 38.4 38.5 _+ 3.5 25.3 _+ 5.7 14.9 _+ 4.5 
Gx Males 77.6 _+ 7.0 256.0 _+ 38.1 30.3 _+ 3.5 13.0 _+ 2.6 7.5 _+ 2.1 
Intact Females 104.7 _+ 15.9  400.2 _+ 49.9 48.0 _+ 4.8 32.1 +_ 4.0 33.4 +_ 7.9 
Gx Females 104.0 _+ 10.5 154.4 _+ 27.5 44.9 _+ 4.5 19.4 _+ 2.5 I i . I  _+ 4.4 

*Gx =gonadectomized. 
*Amphetamine increased activity in every group except the Gx females. 
~:Apomorphine reduced activity at both doses in every group except for the intact females at 

the 1.0 mg/kg dose. 

tomy, F(1,30)=7.86, p<0.025,  as well as a Sex × Gonadec- 
tomy interaction, F(1,30)=16.62, p<0.001.  Subsequent 
analyses with t tests demonstrated that the stimulatory effect 
of  amphetamine on locomotor activity was greater in intact 
females than in any other group (p<0.05). There was also a 
difference in the magnitude of  the drug effect between the 
gonadectomized groups of  males and females, but differ- 
ences between castrated and intact male groups and between 
the intact male and ovariectomized females were not reli- 
able. 

By contrast,  apomorphine produced a dose-dependent 
depression of  activity in all groups, F(1,28)=50.84, p<0.001.  
Since the omnibus analysis also revealed main effects of  Sex 
and Gonadectomy,  F(1,28)~>8.45, both p<0.01,  we con- 
ducted a subsequent analysis on difference scores, computed 
by subtracting the activity score obtained under saline 
treatment from that recorded under each dose of  apomor- 
phine. A mixed model analysis of  these difference scores 
indicated that apomorphine caused greater depression of ac- 
tivity in the gonadectomized groups, F(1,28)=4.37, p<0.05.  
This influence was greater in the ovariectomized female 
group than in any of  the other three groups (t/>2.63, p <0.05), 
which did not differ reliably. Because of the possibility of  a 
floor effect these results should be interpreted cautiously. 

DISCUSSION 

The present data confirm earlier reports [3,22] of sex 
differences in the magnitude of  amphetamine effects on lo- 
comotor  activity and stereotyped behavior. In our earlier 
study [3] female rats displayed somewhat more intensely 
stereotyped behavior than males after apomorphine treat- 
ment, but the effect was not statistically significant while in 
the present study this sex difference was reliable. Consider- 
ing the two experiments together it is clear that while the sex 
differences in stereotyped behavior produced by am- 
phetamine and apomorphine are qualitatively similar, the ef- 
fect is substantially more robust with amphetamine. 

Previous studies of  the effects of  moderate doses of  am- 
phetamine reveal that this drug consistently stimulates lo- 
comotor  activity [7], but the influence of  apomorphine on the 
activity of neurologically intact animals is considerably more 
variable. In agreement with the present data DiChiara, Cor- 
sini, Mereu, Tissari, and Gessa [8] observed that low doses 

of  apomorphine inhibited activity in mice. They attributed 
this effect to preferential activation of presynaptic dopamine 
receptors by apomorphine. Such an explanation would fit 
our data at the 0.1 mg/kg dose very nicely. Whether or not 
the marked suppression of activity we observed with l mg/kg 
doses of apomorphine can be explained in similar terms is an 
open question. Casual observations of rats given this dose 
taken during the activity tests indicated that most animals 
exhibited some degree of  stereotyped sniffing and rearing 
which may have interfered with locomotor activity. 

The present finding that ovariectomy blocked the 
stimulating effect of  l mg/kg amphetamine but weakly en- 
hanced the inhibitory effect of 0.1 and l mg/kg apomorphine 
on locomotor activity is consistent with a growing body of 
data suggesting that gonadal hormones can modify the be- 
havioral effects of drugs that affect brain dopamine systems 
as well as several aspects of  central dopamine metabolism [2, 
4, 5, 6, 12, 19, 21, 29]. That ovariectomy altered the effects 
on activity of  moderate doses of  amphetamine and apomor- 
phine without changing the magnitude of stereotyped behav- 
ior evoked by higher doses of these drugs might imply some 
sort of  selective action of ovarian hormones on brain circuits 
that are activated by these dopamine agonists. It is now gen- 
erally accepted that amphetamine stereotypy is dependent 
on the release of dopamine by nigrostriatal terminals [7]. 
More controversy exists about the neural systems mediating 
the stimulating effects on activity of  lower doses of  the drug, 
but the mesolimbic dopaminergic pathway clearly plays an 
important role in this effect [7, 18, 261. Assuming this dis- 
sociation is valid, then the present data could suggest that 
ovarian secretions preferentially modulate the activity of  the 
mesolimbic pathway. In fact Baum and his colleagues [2] 
have recently reported that estradiol, testosterone or dihy- 
drotestosterone increase dopamine turnover in the 
mesolimbic but not in the nigrostriatal pathway. Moreover,  
autoradiographic studies indicate that the neostriatum is vir- 
tually devoid of estrogen and androgen receptors while por- 
tions of the projection field of  the mesolimbic pathway con- 
tain significant numbers of target neurons for these hor- 
mones. The concentration of  hormone receptors is especially 
high in the interstitial nucleus of the stria terminalis but sig- 
nificant numbers of  estrogen and dihydrotestosterone target 
cells are also found in the olfactory tubercle, the lateral sep- 
tal nucleus, and the central nucleus of  the amygdala [25, 27, 
28]. While the cell bodies of the dopaminergic neurons of  the 
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nigrostriatal and mesolimbic pathways do not seem to con- 
tain receptors for steroid hormones, in parts of the interstitial 
nucleus of the stria terminalis cells which concentrate 
radioactively labeled steroid hormones are surrounded by 
terminals of catecholamine neurons [14,15]. Thus, there ap- 
pears to be an anatomical basis for the functional distinction 
between the mesolimbic and nigrostriatal systems suggested 
by the present findings that ovariectomy selectively influ- 
ences the action of dopaminergic agonists on activity. 

On the other hand there is now a substantial body of 
evidence that indicates that gonadal hormones, especially 
estradiol, can modify the functioning of the nigrostriatal 
pathway. Following ovariectomy in rats dopamine- 
stimulated adenylate cyclase activity declines in both the 
striatum and the nucleus accumbens [19]. Ovariectomy also 
shortens the display of stereotyped behavior after am- 
phetamine or apomorphine treatment in guinea pigs [24] and 
treatment with estradiol increases the amount of stereotyped 
behavior elicited by dopaminergic agonists in gonadec- 
tomized rodents of both sexes [5, 17, 24].Furthermore, es- 
tradiol treatment in castrated male rats with unilateral 
6-hydroxydopamine lesions prolongs the duration of ipsilat- 
eral rotation, apparently by increasing the number of striatal 
dopamine receptors [ 16,17]. 

These findings imply that estrogen in some way stimu- 
lates the activity of brain dopamine systems, but other data 
suggest exactly the opposite action. Estrogen potentiates the 
catalepsy resulting from spiroperone treatment [6], reduces 
the changes in striatal acetylcholine induced by treatment 
with dopamine agonists and antagonists [10], and reduces the 
magnitude of apomorphine-elicited stereotyped behavior in 
female rats chronically pretreated with haloperidol [111. 

No doubt procedural differences are partly responsible 
for some of these discrepancies. For example, comparing the 
response of ovariectomized animals and randomly cycling 
females as was done in the present study may provide a less 
sensitive test of hormonal modulation of dopamine- 
dependent behaviors than directly examining the effects of 

hormone injections in gonadectomized animals (e.g., [5, 16, 
17]). However, this analysis cannot explain the failure of 
Baum and his colleagues to observe any effect of gonadal 
steroid treatment on apomorphine-elicited stereotypy in cas- 
trated male rats [2]. And while our procedure may not have 
been sufficiently sensitive to reveal modulating effects of 
ovarian secretions on stereotypy, we did observe a marked 
effect of ovariectomy on locomotor activity. The available 
evidence clearly indicates that gonadal hormones, particu- 
larly estradiol, can affect biochemical measures of both the 
mesolimbic and nigrostriatal systems as well as behavioral 
responses to drugs that affect these pathways. The present 
data together with the work of Baum and his colleagues 
suggest that hormonal influences on the functioning of 
dopaminergic systems may be somewhat greater in the 
mesolimbic pathway. 

Resolution of the apparent contradictions that already 
exist in the literature will require careful examination of 
hormone effects on drug metabolism. It is already clear the 
female rats metabolize amphetamine more slowly than males 
[13,23] and estradiol increases brain levels of spiroperone 
[6]. Such changes may explain some of the sex differences in 
response to dopamine agonists and antagonists. Further- 
more, the possibility that the effects of gonadal hormones on 
dopamine-dependent behaviors may be exerted indirectly, 
secondary to hormonal influences on other neurotransmitter 
systems that modulate midbrain dopamine neurons, should 
be considered. Considerable evidence exists that both 
GABAergic [20] and noradrenergic [1] pathways influence 
dopaminergic systems. 

Estradiol and other gonadal steroids are known to alter 
several aspects of G A B A  metabolism [9, 12, 21, 29] and 
there are estradiol receptors within the cell bodies of norepi- 
nephrine neurons as well as in cells that are surrounded by 
noradrenergic terminals [14,15]. Considering the many 
possibilities for dynamic interactions among these neuro- 
chemical circuits, it is probably not surprising that a variety 
of apparently contradictory effects have been described. 

REFERENCES 

I. Antelman, S. M. and A. R. Caggiula. Norepinephrine-dopamine 
interactions and behavior. Science 195: 646-653, 1977. 

2. Baum, M. J., L. M. Alderson, M. S. Erskine, F. S. Mennitti and 
M. S. Starr. Androgen metabolites, brain dopamine and the 
regulation of male rat sexual behavior. Presented at the Eastern 
Conference on Reproductive Behavior, New York, June, 1980. 

3. Beatty, W. W. and G. A. Holzer. Sex differences in stereotyped 
behavior in the rat. Pharmac. Biochem. Behav. 9: 777-783. 
1978. 

4. Becker, J. and V. D. Ramirez. Sex differences in amphetamine 
stimulated release of endogenous catecholamines in vitro. Soc. 
Neurosci. Abstr. 5: 438, 1979. 

5. Chiodo, L. A. and A. R. Caggiula. Estrogen modulation of 
spiroperidoi-induced catalepsy and amphetamine stereotypy in 
the rat. Soc. Neurosci. Abstr. 4: 487, 1978. 

6. Chiodo, L. A., A. R. Caggiula and C. F. Sailer. Estrogen in- 
creases both spiroperone-induced catalepsy and brain levels of 
[aH] spiroperone in the rat, Brain Res. 172: 360-366, 1979. 

7. Cole, S. O. Brain mechanisms of amphetamine-induced 
anorexia, locomotion and stereotypy: A review. Neurosci. 
Biobehav. Rev. 2: 89-100, 1978. 

8. DiChiara, G., G. U. Corsini, G. P. Mereu, A. Tissari and G. L. 
Gessa. Self-inhibitory dopamine receptors: Their role in the 
biochemical and behavioral effects of low doses of apomor- 
phine. In: Dopamine, Advances in Biochemical Psychopharma- 
cology. Vol. 19. edited by P. J. Roberts, G. N. Woodruff and L. 
L. Iversen. New York: Raven Press, 1978, pp. 275-292. 

9. Earley, C. J. and B. E. Leonard. GABA and gonadal hormones. 
Brain Res. 155: 27-34, 1978. 

10. Euvrard, C., F. Labile and J. R, Boissier. Effect of estrogen on 
changes in the activity of striatal cholinergic neurons induced by 
DA drugs. Brain Res. 169: 215-220, 1979. 

I I. Gordon, J. H., R. L. Borison and B. I. Diamond. Estrogen in 
experimental tardive dyskinesia. Neurology 30: 551-554, 1980. 

12. Gordon, J. H,, D. M. Nance, C. J. Wallis and R. A. Gorski. 
Effects of estrogen on dopamine turnover, glutamic acid decar- 
boxylase activity and lordosis behavior in septal lesioned female 
rats. Brain Res. Bull. 2: 341-346, 1977. 

13. Gropetti, A. and E. Costa. Factors affecting the rate of disap- 
pearance of amphetamine in rats. Int. J. Neuropharmac. 8: 
209-215, 1969. 

14. Heritage, A. S., L. D. Grant and W. E. Stumpf. 3H estradiol in 
catecholamine neurons of rat brain stem: Combined localization 
by autoradiography and formaldehyde-induced fluorescence. J. 
comp. Nearol. 176: 607-630, 1977. 

15. Heritage, A. S., W. E. Stumpf, M. Sat and L. D. Grant. 
Brainstem catecholamine neurons are target sites for sex steroid 
hormones. Science 207: 1377-1379, 1980. 

16. Hruska, R. S. and E. K. Silbergeld. Increased dopamine recep- 
tor sensitivity after estrogen treatment using the rat rotation 
model. Science 208: 1466-1468, 1980. 

17. Hruska, R. E. and E. K. Silbergeld. Estrogen treatment 
enhances dopamine receptor sensitivity in the rat striatum. Eur. 
J. Pharraac. 61: 397-400, 1980. 



S E X ,  G O N A D E C T O M Y  A N D  D R U G  E F F E C T S  21 

18. Kelly, P. H. and S. D. Iversen. Selective 6OHDA-induced de- 
struction of mesolimbic dopamine neurons: Abolition of 
psychostimulant-induced locomotor activity in rats. Eur. J. 
Pharmac. 40: 45--56, 1976. 

19. Kumakura, K., M. Hoffman, D. Cocchi, M. Trabacchi, P. F. 
Spano and E. E. Muller. Long-term effect of ovaxiectomy on 
dopamine-stimulated adenylate cyclase in rat striatum and nu- 
cleus accumbens. Psychopharmacology 61: 13--16, 1979. 

20. McGeer, P. L., H. C. Fibiger, T. Hattori, V. K. Singh, E. G. 
McGeer and L. Maler. Biochemical neuroanatomy of the basal 
ganglia. In: Neurohumoral Coding o f  Brain Function (Advances 
in Behavioral Biology Series: Vol. 10), edited by R. D. Myers 
and R. R. Drucker-Colin. New York: Plenum Press, 1974, pp. 
27--48. 

21. McGinnis, M. Y., J. H. Gordon and R. A. Gorski. Influence of 
~,-aminobutyric acid on lordosis behavior and dopamine activity 
in estrogen primed spayed female rats. Brain Res. 184: 179--191, 
1980. 

22. Meyer, E., Jr. Age- and sex-related differences in 
amphetamine-induced locomotor activity. Fedn Proc. 3: 445, 
1977. 

23. Meyer, E. M., Jr. and L. D. Lyric. Sex related differences in the 
physiological disposition of amphetamine and its metabolites in 
the rat. Proc. west. pharmacol. Soc. 21: 313-316, 1978. 

24. Nausieda, P. A., W. C. Koller, W. J. Weiner and H. L. Kla- 
wans. Modification of postsynaptic dopaminergic sensitivity by 
female sex hormones. Life Sci. 25: 521-526, 1979. 

25. Pfaff, D. and M. Keiner. Atlas ofestradiol-concentrating cells in 
the central nervous system of the female rat. J. comp. Neurol. 
151: 121-158, 1973. 

26. Roberts, D. C. S., A. P. Zis and H. C. Fibiger. Ascending 
catecholamine pathways and amphetamine-induced locomotor 
activity: Importance of dopamine and apparent non- 
involvement of norepinephrine. Brain Res. 93: 441-454, 1975. 

27. Sar, M. and W. E. Stumpf. Distribution of androgen target cells 
in rat forebrain and pituitary after 3H-dihydrotestosterone ad- 
ministration. J. Steroid Biochem. 8:1131-1135, 1977. 

28. Stumpf, W. E. Estrogen-neurons and estrogen-neuron systems 
in the periventricular brain. Am. J. Anat. 129: 207-218, 1970. 

29. Tyler, J. L., J. H. Gordon and R. A. Gorski. Effects of olfactory 
bulbectomy and estrogen on tyrosine hydroxylase and glutamic 
acid decarboxylase in the nigrostriatal and mesolimbic 
dopamine systems of adult female rats. Pharmac. Biochem. Be- 
hay. 11: 549--552, 1979. 


