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In the adult hippocampus, gonadal steroids induce neural remod-
eling through cellular and molecular mechanisms that are largely
unknown. The calcium-dependent cell adhesion molecule N-
cadherin, which participates in the developmental organization of
the nervous system, has recently been localized to hippocampal
synapses and is suspected to participate in adult synaptic physi-
ology. Little is currently known about the regulation of cadherins
in the adult central nervous system, although posttranslational
modifications are thought to account for variability in N-cadherin
expression levels. To evaluate the possibility that gonadal steroids
regulate N-cadherin in the adult hippocampus, we examined hip-
pocampal N-cadherin mRNA levels and protein expression in cas-
trated adult male rats treated with testosterone, or its metabolites
17B-estradiol or dihydrotestosterone. Northern blot analysis indi-
cated increased hippocampal N-cadherin mRNA levels in the adult
rat hippocampus after treatment with 17g-estradiol but not tes-
tosterone or dihydrotestosterone. Increased N-cadherin immuno-
reactivity was observed in CA1 and CA3 pyramidal cells after
17B-estradiol treatment. Additionally, both 17g-estradiol and tes-
tosterone treatment increased N-cadherin immunoreactivity in the
neuropil of the stratum lacunosum-moleculare, which includes
apical dendrites from pyramidal cells. In contrast, dihydrotestos-
terone treatment had no effect on levels of N-cadherin protein
expression in CA1 or CA3 pyramidal cells or in the stratum
lacunosum-moleculare. These results demonstrate that, in the
hippocampus, expression levels of N-cadherin are dynamic in
adulthood. To our knowledge, there have been no other demon-
strations of steroid regulation of cadherin expression in neural
populations. These results suggest a possible adhesive mechanism
for steroid-induced plasticity of the adult nervous system.
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S teroids can induce a highly plastic environment in the adult
nervous system, comparable to that observed in earlier
developmental stages. For example, gonadal steroids induce
neurogenesis (1), reduce programmed cell death (2), and induce
synaptic remodeling (3, 4) in the adult hippocampus. Little is
currently known about the cellular and molecular mechanisms
underlying this process. We investigated the possibility that the
cell adhesion molecule N-cadherin (N-cad), which participates in
the organization of the developing nervous system, is regulated
by gonadal steroids in the adult hippocampus.

The cadherins are a diverse class of calcium-dependent cell
adhesion molecules (5) that are widely expressed in the nervous
system. Cadherins bind to one another both in cis and trans (6,
7), resulting in strong zipper-like punctate adhesions between
apposing cell membranes. Cadherin-mediated cell adhesion is
homophilic; i.e., cells expressing cadherins bind preferentially to,
and sort with, cells expressing similar cadherin subtypes (8), and
they additionally sort according to the expression levels of the
same cadherin subtype (9). The regulated expression of cadherin
subtypes is believed to provide a molecular mechanism for the
segregation of distinct cell populations and the organization of
tissue morphology during embryonic development (10, 11).
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The cadherin subtype N-cad has been implicated in several
developmental processes in the central nervous system, including
governing differentiation of neuroepithelium (12), the sorting
and segregation of discrete neural populations (13), and axon
patterning (14, 15). During synaptogenesis, cadherin-mediated
interactions are thought to promote synapsis between apposing
neurons or neuronal processes, providing an adhesive mecha-
nism for the formation and maintenance of functional connec-
tivity (11, 13, 16). Whereas high expression levels of N-cad are
observed in the developing nervous system, expression levels of
N-cad are generally greatly reduced in adulthood (17).

In the adult brain, N-cad has been studied primarily in the
context of chemical synapses. N-cad is abundant in isolated rat
forebrain postsynaptic densities (18), and cadherins that are
localized to chemical synapses border the transmitter release
zone and are associated with cytoplasmic specializations typical
of adherens junctions (16, 19). N-cad becomes restricted to
glutamatergic synapses in the adult hippocampus (20), and
molecular characteristics of N-cad are activity dependent (21),
suggesting that N-cad expression is tightly regulated in the adult
hippocampus, and lending further support to the hypothesis that
cadherins serve to establish and maintain functional connectivity
between neural populations. N-cad function is also required to
initiate long term potentiation, an electrophysiological correlate
of synaptic plasticity, between CA3 and CA1 pyramidal neurons
(22), suggesting that cadherin function continues to participate
in remodeling of the adult nervous system.

Although little is known about the factors regulating cadherin
expression in the adult nervous system, there are a number of
lines of evidence that suggest that gonadal steroids may regulate
N-cad expression in the adult hippocampus. Gonadal steroids
are known to influence adult rat hippocampal synaptic archi-
tecture (3, 4), electrophysiology (23-25), and lesion-induced
process outgrowth (26), all of which are neuroplastic events in
which N-cad has been implicated. Furthermore, gonadal steroids
are known to be key regulators of cadherin mRNA and protein
expression levels in peripheral reproductive tissues (27-29). We
therefore suspected that N-cad expression levels may also be
regulated by these hormones in the adult hippocampus. To test
this possibility, we determined the effects of testosterone (T) and
its metabolites 17B-estradiol (E2) and dihydrotestosterone
(DHT) on N-cad mRNA expression levels and protein distribu-
tion in the hippocampus of adult rats.

Methods

The animals used in these studies were 36 locally bred adult (60
days or older) male Sprague—Dawley rats housed individually
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and maintained in standard laboratory conditions. Animals were
randomly assigned into four treatment groups: (i) animals
receiving T, (ii) animals receiving E2, (iii) animals receiving
DHT, and (iv) a no steroid control.

Steroid Manipulation. Castrations were performed under halo-
thane anesthesia. Animals were implanted with capsules fash-
ioned from Silastic tubing (1.57-mm inner diameter X 3.18-mm
outer diameter; Dow Corning) containing T (40 mm in length),
E2 (10 mm in length), or DHT (30 mm in length). Implants of
these sizes have previously been established to produce high
serum titers of the respective steroids (30, 31). All steroids were
obtained from Steraloids (Wilton, NH). Control capsules were
empty silastic tubes (40 mm in length). Capsules were preincu-
bated in PBS for 72 h and washed in ethanol before implantation
(30). Capsules were implanted s.c. in the neck at the time of
castration and remained in place for a duration of 4 wk, at which
time the animals were killed and processed for Northern blot
analysis or immunohistochemistry as described below.

Northern Blot Analysis. Animals (n = 3 from each treatment
condition) were anesthetized by CO; inhalation and killed by
decapitation. The hippocampus was removed rapidly and frozen
on dry ice. Total RNA was prepared from hippocampal tissues
by the phenol-chloroform method (32). The RNA species were
resolved by electrophoresis in 1% wt/vol agarose gels containing
3.7% vol /vol formaldehyde. Approximately 20 ug of total RNA
were loaded in each lane. The fractionated RNA species were
then transferred onto charged nylon membranes (Amersham
Canada, Oakville, ON) as previously described (33).

The Northern blots were incubated in a 3% BSA wt/vol
solution dissolved in 5X SSPE (20X SSPE consists of 0.2 M
sodium phosphate monobasic, pH 7.4, containing 25 mM EDTA
and 3 M NaCl) at 37°C for 30 min. The Northern blots were then
transferred to a prehybridization solution consisting of 50%
vol/vol deionized formamide, 5X Denhardt’s solution (5
Prime—3 Prime), 1% vol/vol SDS, 50 mM sodium phosphate
dibasic, and 5 mM sodium phosphate monobasic. The blots were
incubated in this solution at 37°C for 2 h. Heat-denatured salmon
sperm DNA (final concentration 0.2 mg/ml; 5 Prime—3 Prime)
and a radiolabeled rat N-cad cDNA probe (described in ref. 34)
were then added to the prehybridization solution. The probe was
radiolabeled according to the methods of Feinberg and Vo-
gelstein (35) and heat-denatured, before being added to the
prehybridization solution. The blots were incubated in the
presence of the radiolabeled cDNA probe at 37°C for 16 h. The
Northern blots were then washed twice with 2X SSPE at room
temperature (10 min/wash), twice with 2X SSPE containing 1%
vol/vol SDS at 55°C (30 min/wash) and twice with 0.2X SSPE
at room temperature (30 min/wash). The Northern blots were
subjected to autoradiography to detect the hybridization of the
radiolabeled cDNA probe to the mRNA species.

To standardize the amounts of total RNA in each lane, the
blots were then reprobed with a radiolabeled synthetic cDNA
specific for 28S rRNA (described in ref. 34). The blots were again
subjected to autoradiography to detect the hybridization of the
radiolabeled cDNA probe to the 28S rRNA. The resulting
autoradiograms were then scanned by using an LKB laser
densitometer. The absorbance values obtained for the N-cad
mRNA transcript were normalized relative to the corresponding
28S rRNA absorbance value.

Immunohistochemistry. Animals (n = 6 from each treatment
condition) were anesthetized deeply and perfused transcardially
with PBS followed by 2% vol /vol acrolein PBS. The brains were
then removed and cryoprotected in 20% wt /vol sucrose PBS for
24 h. Coronal sections (50 wm) through the extent of the
hippocampus were prepared on a freezing microtome and stored
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in cryoprotectant (36) at —20°C until free floating indirect
immunohistochemistry was performed. The wash buffer used
was 0.05 M Tris-buffered saline (TBS, pH 7.2) unless otherwise
specified. After three 5-min rinses, excess aldehydes were re-
moved by treatment with 1% wt/vol sodium borohydride for 10
min. After another three washes, endogenous peroxidase was
quenched with 0.03% vol/vol hydrogen peroxide for 30 min.
Sections were rinsed three times for 5 min, and nonspecific
binding was blocked by incubation with 5% vol /vol normal horse
serum (Vector Laboratories) in 0.05% wt/vol gelatin, 0.1%
vol/vol Triton X-100 (Sigma) in TBS for 30 min at 37°C. Sections
were then incubated in the mouse monoclonal antibody 13A9
(kind gift from K. Knudsen, Lakenau Institute, Wynnewood,
PA), generated against the cytoplasmic domain of human N-cad
(37) and previously characterized in rat hippocampus (20), at a
1:500 dilution in TBS containing gelatin and Triton X-100 for
72 h at 4°C. After three 5-min washes in TBS-containing gelatin
and Triton X-100, sections were incubated for 90 min with
biotinylated rat-adsorbed horse anti-mouse antiserum (Vector
Laboratories) at 1:200 dilution in TBS containing gelatin and
Triton X-100. After three rinses, sections were incubated for 90
min with avidin-biotin complex (Vectastain Elite kit, Vector
Laboratories) at 1:500 dilution in TBS. Sections were rinsed
three times, and immunolabeling was visualized with 0.035
wt/vol 3,3" diaminobenzidine (Sigma) as the chromagen.

Image Analysis. All data analysis was conducted by an experi-
menter blind to condition on a Nikon Eclipse E-600 microscope.
CA1 and CA3 fields were viewed at X100 magnification and
loaded into MCID software (AIs-C; Imaging Research, St. Cathe-
rines, ON, Canada) using a Sony DXC-950 3CCD color video
camera. The relative optical density (ROD) of CA3 and CAl
pyramidal cell layers as well as the stratum lacunosum-
moleculare (SL-M) was determined as follows. The optical
density target areas were determined, and the background
optical density, determined by the unlabeled cortex overlying the
hippocampus, was then subtracted from these scores. The SL-M
was defined as the area between 300 wm from the CA1 pyramidal
cell layer and the inner blade of the dentate gyrus.

Results

E2 Regulates N-cad mRNA Levels in the Adult Hippocampus. E2
treatment caused a marked increase in N-cad mRNA levels of
both 4.3-kilobase (t, = —6.19, P < 0.05) and 3.5-kilobase (ts =
—6.02, P < 0.05) species in the adult hippocampus, whereas
treatment with T or the nonaromatizable androgen DHT had no
effect on the levels of N-cad mRNA transcripts present in this
tissue (Fig. 1). Both transcripts apparently originate from a single
gene (38, 39). Although noncoordinate regulation of the 4.3-
kilobase and 3.5-kilobase species has been described during rat
testicular development (40), the significance of these two N-cad
mRNA species is unclear.

E2 Increases N-cad Expression in Defined Areas of the Adult Rat
Hippocampus. N-cad immunoreactivity was localized to CA3
pyramidal cell bodies, including the proximal apical dendrites as
previously described (refs. 16 and 20; Fig. 24), although signif-
icant CA1 pyramidal cell staining was also observed (Fig. 2B)
after steroid treatment. Increased N-cad expression in CA1 and
CA3 pyramidal neurons was observed after treatment with E2
(CAl t1p = 2.24, CA3 11, = 3.64) but not T or DHT (Fig. 3B).
Ependymal glial cells were strongly labeled as previously de-
scribed (refs. 17 and 41; Fig. 341), although steroid regulation of
N-cad immunoreactivity was not observed in this cell population.
Labeled neurons were also observed in the polymorphic layer of
the dentate gyrus.

Punctate N-cad immunoreactivity was observed in the neu-
ropil of the SL-M (Fig. 3 AIX-A4X). Treatment with T (t12 = 2.2)
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Fig. 1. E2regulates levels of N-cad mRNA transcripts. (A) Autoradiogram of
a Northern blot containing total RNA extracted from the hippocampus of a
control adult castrate rat implanted with an empty capsule (lane B), or adult
castrate rats implanted with capsules containing T, E2, or DHT (lanes T, E2, and
DHT, respectively). (Upper Left) The positions of the 285 and 18S rRNA species
are shown. The blot was probed with radiolabeled N-cad cDNA (Upper) and
then stripped and reprobed with another cDNA specific for 28S rRNA (Lower).
(B) The areas under the curve for the laser densitometric scans are expressed
as a percentage of that for vehicle-treated castrate controls. *, Significantly
different from those of vehicle controls as determined by independent groups
t test with a = 0.05.

or E2 (12 = 2.56), but not the nonaromatizable androgen DHT,
increased N-cad immunoreactivity in the neuropil of the SL-M
but not the stratum radiatum (Fig. 3 AX and B).

Discussion

Gonadal Steroids Regulate Cadherin Expression in the Hippocampus.
In these studies, we found that gonadal steroids regulate N-cad
expression in the hippocampus. Surprisingly, E2 but not T or
DHT was capable of regulating the levels N-cad mRNA and
N-cad immunoreactivity in CAl and CA3 pyramidal neurons.
The inability of T to regulate N-cad expression levels in the
hippocampus may reflect negligible adult levels of aromatization
of T to E2 in the adult rat hippocampus, consistent with
aromatase activity assays (42, 43). Although both T and E2 have
been shown to regulate N-cad expression levels in the testes (44),
the inhibition of aromatase activity by 1,4,6-androstatrien-3,17-
dione prevents T-mediated increases in N-cad expression levels
in cultured Sertoli cells (45), suggesting that T regulates N-cad
via conversion to E2.

Previous studies have generally shown coordinate regulation
of cadherin mRNA transcripts and protein expression levels. In
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Fig. 2. Immunolocalization of N-cad in the pyramidal cell layers. Represen-
tative photomicrographs showing N-cad immunoreactivity in somata and
proximal apical dendrites of (A) CA3 pyramidal cells and (B) CA1 pyramidal
cells (original magnification, X 1,000; bar = 20 um).

contrast, we found that, whereas T did not increase N-cad
mRNA levels, both T and E2 increased immunoreactivity to
N-cad protein in the SL-M. Although this appears to be non-
coordinate N-cad mRNA and protein regulation, it is possible
that T treatment does indeed increase N-cad mRNA transcripts,
but this increase is undetectable by Northern blot analysis. For
example, a localized increase in a relatively small area (such as
in SL-M dendrites) could become diluted beyond detectable
levels as a result of assaying the entire hippocampus. Alterna-
tively, increased N-cad immunoreactivity in the SL-M after T
treatment may reflect an increase in the levels of the N-cad
mRNA transcripts present in cells originating outside of the
hippocampus (e.g., in the entorhinal cortex), which then trans-
port N-cad protein into the hippocampus.

E2-mediated increases in N-cad-immunoreactivity in pyrami-
dal neurons may result from genomic actions of estrogen recep-
tors within this cell population. Estrogen receptors have been
detected in CAl and to a lesser extent in CA3 by autoradiog-
raphy (46), in situ hybridization histochemistry (47, 48), and
immunohistochemistry (49, 50). Estrogen receptors are also
localized to glia (50) and interneurons (51) in the CA1 and CA3
regions, raising the possibility that E2 acts on pyramidal neurons
indirectly to increase N-cad expression levels.

The finding that gonadal steroids regulate N-cad expression in

Monks et al.



Vil

w mm E2 *
2 —— DHT
& 200
(O]
=
=
4 100 { o
x *
w
o
0 = i 1 i 'll
CA1 CA3 SL-M

Fig. 3. Effects of steroid treatment on hippocampal N-cad protein expres-
sion. (A) Representative photomicrographs of N-cad immunoreactivity. /I, IV,
VI, and VIII (original magnification, X600; bar = 50 um) are magnifications of
the boxed areas in /, /I, IV, and VII (original magnification, X200; bar = 100
um), respectively. Low or absent staining in area CA1 (/and //) and CA3 (Vand
VI) was typical of vehicle-, T-, or DHT-treated castrated males. Increased
staining typical of castrated males treated with E2 was observed in areas CA1
(Il and 1V) and CA3 (VIl and VIII). IX depicts low or absent staining in the SL-M
typical of vehicle or DHT-treated males (original magnification, x100; bar =
200 wm). X depicts increased staining in the SL-M typical of castrated males
treated with T or E2. Arrow in / indicates the immunopositive ependymal glia
layer overlying the alveus. (B) Percentage change in relative optical density of
N-cad immunoreactivity by area and steroid treatment (bars represent SEM).
Increase is relative to vehicle treated castrate males. T, Castrated males treated
with testosterone; E2, castrated males treated with 17p-estradiol; DHT, cas-
trated male treated with dihydrotestosterone. CA1, CA1 pyramidal cell layer;
CA3, CA3 pyramidal cell layer; SL-M, stratum lacunosum-moleculare. *, Sig-
nificantly different from vehicle-treated controls as indicated by independent
groups t test with « = 0.05.
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adult neural populations confirms the hypothesis that gonadal
steroids regulate cadherin expression in the nervous system and
includes an entire class of molecules as potential targets of
neuroendocrine regulation.

Significance of Steroid Regulation of N-cad. Cadherin function in
the adult nervous system has been assumed to be regulated by
posttranslational modifications such as phosphorylation (52),
differential association with catenins (53), or proteolytic turn-
over of cadherins (54). In addition, it has been proposed that
proteolytic turnover of N-cad is locally and posttranslationally
regulated by synaptic transmission (21, 22). The present dem-
onstration that E2 increases steady-state N-cad mRNA levels in
the adult hippocampus provides a novel mechanism whereby
cadherin function might be regulated in adulthood.

It is presently unclear what roles N-cad plays in the adult
hippocampus, although the finding that N-cad gene expression
continues to be dynamic in the adult hippocampus is surprising,
as alterations in cadherin expression levels are typically associ-
ated with cellular differentiation. For example, the spatio-
temporal expression of cadherin subtypes in the developing
mammalian nervous system has been associated with cellular
differentiation, as is seen in the transition from epithelium to
neuroepithelium, or with the onset of neural migration (10).
Similarly, N-cad expression is ubiquitous in the developing
mammalian central nervous system, but, as the adult phenotype
emerges, expression levels of this cell adhesion molecule become
less intense and restricted to specific cell populations (17).
Activity-dependent regulation of dorsal root ganglion N-cad
expression (52) occurs in the context of synaptic reorganization,
before the emergence of the mature neural phenotype.

Steroid regulation of cadherin expression levels is observed in
adult reproductive tissues and is associated with terminal cellular
differentiation and structural remodeling (27, 29). Whereas
steroid treatment does influence the turn-over of new hippocam-
pal cells (1, 2), we did not observe a pattern of N-cad protein
expression consistent with a role for steroid-induced N-cad
expression in this process. We did, however, observe increased
N-cad protein expression in cells that undergo structural remod-
eling in response to steroid treatment.

N-cad as a Participant in Estrogen-Induced Plasticity in the Adult
Hippocampus. Estrogen induces a number of morphological and
functional alterations in the adult hippocampus. Apical dendritic
spine density of hippocampal CA1l pyramidal neurons is in-
creased after acute exogenous E2 administration in both males
(55) and females (56). Associated with this increased spine
density, an increase in synaptic density is also observed in
response to E2 treatment within the apical dendrite field of CA1
pyramidal neurons, comprising the stratum radiatum and SL-M
(55). The electrophysiology of CA3-CA1 Schaffer collaterals is
similarly influenced by both E2 and T (23, 25).

The correspondence between areas in which E2 induces neural
remodeling and those in which increased N-cad expression is
observed after E2 treatment leads us to speculate that N-cad may
be involved in mediating steroid-induced alterations in neural
morphology and connectivity. Specifically, the observed E2-
mediated increase in N-cad immunoreactivity in CAl and CA3
pyramidal cells, as well as the neuropil of the SL-M, where
Schaffer collateral synapsis between CAl and CA3 has been
described, may potentiate the formation of CA3-CAl synapses
in the SL-M. However, this interpretation is complicated by a
lack of information concerning the effects of chronic steroid
treatment on synaptic remodeling of CA1 Schaffer collaterals,
raising the possibility that the steroid treatment regimen used
here does not in fact result in the same type of neuroplasticity
observed after acute steroid treatment.

Along with Schaffer collaterals from CA3, the neuropil of the
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SL-M contains perforant pathway afferents to CAl and to
dentate gyrus neurons. Steroid regulation of N-cad expression in
the SL-M may therefore also reflect effects on perforant path-
way afferents to the hippocampus. It is known, for example, that
E2 has growth-promoting actions on septal and forebrain affer-
ents (57) and that both T and E2 promote sprouting in hip-
pocampal receptive fields after entorhinal lesions (26). Studies
where N-cad function is disrupted may provide insights into the
possible roles of steroid-induced N-cad expression in hippocam-
pal physiology.

In summary, we found that gonadal steroids are capable of
regulating N-cad in the adult rat hippocampus. E2, but not T or
DHT, regulated N-cad mRNA levels in the adult hippocampus
and increased N-cad immunoreactivity in CAl and CA3 pyra-
midal cells. Both T and E2 increased N-cad immunoreactivity in
the SL-M, whereas DHT had no effect on N-cad immunoreac-
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tivity in either of these regions of the adult rat hippocampus. To
our knowledge, there have been no other studies that demon-
strate that steroids regulate neuronal cadherin expression. The
present findings further add to our understanding of the factors
that serve to coordinate cadherin expression in the central
nervous system. Moreover, our findings indicate that cadherin-
gene expression continues to be dynamic in the adult brain. We
suggest that steroid regulation of N-cad in the adult hippocam-
pus may participate in structural remodeling of hippocampal
neurons.
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