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Recent studies have demonstrated the important role of immune molecules in the development of neu-
ronal circuitry and synaptic plasticity. We have detected the presence of FeyRIIB protein in parvalbu-
min-containing inhibitory interneurons (PV neurons). In the present study, we examined the appear-
ance of PV neurons in the barrel cortex and the effect of sensory deprivation in FcyRIIB-deficient mice
(FeyRIIB-/-) and wild-type mice. There was no substantial difference in the appearance of PV neu-
rons in the developing barrel cortex between FeyRIIB-/- and wild-type mice. Sensory deprivation from
immediately after birth (P0) or P7 to P12-P14 induced an increase in PV neurons. In contrast, sensory
deprivation from P7 or P14 to P28, but not from P21 to P28, decreased PV neurons in wild-type mice.
However, sensory deprivation from P0 or P7 to P12-P14 did not increase PV neurons and sensory
deprivation from P7 or P14 to P28 did not decrease or only modestly decreased PV neurons in Fcy
RIIB-/- mice. The results indicate that expression of PV is regulated by sensory experience and the
second and third postnatal weeks are a sensitive period for sensory deprivation, and suggest that Fcy
RIIB contributes to sensory experience-regulated expression of PV.
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R ecent studies have demonstrated that molecules

involved in immune function play important roles
in the development of neuronal circuitry and synaptic
plasticity [1-3]. The major histocompatibility complex
class I (MHC 1) is expressed in neurons [1, 2, 4-6].
Neurons with a deficit of 82-microglobulin (the nonco-
valently bound light chain of MHC I) or TAP1 (a
transporter required to load peptides onto MHC | for
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delivery to the cell surface) fail to undergo normal
activity-dependent refinement of the developing visual
projection [6], and show higher synaptic density in
the primary visual cortex [5]. Decreasing surface
MHC 1 by transfection of siRNA increases gluta-
matergic and GABAergic synapse density in rat pri-
mary cultured cortical neurons [5]. A deficit of
CD3¢, the most common signal mediator of the MHC 1
receptor, disrupts the normal segregation of retinal
afferents in the lateral geniculate nucleus [1, 3, 6].
Enhancement of long-term potentiation and the absence
of long-term depression have been observed in the
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hippocampi of CD3¢-deficient mice [3, 6]. Among the
receptors for the Fe portion of immunoglobulin G
(FeyRs), FeyRl and FeyRIll couple with the gamma
subunit. The gamma subunit is expressed in oligoden-
drocyte precursor cells, and deficiency of this subunit
causes failure of normal myelination in the forebrain
[7, 8]. FeyRIIB is expressed in cerebellar Purkinje
cells and Bergmann's glia, and a deficiency of FcyRIIB
results in abnormal synaptic connections between the
parallel fibers and dendrites of Purkinje cells [9].
We have recently found that the FeyRIIB protein is
present in parvalbumin-containing interneurons (PV
neurons) in the cerebral cortex of the mouse [10].
Because the FeyRIIB protein is present in neonatal
and adult PV neurons, we expected that FcyRIIB
might contribute to the maturation of PV neurons and
plasticity of inhibitory synaptic connections.

PV neurons are a subpopulation of fast-spiking
inhibitory interneurons and have been shown to appear
in the neonatal period in the rodent cerebral cortex.
Fast-spiking interneurons innervate the axon initial
segment (axo-axonic or chandelier cells) or the cell
bodies and proximal dendrites (basket or wide arbor
cells) of principal neurons in the cerebral cortex and
regulate action potential generation by principal neu-
rons [11, 12]. In the barrel cortex, fast-spiking
interneurons in the layer 4 receive direct thalamocor-
tical inputs and exert strong feed-forward inhibition on
spiny stellate cells [13, 14]contributing to an increase
in the temporal resolutions of tactile information [13,
15]. Fast-spiking interneurons also contribute to
receptive field sharpening [16, 17].

The appearance of PV neurons is coincident with
the onset of a critical period for ocular dominance
plasticity in the primary visual cortex [18]. The
expression of PV is experience-dependent, and dark-
rearing inhibits the expression of PV and retards the
onset of the critical period for ocular dominance
plasticity [18]. In the posterior medial portion of the
rodent primary somatosensory cortex (barrel cortex),
PV neurons appear around postnatal day 10 (P10) in
layer 4 or layer 5 [19]. Sensory deprivation by whis-
ker trimming for 3 weeks or 20 days from P7, but not
from P15, retards the appearance of PV neurons
[20, 21], but whisker plucking from PO to P30 does
not affect the number of PV neurons in layer 4 of the
barrel cortex [22]. However, the precise chronologi-
cal pattern in the appearance of PV neurons in each
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layer of the barrel cortex and the effects of short-term
sensory deprivation on the expression of PV have not
been fully examined [19, 21, 22].

In the present study, we examined the appearance
of PV neurons in the developing barrel cortex and the
effects of sensory deprivation on the appearance of PV
neurons. Sensory deprivation from the first postnatal
week to the end of the second postnatal week
increased PV neurons, whereas sensory deprivation
from postnatal day 7 (P7) or P14 to P28 decreased
PV neurons in wild-type mice. In contrast, sensory
deprivation from the first postnatal week to the end of
the second postnatal week did not increase PV neu-
rons and sensory deprivation from P7 or P14 to P28
did not decrease or only modestly decreased PV neu-
rons in FeyRIIB-/- mice. The results suggest that
FcyRIIB contributes to the experience-regulated
expression of PV in fast-spiking interneurons.

Materials and Methods

Experimental animals.  FcyRIIB-/— mice were
generated by homogeneous recombination as described
previously [23]. The transgenic mice with a
C57BL/6 x 129SvJ genetic background were back-
crossed to C57BL/6N mice for 22 generations.
FeyRIIB+/+ littermates (wild-type) and FeyRIIB-/-
littermates were used in the present study. The day
of birth was designated P0O. Both male and female
mice at PO, P7, P10, P12, P14, P16, P21, P28,
and P56 were used.

This study was carried out in accordance with the
National Institutes of Health (NIH) Guide for the Care
and Use of Laboratory Animals (NIH Publications No.
80-23, revised in 1996) and approved by the Committee
for Animal Experiments at Okayama University
Advanced Research Center. All efforts were made to
minimize the number of animals used and their suffer-
ing. The animals were housed in cages (4-8 animals
per cage) with food and water provided ad libitum
under 12-h light/dark conditions at 23-26 C.

Preparation of cryostat sections. The ani-
mals were anesthetized with diethyl ether (P21 and
younger) or a lethal dose of sodium pentobarbital
(Nembutal; Dainippon Sumitomo Pharma, Osaka,
Japan; P28 and P56 animals, 100mg/kg, i.p.) and
transcardially perfused with ice-cold phosphate buff-
ered saline (PBS) for 2min, followed by 4% para-
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formaldehyde and 0.2% picric acid in phosphate buf-
fer, pH7.4, for 10min. The brains were dissected
and postfixed overnight in the same fixative at 4°C.
They were then cryoprotected by incubation in 15%
sucrose for 7h followed by 30% sucrose for 20h at
4°C. The brains were then frozen in O.C.T. Compound
(Tissue-Tek; Sakura Finetek, Tokyo, Japan) by
freezing in dry ice-cold normal hexane. Serial 25-um
coronal sections were prepared on a cryostat
(CM-1900; Leica, Wetzlar, Germany) at —20C.
Sections at the barrel cortex level were collected in
ice-cold PBS.

Cytochrome oxidase staining. The sections
were washed in PBS and incubated in staining solu-
tion (1% sucrose, 0.05% nickel sulfate, 0.025%
DAB, 0.015% cytochrome C, 0.01% catalase, 2.5mM
imidazole in 0.05M phosphate buffer at pH7.4) for
2-3h at 37°C. The sections were again washed in
PBS, mounted on slides, and air-dried for 3 days.
The slides were then washed in PBS, dehydrated and
mounted.

Trypan blue staining. The cryostat sections
were stained with 0.15% (w/v) trypan blue to identify
the boundaries of layers and to verify the cytoarchi-
tecture of the barrel cortex. To evaluate the thickness
of the barrel cortex, we delineated its area, and the
estimated area was divided by the length of the pial
surface.

Immunohistochemical staining of PV neu-
rons. The cryostat sections were washed in PBS,
treated with 0.1% Triton X-100 in PBS (PBST) at
room temperature for 15min, washed again in PBS,
and incubated in 0.3% H,0; in PBST for 30min.
After 3 washes in PBS, the sections were incubated
with 10% normal goat serum (Funakoshi Corporation,
Tokyo, Japan) in PBS at room temperature for 1h.
After 3 washes in PBS, the sections were incubated
with mouse anti-mouse PV antibody (clone PARV-19,
P3088; Sigma-Aldrich Japan, Tokyo, Japan; 1 :1000)
in PBS overnight at 4°C. After being washed in PBS,
the sections were incubated with biotin-conjugated
rabbit anti-mouse IgG (MA01742-3049; Fitzgerald
Industries International, Concord, MA, USA;
1:1000). After 3 washes in PBS, the sections were
incubated with streptavidin-biotin-peroxidase conju-
gate (VECTASTAIN ABC kit; Vector Laboratories,
Funakoshi Co.) for 1h at room temperature. Immuno-
reactivity was visualized by incubating the samples in
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50mM Tris-HCl supplemented with 0.02% 2,
3-diaminobenzidine tetrahydrochloride (DAB, Sigma,
St Louis, MO, USA), H;O,, and ammonium nickel
sulfate hexahydrate.

Quantification of PV neurons. For prepara-
tion of digital images, light microscopic images (X
100) of the bilateral barrel cortices were captured by
Lumina Vision software (version 2.4.0; Mitani
Corporation, Fukui, Japan), and brightness and con-
trast were slightly adjusted. For quantification of PV
neurons, immunohistochemical images captured by
Lumina Vision software were analyzed using NIH
ImageJ software (NIH, Bethesda, MD, USA;
http://rsb.info.nith.gov/nih-image/). The quantification
was performed by an observer who was blinded to the
genotypes and sensory deprivation. Statistical com-
parisons were performed using Kruskal-Wallis H test
or Mann-Whitney U test, and statistical significance
was set at p < 0.05.

Double immunofluorescent labeling. The
cryostat sections of P14 and P56 wild-type and
FeyRIIB-/- mice were analyzed by double immuno-
fluorescent staining of FeyRs and parvalbumin (PV).
A rabbit polyclonal antibody against FeyRIIB (the
generous gift of Masao Ono, Tohoku University,
Sendai, Japan) or a rat anti-CD16/32 monoclonal
antibody (clone 2.4G2; BD Biosciences, Tokyo, Japan)
and a mouse monoclonal antibody against PV (PARV-
19, Sigma-Aldrich Japan) were used for the detection
of FeyRIIB or FeyRIll and PV, respectively. The
sections were washed in PBS and treated with PBST
at room temperature for 15min. After 3 washes in
PBS, the sections were incubated with 10% normal
goat serum in PBS at room temperature for 1h and
then incubated with anti-FcyRIIB antibody (1 : 300) or
anti-CD16/32 antibody (0.2uxg/ml) and anti-PV anti-
body (1 : 1000) in PBS overnight at 4°C. After being
washed in PBS, the sections were incubated with
rhodamine-conjugated anti-rabbit IgG (Molecular
Probes, Millipore, Tokyo, Japan; 1:1000) or rhod-
amine-conjugated anti-rat IgG (BA-9400; Vector
Laboratories Inc., Burlingame, CA, USA) and fluo-
rescein isothiocyanate (FITC)-conjugated goat anti-
mouse IgG (AP308F; Millipore, Tokyo, Japan;
1:100) in PBS at room temperature for 1h. After 3
washes in PBS, the sections were mounted on glass
slides with a Prolong Antifade Kit (P7481;
Molecular Probes, Eugene, OR, USA) and covered



146 Watanabe et al.

with cover slips.

Analysis of fluorescent images.  The sections
were observed under a confocal laser microscope
(Zeiss 510; Carl Zeiss, Oberkochen, Germany)
equipped with filters for rhodamine and FITC. Both
488- and 543-nm lasers lines were used for excitation,
and 505- to 530-nm bandpass and 560-nm longpass fil-
ters were used for emission. Images were captured
using the standard system operating software provided
with the Zeiss 510 microscope (LSM Image Browser
version 3.2).

Sensory deprivation (SD). To examine the
effect of sensory deprivation (SD) on the appearance
of PV neurons, all principal whiskers on the left
snout were unilaterally trimmed to less than one mm
in length from PO to P12, P14, P21 or P28, or from
P7, P14 or P21 to P28. Whisker trimming was also
performed from P7 to P14. Animals were sacrificed
at the end of SD under diethyl ether anesthesia or a
lethal dose of sodium pentobarbital, and cryostat sec-
tions were stained with anti-PV antibody or anti-
GADG67 antibody as described above. For evaluation
of the effects of WT, quantification of PV neurons in
the right barrel cortex (contralateral to the sensory
deprived side) was performed as described above.

FcyRIIB

Fig. 1
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Results

FeyRIIB-/- mice grew normally and also behaved
normally except that they sometimes neglected rearing.
There was no difference in body weight, gross mor-
phology or weight of the brain between FcyRIIB-/-
mice and wild-type mice.

Localization of FcyRIIB protein. In the
double immunofluorescent staining using antibodies
against FeyRIIB and PV, FeyRIIB immunoreactivity
was detected in PV neurons in the cerebral cortex of
adult and neonatal wild-type mice, but not in those of
FcyRIIB-/- mice (Fig. 1). FeyRIIB immunoreactiv-
ity was absent in microglial cells and astroglial cells.
According to double immunofluorescent staining with
anti-CD16/32 antibody and anti-PV antibody, CD16/32
immunoreactivity was detected in both microglial cells
and PV neurons (data not shown).

Cytoarchitecture of the barrel cortex. It was
easy to identify the barrel cortex because its thickness
was greater than that of adjacent cerebral cortices at
the level of the anterior half of the dorsal hippocam-
pus. In addition, the barrels were confirmed by
cytochrome oxidase staining of adjacent sections (data
not shown). Trypan blue staining revealed a typical
6-layer organization of the barrel cortex both in wild-
type and FeyRIIB-/- mice. There was no difference

merged

Presence of the FcyRIIB protein in PV neurons. Confocal microscopic images of the barrel cortex of wild-type (A-C) and Fcy

RIIB-/- (D-F) mice at P14 are shown. The sections were stained with anti-FcyRIIB and anti-PV antibodies. Arabic numbers in the
merged images indicate layers of the barrel cortex. The upper side is the pial surface. FcyRIIB fluorescence (red) overlaps with PV fluo-
rescence (green) in the wild-type mice as evident in the merged image. No FcyRIIB-positive microglia are present. The faint FcyRIIB fluo-
rescence (arrowheads) in the FcyRIIB-/- mice appeared to be a nonspecific staining. Scale bars: 50um.
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in the light microscopic appearance and thickness of
each layer of the barrel cortex between the wild-type
and FeyRIIB-/- mice (data not shown). In cytochrome
oxidase staining of tangential sections through layer 4,
there was no difference in the size and arrangement of
barrels between wild-type and FeyRIIB-/- mice at
both P14 (Fig. 2) and P56 (data not shown).
Appearance of PV neurons in the barrel cor-
tex. No PV-positive neuron was present in the
barrel cortex at P7 either in wild-type or FeyRIIB-/~
mice. A few PV neurons appeared in layers 4 at P10
(Fig. 3A and E). Many PV neurons were present in
layers 4 and 5/6 at P12. These neurons had triangu-
lar or polygonal soma, and PV-positive mesh-like
neurites appeared in the barrels of layer 4 (Fig. 3B
and F). A few PV neurons were also present in layers
2/3. The number of PV neurons increased in layers
2/3 and 5/6 at P16 (Fig. 3C and G). The number of
PV neurons further increased in layers 2/3 by P21.
At the same time, mesh-like PV-positive neurites
appeared in layers 2/3 and 5/6 (Fig. 3D and H).
There was no substantial difference in the appear-
ance of PV neurons in the developing barrel cortex
between wild-type and FcyRIIB-/- mice (Fig. 4).
However, there were modest differences in the
chronological pattern of the appearance of PV neurons
between wild-type mice and FeyRIIB-/- mice when the
density of PV neurons was measured in each layer of
the barrel cortex. In layer 4, the density of PV neu-
rons increased dramatically between P10 and P12 and
reached a peak by P12 both in wild-type and Fey

wild type
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RIIB-/- mice (Fig. 4C). There was no difference in
the PV neuron density between wild-type and Fey
RIIB-/- mice except at P16, when the density of PV
neurons was larger in FcyRIIB-/- mice than in wild-
type mice (Fig. 4C). In layers 2/3, the density of PV
neurons did not increase until P14, then increased
between P14 and P21, and slightly decreased there-
after. In contrast, the density of PV neurons in Fecy
RIIB-/- mice was larger than that in wild-type mice at
P14, but smaller than that in wild-type mice at P16
and P21 (Fig. 4B). In layers 5/6, the density of PV
neurons increased between P10 and P16 (Fig. 4D).
The density of PV neurons was larger in FeyRIIB-/-
mice than in wild-type mice at P14 (Fig. 4D). The
results indicate that the appearance of PV neurons
differs depending on the layer of the barrel cortex,
and that there is a critical period for the appearance
of PV neurons in each layer of the barrel cortex (gray
areas in Fig. 4B, C and D).

The effect of sensory deprivation (SD) on the
appearance of PV neurons. We next examined
the effect of SD on the appearance of PV neurons.
All principal whiskers on the left snout were trimmed
every day from PO to P12, P14, P21 or P28. The
effect of SD on the appearance of PV neurons was
different between wild-type and FeyRIIB-/— mice. In
wild-type mice, SD until P12 or P14, but not until
P21 or P28, increased the number of PV neurons in
the barrel cortex. SD from PO to P12 increased the
density of PV neurons by 25.6% and 43% in layers 4
and 5/6, respectively (Fig. 5C and D), but not in

FcyRIIB-/-

Fig. 2

Cytochrome oxidase staining. Tangential sections across layer 4 of the barrel cortex were stained by cytochrome oxidase stain-

ing. A, wild-type mouse at P14; B, FcyRIIB-/- mouse at P14. There was no difference in the arrangement and size of barrels between

the wild-type mice and FcyRIIB-/- mice. Scale bars: 500 um.
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P12

Fig. 3
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SR

Appearance of parvalbumin (PV) neurons in the barrel cortex. Sections of P10, P12, P16 and P21 animals stained with anti-PV

antibody are shown. The upper (A-D) column shows the results for the barrel cortices of wild-type mice, and the lower column (E-H)
shows the results for the barrel cortices of FcyRIIB-/- mice. Arabic numbers on the left side of A and E indicate layers of the barrel
cortex. A few PV-positive cell bodies are present in layer 4 both in wild-type (A) and FcyRIIB-/- (E) mice at P10. Many triangular or
polygonal PV-positive soma with PV-positive neurites are present in layers 2/3, 4, and 5/6 at P12 in both the wild-type (B) and Fc y RIIB-/—
(F) mice. In addition, mesh-like PV-positive neurites are present in layer 4. However, the number of PV neurons is smaller than that in
P16 animals (C and G) in both layers 2/3 and 5/6. The number of PV neurons increased in layers 5/6 at P16. At P21, the number of PV
neurons further increased in layers 2/3 and PV-positive mesh-like neurites appeared in layers 2/3 and 5/6. Scale bars: 100 um.

layers 2/3 (Fig. 5B). SD from PO to P14 increased
the density of PV neurons by 175.6% and 29% in
layers 2/3 and 5/6, respectively (Fig. 5B and D), but
not in layer 4 (Fig. 5C). On the other hand, the
density of PV neurons did not increase or even
decreased when SD was continuously performed
beyond P14. There was no difference in the density of
PV neurons in layers 4 and 5/6 when SD was per-
formed until P21 or P28 (Fig. 5C and D). In layers
2/3, the density of PV neurons decreased by 27%

when SD was performed until P21 (Fig. 5B).
Because PV neurons decrease by whisker trimming in
the barrel cortex but the density of green fluorescent
protein (GE'P)-positive interneurons does not decrease
in GFP-GADG67 transgenic mice [20], it is likely that
the observed changes in the density of PV neurons by
SD reflected the expression of PV rather than the
proliferation or elimination of fast-spiking interneu-
rons. Thus, the results suggest that SD by the end of
the second postnatal week promotes the expression of
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Fig. 4  Developmental changes in the density of PV neurons in the barrel cortex. The mean + SEM values of the density of PV neu-
rons per mm? in 12 to 20 sections from 3 to 6 animals are shown. There was no substantial difference in the developmental changes in the
density of PV neurons between wild-type and FcyRIIB-/- mice when all layers were combined (A) except that the density of PV neurons
was higher in FcyRIIB-/- mice compared to wild-type mice at P14. The developmental changes in the density of PV neurons differ
depending on the layer of the barrel cortex. In layers 2/3 (B), the density of PV neurons did not increase by P14 in wild-type mice. It
increased between P14 and P21, and slightly decreased thereafter. In contrast, the density of PV neurons increased between P12 and
P14, but did not increase between P14 and P16 in FcyRIIB-/- mice. As a consequence, the density of PV neurons of FcyRIIB-/- mice
was higher than that of wild-type mice at P14, but lower than that of wild-type mice at P16 and P21. In layer 4 (C), the density of PV
neurons dramatically increased between P10 and P12 and reached a peak both in wild-type and FcyRIIB-/- mice. The density of PV
neurons did not change thereafter, except that the density of PV neurons of FcyRIIB-/- mice was higher than that of wild-type mice at
P16. In layers 5/6 (D), the density of PV neurons increased between P10 and P16. The density of PV neurons of FcyRIIB-/- mice was
higher than that of wild-type mice at P14, but lower than that of wild-type mice at P21. *P < 0.05, **P < 0.01 by Mann-Whitney’s U-test.

Gray areas in B, C and D indicate the apparent critical period for the appearance of PV neurons.

PV, whereas SD extended beyond the third postnatal
week inhibits or does not affect the expression of PV.
In contrast, SD did not increase the density of PV
neurons in FeyRIIB-/- mice (Fig. 5). In contrast to
the increase of PV neuron density in wild-type mice,
SD from PO to P14 decreased the density of PV
neurons by 23% in layers 5/6 (Fig. 5D), and SD
from PO to P28 decreased the density of PV neurons
by 14% in layer 4 (Fig. 5C). The results indicate
that PV neurons of FeyRIIB-/- mice are relatively
insensitive to SD compared to wild-type mice, and SD
by the end of the second postnatal week does not pro-
mote the expression of PV in FeyRIIB-/- mice.

The increase of PV neurons by SD by the end of
the second postnatal week may have been due to the
whisker trimming begun before the critical period for
the formation of barrels in layer 4. To confirm this
point, we trimmed all principal whiskers on the left
snout from P7 to P14, because the barrels in layer 4
are formed by P5. When the principal whiskers were
trimmed from P7 to P14, the densities of PV neurons
in layers 2/3 and 5/6 were 3.95-fold and 1.32-fold

higher than those in intact wild-type mice, but the
density in layer 4 was 14% lower than that in intact
wild-type mice (Fig. 6). The results were similar to
those for wild-type mice deprived from PO to P14
(Fig. 5). In FeyRIlIB-/= mice, SD from P7 to P14
increased the density of PV neurons by 1.52 fold
compared to that in intact mice in layers 2/3 (Fig. 6),
but the increase was not significant (mean + SEM:
intact mice, 40.9 + 7.3 in 20 sections; deprived mice,
62.2 +7.9 in 14 sections; p =0.057). SD from P7 to
P14 decreased the density of PV neurons by 14% in
layers 5/6 in FeyRIIB-/— mice, while the same treat-
ment increased the PV neurons in these layers in
wild-type mice (Fig. 6). SD from P7 to P14
decreased the density of PV neurons by 16 % in layer
4 as in wild-type mice (Fig. 6). Thus, SD from P7 to
P14 increased the PV neuron density as in animals
who were subjected to SD from PO to P14 in layers
2/3 and 5/6 of wild-type mice, but decreased the PV
neuron density in layers 5/6 of FcyRIIB-/- mice.
However, SD from P7 to P14 increased the PV
neuron density in layers 2/3 of FeyRIIB-/- mice in
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Fig. 5 The effect of sensory deprivation (SD) from PO on the density of PV neurons in each layer of the barrel cortex. The mean +
SEM values of the density of PV neurons per mm? in 6 to 30 sections from 3 to 6 animals are shown. All principal whiskers on the left
snout were trimmed every day from PO to P12, P14, P21 or P28 as shown in A. Closed circles represent the values of intact mice and
open triangles represent the values of trimmed mice. The results in wild-type mice are shown on the left side and the results in FcyRIIB-
/- mice are shown on the right side in B, C and D. B, layers 2/3. SD until P12 had no effect on the number of PV neurons, probably
because PV neurons did not appear at P12. SD until P14 significantly increased the density of PV neurons, while SD until P21 signifi-
cantly decreased the density of PV neurons in wild-type mice. In contrast, SD did not cause a change in the density of PV neurons in Fc
yRIIB-/- mice; C, layer 4. SD until P12 significantly increased the density of PV neurons, while SD until P14, P21 and P28 did not
cause changes in the density of PV neurons in wild-type mice. In FcyRIIB-/- mice, in contrast, SD until P12, P14 and P21 did not cause
significant change in the density of PV neurons, while SD until P28 significantly decreased the density of PV neurons; D, layers 5/6. SD
until P12 and P14 significantly increased the density of PV neurons while SD until P21 and P28 had no effect on the density of PV neurons
in wild-type mice. In FcyRIIB-/- mice, SD until P12, P21 and P28 did not cause change in the density of PV neurons, while SD from PO
to P14 significantly decreased the density of PV neurons. *P < 0.05, **P < 0.01 compared to intact animals by Mann-Whitney's U-test.
SD, sensory deprivation.

contrast to the results for FcyRIIB-/— mice subjected P14 did not decrease the PV neuron density either in
to SD from PO to P14. In layer 4, SD from P7 to  wild-type or FcyRIIB-/- mice. The results indicate
P14 decreased the PV neuron density both in wild-  that the increase of PV neuron density in layers 2/3
type and FcyRIIB-/- mice, although SD from PO to and 5/6 of wild-type mice was not due to whisker
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trimming begun before the formation of barrels, and
suggest that the effect of sensory deprivation on the
PV neuron density in layer 4 differs according to
whether SD is begun before or after the critical
period for the formation of barrels.

These results suggest the presence of a restricted
developmental time window when expression of PV is
sensitive to SD. To further explore this point we
compared the effects of SD from PO, P7, P14 or
P21 to P28 on the appearance of PV neurons. SD
from P7 or P14, but not from PO or P21, signifi-
cantly decreased the density of PV neurons in layers
4 and 5/6 in wild-type mice (Fig. 7C and D). The
densities of PV neurons in layer 4 of wild-type mice
deprived from P7 to P28 and from P14 to P28 were
81.7% and 85.6% of those in intact wild-type mice at
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Fig. 6  The effect of sensory deprivation (SD) from P7 to P14 on

the density of PV neurons in each layer of the barrel cortex. The
mean + SEM values of the density of PV neurons per mm? in 15
(wild-type mice) or 14 (FcyRIIB-/- mice) sections from 4 animals
are shown. All principal whiskers on the left snout were trimmed
every day from P7 to P14. Closed bars represent the values of
intact mice and open bars represent the values of mice that under-
went whisker-trimming. SD significantly increased the density of PV
neurons in layers 2/3 and 5/6, while it significantly decreased the
density of PV neurons in layer 4 in wild-type mice. In FcyRIIB-/-
mice, SD did not significantly increase the density of PV neurons in
layers 2/3 but significantly decreased the density of PV neurons in
layers 5/6. On the other hand, SD significantly decreased the
density of PV neurons in layer 4 as in wild-type mice. *P < 0.05,
**P < 0.01 compared to intact mice by Mann-Whitney's U-test. SD,
sensory deprivation.
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P28, respectively (Fig. 7C). The reduction of PV
neurons in layer 4 by SD from P7 to P28 was consis-
tent with the previous study [20]. The densities of
PV neurons in layers 5/6 of wild-type mice deprived
from P7 to P28 and from P14 to P28 were 78.9%
and 76.7% of those in intact wild-type mice at P28,
respectively (Fig. 7D). PV neurons were also decreased
by SD in layers 2/3, but the difference was not sig-
nificant (Fig. 7B). The effects of SD in FeyRIIB-/-
mice were different from those in wild-type mice. SD
did not cause a change of the PV neuron density in
layers 2/3 in FeyRIIB-/- mice (Fig. 7B). SD from
PO to P28 significantly decreased the PV neuron
density in layer 4, as described above (see Fig. 5C),
but SD from P7, P14 or P21 did not cause a change
of the PV neuron density (Fig. 7C). The densities of
PV neurons in layers 5/6 of FeyRIIB-/— mice
deprived from P14 to P28 and from P21 to P28 were
89% and 90% of those in intact FeyRIIB-/— mice at
P28, respectively (Fig. 7D). SD from PO or P7 to
P28 did not decrease the PV neuron density in Fecy
RIIB-/- mice (Fig. 7D). The results suggest that the
expression of PV is reduced by SD throughout the
second and third postnatal weeks in wild-type mice,
and that PV neurons of FcyRIIB-/— mice are rela-
tively insensitive to SD.

Discussion

In the present study we demonstrated the appear-
ance of PV neurons in the developing barrel cortex and
the effect of sensory deprivation on the appearance of
PV neurons in wild-type and FeyRIIB-/- mice.

There were slight differences in the appearance of
PV neurons in the developing barrel cortex between
wild-type and FeyRIIB-/- mice. The number of PV
neurons in the developing barrel cortex dramatically
changed depending on the duration after birth, as
shown in Fig. 4. A difference of only one-half or one
day had prominent influences on the number of PV
neurons. Therefore, it is likely that there is no
essential difference in the appearance of PV neurons
in the developing barrel cortex between wild-type and
FcyRIIB-/- mice. An exception is that the density of
PV neurons of FeyRIIB-/- mice was higher than that
in wild-type mice at P14, whereas it was lower than
that in wild-type mice at P16 and P21 in layers 2/3
(Fig. 4B).
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Fig. 7  The effect of sensory deprivation (SD) from P0, P7, P14 and P21 to P28 on the density of PV neurons in each layer of the barrel
cortex. The mean + SEM values of the density of PV neurons per mm? in 9 to 15 sections from 3 to 6 animals are shown. All principal
whiskers on the left snout were trimmed every day from PO, P7, P14 or P21 to P28 as shown in A. The horizontal bars represent the
values of intact mice at P28. Open squares represent the values of mice undergoing whisker trimming. The results in wild-type mice are
shown on the left side and the results in FcyRIIB-/- mice are shown on the right side in B, C and D. B, layers 2/3. The density of PV
neurons was decreased by SD in wild-type mice, but the difference was not significant. SD did not affect the density of PV neurons in Fc
yRIIB-/- mice; C, layer 4. SD from P7 and P14 to P28 significantly decreased the density of PV neurons in wild-type mice. In FcyRIIB-
/- mice, the density of PV neurons was significantly decreased by SD from PO to P28, but not SD from P7, P14 and P21 to P28; D,
layers 5/6. SD from P7 and P14 to P28 significantly decreased the density of PV neurons in wild-type mice. In FcyRIIB-/- mice, the
density of PV neurons was only modestly decreased by SD from P14 and P21 to P28, but not by SD from PO and P7 to P28. *P < 0.05,
**P < 0.01 compared to intact mice by Mann-Whitney's U-test SD, sensory deprivation.

The most interesting finding in our study was that  from PO was significantly higher than that in intact
PV neuron density was increased in sensory deprived  wild-type mice at P12 and/or P14. The density of PV
wild-type mice but was not increased in sensory neurons in FcyRIIB-/- mice subjected to sensory
deprived FeyRIIB-/— mice. The density of PV neu-  deprivation from PO was similar to that in intact Fey
rons in wild-type mice subjected to sensory deprivation = RIIB-/- mice at P12 and P14, except in layers 5/6 at
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P14 (Fig. 5). The increase of PV neurons by sensory
deprivation was likely the result of an increase of PV
expression rather than the proliferation of fast-spik-
ing interneurons. An increase of PV neurons in the
cerebral cortex by sensory deprivation has not been
reported. Sensory deprivation from PO to P12, but
not deprivation from PO or P7 to P14, increased PV
neurons in layer 4 of wild-type mice (Fig. 5C).
Sensory deprivation from PO to P14, but not depriva-
tion from PO to P12, increased PV neurons in layers
2/3 (Fig. 5B). The mechanism underlying the increase
of PV expression is not clear. In layer 4, excitatory
postsynaptic currents (EPSCs) in fast-spiking
interneurons induced by stimulation of thalamocortical
afferent has been shown to dramatically increase by
P9-11 [13]. In fast-spiking interneurons of layers
2/3, the amplitude of EPSCs significantly increases
after P15 [16]. The maturation of EPSCs depends,
at least in part, on the substitution of the NMDA
receptor subunit from NR2B to NR2A. Selective
blocking of NR2A from P7 to P17 retards the appear-
ance of PV neurons in layers 2/3 and 4 [16].
Substitution of the NMDA receptor subunit from
NR2B to NR2A occurs at P12-14 in layers 2/3 [16].
On the other hand, selective axonal projection from
layer 4 spiny stellate cells to layer 2/3 neurons in the
same sensory column is established by P14 [24].
Sensory deprivation does not affect the development of
axonal projection from spiny stellate cells to layer 2/3
neurons [24]. Thus the maturation of electrophysio-
logical properties and subunit composition of NMDA
receptors in PV neurons occurs around P10 in layer
4 and at P12-P14 in layers 2/3. The number of PV
neurons dramatically increases after P10 in layer 4
and after P14 in layers 5/6. Therefore it is clear that
the maturation of NMDA receptors is required for the
expression of PV in fast-spiking interneurons, although
it remains uncertain whether this is also the case in
layers 5/6, because the development of excitatory
input to fast-spiking interneurons in layers 5/6 has not
been examined. Therefore, sensory deprivation begun
at a time point just around the maturation of NMDA
receptors in fast-spiking interneurons may upregulate
the expression of PV. Importantly, the increase of
PV neurons by sensory deprivation was not observed
in FeyRIIB-/- mice, whereas the appearance of PV
neurons in intact FeyRIIB-/- mice was similar to that
in wild-type mice. Together, these results suggest that
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PV neurons of FeyRIIB-/— mice are relatively insen-
sitive to sensory deprivation and FeyRIIB is involved
in the upregulation of PV expression induced by sen-
sory deprivation.

The PV neuron density was decreased by sensory
deprivation from P7 or P14 to P28 in layers 4 and
5/6 of wild-type mice. The density of PV neurons did
not decrease by deprivation from PO or P21 to P28.
The results suggest that there is a sensitive time
window when sensory deprivation downregulates the
expression of PV, and that continuous sensory depri-
vation beyond the maturation of NMDA receptors in
fast-spiking interneurons downregulates the expres-
sion of PV. The decrease of PV neuron density by
sensory deprivation from P7 to P28 is consistent with
the previous study [20]. However, the reduction of
PV neuron density in layer 4 by sensory deprivation
from P14 to P28 is inconsistent with the absence of
the reduction of PV neurons in mice subjected to
sensory deprivation from P15 to P30 in the previous
study [20]. The reason for this discrepancy is not
clear. In the GFP-GADG67 transgenic mice used in the
previous study, whisker trimming caused atrophy of
barrels corresponding to the trimmed row, whereas
whisker trimming after P7 does not usually cause
atrophy of barrels [17]. This discrepancy between
our study and the previous study [17] may have been
at least partly due to the difference in the genetic
background. Again, the effects of sensory deprivation
on the expression of PV in FeyRIIB-/- were different
from those in wild-type mice. Sensory deprivation
from P7 to P28 did not cause a change in the density
of PV neurons. Sensory deprivation from P14 or P21
to P28 slightly decreased the PV neuron density in
layers 5/6, but not in layers 2/3 and 4 (Fig. 7). The
results indicate that PV neurons of FeyRIIB-/- mice
are relatively insensitive to sensory deprivation after
the maturation of NMDA receptors and suggest that
FcyRIIB may also contribute to the downregulation of
PV expression by sensory deprivation.

The expression of PV and maturation of inhibitory
neuronal circuitry is sensitive to sensory experience
[13]. The results of the present study show that the
change of PV expression induced by sensory depriva-
tion is absent or attenuated in FcyRIIB-/- mice.
Interestingly, the density of PV neurons in layers 2/3
of FeyRIIB-/- mice was higher than that in wild-type
mice at P14, whereas it was lower than that in wild-
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type mice at P16 and P21 (Fig. 4B). This develop-
mental profile of the density of PV neurons in layers
2/3 of FeyRIIB-/- mice is quite similar to that in
layers 2/3 of sensory deprived wild-type mice (Fig.
5B). Together, these results suggest that the response
of PV neurons to excitatory inputs from spiny stellate
cells is impaired in FcyRIIB-/- mice, and that Fcy
RIIB contributes to the experience-regulated expres-
sion of PV, although further studies are required to
clarify the mechanism underlying the altered response
of PV neurons to sensory deprivation.
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