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Gonadal Steroids Maintain 24 h Acetylcholine Release in the
Hippocampus: Organizational and Activational Effects in
Behaving Rats

Dai Mitsushima, Kenkichi Takase, Toshiya Funabashi, and Fukuko Kimura
Department of Physiology, Yokohama City University Graduate School of Medicine, 236-0004 Yokohama, Japan

Extracellular acetylcholine (ACh) levels in the dorsal hippocampus increases during learning or exploration, exhibiting a sex-specific 24 h
release profile. To examine the activational effect of gonadal steroid hormones on the sex-specific ACh levels and its correlation with
spontaneous locomotor activity, we observed these parameters simultaneously for 24 h. Gonadectomy severely attenuated the ACh levels,
whereas the testosterone replacement in gonadectomized males or 17�-estradiol replacement in gonadectomized females successfully
restored the levels. 17�-Estradiol-priming in gonadectomized males could not restore the ACh levels, and testosterone replacement in
gonadectomized females failed to raise ACh levels to those seen in testosterone-primed gonadectomized males, revealing a sex-specific
activational effect. Spontaneous locomotor activity was not changed in males by gonadectomy or the replacement of gonadal steroids, but
17�-estradiol enhanced the activity in gonadectomized females. Gonadectomy severely reduced the correlation between ACh release and
activity levels, but the testosterone replacement in gonadectomized males or 17�-estradiol replacement in gonadectomized females
successfully restored it. To further analyze the sex-specific effect of gonadal steroids, we examined the organizational effect of gonadal
steroids on the ACh release in female rats. Neonatal testosterone or 17�-estradiol treatment not only increased the ACh levels but also
altered them to resemble male-specific ACh release properties without affecting levels of spontaneous locomotor activity. We conclude
that the activational effects of gonadal steroids maintaining the ACh levels and the high correlation with spontaneous locomotor activity
are sex-specific, and that the organizational effects of gonadal steroids suggest estrogen receptor-mediated masculinization of the
septo-hippocampal cholinergic system.

Introduction
Cholinergic activation of the hippocampus is necessary for both
spatial and contextual memory consolidation (Gale et al., 2001;
Wallenstein and Vago 2001; Herrera-Morales et al., 2007). Extra-
cellular acetylcholine (ACh) levels in the hippocampus increase
during exploration or learning (Ragozzino et al., 1996; Stancam-
piano et al., 1999; Giovannini et al., 2001), exhibiting a clear
diurnal rhythm (Mitsushima et al., 1998). The episodic activation
of septo-hippocampal cholinergic system is important for the
generation of theta oscillations (Lee et al., 1994; Buzsáki 2002)
that modulate the induction of long-term potentiation (LTP) in
the hippocampal CA1 neurons (Hyman et al., 2003). Moreover,
the released ACh not only enhances synaptic plasticity via the
muscarinic M1/M2 receptors (Seeger et al., 2004; Shinoe et al.,
2005), but is also responsible for neurogenesis in the dentate
gyrus (Mohapel et al., 2005; Kotani et al., 2006).

Spatial memory in rats requires the dorsal hippocampus
(Moser et al., 1995; O’Keefe and Burgess 1996), which exhibits

sex-specific extracellular ACh levels (Masuda et al., 2005). Male
rats have significantly higher ACh levels in the dorsal hippocam-
pus than females, which is consistent with superior spatial ability
in males (Jones et al., 2003; Jonasson 2005). We previously hy-
pothesized that sex-specific ACh levels could be attributed to the
organizational and/or activational effects of gonadal steroids
(Mitsushima et al., 2008b). Although neuroanatomical, neuro-
chemical, and behavioral evidence have suggested an activational
effect of gonadal steroids on the septo-hippocampal cholinergic
neurons for decades (Luine et al., 1986; Gibbs and Pfaff 1992;
Daniel et al., 1997; Mufson et al., 1999; Kritzer et al., 2001;
Markowska and Savonenko 2002; Miettinen et al., 2002; Naka-
mura et al., 2002), conclusive evidence has been lacking in freely
behaving rats. Further, the organizational effect of gonadal ste-
roids on ACh levels is completely unknown.

Acetylcholine levels episodically change with spontaneous
movement (Day et al., 1991; Mitsushima et al., 1996) that stim-
ulates electrical activity of cholinergic neurons in the basal fore-
brain (Buzsáki et al., 1988). Moreover, voluntary running en-
hances neurogenesis, spatial learning, and synaptic plasticity in
mice (van Praag et al., 1999). In contrast, a restriction of explor-
atory behavior reduces ACh levels as well as the spatial learning
(Mitsushima et al., 1998, 2001). Therefore, it is necessary to rule
out the possibility that the effects of gonadal steroids reflect the
change in spontaneous locomotor activity. By simultaneous
monitoring of ACh levels and spontaneous locomotor activity,
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we revealed a sex-specific activational effect of gonadal steroids
on the 24 h ACh release profile in freely behaving rats. Moreover,
the sex-specific activational effect was affected by neonatal estra-
diol injection, suggesting sexual differentiation of septo-
hippocampal cholinergic system.

Materials and Methods
Subjects
Male and female Wistar-Imamichi rats were obtained from Animal Re-
production Research at 7– 8 weeks of age. Same sex groups of 2–3 rats
were housed in plastic cages (length 31 cm, width 47 cm, height 20 cm) at
a constant temperature of 23 � 1°C under a constant cycle of light and
dark (lights on: 5:00 A.M. to 7:00 P.M.). Food and water were available ad
libitum in all experimental periods. All animal housing and surgical pro-
cedures were in accordance with the guidelines of the Institutional Ani-
mal Care and Use Committee of the Animal Research Center, Yokohama
City University Graduate School of Medicine.

Experimental design
Experiment I. To examine the activational effect of gonadal steroids on
sex-specific extracellular ACh levels, each sex was divided into 4 –5
groups. Male groups were (1) gonadally intact male rats (Males), (2)
orchidectomized rats (ORX), (3) orchidectomized testosterone-primed
rats (ORX�T), and (4) orchidectomized 17�-estradiol-primed rats
(ORX�E); female groups were (1) gonadally intact diestrous female rats
(Diestrous Females), (2) gonadally intact female rats from proestrus to
estrus (Proestrous Females) (3) ovariectomized rats (OVX), (4) ovariec-
tomized testosterone-primed rats (OVX�T), and (5) ovariectomized
17�-estradiol-primed rats (OVX�E). Gonadectomy was performed
14.8 � 0.6 d before the in vivo experiment, and a testosterone or 17�-
estradiol capsule was subcutaneously implanted on the day of the gonad-
ectomy. To make a 17�-estradiol capsule, we packed a 1:4 mixture of
17�-estradiol (Sigma) and cholesterol crystals in a piece of SILASTIC
tubing (15 mm length per 250 g body weight, i.d. 2.0 mm, o.d. 3.0 mm;
Dow Corning). To make a testosterone capsule, we packed testosterone
crystals (Sigma) in a piece of SILASTIC tubing (30 mm length per 250 g
body weight, i.d. 2.0 mm, o.d. 3.0 mm; Dow Corning). Using the testos-
terone capsule, we maintained serum testosterone levels at the levels in
intact males. Using the 17�-estradiol capsule, we maintained serum 17�-
estradiol levels at the levels in proestrous female rats (Mitsushima et al.,
2008b). We previously confirmed the efficacy of the hormone treatments
at the behavioral level: OVX�E females showed high lordosis quotient
(�90%) and persistent vaginal cornification (N � 10). In contrast,
ORX�T males displayed vigorous mounting and anogenital sniffing to-
ward the receptive females (N � 10).

Experiment II. To examine the organizational effect of gonadal steroids
on the ACh levels, an in vivo microdialysis study was performed in neo-
natally steroid-treated female rats. On the day of birth and 24 h later,
testosterone propionate (100 �g/50 �l, Sigma), 17�-estradiol benzoate
(100 �g/50 �l, Sigma), 5�-dihydrotestosterone (100 �g/50 �l, Fluka
Chemie), or sesame oil (50 �l) was subcutaneously injected into the back
skin of pups as previously described (Mong et al., 1999; Amateau et al.,
2004). After maturation (8 weeks old), the rats were ovariectomized and
a testosterone capsule was subcutaneously implanted. We performed in
vivo microdialysis 16.2 � 0.4 d after the procedure. To confirm that the
neonatal steroid treatment was effective in inducing sexual differentia-
tion, we observed behavioral responses to a sexually receptive female for
10 min after the dialysate sampling.

Surgery
Under sodium pentobarbital anesthesia (30 –50 mg/kg, i.p.), a stainless-
steel guide cannula (outer diameter, 0.51 mm) was implanted stereotaxi-
cally into the right side of the dorsal hippocampus. The coordinates were
4.0 – 4.3 mm anterior from the ear-bar, 3.0 mm lateral to the midline, and
2.1–2.2 mm below the surface of the brain according to the brain atlas of
Paxinos and Watson (1997). The coordinates were adjusted based on sex
and body weight. After cannula implantation, a stylet was inserted into
the guide until the microdialysis was performed. Although rats were
reared and housed in group cages, each rat was individually housed in a

cylindrical plastic cage (diameter � 35 cm, height � 45 cm) for 10.5 �
1.4 d. During this period, vaginal smears were taken from the female rats
to confirm expression of the normal estrous cycle. Male rats were han-
dled for a short time daily.

In vivo microdialysis
The experiment was performed in an electromagnetic- and sound-
shielded room (Mitsushima et al., 2006; Jitsuki et al., 2009) (length 1.2 m,
width 2.2 m, height 2.3 m). The stylet was replaced with a microdialysis
probe the day before the experiment (outer diameter � 0.31 mm, AI-8-1;
Eicom Co.). A two-channel fluid swivel device (SSU-20; Eicom Co.) was
connected to the inlet and outlet of the probe. During the experiment, an
artificial CSF solution (containing, in mM: 147 NaCl, 4 KCl, 1.2 CaCl2, 0.9
MgCl2) was infused through the dialysis probe with 1.0-mm-long semi-
permeable membrane at a rate of 1.2 �l/min using a microdialysis pump
(CMA/102; Carnegie Medicin). The rats were housed individually in
their cage, and the dialysis was performed under unanesthetized, freely
moving conditions (Mitsushima et al., 2006, 2008b). After the overnight
stabilization period, dialysates were automatically collected in an auto-
injector (24 �l) (EAS-20; Eicom Co.) every 20 min for 24 h and the same
volume of ethylhomocholine solution (100 nM) was mixed in as the
internal standard. This mixture was injected directly into a HPLC col-
umn every 20 min (Takase et al., 2007; Mitsushima et al., 1998). In intact
female rats, we collected dialysates on diestrous days (i.e., from diestrous
1 to diestrous 2) or the days from proestrus to estrus.

Biochemical analysis of ACh
To examine in vivo ACh levels without artificial chemicals, no eserine was
used in the present study (Takase et al., 2007). ACh was quantified by a
combination of HPLC column, enzyme reaction, and electrochemical
detection (HTEC-500; Eicom Co.). A solution consisting of 0.1 mM

Na2HPO4, pH 8.5, containing 200 mg/L sodium 1-decanesulfonate (Al-
drich Chemical Company) was delivered as the HPLC mobile phase at a
rate of 150 �l/min. After sample separation in a styrene polymer column
(AC-GEL; Eicom Co.), ACh was converted to hydrogen peroxide by a
postcolumn enzyme reactor (AC-ENZYMPAK; Eicom Co.) containing
immobilized acetylcholinesterase and choline oxidase. The hydrogen
peroxide was detected with an electrochemical detector with a least de-
tectable amount of 5–10 fmol/sample.

To calculate the recovery rate of each dialysis probe, in vitro experi-
ments were also performed. The amount of ACh collected every 20 min
was divided by the in vitro recovery rate to estimate the extracellular ACh
levels. The in vitro recovery rate was determined for individual probes
and applied to the results from individual rats (mean � SEM; 13.4 �
0.5%).

Measurement of spontaneous locomotor activity
During dialysate collection, the rats were individually housed in cylindri-
cal plastic cages (diameter 35 cm, height 45 cm) placed on dielectric
constant sensors with counters (ACTMONITOR II; Dia Medical System
Co.). The spontaneous locomotor activity was evaluated by changes in
the dielectric constant and recorded in a personal computer every 20 min
for 24 h (VAIO PCG-Z1/P, Sony) using an interface unit (DAS-008;
Neuroscience Inc.) (Mitsushima et al., 1996, 1997). Activity counts were
individually normalized by body weight using a previously described
formula (Takase et al., 2007).

Histology
After the sampling, the animals were deeply anesthetized and perfused
with a 10% formalin solution. Frozen coronal sections (50 �m thick)
were sequentially cut from the forebrain using a microtome (MA-101;
Yamato Koki Co.). The location of the dialysis probe was microscopically
verified in the frozen sections (Fig. 1).

Statistics
In experiment I, extracellular ACh levels or spontaneous locomotor ac-
tivity were analyzed by three-way ANOVA with repeated measures; be-
tween group factors were sex and steroid, and within group factor was
time points. Correlation coefficient or slope was analyzed by two-way
factorial ANOVA, where the variables were sex and steroid. These were
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followed by post hoc ANOVAs with the Fisher
protected least significant difference test. Sim-
ple linear regression was used to evaluate the
relationship between ACh levels and spontane-
ous locomotor activity. Pearson’s correlation
coefficient (Mitsushima et al., 1996) and slope
of the best fit line (Takase et al., 2009) were
calculated for each individual rat. To perform
the ANOVAs, proestrous and diestrous female
groups were combined as cycling females.

In experiment II, ACh levels or spontaneous
locomotor activity were analyzed by two-way
ANOVA with repeated measures; between
group factor was neonatal steroid treatment,
and within group factor was time points. This
was followed by post hoc ANOVAs with the
Fisher protected least significant difference test.
The effect of neonatal gonadal steroids on cor-
relation coefficient, slope, or sexual behavior
was analyzed by one-way factorial ANOVA fol-
lowed by the post hoc test. p � 0.05 was consid-
ered statistically significant.

Results
Extracellular ACh levels
All groups exhibited an episodic ACh release profile in the dorsal
hippocampus throughout the day, confirming the presence of a
significant diurnal rhythm. In male groups (Fig. 2A), the orchi-
dectomy clearly reduced extracellular ACh levels, which were
successfully restored by testosterone replacement. However,
17�-estradiol replacement could not restore ACh levels in ORX
males. In female groups (Fig. 2B), the extracellular ACh levels
were clearly reduced by ovariectomy, and 17�-estradiol replace-
ment successfully restored them. Testosterone replacement
slightly, but significantly, increased the levels. Three-way
ANOVA found the main effects of steroid (F(3,3763) � 9.159, p �
0.01) and time (F(71,3763) � 56.026, p � 0.01). Significant inter-
actions were also observed between sex and steroid (F(3,3763) �
2.977, p � 0.04), between steroid and time (F(213,3763) � 1.780,
p � 0.01), and among sex, steroid, and time (F(213,3763) � 2.098,
p � 0.01). Intact male rats had significantly greater ACh levels
than cycling female rats ( p � 0.01). Moreover, ORX�T males
had significantly greater ACh levels than OVX�T females ( p �
0.01), whereas ORX�E males had significantly smaller ACh lev-
els than OVX�E females ( p � 0.01). The results of the statistical
analysis are summarized in Figure 2, C and D.

Spontaneous locomotor activity
All groups exhibited an episodic locomotor activity profile
throughout the day, showing a clear diurnal rhythm. In male
groups (Fig. 2A), orchidectomy and hormone replacement after
orchidectomy did not alter observed locomotor activity. In con-
trast, female groups (Fig. 2B) exhibited some differences in re-
sponse to ovariectomy and hormone replacement. Although
proestrous and OVX�E females had relatively higher locomotor
activity than diestrous females, the levels in OVX or OVX�T
females were similar to the levels in diestrous females. Three-way
ANOVA found the main effects of sex (F(1,3763) � 7.318, p � 0.01)
and time (F(71,3763) � 46.084, p � 0.01). Significant interaction
was also observed among sex, steroid and time (F(213,3763) �
1.252, p � 0.01). OVX�E females had significantly greater loco-
motor activity than cycling, OVX, or OVX�T females ( p �
0.01). The results of the statistical analysis are summarized in
Figure 2, C and D.

Correlation between the ACh and locomotor activity
Both sexes exhibited a positive correlation between the ACh levels
and the spontaneous locomotor activity. Representative cases of
2 gonadally intact and 2 ORX males are shown in Figure 3A.
Although the ACh levels in intact males (#100 and #102) were
highly correlated with the spontaneous locomotor activity, the
ACh levels in ORX males (#88 and #107) were not always high
when they are moving. The individual results of simple linear
regression analysis are shown in Figure 3B. Intact males had a
higher correlation coefficient and a steeper slope of the fit line
than ORX males. All correlation and slope data were summarized
in Figure 3, C and D. For the correlation coefficient, two-way
ANOVA showed that the main effect of steroid (F(3,53) � 16.328,
p � 0.01) and the interaction between sex and steroid (F(3,53) �
3.501, p � 0.02) were significant. For the slope of the fit line, the
main effects of sex (F(1,53) � 13.220, p � 0.01) and steroid (F(3,53)

� 7.137, p � 0.01), as well as the interaction between sex and
steroid (F(3,53) � 6.568, p � 0.01) were significant. In the male
groups, reduced correlation and slope in ORX males ( p � 0.01)
were successfully restored in ORX�T males (Fig. 3C). Similarly,
in the female groups, a reduced correlation in OVX females ( p �
0.01) was successfully restored by treatment with either 17�-
estradiol or testosterone, although the slope was relatively small
and without difference (Fig. 3D). Moreover, data from intact
males had a significantly steeper slope than cycling females ( p �
0.01), showing a sex-specific ACh release property.

Neonatal gonadal steroid treatments
To examine the organizational effect of gonadal steroids on 24 h
ACh release, we subcutaneously injected oil, testosterone, 17�-
estradiol, or 5�-dihydrotestosterone into neonatal female rats
(Experiment II, see Materials and Methods). At 8 weeks of age,
either dihydrotestosterone- or oil-treated rats showed normal 4 d
estrous cycles, whereas 17�-estradiol-treated rats showed clear
constant estrus. The vagina did not open in all testosterone-
treated rats. Then, the four groups of rats were bilaterally ovari-
ectomized, and a testosterone capsule was implanted.

The ACh levels exhibited a clear diurnal rhythm in all 4
groups. Although neonatal testosterone or estradiol treatment
significantly increased the ACh levels, the effect was not clear in
neonatal dihydrotestosterone treatment (Fig. 4A). Two-way
ANOVA found the main effect of time (F(71,1633) � 26.201, p �

Figure 1. Location of the microdialysis probes within the dorsal hippocampus. Vertical lines represent the 1.0 mm length of the
dialysis membrane. CC, Corpus callosum; DG, dentate gyrus; LP, lateral posterior nucleus. The number indicates the distance
posterior to the bregma.
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0.01) and the interaction between treatment and time (F(213,3763)

� 1.252, p � 0.01). The results of the statistical analysis are sum-
marized in Figure 4B.

Locomotor activity exhibited a clear diurnal rhythm in all 4
groups, but the effect of neonatal treatment was not clear (Fig.
4A). Two-way ANOVA found the main effect of time (F(71,1633) �
20.406, p � 0.01), but the main effect of treatment or the inter-
action was not significant (Fig. 4B).

The results of regression analysis are shown in Figure 4C.
Although there was no difference in the correlation coefficient
(F(3,23) � 1.405, p � 0.05), data from neonatally testosterone
(neo T)- or 17�-estradiol-treated (neo E) rats had a steeper slope
of the fit line than oil-treated rats (neo oil), revealing male-
specific ACh release (F(3,23) � 5.230, p � 0.01). In addition, neo-
natal dihydrotestosterone treatment may masculinize the ACh
release property (neo DHT, p � 0.06 vs neo oil). Moreover, the
neonatal testosterone or estradiol treatment enhanced male-like
copulatory behavior in the rats (Table 1, F(3,23) � 10.139, p �
0.01).

Discussion
In experiment I, we found an activational effect of gonadal ste-
roids on the extracellular ACh levels in the dorsal hippocampus
of behaving rats; the levels were severely reduced after gonadec-
tomy and testosterone replacement in ORX males or 17�-
estradiol replacement in OVX females successfully restored them.
Moreover, testosterone replacement in OVX females failed to
increase ACh to the levels seen in ORX�T males. In experiment
II, neonatal androgenization not only increased ACh levels but

also altered ACh release to resemble that of males without affect-
ing spontaneous activity levels. This is the first report showing an
organizational effect of gonadal steroids on sex-specific ACh re-
lease profiles in behaving rats.

The activational effects of gonadal steroids on cholinergic
neurons are consistent with previous neuroanatomical and neu-
rochemical findings. For example, orchidectomy decreases the
density of cholinergic fibers in the dorsal hippocampus, whereas
testosterone replacement in ORX male rats maintains fiber den-
sity (Nakamura et al., 2002). Also, 17�-estradiol increases the
induction of choline acetyltransferase in the basal forebrain in
OVX female rats (Luine et al., 1986; McEwen and Alves, 1999). A
previous in vitro study demonstrated that 17�-estradiol treat-
ment increases both high affinity choline uptake and ACh syn-
thesis in basal forebrain neurons (Pongrac et al., 2004). Further-
more, we recently reported an activational effect of gonadal
steroids on the maintenance of stress-induced ACh release in the
dorsal hippocampus in immobilized rats (Mitsushima et al.,
2008b). Despite all of this evidence suggesting the activational
effect of gonadal steroids on ACh release in the dorsal hippocam-
pus, conclusive evidence such as dynamic ACh changes under
physiological conditions has not been presented in behaving an-
imals. Because spontaneous movement increases extracellular
ACh levels (Day et al., 1991; Mitsushima et al., 1996), we simul-
taneously analyzed ACh levels and spontaneous locomotor activ-
ity to determine the precise effect of gonadal steroids. In the
present study, we found that gonadectomy impaired ACh levels
without affecting spontaneous locomotor activity levels. More-

Figure 2. A–D, Activational effects of gonadal steroids on the extracellular ACh levels and spontaneous locomotor activity. In male groups (A), ORX reduced the ACh levels without changing the
spontaneous locomotor activity. Replacement of testosterone (�T) but not 17�-estradiol (�E) restored the ACh levels. In female groups (B), OVX reduced the ACh levels. Testosterone replacement
in OVX females failed to raise ACh levels to those seen in testosterone-primed ORX males. Replacement of 17�-estradiol not only maintained ACh levels, but also enhanced spontaneous locomotor
activity. Horizontal black bars indicate the dark phase. Overall levels of ACh and spontaneous locomotor activity were statistically summarized for male (C) and female (D) groups. *p � 0.01
compared with gonadally intact males. #p � 0.01 compared with cycling females (diestrous and proestrous groups were combined for statistical analysis). The number of rats in each group is shown
in parentheses. Data are expressed as the mean � SEM.
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over, the activational effect on ACh levels was clear especially
during active period, although it is not clear during resting period
(Mitsushima et al., 2008b). Our results provide the first evidence
that the 24 h extracellular ACh levels in the dorsal hippocampus
are dependent on the presence of gonadal steroids.

Acetylcholine levels were still sex-specific under the compara-
ble gonadal steroids levels. For example, testosterone replace-
ment in OVX females failed to increase ACh levels to those seen in

ORX�T males. Moreover, 17�-estradiol replacement was un-
able to restore ACh levels in ORX males. These results may be
consistent with previous neuroanatomical reports at the spine
synapse level. First, estradiol benzoate consistently increases the
NMDA receptor binding and spine density in the CA1 area of
OVX females, although the treatment fails to increase the param-
eters in ORX males (Romeo et al., 2005; Parducz et al., 2006).
Second, androgens are important in maintaining normal spine

Figure 3. A, Correlation between ACh levels and spontaneous locomotor activity in 2 gonadally intact and 2 ORX male rats. B, Simple linear regression analysis showed that the data from intact
males (#100 and #102) had a steep slope of the fit line, whereas the data from ORX males (#88 and #107) had a gentle slope. C, Orchidectomy reduced both correlation and slope, with testosterone
replacement (�T) restoring the property in male groups. D, OVX reduced the correlation, with steroid replacement either testosterone or 17�-estradiol (�E) restoring the property in female
groups. *p � 0.01 compared with males (both correlation and slope). #p � 0.01 compared with cycling females (correlation only). Moreover, intact males had significantly steeper slope than
cycling females ( p � 0.01). Data in C and D represent the means � SEM.

Figure 4. Organizational effects of gonadal steroids on ACh levels in female rats. At postnatal days 0 and 1, female pups were given oil (neo oil), testosterone (neo T), 17�-estradiol (neo E), or
5�-dihydrotestosterone (neo DHT). After maturation, the rats were bilaterally ovariectomized and given testosterone replacement. A, Neo oil or neo DHT rats exhibited relatively low ACh levels,
whereas neo T or neo E rats enhanced the ACh levels compared with male rats. B, Overall levels of ACh and spontaneous locomotor activity were statistically summarized for neonatally
steroid-treated female rats. Neo T or neo E treatment significantly enhanced the mean ACh levels in female rats without changing the spontaneous locomotor activity. C, In simple linear regression
analysis, neo T or neo E data had significantly steeper slope than neo oil data. *p � 0.01 compared with neo oil. The number of rats in each group is shown in parentheses. Data are expressed as the
mean � SEM.
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synapse numbers on CA1 pyramidal neurons, whereas estrogen is
important only in females (MacLusky et al., 2006). These findings
suggest that the activational effects of gonadal steroids are sex-
specific and essential for maintaining hippocampal functions.
Based on the reports, together with the present data from exper-
iment I, we hypothesized that the action of sex-specific steroids is
the result of neonatal sexual differentiation rather than the acti-
vational effect of gonadal steroids in adult rats.

In experiment II, we examined the organizational effects of
testosterone under the comparable gonadal steroids levels. Be-
cause ACh levels exhibited distinct sex difference in gonadecto-
mized testosterone-primed condition (see ORX�T vs OVX�T),
we chose the steroid condition to evaluate the organizational
effects. Without gonadal steroid-priming, gonadectomized rats
did not show a clear sex difference. In gonadectomized 17�-
estradiol-primed condition, it would be difficult to interpret the
sex-specific ACh levels, because 17�-estradiol increases sponta-
neous locomotor activity in OVX females. We found that neona-
tal testosterone injection not only increased the ACh levels but
also altered the ACh release property to resemble the male-
specific profile without changing spontaneous activity levels.
These results provide the first evidence that neonatal testosterone
exposure sexually differentiates septo-hippocampal cholinergic
neurons.

We further analyzed the organizational effect of testosterone
using 17�-estradiol and 5�-dihydrotestosterone. 17�-Estradiol
is the aromatized product of testosterone, acting as an estrogen
receptor agonist. In contrast, 5�-dihydrotestosterone is the 5�-
reduced metabolite of testosterone, acting as an androgen recep-
tor agonist. Because testosterone can be converted to 17�-
estradiol or 5�-dihydrotestosterone in neonatal rat brain (Zwain
and Yen, 1999), neonatal testosterone can activate both estrogen
and androgen receptors (McEwen, 1981). Concerning other sex-
specific functions, estrogen receptor is known to mediate the
activation of male copulatory behavior and the disruption of es-
trous cyclicity (McEwen, 1981; Herath et al., 2001), whereas an-
drogen receptors mediate the masculinization of social play
(Meaney et al., 1983). In experiment II, not only testosterone but
also 17�-estradiol treatment in neonatal female pups masculin-
ized ACh release property in adults, suggesting estrogen receptor-
mediated masculinization of septo-hippocampal cholinergic sys-
tems. Consistently, testosterone or estradiol treatment in
neonatal female pups improves their adult spatial performance,
whereas neonatal gonadectomy in male pups causes decrements
in the performance (Williams and Meck 1991). In contrast, neo-
natal 5�-dihydrotestosterone treatment may partly masculinized
the ACh release property, but failed to increase the overall ACh
levels. Although 5�-dihydrotestosterone has been classically con-
sidered a prototypical androgen receptor agonist, a metabolite of
5�-dihydrotestosterone, 5�-androstane-3�,17�-diol (3�-diol),
has higher affinity for estrogen receptor � (Lund et al., 2006).
Therefore, 5�-dihydrotestosterone and its metabolites (3�-diol)
may stimulate both androgen receptor and estrogen receptor �,
whereas 17�-estradiol stimulates estrogen receptor � and �.

Considering the action of gonadal steroids and their metabolites,
estrogen receptor � may mediate the organizational effect on
septo-hippocampal cholinergic system and spatial learning
performance.

Acetylcholine in the dorsal hippocampus has physiological
relevance. Behavioral studies have demonstrated that the level of
extracellular ACh increases during learning (Ragozzino et al.,
1996; Stancampiano et al., 1999) and is positively correlated with
memory performance (Gold, 2003). Endogenous ACh in the hip-
pocampus plays an important role in both spatial and contextual
memory consolidation. Bilateral injections of scopolamine into
the dorsal hippocampus impair both spatial learning (Herrera-
Morales et al., 2007) and contextual encoding in male rats (Wal-
lenstein and Vago 2001). At the cellular level, both pyramidal and
nonpyramidal neurons in the hippocampal CA1 area receive di-
rect cholinergic afferents mediated by the muscarinic receptors
(Cole and Nicoll 1983; Widmer et al., 2006).

Interestingly, both in vivo learning (Whitlock et al., 2006) and
in vitro bath application of carbachol, a cholinergic agonist, in-
duce LTP in the hippocampal CA1 region without artificial teta-
nus stimulus (Auerbach and Segal 1996). Furthermore, gene dis-
ruption of muscarinic M2 receptors not only impairs spatial
learning but also blocks the carbachol-induced LTP in the
Schaffer collateral pathway to the hippocampal CA1 region
(Seeger et al., 2004), suggesting the involvement of muscarinic
M2 receptors. Although the molecular mechanism of carbachol-
induced LTP was unknown, Shi et al. (2001) demonstrated that
synaptic delivery of AMPA receptors is a mechanism of electri-
cally induced LTP. Moreover, in vitro patch clamp recording
demonstrated that focal application of ACh induces long-lasting
enhancement of Schaffer collateral EPSCs at the CA1 pyramidal
neurons (Fernández de Sevilla et al., 2008). Based on these find-
ings, we hypothesized that the ACh released in the hippocampus
enhances glutamatergic transmission in CA1 pyramidal neurons,
playing a principal role in hippocampal learning. Finally, by com-
bining Herpes virus-mediated in vivo gene delivery with in vitro
patch-clamp recordings (Takahashi et al., 2003), we previously
revealed that learning-induced ACh release mediates synaptic
delivery of AMPA receptors in CA1 pyramidal neurons
(Mitsushima et al., 2008a).

In the present study, we found reduced correlation between
ACh levels and locomotor activity levels in gonadectomized rats,
suggesting that hippocampal function in rats may not always be
activated at a subthreshold level of gonadal steroids. High posi-
tive correlation between ACh levels and activity levels depends on
the presence of gonadal steroids. It is therefore possible, that the
learning impairment in gonadectomized rats (Gibbs and Pfaff
1992; Kritzer et al., 2001; Markowska and Savonenko 2002; Luine
et al., 2003) may be attributable to insufficient ACh levels in the
hippocampus when it is required for memory. These results sug-
gest that circulating gonadal steroids strengthen the coupling be-
tween spontaneous behaviors and ACh levels, which in turn, may
activate the learning function in the hippocampus at the appro-
priate time.

In humans, circulating levels of gonadal steroids decline with
age. Moreover, a reduction in ACh synthesis is known as a com-
mon feature of Alzheimer’s disease (Coyle et al., 1983), afflicting
�18 million people worldwide (Ferri et al., 2005; Mount and
Downtown 2006). The disease is the most common form of de-
mentia (Cummings 2004) and is frequently accompanied by in-
somnia, poor concentration, or day/night confusion (McCurry et
al., 2004; Starkstein et al., 2005). Centrally active acetylcholines-
terase inhibitor (donepezil) is effective in not only mild, but also

Table 1. Mounting behaviors in neonatally steroid-treated rats

Group Number of animals Number of mounts per 10 min

neo oil 7 8.3 � 1.4
neo T 7 23.0 � 3.3*
neo E 7 23.9 � 2.5*
neo DHT 6 10.3 � 2.8

*Significantly different from neo oil (p � 0.01).
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moderate to severe cases (Petersen et al., 2005; Winblad et al.,
2006), proving the importance of endogenous ACh in humans.
In addition, women are twice as likely to develop the disease
(Swaab and Hofman 1995), and estradiol seems to play a protec-
tive role (Zandi et al., 2002; Norbury et al., 2007). A recent study
using single photon emission tomography showed that estrogen
replacement therapy in healthy women increases muscarinic
M1/M4 receptor binding in the hippocampus (Norbury et al.,
2007). Conversely in men, testosterone but not estradiol seems to
play a protective role (Moffat et al., 2004; Rosario et al., 2004) and
testosterone supplementation clearly improved hippocampus-
dependent learning deficits in men with Alzheimer’s disease
(Cherrier et al., 2005). These results suggest a sex-specific activa-
tional effect of gonadal steroids on the cholinergic system in hu-
mans. Thus, there are many similarities between the rat model
and the human studies, supporting the idea that the gonadal
steroids replacement or an increase in their bioavailability is nec-
essary when there is a subthreshold level of the hormone. Based
on the neonatal sexual differentiation of the septo-hippocampal
cholinergic system, we may have to search for sex-specific clinical
strategies for Alzheimer’s disease.
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