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Ovarian estrogen acts to feminize the female rat's corpus callosum 
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The rat corpus callosum (CC) is sexually dimorphic, with the male CC being larger. Ovariectomy (Ovx) on day 12 has been shown to eliminate 
this sex difference, with callosal values of Ovx females approaching those of male controls. This suggested that postnatal ovarian estrogen affects 
the size of the female CC. In the present experiment, one group of female rats received Ovx on day 12, and a second group received Ovx 
followed by chronic implantation of a silastic tube containing /3-estradiol on day 25. Unmanipulated males and sham females served as controls. 
Examination of the CC at 110 days confirmed our prior findings that males have larger callosa than females and that the Ovx group had 
increased CC's compared to sham controls. Our new finding was that estrogen treatment was capable of reversing the effects of Ovx. 
Ovx + estrogen-treated females had decreased CC size as compared to Ovx alone. Indeed, they also had smaller CC values than control females. 
These findings indicate that ovarian estrogen plays a role in determining CC morphology and that estrogen in the female acts to inhibit overall 
callosal growth as measured by changes in gross callosal size. 

I N T R O D U C T I O N  

We have reported sexual dimorphism of the rat 
corpus callosum (CC), with the adult male CC being 
larger than the female ~'7. Zimmerberg has indepen- 
dently confirmed our findings in both the newborn and 
the adult 22~z~. More recent studies have demonstrated 
that exposure to gonadal steroids during prenatal 
through prepubertal development mediate this dimor- 
phism. Thus, in the male, androgen antagonism via 
prenatal flutamide treatment and subsequent castra- 
tion at birth eliminated the sex difference seen in 
adulthood 9. However, castration alone on day 1 had no 
effect 7. These findings suggest (1) a prenatal sensitive 
period for androgen action which ceases around the 
time of birth, (2) the postnatal testosterone surge oc- 
curring 2 h after birth contributes to adult CC organi- 
zation, or (3) the two processes interact. 

Androgenic effects on the CC were also found in 
the female. Testosterone propionate (TP) treatment on 
day 4, when combined with postnatal handling stimula- 
tion, enlarged the female CC in adulthood to equal 

that of the male 7. This sensitivity of the female CC to 
androgens ceased sometime between postnatal day 4 
and day 8 m 

Gonadal steroid influence on the female callosum is 
not restricted to androgens. There is ample evidence 
that ovarian hormones during postnatal development 
play a role in determining adult callosal morphology. 
Fitch et al. m reported that ovariectomy (Ovx) on day 8, 
12, or 16 enlarged the female CC, with adult callosal 
parameters equal to or approaching male control val- 
ues. This finding has since been replicated ~4. These 
reports parallel those of others who have found neu- 
roanatomical alterations in the rat cerebral cortex fol- 
lowing Ovx 5't5'17. 

This increase in callosal size following Ovx can be 
attributed to the absence of estrogen, progesterone, or 
both steroids, either via removal of direct action on 
steroid receptors or through secondary processes. A 
study by Fitch et al. 7 provides indirect evidence for 
estrogenic influence since administration of the estro- 
gen blocker tamoxifen to female pups on day 4 in- 
creased adult callosal size. The above findings, in addi- 
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tion to reports of estrogenic effects on a variety of 
cortical parameters ~2,JTm, suggest that estrogen may 
play a major role in female CC development. Thus, the 
purpose of the current study was to evaluate the inde- 
pendent contribution of ovarian estrogen to the mor- 
phology of the adult female callosum. 

M A T E R I A L S  A N D  M E T H O D S  

Purdue-Wistar  rats were bred in our closed colony. On day 1 
(birth occurred on day 0) litters were culled to 5 females and 3 males. 
Three females and 2 males from each of 13 litters were used. All 
animals were handled from day 1 to 21 since this procedure en- 
hances the male-female callosal difference 1. Handling consisted of 
removing the pups from their home cage and placing them singly into 
one-gallon tin cans filled with shavings. The pups remained in the 
can for 3 rain and were then returned to their home cage s. Following 
weaning on day 21, animals were housed in same sex-treatment pairs 
until sacrificed. 

Treatment assignments were made within litters. All surgery was 
performed undei ether anaesthesia. Since no differences in CC size 
had previously been found among females receiving Ovx on days 8, 
12, or 16, and a low survival rate was found among day 4 0 v x  I°, all 
surgeries were performed on day 12. Two females from each litter 
received Ovx. Two dorsolateral incisions were made in the skin and 
peritoneum and the ovaries and the tips of the uterine horn were 
removed. A third female served as an unoperated control. 

Silastic implants were inserted on day 25. They were constructed 
from Silastic tubing (Dow Coming) of 0.625 mm i.d. and 1.2 mm o.d. 
and were designed to approximate circulating estrogen levels in the 
female rat pup 6'Is. The steroid was packed into 10 mm of tubing and 
sealed with silastic adhesive. After soaking in saline for 24 h, the 
tubing was inserted under the skin on the dorsal midline just below 
the neck of one of the Ovx females, The second Ovx female and the 
control female in each litter received a blank implant. One male 
served as an unoperated control and a second male received a blank 
implant. 

At 110 days, animals were overdosed with sodium pentobarbital 
and perfused through the ascending aorta with a mixed-aldehyde 
fixative. The brains were then removed and stored in sucrose-for- 
malin for cryoprotection. The olfactory bulbs and hindbrain were 
removed, leaving the forebrain and midbrain. The brain was weighed 
and sagittally sectioned at a thickness of 45 ktm. The 12 sections 
closest to midline in each hemisphere were mounted, stained with 
Cresyl violet, and coverslipped. Using a projection microscope, the 
closest intact callosum to midline from the right hemisphere was 

traced at a magnification of 23 >,:. Each drawing was lhe,, uaccd 5 
times onto a digitizing tablet connected to a Macinlosh Plus com- 
puter and the average taken to yield one callosal tracing for cach 
subject. Callosal parameters were obtained using the soflwarc pack 
age Stereology 4. 

R E S U L T S  

The computer program yielded callosal parameters 
of area, perimeter, length, and 99 equidistant widths 
perpendicular to the longitudinal axis. Callosal widths 
were divided into 7 region-specific factors based on 
previous factor analysis of the rat corpus callosum 4. 
Beginning anteriorly, the 7 callosal widths factors were: 
widths 1-5 (W1-5), W6-17, W24-38, W46-57, W62- 
72, W79-95 and W96-99. The final measures were 
callosal area, perimeter, length, and the seven width 
factors; and brain weight. No differences were found 
between sham and control males and their data were 
pooled. Table I presents the means and standard er- 
rors for callosal parameters and brain weight for all 
subjects. Since the within-litter experimental design 
yielded one subject per litter per treatment, one miss- 
ing value eliminated that pair from analyses. In addi- 
tion, the standard errors in Table I underestimate 
significance since they do not take into account litter- 
mate correlations. Analyses of variance were per- 
formed to test for group differences. 

The main objective of this study was to determine 
the contribution of ovarian estrogen to adult callosal 
size. However, before addressing this question, it was 
first necessary to replicate the sexual dimorphism and 
the Ovx effects previously reported in our laboratory. 

Sex effects 
Male and female callosal parameters were com- 

pared. One-tailed tests were used since the direction of 

TABLE 1 

Mean ± S.E.M. for callosal parameters (mm) and 
F) and ovariectomized + estrogen-treated females 

brain weight (g) for sham females (Sham F), sham males (Sham M), ovariectomized females (Otx 
(Ovx + E F) 

Parameter Sham F Sham M Ovx F Ot'x + E F 

Area 2.934 ± 0.078 3.274 ± 0,062 * * * * 3.190 ± 0.074 * * 2.733 ± 0.072 ###~ 
Perimeter 15.113 ± 0.145 15.696 ± 0.130 * * * 15.298 ± 0.101 14.753 ± 0.119 ##'~ 
Length 6.781 _+ 0.066 7.011 ± 0.058 * * * 6.818 ± 0.034 6.619 ± 0.055 ~''~ 
W1-5 0.743 ± 0.012 0.806 ± 0.018 * * 0.754 ± 0.017 0.722 ± 0.019 
W6-17 0.710 ± 0.013 0.760 ± 0.013 * * 0.740 ± 0.017 0.681 + 0.022 #a# 
W24-38 0.397 + 0.017 0.407 ± 0.009 0.428 ± 0.013 0.361 ± 0.011 ##~"~ 
W46-57 0.306 ± 0.014 0.336 ± 0.008 * 0.339 ± 0.010 * * 0.286 ± 0.008 #~ '  
W62-72 0.262 ± 0.013 0.297 ± 0.008 * * 0.297 ± 0.011 * 0.25 ! ± 0.011 ~# 
W79-95 0.465 ± 0.016 0.511 ± 0.010 * * 0.510 ± 0.016 * * 0.451 ± 0.013 ~"~ 
W96-99 0.517+0.012 0.554±0.015 * 0.551 ±0.014 * 0.516±0.013 a 
Brain weight 1.330 ± 0.041 1.487 ± 0.015 * * * 1.394 ± 0.029 * * 1.240 _+ 0.029 '~#~ 
n 12 12 13 I 1 

* P < 0.10; * * P < 0.05; * * * P < 0.01; * * * * P < 0.001; comparisons are against Sham F group (1-tailed tests). 
'~ P < 0.10; ## P < 0.05; ### P < 0.01; #### P < 0.001; comparisons are against Ovx F group (2-tailed tests). 



the difference was known. Males had larger CC's than 
females, with the genu and splenium having the largest 
difference (Fig. 1). Significance was obtained for CC 
area, perimeter, length, and for brain weight (F'sl,lo = 
21.74, 12.84, 11.36, 15.48; all P 's  < 0.01). A 7 × 2 re- 
peated ANOVA of callosal region × sex found signifi- 
cant effects for sex and width (P 's  < 0.01). Because of 
our interest in regional specificity, separate analyses 
were run for each region. Significance was obtained for 
W1-5,  W6-17, W62-72 and W79-95 (F's),10 = 7.38, 
6.50, 5.25, 5.95; P 's  < 0.05). In addition, near signifi- 
cance (P  < 0.10) was obtained for W46-57 and W96-  
99. 

Ovariectomy effects 
We also replicated our previous finding that Ovx 

females had larger callosa than sham females. Signifi- 
cant effects were obtained for CC area and for brain 
weight (F's~,ll = 4.34, 3.81; P 's  < 0.05, one-tailed tests). 
The callosal region x Ovx analysis found an overall 
significant Ovx effect (P  < 0.05). Further analyses 
found significant effects for W46-57 and W79-95 

(F'Sl,ll = 3.60, 3.49; P's < 0.05). Marginal effects were 
found for W62-72 and W96-99. See Fig. 2. 

Estrogen effects 
Having replicated our two prior findings, we now 

turn to the primary purpose of this experiment which 
was to determine whether estrogen replacement would 
compensate for the effects of ovariectomy. This was 
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Fig. 1. Mean callosal widths of males (n = 12) and females (n = 12) as 
a function of percentile location along the longitudinal axis. 
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Fig. 2. Mean callosal widths of ovariectomized (n = 13) and sham 
females (n = 12) as a function of percentile location along the kmgi- 

tudinal axis. 

done by comparing Ovx and Ovx + E littermate fe- 
males (two-tailed tests). The Ovx + E females were 
significantly smaller for CC area (Fhl o = 36.57; P < 
0.001), perimeter (Fh~ o = 16.28; P < 0.01), length (Fl,lo 
= 9.71; P < 0.05), and brain weight (Fi,t0 = 100.61; P 
< 0.001). The Callosal Region × Estrogen Implant 
analysis found the Implant to be significant at the 0.003 
level. Further analyses found significance for W6-17 

(Fl,l() = 15.40; P < 0.01), W24-38 (Fhl o = 45.83; P < 
0.001), W46-57 (Fl,10= 18.12; P < 0 . 0 1 ) ,  W62-72 
(F1,10 = 8.02; P < 0.05) and W79-95 (Fl,10 = 8.26; P < 
0.05). A marginal effect was seen in W96-99. See Fig. 
3. 

We were surprised to find that estrogen treatment 
reduced the size of the callosum of the Ovx females to 
values below those of sham females. Post hoc tests 
(two-tailed; not shown in Table I) comparing these two 
groups showed significant effects for CC area (F~,j = 
14.17, P < 0.01), W6-17, W24-38 (F ' s l ,  ~ = 6.69, 5.74, 
P 's  < 0.05), in addition to length, perimeter, (F'sh~ = 
26.05, 22.80, P 's  <0.001) and brain weight (Fu~= 
10.03, P < 0.05) 

Correlations of  brain weight and callosal width factors 
Changes in CC size were accompanied by changes in 

brain weight (Table I). To address the possibility that 
differences in callosal size were purely a function of 
changes in overall brain volume, Table II presents 
correlations between brain weight and the seven cal- 
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losal width factors. Although no consistent trends were 

apparent within any treatment groups, several moder- 

ate correlations were found for the Ovx group, with 

two of these being significant. 

DISCUSSION 

The current experiment has confirmed two observa- 

tions previously reported by our laboratory: (1) there is 

sexual dimorphism of the rat corpus callosum, and (2) 

Ovx results in increased CC size compared to intact 

females. Our new finding is that Ovx on day 12 fol- 

lowed by estrogen treatment on day 25 reduced the 
size of the female callosum in adulthood relative to 

Ovx females. Indeed, the Ovx + E group had callosal 

values significantly less than sham females. These data 

TABLE 1I 

Correlations o f  width factors and brain weight within treatment groups 

Factor Sham F Sham M Ocx F Oux + E F 

W1-5 0.279 0.060 0.629 * - 0.040 
W6-17 0.315 0.327 0.534 - 0,407 
W24-38 -0.058 0.215 0.640 * -0,309 
W46-57 - 0.064 - 0.071 - 0.022 - 0.046 
W62-72 - 0.027 - 0.339 0.171 - 0.077 
W79-95 0.330 -0.419 0.546 -0.161 
W96-99 0.485 - 0.337 0.527 0.241 
n 12 12 13 11 

* P < 0.05. 

lead to the conclusion that estrogen acts to inhibit 

callosal growth. Therefore, the enlarged CC following 
Ovx originally observed by Fitch et al. m can now be 

attributed in large part to the absence of estrogenic 

inhibition. 

The few studies which have examined ovarian hor- 

mone effects on morphology in the rat cerebral cortex 

support an inhibitory role for estrogen. Pappas et al.  17 

found estrogen treatment following Ovx to reduce cor- 

tical thickness. At the cellular level, this same group 

found Ovx to increase neuron perikaryon size in motor 

cortex. Gonadectomy has also been reported to pre- 

vent the decrease in dendritic spine density observed 

from day 20 to 60 in visual cortex of normal females ~5. 

These reports are in contrast to the neurotrophic 

properties of estrogen in subcortical structures. For 

instance, estrogen treatment to Ovx females has been 

shown to have growth promoting effects on dendritic 

spine density in the hippocampus 12 and on soma size, 

synaptic contact and dendritic spine density in the 

ventromedial nucleus of the hypothalamus 2'16'19. These 

data show estrogen to have opposite effects on some 

neuromorphological parameters in cortical vs. subcorti- 

cal brain regions. Increased neuritic growth in cortex 

following estrogen treatment has been reported using 

an in vitro preparation 2°, but it is difficult to compare 

that finding to the in vivo data. 

Estrogen was also capable of compensating for Ovx 

effects on the CC beginning on day 25, a time in 

development beyond the typical perinatal period of 

organizational effects of gonadal steroids. Interestingly, 

activational effects of estrogen on female sexual behav- 

ior in 6-day-old animals has also been foundeL which 

further challenges the notion that activational and or- 

ganizational effects of gonadal steroids occur during 

isolated periods in development. The extended postna- 

tal sensitivity of the female CC to ovarian hormones is 
in contrast to the limited time frame of sensitivity to 

testosterone. In the male, prenatal androgen antago- 

nism in combination with castration at birth led to a 

smaller cailosum ~. In the female, TP ceased to exert its 

effect on the CC sometime between postnatal day 4 
and day 8 m. It thus appears that each sex possesses a 
unique 'active' period when their endogenous gonadal 
hormones act on the developing callosum. It is of 
interest to note that this sexually dimorphic steroid 

sensitive period parallels the emergence of effects: Ovx 

effects on the CC are not observed until after 55 days 
of age s , whereas the effects of androgens have emerged 
by day 3 22 . 

In addition to changes in gross callosal size, brain 

weight was concommitantly affected, and therefore it 
could be argued that differences in callosal size simply 



reflected changes in overall brain volume. Several find- 
ings argue against this interpretation. We found no 
consistent relationships between brain weight and the 
seven width factors within any treatment group, al- 
though the Ovx group did show several moderate cor- 
relations. With respect to these females, the mean 
brain weight of  Ovx females was intermediate between 
the male and female values, yet their mean CC area 
value was three times closer to the CC area of males 
than to females. Also, those width factors which showed 
statistical significance between group means  did not 
exhibit significant correlations with brain weight. These 
findings are similar to our previous report on the 
effects of  Ovx on brain weight and the CC ~°. Thus, the 
observed changes in CC size cannot be attributed sim- 
ply to overall changes in brain size. 

There are two mechanisms which could account for 
the smaller callosum in estrogen-treated females as 
compared to intact controls. First, the difference may 
be due to the absence of progesterone in the Ovx + E 
group after day 12. This explanation parallels the work 
of Pappas et al. ~7 who found slight stimulatory effects 
of  progesterone on cortical thickness. An alternative 
explanation involves the chronic nature of the estrogen 
treatment. Estrogen cyclicity is prevalent during the 
active period of ovarian hormones,  and this hormonal 
variation may influence CC development.  These fac- 
tors need consideration in future studies to further our 
understanding of  ovarian steroid influence on the de- 
velopment of the female corpus callosum. 

The current study provides strong evidence for an 
active role of  estrogen in female callosal development.  
In addition, sexual dimorphism of gonadal steroid ac- 
tion on the CC with regard to the (1) onset  of  action, 
(2) duration of sensitivity, and (3) developmental  mani- 
festation of effects emphasize  the importance of con- 
sidering ovarian influence on cortical development in 
general. 
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