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Chronic fluoxetine treatment reduces
parvalbumin expression and perineuronal nets in
gamma-aminobutyric acidergic interneurons of
the frontal cortex in adult mice
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Abstract

Background: The selective serotonin reuptake inhibitor fluoxetine (FLX) is widely used to treat depression and
anxiety disorders, but cellular mechanisms underlying the antidepressant effect of FLX remain largely unknown. The
generally accepted effect of chronic FLX treatment is increased adult neurogenesis in the hippocampal dentate
gyrus. It was recently demonstrated that FLX treatments can reverse the established neuronal maturation of granule
cells in the hippocampal dentate gyrus and of gamma-aminobutyric acidergic (GABAergic) interneurons in the
basolateral amygdala. However, it is not clear whether this dematuration effect of FLX occurs in other brain regions.
Thus, in this study, we used immunohistological analysis to assess the effect of FLX treatment on GABAergic
interneurons in the medial frontal cortex (mFC) and reticular thalamic nucleus (RTN).

Results: Immunofluorescence analysis for perineuronal nets (PNNs), which is a marker of neuronal maturation, and
for parvalbumin, calretinin, and somatostatin, which are markers for specific GABAergic interneuron type, showed
lower number of parvalbumin-positive (+) cells and PNN+/parvalbumin+ cells in the mFC of FLX-treated mice
compared to vehicle-treated mice. However, FLX treatment had no effect on the number of cells expressing
calretinin and somatostatin in the mFC. In the RTN, the number of PNN+ cells and parvalbumin+ cells was
unaltered by FLX treatments. Furthermore, the number of total GABA+ cells and apoptotic cells in the mFC was
similar between vehicle- and FLX-treated mice, suggesting that FLX treatment did not induce cell death in this
region. Rather, our findings suggest that the decreased number of parvalbumin+ cells in the mFC was due to a
decreased expression of parvalbumin proteins in the interneurons.

Conclusions: This study indicates that FLX decreases the levels of parvalbumin, a mature marker of fast-spiking
interneurons, and PNNs in parvalbumin+ interneurons in the mFC, suggesting that FLX treatment induces a
dematuration of this type of neurons. Induction of a juvenile-like state in fast-spiking inhibitory interneurons in
these regions might be involved in the therapeutic mechanism of this antidepressant drug and/or some of its
adverse effects.
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Background

Fluoxetine (FLX), a selective serotonin reuptake inhibi-
tor (SSRI), is widely used to treat depressive disorder;
however, the cellular mechanisms underlying the
antidepressant effect of FLX remain unclear. Findings
from animal studies suggest that adult neurogenesis in
the brain is critically involved in this process [1]. It has
been reported that chronic FLX treatment for 2—4 weeks
results in increased neurogenesis and cell proliferation
in the adult dentate gyrus (DG) [2-4], a response that
has been linked to the behavioral effects of FLX [3]. Fur-
thermore, we recently demonstrated that chronic FLX
treatment leads to the generation of cortical gamma-
aminobutyric acidergic (GABAergic) interneurons from
neural progenitor cells in adult mice [5]. Conversely, we
have shown that chronic FLX treatment for more than
6 weeks decreases neurogenesis in the subventricular
zone of adult mice [6].

Besides its effect on adult neurogenesis, chronic FLX
treatments cause “dematuration,” a reversal of the
established state of maturation of adult dentate granule
cells [6-9], raising the possibility that a distinct form of
synaptic plasticity underlies the antidepressant effect
of FLX. Dentate granule cells in FLX-treated adult
mice exhibit similarity with immature granule cells in
non-treated mice in terms of expressions of maturation
cell markers (e.g., a decrease in calbindin expression
and an increase in calretinin expression) and electro-
physiological characteristics (e.g., reductions of basal
synaptic transmission and frequency facilitation of the
synapses between DG and CA3, and reinstatement of
high membrane excitability) [7]. A juvenile-like state of
granule cells has also been observed in the adult brains
of some genetically-engineered mice strains [10], such
as alpha calcium/calmodulin-dependent protein kinase
II (a«CaMKII) heterozygous knockout (HKO) mice
[11-17], schnurri-2 (Shn-2) KO mice [18], and mutated
synaptosomal-associated protein 25 knock-in (SNAP-25
KI) mice [19]. Interestingly, FLX-induced dematuration of
neurons has also been observed in GABAergic interneu-
rons of the basolateral amygdala [20]; FLX converts
interneurons, in particular parvalbumin-positive (+) cells, a
subclass of interneurons, to a more immature state.
However, it remains unclear whether FLX has any effect on
cellular dematuration of interneurons in other brain
regions.

In this study, we used immunohistological analysis to
investigate the effect of FLX treatment on GABAergic
interneurons of the medial frontal cortex (mFC) and re-
ticular thalamic nucleus (RTN). Specifically, we assessed
whether FLX treatment demonstrated a dematuration
effect on GABAergic interneurons by examining the
expression of perineuronal net (PNN), a marker of
neuronal maturation, as well as the expression of
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parvalbumin, calretinin, and somatostatin, which are
markers for specific GABAergic interneurons.

Results

Chronic FLX treatment decreased the number of
parvalbumin+ cells in the frontal cortex

PNNs are reticular structures composed of extracellular
matrix molecules, such as chondroitin sulfate proteogly-
cans, hyaluronan, and tenascin-R, and are expressed in
the central nervous system [21]. The temporal pattern of
PNN formation reportedly corresponds to the ending of
the critical periods in which synaptogenesis, synaptic re-
finement, and myelination occur [21], thus suggesting
that their formation coincides with neuronal maturation.
For this reason, PNNs are considered a marker of neur-
onal maturation [20,22,23].

Using PNN and parvalbumin stained sections, we first
examined whether chronic FLX treatment altered the
staining pattern of parvalbumin+ cells in the mFC of
adult mice. FLX solution was intraperitoneally injected
into mice at 15 mg-kg"-day™ for 3 weeks. We chose
the mFC (Additional file 1: Figure S1), because it exten-
sively overlaps with regions referred to as the anterior
cingulate cortex [24] and because it plays an important
role in rodent emotional memory and behavior associ-
ated with limbic regions, such as the amygdala and
hippocampus [25-27]. The number of parvalbumin+
cells in the mFC was significantly decreased in FLX-
treated mice compared to vehicle-treated mice (Figure 1;
p =0.0049). There was no significant difference in the
number of total PNN+ cells between FLX- and vehicle-
treated mice, although the number of PNN+ cells tended to
decrease by chronic FLX treatment (p =0.072). Chronic
FLX treatment significantly decreased the number of
parvalbumin+/PNN+ cells (p = 0.00024). Using these data,
we calculated the percentage of parvalbumin+/PNN+ cells
from the total number of parvalbumin+ cells and found
that FLX treatment decreased the percentage of
parvalbumin+/PNN+ cells to approximately 80% of the
vehicle-treated value (p = 0.00033).

We also investigated whether FLX treatment affected
the number of parvalbumin+ cells in the RTN. In the
RTN, in which almost all neurons are GABAergic,
FLX treatment had no effect on the numbers of
parvalbumin+ (p = 0.54) and PNN-+cells (p=0.36)
(Figure 2C and D). However, we found a significantly
lower number of parvalbumin+ cells in the hippocam-
pal CA3 region of FLX-treated mice compared to
vehicle-treated mice (Figure 2A and B; p =0.00063).
The number of PNN+ cells was also significantly de-
creased in the hippocampal CA3 region (Figure 2A and
B; p =0.040) but not in the RTN. FLX treatment also
reduced the number of parvalbumin+ cells in the
basolateral amygdala (Additional file 1: Figure S2;
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Figure 1 Decrease in the number of parvalbumin+ cells in the mFC. (A) Representative coronal images of parvalbumin+ (magenta)/PNN+
(green) cells in the mFC of mice treated with vehicle (upper row) or FLX (lower row). Mice received FLX for 3 weeks at 15 mg/kg/day.

(B) Quantification of the number of parvalbumin+, PNN+, parvalbumin-+/PNN+ cells, and the proportion of parvalbumin+/PNN+ cells in the
total number of parvalbumin+ cells (n =4 mice each; 11-week-old). FLX, fluoxetine; PNN, perineuronal net; PV, parvalbumin.
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p =0.0058). Our results from the hippocampal CA3
region and basolateral amygdala corroborate previous
findings [20].

Chronic FLX treatment did not alter the numbers of
calretinin+ and somatostatin+ cells

Three main subgroups of GABAergic interneurons are
found in the FC of adult rodents: parvalbumin+ cells,
calretinin+ cells, and somatostatin+ cells [28]. Thus, we
next examined whether chronic FLX treatment de-
creased the expression of calretinin and somatostatin in
the mFC, RTN, hippocampus, and basolateral amygdala.
Chronic FLX treatment had no effect on the number of
calretinin+ and somatostatin+ cells in these brain regions
(Additional file 1: Figure S3 and Table S1). In addition,
the calretinin+ and somatostatin+ cells in the mFC,
RTN, hippocampus, and basolateral amygdala were not
surrounded by PNNs (Additional file 1: Figure S3 and

Table S1), which is consistent with previous findings
[29,30]. Although calbindin was abundantly expressed in
the RTN, FLX treatment did not alter its expression
(Additional file 1: Figure S3 and Table S1). This result
suggests that FLX treatment mainly affected parvalbumin+
interneurons, and not calretinin and somatostatin, in the
mFC, hippocampus, and basolateral amygdala. It also high-
lights that compared to calretinin+ and somatostatin+ cells,
parvalbumin+ cells are more likely to be surrounded by
PNNs.

Chronic FLX treatment did not alter the numbers of GABA+
cells and apoptotic cells

Although we had observed a significant decrease in the
number of parvalbumin+ cells in the mFC and hippo-
campus of FLX-treated mice, it remained unclear
whether this decrease was reflective of parvalbumin+
interneuron cell death or a decrease in the expression of
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Figure 2 (See legend on next page.)
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Figure 2 Expression of parvalbumin and PNN in the hippocampal CA3 and RTN. (A, C) Double-staining for parvalbumin (magenta) and
PNN (green) in coronal sections of the hippocampal CA3 region (A) and RTN (C). Mice received FLX for 3 weeks at 15 mg/kg/day. (B, D) The
number of parvalbumin+, PNN+, parvalbumin+/PNN+ cells, and the proportion of parvalbumin+/PNN+ cells in the total number of parvalbumin+

parvalbumin; RTN, reticular thalamic nucleus.

cells were quantified in the hippocampal CA3 region (B) and RTN (D) (n =4 mice each; 11-week-old). Note that a decreased number of
parvalbumin+ cells were found in the hippocampal CA3, but not in the RTN. CA, cornu ammonis; FLX, fluoxetine; PNN, perineuronal net; PV,

parvalbumin proteins in each interneuron. Thus, we
performed immunofluorescence staining for GABA to
examine the effect of FLX treatment on the total num-
bers of GABAergic interneurons in these regions. We
found no difference in the number of GABA+ cells in
the mFC (Figure 3A and B; p =0.82) and hippocampus
(Figure 3C and D; p=0.81) of FLX-treated mice com-
pared to vehicle-treated mice. Furthermore, the fluores-
cence intensity of GABA in the mFC and hippocampus
of FLX-treated mice was similar to that in these regions
of vehicle-treated mice (Figure 3B and D; mFC, p = 0.57;
Hippocampal CA3, p = 0.53). We subsequently examined
whether the number of apoptotic cells changed after

FLX treatments. Terminal deoxynucleotidyl transferase-
mediated dUTP nick-end labeling (TUNEL) analysis re-
vealed that FLX treatments did not induce apoptotic cell
death in the mFC and hippocampus (Additional file 1:
Figures S4). In addition, we labeled the interneurons
with 5-bromodeoxyuridine (BrdU), a marker of DNA
synthesis, by intraperitoneal injection of BrdU into
timed-pregnant mice every 24 h from day 14 to day 20
of gestation. Thus, the interneurons generated during
the embryonic period contained BrdU. FLX treatment
was commenced 8 weeks after birth and continued for
3 weeks. FLX treatment did not alter the number of
BrdU+ cells in the mFC or hippocampus; however, it
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Figure 3 FLX treatment did not change the number of GABA+ cells in the mFC and hippocampus. (A, C) Representative coronal images
of GABA+ cells in the mFC (A) and hippocampus (C) of vehicle-treated (upper) and FLX-treated mice (lower). Mice received FLX for 3 weeks at
15 mg/kg/day. (B, D) The number of GABA+ cells (left graphs) and the fluorescence intensity of GABA (right graphs) were quantified in the mFC
(B) and hippocampal CA3 region (D) of vehicle-treated and FLX-treated mice (n =4 mice each; 11-week-old). CA, cornu ammonis; FLX, fluoxetine;
mFC, medial frontal cortex.
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significantly reduced the number of parvalbumin+/BrdU
+ cells (Additional file 1: Figures S5 and S6). This result
suggests that, in the cells generated during embryogen-
esis, parvalbumin protein levels in the mFC and
hippocampus were reduced after FLX treatment. Taken
together, these findings suggest that the decreased num-
ber of parvalbumin+ cells in the mFC and hippocampus
may reflect a decreased expression of parvalbumin
proteins in each interneuron.

Discussion

In this study, we examined the effect of chronic FLX
treatment on PNN expression as well as the expression
of parvalbumin+, calretinin+, and somatostatin+ cells in
the mFC, hippocampus, basolateral amygdala, and RTN.
Immunofluorescence analysis revealed that FLX treat-
ment decreases the number of parvalbumin+ cells,
but not that of calretinin+ or somatostatin+ cells, in
the mFC, hippocampus, and basolateral amygdala.
Our findings suggest that the decreased number of
parvalbumin+ cells reflects a decrease in parvalbumin
protein expression in each interneuron, and not apop-
totic cell death of parvalbumin+ cells or a decrease in
the total number of GABA+ cells. Furthermore, the per-
centage of parvalbumin+/PNN+ cells was also decreased
in the mFC. These findings suggest that FLX treatment
may have a dematuration effect on fast-spiking inhibi-
tory interneurons in the mFC and hippocampus, which
are immunoreactive for parvalbumin during the mature
status [31]. This pseudo-immature state of parvalbumin
+ cells may account for the antidepressant effect of FLX,
in addition to, or as an alternative to, dematuration in
the DG and amygdaloid neurons and increased neuro-
genesis in the DG and cortex.

Decreased percentage of PNN+ cells out of parvalbumin+
cells in the mFC

In the present study, we found a decrease in the
number of PNN+cells in the hippocampal CA3
region and a decrease in the proportion of PNN
+/parvalbumin+ cells in the total number of
parvalbumin+ cells in the mFC, basolateral amygdala,
and hippocampal CA3 region. It has previously been
demonstrated that chronic FLX treatment decreases
the percentage of PNN+/parvalbumin+ cells (from
the total number of parvalbumin+ cells) in the
basolateral amygdala and hippocampal CA1l [20];
however, to our knowledge, such a finding has not
been observed in the FC until now. In contrast to our
study, a previous study reported no disruption to PNNs in
the FC [20]. This difference may be attributable to the dif-
ferences in FLX administration, such as the dose of FLX
(10 mg-kg" - day™ in the previous study vs. 15 mg - kg™ -
day™ in this study) and administration method (drinking
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water in the previous study vs. intraperitoneal injection in
this study). This discrepancy in findings for PNN expres-
sion in the mFC should be examined in future studies to
determine whether it is a dose-dependent effect of FLX.

The formation of PNNs coincides with neuronal mat-
uration in the central nervous system [20,22,23]. Thus,
similar to other studies, we used PNN as a marker of
neuronal maturation. We found a significant decrease
in PNN+ cells in the hippocampal CA3 region follow-
ing FLX treatment; however, FLX treatment had
less effect on the total number of PNN+ cells in
the mFC. This is probably because the reduction of
PNN happens specifically in the parvalbumin+ cells
in the mFC. Also, it may be due to the long life
of PNN components. It has previously been demon-
strated that the immunoreactivity of PNN compo-
nents, tenascin and chondroitin sulphate proteogly-
cans, persists in vivo for at least up to 4 weeks and
14 months, respectively [32]. In this study, we used
Wisteria floribunda lectin (WFA) to detect PNNs.
WEFA binds carbohydrate structures terminating
in N-acetylgalactosamine linked to galactose, which
are contained in chondroitin sulphate proteoglycans
of PNNs [32]. Thus, this suggests that dematur-
ated interneurons are still surrounded by PNNs or
chondroitin sulphate proteoglycans after the disap-
pearance of parvalbumin proteins in each interneuron.
Consequently, fast-spiking cells, in which parvalbumin
proteins are diminished by FLX treatment, can be
detected by WFA.

No significant differences were observed in the
numbers of parvalbumin+ or PNN+ cells in the RTN
between vehicle- and FLX-treated mice. Currently, it
is not clear why these numbers did not change after
FLX treatment. However, possibly, this could be at-
tributable to the origins of the GABAergic interneu-
rons present in the regions. Almost all the cortical,
hippocampal, and amygdaloid GABAergic interneu-
rons are derived from the ventricular zone of the
medial and caudal ganglionic eminences [33,34], while
thalamic GABAergic interneurons originate from the
ventricular zone of the third ventricles [35]. These re-
sults suggest the possibility that FLX treatment might
specifically reduce parvalbumin protein levels in inter-
neurons derived from the ganglionic eminences. It
will be interesting to examine this, as well as other
possibilities, in future research.

Decrease in the number of parvalbumin+ cells in the mFC
and hippocampus

In this study, we demonstrated that chronic FLX treat-
ment did not induce apoptotic cell death of parvalbumin+
interneurons in the mFC and hippocampus. We also
showed that the number of GABA+ cells in the mFC and
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hippocampus was not altered by FLX treatment.
These findings suggest that the decreased number of
parvalbumin+ cells reflects a decrease in expression
of parvalbumin proteins in each cell.

Three main subgroups of GABAergic interneurons are
found in the FC of adult rodents: parvalbumin+,
calretinin+, and somatostatin+ cells [28]. On the other
hand, based on the firing patterns for depolarization,
cortical GABAergic interneurons are divided into
three subgroups: fast-spiking, late-spiking, and regular-
spiking/burst-spiking non-pyramidal cells [36]. It is
widely accepted that almost all fast-spiking interneurons
express parvalbumin, whereas interneurons with the
other types of spiking patterns have calretinin and som-
atostatin [36]. In rodents, almost all fast-spiking inhibi-
tory GABAergic interneurons in both cortex [37] and
hippocampus [38] are generated during the embryonic
period, while the first parvalbumin proteins appear at
postnatal day 10 in the mouse cortex [39] and at postna-
tal day 7 in the hippocampus [40]. Moreover, using tran-
scriptional and electrophysiological analyses of a GFP
knock-in mice, in which almost all fast spiking inhibi-
tory interneurons express GEFP, fast-spiking inhibitory
interneurons have been reported to mature between
P10 and P25 [31,41]. Thus, immature fast-spiking in-
hibitory interneurons in the cortex do not express
parvalbumin mRNA. The present result suggests that
FLX treatment may convert mature parvalbumin+ inter-
neurons to a pseudo-immature state, i.e., FLX treatment
may cause “dematuration” of parvalbumin+ interneu-
rons (Figure 4).

Maturation of fast-spiking inhibitory interneurons
in the medial frontal cortex

E10 PO P10 P30 AD

Expreséion of
parvalbumin proteins

iGeneration of :
i interneurons ;
; : Dematurated
; interneurons :

Dematuration by fluoxetine

Figure 4 Dematuration of cortical fast-spiking inhibitory
interneurons by FLX treatments. Based on parvalbumin
expression, the state of the dematurated fast-spiking inhibitory
interneurons in the mFC of FLX-treated mice were similar to that of
fast-spiking inhibitory interneurons of non-treated mice between
postnatal days 0 and 10 (indicated in yellow). E, embryonic day; P,
postnatal day.
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Implication of FLX-induced neuronal dematuration in the
mFC, hippocampus, and amygdala

In adult mice, FLX treatment converts differentiated DG
neurons to a more immature state [6-9]. Similar changes
in DG neurons have been demonstrated in aCaMKII
HKO [11], Shn-2 KO [18], and SNAP-25 KI mice [19];
this phenomenon has been termed the “immature DG”
[10]. In this study, we demonstrate for the first time
that FLX treatment might also induce dematuration of
parvalbumin+ interneurons in the mFC and hippocam-
pal CA3 region, while our finding in the amygdala is
consistent with that of a previous study [20]. Consist-
ently, the present study demonstrates that chronic FLX
treatment increases the expression of polysialic acid-
neural cell adhesion molecule (PSA-NCAM), which is a
marker for immature neurons and a regulator of
neural plasticity [42,43], in the mFC, hippocampus, and
amygdala; this is in agreement with previous findings
[44,45] (Additional file 1: Figure S7). This suggests that
dematuration of parvalbumin+ interneurons is induced
by FLX treatment in the mFC, hippocampus, and amyg-
dala, where neural plasticity might be enhanced by FLX
treatment. In line with this, FLX treatment has been
reported to reinstate neural plasticity and promote the
electrophysiological and behavioral recovery of functions
in the visual cortex of adult amblyopic rats [46]. In
contrast, accelerated maturation of parvalbumin+ cells
via overexpression of the neurotrophin brain-derived
neurotrophic factor leads to a reduced capacity for cor-
tical neural plasticity [47,48]. Thus, dematuration of
parvalbumin+ interneurons in the mFC, hippocampus,
and amygdala might reinstate synaptic plasticity that is
reduced with age and development, thereby potentially
causing the antidepressant effect of FLX. Further studies
are required to address the causal relationship between
dematuration of parvalbumin+ cells and enhanced neural
plasticity.

Recent findings have led to the hypothesis that prob-
lems in information processing within neural networks,
rather than altered chemical balance, may account for
the mechanism underlying depression [49,50]. Thus,
antidepressant drugs may induce changes in neuronal
morphology and connectivity, gradually improving neur-
onal information processing and recovering mood. In-
deed, volume changes in the hippocampus, mPFC, or
amygdala are found both in patients with depression and
in animal models of depression [51,52]. Previous studies,
as well as the present one, have identified some of the
effects of FLX on the brain, which include increased
adult neurogenesis in the DG [2] and cortex [5], de-
creased adult neurogenesis in the SVZ [6], dematuration
of neurons in the DG [7], amygdala [20], and mFC. Most
events occur in the FC and limbic system. Interestingly, it
has become increasingly clear that network dysfunction in
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the PFC and limbic system, including the hippocampus and
amygdala, is involved in the pathophysiology of depressive
disorder [24,53,54]. Therefore, neuronal dematuration and
adult neurogenesis in these regions may play important
roles in the mechanism of action of antidepressant drugs
like FLX. In addition, some of the adverse effects of FLX
[55], such as aggression, violence, and psychosis, might be
mediated by the dematuration of fast-spiking inhibitory in-
terneurons in the mFC. Aggression and violence are associ-
ated with deficits in the prefrontal cortex of humans
[56,57], where activation of GABAergic interneurons de-
creases [57]. Dematuration of fast-spiking inhibitory inter-
neurons might decrease inhibitory transmission of the
interneurons, which in turn could evoke aggression and
violence. It should be noted that, in post-mortem brains of
patients with schizophrenia, the number of parvalbumin+
interneurons [41,58] and PNN+ cells [59] is decreased in
the prefrontal cortex. This dematuration of parvalbumin+
fast-spiking interneurons by FLX treatment may be related
to the antidepressant-induced psychosis and agression ob-
served in clinical settings [55,60]. Future studies will need
to address the behavioral significance of the FLX-induced
dematuration effect on fast-spiking inhibitory interneurons
in the mFC.

Conclusions

The present study demonstrates that chronic FLX treat-
ment reduces parvalbumin proteins and PNNs in
GABAergic interneurons in the mFC, suggesting that
FLX induces juvenile-like state of fast-spiking inhibitory in-
terneurons in mFC. This effect of FLX on parvalbumin+
cells in the mFC might account for the therapeutic
mechanism of this antidepressant drug and/or some of
its adverse effects.

Methods

Animals and antidepressant treatment

Adult male C57BL/6 ] mice (Charles River Laboratories
Japan, Yokohama, Japan), that were 2 months old at the
start of our experiments, were used. All animal experi-
ments were approved by the Institutional Animal Care
and Use Committee of Fujita Health University, based
on the Law for the Humane Treatment and Manage-
ment of Animals (2005) and the Standards Relating to
the Care and Management of Laboratory Animals and
Relief of Pain (2006). Every effort was made to minimize
the number of animals used.

Treatment with FLX (LKT Laboratories, St. Paul, MN)
was performed as previously described [5]. Briefly, FLX
solution was intraperitoneally injected into mice be-
tween 10:00-11:00 a.m. every day for 3 weeks. The ap-
propriate FLX concentration (15 mg - kg™ - day™) was
determined for each body weight before injection. Mice
were fixed at 6 h after the last injection of FLX. Chronic
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FLX treatment at this concentration remarkably decreased
the expression of calbindin in the DG (Additional file 1:
Figure S8; p = 0.00046), as previously reported [6,7].

BrdU labeling

BrdU injection was performed as previously described
[14]. Briefly, the BrdU (Sigma-Aldrich, St. Louis, MO)
stock solution was prepared in distilled water with
0.007 N NaOH at 20 mg/ml and stored at —20°C until
use. In order to label GABAergic interneurons of the
embryonic cerebral cortex with BrdU, timed-pregnant
mice were intraperitoneally injected with BrdU solution
(100 mg/kg body weight) dissolved in phosphate buff-
ered saline (PBS) every 24 h from day 14 to day 20 of
gestation. After birth, the mice were bred for 2 months
before subsequently receiving FLX injections for 3 weeks
at a concentration at 15 mg - kg* - day™. The mice were
deeply anesthetized and transcardially perfused with
4% paraformaldehyde in 0.1 M phosphate buffer (PB),
pH 7.4. For staining BrdU staining, sections were
pretreated with HCl as previously described [14].

Immunohistological analysis

Fixation and immunofluorescence staining were performed
as previously described [5]. Briefly, mice were deeply anes-
thetized with chloral hydrate (245 mg/kg, intraperitoneally)
and transcardially perfused with 4% paraformaldehyde in
0.1 M PB. The brains were dissected, immersed overnight
in the same fixative, and transferred to 30% sucrose in PBS
for at least 3 days for cryoprotection. All brain samples
were mounted in Tissue-Tek (Miles, Elkhart, IN), frozen,
and cut coronally into 50-um-thick coronal sections, using
a microtome (CM1850, Leica Microsystems, Wetzlar,
Germany). Sections were stored in PBS containing sodium
azide (0.05%, w/v) at 4°C until use. After washing in PBS
for 1 h, they were preincubated with PBS-DB (4% normal
donkey serum [Vector Laboratories, Burlingame, CA] and
1% BSA in PBS) for 2 h at room temperature. The sections
were incubated at 4°C for 48 h or at room temperature
overnight with the indicated primary antibodies. After
washing in PBS for 1 h, the sections were incubated at
room temperature for 1 h with secondary antibodies. For
PNN staining, the sections were incubated with biotinylated
WEFA (1:200; Sigma-Aldrich) at 4°C for 48 h or at room
temperature overnight. After washing in PBS for 1 h,
the sections were incubated with Alexa Fluor 488
conjugated to streptavidin (10 pg/ml; Life technologies,
Carlsbad, CA) for 1 h at room temperature. After
washing in PBS containing Hoechst 33258 for nuclear
counterstaining for 1 h, the sections were mounted on
glass slides coated with 3-aminopropyltriethoxysilane
and embedded with Permafluor (Thermo Scientific,
Pittsburgh, PA). Confocal laser-scanning microscopy
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(LSM 700; Carl Zeiss, Oberkochen, Germany) was used
to obtain images of the stained sections.

Antibodies

The following primary antibodies were used: mouse mono-
clonal antibodies for calbindin (1:2000, Sigma-Aldrich),
parvalbumin (1:2000, Sigma-Aldrich), PSA-NCAM (clone
2-2B mouse IgM; 1:200, Millipore, Billerica, MA); rat
monoclonal antibody for BrdU (1:100, Abcam, Cambridge,
MA); and rabbit polyclonal antibodies for calretinin (1:500,
Life technologies), GABA (1:1000, Sigma-Aldrich), and
somatostatin (1:1000, Bachem, Bubendorf, Switzerland).
The following secondary antibodies were used: goat anti-
mouse IgG Alexa Fluor 488 (1:200, Life Technologies), goat
anti-mouse IgG Alexa Fluor 594 (1:200, Life Technologies),
goat anti-mouse IgM Cy3 (1:200, Millipore), goat anti-
rabbit IgG Alexa Fluor 594 (1:200, Life Technologies),
and goat anti-rat IgG Alexa Fluor 594 (1:200, Life
Technologies).

TUNEL staining

TUNEL staining was performed according to the manu-
facturer’s instructions (in situ cell death detection Kkit,
Roche, Mannheim, Germany).

Ischemia treatment

Global ischemia was induced as previously described
[61]. Briefly, after anesthesia, both common carotid ar-
teries were transiently occluded with clamps for 10 min.
Control animals were treated identically, except for the
occlusion of common carotid arteries. The mice were
allowed to survive for 2 days after ischemia and were
then killed by perfusion.

Quantification of labeled cells

The mFC region was determined according to the
mouse brain atlas [62]. Quantification analysis was
performed as previously reported [5]. Briefly, analysis
was performed using a confocal microscope equipped
with a 40 x objective lens (Plan-NEOFLUAR, NA = 0.75,
Carl Zeiss) and a pinhole setting that corresponded to a
focal plane thickness of less than 1 um. To exclude
false-positives due to the overlay of signals from differ-
ent cells, randomly selected areas were analyzed by mov-
ing through the entire z-axis of each area. Cells were
counted under the live mode of confocal scanning. For
quantifying the fluorescence intensity of immunostained
images, we used the Image] software. The region of
interest of the acquired images was traced, and optical
densities were obtained from at least three sections per
mouse. Background intensity was subtracted using
nonstained portions of each section. Slides were coded
and quantified by a blinded independent observer. Data
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were analyzed by one-way ANOVA. The error bars in
the figures represent SEM.

Additional file

[ Additional file 1: Figures pertaining to chronic FLX treatment. J

Abbreviations

ACC: Anterior cingulate cortex; BrdU: 5-bromodeoxyuridine; DG: Dentate
gyrus; FC: Frontal cortex; FLX: Fluoxetine; PFC: Prefrontal cortex;

PNN: Perineuronal net; RTN: Reticular thalamic nucleus; SSRI: Selective
serotonin reuptake inhibitor.

Competing interests
Tsuyoshi Miyakawa is an advisor/consultant for Astellas Pharma Inc. The
other authors declare no conflicts of interest.

Authors’ contributions

KO and TM conceived the study. TM led the project. KO performed the
immunostaining. RT performed FLX injection, fixation of brains, and data
quantification. Tl performed the injection of FLX and fixation of brains. KO
and TM co-wrote the paper. All authors read and approve the manuscript.

Acknowledgements

This work was supported by CREST, NEXT Program (LS116), and Scientific
Research on Innovative Areas (“Brain Environment”, 24111546;
“Microendophenotype”, 25116526) (to T.M.) from the Ministry of Education,
Culture, Sports, Science and Technology, Japan

Financial disclosures
The authors report no biomedical financial interests.

Author details

'Division of Systems Medical Science, Institute for Comprehensive Medical
Science, Fujita Health University, Toyoake 470-1192, Japan. 2Core Research for
Evolutional Science and Technology, Japan Science and Technology Agency,
Kawaguchi 332-0012, Japan. 3Section of Behavior Patterns, Center for Genetic
Analysis of Behavior, National Institute for Physiological Sciences, Okazaki
444-8585, Japan.

Received: 4 September 2013 Accepted: 1 October 2013
Published: 5 November 2013

References

1. Kheirbek MA, Klemenhagen KC, Sahay A, Hen R: Neurogenesis and
generalization: a new approach to stratify and treat anxiety disorders.
Nat Neurosci 2012, 15:1613-1620.

2. Malberg JE, Eisch AJ, Nestler EJ, Duman RS: Chronic antidepressant treatment
increases neurogenesis in adult rat hippocampus. J Neurosci 2000, 20:9104-9110.

3. Santarelli L, Saxe M, Gross C, Surget A, Battaglia F, Dulawa S, Weisstaub N,
Lee J, Duman R, Arancio O, Belzung C, Hen R: Requirement of
hippocampal neurogenesis for the behavioral effects of antidepressants.
Science 2003, 301:805-809.

4. Kodama M, Fujioka T, Duman RS: Chronic olanzapine or fluoxetine
administration increases cell proliferation in hippocampus and prefrontal
cortex of adult rat. Biol Psychiatry 2004, 56:570-580.

5. Ohira K, Takeuchi R, Shoji H, Miyakawa T: Fluoxetine-induced cortical adult
neurogenesis. Neuropsychopharmacology 2013, 38:909-920.

6. Ohira K, Miyakawa T: Chronic treatment with fluoxetine for more than 6
weeks decreases neurogenesis in the subventricular zone of adult mice.
Mol Brain 2011, 4:10.

7. Kobayashi K, lkeda Y, Sakai A, Yamasaki N, Haneda E, Miyakawa T, Suzuki H:
Reversal of hippocampal neuronal maturation by serotonergic
antidepressants. Proc Natl Acad Sci U S A 2010, 107:8434-8439.

8. Kobayashi K, lkeda Y, Suzuki H: Behavioral destabilization induced by the
selective serotonin reuptake inhibitor fluoxetine. Mol Brain 2011, 4:12.

9. Kobayashi K, Haneda E, Higuchi M, Suhara T, Suzuki H: Chronic fluoxetine
selectively upregulates dopamine Dy-like receptors in the hippocampus.
Neuropsychopharmacology 2012, 37:1500-1508.


http://www.biomedcentral.com/content/supplementary/1756-6606-6-43-S1.pdf

Ohira et al. Molecular Brain 2013, 6:43
http://www.molecularbrain.com/content/6/1/43

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

Hagihara H, Takao K, Walton NM, Matsumoto M, Miyakawa T: Immature
dentate gyrus: an endophenotype of neuropsychiatric disorders. Neural
Plast 2013, 2013(Article ID 318596): doi:10.1155/2013/318596.

Yamasaki N, Maekawa M, Kobayashi K, Kajii Y, Maeda J, Soma M, Takao K,
Tanda K, Ohira K, Toyama K, Kanzaki K, Fukunaga K, Sudo Y, Ichinose H,
lkeda M, lwata N, Ozaki N, Suzuki H, Higuchi M, Suhara T, Yuasa S, Miyakawa
T: Alpha-CaMKII deficiency causes immature dentate gyrus, a novel
candidate endophenotype of psychiatric disorders. Mol Brain 2008, 1:6.
Matsuo N, Yamasaki N, Ohira K, Takao K, Toyama K, Eguchi M, Yamaguchi S,
Miyakawa T: Neural activity changes underlying the working memory
deficit in alpha-CaMKIl heterozygous knockout mice. front Behav Neurosci
2009, 3:20.

Hagihara H, Toyama K, Yamasaki N, Miyakawa T: Dissection of hippocampal
dentate gyrus from adult mouse. J Vis Exp 2009, 33:pii:1543.

Ohira K, Hagihara H, Toyama K, Takao K, Kanai M, Funakoshi H, Nakamura T,
Miyakawa T: Expression of tryptophan 2,3-dioxygenase in mature granule
cells of the adult mouse dentate gyrus. Mol Brain 2010, 3:26.

Hagihara H, Ohira K, Toyama K, Miyakawa T: Expression of the AMPA
receptor subunits GIuR1 and GIuR2 is associated with granule cell
maturation in the dentate gyrus. Front Neurosci 2011, 5:100.

Walton NM, Zhou Y, Kogan JH, Shin R, Webster M, Gross AK, Heusner CL,
Chen Q, Miyake S, Tajinda K, Tamura K, Miyakawa T, Matsumoto M:
Detection of an immature dentate gyrus feature in human
schizophrenia/bipolar patients. Trans/ Psychiatry 2012, 2:135.

Shin R, Kobayashi K, Hagihara H, Kogan JH, Miyake S, Tajinda K, Walton NM,
Gross AK, Heusner CL, Chen Q, Tamura K, Miyakawa T, Matsumoto M: The
immature dentate gyrus represents a shared phenotype of mouse
models of epilepsy and psychiatric disease. Bipolar Disord 2013,
doi:10.1111/bdi.12064.

Takao K, Kobayashi K, Hagihara H, Ohira K, Shoji H, Hattori S, Koshimizu H,
Umemori J, Toyama K, Nakamura HK, Kuroiwa M, Maeda J, Atsuzawa K, Esaki
K, Yamaguchi S, Furuya S, Takagi T, Walton NM, Hayashi N, Suzuki H,
Higuchi M, Usuda N, Suhara T, Nishi A, Matsumoto M, Ishii S, Miyakawa T:
Deficiency of Schnurri-2, an MHC enhancer binding protein, induces
mild chronic inflammation in the brain and confers molecular, neuronal,
and behavioral phenotypes related to schizophrenia.
Neuropsychopharmacology 2013, 38:1409-1425.

Ohira K, Kobayashi K, Toyama K, Nakamura HK, Shoji H, Takao K, Takeuchi R,
Yamaguchi S, Kataoka M, Otsuka S, Takahashi M, Miyakawa T:
Synaptosomal-associated protein 25 mutation induces immaturity of the
dentate granule cells of adult mice. Mol Brain 2013, 6:12.

Karpova NN, Pickenhagen A, Lindholm J, Tiraboschi E, Kulesskaya N,
Agustsdottir A, Antila H, Popova D, Akamine Y, Bahi A, Sullivan R, Hen R,
Drew LJ, Castrén E: Fear erasure in mice requires synergy between
antidepressant drugs and extinction training. Science 2011,
334:1731-1734.

Wang D, Fawcett J: The perineuronal net and the control of CNS
plasticity. Cell Tissue Res 2012, 349:147-160.

Pizzorusso T, Medini P, Berardi N, Chierzi S, Fawcett JW, Maffei L:
Reactivation of ocular dominance plasticity in the adult visual cortex.
Science 2002, 298:1248-1251.

Carulli D, Rhodes KE, Brown DJ, Bonnert TP, Pollack SJ, Oliver K, Strata P,
Fawcett JW: Composition of perineuronal nets in the adult rat
cerebellum and the cellular origin of their components. / Comp Neurol
2006, 494:559-577.

Price JL, Drevets WC: Neural circuits underlying the pathophysiology of
mood disorders. Trends Cogn Sci (Regul Ed) 2012, 16:61-71.

Garcia R, Vouimba R-M, Baudry M, Thompson RF: The amygdala modulates
prefrontal cortex activity relative to conditioned fear. Nature 1999, 402:294-296.
Milad MR, Quirk GJ: Neurons in medial prefrontal cortex signal memory
for fear extinction. Nature 2002, 420:70-74.

Adhikari A, Topiwala MA, Gordon JA: Synchronized activity between the
ventral hippocampus and the medial prefrontal cortex during anxiety.
Neuron 2010, 65:257-2609.

Kubota Y, Hattori R, Yui Y: Three distinct subpopulations of GABAergic
neurons in rat frontal agranular cortex. Brain Res 1994, 649:159-173.

Celio MR, Chiquet-Ehrismann R: “Perineuronal nets” around cortical
interneurons expressing parvalbumin are rich in tenascin. Neurosci Lett
1993, 162:137-140.

Wintergerst ES, Vogt Weisenhorn DM, Rathjen FG, Riederer BM, Lambert S,
Celio MR: Temporal and spatial appearance of the membrane

31

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

45.

46.

47.

48.

49.

50.
51.

52.

53.

Page 10 of 11

cytoskeleton and perineuronal nets in the rat neocortex. Neurosci Lett
1996, 209:173-176.

Okaty BW, Miller MN, Sugino K, Hempel CM, Nelson SB: Transcriptional and
electrophysiological maturation of neocortical fast-spiking GABAergic
interneurons. J Neurosci 2009, 29:7040-7052.

Hacker U, Nybakken K, Perrimon N: Heparan sulphate proteoglycans: the
sweet side of development. Nat Rev Mol Cell Biol 2005, 6:530-541.

Nery S, Fishell G, Corbin JG: The caudal ganglionic eminence is a source of
distinct cortical and subcortical cell populations. Nat Neurosci 2002, 5:1279-1287.
Xu Q, Cobos |, Cruz EDL, Rubenstein JL, Anderson SA: Origins of cortical
interneuron subtypes. J Neurosci 2004, 24:2612-2622.

Inamura N, Ono K, Takebayashi H, Zalc B, lkenaka K: Olig2 Lineage Cells
Generate GABAergic Neurons in the Prethalamic Nuclei, Including the
Zona Incerta, Ventral Lateral Geniculate Nucleus and Reticular Thalamic
Nucleus. Dev Neurosci 2011, 33:118-129.

Kawaguchi Y, Kubota Y: GABAergic cell subtypes and their synaptic
connections in rat frontal cortex. Cereb Cortex 1997, 7:476-486.
Batista-Brito R, Fishell G: Chapter 3 The developmental integration of
cortical interneurons into a functional network. In Current Topics in
Developmental Biology, Academic Press, 2009, Volume 87. Edited by Oliver H.
Waltham: Academic Press; 2009:81-118. ISSN 0070-2153, ISBN
9780123744692, http://dx.doi.org/10.1016/50070-2153(09)01203-4.
(http://www.sciencedirect.com/science/article/pii/S0070215309012034).
Pleasure SJ, Anderson S, Hevner R, Bagri A, Marin O, Lowenstein DH,
Rubenstein JLR: Cell migration from the ganglionic eminences is
required for the development of hippocampal GABAergic interneurons.
Neuron 2000, 28:727-740.

Del Rio JA, de Lecea L, Ferrer |, Soriano E: The development of
parvalbumin-immunoreactivity in the neocortex of the mouse. Dev Brain
Res 1994, 81:247-259.

Bergmann |, Nitsch R, Frotscher M: Area-specific morphological and
neurochemical maturation of non-pyramidal neurons in the rat
hippocampus as revealed by parvalbumin immunocytochemistry. Anat
Embryol 1991, 184:403-409.

Gandal MJ, Nesbitt AM, McCurdy RM, Alter MD: Measuring the maturity of
the fast-spiking interneuron transcriptional program in autism,
schizophrenia, and bipolar disorder. PLoS One 2012, 7:41215.

Seki T, Arai Y: The persistent expression of a highly polysialylated NCAM
in the dentate gyrus of the adult rat. Neurosci Res 1991, 12:503-513.
Muller D, Wang C, Skibo G, Toni N, Cremer H, Calaora V, Rougon G, Kiss JZ:
PSA-NCAM is required for activity-induced synaptic plasticity. Neuron
1996, 17:413-422.

Varea E, Blasco-bariez JM, Gémez-Climent MA, Castillo-Gémez E, Crespo C,
Martinez-Guijarro FJ, Nacher J: Chronic fluoxetine treatment increases the
expression of PSA-NCAM in the medial prefrontal cortex.
Neuropsychopharmacology 2006, 32:303-812.

Guirado R, Sanchez-Matarredona D, Varea E, Crespo C, Blasco-lbanez JM,
Nacher J: Chronic fluoxetine treatment in middle-aged rats induces
changes in the expression of plasticity-related molecules and in
neurogenesis. BMC Neurosci 2012, 13:5.

Vetencourt JFM, Sale A, Viegi A, Baroncelli L, Pasquale RD, O'Leary OF,
Castrén E, Maffei L: The antidepressant fluoxetine restores plasticity in the
adult visual cortex. Science 2008, 320:385-388.

Huang ZJ, Kirkwood A, Pizzorusso T, Porciatti V, Morales B, Bear MF, Maffei L,
Tonegawa S: BDNF regulates the maturation of inhibition and the critical
period of plasticity in mouse visual cortex. Cell 1999, 98:739-755.

Hensch TK, Bilimoria PM: Re-opening Windows: Manipulating Critical
Periods for Brain Development. Cerebrum 2012, 2012:11.

Mattson MP, Maudsley S, Martin B: BDNF and 5-HT: a dynamic duo in age-
related neuronal plasticity and neurodegenerative disorders. Trends Neurosci
2004, 27:589-594.

Castrén E: Is mood chemistry? Nat Rev Neurosci 2005, 6:241-246.

Phillips ML, Drevets WC, Rauch SL, Lane R: Neurobiology of emotion
perception II: Implications for major psychiatric disorders. Biol Psychiatry
2003, 54:515-528.

Tata DA, Anderson BJ: The effects of chronic glucocorticoid exposure on
dendritic length, synapse numbers and glial volume in animal models:
Implications for hippocampal volume reductions in depression. Physiol
Behav 2010, 99:186-193.

Sheline YI: Neuroimaging studies of mood disorder effects on the brain.
Biol Psychiatry 2003, 54:338-352.


http://www.sciencedirect.com/science/article/pii/S0070215309012034

Ohira et al. Molecular Brain 2013, 6:43
http://www.molecularbrain.com/content/6/1/43

54.

55.

56.

57.

58.

59.

60.

61.

62.

Pizzagalli DA: Frontocingulate dysfunction in depression: toward
biomarkers of treatment response. Neuropsychopharmacology 2011,
36:183-206.

Healy D, Herxheimer A, Menkes DB: Antidepressants and Violence:
Problems at the Interface of Medicine and Law. PLoS Med 2006, 3:e372.
Brower MC, Price BH: Neuropsychiatry of frontal lobe dysfunction in
violent and criminal behaviour: a critical review. J Neurol Neurosurg
Psychiatry 2001, 71:720-726.

Haldsz J, Toth M, Kallo |, Liposits Z, Haller J: The activation of prefrontal
cortical neurons in aggression—A double labeling study. Behav Brain Res
2006, 175:166-175.

Lewis DA, Curley AA, Glausier JR, Volk DW: Cortical parvalbumin interneurons
and cognitive dysfunction in schizophrenia. Trends Neurosci 2012, 35:57-67.
Mauney SA, Athanas KM, Pantazopoulos H, Shaskan N, Passeri E, Berretta S,
Woo T-UW: Developmental Pattern of Perineuronal Nets in the Human
Prefrontal Cortex and Their Deficit in Schizophrenia. Biol Psychiatry 2013,
74:427-435.

Hersh CB, Sokol MS, Pfeffer CR: Transient psychosis with fluoxetine. / Am
Acad Child Adolesc Psychiatry 1991, 30:851-852.

Ohira K, Furuta T, Hioki H, Nakamura KC, Kuramoto E, Tanaka Y, Funatsu N,
Shimizu K, Oishi T, Hayashi M, Miyakawa T, Kaneko T, Nakamura S: Ischemia-
induced neurogenesis of neocortical layer 1 progenitor cells. Nat
Neurosci 2010, 13:173-179.

Paxinos G, Franklin KBJ: The Mouse Brain in Stereotaxic Coordinates. Second
Edition: Gulf Professional Publishing; 2004.

doi:10.1186/1756-6606-6-43

Cite this article as: Ohira et al: Chronic fluoxetine treatment reduces
parvalbumin expression and perineuronal nets in gamma-aminobutyric
acidergic interneurons of the frontal cortex in adult mice. Molecular
Brain 2013 6:43.

Page 11 of 11

Submit your next manuscript to BioMed Central
and take full advantage of:

¢ Convenient online submission

¢ Thorough peer review

* No space constraints or color figure charges

¢ Immediate publication on acceptance

¢ Inclusion in PubMed, CAS, Scopus and Google Scholar

¢ Research which is freely available for redistribution

Submit your manuscript at
www.biomedcentral.com/submit

( BiolVied Central




	Abstract
	Background
	Results
	Conclusions

	Background
	Results
	Chronic FLX treatment decreased the number of parvalbumin+ cells in the frontal cortex
	Chronic FLX treatment did not alter the numbers of calretinin+ and somatostatin+ cells
	Chronic FLX treatment did not alter the numbers of GABA+ cells and apoptotic cells

	Discussion
	Decreased percentage of PNN+ cells out of parvalbumin+ cells in the mFC
	Decrease in the number of parvalbumin+ cells in the mFC and hippocampus
	Implication of FLX-induced neuronal dematuration in the mFC, hippocampus, and amygdala

	Conclusions
	Methods
	Animals and antidepressant treatment
	BrdU labeling
	Immunohistological analysis
	Antibodies
	TUNEL staining
	Ischemia treatment
	Quantification of labeled cells

	Additional file
	Abbreviations
	Competing interests
	Authors’ contributions
	Financial disclosures
	Author details
	References

