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Sex differences in schizophrenia are well established, implicating gonadal 
hormones in schizophrenia pathophysiology. In addition, women differ in 

symptom severity depending on phase of menstrual cycle. We have recently 
shown that blood-oxygen-level dependent (BOLD) activity in response to 

amphetamine (AMPH) is mediated by estradiol (E2) levels in sensitized rats, 
with high E2 rats showing the largest activation. Similarly, Sarvari et al. (2014) 
showed an increased BOLD response in the prefrontal cortex (PFC) and ventral 
tegmental area (VTA) in ovariectomized female rats receiving estrogen receptor 
agonist replacement compared to control. Finally, hippocampal volume changes 
throughout the estrous cycle have been reported, with proestrous (a period of 
high levels of estrogen), mice showing increased volume compared to estrous 

mice, when estrogen levels are low. 
We hypothesized that repeated exposure to AMPH would increase the volumes 
of select regions of interest (ROIs), such as the hippocampal formation as well as 

components of the DA mesocortical circuit. Furthermore, we expected the 
highest volumetric increase in animals receiving high E2 replacement, however 

based on clinical findings. The third goal of this study was to investigate the 
effects of acute and chronic haloperidol (HAL) on brain volume in AMPH-

sensitized rats, and its possible interactions with E2. Based on clinical findings 
showing HAL to be associated with gray matter volume reduction, we expected 
HAL treatment to result in a decrease in brain volume. In order to address these 

hypotheses, OVX female rats receiving no, low or high E2 replacement were 
scanned before and after AMPH sensitization, as well as two and twelve days 

into chronic HAL treatment. All rats were scanned awake, in order to avoid any 
possible confounding effect of anesthetic (alone or in interaction with E2, HAL 

and AMPH) on brain morphology.

The overarching aim of this study was to investigate the 
effects of the possible E2-HAL interaction on brain volume 

changes in AMPH-sensitized, awake female rats. 
Specifically, we expected that, a) hippocampal volumes 

would differ as a function of hormonal status (Bartzokis et 
al., 2000; Chang et al., 2004; Qiu et al., 2013), b) repeated 
exposure to AMPH would result in an overall reduction in 

brain volume and (Madularu et al., 2015), and c) 
antipsychotic treatment would further reduce brain volume 
(Lieberman et al., 2005; for review, see Moncrieff and Leo, 

2010).

Rats receiving low, but not high E2 showed increased 
hippocampal volume before AMPH sensitization, but not 
after. A closer analysis of the hippocampal components 

shows that, in spite of an overall decrease in brain volume 
in response to AMPH sensitization, CA1, CA3 and ventral 
dentate volumes increased, while CA2 and dorsal dentate 

volumes decreased. Similar effects were observed 
throughout brain areas involved with the 

mesocorticolimbic and nigrostriatal DA pathways. In this 
analysis, infralimbic cortex and ventral pallidum volumes 

increased in response to AMPH sensitization, and prelimbic 
cortex, as well as substantia nigra and ventral tegmental 

area volumes decreased; these differences were not 
mediated by E2 (see publication for additional figures: Br 

Res 1610 (2015): 100-110).
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* P < 0.05; ** P < 0.01

Region of interest (ROI)-based volumetric analysis (% brain volume; +SEM) of mesocortical components before and after amphetamine sensitization.
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Hippocampal volume (% brain volume; +SEM) before (C) and after (D) AMPH sensitization. Rats receiving low E2 
replacement showed the largest hippocampal volume before AMPH sensitization. This effect was no longer 
statistically significant after AMPH sensitization

3-D reconstruction of rat hippocampus showing percent volume change in response to amphetamine sensitization.

Mean (+SEM) brain volume (mm3) before and after AMPH sensitization (A) and after acute and chronic HAL (B) in 
ovariectomized female rats with no, low or high E2 replacement. AMPH sensitization resulted in a significant decrease in 
brain volume, regardless of E2 level. Similarly, chronic HAL resulted in a decrease in whole brain volume. 
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These findings add to the literature supporting the 
approach of controlling for hormonal status when female 

animals are used. As indicated by our previous findings 
(Madularu et al., 2015) and those of others, brain shape 

(Qiu et al., 2013) and function (Sarvari et al., 2014), as well 
as responsiveness to drugs is strongly influenced by ovarian 

hormones. As such, hormonal status should be at least 
considered, if not controlled for throughout clinical and 

preclinical studies, leading the way to understanding which 
brain areas may be important to study when investigating 
the combined effects of estrogen and antipsychotics in the 

brain.
Selected references
Bartzokis, G., Beckson, M., Lu, P.H., Edwards, N., Rapoport, R., Wiseman, E., Bridge, P., 2000. Age-related brain volume reductions in 
amphetamine and cocaine addicts and normal controls: implications for addiction research. Psychiatry Res. 98, 93-102.

Lieberman, J.A., Tollefson, G.D., Charles, C., Zipursky, R., Sharma, T., Kahn, R.S., Keefe, R.S., Green, A.I., Gur, R.E., McEvoy, J., Perkins, D., 
Hamer, R.M., Gu, H., Tohen, M., Group, H.S., 2005. Antipsychotic drug effects on brain morphology in first-episode psychosis. Arch Gen 
Psychiatry. 62, 361-70.

Madularu, D., Shams, W.M., Brake, W.G., 2014. Estrogen potentiates the behavioral and nucleus accumbens dopamine response to 
continuous haloperidol treatment in female rats. Eur J Neurosci. 39, 257-65.

Madularu, D., Yee, J.R., Kenkel, W.M., Moore, K.A., Kulkarni, P., Shams, W.M., Ferris, C.F., Brake, W.G., 2015. Integration of neural networks 
activated by amphetamine in females with different estrogen levels: A functional imaging study in awake rats. Psychoneuroendocrinology. 
56, 200- 212.

Qiu, L.R., Germann, J., Spring, S., Alm, C., Vousden, D.A., Palmert, M.R., Lerch, J.P., 2013. Hippocampal volumes differ across the mouse 

estrous cycle, can change within 24 hours, and associate with cognitive strategies. Neuroimage. 83, 593-8.


