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A  sex  difference  has  been  reported  in  the  responsiveness  of  the vomeronasal  (VN)  system  to  pheromones.
In  the  present  study,  to clarify  a direct  and  acute  influence  of  17�-estradiol  (E2)  on the  accessory  olfactory
bulb  (AOB)  neurons,  we  investigated  the effect  of  E2  on  dendritic  spines  in  cultured  AOB  cells  derived  from
male  and  female  neonatal  rats. After 17–18  days  in vitro  (DIV),  cultured  AOB  cells  were  transfected  with
GFP  expression  vectors.  At 21–23  DIV, cells  were  treated  with  E2,  and  time-lapse  images  of  transfected
AOB  neurons  identified  as  granule  cells  were  taken  under  a confocal  laser  scanning  microscope  for  3  h. The
rimary cell culture
endritic spines
7�-Estradiol
ive imaging
ranule cells

dendritic  spine  head  area  of  granule  cells  was  quantitatively  evaluated,  and  spine  heads  were  classified
into  larger  (≥1  �m2)  and  smaller  (<1  �m2)  ones  before  E2-treatment  (0 h).  In cultured  cells  derived  from
both  sexes,  the larger  spines  were  not  significantly  changed  at 1, 2 and  3 h after  E2-treatment.  In  contrast,
E2-treatment  significantly  enlarged  the  head  area  of  the  smaller  spines  of  granule  cells derived  from  the
female, whereas  E2  did  not  cause  any  significant  effects  on those  from  the  male.  Our  results  provide
evidence  for  the  sexually-dimorphic  effect  of E2  on  spine  development  in  AOB  granule  cells.
. Introduction

The accessory olfactory bulb (AOB) is one of the constitutes of
he vomeronasal (VN) system and plays a critical role in the per-
eption and processing of pheromonal signals. Sensory neurons in
he VN organ (VNO) project to the AOB, which in turn projects
o the bed nucleus of stria terminalis (BST) and the vomeronasal
mygdala [17,19,30,35].  Neurons in those areas then project to var-
ous hypothalamic nuclei and the preoptic area (POA) to regulate
ormone secretions and sociosexual behaviors [5,7,23].

It has been indicated that circulating sex steroids strongly affect
esponses to pheromones through modulating the processing of
heromonal information in the VN system. Especially, E2 is one of
he sex steroids known with potent influence on the VN system
2,3,10,11]. Halem et al. [10] have demonstrated that E2 affects the

ctivity of VNO neurons. They showed that E2-treatment signif-
cantly increased Fos-immunoreactive neurons in the VNO after
xposure to soiled male bedding. Sulfated steroids, present in
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mouse urine, were recently found to activate VNO neurons [27].
Meeks et al. [21] have showed that 12 sulfated steroids, includ-
ing sulfated androgens and estrogens, directly cause widespread
changes in the activity of VNO neurons via vomeronasal recep-
tors (VRs) and each VNO neuron expresses one or more VRs whose
expressions are regulated by sex steroids including E2 [1].  Further-
more, the activity of AOB neurons and its downstream neurons
is known to be influenced by circulating steroids. For example,
ovariectomized female rats treated with E2 showed increases in
neuronal Fos-immunoreactivity in the AOB, vomeronasal amyg-
dale, BST and medial POA after exposure to soiled bedding from
sexually active males, compared to those in ovariectomized ani-
mals [2,3,10,11].  Taken together, these findings suggest that
information of E2 can be transmitted to AOB neurons, change their
activities via projections of VNO neurons, and then transmitted
to the downstream neurons. On the other hand, E2 is also indi-
cated to affect the AOB through centrifugal feedback projections,
since the AOB receives considerable feedback projections from the
amygdala and BST that richly express estrogen receptors (ERs) [25].

Fan and Luo [8] recently showed that ERs are expressed in a sub-
stantial number of neurons in the amygdala and BST projecting to
the AOB. These results suggested that central hormonal cues may
modulate the processing of pheromonal signals at the AOB  through

dx.doi.org/10.1016/j.neulet.2011.06.005
http://www.sciencedirect.com/science/journal/03043940
http://www.elsevier.com/locate/neulet
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were largely classified into two types (Fig. 1). One type was  a projec-
tion neuron (MT  cell), which had a large soma (more than 100 �m2)
and thick multipolar dendrites (A in Fig. 1). The other was a small
neuron whose soma was less than 100 �m2. Among neurons of
8 Y. Wu et al. / Neuroscien

eedback projections. Therefore, the AOB receives information of E2
t least via two projections; one from the VNO and the other from
he central area such as the amygdale and BST.

However, it remains still unsolved whether E2 affects AOB neu-
ons directly. In the present study, we aimed to examine direct
ffects of E2 on AOB neurons. The AOB, which has a distinct three
aminar structure of the glomerular layer (GL), the mitral cell layer
MCL) and the granule cell layer (GCL), consists mainly of three mor-
hologically discernible neuronal types: mitral/tufted (MT) cells,
ranule cells and periglomerular cells. MT  cells are the principal
eurons of the AOB, which receive fibers from the VN neurons
nd transmit pheromonal signals to the amygdala [4,12,13]. Gran-
le cells are axonless GABAergic neurons, processing reciprocally
ynaptic input and output. Dendritic spines of granule cells receive
xcitatory inputs from dendrites of MT  cells via glutamate release,
nd then provide a feedback inhibition to MT  cells via GABA release
33]. Since spinodendritic synapses of granule cells have been sug-
ested to be important for pheromonal processing [13,20],  we
ocused on the effect of E2 on dendritic spines of granule cells in
he present study. According to Dominguez-Salazar et al. [6],  the
ncrease in Fos-immunoreactive cells in the GL of the AOB were
lready detected at 90 min  after E2-treatment. Therefore, in order
o examine the direct effect of E2 on dendritic spines of gran-
le cells, changes in spine structures during the early phase (up
o 3 h) after E2-treatment were followed and quantitatively ana-
yzed in cultured AOB neurons transfected with GFP-expressing
lasmids.

. Materials and methods

Primary culture of AOB cells was prepared according to a pre-
iously described procedure with some modifications [14,24].  In
rief, the AOB region was removed from neonatal (<24-h-old) Wis-
ar rats (P0). All animals were treated according to the Guidelines
or the Care and Use of Animals of Tokyo Metropolitan Insti-
ute for Neuroscience. We  totally used 129 and 165 neonatal

ales and females, respectively. The AOB dissected from males
nd females was separately dissociated with papain (Wortington
iochemical Corp., Freehold, NJ) and triturated through a pipette.
issociated cells were then suspended in a serum culture medium

hat consisted of Dulbecco’s modified Eagles’s medium (DMEM)
nd F-12 (1:1) (DMEM/F12, Gibco, Invitrogen, Carlsbad, CA) sup-
lemented with 5% newborn calf serum (NBCS), 5% horse serum
nd 50 U/ml penicillin G (Meiji Seika, Tokyo, Japan). The resulting
ell suspension was plated at a density of 6.0 × 105 cells/cm2 on
12 mm glass bottom dishes (Matsunami Glass Ind, Osaka, Japan)
oated with polyethylenimine (Sigma–Aldrich, St. Louis, MO). We
btained totally 43 and 55 dishes for male and female cells, respec-
ively. Cultures were maintained in 5% CO2 at 37 ◦C. After the cells
ere cultured for 2 h, the medium was changed to the normal
edium [DMEM/F12 (1:1) supplemented with 0.1 M l-ascorbic

cid (Wako Pure Chemical Industries Ltd., Osaka, Japan), 0.025 M 2-
ercaptoethanol (Sigma–Aldrich), 50 U/ml penicillin G and 2% B27

erum-free additive (Gibco)]. The cell cultures were maintained for
1–23 days in an incubator with 5% CO2 humidified atmosphere at
7 ◦C. Half the culture medium was changed to a fresh one once a
eek.

The pCAGGS plasmid [26] was kindly provided by Professor
un-ichi Miyazaki (Osaka University). A GFP fragment was  made
rom pAcGFP (Clontech, Takara Bio USA, Mountain View, CA) by
CR, which was conjugated with MunI sites at the 5′ end (before

he Kozak sequence) and at the 3′ end (after the stop codon). To
reate pCAGGFP, the fragment was digested by MunI, and was  sub-
equently recombined into EcoRI-digested pCAGGS. The direction
f GFP-insertion was checked by DNA sequence (Applied Biosys-
ters 500 (2011) 77– 81

tems 3130). The AOB neurons were then transiently transfected
with GFP expression vectors between 17 and 18 DIV using the
Lipofectamine 2000 (Invitrogen, Carlsbad, CA). Transfected neurons
were observed under a confocal laser microscope (TCS SP5, Leica)
at 21–23 DIV.

At 21–23 DIV, 100 nM E2 (Wako, Japan) or solvent ethanol was
added to the medium. E2 was first dissolved in ethanol to a concen-
tration of 10 mM,  and then diluted with the normal medium to the
final concentration. The solvent (ethanol) was added to control cul-
tures at the corresponding concentration. The movement of spines
of GFP-transfected neurons was  visualized by time-lapse photogra-
phy. The digital microscopic images were first captured just before
the treatment (0 h), and thereafter images were acquired at regular
intervals (at 1, 2 and 3 h after the treatment), using a confocal laser
scanning microscope (TCS SP5, Leica). Three-dimensional images
were converted into two-dimensional images, and then subjected
to the measurement of the area of spine heads with a computer-
assisted image analysis system (TCS SP5, Leica). The area of spine
heads was measured on the two-dimensional images by manually
tracing borders of spine heads with a light pen. Culture series con-
sist of four cell groups: control female cell group, E2-treated female
cell group, control male cell group and E2-treated male cell group.
Statistical comparisons of changes in the spine head area among
cell groups were carried out using a one-way analysis of variance
(ANOVA) followed by Scheffe’s test.

3. Results

Similar to our previous study [14], GFP-transfected neurons
Fig. 1. Two types of neurons identified in cultured accessory olfactory bulb (AOB) on
the basis of their morphological characteristics. (A) Granule cell: a bipolar neuron,
which has a small soma (less than 100 �m2) and thin bipolar dendrites. (B) MT
cell: a multipolar neuron, which has a large soma (more than 100 �m2) and thick
multipolar dendrites. Scale bar indicates 20 �m.
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he later type, axonless bipolar neurons were regarded as granule
ells (B in Fig. 1). Just before the treatment with E2 (0 h), one GFP-
ransfected presumptive granule cell per culture dish was  selected,
nd time lapse images of one or two dendrites were obtained every

 h for 3 h, in order to analyze acute morphological effects of E2 on
endritic protrusions.

We  observed numerous spiny protrusions on dendrites of gran-
le cells. In this study, we evaluated effects of E2 on spines of
roximal dendrites of granule cells within 50 �m length from the
oma. Since it is practically difficult to distinguish spines from
lopodia, we first identified spines for descriptive purposes on the
asis of the following criteria; a spine contains a spine head, and a
pine neck whose thickness is smaller than the short diameter of
he spine head. Next, the spine head area before the E2-treatment is
lotted on a histogram, as shown in Fig. 2(A). The histogram shows

2 2
wo peaks, one larger than 1 �m and one smaller than 1 �m .
he “smaller” spines were mostly “stubby” and/or “thin” and the
larger” spines were mostly “mushroom” and/or “branched”. Since
t was practically difficult to classify all spines morphologically, we

ig. 2. (A) Frequency histogram of spine head size. (B–E) Time-lapse images of a represen
ays  (21 DIV, cultured for 17 days and then transfected and cultured for another 4 days) an

ust  before the treatment (0 h). (B–E) Spines observed at 0 h (B) were morphologically clas
arrowheads) (2) spines whose head area was  smaller than 1 �m2 (arrows). Spines that b
ead  area (gray arrows in print and blue arrows on the web). Scale bar indicates 50 �m.
ters 500 (2011) 77– 81 79

simply divided spines at 0 h into two types: (1) a spine whose head
area was equal to or larger than 1 �m2 (arrowheads in Fig. 2B), and
(2) a spine whose head area was smaller than 1 �m2 (arrows in
Fig. 2B). We  excluded those spines from the evaluation of the head
area which became unmeasurable during observation (blue arrows
in Fig. 2B). Filopodia and headless spines were not included in the
analysis according to this classification.

During the observation, most of spines changed their size
or shapes (Figs. 2(B–E) and 3), though a few spines remained
unchanged. Some spine heads became bigger or smaller, and some
spine stalk became longer or shorter. The area of spine heads was
measured, and the relative area changes of spine heads compared
to those at the starting point (100% at 0 h) were calculated dur-
ing the period of 3 h (Fig. 4). In cultured cells derived from both
females and males, the larger spines were not significantly changed

at 1, 2 and 3 h after E2-treatment. In contrast, E2-treatment signif-
icantly enlarged the head area of the smaller spines derived from
the female AOB, whereas E2 did not cause any significant effects on
those from the male AOB.

tative GFP-transfected granule cells, derived from a male neonate, cultured for 21
d treated with E2. (B) Spines on a dendrite within 50 �m from the soma are pictured
sified into two types: (1) spines whose head area was equal to or larger than 1 �m2

ecame unmeasuralbe during observation were excluded from the evaluation of the
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Fig. 3. Time-lapse images of representative spines of GFP-transfected granule cells, which were derived from the male and female AOB and treated with E2 or with medium
containing solvent (cont). Larger and smaller spines of proximal dendrites of granule cells within 50 �m length from the soma were observed just before E2-treatment (0 h)
and  at 1, 2 and 3 h after the treatment.

Smaller  spines Larger  spines

(A) 1 h after E2-treatment

b
aa a a

200
(%)

Cont    E2    Cont    E2Cont     E2    Cont    E2
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(C) 3 h after E2-treatment
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4. Discussion

In the present study, we revealed the direct effect of E2 and
the sexual difference in the responsibility to E2 in the smaller
dendritic spine heads of AOB granule cells. Although it remains
still unknown whether granule cells have the same reactivity to
E2 in in vivo condition, it provides a useful implication for fea-
sible roles of E2 in modulating the pheromonal function in the
AOB. To speculate the mechanism underlying the sexual difference,
we compared the size of the smaller and larger spines before E2-
treatment between females and males. The smaller spines from
females (0.62 ± 0.054 �m2) were smaller than those from males
(0.72 ± 0.034 �m2), but the difference was not statistically signifi-
cant (p = 0.10, Student’s t-test). There was no significant difference
between the larger spines from females (1.67 ± 0.085 �m2) and
those from males (1.71± 0.091 �m2). Therefore, the sexually dif-
ferent responsibility to E2 may  be partly due to the higher growth
rate in the smaller spines from females than in those from males,
though further precise studies are required.

This study is the first to show the direct sexually-dimorphic
effect of E2 on dendritic spines of living granule cells. Some previous
studies using hippocampal cells showed that E2 increased dendritic
spine density in the female rats, but not in the males [9,18,22]. In
these studies, the dendritic spine density was compared between
E2-treated and control dentate granule cells by means of intracel-
lular dye filling in a lightly fixed slice preparation, Golgi staining, or
imunostaining for a spine marker, spinophilin. The present study
is the first one to reveal sexual dimorphic effects of E2 on living
spines.

In our previous studies using cultured hypothalamic cells, we

have examined effects of E2 and bisphenol-A (BPA), one of the
most common environmental endocrine disruptors with estro-
genic properties, on synaptogenesis, focusing on a presynaptic

Fig. 4. Relative changes in the spine head area at 1, 2 and 3 h after the treatment
with  E2 (E2) or the medium containing solvent (control). The relative area changes
of  spine heads were calculated by comparing to those at the starting point (100%
at  0 h). The number of spines measured in each cell group was  as follows: n = 8
and 13 for smaller spines in control and E2-treated cells, respectively, derived from
females; n = 15 and 16 for smaller spines in control and E2-treated cells, respec-
tively, derived from males: n = 20 and 48 for larger spines in control and E2-treated
cells, respectively, derived from females: and n = 39 and 21 for larger spines in con-
trol and E2-treated cells, respectively, derived from males. Different letters indicate
significant differences (p < 0.05, ANOVA followed by Scheffe’s test).
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rotein synapsin I [15,28,34].  The accumulation of synapsin I was
nduced by E2 and BPA through a non-genomic pathway, which

as suggested to be mediated by membrane bound G-protein
oupled estrogen receptor GPR30, regulating site-specific phos-
horylation of synapsin I [15,28]. Many other studies have also
upported the notion that E2 participates in the regulation of den-
ritic spine morphology and synaptogenesis [29,31,32,36].  Romeo
t al. [29] suggested that E2-induced synaptogenesis in the female
ippocampus was dependent on upregulation of NMDA receptor
nd non-nuclear estrogen receptor � (ER�). Schwarz et al. [31]
ound that estradiol promotes spine formation in the develop-
ng hypothalamus via rapid, non-genomic activation of PI3 kinase
n presynaptic neurons, enhancing glutamate release and gluta-

ate receptor activation in postsynaptic neurons. AMPA and NMDA
eceptor-dependent activation of postsynaptic MAP  kinases then
riggers a protein synthesis-dependent increase in dendritic spine
umber. In the AOB, dendritic spines of granule cells receive exci-
atory inputs from dendrites of MT  cells via glutamate release, and
he spines of granule cells have glutamate receptors, both NMDA
nd non-NMDA receptors [16]. It is also known that the feedback
rojection from the vomeronasal amygdala to the GCL of the AOB

s mostly glutamatergic [8].  From these structural similarities, it
an be speculated that E2 may  develop small spines of cultured
emale AOB granule cells via non-nuclear presynaptic ER, increased
lutamate release, and the activation of glutamate receptors and
AP kinases. The mechanism underlying the female-specific effect

f E2 on dendritic spines of AOB granule cells should be precisely
nvestigated in future.

The information of E2 has been considered to be transmitted
o AOB neurons through projections of VNO neurons and feedback
rojections from the amygdala and BST. The present study showing
he direct and sexually different effect of E2 on AOB cells gives a
ew insight into the mechanism underlying a sex difference in the
esponsiveness of the VN system.
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D. Saiz-Sanchez, A. Martinez-Marcos, V1R and V2R segregated vomeronasal
pathways to the hypothalamus, Neuroreport 19 (2008) 1623–1626.

24] K. Moriya-Ito, K. Endoh, M.  Ichikawa, Vomeronasal neurons promote synaptic
formation on dendritic spines but not dendritic shafts in primary culture of
accessory olfactory bulb neurons, Neurosci. Lett. 451 (2009) 20–24.

25] S.W. Newman, The medial extended amygdala in male reproductive behavior.
A  node in the mammalian social behavior network: a review, Ann. N. Y. Acad.
Sci.  877 (1999) 242–257.

26] H. Niwa, K. Yamamura, J. Miyazaki, Efficient selection for high-expression trans-
fectants with a novel eukaryotic vector, Gene 108 (1991) 193–199.

27] F. Nodari, Sulfated steroids as natural ligands of mouse pheromone-sensing
neurons, J. Neurosci. 28 (2008) 6407–6418.

28] R. Ohtani-Kaneko, M.  Iwafuchi, T. Iwakura, D. Muraoka, M.  Yokosuka, T. Shiga, C.
Watanabe, Effects of estrogen on synapsin I distribution in developing hypotha-
lamic neurons, Neurosci. Res. 66 (2010) 180–188.

29] R.D. Romeo, J.B. McCarthy, A. Wang, T.A. Milner, B.S. McEwen, Sex differ-
ences in hippocampal estradiol-induced N-methyl-D-aspartic acid binding and
ultrastructural localization of estrogen receptor-alpha, Neuroendocrinology 81
(2005) 391–399.

30] F. Scalia, S.S. Winans, The differential projections of the olfactory bulb and
accessory olfactory bulb in mammals, J. Comp. Neurol. 161 (1975) 31–55.

31] J.M. Schwarz, S.L. Liang, S.M. Thompson, M.M. McCarthy, Estradiol induces
hypothalamic dendritic spines by enhancing glutamate release: a mechanism
for  organizational sex differences, Neuron 58 (4) (2008) 584–598.

32] C.C. Smith, L.C. Vedder, L.L. McMahon, Estradiol and the relationship between
dendritic spines, NR2B containing NMDA receptors, and the magnitude of
long-term potentiation at hippocampal CA3-CA1 synapses: a review, Psy-
choneuroendocrinology 34 (S1) (2009) S130–S142.

33] M.  Taniguchi, H. Kaba, Properties of reciprocal synapses in the mouse accessory
olfactory bulb, Neuroscience 108 (2001) 365–370.

34] M.  Yokosuka, R. Ohtani-Kaneko, K. Yamashita, D. Muraoka, Y. Kuroda, C. Watan-
abe, Estrogen and environmental estrogenic chemicals exert developmental
effects on rat hypothalamic neurons and glias, Toxicol. In Vitro 22 (2008) 1–9.
35] S.S. Winans, F. Scalia, Amygdaloid nucleus: new afferent input from the
vomeronasal organ, Science 170 (955) (1970) 330–332.

36] C.S. Woolley, B.S. McEwen, Estradiol mediates fluctuation in hippocampal
synapse density during the estrous cycle in the adult rat, J. Neurosci. 12 (1992)
2549–2554.


	Sexually dimorphic effects of estrogen on spines in cultures of accessory olfactory bulb
	1 Introduction
	2 Materials and methods
	3 Results
	4 Discussion
	Acknowledgements
	References


