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Sensory Deprivation Alters Aggrecan and Perineuronal Net
Expression in the Mouse Barrel Cortex
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An important role for the neural extracellular matrix in modulating cortical activity-dependent synaptic plasticity has been established
by a number of recent studies. However, identification of the critical molecular components of the neural matrix that mediate these
processes is far from complete. Of particular interest is the perineuronal net (PN), an extracellular matrix component found surrounding
the cell body and proximal neurites of a subset of neurons. Because of the apposition of the PN to synapses and expression of this structure
coincident with the close of the critical period, it has been hypothesized that nets could play uniquely important roles in synapse
stabilization and maturation. Interestingly, previous work has also shown that expression of PNs is dependent on appropriate sensory
stimulation in the visual system. Here, we investigated whether PNs in the mouse barrel cortex are expressed in an activity-dependent
manner by manipulating sensory input through whisker trimming. Importantly, this manipulation did not lead to a global loss of PNs but
instead led to a specific decrease in PNs, detected with the antibody Cat-315, in layer IV of the barrel cortex. In addition, we identified a key
activity-regulated component of PNs is the proteoglycan aggrecan. We also demonstrate that these Cat-315-positive neurons virtually all
also express parvalbumin. Together, these data are in support of an important role for aggrecan in the activity-dependent formation of

PNs on parvalbumin-expressing cells and suggest a role for expression of these nets in regulating the close of the critical period.
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Introduction

The role of experience or activity in shaping neural development
and plasticity has been intensely investigated since the landmark
work of Wiesel and Hubel (1963a,b) in the visual cortex. As their
work and subsequent studies have clearly demonstrated, the cir-
cuitry in the CNS is shaped by experience early in development
during a so-called “critical period.” The formation and stabiliza-
tion of synaptic connections in the CNS involves the complex
interplay between the developing neuronal cell surface and the
molecules in the extracellular space. Because of its role in orga-
nizing the extracellular space, the neural extracellular matrix
(ECM) is thought to play particularly important roles in these
processes. The perineuronal net (PN), a subcomponent of the
neural ECM, is found surrounding synapses on the cell body and
proximal neurites of certain neurons in a lattice-like structure
and is therefore uniquely positioned to influence synaptic devel-
opment and stabilization (Hockfield et al., 1990; Celio and Blum-
cke, 1994).
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In the cat visual system, PNs detected with the monoclonal
antibody Cat-301 appear in postnatal development, coincident
with a decrease in plasticity and the close of the critical period
(Sur et al., 1988). The temporal appearance of PNs implies that
they play a role in maintaining synaptic stability in the mature
animal (Zaremba et al., 1989). Sensory deprivation early in de-
velopment leads to decreased PN expression in the visual system
(Sur et al., 1988; Guimaraes et al., 1990; Kind et al., 1995; Lander
etal., 1997) but has no effect in the adult (Sur et al., 1988). These
results suggest that PN expression is dependent on appropriate
sensory stimulation.

Whereas work in the cat visual cortex suggests an important
role for PNs in developmental cortical plasticity, a thorough un-
derstanding of the molecular composition of these nets and how
these molecules are altered by activity is incomplete. Particularly
important components of the PN are members of a family of
chondroitin sulfate proteoglycans (CSPGs) named the lecticans
(Yamaguchi, 2000). Although all lectican family members can be
found in PN, it is unknown whether expression of any particular
lectican is altered by activity.

To more thoroughly investigate the roles of PNs and specific
PN components in cortical developmental plasticity, we used a
mouse model system that allowed us to more comprehensively
investigate these questions. Because developmental plasticity is
well established in the rodent barrel cortex (Fox, 2002), we used
this system to gain additional insight into the role of PNs in
developmental cortical plasticity. Our preliminary studies dem-
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onstrated that PNs are highly enriched in the mouse barrel cortex.
Our work suggests a uniquely important role for the activity-
dependent expression of PNs on a subset of interneurons in layer
IV of the mouse barrel cortex. Furthermore, we identify the lec-
tican aggrecan as a key activity-regulated component of the PN in
the mouse whisker barrel cortex. These data suggest that aggrecan
expression and PN expression may have an important and spe-
cific role in activity-dependent plasticity in the rodent somato-
sensory cortex.

Materials and Methods

Animals and experimental groups. Experimental animals, CD-1 mice
(Charles River Laboratories, Wilmington, MA), were obtained from
pregnant dams. Mice were housed together in standard plastic cages with
woodchip bedding and ad libitum access to food and water. Littermates
were randomly assigned into the control group or the experimental
group, whose whiskers were trimmed. There were three sensory-
deprivation paradigms used. The day of birth was designated postnatal
day 0 (P0). To look at the effects of developmental sensory deprivation,
the whiskers were trimmed from PO to P30 [11 controls and 10 trimmed
animals for Cat-315 analysis and 8 animals for Wisteria floribunda agglu-
tinin (WFA) analysis]. To study the effect of sensory deprivation in adult-
hood, animals had their whiskers trimmed from P90 to P120 (four con-
trol animals and five trimmed animals). To understand whether any
potential deficits that occurred from 30 d of trimming could be reversed,
a group had their whiskers trimmed from P0 to P30, and the whiskers
were allowed to regrow and have normal sensory input from P30 to P60
(nine regrow animals).

Sensory deprivation. The large mystacial whiskers (rows A—E and arcs
0-6) were trimmed within 1 mm of the skin on the right side of the face
every other day using microsurgical spring scissors (World Precision
Instruments, Sarasota, FL). During the first 12 d, the mice were re-
strained by holding them in the experimenter’s hand. After P13, the
animals were anesthetized, using isoflurane (Aerrane) for 1-3 min deliv-
ered through a precision vaporizer (Precision Medical, Northampton,
PA) at 0.25% to prevent movement and spontaneous whisking, which
interferes with the trimming process. Control animals were handled and
anesthetized at the same time as the sensory-deprived animals but did not
have their whiskers trimmed.

Immunohistochemistry. Mice were deeply anesthetized and perfused
transcardially with 0.1 M PBS, followed by 4% phosphate-buffered para-
formaldehyde, pH 7.4. The tissue was postfixed overnight with 30% su-
crose in phosphate buffer. Forty to 50 wm frozen sections were cut on a
cryostat. Free-floating sections were incubated at 4°C overnight in pri-
mary antibodies Cat-315, parvalbumin (Sigma, St. Louis, MO), or soma-
tostatin (Chemicon, Temecula, CA) with 0.5% Triton X-100. The fol-
lowing day, they were rinsed with phosphate buffer and incubated at
room temperature in HRP-conjugated goat anti-mouse secondary anti-
bodies (Jackson ImmunoResearch, West Grove, PA) or Alexa
fluorescent-conjugated goat anti-mouse secondary antibodies (Invitro-
gen, Eugene, OR) diluted in DMEM with 0.5% fetal calf serum and 0.5%
Triton X-100 for 2 h. Fluorescent Nissl (Invitrogen) and WFA (Vector
Laboratories, Burlingame, CA) were added at the same time as the sec-
ondary antibodies. Sections were rinsed in phosphate buffer, mounted
onto glass slides, and coverslipped using Prolong Antifade mounting
medium (Invitrogen).

In situ hybridization. Frozen brains sectioned coronally or tangentially
(15-20 um thick) were thaw mounted onto gelatin-coated slides and
postfixed in 0.1 M sodium phosphate-buffered 4% paraformaldehyde,
pH 7.4. Sections were rinsed in PBS and 2 X SSC and acetylated with 0.5%
aceticanhydridein 0.1 M triethanolamine, pH 8.0. Sections were rinsed in
2X SSCand PBS, dehydrated in ethanols, and delipidated in chloroform.
Sections were prehybridized in 2X SSC and 50% formamide at 55°C for
1 h. Sections were then hybridized in 0.75 m NaCl, 50% formamide, 1X
Denhardt’s solution, 10% dextran sulfate, 30 mwm dithiothreitol, 10 mm
Tris-HCI, pH 7.5, 1 mm EDTA, 100 ug/ml salmon sperm DNA, 0.5
mg/ml yeast tRNA, and 1.5 X 10° cpm probe per slide for 12-15 h at
55°C. [**P]-labeled aggrecan probe to exon 12 was synthesized using an
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SP6/T7 transcription kit (Hoffmann-La Roche, Nutley, NJ). After hy-
bridization, the sections were washed in 2X SSC, 50% formamide, and
0.1% B-mercaptoethanol (BME) at 55°C for 1 h and treated with 20
png/ml RNase A in 0.5 M NaCl and 10 mm Tris-HCI, pH 8.0, at 37°C for 30
min. The sections were then washed in 2X SSC, 50% formamide, and
0.1% BME at 60°C for 30 min and in 0.1 X SSC and 0.1% BME at 65°C for
30 min and dehydrated. The slides were exposed to film (Kodak BioMax
MR Film; Eastman Kodak, Rochester, NY) for 11 d. Autoradiograms
were scanned into Photoshop and used as inverted images. Sections used
for autoradiograms were counterstained with cresyl violet to demarcate
barrel regions.

Scanned autoradiograms were analyzed using Image] software to de-
termine the relative level aggrecan mRNA by densitometry. Layers IV and
VI of the barrel cortex were manually defined, and the density of signals
was then calculated. The data were analyzed comparing the intensity of
signal per unit area in layer IV of the deprived barrel cortex to layer IV of
the nondeprived barrel cortex and layer VI deprived barrel cortex to layer
VI of the nondeprived barrel cortex. A paired ¢ test was used to evaluate
levels of expression in layers IV and VI of the barrel cortex. The experi-
menter was blinded to the experimental conditions.

Stereology. Numerical densities were estimated using the optical frac-
tionator method (West et al., 1991). Counts were performed on an
Olympus (Tokyo, Japan) BX51W microscope with a motorized stage.
Stereo Investigator software (MicroBrightField, Williston, VT) was used
to analyze serial sections (4050 wm thick) cut tangentially through layer
IV of the barrel cortex or coronally to analyze layer VI. The contours of
the barrels in layer IV of the cortex were outlined in the Stereo Investi-
gator program using the 4X lens, and the number of cells marked with
the primary antibodies were counted using an oil-immersion 20X lens
(0.8 numerical aperture) and appropriate excitation and emission filters.
A minimum of nine random sampling sites were analyzed throughout
the depth of the tissue, excluding 4 wm for the guard zones (2 wm at the
top of the section and 2 wm at the bottom). Stereo Investigator software
was used to quantify the number of marked cells and provided an esti-
mate of total cell number in the tissue section. The number of cells,
denoted by the fluorescent Nissl, was also counted using the same meth-
ods. In all cases, the experimenter was blinded to the experimental
conditions.

Statistical analysis. All sensory-deprivation paradigms were analyzed
using a paired ¢ test for each group of animals, comparing layer IV and VI
of the deprived barrel cortex to the respective layers of the nondeprived
barrel cortex. For the P30 sensory-deprived animals and the adult
sensory-deprived animals, a two-way repeated-measures ANOVA was
also performed.

Results

Cat-315-positive PNs are expressed in the mouse

barrel cortex

Previous work has shown that developmental expression of PNs
depends on normal sensory input and activity in the cat visual
cortex (Guimaraes et al., 1990; Lander et al., 1997). Although PNs
in the visual system have been well studied, the expression of this
structure is not well understood in other sensory systems. Here,
we investigated the expression of PNs in the mouse barrel cortex.
Our preliminary studies using the monoclonal antibody Cat-315,
an antibody that recognizes a specific form of aggrecan in the
adult brain (Matthews et al., 2002), demonstrated that PNs are
highly expressed in the barrel cortex. Cat-315 was enriched in
layers IV and VI of the mouse cortex (Fig. 1 A). Cat-315 staining
was more abundant in the somatosensory cortex than surround-
ing cortical areas (Fig. 1 B), where it detects the PN around the cell
body and proximal neurites of a subset of neurons. In additional
studies, we evaluated Cat-315 expression specifically in layer IV
of the mouse barrel cortex because it is the first layer of the cortex
to receive and respond to input from the whiskers and PN prop-
erties could be observed in the context of the functional bound-
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Figure1. Monodlonal antibody Cat-315 expression in the mouse somatosensory cortex. Cat-315 marks a subset of cells within
the barrel region of the mouse. A, A coronal section shows that Cat-315 is more enriched in layers IV and VI of the somatosensory
cortex than in adjacent cortical areas. B, Higher magnification of the boxed region in A demonstrates high expression of Cat-315-
reactive nets in the somatosensory cortex (arrow denotes the border). , A tangential section through layer IV of the barrel cortex
showing Cat-315 (green) immunoreactivity is highly expressed within the boundaries of the barrel cortex, defined by fluorescent
Nissl (red). Scale bars: 4, 1 mm; C, 200 wm.
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Figure2. Effects of sensory deprivation on Cat-315-positive PNs in the mouse barrel cortex. Tangential sections through layer
IV of the barrel cortex of control (A—H ) and sensory-deprived (/-P) mice stained with fluorescent Nissl (A, E, I, M) and Cat-315 (B,
F, J, N) are shown. C, G, K, and 0 show the merge of the fluorescent Nissl (red) and Cat-315 (green). D, H, L, and P are
higher-magnification images of C, G, K, and 0. The right hemisphere (4-D) did not differ from the left hemisphere (E-H) ( p =
0.3878). Unilateral whisker trimming from the right whisker pad did not alter barrel morphology (I, M) but did substantially
reduce Cat-315immunoreactivity in the sensory-deprived hemisphere (N—P) compared with the nondeprvied hemisphere (J-L).
The level of reduction can also be observed by comparing Cat-315 levels in the deprived barrel cortex with those of control animals
(B-D, F-H). Quantification of these data are shown in Table 1. Scale bar, 100 pum.

aries of the barrels. In tangential sections through layer IV, Cat-
315 was localized inside the barrel cortex boundaries (Fig. 1C).
Together, these data indicate that PNs are highly expressed in the
barrel cortex and that aggrecan, detected with Cat-315, is a major
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component of PNs in the mouse barrel
cortex. The expression of Cat-315-positive
PNs suggest an important role for nets in
this region.

Sensory deprivation during the first 30 d
of development leads to decreased Cat-
315 expression in layer IV of the barrel
cortex

Because aggrecan-reactive nets are strongly
expressed in the postnatal barrel cortex (Fig.
2A-H), we asked whether altering sensory
input from the whiskers would alter the ex-
pression of PNs and aggrecan. To evaluate
this, whiskers were trimmed from the right
whisker pad of mice every other day from
birth through P30. Tangential sections
through layer IV of the barrel cortex were
analyzed using stereological methods. Nissl
staining of the barrel cortex illustrated that
the gross development of the barrels was
not altered by this manipulation and did
not differ from controls (Fig. 2A,E, I, M).
However, our studies revealed a significant
decrease in the number of cells with Cat-
315-positive PNs in the sensory-deprived
barrel cortex of trimmed animals (Fig.
2N-P) compared with the nondeprived
barrel cortex of the same animals (Fig.
2J-L) and compared with both barrel cor-
tices of control animals (Fig. 2B-D, F-H;
Table 1). There was a statistically signifi-
cant reduction in Cat-315 staining in
trimmed animals compared with control
animals using a two-way repeated-
measures ANOVA ( p = 0.0282). The de-
crease in Cat-315 in the deprived hemi-
sphere compared with the nondeprived
hemisphere in trimmed animals was sig-
nificant using a paired ¢ test ( p = 0.0034)
(Table 1). There was also a significant de-
crease in the deprived hemisphere of
trimmed animals compared with the left
hemisphere of control animals (p =
0.0015) (Table 1). However, the nonde-
prived barrel cortex did not differ signifi-
cantly from the barrel cortex of control an-
imals ( p = 0.9454) (Table 1), therefore the
nondeprived barrel cortex of trimmed an-
imals will be used as an internal control. As
aresult of sensory deprivation, there was a
22% decrease in the number of neurons
having Cat-315-positive PNs in the de-
prived barrel cortex compared with the
nondeprived barrel cortex of trimmed ani-
mals. There was no difference in the total
number of cells in the barrel cortex of
trimmed animals compared with controls
(p = 0.3477). In addition, we found no sig-

nificant changes in Cat-315 expression in layer VI of the barrel cortex
(data not shown). These data demonstrate that within layer IV, ag-
grecan expression and PN formation is activity dependent and re-
quires normal sensory stimulation during development.
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Table 1. Stereological cell counts of percentage of Cat-315 positive to total cell number
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Nondeprived (right), percentage of cells that are

Deprived (left), percentage of cells that are

Group n (at-315+ (£SD) (at-315+ (£SD) p value (right vs left)
P30 control n 7.419125 = 1.851511 7.589479 * 1.462587 0.3878
P30 Trim 10 7.395954 + 1.78214 5.769441 *+ 1.304703* 0.0034
Adult control 4 5.598945 + 0.682995** 5.67208 = 0.940417** 0.8708
Adult Trim 5 6.845911 = 0.697807 6.768525 = 0.794268 0.8673
Regrow 8 6.352756 + 1.841329 3.286938 + 1.622181*** 0.0003

Trim, Trimmed animals. *p = 0.0015 compared with left hemisphere of P30 control; **p < 0.05 compared with same hemisphere of P30 control; ***p = 0.0014 compared with deprived hemisphere of P30 Trim.

Nondeprived

Deprived

Adult

Figure 3.  Effects of sensory deprivation in adulthood, or sensory deprivation followed by
normal activity, on Cat-315-expressing PNsin the mouse barrel cortex. A, B, Tangential sections
through layer IV of the nondeprived barrel cortex (4) and sensory-deprived barrel cortex (B) of
adult mice after sensory deprivation from P90 to P120 did not alter Cat-315 expression (green)
or fluorescent Niss| staining (red). C, D, Sensory deprivation through P30 followed by 30 d of
normal activity did not alter barrel morphology, as shown by the fluorescent Niss| staining, but
did significantly reduce Cat-315 immunoreactivity in the sensory-deprived hemisphere (D)
compared with the nondeprvied hemisphere (C) (see Table 1). Scale bar, 100 m.

Sensory deprivation during adulthood does not alter Cat-315
expression in layer IV of the barrel cortex

Next, we asked whether the number of cells with Cat-315-
positive PNs could be altered by sensory activity in adulthood.
The whiskers of adult mice were unilaterally trimmed from the
right whisker pad for 30 d starting at P90. Whisker trimming in
these animals did not alter Cat-315-positive PN expression in the
deprived barrel cortex compared with the nondeprived barrel
cortex within the same animals (Fig. 3A, B; Table 1), and there
was no difference in the number of cells expressing Cat-315-
reactive PNs in trimmed animals compared with control animals
(p=0.9955). Therefore, normal sensory input from the whiskers
is not required for maintenance of Cat-315-positive PNs once
they have been established. This implies that there is a critical
period for PN development that requires normal sensory input
before P90.

PN expression in the barrel cortex depends on appropriate
activity within a critical period

To further define the critical period for Cat-315-reactive PN ex-
pression, we investigated the effect of whisker trimming for the
first 30 d of postnatal life, after which the whiskers were allowed
to regrow and receive normal stimulation for the next 30 d. An-
imals were then killed and analyzed at day 60. Again, whisker
trimming did not alter Nissl staining; however, there was a 48%
decrease in cells expressing Cat-315-positive PNs in the deprived
barrel cortex relative to the nondeprived barrel cortex (Fig. 3C,D;

Table 1). Sensory deprivation followed by a period of normal
whisker stimulation led to a significant decrease in cells express-
ing Cat-315-reactive PNs in the deprived barrel cortex even after
allowing the whiskers to regrow. It is of note that trimming the
whiskers for 30 d alone leads to a 22% decrease in Cat-315-
expressing PNs (Fig. 2, Table 1), whereas allowing the whisker
regrowth and stimulation 30 d after this manipulation leads to a
more significant decrease in PN expression ( p = 0.0014) (Table
1). In contrast, there was no significant decrease in the number of
Cat-315-positive PNs on the nondeprived sides between P30 and
P60, suggesting a specific continual loss of Cat-315-positive PNs
in the deprived cortex (Table 1). Providing normal sensory input
after 30 d of sensory deprivation did not lead to a recovery of
normal Cat-315 detection of PNs. These data indicate that nor-
mal PN expression in layer IV of the barrel cortex requires sen-
sory stimulation specifically during the first 30 d of life.

aggrecan mRNA is highly enriched in the barrel cortex

We have demonstrated that aggrecan protein expression, de-
tected with the antibody Cat-315, is significantly decreased in the
barrel cortex if there is decreased sensory activity for the first 30 d
of life. Our previous work has shown that this reagent detects a
specific glycoform of aggrecan protein on a subset of PNs in the
cortex (Matthews et al., 2002). Therefore, it is critical to deter-
mine whether sensory deprivation leads to a specific loss in the
glycoform of aggrecan detected by Cat-315 or a general loss of
aggrecan protein. Presently, there is no reliable “pan-antibody”
that detects all forms of aggrecan in PNs by immunohistochem-
istry, so to address this question, we analyzed the expression of
aggrecan mRNA. First, we analyzed normal aggrecan mRNA ex-
pression within the barrel cortex. Antisense radiolabeled mouse
aggrecan probes showed very strong labeling in tangential flat-
tened sections of the barrel cortex. After the sections were devel-
oped, they were stained with cresyl violet to delineate the bound-
aries of the barrel cortex (Fig. 4A). Interestingly, expression of
aggrecan mRNA delineated the barrel cortex in layer IV from the
surrounding cortical areas (Fig. 4 B). In coronal sections, the la-
beling in the barrel cortex was clearly higher than any adjacent
cortical regions in layers IV and VI of mouse barrel cortex (Fig.
4C). In layers IV and VI of the barrel cortex, aggrecan mRNA
labeling pattern was similar to the aggrecan protein expression
characterized by Cat-315 (Fig. 1). These data indicate that aggre-
can mRNA is highly expressed in the barrel cortex and suggest a
uniquely important role for this ECM molecule in the barrel
cortex specifically within thalamocortical recipient zones.

aggrecan mRNA is decreased in layer IV of the barrel cortex
after 30 d of sensory deprivation

Because aggrecan protein is modified in a complex manner by
post-translational glycosylation (Matthews et al., 2002), detect-
ing aggrecan mRNA by in situ hybridization provides a more
direct method to investigate total aggrecan expression. We there-
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Figure4. aggrecan mRNA is expressed by neurons in the mouse barrel cortex and altered by sensory deprivation. 4, Tangential
section through layer IV of the barrel cortex stained with cresyl violet to outline the barrel structure. B, In situ hybridization, using
a *3P- labeled antisense probe to exon 12, was performed on the same section, and aggrecan mRNA expression is both enriched
and localized within the boundaries of the barrel cortex. €, aggrecan mRNA is more enriched in the barrel cortex than neighboring
cortical areas. There is a laminar distribution with aggrecan expression more prominent in layers IV and VI of the barrel cortex. D,
There is a decrease in aggrecan mRNA in the sensory-deprived barrel cortex relative to the nondeprived barrel cortex of the same
animal after 30 d of sensory deprivation during development (the arrow points out the sensory-deprived barrel cortex). The
aggrecan expression levels are normal in the nondeprived hemisphere of the trimmed animal. The sensory-deprived barrel cortex
shows a decrease in aggrecan message in layer IV, whereas layer VI expression levels appear normal.
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WFA
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Figure 5.  Effects of sensory deprivation on PNs detected with WFA in the mouse barrel cortex. A-C, G-1, In coronal sections,
WFA (green) isimmunoreactive in layers IV and VI of the mouse somatosensory cortex. 4, B, G, H, Trimming the whiskers does not
alter WFA expression in either the sensory-deprived barrel cortex (4, G) or the nondeprived barrel cortex (B, H). D, E, G, H,
Trimming leads to reduced expression of Cat-315 (red) in the deprived barrel cortex (D, G) but not in the nondeprived barrel cortex
(E, H).C, F, 1, High-magnification images from the boxed regions show that Cat-315 and WFA have partial levels of overlap but are
identifying distinct subsets of cells. Scale bar, 100 m.

fore investigated expression of aggrecan mRNA after sensory de-
privation to understand whether the changes we observed with
Cat-315 were attributable to specific alterations in specific iso-

forms of the aggrecan protein or are caused by a global loss of =~ WFA.
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aggrecan message. Animals were deprived
of sensory input for the first 30 d of life by
having their ~ whiskers unilaterally
trimmed. The relative density of autora-
diograms was analyzed by densitometry
and revealed a significant 17% decrease
(p = 0.0027) in aggrecan mRNA expres-
sion in layer IV of the deprived barrel cor-
tex compared with the nondeprived barrel
cortex (Fig. 4 D). Conversely, there was no
obvious change in aggrecan message in
layer VI of the barrel cortex ( p = 0.1385).
These data are in accord with the decreases
we observed in the aggrecan protein, using
the Cat-315 antibody, after the same
sensory-deprivation paradigm. Together,
this suggests that aggrecan expression, at
both the protein level and the mRNA level,
is activity dependent and requires normal
sensory stimulation.

WFA, another PN marker, expression is
not altered by sensory deprivation

Our work above describes the specific loss
of PNs detected with the antibody Cat-315
and a corresponding reduction in aggrecan
mRNA attributable to whisker trimming.
However, because Cat-315 detects only of
subset of PNs, we now wanted to
determine whether PNs detected with
other reagents in the rodent barrel cortex
were also reduced after whisker trimming.
To investigate this, we used WFA, which
is a lectin that binds the sugar
N-acetlygalactosamine (a component of
chondproitin sulfate chains) and has broad
reactivity for PNs (Brauer et al., 1993;
Bruckner et al., 1993, 1996). Neurons in
multiple layers of somatosensory cortex
are strongly detected by WFA. Similar to
Cat-315, PNs were more abundantly ex-
pressed in the barrel cortex region of so-
matosensory cortex. Of special interest,
neurons in layers IV and VI showed the
highest density of labeled cells. Surpris-
ingly, there were no significant changes in
WFA expression after sensory deprivation
(Fig. 5A-C,G-I) despite the obvious re-
duction in Cat-315-positive PNs in the de-
prived barrel cortex compared with the
nondeprived barrel cortex (Fig. 5D-F,G—
I). Stereological counts of WFA-positive
cells did not show any tendency toward a
decreased number of cells with PN for the
deprived (10.55395 = 1.33887) versus the
nondeprived (9.68674 = 0.83163; n = 8;
p = 0.107) side. Cat-315 and WFA are in
close proximity to one another and occa-
sionally colocalize on the surface of the

same neurons, but they generally detect distinct subpopulations
of neurons (Fig. 5C,F,I). Therefore, it is critical to define the
differences between the subset of cells detected by Cat-315 versus
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Cat-315 forms PNs around a subset of parvalbumin-
expressing interneurons in layer IV of the barrel cortex

To understand why Cat-315 appears to be specifically altered by
sensory deprivation, we first needed to molecularly define the
subset of cells with Cat-315-reactive PNs in the normal brain.
Previous work has suggested that in the cerebral cortex, PNs are
localized on a subset of GABAergic interneurons (Celio and
Chiquet-Ehrismann, 1993; Wintergerst et al., 1996; Schuppel et
al., 2002). Here, we focused on layer IV of the barrel cortex to
determine whether aggrecan, detected with Cat-315, defines a
known molecular and functional subclass of cells within this re-
gion. To investigate this, we double labeled sections with Cat-315
and either anti-parvalbumin or anti-somatostatin antibodies,
both of which have been shown previously to detect a function-
ally distinct subset of interneurons in the cortex (Kawaguchi and
Kondo, 2002). We found that all cells that had Cat-315-positive
nets in layer IV were parvalbumin positive (Fig. 6 A, C,E, G), al-
though this relationship did not appear to be present in layer V1.
Furthermore, the vast majority of parvalbumin-positive cells in
layer IV were also Cat-315 positive. In no case were Cat-315-
positive cells also somatostatin positive in layer IV (data not
shown). PNs detected with WFA, which are not altered by sen-
sory deprivation and do not colocalize with Cat-315-expressing
PN, rarely colocalize with parvalbumin-expressing cells in layer
IV of the barrel cortex (Fig. 7A—C). Therefore, within the bound-
aries of layer IV of the barrel cortex, Cat-315 detects a distinct
subpopulation of interneurons.

A subset of parvalbumin-expressing cells loses its Cat-315-
positive PN as a result of sensory deprivation

Sensory deprivation during development leads to a significant
decrease in the number of cells with Cat-315-positive PNs, and
Cat-315 detects PNs around parvalbumin-expressing interneu-
rons in layer IV of the barrel cortex. Therefore, one explanation
for our findings would be that whisker trimming led to a reduc-
tion in the number of parvalbumin-positive cells, which would
necessarily lead to a reduction in Cat-315-reactive PNs. To deter-
mine whether this was a possible explanation for our findings, we
again performed unilateral whisker trimming on mice for the first
30 d of life, after which the barrel cortex was analyzed. Impor-
tantly, whisker trimming for the first 30 d of life did not signifi-
cantly alter the number of parvalbumin-expressing cells (Fig.
6A,B) (p = 0.8372). Despite having no affect on parvalbumin
expression, whisker trimming again led to a specific decrease in
the number Cat-315-immunoreactive PNs surrounding
parvalbumin-positive cells in the deprived barrel cortex com-
pared with the nondeprived barrel cortex (Fig. 6C,D). These find-
ings are exemplified by the appearance of parvalbumin-positive
cells in layer IV of the barrel cortex not ensheathed with a Cat-
315-positive PN in the sensory-deprived barrel region (Fig. 6 E—
H). Cells with this expression profile are rarely found in the nor-
mal barrel cortex. Together, these data indicate that sensory
deprivation leads to a specific decrease in aggrecan message and
protein in and around parvalbumin-expressing neurons in layer
IV of the barrel cortex, resulting in a significant decrease in Cat-
315-positive PNs. These data are consistent with work done in
some laboratories (Maier and McCasland, 1997) but differ from
work in other laboratories (Jiao et al., 2006). Differences between
studies likely reflect the different paradigms used.

Discussion
In the present study, we demonstrate that the expression of PNs
in the mouse barrel cortex detected by the monoclonal antibody
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Figure 6. Effects of sensory deprivation on Cat-315-immunoreactive PNs surrounding
parvalbumin-expressing interneurons in the mouse barrel cortex. In tangential sections, parv-
albumin (red) and Cat-315 (green) were used to stain layer IV of both the nondeprived barrel
cortex (4, C, E, G) and the sensory-deprived barrel cortex (B, D, F, H) of trimmed animals. 4, B,
There is no change in the level of parvalbumin reactivity in the nondeprived barrel cortex (4)
relative to the deprived barrel cortex (B). €, D, Sensory deprivation does not alter Cat-315
expression in the nondeprived barrel cortex (€) but does lead to a reduction in Cat-315 expres-
sion in the deprived barrel cortex (D). C, E, G, In the nondeprived barrel cortex, Cat-315 forms
PNs in the extracellular space around parvalbumin-immunoreactive cells. D, F, H, In the
sensory-deprived hemisphere, there are parvalbumin-positive interneurons not ensheathed by
(at-315. Scale bar, 100 wwm.

Cat-315, a marker of aggrecan, is dependent on appropriate sen-
sory stimulation during development. Furthermore, we show
that aggrecan expression and Cat-315-positive PN expression re-
quire sensory stimulation during a critical period within the first
30 d after birth. Sensory deprivation within this critical period
decreases the number of PNs detected with Cat-315 specifically
around parvalbumin-expressing cells in layer IV of the barrel
cortex. To our knowledge, this is the first demonstration that
activity alters PN expression on a specific subpopulation of cells
in the somatosensory cortex.

Cat-315 expression is dependent on normal sensory input
during a critical period in development

PNs first appear in the rodent brain after the second postnatal
week, and adult-like expression occurs between P21 and P35
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(Koppe et al., 1997b; Bruckner et al., 2000); their appearance is
coincident with aggrecan expression (Matthews et al., 2002). In
layer IV of the barrel cortex, PN first appear around P10, coin-
cident with the decreased plasticity that takes place after the first
postnatal week (Stern et al., 2001; Fox, 2002) and the onset of
whisking.

The somatosensory cortex requires appropriate peripheral ac-
tivity during an early critical period for proper cortical patterning
(Huntley, 1997). Here, we demonstrate that the number of cells
bearing PNs, detected with the antibody Cat-315, in layer IV of
the mouse barrel cortex is significantly decreased as a result of
sensory deprivation through P30. These data suggest that the
development and expression of Cat-315-positive PNs is activity
dependent and requires normal activation of the barrel cortex.

Sensory deprivation in adults did not alter Cat-315 expression
in the barrel cortex, indicating that once established, mainte-
nance of PNs does not require normal sensory input. This is
consistent with observations in the cat visual system, where Cat-
301 expression, also a marker of aggrecan, decreases after sensory
deprivation during development but not in adulthood (Sur et al.,
1988). Because sensory deprivation during the first 30 d of life but
not in adulthood led to decreased Cat-315 expression, there
could be a critical period during development when normal sen-
sory input is required for PN formation.

To better understand the critical period for PN development,
we studied animals that experienced 30 d of sensory deprivation,
followed by 30 d of normal stimulation. In this group, we found a
significant decrease in Cat-315 expression demonstrating a per-
sistent and irreversible effect of abnormal sensory experience.
These data indicate that trimming for 30 d did not simply delay
Cat-315-positive PN development and also suggest that the close
of the critical period for Cat-315-reactive PN developmentis at or
before P30 in the barrel cortex.

Interestingly, the decrease in Cat-315 was more apparent in
the animals in which whiskers were allowed to regrow than in
animals killed at P30. Although somewhat surprising, these data
may simply reflect the continuing maturation of PNs, which
structurally evolve into adulthood (Koppe et al., 1997b).

Cat-315 detects a carbohydrate epitope on a glycoform of ag-
grecan in a subset of PNs (Matthews et al., 2002; Dino et al.,
2006). Therefore, we investigated whether whisker trimming led
to a specific loss of aggrecan mRNA or a decrease in the specific
glycoform of aggrecan detected by Cat-315. Interestingly, there
was a 17% decrease in aggrecan mRNA in layer IV of the deprived
barrel cortex compared with the nondeprived barrel cortex. This
decrease is in accord with the 22% decrease we detected in aggre-

WFA-positive PNs are rarely colocalized with parvalbumin-expressing interneurons in layer IV of the barrel cortex. 4,
Coronal section showing PNs detected with WFA in layer IV of the barrel cortex. B, Parvalbumin-immunoreactive cells found in
layer IV of the barrel cortex. €, A merged image shows that the majority of WFA-positive cells do not express the calcium-binding
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can protein expression. Together, these
data indicate that expression of the aggre-
can protein and message in the mouse bar-
rel cortex are activity dependent.

Sensory deprivation leads to the loss of a
particular subset of PNs in the

barrel cortex

As described above, our work showed that
PN, detected with Cat-315, were reduced
by whisker trimming and that this reduc-
tion is likely mediated by a reduction in the
expression of aggrecan mRNA. Because
previous work has shown that Cat-315
only detects a subset of aggrecan protein,
we expected that we would detect a reduc-
tion in PNs with other markers. We inves-
tigated this hypothesis with the lectin WFA. WFA is widely used
as a broad PN marker (Hartig et al., 1994; Koppe et al., 1997a,b;
Bruckner et al., 1998; Preuss et al., 1998) because it binds to
CSPGs (Bruckner et al., 1996; Koppe et al., 1997a). Surprisingly,
PN detected with WFA in the barrel cortex were not altered by
whisker trimming. Additional analysis showed that in normal
somatosensory cortex, Cat-315 and WFA detect a somewhat
overlapping but clearly nonidentical subset of cells in the mouse
barrel cortex. These data indicate that in the barrel cortex, WFA
detects only a subset of PNs and CSPGs. Furthermore, these data
suggest that a subpopulation of cells with PNs, specifically de-
tected by Cat-315, is uniquely affected by sensory deprivation.

An alternative interpretation is that PNs are still present but
are no longer detected by Cat-315 because of a loss of aggrecan
and/or change in aggrecan glycosylation. We attempted to inves-
tigate this by using reagents that have broad reactivity for CSPGs
(including lectins and “stub” antibodies). However, we found no
reagent that demonstrated that PNs remain after deprivation
(data not shown). This has lead to the conclusion that the molec-
ular composition of PNs has not simply changed but they are, in
fact, lost with deprivation. It is, however, possible that PNs still
remain after deprivation but that their molecular nature has
changed, making them undetectable by any of the reagents that
we used in this study.

Here, we have demonstrated that in layer IV of the mouse
barrel cortex, Cat-315 is a specific marker of parvalbumin-
positive interneurons. In this study, we clearly demonstrate that
without proper sensory input, aggrecan forms significantly fewer
PNs, specifically around parvalbumin-expressing cells in layer IV
of the barrel cortex, whereas parvalbumin expression itself is un-
affected. It is this subset of parvalbumin cells that requires normal
sensory activity to express Cat-315-positive PNs.

Functional implications of PN loss on the developing

barrel cortex

The function of the PN is not fully understood. Previous work,
however, has suggested that the formation of PNs signals the
close of the critical period and has a role in synapse stabilization
(Guimaraes et al., 1990; Hockfield et al., 1990). Pizzorusso et al.
(2002) demonstrated that PN expression correlates with the close
of the critical period of the visual system, and their work strongly
suggests a role for the PNs in reducing plasticity, indicative of a
shift from an immature plastic state cortex to a mature cortex.
The PN also appears at the close of the critical period for layer IV
of the barrel cortex (Koppe et al., 1997b), where most of the
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developmental processes end during the first postnatal month
(Fox, 1992; Glazewski and Fox, 1996).

Previous work has established the importance of the develop-
ment of local inhibitory circuits in developmental plasticity and
regulating the closing of the critical period (for review, see Hen-
sch, 2005). Of particular interest are the parvalbumin-expressing
interneurons, the emergence of which correlates most closely
with decreased synaptic plasticity and the close of the critical
period (Del Rio et al., 1994). Interestingly, previous work has
demonstrated that parvalbumin-positive cells are frequently sur-
rounded by PNs (Kosaka and Heizmann, 1989), which has lead
investigators to suggest that this structure may contribute to the
ability of these cells to maintain high levels of neuronal discharge
(Hartig et al., 1999; Morris and Henderson, 2000). Interestingly,
the population of parvalbumin-expressing cells in the cortex is
defined by at least two distinct cellular subtypes, basket cells and
chandelier cells (DeFelipe et al., 1989). Because we found altered
Cat-315-positive PN expression after sensory deprivation in a
subset of parvalbumin-positive cells (22% at 30 d and 48% at
60 d), it raises the question whether any one of these cellular
subtypes is uniquely affected by deprivation. However, in the
layer IV of the barrel cortex, it is likely that the majority of
parvalbumin-positive cells are basket cells because chandelier
cells, although abundant in layer II/I1I, are expressed sparingly in
deeper layers of primary sensory cortices including somatosen-
sory cortex and visual cortex of rat, monkey, and human (Peters
etal., 1982; DeFelipe et al., 1989, 1998; Inda et al., 2007). Because
we ultimately find alteration of nets on nearly 50% of the
parvalbumin-positive cells in layer IV, this argues strongly for
alteration of Cat-315-positive nets predominantly on basket cells.
Consistent with this, previous work has shown that although
basket cells are coated with PNs, chandelier cells are not (Naegle
and Katz, 1990).

Identification of the subcellular subtype has important func-
tional implications. Basket cells extend a horizontal plexus mak-
ing contacts on the somas of target cells; in contrast, chandelier
cells make powerful “cartridge” synapses onto the axons of target
cells. Much recent work has suggested a particularly important
role for basket cells in the close of the critical period, whereas a
more important role for chandelier cells is controlling excessive
excitation and spike timing in the cortex. Therefore, we would
predict that altered net expression on basket cells in deprived
animals would lead to decreased perisomatic inhibition within
cortical barrels and delayed closure of the critical period. Inter-
estingly, these predictions are consistent with previous work
showing that whisker trimming during development leads to in-
creased excitability and decreased inhibition in layer IV of the
somatosensory system (Simons and Land, 1987; Shoykhet et al.,
2005). In addition, these data are in agreement with previous
work demonstrating that disruption of molecular components of
PNsleads to areduction in perisomatic inhibition (Saghatelyan et
al., 2001), reopening of the critical period (Pizzorusso et al., 2002,
2006), and that dark rearing, which delays the close of the critical
period, inhibits expression of aggrecan-positive PNs identified
with Cat-301 (Guimaraes et al., 1990; Hockfield et al., 1990). We
cannot, however, exclude the possibility that alteration of nets on
chandelier cells also occurred in this study. We presently do not
know what defines the specific subset of parvalbumin cells on
which nets were altered. Future work will attempt to address
these questions.

We demonstrate that the expression of the aggrecan within
PNs is dependent on activity in the barrel cortex because both the
protein markers and mRNA are decreased after sensory depriva-
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tion during the critical period. These results are comparable to
studies in the cat visual system that showed a reduction in PN
markers with sensory deprivation (Hockfield and McKay, 1983;
Sur et al., 1988; Guimaraes et al., 1990; Lander et al., 1997), which
were later shown to be specific markers of aggrecan expression
(Matthews et al., 2002). However, this study represents the first
direct demonstration that aggrecan is expressed in an activity-
dependent manner and directly contributes to the development
of the PN.
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