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Adult neurogenesis in the hippocampus subgranular zone is associ-
ated with the etiology and treatment efficiency of depression.
Factors that affect adult hippocampal neurogenesis have been
shown to contribute to the neuropathology of depression. Gluta-
mate, the major excitatory neurotransmitter, plays a critical role
in different aspects of neurogenesis. Of the eight metabotropic
glutamate receptors (mGluRs), mGIuR5 is the most highly expressed
in neural stem cells. We previously identified Norbin as a positive
regulator of mGIuR5 and showed that its expression promotes
neurite outgrowth. In this study, we investigated the role of Norbin
in adult neurogenesis and depressive-like behaviors using Norbin-
deficient mice. We found that Norbin deletion significantly reduced
hippocampal neurogenesis; specifically, the loss of Norbin impaired
the proliferation and maturation of newborn neurons without
affecting cell-fate specification of neural stem cells/neural progenitor
cells (NSCs/NPCs). Norbin is highly expressed in the granular neurons
in the dentate gyrus of the hippocampus, but it is undetectable in
NSCs/NPCs or immature neurons, suggesting that the effect of
Norbin on neurogenesis is likely caused by a nonautonomous niche
effect. In support of this hypothesis, we found that the expression of
a cell-cell contact gene, Desmoplakin, is greatly reduced in Norbin-
deletion mice. Moreover, Norbin-KO mice show an increased immo-
bility in the forced-swim test and the tail-suspension test and reduced
sucrose preference compared with wild-type controls. Taken to-
gether, these results show that Norbin is a regulator of adult hippo-
campal neurogenesis and that its deletion causes depressive-
like behaviors.
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ajor depressive disorder (MDD) is one of the most com-

mon and debilitating psychiatric illnesses with a lifetime
prevalence of ~17% (1). Clinical symptoms of MDD include
anhedonia, depressed mood, helplessness, and cognitive disrup-
tion. Because of the clinical and etiological heterogeneity of
MDD, the pathophysiology of MDD remains elusive (2), and the
biological underpinnings remain unclear. Decades of research
have clearly established that various neurotransmitters, espe-
cially monoamine neurotransmitters, as well as neurotrophic
factors, contribute to MDD (3). More recently glutamatergic
signaling also has been linked to MDD. With the confirmation of
continuous neurogenesis in adult brains of most mammals, in-
cluding humans, a neurogenic hypothesis of MDD has been put
forward and continues to drive research (4).

The neurogenic hypothesis of MDD is based on several cor-
relative studies. Brain imaging and postmortem studies of MDD
patients suggest that reduction in hippocampal volume could
be reflective of reduced neurogenesis in addition to mature
neuronal cell loss (5, 6). Antidepressant treatment in animals
increases hippocampal neurogenesis with a lag time that is
reminiscent of the delayed onset of antidepressant efficacy typ-
ically observed in humans (7). In addition, stress, a common risk
factor for depression, inhibits neurogenesis in nonhuman pri-
mates, and this phenomenon can be corrected by antidepressant
treatment (8). In rodents, ablation of hippocampal neurogenesis
causes a depressive phenotype and abolishes the effect of certain
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antidepressants (9). Therefore, it is hypothesized that reduced
adult hippocampal neurogenesis may underlie the pathological
mechanism of MDD and that an up-regulation of neurogenesis
would oppose the action of stress and/or depression, having a
potential therapeutic benefit for MDD.

In the hippocampus, adult neurogenesis involves the five fol-
lowing steps: (i) proliferation of neural stem/progenitor cells
(NSCs/NPCs) in the subgranular zone (SGZ) of the dentate
gyrus (DG); (ii) fate specification (neurons versus astrocytes);
(#ii) massive loss of progenitor cells; (iv) neuronal differentiation
and maturation; and (v) ultimate integration to the existing
neuronal circuitry of the DG (10). Each step is modulated by
both physiological stimuli and pathophysiological conditions.
Two important determinants, cell-autonomous factors and neu-
rogenic niche, play a key role in determining the ultimate out-
come of adult neurogenesis. Cell-autonomous factors are
intrinsic NSC/NPC genetic traits that dictate their fate, and the
neurogenic niche corresponds to their local microenvironment
defined by various parameters (e.g., neuronal inputs, vasculature,
and glia composition) that interact with NSCs/NPCs and also
influence their fate (11).

Previous studies indicated that neurotransmitter glutamate reg-
ulates DG neurogenesis (12, 13). Of the eight metabotropic gluta-
mate receptors (mGluRs), mGIuRS5 is most highly expressed in
NSCs (14, 15). In vivo activation of mGIuRS5 receptors benefits the
proliferation and/or survival of NSCs in the hippocampus. In vitro,
pharmacological blockade of mGIuR5 reduced NSC proliferation
and survival, whereas activation of mGluRS5 receptors substantially
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enhanced cell proliferation, suggesting that mGluR5 has a cell-
autonomous role of in neurogenesis (16, 17).

We previously identified Norbin as a positive regulator of
mGIuRS5 (18). Forebrain-specific Norbin-KO mice display phe-
notypic characteristics that resemble phenotypes observed in
cases of reduced mGIuRS activity, including impaired synaptic
plasticity and sensitivity to psychostimulants. In the CNS, Norbin
is a neuronal gene whose expression is up-regulated concomitantly
with long-term potentiation, the electrophysiological mechanism
underlying learning and memory. Norbin expression correlates
with neurite outgrowth and also was found to have an impact on
both the quantity and the length of neurites in cultured neuro-
blastoma N2a cells. In summary, Norbin (i) regulates mGluRS,
whose activity affects DG neurogenesis; (i) promotes neurite
outgrowth; (iii) is highly expressed in the DG of the hippocam-
pus, the niche for adult DG neurogenesis. Norbin-KO mice also
display impaired cognitive functions. For all these reasons, we
investigated the role of Norbin in adult hippocampal neurogenesis
and whether the loss of Norbin could contribute to depression-
like behaviors.

We found here that neuron-specific Norbin ablation in mice,
using two distinct Cre systems, results in a significant reduction in
hippocampal neurogenesis. Both the proliferation and survival of
newborn neurons are impaired. This impairment is likely the result
of a nonautonomous niche effect because Norbin expression is
limited to mature granular neurons in the DG. In addition, gene-
expression analysis of Norbin-KO mice compared with wild-type
controls indicated that Norbin deletion results in a significant
reduction in desmoplakin (DSP) expression. In light of the ob-
served reduction in adult hippocampal neurogenesis in Norbin-
KO mice, we used three well-established behavioral paradigms
to determine if there also was a depressive-like consequence of
Norbin KO. Results from the forced-swim test (FST), the tail-
suspension test (TST), and the sucrose preference test indicated
that Norbin-KO mice display depressive-like characteristics.

Results

Adult Hippocampal Neurogenesis Is Significantly Impaired in Norbin-
KO Mice. To test whether Norbin plays a role in adult neuro-
genesis, we analyzed the impact of genetic ablation of Norbin on
SGZ neurogenesis in the hippocampus. For this purpose, we
crossed a genetically modified mouse line harboring lox-P sites
flanking exon 3 and 4 of the Norbin gene with a mouse line
expressing the Cre recombinase under the calcium/calmodulin-
dependent protein kinase II o« (CAMK2a) promoter. This
CAMK2a-Cre line causes specific Norbin deletion in neurons of
the forebrain, mostly postnatally (18).

Two-month-old mice were injected with BrdU to label adult-born
neurons. Four weeks later, mouse brains were fixed and analyzed by
immunocytochemistry using a BrdU-specific antibody (Fig. 14).
The number of labeled neurons in the SGZ was evaluated by ste-
reological cell counting. BrdU* neurons were dramatically reduced
in Norbin-KO mice compared with wild-type controls (51.4 =+
11.1% of wild type, P < 0.001) (Fig. 1B). To confirm this result, we
generated a second Norbin-KO line using the empty spiracles ho-
meobox 1 (Emx1)-Cre line, which caused specific Norbin deletion in
the cortical and hippocampal pyramidal neurons (19). Norbin flox/
flox-Emx1-Cre mice also showed significant reduction in adult
hippocampal neurogenesis compared with wild-type controls
(47.8 £ 8.2% of wild type, P < 0.001) (Fig. 1C).

Because Norbin is a positive regulator of mGluRS, and consid-
ering the role of mGluRS in NSC proliferation (15), we next tested
how mGIuRS affects the survival of adult-born neurons using
mGIuR5-KO mice. As in Norbin-KO mice, at 4 wk after BrdU
injection the number of neurons was significantly reduced in
mGluR5-KO mice compared with wild-type controls (70.0 + 5.5%
of wild type, P < 0.01) (Fig. 1D).
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Fig. 1. Genetic deletion of Norbin or mGIuR5 impairs adult hippocampal neuro-
genesis. (A) Experimental diagram of the adult neurogenesis study. Two-month-old
mice received i.p. BrdU injections (100 mg/kg) twice a day for three consecutive days.
Four weeks later, mice were perfused with a PFA solution, and brain slices were
analyzed by immunocytochemistry using an anti-BrdU antibody. BrdU* cells in the
DG region were counted using stereologic methods. GCL, granule cell layer; SGZ,
subgranular zone. (B) Norbin-KO mice (CamK2a-Cre) show impaired neurogenesis
in the hippocampus DG. (Left) Representative images of the BrdU™" cells in the DG of
wild-type (n = 9) and Norbin-KO mice (n = 8). (Right) Quantification of total num-
bers of BrdU™ cells. Values are shown as means + SEM, ***P < 0.001. (C) Norbin-KO
mice (EMX1-Cre) show impaired neurogenesis in the hippocampus. (Left) Repre-
sentative images of BrdU* cells in the DG of wild-type (n = 7) and Norbin-KO (n = 6)
mice. (Right) Quantification of total numbers of BrdU" cells. Values are shown as
means + SEM, ***P < 0.001. (D) mGIuR5-KO mice show impaired neurogenesis in
the hippocampus. (Left) Representative images of the BrdU™ cells in the DG of wild-
type (n = 8) and mGIuR5-KO mice (n = 8). (Right) Quantification of total numbers of
BrdU™ cells. Values are shown as means + SEM, *P < 0.01.

Surface and volume measurements of the DG, the granule cell
layer, and the subventricular zone/hilus did not reveal sig-
nificant differences in size when comparing the Norbin
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flox/flox-CAMK2a-Cre line or the Norbin flox/flox-Emx1-Cre
mice with control mice.

Hippocampal NSC Proliferation Is Decreased in Norbin-KO Mice. At
least three steps are involved in the overall 4-wk survival of adult-
born neurons, and the disruption of any of these steps could lead
to the results observed in Norbin-KO mice. These steps include
(i) NSC proliferation; (ii) NSC/NPC cell-fate specification (ei-
ther toward hippocampal neurons or astrocytes); and (iii) sur-
vival, maturation, and migration of young neurons. To determine
at which step(s) Norbin KO contributes to the observed re-
duction of neurogenesis, we first quantified the proliferation of
NSCs/NPCs in vivo in wild-type and Norbin-KO mice 2 h after
BrdU injection. Mice were perfused, and BrdU* cells were
counted (Fig. 24). We observed fewer proliferating SGZ cells in
Norbin-KO mice than in wild-type controls (85.9 + 4.9% of wild
type, P < 0.05) (Fig. 2B). To validate this observation, and to
avoid potential injection-induced stress which might affect hip-
pocampal cell proliferation, a different cohort of mice was used
to evaluate cell proliferation using the endogenous mitotic marker
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Fig. 2. Hippocampal proliferation of NPCs/NSCs is impaired in Norbin-KO
mice. (A) Experimental diagram of the proliferation assay of adult neuro-
genesis. Two-month-old mice were injected with BrdU (i.p. 100 mg/kg). Mice
were perfused 2 h later, and brain slices were analyzed by immunocyto-
chemistry using an anti-BrdU antibody. (B) Norbin-KO mice show reduced
proliferation of NPCs/NSCs. (Left) Representative images of the BrdU™ cells in
the DG of wild-type (n = 9) or Norbin-KO mice (n = 6). GCL, granule cell layer;
SGZ, subgranular zone. (Right) Quantification of total numbers of BrdU*
cells. (C) A different cohort of 2-mo-old wild-type (n = 10) and Norbin-KO
mice (n = 9) were perfused without injections, and Ki-67 immunofluores-
cence staining was performed. (Left) Representative images of Ki-67" cells in
the DG are shown. (Right) Quantification of total numbers of Ki67* cells.
Values are shown as means + SEM, *P < 0.05.
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Ki-67 by immunolabeling. Similar results were obtained with this
alternative technique (78.4 =+ 8.2% of wild type) (Fig. 2C).

Norbin Deletion Does Not Affect Cell-Fate Specification of NSCs/NPCs.
In the hippocampus, SGZ NSCs/NPCs can differentiate into neu-
rons or astrocytes. We next evaluated the role of Norbin in the fate
specification of SGZ NSCs/NPCs, asking if the reduced neuro-
genesis could be caused by abnormal astrogenesis. Four weeks after
BrdU labeling, hippocampal slices of wild-type mice and Norbin-
KO mice were labeled with neuronal marker NeuN and the as-
trocyte marker GFAP (Fig. 34, Upper). About 81.3% of BrdU™*
cells are NeuN* in Norbin-KO mice, similar to the percentage in
wild-type mice (83.6%), suggesting that Norbin ablation did not
affect the fate determination of NSCs or NPCs (Fig. 34, Lower).

Norbin-KO Mice Show Significantly Reduced Immature Neurons. To
test whether Norbin affects the maturation of adult-born neu-
rons, hippocampal slices of wild-type and Norbin-KO mice were
immunolabeled with doublecortin (Dcx), which is expressed
specifically in immature neurons (Fig. 3B, Upper). We quantified
the Dcx signal by measuring the fluorescence intensity in the
SGZ and DG region. Significantly fewer Dcx™* cells and lower
dendritic density were found in Norbin-KO mice than in wild-
type controls, suggesting that neuronal maturation is impaired in
the absence of Norbin (Fig. 3B, Lower).

Mature Granular Neurons of the Hippocampal DG Express Norbin.
The results described so far highlight the importance of Norbin
in adult hippocampal neurogenesis. We next investigated whether
the effects of Norbin on neurogenesis are a cell-autonomous
(NSC/NPC) or a non—cell-autonomous neurogenic niche effect.
We first tested whether Norbin is expressed in the NSCs/NPCs.
Coimmunostaining with antibodies directed toward Norbin and
cell-type—specific markers was performed. Norbin protein was
detected throughout the mature granular neurons that express
NeuN but not in immature neurons that express Dcx or in pro-
liferating cells or astrocytes that express GFAP (Fig. 44). To ex-
amine the possibility that the absence of Norbin in the neurogenic
zone results from the low sensitivity of the Norbin antibody for
immunostaining, we analyzed Norbin expression by Western
blotting and RT-PCR. Norbin is highly expressed by hippocampal
extracts but not by cultured neurospheres that contain NSCs/NPCs
as indicated by sex-determining region Y-box 2 (Sox2) expression.
In contrast, mGIuRS is expressed by cultured neurospheres, as
previously reported (Fig. 4B). In line with our Western blot results,
Norbin expression also is undetectable in neurospheres by RT-PCR
analysis (Fig. 4C). These results indicate that Norbin is scarcely
expressed, if at all, by NSCs/NPCs and therefore suggest that
Norbin has a non—cell-autonomous effect on adult neurogenesis.

The Expression of DSP, a Cell-Cell Contact Gene, Is Reduced in Norbin-
KO Mice. One well-established factor affecting adult neurogenesis
is BDNF. We therefore tested whether the level of BDNF ex-
pression is changed in Norbin-KO mice. We isolated BDNF
from 3-, 6-, and 9-mo-old animals and tested the BDNF level
by ELISA, Western blotting, and RT-PCR. No changes were
detected (Fig. S1). To pinpoint how Norbin KO affects the
neurogenic niche, we performed DG gene-expression profiling
of wild-type and Norbin-KO mice. Fewer than 30 genes were
found to be differentially expressed. Out of this pool of genes
tested by quantitative PCR, only a few were significantly af-
fected. Among the significantly differentially expressed genes,
DSP was found to be the most affected, with a 42% reduction
observed in Norbin-KO mice. The other genes involved in the
housekeeping function were not relevant for this study and were
not studied further. DSP is an obligatory component of func-
tional desmosomes, the highly organized adhesive intercellular
junction that couples intermediate filaments to the cell surface at
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Fig. 3. Norbin deletion does not affect fate specification of NSCs/NPCs. (A) Four weeks after BrdU injection, brain slices were immunostained with anti-BrdU,
NeuN, and GFAP antibodies. (Left) Representative confocal images of the BrdU and NeuN double-positive cells in the DG. (Right) Quantification of BrdU and
NeuN double-positive mature neurons in the DG of wild-type (n = 3) and Norbin-KO (n = 3) mice 4 wk after BrdU injection. (B) Norbin-KO mice show sig-
nificantly fewer immature neurons (Dcx*), presenting a lower dendritic density. Two-month-old wild-type (n = 6) and Norbin-KO (n = 6) mice were perfused,
and brain slices were analyzed by immunostaining with anti-Dcx antibody. (Left) Representative confocal images of Dcxt immature neurons in the adult brain
of wild-type or Norbin-KO mice. (Right) Fluorescence intensity was quantified using Image J software in the SGZ and in the DG region. Values are shown as

means + SEM. **P < 0.01, ***P < 0.001.

a site of cell-cell adhesion. Mutation in DSP leads to defective
cell-cell junctions and causes cardiomyopathies and kerato-
dermas as well as the autoimmune disease paraneoplastic pem-
phigus in humans. Remarkably, in the brain, DSP is expressed
specifically in the DG (Fig. 54) (20) although its function in the
CNS has not been explored. The reduced DSP expression in
Norbin-KO mice was confirmed by RT-PCR using three wild-
type and three KO animals. An approximately 40% reduction in
DSP expression was observed (Fig. 54, Left). The expression of
LRRTM4, another DG-specific gene, was not affected (Fig. 5B),
indicating that the DSP reduction in Norbin KO is not caused
by general abnormal gene expression in DG.

Norbin-KO Mice Display Depressive-Like Behavior. Reduced adult
neurogenesis has been associated with depressive behaviors (21).
We behaviorally characterized Norbin-KO mice using well-
established mouse behavioral paradigms, including the TST, the
FST, and the sucrose preference test. Increased immobility in
both the TST and FST has been defined as a behavioral mea-
surement for despair. The immobility times during the TST and
FST are reduced by several antidepressant treatments, whereas
factors that increase depression in humans, such as stress, post-
partum state, or genetic predisposition, all increase TST and/or
FST immobility times (22, 23). Compared with wild-type mice,
Norbin-KO mice displayed longer immobility time in the TST (in
5-s bins, 42.5 + 3.1% vs. 24.3 + 5.0%, P < 0.05) (Fig. 64) and the
FST (in 5-s bins, 38.8 + 2.5% vs. 22.9 + 4.1%, P < 0.05) (Fig. 6B).
To ensure that locomotor activity was not a confounding factor
for the outcome of these tests, wild-type and Norbin-KO mice
were tested in the open-field paradigm; no difference in loco-
motor activity was observed (Fig. S24). Similarly no difference in
the body weights of the two cohorts was found (Fig. S2B). Finally,
in the sucrose preference test, which measures anhedonia (a core
feature in depression), Norbin-KO mice display reduced preference
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for a palatable sucrose solution (5.3 + 2.1-fold over water) com-
pared with wild-type mice (10.2 + 3.1-over water).

Discussion

We have identified Norbin as a player in adult hippocampal
neurogenesis. A 4-wk neuron-survival assay revealed that abla-
tion of Norbin expression in mice caused nearly a 50% reduction
in adult hippocampal neurogenesis. This reduction was caused by
reduced NSC/NPC proliferation and survival, not by cell-fate
specification. Norbin deletion also resulted in a depression-like
phenotype based on all three behavioral tests used.

Because Norbin expression is hardly detectable in NSCs and
NPCs, we favor the hypothesis that Norbin has a non—cell-
autonomous role in adult hippocampal neurogenesis. It is well
established that NSCs/NPCs are regulated by the surrounding
microenvironment, the neurogenic niche, such as granule cells in
the DG, and innervations from different brain regions such as
the amygdala. Norbin is highly expressed in mature DG neurons
and in the amygdala. It is possible that Norbin deletion in these
neurons may indirectly affect NSCs/NPCs in the SGZ.

To explore how Norbin deletion affects the function of DG
granule neurons, we performed a gene-expression profiling study
and identified DSP as the most dysregulated gene in Norbin-KO
mice. DSP has been well studied in the peripheral tissue for its
function in desmosomes. Desmosomes are molecular complexes
of cell-adhesion proteins and linking proteins. Desmoglein and
desmocollin, members of the cadherin family, are cell trans-
membrane adhesion proteins that mediate cell-cell interaction.
DSP and plakoglobin are linking proteins that attach the cell-
surface adhesion proteins to intracellular cytoskeletal filaments.
Although DSP mRNA is expressed specifically in the DG region
of the hippocampus, the expression of other desmosome com-
ponents is not detectable in the DG (20), making the existence
of functional desmosomes in the DG unlikely. However, it is

Wang et al.
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Fig. 4. Norbin is enriched in mature DG granular neurons. (A) Confocal im-
ages of the DG of an adult mouse brain, coimmunostained for Norbin (green)
and NeuN (red), Dcx (red), or GFAP (red). Norbin localizes with mature (NeuN™)
neurons but not with immature neurons (Dcx*) or glia (GFAP*). (B) Western
blotting detection of Norbin and mGIuR5 in adult mouse hippocampal tissues
and cultured neurospheres (NS). Protein extracts (20 pg) isolated from wild-
type and Norbin-KO mice and mouse embryonic day 14 (E14) neurospheres
were analyzed by Western blotting using antibodies against Norbin, mGIuR5,
B-actin, or Sox2. (C) RT-PCR detection of Norbin and Sox2 transcripts in adult
mouse hippocampal tissues and cultured neurospheres. mRNAs were isolated
from wild-type and Norbin-KO mice and from mouse E14 neurospheres.
RT-PCR was performed using TagMan gene-expression assays. ***P < 0.001.

possible that DSP interacts with other cadherin family members
to ensure cell-cell interactions.

The role of adult hippocampal neurogenesis in the pathophys-
iology of major depression is still under extensive inquiry. Ablation
of neurogenesis does not systematically induce depressive-like
phenotypes, and not all antidepressants are associated with in-
creased neurogenesis (for a review, see ref. 24). Although we re-
port here that Norbin-KO mice display depressive-like behaviors
that correlate with reduced hippocampal neurogenesis, it will be
important to investigate further whether reduced neurogenesis has
a causative role in the behavioral differences observed. We cannot
exclude the possibility that some of the cognitive deficiencies ob-
served in the Norbin-KO mice might interfere partially with some
of the depression-like paradigms used. However, to minimize this

Wang et al.

possibility, we used three different behavioral tests that are rela-
tively simple and that do not require higher cognitive abilities (e.g.,
the sucrose preference test). It also will be interesting to test
whether the depressive-like phenotype of Norbin-KO mice can be
rescued by antidepressant treatments, including treatments that
are known to exert their antidepressant effect independently of
neurogenesis (e.g., ketamine). For future studies, measuring the
influence of the mouse strain used for depression-like behaviors
also might shed some light on the underlying mechanisms.

This study identifies Norbin as a player in adult hippocampal
neurogenesis and shows that its deletion in key brain areas causes
a depressive-like phenotype in mice. We hypothesize that Norbin
deletion affects the neurogenic niche of NSCs/NPCs, possibly
through a pathway involving the cell-cell contact gene DSP. We
believe that understanding Norbin function might help uncover
the molecular and cellular mechanisms underlying neurogenesis
and that these studies also could contribute to the development of
novel antidepressants.

Materials and Methods

Animal Studies. Experiments requiring animals were approved by the In-
stitutional Animal Care and Use Committee of The Rockefeller University. Mice
were maintained on a 12-h light/dark cycle with food and water ad libitum.
Eight- to twelve-week-old animals were used for studies. GRM5-KO mice were
kindly provided by A. Nishi, Kurume University School of Medicine, Kurume,
Fukuoka, Japan (25). Norbin flox/flox mice were generated in house as de-
scribed earlier (17). The CamK2a-Cre and Emx1-Cre lines were obtained from
the Jackson Laboratory.

BrdU Labeling and Immunocytochemistry. To evaluate cell proliferation and
differentiation, BrdU (100 mg/kg; Sigma-Aldrich) was prepared using a saline
solution and administered to mice i.p. (10 ml/kg). For analysis of cell pro-
liferation, 10-wk-old mice received a single i.p. injection of BrdU, and 2 h later,
animals were perfused transcardially with 4% (wt/vol) paraformaldehyde (PFA).
For analysis of cell survival, 10-wk-old mice received six injections of BrdU
(twice daily on three consecutive days) and were perfused with PFA 4 wk later
(at age 14 wk), as previously described (26). BrdU immunostaining was per-
formed as previously described (26). See also S/ Materials and Methods.

Stereological Cell Counting. BrdU* cells from every eighth section covering the
entire rostrocaudal axis of the DG were counted using a high-power (40x)
microscope. Cells were counted in a blind manner. At least eight sections from
both sides of the DG were counted per animal. The number for each group of
animals is indicated in figure legends.

Immunofluorescence. For confocal observations of BrdU and NeuN or GFAP
colabeling, the sections first were pretreated with 2N HCl and incubated at
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Fig.5. DSP expression is reduced in Norbin-KO mice. RNAs isolated from the DG
region of 2-mo-old wild-type or Norbin-KO mice were analyzed by RT-PCR using
a TagMan gene-expression assay for DSP (4) and LRRTM4 (B). In situ hybridiza-
tions (Right) showing the high levels of expression of DSP or LRRTM in the DG
(arrowheads). ***P < 0.001. Reprinted with permission from the Allen Brain Atlas.
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Fig. 6. Norbin-KO mice showed a depressive-like behavioral phenotype. (A) Four-month-old wild-type (n = 8) and Norbin-KO mice (n = 8) were subjected to
the TST, and immobility time was scored using a behavioral sampling method (Materials and Methods). (B) Four-month-old wild-type (n = 8) and Norbin-KO
mice (n = 8) were subjected to the FST, and immobility time was scored using a behavioral sampling method (Materials and Methods). (C) Four-month-old
wild-type (n = 10) and Norbin-KO mice (n = 10) were subjected to a sucrose preference test. The amount of sucrose versus water consumed was calculated as a

fold of preference. Data are presented as means + SEM, *P < 0.05.

40 °C for 20 min, neutralized with 0.1 M borate buffer (pH 8.5), and then
blocked with 10% (vol/vol) goat serum (Thermo Fisher Scientific). Sections
then were incubated with anti-BrdU (1:500; Roche Diagnostics), anti-NeuN
(1:500; EMD Millipore Corporation), and anti-GFAP (1:1,000; Sigma-Aldrich)
antibodies overnight at 4 °C. Fluorophore-conjugated secondary antibody
was used to visualize the staining. For Ki-67 staining, a slightly different
protocol was used (see S/ Materials and Methods for details).

Behavioral Analysis. All behavioral studies were performed using adult (3- to
6-mo-old) male mice. Wild-type and KO mice were housed together. The TST and
FST were performed as described (26). Tests were scored using behavioral
sampling methods: The last 4 min of a 6-min testing session were scored. Every
5's, a blinded observer noted whether a test subject was immobile. The im-
mobility “counts” represent the number of times the mouse was scored as
immobile out of a possible 48 total counts.

Sucrose Preference. The sucrose preference test was conducted using a two-
bottle choice procedure. Mice were housed individually for 3 d. Four days before
the experiment (day —4), mice were given 24 h of continuous two-bottle expo-
sure to tap water. On day —3 one bottle of tap water was replaced with 1.5%
(wtivol) sucrose for 24 h. On day —2, the bottle positions were switched. On day —1,
mice were denied access to fluid but had free access to food. On the test day, mice
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were given access to the two preweighed bottles, one containing tap water and
one containing 1.5% (wt/ivol) sucrose, and were left undisturbed. Fluid consump-
tion over 24 h was measured the next day. The preference for sucrose over water
(sucrose/water) was used as the measure of the preference for sucrose (27).

Microarray Analysis and RT-PCR. Hippocampi from wild-type and Norbin-KO
mice were dissected, total RNAs were isolated and quantified, and 1 pg of
total RNA was used for microarray analysis according to standard procedures
(see SI Materials and Methods for details).

Statistical Analysis. All data for quantitative studies are expressed as means +
SEM and are described in the figure legends. Parametric analyses were per-
formed with the unpaired Student’s t test for two groups or one- or two-way
ANOVA for comparisons of more than two groups. A value of P < 0.05 was
considered to be significant.
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