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The Cat-301 monoclonal antibody identifies aggrecan, a chondroitin
sulfate proteoglycan in the cat visual cortex and dorsal lateral
geniculate nucleus (dLGN). During development, aggrecan expres-
sion increases in the dLGN with a time course that matches
the decline in plasticity. Moreover, examination of tissue from
selectively visually deprived cats shows that expression is activity
dependent, suggesting a role for aggrecan in the termination of the
sensitive period. Here, we demonstrate for the first time that the
onset of aggrecan expression in area 17 also correlates with the
decline in experience-dependent plasticity in visual cortex and that
this expression is experience dependent. Dark rearing until 15
weeks of age dramatically reduced the density of aggrecan-positive
neurons in the extragranular layers, but not in layer IV. This effect
was reversible as dark-reared animals that were subsequently
exposed to light showed normal numbers of Cat-301-positive cells.
The reduction in aggrecan following certain early deprivation
regimens is the first biochemical correlate of the functional
changes to the g-aminobutyric acidergic system that have been
reported following early deprivation in cats.
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Introduction

Four decades of research, summarized in a number of reviews

(Movshon and Van Sluyters 1981; Mitchell and Timney 1984;

Movshon and Kiorpes 1990; Berardi et al. 2000; Daw 2005;

Morishita and Hensch 2008), has shown that the anatomical

and functional development of the visual cortex of higher

mammals continues long after birth and that the postnatal

events can be modulated by visually driven activity. At one

extreme, in the absence of any visual input, the visual cortex

fails to develop normally. However, the clearest evidence for

modulation of postnatal development by experiential factors

has been provided by studies of the consequences of rearing

animals with various types of abnormal early visual input, most

notably monocular deprivation (MD) where one eye is deprived

of a patterned visual image.

Research with this experiential paradigm has demonstrated

that perturbations of normal visual experience can alter neuronal

structure and function, provided they occur within restricted

intervals, referred to as sensitive or critical periods (Wiesel 1982;

Berardi et al. 2000; Daw 2005; Lewis and Maurer 2005; Hooks

and Chen 2007). An early period of MD produces a shift in

ocular dominance (OD) in visual cortical neurons such that the

majority of cells respond solely to visual stimulation through

the nondeprived eye. In the cat, shifts in OD in cortical area 17

in response to brief MD can be first induced at about 2 weeks,

are most pronounced at 4--5 weeks of age, but thereafter

susceptibility to changes in OD declines gradually to very low

levels at 10--12 months of age (Cynader et al. 1980; Olson and

Freeman 1980; Daw et al. 1992). Laminar analyses show that

the sensitive period to MD lasts longer in the extragranular

layers of cat area 17 than in the granular layer where it may

persist to only 2 months of age (Daw 2005). The duration of

sensitive periods, particularly in extragranular layers, is extended

in complete darkness (Cynader and Mitchell 1980; Mower et al.

1981; Cynader 1983).

Following the phenomenological studies of developmental

plasticity, attention gradually turned to examination of its

molecular basis. The initial focus of these studies was on

proteins expressed early in development that may instruct the

developmental changes, followed more recently by attempts

to identify candidate genes whose expression is regulated by

experiential manipulations (e.g., Bear and Rittenhouse 1999;

Prasad et al. 2002; Lachance and Chaudhuri 2004; Majdan and

Shatz 2006). With respect to proteins, considerable attention has

been focused on the potential roles of glutamate receptors (Bear

2003), neurotrophins (e.g., Bonhoeffer 1996; Huang et al. 1999;

Berardi et al. 2003), and c-aminobutyric acid (GABA) receptors

(Hensch 2005). At a biochemical level, however, the principal

receptors for all of these signaling pathways continue to be

expressed in adults, suggesting that the expression of other

proteins may limit plasticity. While several candidate molecules

have been suggested (Hensch 2005; Morishita and Hensch

2008), those that exist in the extracellular matrix (ECM) deserve

attention because of the transformation of this matrix from

a largely soluble complex of proteins during prenatal and early

postnatal development to a highly insoluble complex in the adult

brain. So, while the ECM in the developing brain is conducive to

the plastic processes of development, the gradual elaboration of

an insoluble matrix in the maturing brain could play a role in the

termination of sensitive periods (Hockfield 1990; Hockfield et al.

1990). In support of this hypothesis, Pizzorusso et al. (2002)

showed that enzymatic degradation of key ECM components,

called chondroitin sulfate proteoglycans (CSPGs), reinstated

plasticity to MD in adult rats suggesting that these molecules

play a key role in the decline in OD plasticity with age.

A candidate CSPG for regulating the age-dependent decrease

in OD plasticity is aggrecan (Matthews et al. 2002). The Cat-301

monoclonal antibody recognizes a particular glycosylation state

of aggrecan that is expressed in the perineuronal nets on

a subset of neurons in the central visual pathway of the cat and
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monkey (Hockfield et al. 1983; Hendry et al. 1984; Sur et al.

1988; DeYoe et al. 1990; Matthews et al. 2002). In the cat dorsal

lateral geniculate nucleus (dLGN), the perisynaptic cell surface

expression of Cat-301 immunoreactivity is first detected at

4 weeks of age and then increases gradually to attain adult

levels by about 6 months (Sur et al. 1988), a profile that is

approximately the inverse of the time course of the sensitive

period to MD in the visual cortex. Furthermore, Cat-301

immunoreactivity in the dLGN is reduced dramatically in

animals deprived of visual experience from birth to 1 year, and

MD imposed near birth but not in adulthood selectively

reduces immunoreactivity in the A laminae innervated by the

deprived eye (Sur et al. 1988; Kind et al. 1995). Cat-301 and

other CSPGs also appear late in the development of the visual

cortex, and their expression is dependent on visual activity

(Lander et al. 1997) although the precise timing and laminar

expression have not been examined. These findings raise the

possibility that aggrecan is a key CSPG that mediates the gradual

stabilization of cortical synapses during the sensitive period

(Hockfield et al. 1983; Hockfield 1990; Pizzorusso et al. 2002).

Although the characteristic laminar pattern of Cat-301 in

adult cat area 17 and its reduction following dark rearing have

been described previously (Guimaraes et al. 1990; Lander et al.

1997), there have been no studies of the time course of Cat-301

expression during development. Hence, the initial aim of

the present study was to document the profile of postnatal

expression of Cat-301 immunoreactivity in cortical area 17 to

determine the degree to which expression correlates with the

decline in experience-dependent plasticity as demonstrated

in earlier electrophysiological studies of the visual cortex.

In order to probe the possibility of a link between expression

of Cat-301 immunoreactivity with other documented develop-

mental changes in the visual cortex, we examined cortical

Cat-301 immunoreactivity following 2 early postnatal experien-

tial manipulations. The first explored whether the decrease in

Cat-301 expression previously reported (Guimaraes et al. 1990)

in dark-reared animals could be rescued by visual activity.

Previously, it has been shown that following restoration of

normal visual input, dark-reared animals can recover normal

visual acuity (Timney et al. 1978), and many of the functional

deficits observed in cortical neurons also decline in severity

(Cynader et al. 1976; Cynader and Mitchell 1980). The second

manipulation we examined explored certain combinations of MD

and reverse occlusion (also known as reverse lid-suture, RLS) that

were previously shown to result in both bilateral amblyopia

(Murphy and Mitchell 1987) and profound reductions of Cat-301-

immunopositive cells in the dLGN (Kind et al. 1995), in order to

determine whether Cat-301 expression in area 17 was reduced

in a similar fashion in the visual cortex.

Materials and Methods

Subjects
Fifty-one cats from an outbred domestic cat lineage were raised from

birth in a closed laboratory colony. The rearing conditions and surgical

procedures that were employed followed protocols approved by the

University Committee on Laboratory Animals at Dalhousie University

and were in adherence with the standards of the Canadian Council on

Animal Care. To study the developmental onset of Cat-301 immuno-

reactivity, 13 cats were reared with normal visual input and sacrificed at

various postnatal ages (at 2 days or at 2 [N = 2], 3, 5, 8, 10, 12, 15 [N = 2],

26.9, 28.6, and 38.6 weeks of age). Thirty-eight animals were reared in

order to study the activity dependence of Cat-301 expression. Of the

latter, 6 animals were reared from birth in complete darkness until

100 days, while the remaining 32 were either deprived by eyelid suture

in one or both eyes or else were reared with surgically induced

strabismus. Two of the animals that were dark-reared to 100 days were

perfused prior to any exposure to light. The remaining 4 were

subsequently moved into normal colony lighting conditions (16:8 h

light:dark illumination cycle) for an additional 100 days. Two of these

were monocularly deprived by eyelid suture throughout the 100 days

of visual exposure, while the other 2 received binocular visual

experience during this period (Additional data on the effects of dark

rearing were obtained from sections kindly provided by Dr Nigel Daw

at Yale University from 2 animals that were dark reared from birth to

either 200 or 341 days of age.).

Cat-301 expression was examined in 38 cats, including 27 from our

earlier study of the dLGN (Kind et al. 1995) and one additional animal

(C427) that was reared specifically for the present study. Cat-301

expression in area 17 was also examined in 4 strabismic animals,

2 esotropes (CS1 and CS2), and 2 exotropes (DS1 and DS2) that were

reared for another study (Sengpiel et al. 1994). The pattern of Cat-301

expression in the visual cortex was assessed qualitatively in all of these

animals, from which 23 were chosen for quantitative counts of Cat-301-

positive cells. These included animals that were representative of the

different rearing conditions as well as all of the animals that displayed

a large reduction in the expression of Cat-301 in the dLGN. The animals

excluded from the quantitative analysis all demonstrated quantitatively

normal Cat-301 expression in the dLGN and qualitatively normal

expression in area 17. The rearing history of the 17 monocularly

deprived or reverse lid--sutured animals chosen for quantitative assess-

ment are listed in Supplementary Table 1 together with a categorization

(L, low; M, medium; N, normal) of the level of Cat-301 expression

observed earlier in the dLGN (Kind et al. 1995). As kittens, 12 of these

animals had the eyelids of the left eye sutured closed when they were

6--10 days old (at the approximate age of normal eyelid separation).

The period of MD continued until the animals were either 4, 5, 6, 8, or

12 weeks of age at which time the eyelids of the left eye were opened.

For the majority of the MD animals (all but C299, and C439), the eyelids

of the nondeprived eye were sutured closed at the same time as vision

was restored to the deprived eye for various periods (RLS). All of the

animals received binocular visual exposure following the period of MD

(C299, C439) or the subsequent period of RLS. The procedures for eyelid

suture and reopening were identical to those described previously

(Murphy and Mitchell 1987; Mitchell 1991; Kind et al. 1995).

In order to determine the effect of reduced cortical binocularity on

Cat-301 expression in area 17, as well as to control for the possibility

that any effects observed in MD kittens could be explained by a misalign-

ment of the 2 eyes induced by lid suture, we investigated Cat-301

expression in 4 cats (2 esotropes, CS1 and CS2; 2 exotropes, DS1 and

DS2) on which artificial strabismus had been induced surgically at 10--11

days of age by procedures described elsewhere (Sengpiel et al. 1994).

Quantitative assessment of the density of Cat-301-positive cells was made

on only 2 of the strabismic animals (CS1 and DS1) although data are

available (Sengpiel et al. 1994) on the distribution of cortical OD based

on physiological recording from all 4 animals.

Histological and Immunocytochemical Procedures
All animals were sacrificed with an overdose of sodium pentobarbitol

( >250 mg/kg of body weight, intraperitoneally) and perfused through

the heart with phosphate buffered saline followed by 4% paraformal-

dehyde in 0.1 M phosphate buffer. The brains were removed from the

skull, postfixed for at least 1 week in 4% paraformaldehyde, and then

placed in 30% sucrose. The brains were dissected, and frozen blocks of

tissue containing the dLGN and visual cortex were sectioned at 40 or

50 lm and incubated with the monoclonal Cat-301 antibody (diluted

1:5 to 1:50 in Dulbecco’s modified Eagle’s medium [Sigma or Gibco]

with 10% fetal calf serum and 2% Triton X-100) overnight. The Cat-301

antibody was visualized in 1 of 2 ways, either using a Vectastain ABC

mouse IgG kit (PK-4001, Dimension Laboratories) with an avidin--biotin

amplification (final Cat-301 dilution 1:20 to 1:50), as described in Kind

et al. (1995) or by use of an horseradish peroxidase (HRP)-conjugated

secondary antibody (final Cat-301 dilution 1:5 or 1:10; IgGAM, Cappel

Laboratories; Kind et al. 1994). No differences in the expression pattern
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or the overall numbers of immunoreactive cells were observed

between the 2 reaction protocols. Furthermore, formal counts of the

number of Cat-301-positive cells in sections from the dLGNs reacted

with different antibody concentrations revealed negligible variation in

counts of Cat-301-positive cells with antibody dilutions in the range we

employed (Kind et al. 1995; Fig. 1). Some sections were also stained, by

use of the non-avidin/biotin amplified protocol, with antibodies to

parvalbumin (1:20 000, Sigma) and to the phosphorylated form of

neurofilament (SMI-32, 1:100, Sternberger).

Data Analysis
In a previous study (Kind et al. 1995), we noted that when sections

with low levels of Cat-301 were counterstained with cresyl violet,

immunoreactivity for Cat-301 was masked. Therefore, to determine

more accurately the number of Cat-301-positive neurons, all cell counts

were performed on noncounterstained sections. To account for

changes in cell density with age and dark rearing, Cat-301 counts in the

developmental series as well as in dark-reared animals were expressed

as a percentage of total neuronal number. Neuronal density was

estimated by counting from Nissl-stained sections adjacent to those

used for Cat-301-positive cell counts.

The cell counts were performed in accordance with the stereological

optical dissector method of Coggeshall and Lekan (1996). All measure-

ments are expressed relative to normal rather than as absolute values.

Counts were made from 2 or 3 sections separated by at least 120 lm.

At least 6 fields of view per cortical layer were counted at a magnifi-

cation of either 3500 (field of view diameter = 0.35 mm for dark-reared

and dark-reared recovery animals) or 3375 (field of view diameter =
0.55 mm for all monocularly deprived and RLS animals).

Counts of Cat-301-positive cells were made along the medial bank of

area 17 of both hemispheres from AP +3 to AP +6. The counts from the

2 hemispheres were very similar, and therefore, the results were

combined. For the purpose of this analysis, the cortex was divided into

3 major layers corresponding to the laminar borders demarcated by the

Cat-301 antibody, namely the supragranular layers (layers II and III), the

infragranular layers (layers V and VI), and the granular layer (layer IV).

The criteria employed for laminar border assignments are provided in

Results.

Results

Distribution of Cat-301 in the Adult Cat Visual Cortex

As previously reported, the Cat-301 monoclonal antibody

labeled a subset of neurons in the cat visual cortex (Hockfield

et al. 1983, 1990; Hendry et al. 1984; Guimaraes et al. 1990).

Also consistent with earlier reports, Cat-301 immunoreactivity

was distributed in 2 major bands in the adult cat visual cortex.

However, while the dorsal border of the upper band was

described previously as corresponding to the border between

layers III and IV (Guimaraes et al. 1990), as identified from

sections stained for Nissl (Fig. 1A) or immunoreacted for

neurofilament (SMI-32), we show here that the upper band of

Cat-301 staining extends several hundred microns into layer III,

as confirmed by the band’s overlap with layer III pyramidal

cells. The large layer V pyramidal neurons present in the lower

band of dense Cat-301 immunoreactivity demarcate the border

between layer V and lower layer IV. As seen in Figure 1B, many

of the Cat-301-positive neurons are not pyramidal in shape.

Double labeling experiments with Cat-301 and antibodies to

parvalbumin indicate that the majority of nonpyramidal neu-

rons are GABAergic (Supplementary Fig. 1). Interestingly, the

distribution of Cat-301 staining in layer IV was not uniform

(Fig. 1C). Qualitatively, there appeared to be many more Cat-

301-positive cells in dorsal (upper) than in ventral (lower) layer

IV, and cell counts confirmed this impression, showing approx-

imately twice as many Cat-301 immunoreactive neurons in

upper layer IV (Fig. 1D).

Cat-301 Immunoreactivity Increases with Age in the Cat
Visual Cortex

In the cat dLGN, development of Cat-301 expression is

inversely correlated with the decline in visual cortical plasticity

(Sur et al. 1988). We now show the developmental profile of

Cat-301 expression in area 17 (Fig. 2). At 2 days, no Cat-301

immunoreactivity was detected in area 17 (data not shown),

but by 15 days, a band of Cat-301 staining appeared in layer VI

with a lighter band extending into layer 4 (Fig. 2A). The layer 6

band of immunoreactivity was transient and disappeared by

21 days. Furthermore, this transient Cat-301 immunoreactivity

was located mainly in the neuropil; very few Cat-301-positive

neuronal cell bodies were visible. Thereafter, the density of

Cat-301-positive neurons in all layers increased gradually. By

12--15 weeks (Fig. 2D), the density of Cat-301 cells in layers

V/VI had reached about 50 percent of the adult values that

Figure 1. Laminar distribution of Cat-301 immunoreactive cells in adult cat area 17.
Photomicrographs of cresyl violet (A) and Cat-301 (B) stained adjacent sections
through area 17 of a normal adult cat (C517). (C) Higher power photomicrograph of
layer IV of a Cat-301 stained section of C517. (D) Histograms that show counts of
Cat-301-positive neurons in dorsal versus ventral layer IV. Cat-301 immunoreactivity
appears as 2 cell-dense bands. The lower band extends throughout layers V and VI
with its ventral border with layer IV demarcated by the large layer V pyramidal cells.
The upper band extends throughout layer IV and approximately 200 lm into lower
layer III. The number of Cat-301-positive neurons is nearly twice as high in upper layer
IV as compared with lower layer IV (D). The distribution of Cat-301 correlates well
with the distribution of Y-cell geniculocortical terminations as reported by Humphrey
et al. (1985). Scale bar (B) 5 200 lm.
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were not attained until 6 months of age (Fig. 2E). In layer IV,

Cat-301-positive neuronal cell bodies were first detected in

animals between 2 and 5 weeks of age (Fig. 2A,B, respectively),

but their density did not increase substantially until 10 weeks

(Fig. 2C). By 15 weeks, their density had increased to 70% of

adult levels, but like layers V and VI, adult levels were not

attained until 6 months. Interestingly, the development of

Cat-301 immunoreactivity in layer II/III was delayed compared

with that in the granular and infragranular layers. Cat-301-

positive neurons were not seen in layer II/III until 5 weeks (Fig.

2B) after which their density increased at a slower rate than in

the other layers, such that 50% of the adult density was not

attained until after 15 weeks (Fig. 2D). Nevertheless, adult levels

were reached by 6 months as in the other layers (Fig. 2E).

The rate of maturation of Cat-301 expression in the granular

and extragranular layers is shown quantitatively in Figure 2F.

The cell densities have been normalized with respect to the

adult levels for each curve. Because adult values had been

attained in all layers by 6 months, we combined data from

animals older than 6 months to arrive at an average adult value

for the purpose of normalization. The data obtained by Sur et al.

(1988) on the development of Cat-301 expression in the dLGN

have been replotted in Figure 2F (open square symbols) for

comparison. Interestingly, until about 8 weeks of age, Cat-

301-positive neuronal density develops more slowly in the

dLGN than in layer IV of area 17, with a time course that is

closer to that seen in the supragranular layers. Thereafter, the

limited data from the dLGN suggest that its development may

more closely match that of layer IV. As can be seen in Figure 2F,

the increase in the density of Cat-301-positive neurons in the

supragranular layers is delayed by about a month relative to that

in the granular or infragranular layers.

Cat-301 Recovers to Normal Levels Following an Initial
Period of Dark Rearing

The behavioral and physiological effects of dark rearing to 3--4

months of age can be largely reversed by subsequent rearing

under normal lighting conditions (Timney et al. 1978; Cynader

et al. 1980; Kaye et al. 1982). Dark rearing reduces the expres-

sion of Cat-301 in both the dLGN and the extragranular layers of

area 17 (Sur et al. 1988; Guimaraes et al. 1990; Lander et al. 1997;

and Fig. 3B,F,G, this study). To determine whether the reduction

in Cat-301 immunoreactivity induced by dark rearing was

permanent, we examined the expression of Cat-301 in area

17 following a 100-day period of either binocular or monocular

recovery imposed after 100 days of dark rearing from birth

(Fig. 3). Following 100 days of recovery, with either binocular

(Fig. 3D) or monocular (Fig. 3E) experience, Cat-301 immuno-

reactivity in the extragranular layers increased to levels similar

to those observed in area 17 of normally reared age-matched

animals. This increase following exposure to light was not simply

Figure 2. Development of Cat-301 immunoreactivity in area 17. Photomicrographs showing the distribution of Cat-301 immunoreactivity in kittens at the following ages: 15 days
(A), 5 weeks (B), 10 weeks (C), 15 weeks (D), and 6 months (E). Cat-301 immunoreactivity first appears by 15 days of age as a transient band of staining of neuropil in layer VI
(A). Also, a few immunoreactive cell bodies can be seen scattered throughout the granular and infragranular layers at this age. The immunoreactive band of neuropil is only
transitory and is undetectable by 5 weeks of age (B). The density of immunoreactive soma in layers IV and VI have increased by this time, but very few immunoreactive cells are
present in the supragranular layers. By 10 weeks of age (C), the density of Cat-301-positive cells increases substantially in layer IV and reaches near adult levels by 6 months of
age (D). The density of immunopositive cells in the infragranular layers also increases rapidly between 5 and 15 weeks of age and reaches adult levels between 4 and 6 months of
age (E). The development of immunoreactive neurons in the supragranular layer is delayed in comparison with the other layers. Immunopositive neurons in these layers first
appear by 5 weeks of age (B) but remain relatively sparse until 15 weeks (D). Adult levels of Cat-301 immunoreactive cells in the supragranular layers are attained by 6 months of
age. Scale bar (E) 5 250 lm. (F) Quantitative assessment of Cat-301 development in area 17. The density of Cat-301-positive cells (normalized to their respective adult values) in
the granular (filled triangle symbols), supragranular (open diamond symbols), and infragranular (filled circle symbols) layers as a function of age. The curve for the supragranular
layers is skewed to the right indicating delayed development compared with that in layer IV or the infragranular layers. For comparison purposes, the open square symbols show
a replot of data of Sur et al. (1988) on the development of Cat-301 immunoreactivity in the dLGN.
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due to the increase in age because an animal maintained in the

dark for either 200 days or 1 year had markedly reduced levels of

Cat-301 immunoreactivity (Fig. 3F). These results indicate that

visual experience initiated after a prolonged period of dark

rearing can induce Cat-301 expression to normal adult levels.

Quantitatively, the density of cells expressing Cat-301 in

layer IV was not affected by dark rearing (see also Guimaraes

et al. 1990) and remained unchanged following the period of

recovery (Fig. 3G). Qualitative examination of Cat-301-positive

cell size in layer IV of dark-reared cats revealed smaller cell

body sizes compared with control animals, confirming the

findings of Guimaraes et al. (1990). In layers V/VI, the density

of Cat-301 cells was 50% lower in 100-day dark-reared animals

relative to normal animals. The density of Cat-301-positive

neurons decreased further with longer periods of dark rearing;

by 341 days, the number of Cat-301-positive neurons in layers

V/VI was only 20% of that in normal (200 days) or adult

animals. A 100-day period of either monocular or binocular

visual exposure following 100 days of dark rearing restored the

levels of Cat-301 immunoreactivity in layers V/VI to normal.

Similar results were observed in layers II/III. At 100 days of age,

the density of Cat-301 immunoreactive neurons in the supra-

granular layers of normal animals was approximately 50% of

the value observed in adults. In animals that were dark-reared

to the same age, the density of Cat-301-positive neurons

was reduced to 40% of the levels of age-matched controls.

However, following 100 days of visual recovery, the density of

Cat-301-positive neurons was restored to levels similar to those

observed in 200-day-old normal animals. A prolonged period of

dark rearing resulted in a drastic reduction in the density of

Cat-301 immunoreactive neurons compared with 200-day-old

normally-reared animals.

Dark Rearing Decreases Cat-301 Expression on Both
GABAergic and Non-GABAergic Neurons

In a preliminary attempt to determine whether a particular

neuronal subtype was affected by dark rearing, sections were

double-labeled with antibodies to Cat-301 and to parvalbumin,

which labels a subclass of fast-spiking GABAergic neurons.

In area 17 of normal animals, most parvalbumin-positive cells

were also Cat-301 positive. As illustrated qualitatively by the

parvalbumin stained sections of Figure 4 A,B and by quantita-

tive counts (Fig. 4C), the density of parvalbumin-containing

cells in area 17 was similar in animals dark-reared to 100 days

(DR), as in those that were subsequently exposed to light (DRR),

and to values obtained from age-matched normal animals. When

viewed in conjunction with the fact that the vast majority of Cat-

301-positive cells are also parvalbumin positive (Supplementary

Fig. 1) and the large decrease in Cat-301-positive cells in

extragranular layers of dark-reared animals, these results indicate

that dark rearing affects Cat-301 expression in GABAergic cells.

In addition, in dark-reared animals, there was an almost

complete loss of Cat-301-positive pyramidal cells (see Fig. 3),

demonstrating that Cat-301 expression on both excitatory

(pyramidal) and inhibitory (GABAergic) neurons is dependent

on visual experience.

MD and Reverse Occlusion

We have previously shown that following certain regimens of

combined MD and RLS that result in bilateral amblyopia

(Murphy and Mitchell 1987), the density of Cat-301-positive

cells in the dLGN was often dramatically reduced ‘‘in both A

laminae’’ (Kind et al. 1995). Since aggrecan may have a role in

Figure 3. Visual experience following dark rearing from birth restores normal levels
of Cat-301 immunoreactivity in area 17. Photomicrographs showing comparisons of
Cat-301 expression in area 17 of a 105 day normal kitten (A), a 100-day-old dark-
reared animal (B), a 200-day-old normal kitten (C), a 100-day dark-reared animal that
subsequently received 100 days of binocular visual experience (D), a 100-day dark-
reared animal that subsequently received 100 days of monocular vision (E), and
a 341-day-old dark-reared cat (F). Dark rearing to 100 days of age (B) dramatically
reduced the number of Cat-301-positive cells in the extragranular layers compared
with age-matched controls (A). Furthermore, in agreement with a previous study
(Guimaraes et al. 1990), there appears to be a decrease in the soma size of the
remaining Cat-301-positive neurons (B and F). However, 100 days of subsequent
visual exposure, either binocular (D) or monocular (E), causes a rapid reinduction of
Cat-301 expression to levels observed in age-matched normal controls, and soma size
appears to increase toward that observed in normal animals. Levels of Cat-301
immunoreactivity in the extragranular layers remained low in animals reared in the
dark to 1 year of age (F), indicating that the increase in Cat-301 expression observed
in the visual recovery animals (D and E) was a direct result of their visual experience.
Scale bar (F) 5 200 lm. (G) Quantitative assessment of Cat-301-positive cell
numbers in dark-reared animals as well as dark-reared animals that subsequently
received a period of either binocular or monocular visual exposure. The data for all
animals have been normalized to values observed in normally reared adult animals.
The 3 panels display data in the form of histograms for layers V/VI, layer IV, and layers
II/III. In each panel, data are shown for 3 normal (open columns), 3 dark-reared
animals (filled columns) reared to either 100 or 341 days, and three 100-day-old dark-
reared animals that subsequently received a 100-day period of either binocular or
monocular exposure (hatched columns).

Figure 4. Parvalbumin expression is unaffected by dark rearing. Photomicrogrpahs of
sections through area 17 of a kitten dark-reared to 100 days of age (A) and a normal
age-matched kitten (B) that have been stained with antibodies to parvalbumin
(to identify a subclass of GABAergic neurons). The results of counts of parvalbumin-
positive cells in normal (N; white bars), dark reared (DR; black bars), and dark-reared
animals that subsequently received visual exposure (DRR; hatched bars) are shown in
C. Scale bar (A) 5 350 lm.
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regulating the decline of plasticity in the visual cortex, we

examined the expression of Cat-301 in area 17 of the same

animals reared for the earlier study (Kind et al. 1995). Included

in the analysis were animals that were subjected to simple

extended regimens of MD or else long periods of reverse

occlusion at 4 or 5 weeks of age that resulted in low levels of

Cat-301 expression in just one of the A laminae of the dLGN.

The data from these animals were used as a benchmark for

comparison of the effects on cortical Cat-301 expression of

other rearing regimens that resulted in low levels of Cat-301

expression in both A laminae. A summary of the rearing con-

ditions and cell counts in area 17 are presented in Supplemen-

tary Table 1 together with a categorization (identical to that

used for the dLGN results) that summarizes the level of Cat-301

expression in the visual cortex.

Long-Term MD and Long-Term Reverse Occlusion

Animals in these conditions were either monocularly deprived

from near birth to 12 weeks or else were monocularly deprived

to 4 or 5 weeks of age at which time they were reverse

occluded (RLS) for a period of 16 and 12 weeks, respectively. In

all cases, qualitative examination of Cat-301 expression in the

striate cortex revealed normal patterns of immunoreactivity.

This qualitative similarity is apparent in the photomicrographs

of Figure 5 that shows a comparison of representative sections

through the visual cortex of a normal cat (Fig. 5A) and from

2 cats (C439 and C362) that had been either monocularly

deprived to 12 weeks of age (Fig. 5B) or which had received

a 12-week period of RLS following MD to 5 weeks of age

(Fig. 5C). As with normal animals, 2 bands of immunoreactivity

were visible in the neuropil corresponding to layers III/upper

IV and layers V/VI. Furthermore, many large Cat-301-positive

pyramidal cells were visible in layers V and lower layer III.

Density measurements confirmed the qualitative assessment of

normal levels of Cat-301 immunoreactivity in all layers of area

17 (Fig. 5D). In situ hybridization for aggrecan messenger RNA

(mRNA) also showed high aggrecan levels in the primary visual

cortex (Supplementary Fig. 2). In the dLGN, however, there

was a dramatic reduction of aggrecan mRNA selectively in the

deprived layers, indicating that the reduced protein levels in

deprived dLGN is at least in part due to a reduction in either

transcription or aggrecan mRNA stability.

Similar conclusions were reached concerning both the

qualitative and the quantitative findings from 2 further animals

that had received long periods of reverse occlusion (12 or

16 weeks) beginning at either 4 (C484 and C379) or 5 (C362)

weeks of age. The normal pattern of Cat-301 expression in

area 17 of these deprived animals is illustrated in Figure 5C.

Quantitative measurements from 2 of the animals (C379 and

C362; Table 1) confirmed the qualitative impressions. The only

difference between the MD and the RLS animals was a slight

decrease in the number of Cat-301-positive neurons in the

infragranular layers of RLS cat C362 (Fig. 5D).

Medium- and Short-Length Reverse Occlusion

For the medium-length reverse-occluded animals, the initial

period of MD extended to 5 or 6 weeks of age and the sub-

sequent RLS lasted for the same period of time (C416, C398).

Previously, it was shown that animals with this rearing history

demonstrated a severe reduction of Cat-301 immunoreactivity

throughout the dLGN (Kind et al. 1995; Figs 6 and 7).

Qualitatively, in area 17 of C416 and C398, neuropil staining was

very low in all layers, and few Cat-301-positive pyramidal cells

were observed in layers III and V (Fig. 6B,C) compared with

normal animals (Fig. 6A). Quantitatively (Fig. 6F, M-RLS animals),

there was a massive reduction in Cat-301-positive cell density

throughout area 17 with the most severe reduction evident in

the supragranular layers. The density of Cat-301-positive neurons

in the supragranular layers were reduced by 86% and 77%

for C416 and C398, respectively (Supplementary Table 1). The

decrease in the density of Cat-301-positive neurons in the

infragranular layers of these 2 animals were, respectively, 70%

and 58%, while in the granular layers, the densities were reduced

by, respectively, 60% and 46%.

Figure 5. Normal expression of the Cat-301 CSPG in area 17 following MD and long-term RLS. Cat-301 immunoreacted sections through area 17 of a normal kitten (A; C518),
and kittens subjected to either a 12-week MD (B, C439) or a 12-week period of RLS following 5 weeks of MD (C; C362). In all 3 animals, Cat-301-positive cells can be detected in
all cortical layer but are most dense in layers V/VI and upper layer IV/lower layer III. Qualitatively, no differences could be detected in Cat-301 immunoreactivity between animals
in these rearing conditions. Large pyramidal neurons were evident in both layer V and layer III, and the 2 bands of staining of neuropil in upper layer IV and layer V/VI appeared
identical. Scale bar (A) 5 250 lm. (D) Quantitative assessment of the number of Cat-301-positive cells in the granular and extragranular layers of area 17 of monocularly deprived
(MD) and long-term animals. The cell numbers in each layer have been normalized to the mean cell density of 200-day normal animals. With the exception of a hint of lower
numbers of Cat-301-positive cells in layers V/VI of the RLS animals, the cell counts were very similar in all animals.

Development of Cat-301 Expression in Cat Area 17 d Kind et al.354

http://www.cercor.oxfordjournals.org/lookup/suppl/doi:10.1093/cercor/bhs015/-/DC1
http://www.cercor.oxfordjournals.org/lookup/suppl/doi:10.1093/cercor/bhs015/-/DC1
http://www.cercor.oxfordjournals.org/lookup/suppl/doi:10.1093/cercor/bhs015/-/DC1
http://www.cercor.oxfordjournals.org/lookup/suppl/doi:10.1093/cercor/bhs015/-/DC1


For the short-term reverse occlusion animals, the initial

period of MD extended to 4 or 5 weeks of age and subsequent

RLS extended for 9 days. These rearing conditions resulted in

reduced Cat-301 immunoreactivity in the dLGN but of varying

severity. A similar variable reduction in Cat-301-positive neu-

ronal density was observed in the visual cortex (Fig. 6D,E).

Within each animal, however, the Cat-301 levels in area 17 and

the dLGN (Kind et al. 1995) were highly correlated. Among the

3 MD animals that received the period of reverse-lid suture at

4 weeks, one (C425; Fig. 6D) exhibited very low Cat-301

expression in all cortical layers, another (C422) showed a

moderate but reduced number of Cat-301-positive cells, while

the third (C450) exhibited normal numbers of Cat-301-positive

cells (Supplementary Table 1). The results from the 3 MD

animals that received 9 days of reverse occlusion at 5 weeks

were also diverse, and the level of Cat-301 immunoreactivity in

Table 1
Cat-301 cell density measurements in Area 17 following monocular deprivation, reverse occlusion and strbismus.

Animal Condition II/III IV V/VI Area 17 dLGN

C517 Normal 5628 ± 420 7291 ± 70 4049 ± 252 N N
C522 Normal 6283 ± 378 10 189 ± 529 4746 ± 437 N N
C200 Normal 6199 ± 193 7207 ± 150 3990 ± 202 N N

MD
C299 6-week MD þ B 6443 ± 244 (1.07) 7896 ± 244 (0.96) 4536 ± 227 (1.06) N N
C439 12-week MD þ B 6048 ± 109 (1.00) 7367 ± 328 (0.90) 4578 ± 269 (1.07) N N

MD þ long-term RLS
C379 4-week MD þ 16-week RLS þ B 5628 ± 185 (0.93) 7031 ± 134 (0.85) 3133 ± 143 (0.74) N N
C362 5-week MD þ 12-week RLS þ B 5880 ± 294 (0.97) 7375 ± 210 (0.90) 3570 ± 260 (0.84) N N

MD þ medium-term RLS
C398 6-week MD þ 6-week RLS þ B 1369 ± 218 (0.23) 4444 ± 378 (0.54) 1789 ± 193 (0.42) L L
C418 5-week MD þ 5-week RLS þ B 874 ± 126 (0.14) 3268 ± 512 (0.40) 1294 ± 50 (0.30) L L

MD short-term RLS
C422 4-week MD þ 9-day RLS þ B 3536 ± 277 (0.59) 5158 ± 269 (0.63) 2360 ± 176 (0.55) M M
C425 4-week MD þ 9-day RLS þ B 1470 ± 202 (0.24) 3637 ± 151 (0.44) 1327 ± 42 (0.31) L L
C450 4-week MD þ 9-day RLS þ B 6048 ± 277 (1.00) 8274 ± 109 (1.01) 4494 ± 252 (1.05) N L
C426 5-week MD þ 9-day RLS þ B 2780 ± 160 (0.46) 6014 ± 286 (0.73) 2150 ± 134 (0.50) M N
C427 5-week MD þ 9-day RLS þ B 4603 ± 151 (0.76) 7216 ± 218 (0.88) 3058 ± 210 (0.72) M N*
C451 5-week MD þ 9-day RLS þ B 6342 ± 269 (1.05) 7644 ± 319 (0.93) 3822 ± 403 (0.90) N M

Strabismus
CS1 Esotrope 5502 ± 210 (0.91) 7182 ± 176 (0.87) 3973 ± 277 (0.93) N N*
DS1 Exotrope 5863 ± 118 (0.97) 7098 ± 344 (0.86) 3318 ± 160 (0.78) N N*

Note: L, low; M, medium; N, normal.

*animals in which level of Cat-301 immunoreactivity in the dLGN was assessed qualitatively.

Figure 6. Photomicrographs of coronal sections through area 17 that illustrate the expression of Cat-301 immunoreactivity in area 17 of a normal animal (A: C517) 4 monocularly
deprived animals that received a medium-length (B, C416: 5-week RLS at 5 weeks; C, C398: 6-week RLS at 6 weeks) or short-length RLS (D, C425: 9-day RLS at 4 weeks;
E, C427: 9-day RLS at 5 weeks). There was a substantial reduction in both the staining of neuropil as well as the density of Cat-301-positive cells in all layers for all medium-
length RLS animals. There was more variability in the outcome of the short-length RLS animals (see Results). Quantitative analysis of Cat-301 cell density is shown in F. All density
estimates are normalized to adult control animals with ‘‘normal’’ levels of Cat-301 expression (calculated based on an average of 8 normal, long-term MD, and long-term RLS
animals). A comparison of length of RLS following 5 weeks of MD showing that the length of the RLS prior to binocular recovery is critical to the expression of Cat-301 in area 17
is also shown in F. Scale bar in A--C 5 250 lm; in D and E 5 225 lm.
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area 17 of one animal (C426) did not correlate as closely with

levels in the dLGN. The lowest level of Cat-301 immunoreactivity

was observed in the visual cortex of C426, an animal that

exhibited normal overall levels of immunoreactivity in the dLGN,

albeit with higher levels in laminae innervated by the initially

nondeprived eye (Kind et al. 1995). A second animal (C427; Fig. 6E)

exhibited a slight reduction in Cat-301-positive cells in the

extragranular layers, but no reduction at all in layer IV. This

particular animal did not participate in the earlier study of the

dLGN, but, qualitatively, Cat-301 levels in the dLGN appeared

normal. Finally, C451 exhibited normal levels of Cat-301 immuno-

reactivity in all cortical layers. The dLGN of this animal exhibited

a slight overall reduction in the number of Cat-301-positive cells

(Kindet al. 1995). ThediversityofCat-301 immunoreactivity in area

17 amongst the 2 short-term RLS is apparent in the microphoto-

graphs of Figure 6. The results of laminar counts in the visual cortex

of all 3 of these animals are displayed in the form of histograms in

Figure 6F. To determine whether the decrease in Cat-301

immunoreactive neurons was accompanied by an overall decrease

in Cat-301 levels, we performed optical density measurements.

These measurements were in agreement that the qualitative

observations and cell density measurements with animals with

reduced Cat-301 neurons showing less overall staining intensity

(Supplementary Fig. 3). Furthermore, they also revealed the laminar

specificity, with the largest decreases in layer 2/3, followed by the

infragranular layers and little or no effect in layer 4.

Strabismus

A stable strabismus was induced in 4 animals by tenotomy of

one of the extraocular muscles. Although stable, the degree of

misalignment was variable across animals. Estimates of the angle

of deviation were made on all animals at the time of electro-

physiological recording when animals were at least 1 year old

(Sengpiel et al. 1994) based upon the differences between their

paralyzed eye positions and the mean values observed in normal

animals under similar conditions. The 2 animals on which the

lateral rectus had been sectioned were both esotropic with a

misalignment of either 4� (CS1) or 34� (CS2), while the animals

that had their medial rectus sectioned (DS1 and DS2) exhibited

exotropia of, respectively, 30� and 8�. Electrophysiological

recordings from the 4 animals revealed an abnormal distribution

of OD (reported in Sengpiel et al. 1994) from all cases with

a substantial reduction from normal values in the proportion

of neurons that could be excited through both eyes. For the

2 esotropic cats, the percentage of binocular cells (i.e., cells in

OD classes 2-6) was 30.5% and 43.9% for CS1 and CS2, respect-

ively. The percentage of binocular cells in the 2 exotropic cats

DS1 and DS2 was, respectively, 28.6% and 26.8%.

Qualitatively, the level of Cat-301 immunoreactivity in the

dLGNs of all 4 animals appeared normal. Photomicrographs of

the dLGN contralateral to the operated eye of CS and DS are

displayed in Figure 8 C,D and reveal both the normal overall

levels of Cat-301 immunoreactivity as well as the absence of

any laminar differences in staining. Cat-301 immunoreactivity

appeared qualitatively normal in all 4 animals (see Fig. 7 A,B),

a point confirmed by quantitative counts of Cat-301-positive

cells (Table 1) in area 17 contralateral to the operated eye of

CS1 and DS1. There was, however, a very slight reduction in the

density of Cat-301-positive cells in the infragranular layers.

Large stained pyramidal cells were clearly visible in layers III

and V in all 4 strabismic cats.

Discussion

CSPGs have been shown to restrict visual cortical plasticity to

MD in the adult visual cortex (Pizzorusso et al. 2002). It has

Figure 7. Summary figure showing effects of MD and RLS on Cat-301 expression in area 17 and dLGN. Photomicrographs through area 17 (A--D) and dLGN (E,H) from a normal
(C517, A and E), a 6-week MD (C299, B and F), a 9-day RLS following 4 weeks of MD (C425, C and G), and a 12-week RLS following 5 weeks of MD (C362, D and H). Scale bar A
(A--D) 5 150 lm. Scale bar in E (E--H) 5 1 mm.
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been hypothesized that aggrecan, the CSPG recognized by the

Cat-301 monoclonal antibody, is a key player in this process

(Sur et al. 1988; Guimaraes et al. 1990; Hockfield 1990;

Matthews et al. 2002). We now show that the temporal profile

of expression of Cat-301 in cat area 17 is reciprocal to the

profile of the sensitive period to MD (Cynader and Mitchell

1980; Olson and Freeman 1980; Daw et al. 1992). Furthermore,

the loss of Cat-301 that results from dark rearing (Guimaraes

et al. 1990) can be rescued by a subsequent period of normal

visual experience that parallels the timing of the functional

recovery of vision (Kaye et al. 1982). Finally, we demonstrated

that while neither MD by itself, nor MD followed by long-term

RLS, nor early induction of strabismus alter adult levels of

Cat-301 in area 17, certain medium-length regimens of MD

followed by reverse-lid suture, many of which lead to bilateral

amblyopia, result in a large decrease in the number of aggrecan-

positive cells. The normal levels of Cat-301 expression in mono-

cularly deprived and long-term RLS animals clearly indicate that

binocular vision is not necessary for the normal expression of

aggrecan. However, the low levels of Cat-301 in the cortex of

a subpopulation of short- and medium-length RLS animals

(some of which result in bilateral amblyopia) indicate that

certain binocular interactions during the sensitive period can

dramatically reduce the density of aggrecan-positive neurons in

primary visual cortex. It is not surprising that aggrecan

expression in primary visual cortex does not necessarily

correlate with final visual acuities since the latter likely

depends on neural circuitry involving multiple cortical areas

(Mitchell 1991). Instead, the low levels of Cat-301 appear to be

most closely linked to conditions where neither eye has a clear

territorial advantage in V1 following the termination of the

rearing regiment. Indeed, Murphy and Mitchell (1987) showed

that short periods of RLS that resulted in bilateral amblyopia

resulted in normal OD histograms. It is tempting to speculate

that following RLS paradigms that result in no clear dominant

eye, the competitive interactions between the eyes prevent

many neurons from reaching levels of activity that initiate Cat-

301 expression.

In both the somatosensory cortex of rodents (McRae et al.

2007) and the deprived layers of a monocularly deprived cat

dLGN (Supplementary Fig. 2), sensory deprivation causes a

decrease of aggrecan mRNA as well as a loss of immunostaining.

Matthews et al. (2002) showed that while the Cat-301 epitope

is located on the protein core of aggrecan, carbohydrate

moieties can occlude the Cat-301 epitope. Consequently, the

decrease in Cat-301 staining reported in our study could arise

from either a decrease in aggrecan expression or an increase or

change in carbohydrate moieties that occlude the Cat-301

epitope. We believe that the former explanation accounts for

the decrease in Cat-301 staining in the visual cortex reported

here for 2 main reasons. First, if the loss of Cat-301 immuno-

reactivity resulted from an increase or change in a carbohydrate

moieties leading to greater occlusion of the Cat-301 epitope,

we would predict that immunostaining with either Cat-304,

Cat-315, or Cat-316 antibodies, which recognize carbohydrate

epitopes, would either increase or show no change in V1 to

visual deprivation. However, dark rearing causes a reduction in

the density of cells revealed by Cat-304 (Guimaraes et al. 1990),

Cat-315, and Cat-316 antibodies (Lander et al. 1997). Second,

treatment of dark-reared tissue with chondroinase ABC only

increases staining intensity without an increase in the number

of cells labeled for the Cat-301 epitope (Supplementary Fig. 4).

However, if the loss of Cat-301 immunoreactivity resulted from

occlusion of its epitope, we would expect that enzymatic

digestion would increase both the intensity of Cat-301 staining

and the density of cells labeled with Cat-301.

Aggrecan Expression Correlates with the Termination of
the Sensitive Period

One of the most striking features of the maturation of the

nervous system is the transition from a hyaluronan rich, highly

soluble ECM, to a hyaluronan poor, insoluble ECM (Hockfield

et al. 1990). This transition away from an environment per-

missive for plasticity and growth correlates well with the

decline in sensitivity to MD (Hockfield et al. 1990). CSPGs are

principal components of neuronal ECM, and their increase with

age is experience dependent (Guimaraes et al. 1990). They are

located perisynaptically in ‘‘perineuronal nets’’ that surround

several cell types including the parvalbumin-positive GABAergic

interneurons, where they have been hypothesized to stabilize

synapses by binding hyaluronan and thereby increasing the

insolubility of the ECM. Strong support for the hypothesis

that CSPGs regulate the age-dependent decline in plasticity in

visual cortex came when Pizzorusso et al. (2002) showed that

enzymatic degradation of perineuronal nets with chondroiti-

nase restored plasticity as assessed by the response to MD in

adult rats, a result consistent with the idea that a mature ECM

functions to restrict plasticity in adult animals. The very low

expression patterns of aggrecan following certain regimens of

RLS raises the possibility that the visual cortex of these animals

may retain a higher degree of plasticity than age-matched

normally reared animals. However, the fact that the functional

recovery of vision of these animals was poor suggests that any

enhanced plasticity might only be revealed by very specific

Figure 8. Photomicrographs through area 17 (A and B) and the dLGN (C and D) of an
animal reared with esotropia (CS1; A and C) and another with exotropia (DS1; B and
D). Strabismus had little effect on the final levels of Cat-301 expression in either the
dLGN or area 17. Counts from these 2 animals can be found in Table 1. Scale bar in A
(A,B) 5 300 lm. Scale bar in D (C,D) 5 1 mm.
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manipulations or that complete loss of aggrecan in all layers,

including layer 4 is necessary to promote functional recovery.

Based on the biochemical properties of aggrecan, its

temporal and spatial expression patterns in both the cat dLGN

and the rodent spinal cord, and the finding that CSPGs can

inhibit neurite outgrowth, Hockfield et al. hypothesized that it

is the key CSPG that regulates the termination of the sensitive

period (Sur et al. 1988; Hockfield 1990; Hockfield et al. 1990).

We now provide correlative evidence supporting this hypoth-

esis. First, the developmental time course of aggrecan expression

is distinct in different layers of cat area 17, in good agreement

with layer-specific differences in the sensitive period to MD

(Shatz and Stryker 1978; Cynader et al. 1980; Kalil 1980; Jones

et al. 1984; Daw et al. 1992). Second, layer-specific effects of

dark rearing (Guimaraes et al. 1990) on Cat-301 expression

parallel effects seen in the response of neurons to dark rear-

ing (Cynader and Mitchell 1980; Mower et al. 1985; Mower

and Christen 1985; Mower 1991). Third, Cat-301 expression

recovers to normal levels in animals reared in darkness from

birth to 100 days followed immediately by an equal period of

visual exposure. Previous work has demonstrated that cats dark

reared from birth to around 100 days can recover near-normal

visual acuities following a period of visual exposure of similar

duration (Timney et al. 1978; Kaye et al. 1982).

The finding that certain periods of RLS result in a dramatic

reduction in Cat-301 combined with the findings of Pizzorusso

et al. (2002) that removal of CSPGs in adult rats restored OD

plasticity to MD raises the intriguing possibility that animals

raised with these regimes of RLS may maintain a higher degree

of plasticity than their normally reared counterparts. A number

of recent studies raise the possibility that certain early postnatal

experiential manipulations can potentiate the effects of similar

manipulations applied in adulthood. The quintessential exam-

ple of facilitation of adult plasticity by early experience was

provided by Knudsen’s (1998) demonstration of the enhanced

capacity of the auditory system of adult barn owls to adapt to

altered sensory experience if they had received similar altered

experience as juveniles. Recently, Hofer et al. (2006) showed

that the susceptibility of visual cortical neurons in adult mice to

MD was elevated in animals for which the same eye had

been monocularly deprived when they were young. Moreover,

another experiment on rodents suggests that certain experien-

tial manipulations applied on adult animals may enhance adult

plasticity. He et al. (2007) showed an enhancement of both

behavioral and electrophysiological plasticity in rats that had

been monocularly deprived when young immediately following

a short (3--10 days) period of dark rearing in adulthood. Based on

these findings in rodents, it is not unreasonable to hypothesize

that certain early rearing regimens could maintain higher levels

of plasticity in adult cat V1. Certainly, a key step in restoring or

maintaining plasticity in the adult cortex would be to locally

degrade the ECM (Berardi et al. 2004).

Cat-301 Labels GABAergic and Non-GABAergic Cells

The maturation of the GABAergic network has been demon-

strated to play a crucial role in the temporal parameters of the

sensitive period to MD in mice (Hensch et al. 1998; Hanover

et al. 1999; Huang et al. 1999; and Fagiolini and Hensch 2000).

Furthermore, dark rearing has been shown to affect numerous

physiological properties of neurons in the cat striate cortex, such

as orientation and direction selectivity, the maturation of which

are believed to be dependent upon GABAergic input (Sillito

1975, 1977; Sillito et al. 1980 Blakemore and Van Sluyters 1975;

Imbert and Buisseret 1975; Buisseret and Imbert 1976). GABA

has also been implicated in mediating the effects of MD (Sillito et

al., 1981). However, while light deprivation in adults has been

shown to reduce glutamic acid decarboxylase (GAD) and GABA

levels in area 17 of adult animals, neither MD nor dark rearing has

any effect on the density of GAD- and GABA-positive cells (Bear

et al. 1985; Mower et al. 1988) or on GABAA receptor levels

(Shaw et al. 1987; Mower et al. 1988) and function (Tanaka et al.

1987; Tsumoto and Freeman 1987). Parvalbumin labels a subset

of fast-spiking GABAergic basket cells in the cerebral cortex that

play a key role in regulating plasticity (Hensch 2005). In rats, MD,

but not dark rearing, reduces parvalbumin expression (Cellerino

et al. 1992). In the mouse, dark rearing does reduce parvalbumin

levels (Tropea et al. 2006). We now show normal density of

parvalbumin expressing cells in area 17 following extended

periods of dark rearing. The cellular basis of these species-

specific effects of different rearing regimens on parvalbumin is

not clear. However, it is clear that dark rearing in all species

examined has a profound effect on GABAergic development

(Morishita and Hensch 2008), which in cats can be clearly

identified by the large reduction in Cat-301 levels. This reduction

in Cat-301 represents the first biochemical correlate for the

functional abnormalities observed in the inhibitory network in

the cat striate cortex following early periods of altered visual

experience. Our findings, and those of earlier studies (Guimaraes

et al. 1990 and Lander et al. 1997), are consistent with the loss of

functional properties of neurons in area 17 that rely on mature

inhibitory connections and are also in agreement with recent

findings that the GABAergic system regulates the timing of the

sensitive period (for a review, see Hensch 2005). It is also

important to note that we have used long periods of dark rearing;

we did not examine whether shorter periods of deprivation

would alter parvalbumin expression in area 17 of cats, but this

would be interesting to examine in future experiments.

It should be noted that, in addition to the substantial effects

of dark rearing on GABAergic cells in area 17, dark rearing also

causes a complete loss of aggrecan-positive pyramidal cells.

Following visual exposure, however, aggrecan expression re-

emerges on both pyramidal and GABAergic neurons, a result

consistent with the reappearance of orientation-selective and

to a lesser extent directionally selective cells (e.g., Imbert and

Buisseret 1975; Cynader et al. 1976; Buisseret et al. 1978;

Cynader and Mitchell 1980).

Cat-301 Expression and Cortical Binocularity

Several of our findings clearly indicate that Cat-301 expression

does not correlate well with the degree of cortical binocularity.

To test this hypothesis more directly, we induced strabismus

surgically in 4 kittens at the time eye opening. Despite a near-

complete breakdown of cortical binocularity in these animals

(Sengpiel et al. 1994), Cat-301 levels in the visual cortex of both

esotropes and exotropes were normal or near normal.

It should be noted that despite the dissociation between the

levels of Cat-301 and the level of binocularity of cortical cells, it

is nevertheless apparent that the former can be influenced to a

considerable extent by an animal’s early history of interactions

between the two eyes. This influence is best exemplified

by comparing the results obtained in cats C418 and C362.

Although both animals were monocularly deprived until 5 weeks

of age, at which time they experienced a period of reverse

occlusion, C418 had binocular vision restored at 10 weeks of age
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(i.e., during the sensitive period), while C362 had binocular

vision restored at 17 weeks of age. As seen in Figure 7, overall

Cat-301 levels were dramatically reduced in C418, but not C362,

indicating that the relatively early initiation of binocular vision

for C418 had a detrimental effect on Cat-301 expression. This

was so despite the fact that the outcomes for the 2 animals were

quite similar with respect to the visual acuities of the 2 eyes. The

visual acuity recovered by the deprived eye of both animals

during the period of reverse occlusion was largely lost following

introduction of binocular visual exposure. The apparent in-

fluence of binocular interactions on Cat-301 expression in the

dLGN led us to hypothesize that cortical events dictate Cat-301

levels in the dLGN (Kind et al. 1995). It is possible that

restoration of binocular visual input at an earlier age did not

permit consolidation of mature physiological properties through

the initially deprived eye and that during the subsequent period

of binocular visual exposure, the activity patterns of individual

neurons provided inappropriate conditions for full expression of

the CPSG recognized by Cat-301.

Supplementary Material

Supplementary material can be found at: http://www.cercor.oxfordjournals.

org/
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