
R E S E A R C H A R T I C L E

Attenuation of Corpus Callosum Axon Myelination and
Remyelination in the Absence of Circulating Sex Hormones
Rhusheet Patel1*; Spencer Moore1*; Daniel K. Crawford1; Gemmy Hannsun1; Manda V. Sasidhar1;
Kevin Tan1; Donna Molaie1; Seema K. Tiwari-Woodruff1,2

1 Multiple Sclerosis Program, Department of Neurology and 2 Brain Research Institute, School of Medicine, University of California,
Los Angeles, CA.

Keywords

compound action potential, corpus callosum,
demyelination, estrogens, gonadectomy,
remyelination, sex difference, testosterone.

Corresponding Author:

Seema K. Tiwari-Woodruff, PhD, Department
of Neurology, UCLA School of Medicine,
Neuroscience Research Building 1, 475C, 635
Charles E Young Drive, Los Angeles, CA
90095-1769 (E-mail: seemaw@ucla.edu)

Received 8 September 2012
Accepted 2 January 2013
Published Online Article Accepted 11 January
2013

* Contributed equally and should be
considered first coauthors.

doi:10.1111/bpa.12029

Abstract
Sex differences in the structure and organization of the corpus callosum (CC) can be
attributed to genetic, hormonal or environmental effects, or a combination of these factors.
To address the role of gonadal hormones on axon myelination, functional axon conduction
and immunohistochemistry analysis of the CC in intact, gonadectomized and hormone-
replaced gonadectomized animals were used. These groups were subjected to cuprizone
diet-induced demyelination followed by remyelination. The myelinated component of cal-
losal compound action potential was significantly decreased in ovariectomized and castrated
animals under normal myelinating condition. Compared to gonadally intact cohorts, both
gonadectomized groups displayed more severe demyelination and inhibited remyelination.
Castration in males was more deleterious than ovariectomy in females. Callosal conduction
in estradiol-supplemented ovariectomized females was significantly increased during
normal myelination, less attenuated during demyelination, and increased beyond placebo-
treated ovariectomized or intact female levels during remyelination. In castrated males, the
non-aromatizing steroid dihydrotestosterone was less efficient than testosterone and estra-
diol in restoring normal myelination/axon conduction and remyelination to levels of intact
males. Furthermore, in both sexes, estradiol supplementation in gonadectomized groups
increased the number of oligodendrocytes. These studies suggest an essential role of
estradiol to promote efficient CC myelination and axon conduction in both sexes.

INTRODUCTION
As the brain’s largest white matter tract and main interhemi-
spheric commissure, the human corpus callosum (CC) is com-
prised of approximately 200 million fibers (42). The CC connects
the two hemispheres, facilitates the rapid transfer of information
between homotopic (4, 20) and heterotopic cortical areas, and
integrates sensorimotor and cognitive information (46). It is
not surprising that the CC has been investigated extensively for
assessing sexual dimorphism. Until recently, the existence of
sexual dimorphisms in the CC has been debated. Using advanced
imaging techniques, many groups have observed a significant
sexual dimorphism in the white matter of healthy human brains,
with the CC showing increased fractional anisotropy in women
compared to men (23, 45).

Sexual dimorphism of brain structures may be related to
genetic, hormonal or environmental effects, or a combination of
these factors. Sex steroid hormones include androgens [eg, testo-
sterone (T)], estrogens [of which 17b-estradiol (E2) is the most
potent in mammals] and progesterone, all of which are derived
from cholesterol (40). Steroid hormones are synthesized primarily
in the gonads, adrenal glands and placenta. Estradiol, progesterone
and T are present from birth in both males and females, although

circulating levels differ considerably. Sex hormones are mostly
known for their role in sex organ development and physical matu-
ration during puberty, but a prime target of sex steroid hormones is
the brain (29, 43). Sex steroids operate as trophic factors affecting
brain development and plasticity and can stimulate neurite out-
growth, synapse number, dendritic branching and myelination
through their direct impact on glial cells (for review, see 8, 10, 18,
37). Steroidogenic enzymes are present in both neurons and glia,
and many of these enzymes are region specific (31). Endogenous
concentrations of neurosteroids and steroidogenic enzymes can be
modulated by the ovarian cycle, stress, hormone manipulations
and aging (3). Sex steroid hormones and neurosteroids can affect
gene expression by binding to classical nuclear receptors, binding
to membrane receptors located on cell membranes or modulating
neurotransmitter receptor function. In vitro studies indicate that
all brain cell types [neurons, astrocytes, oligodendrocytes (OLs)
and microglia] express both estrogen receptors ERa and ERb
[(reviewed in (18, 44)] and that astrocytes also express the proges-
terone receptor (24) and androgen receptor in vitro (17, 21).

To investigate the role of sex hormones on CC axon conduction
and effect on myelination, we used the cuprizone mouse model.
Cuprizone (biscyclohexanone oxaldihydrazone) ingestion in mice
kills mature OLs. This results in axon demyelination of distinct
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brain regions including the CC, the most frequently investigated
white matter tract in this animal model (39). An increase in OLs
and axon myelination occurs when cuprizone diet is replaced with
normal diet. As demyelination and remyelination is induced in a
highly reproducible manner, we were able to compare effects
of hormone deficiency and hormone replacement during normal
myelination, demyelination, and remyelination (28).

To visualize OLs and myelin after cuprizone diet-induced
demyelination and subsequent normal diet remyelination trans-
genic C57BL/6 mice expressing enhanced green fluorescent
proteins (EGFP) under the proteolipid protein (PLP) promoter,
a cell-specific promoter to OLs (PLP_EGFP) (25) were used.
These mice were gonadally intact, gonadectomized or gonadec-
tomized and implanted with a hormone-releasing pellet. Electro-
physiological analysis in this study was performed by recording
CC compound action potentials (CAPs) (11, 12). Changes in
CAP amplitudes resulting from myelinated callosal fibers were
assessed. To assess the status of myelin density and OL lineage
cells, recorded slices were subsequently subjected to immunohis-
tochemical analysis (11).

We report that gonadectomy (GDX) in young adult male and
female mice negatively impacts normal myelination, cuprizone
diet-induced demyelination and subsequent remyelination as
observed by CAP analysis and immunohistochemistry. Sex
hormone replacement (E2 in females and either T or E2 in males)
reversed some of these GDX-induced deficits.

METHODS

Animals

Breeding pairs of PLP_EGFP mice on the C57BL/6J background
were a kind gift from Dr. Wendy Macklin (University of Colorado,
Denver). Mice were bred in-house at the University of California,
Los Angeles (UCLA) animal facility. All procedures were con-
ducted in accordance with the National Institutes of Health (NIH)
and were approved by the Institutional Guide for the Care and Use
of Laboratory Animals Committee of UCLA. All mice were at
8–10 weeks of age prior to the start of cuprizone treatment.

GDX and hormone treatment

GDXies were carried out in 7-week-old animals. Ovariectomy
(OVX) and castration (CST) were performed as described in (34).
Sham animals underwent the same procedure, except sutures were
not placed on the fallopian tubes and the ovaries remained intact in
females and the testes were neither sutured nor removed in males.
Sixty-day release pellets of 5 mg/kg/day 5a-dihydrotestosterone
(DHT) or 5 mg/kg/day T or 0.025 mg/kg/day E2 as well as placebo
(plac) pellets containing the carrier binder (cholesterol-methyl
cellulose-a-lactulose) alone were purchased from Innovative
Research of America (Sarasota, FL, USA). Following anesthesia
via isoflurane inhalation, pellets were implanted subcutaneously in
the scapular area of the neck using a trocar (15) 4 days after GDX
and 3 days before initiation of cuprizone diet.

Diet

Female and male mice were fed 0.2% cuprizone (biscyclohex-
anone oxaldihydrazone; Sigma-Aldrich, St. Louis, MO, USA)

milled with chow (Harlan Teklad 2918, Madison, WI, USA) as
previously described (11). To study cuprizone diet-induced demy-
elination, male and female animals were fed cuprizone-milled
chow for 3 weeks (3 weeks; DM). Next, groups of mice were
returned to a normal chow diet for 3 weeks to analyze remyelina-
tion (3 + 3 weeks; RM). DM and RM conditions were always
compared to age- and sex-matched control mice on normal diet
(normal myelination; NM). At 3 weeks and 6 weeks time points,
NM animals showed no difference as a result, these mice were
pooled into one group. A treatment timeline is shown below.

–7 day –3 day 0 day 21 day 

RM 

42 day 

Cuprizone diet GDX 

E2/DHT/T/placebo
pellet

DM or  

switch to normal diet 

Treatment conditions and animal groups
(Tables 1 and 2)

Number of mice

There were 10 animals per treatment group (4 animals for electro-
physiology recording + 4 animals perfused for immunohistochem-
istry + 2 animals perfused for electron microscopy). Age- and
sex-matched controls were used with each experimental DM and
RM group. The experiment was repeated at least twice.

Electrophysiological CAP recording procedures

As described previously (11, 12), mice were deeply anesthetized
using isoflurane and decapitated. The brain was removed and sec-
tioned into 400-mm coronal sections while submersed in ice-cold
carbogen (95% O2 and 5% CO2) artificial cerebrospinal fluid

Table 1. Gonadally intact female mice were subjected to sham (Intact/
sham) or ovariectomy (OVX) procedure. OVXed animals were either
implanted with placebo (OVX + placebo) or estradiol hormone pellets
(OVX + E2). These 3 sets of mice were split into normal myelination
(NM), demyelination (DM), and remyelination (RM) groups.

Females

NM Intact/sham OVX + plac OVX + E2
DM Intact/sham OVX + plac OVX + E2
RM Intact/sham OVX + plac OVX + E2

Table 2. Gonadally intact male mice were subjected to sham (Intact/
sham) or castration (CST) procedure. CST animals were either implanted
with placebo (CST + placebo), dihydrotestosterone (CST + DHT), testos-
terone (CST + T), and estradiol (CST + E2). These 5 sets of mice were
split into normal myelination (NM), demyelination (DM), and remyelina-
tion (RM) groups.

Males

NM Intact/sham CST + plac CST + DHT CST + T CST + E2
DM Intact/sham CST + plac CST + DHT CST + T CST + E2
RM Intact/sham CST + plac CST + DHT CST + T CST + E2
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(ACSF, in mM NaCl 124, KCl 5, NaH2PO4 1.25, NaHCO3 26,
MgSO4 1.3, CaCl2 2, glucose 10; adjusted to pH 7) using a
vibratome (Leica, Microsystems Inc., Buffalo Grove, IL, USA).
Slices were incubated for at least 1 h in room temperature carbogen
ACSF. Two to three slices per animal containing the hippocampus
(plates 35–48, Paxinos and Franklin mouse brain atlas) were used
for electrophysiology recordings of CAPs (17). The CC was stimu-
lated at 1 mm from the midline using a tungsten bipolar electrode.
Responses were measured 2 mm from the stimulating electrode
with a 3 M NaCl-filled glass micropipette recording electrode.
Stimulation used for evoked CAPs was constant current stimulus-
isolated square wave pulses. For analyses of CAP amplitude, stand-
ardized input–output functions were generated for each slice by
varying the intensity of stimulus pulses (200 ms duration, delivered
at 0.2 Hz) in steps from approximately threshold level to an asymp-
totic maximum (0.3–4.0 mA) for the short latency negative CAP
component. To enhance the signal-to-noise ratio, all quantitative
electrophysiological analyses were conducted on waveforms,
which were the average of four successive sweeps. Evoked callosal
CAP field potentials were amplified and filtered using an Axopatch
200A amplifier (Molecular Devices, Sunnyvale, CA, USA). Wave-
forms were recorded and analyzed offline with Microcal Origin
software (OriginLab Corporation, Northampton, MA, USA). The
early component generated predominantly by relatively fast-
conducting myelinated axons (N1) between 1–2 ms, and a later
occurring component reflecting mainly slower unmyelinated axons
(N2) appeared at 3–6 ms. External application of the potassium
blocking agent 4-Aminopyridine (4-AP), to the CC, potently
increased the duration of N2, but did not significantly alter N1 (35),
consistent with a submyelin distribution of potassium channels and
accessibility of the channels along unmyelinated axons to the 4-AP.
We specifically analyzed the N1 component (reflective of fast-
conducting myelinated axons) of the CAP recording as we were
interested in the role of sex hormones on adult myelination and
remyelination.

Histopathology, immunohistochemistry and
electron microscopy (EM)

Paraformaldehyde-perfused, cryoprotected and cryostat-sectioned
brain sections and sections from brain slices cut for electrophysi-
ology (postfixed, cryoprotected and cut) were used for immuno-
histochemistry (11). CC-containing brain slices corresponding to
plates 40 to 50 in the mouse brain atlas of Franklin and Paxinos
(2001) were examined by immunohistochemistry (11, 32), and
various cell-type-specific antibodies were used. White matter
immunostaining was enhanced by treating sections with 95%
ethanol and 5% acetic acid for 15 minutes prior to permeabili-
zation and blocking. To detect axons: anti-neurofilament 200kD
(NF200) (1:500, Millipore, Billerica, MA, USA, 1:1000, Sigma);
astrocytes: Anti-Glial Fibrillary Acidic Protein (GFAP) (1:1000,
Chemicon, Billerica, MA, USA); OL progenitors (OLPs): anti-
oligodendrocyte transcription factor 2 (olig2) (1:500, Millipore);
mature OLs: anti-Pi isoform of glutathione-S-transferase (GST-
pi) or anti-adenomatous polyposis coli (CC1) (1:1000, Chemi-
con; 1:1000, GenTex, Irvine, CA, USA); overall population of
OLPs, pre-OLs and fluorescent OLs: PLP_EGFP fluorescence;
myelin: anti-myelin basic protein (MBP; 1:1000, Millipore); leu-
kocyte common antigen-cluster of differentiation-45 labels all

leukocytes, including- T cells, microglia/macrophage/monocyte:
anti-CD45 (1:1000, PharMingen, La Jolla, CA, USA) antibodies
were used. The second antibody step was performed by labeling
with antibodies conjugated to TRITC and Cy5 (1:1000, Milli-
pore). IgG-control experiments were performed for all primary
antibodies, and no staining was observed under these conditions.
To assess the number of cells, a nuclear stain 4′, 6-Diamidino-
2-phenylindole (DAPI 2 ng/mL; Molecular Probes, Grand Island,
NY, USA) was added for 15 minutes prior to final washes after
secondary antibody addition. The sections were mounted on
slides, allowed to dry and coverslipped in Fluoromount-G (Fisher
Scientific, Pittsburgh, PA, USA). For EM, paraformaldehyde and
glutaraldehyde-perfused brains were cut in half sagittally. The
genu area of CC was identified under a dissecting microscope
and 4-mm2 blocks (from the mid CC up to one-third of the
splenium corresponding to the CC area of plates 40–50 from the
atlas of Paxinos and Franklin) were carefully dissected, Epon
embedded, stained with uranyl acetate-lead citrate and analyzed
as in previous studies (11).

Microscopy and quantification

Brain slices were immunostained, subjected to confocal fluores-
cence microscopy and quantified as previously described (11, 12).
All images with CC1 and olig2/Ki67 staining were counted and
graphed as counts/0.37 mm2 where the 0.37 mm2 corresponds to
the area of the 40¥ image. MBP, CD45 and GFAP immunostained
images were converted to grayscale and then analyzed by density
measurement using ImageJ v1.41 http://rsb.info.nih.gov/ij/ (13).

Statistical analysis

A total of 18–22 sections per treatment group were immunostained
and at least 14–16 sections per group were analyzed. To quantify
electrophysiology results from each treatment group, recordings
from 2–3 caudal slices (n = 4 animals; experiment repeated twice)
for a total of 8–16 recordings were analyzed. For EM, 10 random
caudal area fields per animal at x4800 and x14 000 were used to
quantify the “g-ratio”. Values are expressed as mean � standard
error of the mean (SEM). All statistical evaluations were per-
formed by analysis of variance (ANOVA) with post hoc, independ-
ent pair wise analysis or followed by a Newman–Keuls post hoc
analysis (Prism®, GraphPad, San Diego, CA). The group sizes used
for all statistical comparisons of morphometric determinations
were n = 6–8 subjects per experimental group. For EM analysis,
n = 3–4 subjects/experimental group from two separate experi-
ments were used.

RESULTS

Callosal conduction studies: differences
between gonadally intact male and
female mice

To characterize the functional consequences of cuprizone diet-
induced demyelination and the effectiveness of remyelination
during recovery from cuprizone diet-induced demyelination,
CAP electrophysiological measurements of the CC axons were
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performed (11, 26). Brain slices from gonadally intact male and
female mice after 3 weeks of 0.2% cuprizone diet (demyelination
condition; DM) and 3 weeks of cuprizone diet followed by 3 weeks
of normal diet (remyelination condition; RM) were used to
measure CAPs.

The callosal CAP has previously been characterized as a bipha-
sic waveform with an early component generated predominantly
by relatively fast-conducting myelinated axons (N1) and a later
occurring component reflecting mainly slower unmyelinated axons
(N2; 11, 36). CAP stimulation results in a large stimulus artifact
(Figure 1A av; 11). The stimulus artifact results from the genera-
tion of an electrical field which passes current directly through the
bath solution instead of through the tissue slice. The artifact gen-
erally lasts less than 0.2 ms and is blocked beyond the dashed line
and disregarded for the purpose of CAP analysis (Figure 1A ai,ii,
and v). Normally, myelinated (NM) control recordings of male and
female mice show distinct N1 and N2 (Figure 1A ai,ii). Peak N1
amplitude at 4 mA current stimulus was 0.80 � 0.05 mV for
males and 0.89 � 0.03 mV for females. Similar to published
results (11, 12), after 3 weeks of cuprizone diet a significant
decrease in the fast-conducting N1 amplitudes was observed
(*P < 0.05, n = 18). There was a marked delay and an equal
decrease in N2 peak amplitudes of males and females under the
DM condition (Figure 1A ai,ii; quantification previously shown in
Crawford et al (11, 12).

When animals were switched from the cuprizone diet to a
normal diet, they underwent significant remyelination (Figure 1A
ai,ii). The male N1 CAP component under RM conditions recov-
ered to only 50% of peak N1 obtained under NM conditions
(**P < 0.001, n = 12). The female N1 CAP component under RM
conditions recovered to nearly 70% of N1 obtained under NM
conditions (*P < 0.05, n = 12). N2 peak delay was reversed with
significant improvement of amplitude in both male and female
mice (Figure 1A ai,ii).

Overall, the CAP amplitude of myelinated callosal axons during
normal myelination was similar in male and female CC.
Demyelination-induced decreases in N1 component of callosal
CAPs were more pronounced in the male group as compared to the
female group. Similarly, remyelination-induced recovery in males
was less efficient than in females.

Immunohistochemical differences between
male and female mice

To identify the causes of potential sex differences in callosal con-
duction, CC-containing brain slices were immunostained to iden-
tify the causes of potential sex differences in callosal conduction.
Brain slices from all groups were examined for MBP, mature OLs,
OLPs, astrocytes and microglia (Figure 1A b–f, B a–j). Callosal
myelin integrity, as assessed by MBP staining intensity, showed no
significant sex difference under the NM condition (Figure 1A b).
Counting OL lineage cell numbers revealed a significant sex dif-
ference in the number of OL cells. Male CC had significantly more
OLs (P < 0.5; n = 12) and significantly fewer OLPs (P < 0.5;
n = 12) compared to female CC (Figure 1A b,c). Astrocyte and
microglia immunoreactivity were similar in both male and female
CC (Figure 1A e,f).

Three weeks of cuprizone diet induced a significant level of
demyelination in the CC. Male and female DM groups showed

significant demyelination-induced decreases in MBP immunore-
activity (Figure 1B). A significant decrease in number of OLs and
a slight increase in number of OLPs were observed under DM
conditions for both sexes. In addition, a sustained increase in
GFAP+ reactivity in astrocytes with larger processes and enlarged
cell body was observed as compared to normal group, in which the
GFAP+ cells were smaller and had less GFAP+ immunoreactivity.
Similarly, CD45+ cells in the normal group had weaker immuno-
reactivity as compared to DM and RM condition where CD45+
cells had increased immunoreactivity and a globoid-macrophagic
appearance indicative of activation (Figure 1B). An increase in
reactive astrocytes and activated microglia was observed during
demyelination, but with no significant sex difference. When
animals were switched from cuprizone diet to normal diet, a sig-
nificant increase in MBP fluorescence intensity was observed. The
increase in MBP staining intensity was due to an increase in axon
myelination, which was due to an increase in mature OL popula-
tion after cuprizone withdrawal (Figure 1B). No significant sex
difference was observed in MBP intensity and number of OL
lineage cells during RM condition (Figure 1B c–f). Males under
the remyelinating condition had an even larger increase in astro-
cyte and microglia immunoreactivity staining intensity as com-
pared to females under normal and demyelinating conditions
(P < 0.05; Figure 1B g–j).

Circulating sex hormones and myelination:
effect of OVX

To determine if the circulating hormones could influence the sex
differences observed in CC CAPs and cell numbers, age-matched
female and male mice were gonadectomized (GDX) and subjected
to the cuprizone diet-induced demyelination and subsequent
normal diet paradigm. Ovariectomized (OVX) females will control
for estrogen production by ovaries in females and the castrated
(CST) males will control for the effects of endogenous androgen
production by the testes.

A small but significant decrease in callosal conduction (both
N1 and N2 peaks) was observed in ovariectomized females as
compared to intact females during NM conditions (compare
Figures 1A aiii,iv and 2A ai,ii). Specifically, peak N1 amplitude at
4 mA current stimulus was 0.72 � 0.03 mV for the ovariect-
omized females and 0.89 � 0.05 mV for the gonadally intact
females. Demyelination induced a significant decrease in N1
amplitude: 0.11 � 0.01 mV for ovariectomized group as com-
pared to 0.32 � 0.01 mV for gonadally intact females. RM-
induced N1 amplitude recovery was significantly attenuated in
ovariectomized females (0.30 � 0.02 mV) compared to gonadally
intact group of 0.60 � 0.10 mV (compare Figures 1A aiii, iv and
2A ai, ii).

Callosal myelin staining intensity in ovariectomized females
as compared to gonadally intact females was significantly
decreased during NM, DM and RM conditions as compared to
gonadally intact females (Figures 1A b,c, B a,b and 2A b,c). Cal-
losal OL numbers in ovariectomized females during NM and
DM were not significantly different as compared to gonadally
intact females. Under the RM conditions, the ovariectomized
group had significantly fewer CC1+ OLs as compared to gonad-
ally intact animals (Figure 2A d,e). The numbers of olig2+ cells
from the ovariectomized CC were significantly decreased under
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Figure 1. A. Corpus callosum (CC) compound action potential (CAP)
recordings and immunohistochemistry reveal sex differences during
normal myelination, demyelination and remyelination. (ai,ii) CAP
responses were recorded from slices with midline-crossing segments
of the CC overlying the mid-dorsal hippocampus. Typical CC CAPs
from male and female C57BL/6 mice on a normal diet (NM: black),
cuprizone diet (DM: red) and cuprizone diet followed by normal diet
(RM: blue) evoked at the highest stimulus of 4 mA. A near complete
loss of N1 in male and female DM groups followed by a significant
recovery under RM was observed. (aiii,iv) Quantification of N1 ampli-
tudes showed a significant decrease in all animals under DM and RM
condition compared to NM. (av) Shown here is a typical evoked cal-
losal CAP field potential showing the size of the stimulus artifact. It is
generally blocked after 0.2 ms and is hidden to enhance the relatively
fast-conducting (N1) component that appears between 1–2 ms, and a
later occurring component (N2) that appears at ~3–6 ms. (bi,ii) Brain
slices with caudal CC were immunostained with myelin basic protein
(MBP-red) and imaged at 10¥ magnification (scale bar = 100 mm). Con-
secutive brain sections were immunostained for various markers and
imaged at 40¥ magnification in an area similar to the ones shown by
the dashed squares in bi,ii (scale bar = 50 mm). (biii) Quantification of
MBP fluorescence intensity normalized to 100% shows no sex differ-
ence. (ci–iii) There were more mature OLs (CC1-red and counter-
stained for nuclei DAPI-blue) in males than females. Females showed
significantly fewer CC1+ OLs. (di–iii) Number of OLPs (olig2-red and
PLP_EGFP-green) in the CC was significantly increased in female CC

compared to males. Females show significantly more olig2+ OLPs.
(ei–iii and fi–iii) The number of reactive astrocytes (GFAP-red) and
microglia (CD45-red counterstained with DAPI-blue) did not change
between males and females (*P < 0.05; **P < 0.001 compared to
NM; 2–4 mA stimulus strength; n = 4 to 8). B. Cuprizone diet-induced
demyelination and remyelination show similar pathologies in the CC of
gonadally intact males and females. (ai–iv) Immunohistochemistry
images of the CC from males and females during DM and RM con-
dition show no difference in myelin basic protein (MBP-red) immunos-
tained CC (imaged at 10¥ magnification, scale bar = 100 mm). (b) MBP
fluorescence intensity decreases during DM and recovers during RM
comparably in males and females. Quantification of MBP fluorescence
intensity normalized to 100% showed no sex difference. (ci–iv, di–iv,
e, f) Consecutive brain sections were immunostained and imaged at
40¥ magnification in an area similar to that of the dashed square in
c–i. OL cell (CC1-red, DAPI-blue) counts show severe loss of OLs
during DM and similar degree of recovery during RM in both males
and females. Further, males and females show comparable loss of
OLPs (olig2-red and PLP_EGFP-green) during DM and recovery during
RM (gi–iv and fi–iv). Increased fluorescence intensity of GFAP (red)
and CD45 (red) indicate significantly more reactive astrocyte and acti-
vated microglia in both sexes during the DM vs. NM condition. These
values continue to increase during RM in males, but remain at DM
levels in females, indicating a continually elevated secondary immune
response in males during RM (*P < 0.05; n = 8).
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NM, DM and RM conditions as compared to gonadally intact
females (Figure 2A f,g). Similar to gonadally intact females,
microglia and astrocyte staining intensity were upregulated under
RM and DM conditions in ovariectomized females (Figure 2A
h–k).

Circulating sex hormones and myelination:
effect of CST

Callosal conduction in CSTed mice during normal myelination
was significantly decreased compared to gonadally intact male

Figure 2. A. Ovariectomy (OVX) increases severity of demyelination
and reduces efficiency of remyelination in females. (ai,ii) CAP responses
for OVX females during NM (black), DM (red) and RM (blue). Repre-
sentative traces for CAP response to 4.0 mA stimulus in OVX females
induced a significant decrease in N1 peak amplitude during NM, DM and
RM as compared to gonadally intact female mice. Quantification of N1
CAP amplitude shows a significant decrease in peak N1 CAP amplitude
during DM with incomplete recovery during RM. DM is more severe,
and RM is less efficient in OVX females compared with gonadally intact
females. (bi–iii, c) MBP immunoreactivity imaged at 10¥ from the CC
under NM, DM and RM condition showed a significant decrease during
DM and a significant recovery during RM. (di–iii, e) Consecutive brain
sections were immunostained and imaged at 40¥ magnification from
various groups in an area similar to that of the dashed square in bi. OLs
stained with CC1 (red) and counterstained for nuclei with DAPI (blue).
Cell loss is significant during DM with partial but significant recovery
during RM. (fi–iii, g) OLPs expressing PLP_EGFP and stained with olig2
(red) show nonsignificant trends of decrease during DM and recovery
during RM. Cell counts are significantly lower than gonadally intact
counterparts. (hi–iii, i) Reactive astrocytes stained with GFAP (red) and
counterstained for nuclei with DAPI (blue) show a significant increase in
intensity that persists in DM and RM. (ji–iii, k) Microglia stained with
CD45 (red) and counterstained with DAPI (blue) show a significant
increase in immunoreactivity that persists during DM and RM
(*P < 0.05; n = 6). B. Castration increases the severity of demyelination
and reduces efficiency of remyelination in males. (ai–iii) CAP responses

for castrated (CSTed) males during NM (black), DM (red) and RM (blue).
Representative traces for CAP response to 4.0 mA stimulus in CSTed
mice induced a significant decrease in N1 peak amplitude during NM,
DM and RM as compared to gonadally intact mice. Quantification of N1
CAP amplitude shows severe N1 signal loss during DM with incomplete
recovery during RM. CSTed mice showed a more severe DM-induced
decrease and less efficient RM-induced increase in N1 amplitude as
compared to gonadally intact males. (bi–iii, c) MBP levels were
assessed by intensity changes in MBP (red) immunoreactivity during
NM, DM and RM. MBP immunoreactivity imaged at 10¥ from the CC
under NM, DM and RM. Quantification of MBP intensity showed a
significant decrease during DM in CST males, with significantly less
efficient recovery during RM as compared to gonadally intact males.
(di–iii, e) Consecutive brain sections were immunostained and imaged
at 40¥ magnification from various groups in an area similar to that of the
dashed square in bi. Mature OLs stained with CC1 (red) and counter-
stained with DAPI (blue) showed a significant loss of cells during DM
with partial but significant recovery during RM. (fi–iii, g) OLPs stained
with olig2 (red) and PLP_EGFP (green) cells show nonsignificant trends
of decrease during DM and recovery during RM. (hi–iii, i) GFAP+ astro-
cytes (red) counterstained with DAPI (blue) show a significant increase
in intensity that persists in DM and RM conditions. (ji–iii, k) CD45+
microglia (red) counterstained with DAPI (blue) showed a significant
increase in fluorescence intensity during DM that persisted during
RM. in CST + placebo males as compared to gonadally intact mice
(*P < 0.05; n = 8).
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groups (compare Figures 1A i–iii and 2B ai,ii). Specifically,
peak N1 amplitude at 4 mA current stimulus was 0.50 � 0.03 mV
for castrated vs. 0.80 � 0.02 mV for gonadally intact males.
Demyelination induced a significant decrease in N1 ampli-
tude: 0.13 � 0.01 mV for CSTed males as compared to
0.23 � 0.02 mV for gonadally intact males. The CSTed group’s
remyelination-induced N1 amplitude recovery of 0.27 � 0.02 mV
was also significantly attenuated compared to the gonadally intact
group’s N1 of 0.40 � 0.03 mV.

Callosal myelin staining intensity was significantly decreased
in CSTed animals under NM, DM and RM condition as com-
pared to gonadally intact animals (Figures 1B a,b and 2B b,c).
Callosal CC1+ OL numbers in NM, DM and RM groups of
CSTed animals were significantly decreased compared to corre-
sponding gonadally intact animals. In addition, olig2+ OLPs did
not recover in the RM condition and were significantly decreased
as compared to gonadally intact males (Figures 1B c–f and 2B
d,e). Microglia and astrocyte immunostaining intensity of CSTed
animals were significantly upregulated under NM, RM and DM
conditions compared to gonadally intact males (Figures 1B g–j
and 2B h–k).

Circulating sex hormones and myelination:
OVX plus estradiol treatment

To investigate the role of circulating estrogen on callosal conduc-
tion estrogen in the form of a time release estradiol (E2) pellet
was replaced in OVX females (OVX + E2). Callosal conduction of
OVX + E2 mice during normal myelination and remyelination was
significantly increased compared to OVX + placebo and gonadally
intact females (compare Figures 1A aii–iv, 2A ai,ii and 3ai,ii).
Peak N1 amplitude at 4 mA current stimulus was 1.20 � 0.10 mV
for OVX + E2 animals, 0.72 � 0.03 mV for OVX + placebo ani-
mals and 0.89 � 0.13 mV for gonadally intact females. Three-
week cuprizone diet in OVX + E2 animals resulted in significantly
less demyelination-induced decrease in N1 CAPs. Peak N1 ampli-
tude was 0.50 � 0.13 mV, nearly twice as much as for the
OVX + placebo group, under DM conditions (Figure 3ai,ii). RM
conditions in the OVX + E2 group induced a robust N1 peak
amplitude of 1.0 � 0.12 mV, which was significantly more than
those of the OVX + placebo (0.30 � 0.02 mV) and gonadally
intact groups (0.60 � 0.10 mV; P < 0.05, n = 6–12). Immunohis-
tochemical analysis of callosal MBP staining intensity and OL and
OLP numbers in OVX + E2 animals were significantly increased
compared to OVX + placebo animals under NM, DM and RM
conditions (Figure 3b–g). Presence of estradiol in ovariectomized
animals did not change the activation or numbers of microglia and
astrocyte staining compared to placebo-treated ovariectomized
animals (Figure 3h–k).

Circulating sex hormones and myelination: CST
plus DHT, T and estradiol treatment

To address the effect of circulating testosterone (T) on callosal
myelination without the potential confounding effect of its conver-
sion to estradiol, non-aromatizing dihydrotestosterone (DHT) was
used in CSTed animals. A small, but significant improvement was
observed in the N1 component of callosal CAP conduction of the
CST + DHT group as compared to the CST + placebo group

during NM and RM conditions. No effect of DHT was observed
during DM conditions (compare Figures 2B ai,ii and 4A ai,ii).
Peak N1 amplitude during the NM condition at 4 mA current
stimulus was 0.56 � 0.03 mV for the CST + DHT vs.
0.50 � 0.02 mV for the CST + placebo group. Remyelination-
induced N1 amplitude in CST + DHT group under the RM condi-
tion was 0.40 � 0.02 mV compared to 0.30 � 0.03 mV in the
CST + placebo group.

Under the NM condition, the CST + DHT group showed a
small, but nonsignificant improvement in callosal myelin staining
by MBP as compared to the CST + placebo group. No significant
difference was observed in DM and RM conditions between DHT
and placebo-treated castrated animals (Figure 4A,D). In addition,
DHT supplementation did not lead to significant changes in
callosal OL numbers under NM, DM and RM conditions
(Figure 4A,D). There was a significant improvement in olig2+

OLPs only during the RM condition (Figure 4A,D). No significant
difference was observed in microglia and astrocyte staining inten-
sity in NM, RM and DM conditions in CST + DHT compared to
CST + placebo groups (Figure 4A,D).

Next, the effect of T on callosal conduction in CSTed male mice
was tested. The CST + T group showed a significant improvement
in the N1 component of callosal CAP conduction during the NM
condition as compared to the CST + placebo group (compare
Figures 2B ai,ii and 4B ai,ii). Peak N1 amplitude during the NM
condition at 4 mA current stimulus was 0.65 � 0.02 mV for
CST + T vs. 0.50 � 0.02 mV for CST + placebo males. Demyeli-
nation in the CST + T group was similar to that of CST + placebo
animals. N1 CAP amplitudes during DM in CST + T and
CST + placebo groups were similar. Remyelination-induced N1
amplitude recovery was 0.40 � 0.01 mV, which was more than the
CST + placebo group’s peak amplitude of 0.30 � 0.03 mV.

Callosal myelin staining of CST + T animals showed a small
improvement compared to CST + placebo animals during NM. No
significant difference was observed in DM and RM conditions
between T- and placebo-treated CSTed animals (Figures 2B and
4B). Significant improvement in callosal OL numbers under DM
and RM condition was observed (Figure 4B,D). There was a sig-
nificant improvement in olig2+ OLPs during NM, DM and RM
condition with T supplementation compared to the placebo
alone (Figure 4B,D). No significant difference was observed in
microglia and astrocyte staining intensity in NM, RM and DM
groups of CST + T groups compared to CST + placebo groups
(Figure 4B,D).

The more robust improvement of callosal conduction with T
could be due to its aromatization to estradiol. To test the effect
of circulating estradiol hormone, male CSTed animals were
implanted with estradiol pellets (CST + E2). CST + E2 animals
under NM, DM and RM conditions showed a significant improve-
ment in the N1 CAP as compared to the CST + placebo group
(compare Figures 2B ai,ii and 4C ai,ii). Peak N1 amplitude during
the NM condition at 4 mA current stimulus was 0.70 � 0.02 mV
for the CST + E2 group vs. 0.50 � 0.02 mV for the
CST + placebo group. N1 CAP amplitudes under the DM
condition for the CST + E2 group were 0.32 � 0.06 mV vs.
0.20 � 0.02 mV for the CST + placebo group. Remyelination-
induced N1 amplitude recovery for the CST + E2 group was
0.62 � 0.04 mV, which was more than the CST + placebo group’s
peak amplitude of 0.30 � 0.03 mV.
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Figure 3. Estradiol (E2) hormone supplementation improves normal
myelination, partially ameliorates demyelination and accelerates remye-
lination. (ai–ii) CAP responses for E2-administered ovariectomized
(OVX) females under NM (black), DM (red) and RM (blue) conditions.
Representative traces for CAP response to 4.0 mA stimulus induced a
significant increase in N1 peak amplitude during NM, DM and RM.
Quantification of N1 CAP amplitudes reveals a significant increase in N1
peak amplitudes during NM, DM and RM as compared to placebo-
administered OVX and gonadally intact females. (bi–iii, c) Increased MBP
(red) staining intensity during NM, DM and RM condition in OVX + E2
was observed as compared to OVX + placebo mice. (di–iii, e) Consecu-
tive brain sections were immunostained for various markers and imaged

at 40¥ magnification in an area similar to the one shown by the dashed
squares in bi. Increased numbers of CC1+ OLs (red) counterstained with
DAPI (blue) were present in CC of OVX + E2 mice compared to
OVX + placebo mice. (fi–iii, g) Cells expressing PLP_EGFP and co-stained
with olig2 (red) had a sustained increase under NM, DM and RM
condition as compared to OVX + E2 mice. (hi–iii, i) GFAP+ astrocytes (red)
and counterstained with DAPI (blue) expressed increased fluorescence
during DM and RM condition, but were similar to OVX + placebo group.
(ji–iii, k) CD45+ (red) microglia counterstained with DAPI (blue) revealed
similar levels of fluorescence intensity during DM and RM in OVX + E2
and OVX + placebo groups (*P < 0.05; n = 8–12); (ANOVA; #P < 0.5,
n = 6–8; colors represent significance for NM, DM or RM).
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Callosal myelin staining of CST + E2 animals was significantly
increased in NM, DM and RM conditions as compared to
CST + placebo groups (Figures 2B and 4C,D). Significant
improvement in callosal OL numbers under the RM condition was
observed (Figures 2B and 4C,D). There was a significant improve-
ment in olig2+ OLPs during NM, DM and RM conditions in the
CST + E2 as compared to the CST + placebo group (Figures 2B
and 4C,D). No significant difference was observed in microglia
and astrocyte staining intensity under NM, DM and RM conditions
for the CST + E2 groups compared to the CST + placebo groups
(Figure 4D d,e).

Ultrastructure analysis of callosal axons

Finally, to quantify the effect of sex hormones on normal myeli-
nation, demyelination and remyelination, g-ratios (diameter of
axon/diameter of axon plus myelin sheath) of callosal axons were
calculated. High magnification electron micrographs of intact
females and males under the normal condition did not show sig-
nificant differences in numbers of myelinated and non-myelinated
axons (Figure 5A a). Quantification of g-ratio under NM
(0.79 � 0.01), DM (0.91 � 0.01) and RM (0.81 � 0.01) condi-
tions for intact females were similar to those of intact males under

�
Figure 4. A. Non-aromatizing hormone dihydrotestosterone (DHT)
supplementation in castrated (CST) males does not affect normal
myelination, demyelination or remyelination. (ai–ii) CAP responses for
DHT-administered CST males under NM (black), DM (red) and RM
(blue) condition. Representative traces for CAP response to 4.0 mA
stimulus induced a small increase in N1 peak amplitude during NM
and RM condition as compared to placebo-treated CST animals. N1
amplitude was significantly attenuated during DM in CST + DHT
similar to CST + placebo groups. Quantification of N1 CAP amplitudes
reveals small but significant increase in N1 peak amplitudes during
NM and RM compared to CST + placebo mice. (bi–iii) MBP (red)
immunostaining during NM, DM and RM in the CST + DHT group
showed a significant decrease during DM and an increase during RM,
but these changes were similar to those seen in the CST + placebo
group. (ci–iii) Consecutive brain sections were immunostained and
imaged at 40¥ magnification from various groups in an area similar to
that of the dashed square in bi. During DM condition, a significant
decrease and during RM, a significant recovery in CC1+ OLs-red coun-
terstained with DAPI-blue was observed in both CST + DHT and
CST + placebo groups. (di–iii) CST + DHT group showed an increase in
OLPs (PLP_EGFP-green + olig2-red) during RM condition as compared
to CST + placebo group. (ei–iii, fi–iii) GFAP+ astrocyte (red) and CD45+
microglia (red) counterstained with DAPI (blue) showed similar fluo-
rescence intensity increases in DM and RM condition and were
similar to CST + placebo mice (*P < 0.05; n = 10). B. Hormone replace-
ment with testosterone (T) partially reverses oligodendrocyte cell loss
and callosal conduction associated with demyelination and accelerates
recovery during remyelination of CST males. (ai,ii) CAP responses for
T-administered CST males under NM (black), DM (red) and RM (blue)
conditions. Representative traces for CAP response to 4.0 mA stimu-
lus induced a significant increase in N1 peak amplitude during NM and
RM condition as compared to placebo-treated CST animals. Quantifi-
cation of N1 CAP amplitudes reveals a significant increase in N1 peak
amplitudes of T-administered group under NM and RM condition as
compared to CST + placebo males. N1 amplitude was significantly
attenuated during DM in CST + T similar to CST + placebo groups. (bi–
iii) MBP immunostaining intensity in CST + T mice was significantly
decreased during DM but recovered during RM condition similar to
CST +placebo mice. (ci–iii) Consecutive brain sections were immunos-
tained and imaged at 40¥ magnification from various groups in an area
similar to that of the dashed square in bi. A significant increase in OLs
(CC1-red+DAPI-blue) under NM, DM and RM in the CST + T group
was observed. The number of OLs was significantly increased as
compared to CST + placebo group. (di–iii) There was a significant
increase in OLPs (PLP_EGFP-green + olig2-red) in CST + E2 group
under NM, DM and RM conditions as compared to CST + placebo

mice. (ei–iii, fi–iii) GFAP+ astrocytes (red) and CD45+ microglia (red)
counterstained for nuclei with DAPI (blue) showed similar increases in
fluorescence intensity during DM and RM conditions similar to
CST + placebo mice (*P < 0.05; n = 8). C. Hormone replacement with
estradiol (E2) partially reverses OL cell loss associated with demyeli-
nation and accelerates recovery during remyelination of CST males.
(ai–ii) CAP responses for E2-administered CST males under NM
(black), DM (red) and RM (blue) condition. Representative traces for
CAP response to 4.0 mA stimulus induced a significant increase in N1
peak amplitude during NM and RM condition as compared to placebo-
treated CST animals. N1 amplitude was significantly attenuated during
DM in CST + E2 similar to CST + placebo groups. Quantification of N1
CAP amplitudes reveals a significant increase in N1 peak amplitudes
of E2-administered group under NM, DM and RM condition as com-
pared to CST + placebo males. (bi–iii) MBP (red) immunostaining inten-
sity was significantly increased for CST + E2 under NM, DM and RM
condition as compared to CST + placebo. (ci–iii) OLs stained with CC1
(red) and counterstained with DAPI (blue) showed significant cell loss
during DM and significant recovery during RM. CST + E2 group had a
significant increase in CC1+ OLs under NM and RM condition as com-
pared to CST + placebo group. (di–iii) There was a significant increase
in olig2+ OLPs (PLP_EGFP-green + olig2-red) with E2 supplementation
under NM, DM and RM condition as compared to CST + placebo
groups. (ei–iii) GFAP+ astrocytes (red) and CD45+ microglia (red)
showed increased staining intensity under DM and RM condition that
was similar to CST + placebo mice. (*P < 0.05; n = 8). D. Summary of
results of (from left to right) placebo-, DHT-, T- and E2- pellet
implanted castrated animals during normal myelination, demyelination
and remyelination. (a) MBP fluorescence intensity showing similar
decreases during DM and increases during RM conditions within
placebo-, DHT-, T- and E2-supplemented CST groups. E2 supplement
was the only hormone to increase fluorescence intensity significantly
for NM, DM and RM condition in CST + E2 as compared to
CST + placebo. E2 supplementation circumvents the negative aspect
of castration on MBP staining intensity under all conditions. (b) More
so, under RM conditions, CC1+ OL cell count per area was increased
in T- and E2-implanted but not DHT-implanted castrated animals. (c)
Similarly, under RM conditions, olig2+ OLPs showed a significant
increase in cell count per area under all hormone replacement para-
digms as compared to CST + placebo. Moreover, T and E2 supple-
ment supported elevated OLP and OL cell counts during NM, pointing
to a direct hormonal role in OLP proliferation. (d,e) GFAP fluorescence
intensity and CD45 fluorescence intensity, normalized to 100%,
shows equal reactivity and did not change with hormone replacement
(t-test *P < 0.05 n = 8–12; ANOVA, #P < 0.5, n = 6–8; colors represent
significance for NM, DM or RM).
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NM (0.79 � 0.01), DM (0.93 � 0.02) and RM (0.81 � 0.02) con-
ditions (Figure 5A b).

OVX increased the number of thinly myelinated and demyeli-
nated callosal axons, but this was reversed in OVX + E2 animals
(Figure 5B a,b). The calculated g-ratio of the OVX + placebo
group under NM (0.83 � 0.01) and RM (0.85 � 0.01) conditions
were significantly different from OVX + E2 callosal axons under
NM (0.80 � 0.02) and RM (0.83 � 0.01) conditions, but this was
not the case under the DM condition (0.91 � 0.02 and 0.90 � 0.03
respectively; Figure 5B c).

CST in males also induced an increase in unmyelinated axons
(Figure 5C ai, aii). DHT, T, estradiol (E2) pellet implantation in

castrated males showed variable effects (Figure 5C a–d). There
were less unmyelinated axons in castrated groups treated with
either T or E2 but not DHT. CST + DHT males were similar to
placebo-administered CSTed animals. Quantification of myeli-
nated and non-myelinated axons during cuprizone diet-induced
demyelination and subsequent normal diet remyelination showed a
significant difference between groups. Placebo-implanted NM
(0.84 � 0.01), DM (0.93 � 0.05), and RM (0.86 � 0.02) and
DHT-implanted NM (0.83 � 0.01), DM (0.93 � 0.05), and RM
(0.84 � 0.01)-castrated groups had similar g-ratios. However,
T-implanted NM (0.81 � 0.02), and RM (0.82 � 0.03) groups and
E2-implanted NM (0.80 � 0.01 and RM (0.81 � 0.001) CSTed

Figure 5. A. Similar g-ratios in callosal axons of male and female
groups. To quantify effects of sex hormones on normal myelination,
demyelination and remyelination, g-ratios (diameter of axon/diameter of
axon + myelin sheath) were measured. Electron micrographs of CC
axons from normal myelination condition of gonadally intact females (ai)
and males (aii) are shown. Calculated g-ratio of intact male and female
from NM, DM and RM groups show a significant increase in g-ratio
during the demyelination phase and a significant recovery during the
remyelinating phase (b). B. Effect of OVX and estradiol (E2) replacement
on callosal axon myelination. The effect of OVX and estradiol add-back
is represented by electron micrographs of CC axons from normal myeli-
nation groups. OVX significantly increased the number of thinly myeli-
nated and non-myelinated axons as compared to gonadally intact groups
(ai,ii). OVX animals implanted with estradiol significantly increased the
number of myelinated axons (bi,ii). Calculated g-ratio of OVX alone and
OVX + E2 callosal axons female from NM, DM and RM, group show a
significant increase in g-ratio during the demyelination phase and a

significant recovery during the remyelination phase (c). Callosal axons
from OVX + E2 groups during normal myelination and remyelination
showed a significant decrease in g-ratios as compared to OVX +
placebo. C. Effect of castration and hormone replacement on callosal
axon myelination. Castration also induced an increase in unmyelinated
axons (ai,ii). Dihydrotestosterone (DHT), testosterone (T) and E2 pellets
implanted in castrated males showed variable effects on recovery of
axon myelination (a–d). There were less unmyelinated axons in cas-
trated groups treated with either T or E2, but not DHT, which were
similar to castrated animals implanted with placebo. Quantification of
myelinated and non-myelinated axons during cuprizone diet-induced
demyelination and subsequent remyelination showed a significant dif-
ference between groups. T and E2 implanted animals had more myeli-
nated axons compared to placebo- and DHT-implanted groups (t-test
*P < 0.05; n = 3, ANOVA; #P < 0.5; colors represent significance for
NM, DM or RM. Images are at taken at 4800¥ (i) and 7200¥ (ii) and the
scale bar is 1 mm.
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groups were significantly different from the placebo-treated
CSTed groups (t-test *P < 0.05, n = 3, ANOVA, #P < 0.05).

DISCUSSION
Though sex hormones are mostly known for their role in sex organ
development and physical maturation during puberty, the brain is
a prominent target for sex steroid hormones. Sex steroids operate
as trophic factors affecting brain development and plasticity. The
role of sex hormones in myelination has been speculated but
not established. Direct impact of sex hormones on glial cells can
influence axon myelination (for review, see (18, 30)). In 1966,
Curry and Heim reported that estradiol administration causes an
increase in myelination of neonatal rat brain (14). Many studies
performed with OLP/OL cell culture have shown increased yields
of OLPs in female cultures (27). Progesterone presence also
increases the number of OLs, formation of myelin sheaths and
synthesis of myelin proteins (1). T can induce OL differentiation
and amplify excitotoxic damage of OLs acting via activation of
AMPA/kainate receptors (7, 27). In vivo analysis of rodent brain
and spinal cord has shown an increase in number of OL in males
compared to females (9). Overall, sex steroids have been shown to
influence OL development and axon myelination, and they have
the potential to affect the processes of demyelination, remyelina-
tion and axonal damage.

Similar to previous studies (8), we also found sex differences in
number of OLP/OLs, where increased number of OLs in the male
CC and proliferating OLPs in the female CC were observed. We
hypothesized that the differential OL/OLP numbers in males and
females will contribute to differences in axon myelination and axon
conduction. Instead, neither increases in myelinated callosal axons
nor increase in callosal conduction were observed in males com-
pared to females. The potential reason for different number of OL
and OLPs in male and females could be strictly due to a difference
in the environment (including hormone differences) and/or the rate
of proliferation and differentiation of the cells as speculated earlier
(8). These differences could be pivotal in establishing the differ-
ences in the rates of demyelination during disease and remyelination
during repair. In support of this conclusion, cuprizone diet-induced
demyelination caused a more severe decrease of callosal conduction
in males as compared to females with no significant differences in
myelin density. Similarly, the remyelination paradigm induced less
callosal conduction recovery in males as compared to females,
without changes in myelin density. The difference in number of
OLPs and OLs in male and females during demyelination and
remyelination were not significant. Whether differentiating OLPs in
the female brain are responsible for more efficient remyelination
than in males, or whether fewer differentiating OLPs in the male
brain lead to inefficient remyelination is unclear. We did not find a
correlation to support the hypothesis. Surprisingly, the only differ-
ence in immunoreactivity between males and females was increased
number of activated microglia and astrocytes in males vs. females
during remyelination.These activated astrocytes and microglia may
be responsible for increased production of cytotoxic factors, includ-
ing proinflammatory cytokines and reactive oxygen intermediates,
and this could be one of the reasons for decreased remyelination in
males vs. females.

GDX induced a significant decrease in OLP/OL numbers,
number of myelinated axons and axon conduction during all

myelinating conditions confirming the positive role of sex hor-
mones in axon myelination. GDX effects on normal myelination,
demyelination and remyelination were more severe in males as
compared to females.

Hormone replacement by estradiol administration in ovariect-
omized females caused an overall increase in OLP/OL numbers,
axon myelination and axon conduction as compared to placebo-
administered ovariectomized females under all myelinating condi-
tions. E2 pellets at 0.025 mg/kg/day are known to induce a
continuous ~10–25 pg/mL E2 serum level (2, 6, 33) compared to
2–5 pg in ovariectomized mice implanted a with placebo pellet
(33). The E2 concentration of 20–30 pg/mL serum level with the
0.025 mg pellet in OVX females is near the diestrus levels and is
not “>100 pg/mL E2 neuroprotective serum levels” that has been
used in various disease models (2, 32). It is to be noted that with
the implanted E2 pellet, E2 release is continuous and not cyclical,
in contrast to gonadally intact females that undergo regular estrous
cycle. Steady E2 levels may have a more potent and dramatic effect
on OL lineage cell and myelination as the OVX + E2 group
showed greater myelination, and conduction than gonadally intact
females during NM, DM and RM. Similar increases in OLPs and
number of myelinated axons were observed in pregnant mice with
a sustained increase in estrogens (19).

Hormone replacement studies in CSTed males were more
complex as CST decreases circulating T levels. T can influence
myelination by activating androgen receptors, and estradiol recep-
tors following aromatization. Unlike OVXed females, which were
only implanted with estradiol, CST males were implanted with
DHT, T or estradiol pellets. First, to assess the effect of T on
myelination and axon conduction not mediated by estradiol, DHT
was favored as it originates via irreversible reduction of T by
5alpha-reductase enzyme. DHT pellets at 5 mg/kg/day induce a
continuous ~1.4 ng/mL (5) serum level compared to 0.2 ng/mL in
castrated mice with placebo pellet and ~1.5 ng/mL in intact or sham
surgery males (6). Second, we used T to mimic more physiological
conditions. T pellets at 5 mg induce a continuous ~2 ng/mL (6)
compared to less than 0.1 ng/mL in placebo pellet-implanted CST
mice and ~2 ng/mL serum level in intact or sham surgery males (6).
Lastly, estradiol was used to understand the extent of estradiol effect
in males because of aromatization of T to estradiol. Estradiol
pellets at 0.025 mg/kg/day potentially induce a continuous 20–
30 pg/mL (16, 22) serum level compared to 10–20 pg/mL in
placebo-implanted CST mice and 10–20 pg/mL in intact or sham
surgery males (5, 22).

The effect of hormone replacement in castrated males was
surprising. Instead of finding increased callosal myelination
and conduction with DHT, compared to other hormones,
estradiol = T > DHT improved callosal conduction during normal
myelination. The same order also decreased the demyelination
extent and significantly improved remyelination as compared to
placebo-administered castrated groups. Even though, estradiol > T
induced a significant increase in myelin staining intensity during
remyelination, T > estradiol > DHT induced an increase in number
of mature OLs during NM and RM, whereas estradiol > T > DHT
induced a dramatic increase in number of OLPs under all condi-
tions. Replacement of castrated males with DHT, T and estradiol
had no effect on the extent of astrocyte and microglia activation.
Thus, circulating estradiol (and T) seems to play an important role
in maintaining the normal integrity of callosal myelination and
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axon conduction, while GDX has a significant negative impact on
this integrity. This is not surprising given that sex hormone surges
during the prenatal period, and later phases of life are known to
affect brain organization (9, 38).

The results presented in this report are a starting point to under-
standing the role of sex hormones on axon myelination during
development and disease. These experiments only address the
effect of circulating serum hormone effects on callosal axon con-
duction because of potential changes in myelination and not axon
health or hormone effects on related neurons (future study). Cupri-
zone treatment disrupts estrous cyclicity in female mice and leads
to diminished weights of sex organs in male and female mice (41).
In gonadally intact animals, this could interfere with potential
hormone influences on demyelination and remyelination. Addi-
tional studies should be performed in another demyelinating
mouse model (e.g., the lysolecithin model) to support and confirm
the above effects. Androgens are produced in testes and adrenals,
but in the present study, CST was done by only removing testes-
dependent T. In addition, brain regions may still convert locally
produced T to estradiol; hence, a completely steroid-free environ-
ment is not achieved. In future studies, to confirm the effects of
lack of gonadal hormones on OLs and axon myelination, use of
developmental and OL conditional aromatase knockout and estro-
gen receptor knockout mice will have to be performed.

In conclusion, the use of GDX and hormone manipulations using
the cuprizone diet-induced demyelination and subsequent normal
diet remyelination model provides evidence for a significant role of
circulating sex hormones, especially estrogen, on callosal myelina-
tion. These types of animal studies address the influence of sex
steroids on animal brain structure giving valuable insights into the
etiology of healthy human brain maturation, and they also serve as
a model for the development of neuropsychiatric illnesses and
neurodegenerative disorders that present a skewed sex ratio.
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