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Modulation of hippocampal synaptic plasticity by androgen has been attracting much attention. Thorns
of thorny excrescences of CA3 hippocampal neurons are post-synaptic regions whose presynaptic part-
ners are mossy fiber terminals. Here we demonstrated rapid effects of dihydrotestosterone (DHT) and
testosterone (T) on the density of thorns, by imaging Lucifer Yellow-injected neurons in adult male rat
hippocampal slices. The application of 10 nM DHT or T induced rapid increase in the density of thorns
within 2 h. The androgen-mediated increase was suppressed by blocking several kinases, such as Erk
MAPK, p38 MAPK, PKC, and CaMKII. On the other hand, PKA, PI3K were not involved in the signaling
of thorn-genesis. The increase in the thorn density by androgen was also blocked by the inhibitor of clas-
sical androgen receptor. Almost no difference was observed between DHT and T in the effect on the thorn
density. We observed that the androgen-induced thorn-genesis is opposite to estrogen-induced thorn-
degeneration.

� 2009 Elsevier Inc. All rights reserved.
Introduction

The hippocampus is essentially involved in learning and mem-
ory processes, and is known to be a target for the modulatory ac-
tions of androgen and estrogen from not only the gonads but
also the hippocampus [1–6]. Extensive studies have been per-
formed to investigate their role in modulating hippocampal plas-
ticity and function, slowly and genomically (over 1–5 days). The
density of dendritic spines of pyramidal neurons in the CA1 region
of the hippocampus is modulated in vivo by the depletion and
replacement of androgens [3]. Compared to the CA1 region
(responsible for spatial memory), the effect of androgen on CA3
pyramidal neurons remains almost unknown. The CA3 was consid-
ered as a region where control associative memory [7,8]. In the
stratum lucidum of the CA3, pyramidal neurons have huge and
complex post-synaptic structures, named thorny excrescences.
One thorny excrescence consists of multiple heads named thorns
with one neck along a dendritic branch [9,10]. One mossy fiber ter-
minal of dentate granule cells contacts multiple thorns of thorny
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excrescences of CA3 neuron. Thorny excrescences may play essen-
tial roles on hippocampal function. Chronic restraint stress has in-
duced retraction of thorny excrescences, which has subsequently
been reversed after water maze training. On the other hand, water
maze training alone has increased the volume of thorny excres-
cence as well as the number of thorns per thorny excrescence [11].

As a preceding study, we observed that estradiol (estrogen) in-
duced rapid decrease of thorns in CA3 stratum lucidum within 2 h,
and this rapid estradiol modulation of thorny excrescences was
mediated by Erk MAPK [4–6,12]. We here demonstrate that andro-
gens rapidly induce the increase of the thorns by driving several ki-
nases. Because testosterone (T) may be partially converted to
estradiol by hippocampal endogenous aromatase [4,6,13–18], pos-
sible difference of dihydrotestosterone (DHT), non-aromatizable
androgen, and T is also investigated.

Materials and methods

Animals. Twelve-week-old adult male Wistar rats were pur-
chased from Saitama Experimental Animal Supply. All experiments
using animals in this study were conducted according to the insti-
tutional guidelines.

Chemicals. Cyclosporin A, dihydrotestosterone, Lucifer Yellow
CH, LY-294,002, SB203580, SP600125, testosterone, and U0126
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were purchased from Sigma (USA). Chelerythrine, KN-93, and Rott-
lerin were purchased from Calbiochem (Germany). H-89 was pur-
chased from Biomol (USA). Hydroxyflutamide was purchased from
Wako Pure Chemicals (Japan).

Current injection of Lucifer Yellow. Adult male rats were anesthe-
tized with ethyl ether and decapitated. The brains were removed
and placed in artificial cerebrospinal fluid (ACSF) at 4 �C. The hip-
pocampus was dissected and 400 lm transverse slices to the long
axis from the middle third of the hippocampus were cut with a
vibratome (Dosaka, Japan). ACSF consisted of (mM): 124 NaCl,
5.0 KCl, 1.25 NaH2PO4, 2.0 MgSO4, 2.0 CaCl2, 22 NaHCO3, and 10
glucose, and was equilibrated with 95% O2/5% CO2. Hippocampal
slices were transferred into an incubating chamber containing
ACSF held at 25 �C for 2 h for recovery. Slices were then incubated
with 0.1–10 nM DHT or T together with several protein kinase
inhibitors. Slices were then fixed with 4% paraformaldehyde in
PBS at 4 �C overnight. Neurons within slices were visualized by
an injection of Lucifer Yellow (Molecular Probes, USA) under Nikon
E600FN microscope (Japan) equipped with a C2400-79H infrared
camera (Hamamatsu Photonics, Japan) and with a 40� water
immersion lens (Nikon, Japan). Dye injection was performed with
glass electrode filled with 5% Lucifer Yellow for 15 min, using Axo-
patch 200B (Axon Instruments, USA). Approximately five neurons
within a depth of 100–200 lm from the surface of a slice were in-
jected with Lucifer Yellow [19].

Confocal laser scan microscopy and analysis. The imaging was
performed from sequential z-series scans with confocal laser scan
microscope (LSM5; Carl Zeiss, Germany) at high zoom (�3.0) with
a 63�water immersion lens, NA 1.2. For Lucifer Yellow, the excita-
tion and emission wavelengths were 488 nm and 515 nm, respec-
tively. Three-dimensional image was reconstructed from
approximately 40 sequential z-series sections of every 0.45 lm
with a 63� water immersion lens, NA 1.2. The applied zoom factor
(�3.0) yielded 23 pixels per 1 lm. The z-axis resolution was
approximately 0.71 lm. The confocal lateral resolution was
approximately 0.26 lm. Our resolution limits were regarded to
Fig. 1. Changes in the density of thorns by androgens in hippocampal slices. Maximal inte
along the primary dendrites of hippocampal CA3 pyramidal neurons. Left image shows a
drug-treatments (Control), dendritic thorns after 10 nM DHT- (DHT) or T-treatment (T)
be sufficient to allow the determination of the density of thorns.
Confocal images were then deconvoluted using AutoDeblur soft-
ware (AutoQuant, USA).

In each slice, 2–3 neurons with more than 100 thorns were ana-
lyzed, and at least 90 thorns were counted on each frame. In total,
N = 4–13 neurons and N = 300–1000 total were analyzed for each
drug treatment. The density of thorns was analyzed by tracing neu-
rons with Neurolucida software (MicroBrightField, USA). The single
apical dendrite which had thorns was analyzed separately. These
dendrites were present within the stratum lucidum, within
100 lm from the soma. The density of thorns was calculated from
the number of thorns along both primary and secondary dendrites
having a total length of 20–100 lm. While counting the thorns in
reconstructed images, the position and verification of thorns were
aided by three-dimensional reconstructions and by observation of
the images in consecutive single planes.

Statistical analysis. The significance of DHT, T, or drug effect was
examined via statistical analysis using Tukey–Kramer post-hoc
multiple comparisons test when one-way ANOVA tests yielded
P < 0.05.

Result

We investigated the effect of DHT or T on the modulation of the
thorn density in the hippocampus CA3 stratum lucidum. Lucifer
Yellow-injected neurons in hippocampal slices from 12 week-old
male rats were imaged using confocal laser scan microscopy
(Fig. 1). Thorny excrescences were located on apical dendrites
within 100 lm from the soma, on which mossy fiber terminals
attached.

Androgens increased the density of thorns in CA3 stratum lucidum

Following a 0.5–4 h treatment with DHT or T, treated dendrites
had significantly more thorns than control dendrites (i.e. with no
DHT or T). Time dependency was examined by treating slices for
nsity projections onto XY plane from z-series confocal micrographs, showing thorns
traced whole image of Lucifer Yellow-injected CA3 neuron. Dendritic thorns without
for 2 h, bar 2 lm.
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0.5, 1, 2, and 4 h with 10 nM DHT or 10 nM T. The enhancing effect
on the total thorn density was approximately proportional to the
incubation time, showing 2.6 (0.5 h), 3.0 (1 h), 3.2 (2 h), and 3.0
thorns/lm (4 h) in DHT-treatments, and 2.5 (0.5 h), 2.6 (1 h), 3.2
(2 h), and 3.1 thorns/lm (4 h) in T-treatments (Fig. 2A and B). Dose
dependency was also examined after a 2 h incubation. In DHT-
treatment group, the enhancing effect was most significant at
10 nM DHT (3.2 ± 0.2 thorns/lm) compared with 1 nM
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Fig. 2. Effect of androgens on the thorn density of CA3 neurons. (A and B) Time
dependency of DHT and T. (A) No treatment with DHT (0 h), 0.5 h treatment (0.5 h),
1 h treatment (1 h), 2 h treatment (2 h), and 4 h treatment in ACSF with 10 nM DHT
(4 h). (B) No treatment with T (0 h), 0.5 h treatment (0.5 h), 1 h treatment (1 h), 2 h
treatment (2 h), and 4 h treatment in ACSF with 10 nM T (4 h). (C and D) Dose
dependency of DHT and T. (C) A 2 h treatment in ACSF without DHT (0 nM), with
1 nM DHT (1 nM), with 10 nM DHT (10 nM), and with 100 nM DHT (100 nM). (D) A
2 h treatment in ACSF without T (0 nM), with 1 nM T (1 nM), with 10 nM T (10 nM),
and with 100 nM T (100 nM). Vertical axis is the average number of thorns per 1 lm
dendrite. Results are reported as mean ± SEM. The significance yielded *P < 0.05,
**P < 0.01 to 0 h or 0 nM.
(2.5 thorns/lm) and 100 nM (3.1 thorns/lm) DHT. In T-treatment
group, the enhancing effect was most significant at 10 nM T
(3.2 ± 0.2 thorns/lm) compared with 1 nM (2.5 thorns/lm) and
100 nM (2.9 thorns/lm) T. Because a 2 h treatment with 10 nM
DHT or 10 nM T was most effective for thorn-genesis, these incuba-
tion time and concentration were used in the following investiga-
tions unless specified. (Fig. 2C and D).

A 2 h treatment with DHT or T increased thorns from
2.2 thorns/lm (control, i.e. with no DHT or T) to 3.2 (10 nM DHT)
or 3.2 thorns/lm (10 nM T). These results indicate that the enhanc-
ing effect of thorn-genesis by DHT and T is nearly identical. Block-
ing of androgen receptor (AR) by 1 lM hydroxyflutamide, a specific
inhibitor of AR, completely abrogated the enhancing effect of DHT
or T on the thorn density (2.2 or 2.2 thorns/lm, respectively).
Washing DHT or T by treating slices with ACSF for another 2 h after
DHT- or T-treatment abolished the effect of DHT or T (2.3 or
2.6 thorns/lm, respectively). (Fig. 3A and B).

The effect of androgens was blocked by several kinase inhibitors

Next we investigated kinase signaling pathways involved in the
androgen-induced thorn-genesis by using specific inhibitors for ki-
nases. Blocking of Erk MAPK, by application of 25 lM U0126, abol-
ished the DHT or T effect on the increase of the thorn density,
resulting in 2.4 or 2.3 thorns/lm, respectively (Fig. 4A and B).
Application of 10 lM SB203580, a p38 MAPK inhibitor, also pre-
vented the effect by DHT or T resulting in 2.4 or 2.5 thorns/lm,
respectively. Further, 1 lM KN-93, an inhibitor of CaMKII, reversed
the effect of DHT or T (2.4 or 2.3 thorns/lm, respectively) (Fig. 4A
and B). 1 lM cyclosporin A, an inhibitor of calcineurin (protein
phosphatase 2B), abolished the effect of DHT or T (2.3 or
2.3 thorns/lm, respectively). On the other hand, 10 lM H-89, an
inhibitor of protein kinase A (PKA), did not inhibit the enhancing
effect but even increased the thorn density to 4.1 (DHT) or 4.1
(T) thorns/lm, respectively. A PI3 kinase inhibitor, 10 lM
LY294002, also did not alter the increase of thorn density induced
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Fig. 3. Effect of receptor blocker on the thorn density in the CA3 neurons. (A) A 2 h
treatment in ACSF without drugs (Control), with 10 nM DHT (DHT), with 10 nM
DHT and 1 lM hydroxyflutamide (HF + DHT), and with 10 nM DHT followed by 2 h
washout with ACSF (Washout). (B) A 2 h treatment in ACSF without drugs (Control),
with 10 nM T (DHT), with 10 nM T and 1 lM hydroxyflutamide (HF + T), and with
10 nM T followed by 2 h washout with ACSF (Washout). Vertical axis is the average
number of thorns per 1 lm. Results are reported as mean ± SEM. The significance
yielded *P < 0.05, **P < 0.01.
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Fig. 4. Effect of kinase inhibitors on the changes in the density of thorns by DHT or
T. (A) Effect of kinase inhibitors in the presence of DHT on the total thorn density in
CA3 neurons. A 2 h treatment in ACSF without drugs (Control), with 10 nM DHT
(DHT), with 10 nM DHT and 25 lM U0126 (Erk MAPK inhibitor) (U + DHT), with
10 nM DHT and 10 lM SB203580 (p38 MAPK inhibitor) (SB + DHT), with 10 nM
DHT and 10 lM H-89 (PKA inhibitor) (H-89 + DHT), with 10 nM DHT and 10 lM
LY294002 (PI3K inhibitor) (LY + DHT), with 10 nM DHT and 10 lM Chelerythrine
(PKC inhibitor) (Chel + DHT), with 10 nM DHT and 5 lM Rottlerin (PKCd inhibitor)
(Rot + DHT), with 10 nM DHT and 1 lM KN-93 (CaMKII inhibitor) (KN + DHT), and
with 10 nM DHT and 1 lM cyclosporin A (calcineurin inhibitor) (CsA + DHT). (B)
Effect of kinase inhibitors in the presence of T on the total thorn density in CA3
neurons. A 2 h treatment in ACSF without drugs (Control), with 10 nM T (T), with
10 nM T and 25 lM (U + T), with 10 nM T and 10 lM SB203580 (SB + T), with 10 nM
T and 10 lM H-89 (H-89 + T), with 10 nM T and 10 lM LY294002 (LY + T), with
10 nM T and 10 lM Chelerythrine (Chel + T), and with 10 nM T and 5 lM Rottlerin
(Rot + T), with 10 nM T and 1 lM KN-93 (KN + T), and with 10 nM T and 1 lM
cyclosporin A (CsA + T). Vertical axis is the average number of thorns per 1 lm.
Results are reported as mean ± SEM. The significance yielded *P < 0.05, **P < 0.01.
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by DHT or T (2.9 or 3.2 thorns/lm, respectively). When all subfam-
ilies of protein kinase C (PKC) were blocked by 10 lM cheleryth-
rine, a non-selective PKC subfamily inhibitor, the enhancing
effect of DHT or T on the thorn density was considerably abrogated
(2.5 or 2.5 thorns/lm, respectively). However, selective inhibition
of PKCd (by 5 lM rottlerin) did not suppress both DHT- and T-ef-
fect (3.2 and 3.4 thorns/lm, respectively).

Discussion

The current study demonstrated that the activation of AR by
both DHT and T induced a rapid increase of thorns of thorny exc-
rescences in CA3 pyramidal neurons of the adult male rat hippo-
campus. In addition, almost no difference was observed between
DHT and T concerning thorn-genesis depending on kinase signal-
ing. These results suggest that the conversion of T to estradiol is
not significant within 2 h incubation with hippocampal slices.
Androgen-induced changes have not been investigated in the stra-
tum lucidum of the CA3, until the current study. An extremely con-
centrated distribution of thorny excrescences, as compared with
sparse distribution of spines located in other regions, such as
CA1, may have prevented detailed analysis of thorny excrescences
by previous studies using Golgi staining methods [1,20]. We were
able to analyze the number of thorns by the high-resolution image
analysis of Lucifer Yellow-injected neurons, using deconvolution,
and digital three-dimensional analysis. The rapid modulation of
thorns observed in the current study is a novel phenomenon and
is essential for consideration of the synaptic plasticity affected by
androgen. There is much evidence that mossy fiber terminals orig-
inating from granule cells in the dentate gyrus provide excitatory
inputs to CA3 neurons via thorny excrescences in the stratum luci-
dum [10,21–24]. Our data imply that DHT or T may significantly
enhance the excitatory input to CA3 from dentate gyrus by increas-
ing the density of thorns. Because the effect of T had been blocked
by HF as well as that of DHT, we confirmed that T-effect was di-
rectly mediated by AR, not by its aromatase metabolite, estradiol.
The expression of AR in the CA3 region has been demonstrated
by immunoelectron microscopy as well as immunohistochemistry
and in situ hybridization [25–27]. The intracellular distribution of
AR has been found not only in the nuclei and cytoplasm but also
in axon terminals and dendritic thorns [25], supporting the possi-
bility that androgen-induced acute thorn-genesis may be mediated
by extranuclear AR located in synapses.

It is important to compare the effect of androgen and estrogen
on CA3 thorns. Our preceding study indicated that 1 nM estradiol
application for 2 h significantly decreased the thorn density in hip-
pocampal CA3 from 2.2 to 1.5 thorns/lm (by approximately 30%)
[12]. On the other hand, current study revealed that androgens
oppositely increased the thorns by approximately 50%. It is inter-
esting that both androgen and estrogen activated Erk MAPK, but
its outcomes on the thorn density are completely opposite. In this
report, we demonstrated that androgen-induced thorn-genesis
mediated by p38 MAPK, CaMKII, calcineurin, and PKC subfamilies,
and that PKA, PI3K, and PKCd were not included in the signaling.
Such enzymes other than Erk MAPK may contribute to induce dif-
ferent effects of androgen and estrogen.

Over a decade, only a few reports have appeared regarding
investigations of the effect of androgens on CA3 neurons. Neonatal
castration has decreased the dendritic length, number of branches,
and volume of neurons in adult hippocampal CA3, and androgens
replacement has restored these deficits [28]. On the other hand,
in the CA1 region, a number of investigations have been performed
concerning the change in the spine density induced by androgens.
Gonadectomy decreased the synapses in male rat hippocampus
CA1, and the replacement of androgens by subcutaneous injection
has restored the level of the total spine density after three days
[3,29,30]. In addition to endocrine-derived hormones, we have re-
cently demonstrated the endogenous de novo synthesis of andro-
gens in male adult rat hippocampal neurons [13–15]. By using
liquid chromatography tandem mass spectrometry, we have deter-
mined the concentrations of DHT and T in freshly isolated rat hip-
pocampal slices to be 7 nM and 17 nM, respectively [4]. However,
because the slices were incubated for 2 h in ACSF before exogenous
androgen application, the concentration of androgens in the hippo-
campal slices decreased down to below 0.5 nM during the incuba-
tion. Accordingly, the increase of thorns after supplementation of
10 nM DHT or T in the current study may reflect restorative effect
of DHT or T. These results imply that hippocampal neurons are ex-
posed to local DHT and T, which might regulate synaptic plasticity
rapidly.
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