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Perineuronal nets (PNNs) are extracellular molecules that form around neurons near the end of critical periods during
development. They surround neuronal cell bodies and proximal dendrites. PNNs inhibit the formation of new connections and
may concentrate around rapidly firing inhibitory interneurons. Previous work characterized the important role of perineuronal
nets in plasticity in the visual system, amygdala, and spinal cord of rats. In this study, we use immunohistochemistry to survey the
distribution of perineuronal nets in representative areas of the primate brain. We also document changes in PNN prevalence in
these areas in animals of different ages. We found that PNNs are most prevalent in the cerebellar nuclei, surrounding >90% of the
neurons there. They are much less prevalent in cerebral cortex, surrounding less than 10% of neurons in every area that we examined.
The incidence of perineuronal nets around parvalbumin-positive neurons (putative fast-spiking interneurons) varies considerably
between different areas in the brain. Our survey indicates that the presence of PNNs may not have a simple relationship with neural

plasticity and may serve multiple functions in the central nervous system.

1. Introduction

Perineuronal nets (PNNs) are large accumulations of extra-
cellular matrix molecules that form lattice-like structures
around neuronal cell bodies and proximal dendrites. They
consolidate around neurons near the end of developmental
critical periods in V1 [I, 2] and amygdala [3]. They may
restrict plasticity through a variety of mechanisms, including
stabilizing synapses and inhibiting neuronal sprouting [4].
PNNs are composed of a combination of proteins and
proteoglycans, which are secreted by both neurons and glia
throughout early postnatal development [5, 6]. Different
areas of the central nervous system have different comple-
ments of perineuronal net proteins [7]. All PNNs have four
elements in common: hyaluronan, tenascin-R, link proteins,
and chondroitin sulfate proteoglycans (CSPGs) [8-10]. There
are four different CSPGs found in PNNs in the central
nervous system: neurocan, versican, brevican, and, most
frequently, aggrecan [9, 11]. Hyaluronan forms a molecular

scaffold to which CSPGs adhere. These CSPG-hyaluronan
connections are stabilized by link proteins. Tenascin-R then
forms cross-links between these structures.

Several studies support the idea that PNNs are involved in
ending critical periods of synaptic plasticity during develop-
ment [2, 9, 12-14]. Critical periods in neuronal development
are times during which experience can change synaptic
connections. A critical period is therefore a time of activity-
dependent synaptic plasticity. PNNs finish forming at approx-
imately the same time that critical periods end and synaptic
connections mature [1, 15]. PNNs grow in around neurons
between postnatal days 7-14 in rat [6] and days 5-90 in rhesus
macaques [16]. Artificially extending the critical period by
preventing animals from acquiring experience results in a
delay in perineuronal net formation [17,18]. Dissolving PNNs
in developed animals can result in at least a partial restoration
of the synaptic plasticity evident during critical periods,
suggesting that PNN formation is a cause, not just a correlate,
of reduced plasticity [2, 3].
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PNNs could inhibit synaptic plasticity either by acting as
a structural barrier to formation of new processes or synapses
or by inhibiting the formation of new synaptic contacts
through signaling mechanisms that span the presynaptic or
postsynaptic membranes. Several CSPG ligands could medi-
ate inhibitory signals from PNNs, for example, contactin-1
[19], LAR (leukocyte common antigen-related receptor) [20],
and PTPo (protein tyrosine phosphatase o) [21].

In addition to inhibiting plasticity, PNNs may perform
other functions. They could be neuroprotective for highly
active neurons that are susceptible to oxidative stress [22,
23]. For example, superoxide dismutase, an enzyme that is
important for protecting against oxidative stress, binds to
glycosaminoglycan side chains found abundantly on PNN
CSPGs [24, 25]. PNNs may also act as cation sinks to
balance the milieu around neurons with high fluctuations of
ion exchanges [26]. These functions would not necessarily
preclude PNN involvement in plasticity as well.

Several papers describe PNNs as primarily surrounding
parvalbumin-positive inhibitory interneurons [2, 14, 27-38].
Some studies, however, also show that this correlation is
inconsistent across different regions of the brain [30, 36] and
even within an area [30, 39-41]. Also one study [42] showed
that PNNs surround distinct subpopulations of cholinergic
neurons in certain brainstem nuclei. Unfortunately, these
studies compare only a limited number of areas and do not
measure the proportions of neurons surrounded by PNNs in
different areas.

In the cerebellum at least, PNN presence seems to be
related to the amount of inhibitory input a cell receives
[16]. This result complements recent data suggesting that
PNNG, highly negatively charged molecules, ensure that the
synapses they surround are inhibitory by influencing the
relative internal and external ClI™ levels of the cell [43]. This
proposition is very different from previous proposals which
place PNNs around inhibitory interneurons and not at the
targets of inhibitory interneuron input.

A reasonable start for understanding the functions of
PNNs is to see where they are in the brain. To describe where
PNNs occur, we surveyed PNN incidence across different
regions of the primate CNS to determine where they occur
and whether or not the oft-cited colocalization of PNNs
and parvalbumin occurs in primates. We show which cell
types are surrounded by PNNs and speculate on the possible
implications of our results.

We also discuss the comparative distributions of PNNs in
different CNS areas and find that PNNs are far more prevalent
in the cerebellar nuclei than elsewhere in the brain. We assess
the different possibilities for PNN function described above.

2. Materials and Methods

We collected samples of brain from nine adult (Table 1) and
three developing rhesus macaques (Macaca mulatta), as well
as one rat. All animals were sacrificed with barbiturate over-
dose and perfused through the left ventricle of the heart with
4% paraformaldehyde in 0.1 M phosphate buffer followed by
10%, 20%, and 30% sucrose solutions for cryoprotection.
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After perfusion, the brain rested in a 30% phosphate-
buffered sucrose solution for several days. We then took
pieces from the 25 CNS locations indicated in Figure 1. From
these pieces, we cut 25 um floating sections using a cryostat.
Sections were stored in phosphate-buffered saline (pH 7.4).
To stain for PNNs, we used Wisteria floribunda agglutinin
conjugated to fluorescein (WFA-Flscn, 1:500; Vector Labs
FL-1351). WFA is a lectican that binds to the long sugar side-
chain components of CSPGs [37]. Although at least one study
suggested that WFA is not a universal marker of PNNs [44],
it has recently been shown to be an excellent marker for
aggrecan (a core component in the formation of PNNs [45])
and has been routinely used as a general marker for PNNs
in the past [8, 34, 36, 46-49]. WFA costains with neurocan,
phosphacan, brevican, and an antiserum to nonspecified
CSPGs [50]. Also in our hands, WFA and aggrecan (Cat-
301 antibody, 1:50; Millipore MAB5284) have an extremely
high degree of overlap (Figure SI in Supplementary Material
available online at http://dx.doi.org/10.1155/2016/6021428).
We therefore use WFA as our proxy for PNNs for the purpose
of illustrating the broad distribution of PNNs in the macaque
central nervous system. We used either NeuN (mouse mon-
oclonal neuronal nuclei N, 1: 500; Millipore Corp., MAB377)
or avidin conjugated with Texas Red (Avidin-TxRd, 1:500;
Invitrogen, A-820) as a neuronal stain. We used NeuN
to label all brain areas except the cerebellar nuclei and
avidin to label cerebellar nuclear neurons [51], which are not
antigenic for the NeuN antibody [52]. We also stained for a
subset of GABAergic inhibitory interneurons with an anti-
parvalbumin antibody (mouse monoclonal, 1:500, Sigma,
P3088). We exposed the sections to the primary antibodies
on consecutive days to maximize signal. In the case of NeuN
and parvalbumin, sections were additionally exposed to the
secondary antibody Alexa Fluor 568 (1:1000; Invitrogen, A-
21124). A limited number of sections were mounted directly
on slides after cryostat sectioning, stored at —80°C, and
later stained with the same protocol as the floating sections
[53]. These sections were stained with primary antibodies
to synaptic vesicle protein 2 (rabbit polyclonal SV2, 1:50,
Courtesy of Carlson Lab), choline acetyltransferase (ChAT,
rabbit polyclonal, 1:500; Millipore, AB143), and/or protein
tyrosine phosphatase o (PTPo, mouse monoclonal, 1:100;
Millipore, MABN605). In the case of triple-stained sections,
we used an Alexa Fluor 647 secondary antibody (1:1000;
Invitrogen, A-31573). Sections were mounted with Fluoro-
mount media and imaged on a Zeiss Axioskop 2 confocal
microscope using LSM 5 Pascal software. The same excitation
and acquisition parameters were used for all sections from
a single staining session. We occasionally manipulated the
gain and offset values of the images following collection for
better cell discrimination for counting; however, we did not
postprocess any of the images in this paper.

We calculated the fraction of neurons surrounded by
PNNs in each area by counting the number of cells with WFA
staining (marking PNNs) and dividing it by the number of
cells stained with NeuN or avidin (marking neurons). We
identified neurons as having PNNss if the staining surround-
ing the cell was clearly distinguishable from the background,
surrounded more than three quarters of the soma, and
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TABLE 1: Percentages of WFA+ neurons by region and animal. The top rows detail each animal’s sex and age. The subsequent rows show the
percentage of neurons that were surrounded by WFA+ PNNs for each region in each animal that we collected data from.

Animal

A B C D E F G H I
Sex Male Male Male Female Male Male Male Male Male
Age 9 8 5 12 5 7 6 21 1
Region
Primary auditory cortex (Al) 3.91 3.62 3.54 4.56
Primary motor cortex (MI) 13.12 8.20 8.70 9.14
Primary somatosensory cortex (S1) 716 6.14 6.21 6.66 5.93 11.72
Primary visual cortex (V1) 4.66 4.81 6.19 6.14 5.36 5.53
Frontal eye field (FEF) 8.03 2.96 8.88 5.52 6.44 3.49
Cingulate cortex 2.24 5.18 0.80 5.72
Mediotemporal cortex (MT) 4.50 5.65 3.26 7.65 4.43
Orbital gyrus 5.02 2.75 7.72 5.71 5.94 5.73
Amygdala 5.26 2.88 0.25 0.81 3.86
External globus pallidus 8.20 18.76 12.84 62.22 12.86
Internal globus pallidus 14.95 86.49 100.00 67.20
Hippocampus 1.06 2.92 2.82 0.88
Thalamus 1.66 0.73 0.00 4.05 0.00 0.00
Putamen 2.57 0.00 1.22 1.13 0.00
Inf. colliculus (deep) 6.63 7.41 8.40 10.30
Inf. colliculus (sup.) 5.84 0.67 3.81 5.89
Sup. colliculus (deep) 6.91 2.52 19.91 15.63
Sup. colliculus (sup.) 0.74 6.38 2.60 3.41
Inferior olive (I0) 0.00 0.00 0.00 0.00
Cerebellar nucleus 95.60 91.67 98.08 88.03
Vestibular nucleus 61.73 62.58 40.00 66.67 40.23
Pontine nuclei 5.47 28.37 43.58 42.25 25.59
Ventral spinal cord 36.60 42.39 43.71 44.62 41.78 55.63
Dorsal spinal cord 0.19 1.46 1.57 0.51 3.42 1.74

colocalized with neuronal staining (Figure 2). Four individ-
uals separately counted neurons and PNNs on each image.
We averaged these counts and then used these averages to
calculate an average percentage of neurons surrounded by
PNNs across monkeys. We used a similar procedure to count
parvalbumin-positive and WFA-positive neurons but did not
calculate percentages from the counts. For this study, we do
not use a full stereological approach but instead describe our
results in terms of proportions of neurons surrounded by nets
because it facilitates comparisons between areas.

We collected tissue from eight adult male rhesus
macaques (ages 5, 5, 6, 7, 8, 9, 11, and 21 years) and one adult
female (age 12 years), as well as one adult rat (for comparison).
The tissue from these animals was primarily assigned to other
projects; therefore, we were not able to collect samples from
every area in every animal. In the monkeys, we acquired
samples from a minimum of four different animals for each
area for the PNN/neuron comparisons. Also, in order to
examine the expression of PNNs around cerebellar nuclear
neurons during development, we examined tissue from one
animal each at fetal day 145, postnatal day 5, and postnatal
day 90. The value for each area for each animal was calculated

based on an average of between 1 and 3 image frames per
section and an average of 1-3 sections per area.

3. Results

3.1. Proportions of Neurons Surrounded by PNNs in Different
Areas of the Brain. Figure 1 shows the different areas that
we examined. Figure 3 shows the percentage of neurons
surrounded by PNNs in each of these areas.

3.11 Cortex. Figure 4 shows examples of labeling of PNNs
and neurons in primary sensory cortices (Al, S1, and V1) and
primary motor cortex (Ml). In these and all other areas of
cerebral cortex, PNNs surround less than 10% of neurons. In
all areas of the cortex that we examined, the nets surrounded
neurons more frequently in layers three and four than in other
layers. Figure 5 demonstrates this pattern in V1. In addition,
in M1, the large projection neurons (Betz Cells) in layer five
were often surrounded by PNN.

We also examined cingulate cortex, cortex of the orbital
gyrus, area MT, and the frontal eye field (Figure S2). In
these areas, approximately 5% of neurons costained with the
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FIGURE 1: CNS of areas we examined for PNN. (a) shows the left side of a monkey’s whole brain. The green squares show the approximate size
and position of our tissue samples. The dashed lines represent planes for the other subfigures. We took samples from the orbital gyrus (OG),
the frontal eye field (FEF), primary motor cortex (M1), primary somatosensory cortex (S1), primary visual cortex (V1), and mediotemporal
cortex (MT), the inferior olive (I0), and the cervical spinal cord. (b) shows the brainstem locations of our samples from the inferior olive (I0)
and the vestibular nuclei. (c) shows the spinal cord where we sampled both the dorsal and ventral horns. (d) shows a sagittal representation of
the brainstem and cerebellum where we took samples from the superior colliculus (SC), the inferior colliculus (IC), the cerebellar nuclei (Cbl
Nuc), and the vestibular nuclei. (e) shows the left half of the brain in a frontal plane where we took samples from primary auditory cortex
(A1), the putamen, the external globus pallidus (GPe), the internal globus pallidus (GPi), and the amygdala (Amyg). (f) shows the right half
of the brain in a frontal plane where we took samples from the pontine nuclei, the hippocampus (Hcam), the thalamus (Thal), and cingulate

cortex (Cing. Ctx).

perineuronal net marker. Of all the areas of cerebral cortex we
examined, PNNs were the most abundant in primary motor
cortex.

3.1.2. Subcortical Areas. PNNs surrounded very few cells in
the amygdala, hippocampus, and thalamus (Figure S3). The
distribution of PNNs in the basal ganglia varied depending
on the subregion. There were PNNs around very few neurons
in the putamen (1%), more neurons in the external globus
pallidus (13%), and about half of the neurons in the internal
globus pallidus (51%) (Figure S4). The quality of the labeling
differed between external and internal globus pallidus. WFA

labeling was strong and sharply defined cells in the internal
globus pallidus, but, in the external globus pallidus, the stain
was weaker and more diffuse.

3.1.3. Brainstem and Cerebellum. PNNs surround an average
of 93% of cells in the cerebellar nuclei, the highest percentage
of any area we examined. Figure 6 shows an example of
labeling here. The area with the second densest population
of PNN-labeled neurons was the vestibular nuclei (55%).
The vestibular nuclei are similar to the cerebellar nuclei
in that they receive direct input from inhibitory Purkinje
cells in the cerebellar cortex. Our estimate of perineuronal
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FIGURE 2: Perineuronal net identification. WFA, NeuN, and combined labeling in primary motor cortex. (a) shows labeling that we identified
as PNN-positive, marked with +. (b) shows labeling that we identified as PNN-negative. Cells without PNNs are indicated with . (c) shows
some examples of how we classified more ambiguous labeling. 1: a cell with strong WFA and weak NeuN staining, which we classified as
WEFA+ (+ symbol). 2: labeling which looks like it might surround a cell but does not clearly surround NeuN labeling (# symbol). 3: cells that
produce absence of background labeling in the WFA channel but are not associated with clear WFA labeling. Even though the background is
brighter than the “black” region, we do not identify these cells as WFA+, because they do not have a clear ring-like net (+ symbol). 4: cell with
partial somatic WFA staining, but because the ring around the cell is incomplete, we cannot unambiguously classify the cell as PNN-positive
(* symbol). Scale bars are 50 ym.
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FIGURE 3: Percentage of neurons surrounded by perineuronal nets in
different parts of the brain. Each bar represents the mean percentage
of neurons that were surrounded by perineuronal nets in one part of
the brain. The values, rounded to the nearest percentage, are shown
above each bar. Averages and standard error are calculated from at
least 4 monkeys for each area.

net density combines both the medial and lateral vestibular
nuclei. Qualitatively, we observed more neurons with PNNs
in the lateral vestibular nucleus.

PNNs surround 26% of neurons in the pontine nuclei. In
addition to well-defined labeling of a subset of neurons, WFA
also diffusely stained the area between cells. Because this dif-
fuse staining made it harder to identify PNN ensheathment, it
is possible that our calculation of the proportion of cells sur-
rounded by PNNs is an underestimate. This diffuse labeling
was also noticeable in other areas of the brain as well, that is,
in the ventral horn of the spinal cord and the internal globus
pallidus. Neurons in the inferior olive were completely free
from perineuronal net labeling (Figure S5). In both the supe-
rior and inferior colliculi, PNNs surrounded a higher fraction
of deeper neurons than of superficial neurons (Figure S6).

3.1.4. Spinal Cord. PNNs surround almost 50% of neurons
in the ventral horn of the cervical spinal cord but almost
none of the neurons in the dorsal horn. Figure 7(a) shows a
composite picture of labeling in the dorsal and ventral horns
of the spinal cord that illustrates the large difference in the
frequency of WFA+ and WFA- cells. Of the WFA+ neurons
in the ventral horn, 90% (+3.2%) costained with a marker
for primary motoneurons, an anti-choline acetyltransferase
(ChAT) antibody. 75.6% (£1.8%) of ChAT-positive cells were
surrounded by WFA+ PNNs (Figure 7(b)).

3.2. PNN Presence around Parvalbumin-Positive Inhibitory
Interneurons Varies between Areas. We counted the number
of parvalbumin-positive cells in a given (0.94mm?) area
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for each of the regions shown in Figure 1 that either did
or did not costain for PNNs. As Figure 8 summarizes, we
found that (1) not all parvalbumin-positive neurons are
surrounded by PNNs; (2) not all neurons with PNNs are
parvalbumin-positive; (3) the relative frequencies of these
two types of cells (WFA+ and parvalbumin+) differed widely
between areas. For example, in primary visual cortex, the
populations of PNN-positive and parvalbumin-positive cells
were mostly overlapping. However, in the frontal eye field, the
two populations were almost completely distinct (Figure S7).

In noncortical parts of the brain, regions in which PNNs
are scarce do not exhibit corresponding lack of parvalbumin-
positive cells. For example, Purkinje cells in the cerebellar
cortex stain strongly for parvalbumin, but only weakly for
PNNs (Figure S8). The same is true for neurons in the
dorsal horn of the spinal cord (Figure S9). Also, excitatory
projection neurons in the cerebellar nucleus, which are
densely surrounded by PNNs, are not parvalbumin-positive.

These results show that although in some areas of the
brain PNNs surround many parvalbumin-positive inhibitory
neurons, this is not a general phenomenon throughout the
brain.

3.3. WFA+ Neurons in the Cerebellar Nuclei Do Not Express
PTPo at the Cell Surface. We examined whether PNNs
interfaced with PTPo. Such an interface might allow PNNs to
inhibit synaptic connections through intracellular signaling
events, a function in which PTPo is implicated [54, 55]. If
this were the case, we would expect to see PTPo colocalizing
with WFA, possibly at positions proximal to synapses, so
as to inhibit expansion of synaptic sites. Further, we would
expect to find PTPo expressed on cells presynaptic to the
neurons heavily surrounded by PNNs. Figure 9 shows that
PNNs in the cerebellar nuclei surround the cell bodies
and dendrites of large neurons, leaving gaps for synaptic
contacts. We examined these neurons and found that 75.5% of
cerebellar nuclear neurons exhibit cytosolic PTPo. Based on
their punctate expression pattern, it is possible that PTPo is
localized to endosomes. 90% of all PTPo+ neurons were also
WFA+. Nonetheless, the expression of PTPo was primarily
cytosolic and did not appear to be linked to the location of
synapses (Figure 10).

3.4. PNN Prevalence in Different Age Animals. PNNs appear
during early postnatal development but we know little about
how the prevalence of neurons surrounded by PNNs changes
after that. Here, we examined the prevalence of PNN-
surrounded neurons in particular areas of animals of different
ages. Our sample size is limited so we cannot perform a
statistical analysis but, as Figure 11 shows, it is apparent
that for nearly all areas there is no large change in PNN
prevalence with age. Though the differences that we saw
with age might reflect only between-animal variability, large
monotonic changes seem likely to show a real change. One
area in which we see such differences is in the deep layers
of the superior colliculus. The percentage of neurons in the
superior colliculus increases monotonically from age 5 to 20
and is over four times greater at age 20 than at age 5. Also,
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FIGURE 4: Perineuronal nets in primary sensory and motor cortex. (a) shows perineuronal nets stained with WFA. (b) shows NeuN-labeled
neurons. (c) shows merged images of the two. Neurons are predominantly absent from layer I, which is primarily composed of fibers running
parallel to the cortical surface. We identify layer I or layer IV, where appropriate, in the rightmost panels. Al: primary auditory cortex, Sl:
primary somatosensory cortex, V1: primary visual cortex, and MI: primary motor cortex. Scale bar = 200 ym.
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FIGURE 5: Perineuronal nets in primary visual cortex layers. (a) shows perineuronal nets stained with WFA. (b) shows NeuN-labeled neurons.

(c) shows merged images of the two. Scale bar = 200 ym.

Avidin

()

()

FIGURE 6: Perineuronal nets in the cerebellar nuclei. (a) shows perineuronal nets stained with WFA. (b) shows avidin-labeled neurons. (c)
shows merged images of the two. Scale bar = 200 ym. Note the high proportion of avidin-labeled neurons (pink) surrounded by PNNs (green).

both the cingulate cortex and area MT appear to lose PNNs
with age.

We examined the formation of PNNs around neurons
in the cerebellar nuclei during development. Figures 12(a)-
12(d) show superimposed WFA (PNN) and avidin (neuron)
labeling in the cerebellar nuclei at four ages between fetal day
145 and adult. Birth is at about day 164. Figure 12(e) shows
that the percentage of neurons surrounded by nets increases
rapidly in the 24 days between FD145 and P5 and changes
little after that. Our WFA staining shows earlier formation
of PNNs than does staining with CAT-301 which found that
CAT-301+ nets do not form in monkey cerebellar nuclei until
after P5 [16]. We believe that this difference occurs because

WFA stains components of PNNs that develop earlier than
those stained by CAT-301. When we costained tissue from
monkeys at different ages with both CAT-301 and WFA, we
found that WFA marked PNNs earlier than did CAT-301.

In contrast, as Figure 12(f) shows, the width of PNNs
increases between postnatal day 5 and the adult. Nets are
significantly wider in age P90 tissue than P5 (p < 0.01),
but not significantly different between FD145 and P5 sections
(p = 0.46). There is also a significant difference (p =
0.02) between P90 and adult PNN widths, with the adult
being larger. We collected these data from only one animal
each. We therefore cannot provide any information about the
variability in the developmental timeline between animals.



Neural Plasticity 9

Ventral
horn

(a)

VVFA
|

«ChAT

(®)

FIGURE 7: (a) Perineuronal nets in ventral and dorsal horns of the spinal cord. A composite image of perineuronal nets (stained with WFA)
and neurons (stained with «-NeuN) is superimposed on the left of a schematic of the cervical spinal cord. (b) Perineuronal nets (WFA+,
green) are more prevalent around neurons (NeuN, pink) in the ventral spinal cord (middle panels) than in the dorsal spinal cord (top panels).
Cells surrounded by PNNs are often ChAT+, putative primary motoneurons (bottom panels). Scale bars = 200 ym.
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FIGURE 8: Relative frequencies of perineuronal net- and parvalbumin-positive cells in different areas of the brain of one male animal, age 5.
Cells were counted in 0.92 mm? areas for each region listed. We tallied cells that stained positive for either PNNs (WFA+ Parv-, black)
or parvalbumin alone (WFA— Parv+, white) as well as cells that stained for both markers (WFA+ Parv+, gray) separately. The regions
examined were, from left to right, primary motor cortex (Ml), primary somatosensory cortex (S1), frontal eye field (FEF), orbital gyrus,
primary visual cortex (V1), mediotemporal cortex (MT), primary auditory cortex (Al), cingulate cortex, internal globus pallidus (int. GP),
external globus pallidus (ext. GP), amygdala, hippocampus, putamen, thalamus, deep inferior colliculus, deep superior colliculus, superficial
superior colliculus, superficial inferior colliculus, cerebellar nuclei (Nuc), vestibular nuclei (Vest. Nuc), pontine nuclei, inferior olive (I0),

ventral (V) spinal cord, and dorsal (D) spinal cord.

asSV2

FIGURE 9: Perineuronal nets surround synapses in cerebellar nuclear neurons. WFA-positive PNNs (green) ensheath the soma and proximal
dendrites of neurons in the cerebellar nucleus (pink). They form openings around synapses, labeled with an antibody to synaptic marker SV2

(pink). Z-projection of 10 um confocal stack. Scale bar = 20 ym.

4. Discussion

4.1. Technical Considerations. Although we used an atypical
neuronal marker to identify neurons in the cerebellar nuclei
(based on McKay et al. [51]), we used this marker exclusively
for quantification in this region, an area in which endogenous
biotin expression is exceptionally high. Although avidin,
which recognizes biotin, is not a standard neuronal stain,
costaining with NeuN in regions outside the cerebellum
indicates that avidin labels the same number of neurons, or

slightly more so than does NeuN. Thus, if anything, our use
of this stain may generate a slightly higher estimate of the
number of neurons present than does NeuN.

In extremely rare instances, we appeared to find WFA
staining that did not encapsulate a neuron. There are several
possible explanations. First, a difference in the ideal focal
plane during image capture would result in good signal of
the extracellular PNNs, but potentially a very weak signal of
the spatially displaced neuronal nuclei marker. Second, it is
possible for PNNs ensheathing processes to form a circle that
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FIGURE 10: PTPo does not colocalize with PNNs or synapses. Expression of PNNs (stained with WFA, green), PTPo (pink), and synapses
(stained with anti-SV2 antibody, blue) do not overlap. Scale bar = 40 ym.

looks like a cell but would not express a neuronal marker.
Third, although it has never before been established, it is
possible that PNNs also surround cells that do not express
typical neuronal markers. Regardless of which of these cases
is correct, for this study, we counted neither the (absent) cell
nor the PNN it putatively ensheathed.

4.2. Perineuronal Nets Are More Prevalent in Motor Struc-
tures. Among the areas that we examined, PNNs generally
surrounded a larger proportion of neurons in motor areas
than in sensory areas. M1 neurons have more nets than S1, Al,
or V1. This was especially noticeable in the spinal cord, where
we saw a greater-than-40-fold difference in the proportion of
neurons surrounded by PNNs across a distance of less than a
millimeter. Although our results appear to differ from those
of Alpar et al. [56], who found a higher density of PNNs in rat
primary visual and somatosensory cortex than elsewhere in
the brain, our different methodologies explain this. Alpar et
al. calculated density by counting cells with nets per 1 mm?,
whereas we counted the fraction of neurons with nets in a
given area. Since there are far more neurons per mm® in
primary visual cortex than in other areas of the brain [57],
this could easily explain our apparently different estimates.
In addition to more PNNs in motor than sensory struc-
tures, we found that the highest proportion of neurons
surrounded by PNNs was in the cerebellar nuclei, a motor
structure. If we assume that the function of PNNs in these

structures is to inhibit plasticity, then it is possible that
sensory input is more changeable than motor output and that
it is beneficial to have fewer nets and more plasticity present
in sensory areas. Those areas might require more flexibility in
synaptic connectivity than motor areas.

4.3. Implications of Differential Perineuronal Net Expression
for Plasticity. PNNs are thought to play a role in restricting
plasticity [58-61]. They prevent new nerve fibers and cones
from connecting with the postsynaptic cell [62, 63] (reviewed
by Rhodes and Fawcett [64]). Further, removal of PNNs
allows lateral diffusion of AMPA receptors [65] and allows
sprouting in the spinal cord [66, 67]. They mature around
synapses during critical periods of development [6, 14]. Sup-
porting this view is the observation that dissolving PNNs with
the enzyme ChABC (chondroitinase ABC) causes sprouting
and allows restructuring of connections that is similar to what
occurs during critical periods in development [2, 3, 7, 68].
One likely candidate for a receptor through which PNNs
could mediate inhibition of synaptic plasticity is PTPo. Shen
et al. [21] showed that the transmembrane protein tyrosine
phosphatase PTPo binds CSPGs. Further, cultured neurons
without the PTPo gene exhibited reduced inhibition (quanti-
fied by neurite outgrowth) by PNNs. Disruption of the PTPo
gene after spinal cord injury enhanced the ability of axons to
penetrate CSPG-rich regions. Also, Liu et al. [34] found that
visual deprivation during development resulted in a delay in
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the end of the visual critical period and PNN maturation,
which coincided with stalling of PTPo expression at critical
period levels.

We consider the cerebellum a motor structure because
it strongly influences movement via projections to premotor
networks in the brainstem and to the origins of the four
major descending motor tracts, the corticospinal (via relay
in the ventral lateral nucleus of the thalamus), rubrospinal,
vestibulospinal, and reticulospinal tracts. The cerebellum is
also strongly implicated in motor adaptation. For example,

during adaptation of saccade size, neurons in the saccade-
related part of the cerebellar nuclei change their output in
a way that would cause the observed change in saccade size
[69]. This altered output almost certainly affects saccade size
and is not just correlated with the change. Inhibitory burst
neurons relay these changes to the motoneurons for the
lateral rectus muscle in the abducens nucleus [70]. Blocking
saccade-related cerebellar output blocks saccade adaptation
[71]. Thus, the cerebellar nuclei represent a paradox. They
are the structures with the highest percentage of neurons
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FIGURE 12: Perineuronal nets in the developing cerebellar nucleus. Perineuronal nets (stained with WFA, green) accrue around neurons in
the cerebellar nuclei (stained with avidin, pink) between (a) fetal day 145, (b) postnatal day 5, (c) postnatal day 90, and (d) the adult animal.

(e) shows the number of neurons surrounded by nets in (a)-(d). (f) shows the width of PNNs around cells in (a)-(d). Scale bars in (a)-(d) =
100 pym.
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surrounded by PNNs but may also participate in motor
adaptation that requires plasticity.

Two pieces of evidence suggest that PNNs in the cere-
bellar nuclei serve a purpose other than inhibiting synaptic
plasticity. (1) We recently showed that dissolving PNNs in
the cerebellar nuclei had no impact on the strength or
persistence of changes in saccade size elicited by long term
saccade adaptation [72]. (2) As we show in Figure 10, one
of the ligands most likely to mediate inhibition of synaptic
plasticity, PTPo, is not expressed in the cerebellar nuclei in
a manner consistent with this function. Therefore, at least in
the cerebellar nuclei, PNNs seem to serve a function other
than inhibition of synaptic plasticity.

4.4. Implications of Differential Perineuronal Net Expression
for Neuroprotection. PNNs may also serve a neuroprotec-
tive role. Cabungcal et al. [22] used mice carrying genetic
imbalance to demonstrate that PNNs around parvalbumin+
interneurons play a critical role in protecting these neurons
from oxidative stress. PNNs limit the effect of genetically
impaired antioxidant systems and/or excessive reactive oxy-
gen species in the cell's environment. Parv+ cells without nets
are more susceptible to oxidative stress.

Some evidence showed that components of PNNs can
interact with iron, which is involved in the generation of
reactive hydrogen radicals [23, 73, 74]. Also, PNN CSPGs act
as a ligand for extracellular superoxide dismutase (EC-SOD)
[24, 25]. EC-SOD catalyzes the dismutation of superoxide
radicals which would otherwise damage proteins in the
extracellular matrix and plasma membrane.

Another possibility is that PNNs act as a cation sink,
surrounding neurons that either sustain or achieve very
high firing rates, such as parvalbumin+ interneurons. They
could therefore act as a buffering system for the rapid
cation exchanges that occur in the extracellular space local
to highly active neurons [26, 35]. Consistent with this idea
are the many studies that show that PNNs surround fast-
spiking parvalbumin-positive interneurons [13-15, 22, 32, 33].
Although our data is consistent with these results for some
areas, we also show that for many areas the presence of
parvalbumin in a cell does not correlate with PNN presence.
Also, we did find that neurons in the inferior olive, small
neurons that fire at very low rates (approximately 1-2 Hz),
do not have PNNs, while neurons in the cerebellar nuclei,
large neurons that fire tonically at rates of 60-100 Hz, did.
Purkinje cells in the cerebellar cortex, which have similarly
high tonic firing rates, are not surrounded by PNNs at all.
This demonstrates there is no simple relationship between
the metabolic properties of a cell and its likelihood of being
surrounded by PNNs.

4.5. Implications of Differential Perineuronal Net Expression
for Ion Homeostasis. Recent data point to a third possible
PNN function. The impermeant anions of the cytoplasm and
the strongly anionic extracellular PNNs contribute to setting
the Cl™ reversal potential in neurons [43]. They therefore also
determine the polarity of response to GABAergic input to the
cell, which shifts during development. Glykys et al. [43] found

Neural Plasticity

a negative correlation between the “intensity” of PNN pres-
ence and the internal CI” concentration, an expected result
from PNN setting the local extracellular CI” concentration.
They also found that digesting PNNs increased the internal
Cl” concentration more than threefold. The reduction in the
internal Cl~ concentration during development parallels the
increase in neuronal cytoplasmic anions during development
[75] and experience [76] and increases in PNNs [65]. Further,
there is the correlation between the ending of the critical
period and the shift in the polarity of GABA [77, 78]. Also
consistent with this possibility is the finding by Dityatev et al.
[13] that degradation of PNNs resulted in an increase in the
excitability of interneurons.

PNNs may surround neurons for which it is important
that the Cl™ potential be maintained. This would be par-
ticularly important for neurons which receive substantial
inhibitory input, which results in fluctuations of CI™ across
the membrane. Thus, PNNs around GABAergic synapses
would ensure that these connections remain inhibitory. Our
data support such a possibility. In some areas of the brain,
the majority of synapses on parvalbumin+ neurons are
GABAergic [79], as are the synapses on cerebellar nuclear
neurons [16, 28]. However, we also found that neurons in
the inferior olive are not surrounded by PNNs. Previous
work [80] shows that inferior olive cells receive substantial
GABAergic input from neurons in the contralateral cerebellar
nuclei. We cannot therefore conclude that there is a simple
relationship between the amount of inhibitory input a cell
receives and the degree to which it is surrounded by PNNs.

4.6. Comparison of PNN Distributions in Macaques and Other
Species. Although this is the first survey of PNN expression
across the entire primate brain, several other studies have
examined the expression of PNNs in isolated areas and in
other species. Unfortunately, many of these reports do not
provide cell counts but register only absence or presence of
PNNs in a given area.

Many previous studies find PNN expression in the rodent
cerebral cortex [81], especially in layers 2-4 [82, 83]. Also,
although they do not give specifics regarding the subregions
they examined, McGuire et al. [84] found between 3.02 and
14.44% of cells labeled with PNNs in posterior parietal areas.
This is similar to our finding that 3-10% of neurons in
various regions of the monkey cerebral cortex are surrounded
by PNNs. Bertolotto et al. [83] quantified cells/mm? for
motor, somatosensory, and visual cortex. These numbers in
the rodent are very different from those in the monkey
and it is not possible to directly compare our results to
theirs. Like Bertolotto et al, we found that the overall
density (surrounded neurons/mm?) of PNN+ cells/area was
highest in the V1. Depending on which layers of motor and
somatosensory cortex we examined, we could find higher
densities of PNNs within either motor or somatosensory
cortex.

Although we examined only two regions of the nonhu-
man primate frontal cortex, the FEF and the orbital gyrus,
McGuire et al. [84] performed an exhaustive examination
of aggrecan expression in the frontal cortex of macaques
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using the Cat-301 antibody. They classified aggrecan staining
in each cortical area as falling into one of two categories,
cellular labeling in layers 3 and 5 or diffuse labeling in
layers 2-5. These two categories also differed in the relative
numbers of pyramidal to nonpyramidal cell labeling. The
FEFE, primary motor cortex, SMA, and premotor cortex were
all in the first profile while the orbital gyrus, dIPFC, and
cingulate cortex were in the second. They found the most
intense staining in the PFC frontal cortex in FEF, which
was also our finding. McGuire et al. used different counting
procedures so it is not possible to directly compare their
counts with ours. Still, it appears that they often found higher
prevalence of PNNs than we did. This could be due to either
their experimental procedure or our having different criteria
for what qualifies as a labeled cell. Further, Cruz-Rizzolo
et al. [85] performed a detailed qualitative examination of
perineuronal net expression in the monkey Cebus apella
and found less staining in orbitofrontal cortex than putative
frontal eye field, as well as highly diverse expression of PNNs
throughout the frontal cortex. Also, although Seeger et al.
[86] appeared to find similar levels of WFA+ cells throughout
the rat cortex, Briickner et al’s findings [87] in human are
again more similar to our own in that far fewer PNNs were
found in frontal cortex and association areas than in primary
sensory and motor areas.

Vitellaro-Zuccarello et al. [88] and Seeger et al. [86]
found that the distribution of PNNs throughout the thalamus
was very variable. This does not conflict with our results.
We examined only a small subset of the thalamic regions,
medial dorsal and ventral posterolateral, but Briickner et al.
[89] found WFA staining in the reticular thalamic nuclei in
mouse, but less conclusive results using other PNN markers.
According to Gati et al. [90], who examined PNN expression
in rat thalamus, PNNs are often absent from traditionally
defined relay regions of the thalamus and more prevalent in
regions that connect directly to primary cortical regions. Our
findings also qualitatively match those found by Seeger et al.
[86] (rat), Adams et al. [91] (macaque), and Briickner et al.
[92] (human), who examined perineuronal net presence in
the primate basal ganglia.

Bertolotto et al. [83], like us, found very little evidence
of PNN presence in the hippocampus. However, Briickner
et al’s [89] study in mouse found staining in CAl-3, as did
Seeger et al’s [86] study in rat. This does not conflict with
our result because our counts were restricted to the dentate
gyrus. Indeed, Lendvai et al. [93] found that, qualitatively,
the dentate gyrus has far fewer PNNs than CA1-CA3, the
subiculum and entorhinal cortex in human tissue. Ajmo
et al. [82] also examined PNN staining in the mouse and
rat hippocampus and like us found only scattered neurons
labeled with WFA.

Several reports are also in agreement with us regarding
the expression of PNNs in the adult cerebellar cortex. Popp
etal. [81], Aquino et al. [94], Seeger et al. [86], and Bertolotto
et al. [83] all found low or no expression of key PNN proteins
around cerebellar Purkinje cells. Like us, Bertolotto et al.
found a high density of staining around neurons in the
cerebellar nucleus of the mouse. Also, like us, Briickner et al.
[89] and Seeger et al. [86] identified strong labeling of PNNs
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with WFA in many regions of the brainstem including the
cerebellar and vestibular nuclei, the colliculi, and the pons.

Galtrey et al. [7] examined the expression of PNN
proteins in the rat spinal cord using WFA and NeuN, as we
did. They found that PNNs surrounded fewer motoneurons
compared to what we found (30% versus 76%) and that
a large number of interneurons in the intermediate grey
were also surrounded (50%, unquantified in our case) and
20% of neurons in the dorsal horn were surrounded. We
found almost no evidence for PNN expression in the dorsal
horn, but it is possible that this is a result of our differing
demarcations of this zone. Galtrey et al. also noted that there
were no PNNs in the cord’s dorsalmost laminae. Also, like
us, they found diffuse WFA staining around neurons with
the tight WFA-labeled ensheathments. This might have made
identifying labeled neurons more difficult. Similarly, when
Jager et al. [95] examined PNNs in the human spinal cord,
they also found more aggrecan ventrally than dorsally and, as
we did, found that not all ChAT+ neurons were also PNN+
(71% in their case, 76% in ours).

To date, very few studies have examined PNN presence
in humans. Bertolotto et al. [83] compared their findings in
rat to human sample and found very similar results, with the
exception that they also identified labeling around some large
pyramidal neurons in layer V of the cerebral cortex, as we do
in the rhesus macaque, and note that this is something they
did not witness in rat tissue.

Our results qualitatively match those of other studies
examining PNN presence in different parts of the central
nervous system in rodents and humans, with the exception of
the inferior olive. Where our results differ, it is likely that this
is the result of either interspecies variation or differences in
techniques between labs, that is, the use of other markers for
PNNs. Overall, this suggests that PNN prevalence is broadly
maintained across taxa.

4.7. PNNs around a Small Percentage of Neurons Inhibit Plas-
ticity. Finally, two previous studies restore critical period-
like plasticity in V1 [2, 68] and the amygdala [3] of adult
rats by dissolving PNNs in these areas. Dissolving PNNs in
V1 allowed visual experience to change in the distribution of
visual input to V1and to improve the acuity in a rat’s occluded
eye [2]. Dissolving them in the amygdala allowed experience
to erase fear conditioning in adult rats, conditioning previ-
ously thought to be permanent [3]. These striking changes
in behavior and brain structure occur after removal of PNNs
from brain areas in which, in macaque, only 5% (V1) and 3%
(amygdala) of neurons are surrounded by PNNs.

These changes were experimentally induced in rats and it
is possible that PNNs surround a much higher percentage of
neurons in V1 and amygdala in rat than they do in macaque.
We assessed the proportion of PNNs in V1 and amygdala in
one rat using the same methods that we used for macaques.
We found that in this animal PNNs surrounded 3.5% of V1
neurons and <1% of amygdala neurons.

The fact that WFA+ PNNs surround only a small pro-
portion of neurons in V1 and the amygdala may mean that
the large increases in plasticity demonstrated after injecting
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chondroitinase result from dissolving the PNNs around only
this small proportion of neurons. Alternatively, the injected
chondroitinase may dissolve the chondroitin sulfate chains
in both the PNNs and the rest of the extracellular matrix
within the injection site. It is possible that destruction of this
less salient but more broadly distributed matrix, not just the
PNNs, increases plasticity. In the absence of more evidence
about the function of PNNS, it is just as plausible that the
widespread extracellular matrix helps inhibit plasticity as it
is that PNNs around only 5% of neurons inhibit plasticity. It
will be worthwhile to rule out the former possibility.

5. Conclusion

In summary, the density of PNN-ensheathed neurons is very
different in different areas of the central nervous system.
No generalization proposed so far accounts well for these
differences because we do not yet understand the specialized
functions of neurons in these regions, or of PNNG. It appears
that in some areas PNN presence around only a small
proportion of the neurons is sufficient to block plasticity.
However, in other areas, such as the cerebellar nuclei, PNN
presence is probably not related to plasticity, but maybe
instead to local ion homeostasis.

Because no single explanation can currently account
for PNN presence around neurons throughout the central
nervous system, it is likely that PNNs serve different functions
in different regions of the brain.

Conflict of Interests

The authors declare no competing interests.

Authors’ Contribution

All authors had full access to all the data in the study and take
responsibility for the integrity of the data and the accuracy
of the data analysis. Study concept and design were the
responsibility of Adrienne L. Mueller and Farrel R. Robinson.
Acquisition of data was carried out by Adrienne L. Mueller,
Farrel R. Robinson, Adam Davis, and Samantha Sovich.
Analysis and interpretation of data were done by Adrienne L.
Mueller, Farrel R. Robinson, and Steven S. Carlson. Drafting
of the paper was done by Adrienne L. Mueller. Farrel R.
Robinson and Steven S. Carlson carried out critical revision of
the paper for important intellectual content. Farrel R. Robin-
son and Adrienne L. Mueller obtained funding. Adam Davis,
Samantha Sovich, and Steven S. Carlson were responsible for
administrative, technical, and material support.

Acknowledgments

The authors would like to thank Riley Trost and Clair Stolz for
their assistance in quantifying the cells. They would also like
to thank the Vision Core Grant, in particular Jing Huang and
Dan Possin, for their assistance with the immunohistochem-
istry. The authors received funding for these experiments
from NIH Grants EY018585 and 2T32EY007031-36.

Neural Plasticity

References

[1] S.Hockfield, R. G. Kalb, S. Zaremba, and H. Fryer, “Expression
of neural proteoglycans correlates with the acquisition of
mature neuronal properties in the mammalian brain,” Cold
Spring Harbor Symposia on Quantitative Biology, vol. 55, pp.
505-514, 1990.

[2] T. Pizzorusso, P. Medini, N. Berardi, S. Chierzi, J. W. Fawcett,
and L. Maffei, “Reactivation of ocular dominance plasticity in
the adult visual cortex,” Science, vol. 298, no. 5596, pp. 1248-
1251, 2002.

[3] N.Gogolla, P. Caroni, A. Liithi, and C. Herry, “Perineuronal nets
protect fear memories from erasure,” Science, vol. 325, no. 5945,
pp. 1258-1261, 2009.

[4] M. Karetko and J. Skangiel-Kramska, “Diverse functions of
perineuronal nets,” Acta Neurobiologiae Experimentalis, vol. 69,
no. 4, pp. 564-577, 2000.

[5] E. Watanabe, S. C. Fujita, E Murakami, M. Hayashi, and
M. Matsumura, “A monoclonal antibody identifies a novel
epitope surrounding a subpopulation of the mammalian central
neurons,” Neuroscience, vol. 29, no. 3, pp. 645-657, 1989.

[6] D. Cabulli, K. E. Rhodes, and J. W. Fawcett, “Upregulation
of aggrecan, link protein 1, and hyaluronan synthases during
formation of perineuronal nets in the rat cerebellum,” Journal
of Comparative Neurology, vol. 501, no. 1, pp. 83-94, 2007.

[7] C. M. Galtrey, J. C. E. Kwok, D. Carulli, K. E. Rhodes, and J.
W. Fawcett, “Distribution and synthesis of extracellular matrix
proteoglycans, hyaluronan, link proteins and tenascin-R in the
rat spinal cord,” European Journal of Neuroscience, vol. 27, no. 6,
pp. 1373-1390, 2008.

[8] G. Koppe, G. Briickner, W. Hirtig, B. Delpech, and V.
Bigl, “Characterization of proteoglycan-containing perineu-
ronal nets by enzymatic treatments of rat brain sections,” The
Histochemical Journal, vol. 29, no. 1, pp. 11-20, 1997.

[9] D. Carulli, K. E. Rhodes, D. J. Brown et al., “Composition of
perineuronal nets in the adult rat cerebellum and the cellular
origin of their components,” Journal of Comparative Neurology,
vol. 494, no. 4, pp. 559-577, 2006.

[10] J. C. E. Kwok, E Afshari, G. Garcia-Alias, and J. W. Fawcett, “Pro-
teoglycans in the central nervous system: plasticity, regenera-
tion and their stimulation with chondroitinase ABC,” Restora-
tive Neurology and Neuroscience, vol. 26, no. 2-3, pp. 131-145,
2008.

[11] C.M. Galtrey and J. W. Fawcett, “The role of chondroitin sulfate
proteoglycans in regeneration and plasticity in the central
nervous system,” Brain Research Reviews, vol. 54, no. 1, pp. 1-
18, 2007.

[12] C. M. Galtrey, R. A. Asher, E. Nothias, and J. W. Fawcett,
“Promoting plasticity in the spinal cord with chondroitinase
improves functional recovery after peripheral nerve repair;
Brain, vol. 130, no. 4, pp. 926-939, 2007.

[13] A. Dityatev, G. Briickner, G. Dityateva, J. Grosche, R. Kleene,
and M. Schachner, “Activity-dependent formation and func-
tions of chondroitin sulfate-rich extracellular matrix of perineu-
ronal nets,” Developmental Neurobiology, vol. 67, no. 5, pp. 570-
588, 2007.

[14] T. S. Balmer, V. M. Carels, J. L. Frisch, and T. A. Nick, “Modula-
tion of perineuronal nets and parvalbumin with developmental
song learning,” Journal of Neuroscience, vol. 29, no. 41, pp.
12878-12885, 20009.

[15] P. A. McRae, M. M. Rocco, G. Kelly, J. C. Brumberg, and
R. T. Matthews, “Sensory deprivation alters aggrecan and



Neural Plasticity

(16]

(17]

(18]

(20]

(21]

[22]

[24]

[25]

(26]

(27]

[29]

perineuronal net expression in the mouse barrel cortex,” Journal
ofNeuroscience, vol. 27, no. 20, pp. 5405-5413, 2007.

J. D. Crook, A. Hendrickson, A. Erickson, D. Possin, and F. R.
Robinson, “Purkinje cell axon collaterals terminate on Cat-301+
neurons in Macaca monkey cerebellum,” Neuroscience, vol. 149,
no. 4, pp. 834-844, 2007.

S. Hockfield and M. Sur, “Monoclonal antibody Cat-301 iden-
tifies Y-cells in the dorsal lateral geniculate nucleus of the cat,
Journal of Comparative Neurology, vol. 300, no. 3, pp. 320-330,
1990.

M. Nakamura, K. Nakano, S. Morita, T. Nakashima, A. Oohira,
and S. Miyata, “Expression of chondroitin sulfate proteoglycans
in barrel field of mouse and rat somatosensory cortex,” Brain
Research, vol. 1252, pp. 117-129, 2009.

T. Mikami, D. Yasunaga, and H. Kitagawa, “Contactin-1 is a
functional receptor for neuroregulatory chondroitin sulfate-E,”
The Journal of Biological Chemistry, vol. 284, no. 7, pp. 4494-
4499, 2009.

D. Fisher, B. Xing, J. Dill et al., “Leukocyte common antigen-
related phosphatase is a functional receptor for chondroitin
sulfate proteoglycan axon growth inhibitors,” The Journal of
Neuroscience, vol. 31, no. 40, pp- 14051-14066, 2011.

Y. Shen, A. P. Tenney, S. A. Busch et al., “PTPo is a receptor
for chondroitin sulfate proteoglycan, an inhibitor of neural
regeneration,” Science, vol. 326, no. 5952, pp. 592-596, 2009.

J.-H. Cabungcal, P. Steullet, H. Morishita et al., “Perineuronal
nets protect fast-spiking interneurons against oxidative stress,”
Proceedings of the National Academy of Sciences of the United
States of America, vol. 110, no. 22, pp. 9130-9135, 2013.

M. Morawski, M. K. Briickner, P. Riederer, G. Briickner, and T.
Arendt, “Perineuronal nets potentially protect against oxidative
stress,” Experimental Neurology, vol. 188, no. 2, pp. 309-315,
2004.

K. Karlsson, U. Lindahl, and S. L. Marklund, “Binding of
human extracellular superoxide dismutase C to sulphated
glycosaminoglycans,” Biochemical Journal, vol. 256, no. 1, pp.
29-33,1988.

S. V. Antonyuk, R. W. Strange, S. L. Marklund, and S. S. Hasnain,
“The structure of human extracellular copper-zinc superoxide
dismutase at 1.7 a resolution: insights into heparin and collagen
binding,” Journal of Molecular Biology, vol. 388, no. 2, pp. 310—
326, 2009.

A.K. Horn, G. Briickner, W. Hirtig, and A. Messoudi, “Saccadic
omnipause and burst neurons in monkey and human are
ensheathed by perineuronal nets but differ in their expression
of calcium-binding proteins,” Journal of Comparative Neurology,
vol. 455, no. 3, pp. 341-352, 2003.

T. Kosaka and C. W. Heizmann, “Selective staining of a popula-
tion of parvalbumin-containing GABAergic neurons in the rat
cerebral cortex by lectins with specific affinity for terminal N-
acetylgalactosamine;” Brain Research, vol. 483, no. 1, pp. 158-163,
1989.

E. S. Wintergerst, A. Faissner, and M. R. Celio, “The pro-
teoglycan DSD-1-PG occurs in perineuronal nets around
parvalbumin-immunoreactive interneurons of the rat cerebral
cortex,” International Journal of Developmental Neuroscience,
vol. 14, no. 3, pp. 249-255, 1996.

M. R. Celio, “Perineuronal nets of extracellular matrix around
parvalbumin-containing neurons of the hippocampus,” Hip-
pocampus, vol. 3, pp. 55-60, 1993.

(30]

(31]

(33]

(34]

(37]

(38]

(39

[41]

(42]

17

K. Brauer, W. Hirtig, V. Bigl, and G. Briickner, “Distribution of
parvalbumin-containing neurons and lectin-binding perineu-
ronal nets in the rat basal forebrain,” Brain Research, vol. 631,
no. 1, pp. 167-170, 1993.

K. A. Mulligan, J. E van Brederode, and A. E. Hendrickson, “The
lectin Vicia villosa labels a distinct subset of GABAergic cells in
macaque visual cortex,” Visual Neuroscience, vol. 2, no. 1, pp. 63—
72,1989.

D. Nowicka, S. Soulsby, J. Skangiel-Kramska, and S. Glazewski,
“Parvalbumin-containing neurons, perineuronal nets and
experience-dependent plasticity in murine barrel cortex,
European Journal of Neuroscience, vol. 30, no. 11, pp. 2053-2063,
2009.

N. P. Morris and Z. Henderson, “Perineuronal nets ensheath fast
spiking, parvalbumin-immunoreactive neurons in the medial
septum/diagonal band complex,” European Journal of Neuro-
science, vol. 12, no. 3, pp- 828-838, 2000.

H. Liu, H. Xu, T. Yu, J. Yao, C. Zhao, and Z. Q. Yin, “Expression
of perineuronal nets, parvalbumin and protein tyrosine phos-
phatase o in the rat visual cortex during development and after
BED,” Current Eye Research, vol. 38, no. 10, pp. 1083-1094, 2013.
W. Hirtig, A. Derouiche, K. Welt et al., “Cortical neurons
immunoreactive for the potassium channel Kv3.1b subunit are
predominantly surrounded by perineuronal nets presumed as a
buffering system for cations,” Brain Research, vol. 842, no. 1, pp.
15-29, 1999.

W. Hirtig, K. Brauer, V. Bigl, and G. Briickner, “Chondroitin
sulfate proteoglycan-immunoreactivity of lectin-labeled per-
ineuronal nets around parvalbumin-containing neurons,” Brain
Research, vol. 635, no. 1-2, pp. 307-311, 1994.

W. Hirtig, K. Brauer, and G. Briickner, “Wisteria floribunda
agglutinin-labelled nets surround parvalbumin-containing
neurons,” NeuroReport, vol. 3, no. 10, pp. 869-872, 1992.

Q. Ye and Q.-L. Miao, “Experience-dependent development
of perineuronal nets and chondroitin sulfate proteoglycan
receptors in mouse visual cortex,” Matrix Biology, vol. 32, no.
6, pp. 352-363, 2013.

W. Hirtig, G. Briickner, K. Brauer, C. Schmidt, and V. Bigl,
“Allocation of perineuronal nets and parvalbumin-, calbindin-
D, - and glutamic acid decarboxylase-immunoreactivity in the
amygdala of the rhesus monkey,” Brain Research, vol. 698, no. 1-
2, pp. 265-269, 1995.

E Wegner, W. Hértig, A. Bringmann et al., “Diffuse perineu-
ronal nets and modified pyramidal cells immunoreactive for
glutamate and the GABA, receptor alphal subunit form a
unique entity in rat cerebral cortex,” Experimental Neurology,
vol. 184, no. 2, pp. 705-714, 2003.

H. Pantazopoulos, E. A. Murray, and S. Berretta, “Total number,
distribution, and phenotype of cells expressing chondroitin
sulfate proteoglycans in the normal human amygdala,” Brain
Research, vol. 1207, pp. 84-95, 2008.

A. C. Eberhorn, J. A. Biittner-Ennever, and A. K. E. Horn,
“Identification of motoneurons supplying multiply- or singly-
innervated extraocular muscle fibers in the rat,” Neuroscience,
vol. 137, no. 3, pp. 891-903, 2006.

J. Glykys, V. Dzhala, K. Egawa et al., “Local impermeant anions
establish the neuronal chloride concentration,” Science, vol. 343,
no. 6171, pp. 670-675, 2014.

D. Lendvai, M. Morawski, G. Briickner et al., “Perisynaptic
aggrecan-based extracellular matrix coats in the human lateral
geniculate body devoid of perineuronal nets,” Journal of Neuro-
science Research, vol. 90, no. 2, pp. 376-387, 2012.



18

[45]

[46]

(48]

(49]

(50]

(54]

(58]

(59]

(60]

(61]

K. A. Giamanco, M. Morawski, and R. T. Matthews, “Perineu-
ronal net formation and structure in aggrecan knockout mice,”
Neuroscience, vol. 170, no. 4, pp. 1314-1327, 2010.

G. Koppe, G. Briickner, K. Brauer, W. Hartig, and V. Bigl,
“Developmental patterns of proteoglycan-containing extracel-
lular matrix in perineuronal nets and neuropil of the postnatal
rat brain,” Cell and Tissue Research, vol. 288, no. 1, pp. 33-41,
1997.

G. Briickner, A. Bringmann, W. Hartig, G. Koppe, B. Delpech,
and K. Brauer, “Acute and long-lasting changes in extracellular-
matrix chondroitin-sulphate proteoglycans induced by injec-
tion of chondroitinase ABC in the adult rat brain,” Experimental
Brain Research, vol. 121, no. 3, pp- 300-310, 1998.

T. M. Preuss, D. Gray, and C. G. Cusick, “Subdivisions of the
motor and somatosensory thalamus of primates revealed with
Wisteria floribunda agglutinin histochemistry,” Somatosensory
and Motor Research, vol. 15, no. 3, pp. 211-219, 1998.

D. Carulli, T. Pizzorusso, J. C. FE. Kwok et al., “Animals lacking
link protein have attenuated perineuronal nets and persistent
plasticity,” Brain, vol. 133, part 8, pp. 2331-2347, 2010.

J. Grosche and G. Briickner, “Perineuronal nets show intrinsic
patterns of extracellular matrix differentiation in organotypic
slice cultures,” Experimental Brain Research, vol. 136, no. 4, pp.
83-93, 2001.

B. E. McKay, M. L. Molineux, and R. W. Turner, “Biotin is
endogenously expressed in select regions of the rat central
nervous system,” Journal of Comparative Neurology, vol. 473, no.
1, pp. 86-96, 2004.

R. J. Mullen, C. R. Buck, and A. M. Smith, “NeuN, a neuronal
specific nuclear protein in vertebrates,” Development, vol. 116,
no. 1, pp. 201-211, 1992.

S. S. Carlson, G. Valdez, and J. R. Sanes, “Presynaptic calcium
channels and a3-integrins are complexed with synaptic cleft
laminins, cytoskeletal elements and active zone components,”
Journal of Neurochemistry, vol. 115, no. 3, pp. 654-666, 2010.

K. M. Thompson, N. Uetani, C. Manitt, M. Elchebly, M.
L. Tremblay, and T. E. Kennedy, “Receptor protein tyrosine
phosphatase sigma inhibits axonal regeneration and the rate of
axon extension,” Molecular and Cellular Neuroscience, vol. 23,
no. 4, pp. 681-692, 2003.

C. H. Coles, Y. Shen, A. P. Tenney et al, “Proteoglycan-
specific molecular switch for RPTPo clustering and neuronal
extension,” Science, vol. 332, no. 6028, pp. 484-488, 2011.

A. Alpér, U. Gértner, W. Hértig, and G. Briickner, “Distribution
of pyramidal cells associated with perineuronal nets in the
neocortex of rat,” Brain Research, vol. 1120, no. 1, pp. 13-22, 2006.
C. E. Collins, D. C. Airey, N. A. Young, D. B. Leitch, and J. H.
Kaas, “Neuron densities vary across and within cortical areas in
primates,” Proceedings of the National Academy of Sciences of the
United States of America, vol. 107, no. 36, pp. 15927-15932, 2010.
M. R. Celio and I. Bliimcke, “Perineuronal nets—a specialized
form of extracellular matrix in the adult nervous system,” Brain
Research Reviews, vol. 19, no. 1, pp. 128-145, 1994.

Y. Yamaguchi, “Lecticans: organizers of the brain extracellular
matrix,” Cellular and Molecular Life Sciences, vol. 57, no. 2, pp.
276-289, 2000.

D. Wang and J. Fawcett, “The perineuronal net and the control
of CNS plasticity;” Cell and Tissue Research, vol. 349, no. 1, pp.
147-160, 2012.

R. Y. Tsien, “Very long-term memories may be stored in the
pattern of holes in the perineuronal net,” Proceedings of the

[63]

[64]

(65]

(74]

(75]

(76]

Neural Plasticity

National Academy of Sciences of the United States of America,
vol. 110, no. 30, pp. 12456-12461, 2013.

R. J. McKeon, R. C. Schreiber, J. S. Rudge, and J. Silver,
“Reduction of neurite outgrowth in a model of glial scarring
following CNS injury is correlated with the expression of
inhibitory molecules on reactive astrocytes,” The Journal of
Neuroscience, vol. 11, no. 11, pp- 3398-3411, 1991.

B. P. Niederést, D. R. Zimmermann, M. E. Schwab, and C.
E. Bandtlow, “Bovine CNS myelin contains neurite growth-
inhibitory activity associated with chondroitin sulfate proteo-
glycans,” Journal of Neuroscience, vol. 19, no. 20, pp. 8979-8989,
1999.

K. E. Rhodes and J. W. Fawcett, “Chondroitin sulphate proteo-
glycans: preventing plasticity or protecting the CNS?” Journal
of Anatomy, vol. 204, no. 1, pp. 33-48, 2004.

R. Frischknecht, M. Heine, D. Perrais, C. I. Seidenbecher, D.
Choquet, and E. D. Gundelfinger, “Brain extracellular matrix
affects AMPA receptor lateral mobility and short-term synaptic
plasticity,” Nature Neuroscience, vol. 12, no. 7, pp. 897-904, 2009.
A. W. Barritt, M. Davies, F. Marchand et al., “Chondroitinase
ABC promotes sprouting of intact and injured spinal systems
after spinal cord injury;” Journal of Neuroscience, vol. 26, no. 42,
pp- 10856-10867, 2006.

W. B. J. Cafferty, E. J. Bradbury, M. Lidierth et al., “Chondroiti-
nase ABC-mediated plasticity of spinal sensory function,” The
Journal of Neuroscience, vol. 28, no. 46, pp. 11998-12009, 2008.
T. Pizzorusso, P. Medini, S. Landi, S. Baldini, N. Berardi,
and L. Maffei, “Structural and functional recovery from early
monocular deprivation in adult rats,” Proceedings of the National
Academy of Sciences of the United States of America, vol. 103, no.
22, pp. 8517-8522, 2006.

N. Inaba, Y. Iwamoto, and K. Yoshida, “Changes in cerebellar
fastigial burst activity related to saccadic gain adaptation in the
monkey,” Neuroscience Research, vol. 46, no. 3, pp. 359-368,
2003.

Y. Kojima, K. Yoshida, and Y. Iwamoto, “Microstimulation of
the midbrain tegmentum creates learning signals for saccade
adaptation,” Journal of Neuroscience, vol. 27, no. 14, pp. 3759-
3767, 2007.

E R. Robinson, A. E Fuchs, and C. T. Noto, “Cerebellar influ-
ences on saccade plasticity;” Annals of the New York Academy of
Sciences, vol. 956, pp. 155-163, 2002.

A. Mueller, A. Davis, S. S. Carlson, and F. R. Robinson, “N-
acetylgalactosamine positive perineuronal nets in the saccade-
related-part of the cerebellar fastigial nucleus do not maintain
saccade gain,” PLoS ONE, vol. 9, no. 3, Article ID e86154, 2014.

K. C. Reinert, W. Gao, G. Chen, X. Wang, Y.-P. Peng, and
T. J. Ebner, “Cellular and metabolic origins of flavoprotein
autofluorescence in the cerebellar cortex in vivo,” Cerebellum,
vol. 10, no. 3, pp. 585-599, 2011.

N. Canas, T. Valero, M. Villarroya et al., “Chondroitin sulfate
protects SH-SY5Y cells from oxidative stress by inducing heme
oxygenase-1 via phosphatidylinositol 3-kinase/Akt,” Journal of
Pharmacology and Experimental Therapeutics, vol. 323, no. 3, pp.
946-953, 2007.

D. B. McClatchy, L. Liao, K. P. Sung, J. D. Venable, and J. R.
Yates, “Quantification of the synaptosomal proteome of the rat
cerebellum during post-natal development,” Genome Research,
vol. 17, no. 9, pp. 1378-1388, 2007.

J.-I. Tanaka, Y. Horiike, M. Matsuzaki, T. Miyazaki, G.
C. R. Ellis-Davies, and H. Kasai, “Protein synthesis and



Neural Plasticity

neurotrophin-dependent structural plasticity of single den-
dritic spines,” Science, vol. 319, no. 5870, pp. 1683-1687, 2008.
M. Fagiolini, T. Pizzorusso, N. Berardi, L. Domenici, and L.
Maffei, “Functional postnatal development of the rat primary
visual cortex and the role of visual experience: aark rearing and
monocular deprivation,” Vision Research, vol. 34, no. 6, pp. 709—
720,1994.

J. Luthman, E E. Hoebeek, R. Maex et al., “STD-dependent
and independent encoding of input irregularity as spike rate
in a computational model of a cerebellar nucleus neuron,”
Cerebellum, vol. 10, no. 4, pp. 667-682, 2011.

T. Klausberger, J. D. B. Roberts, and P. Somogyi, “Cell type-
and input-specific differences in the number and subtypes of
synaptic GABA(A) receptors in the hippocampus,” The Journal

19

[92] G. Briickner, M. Morawski, and T. Arendt, “Aggrecan-based
extracellular matrix is an integral part of the human basal
ganglia circuit,” Neuroscience, vol. 151, no. 2, pp. 489-504, 2008.

[93] D. Lendvai, M. Morawski, L. Négyessy et al., “Neurochemi-
cal mapping of the human hippocampus reveals perisynaptic
matrix around functional synapses in Alzheimer’s disease,” Acta
Neuropathologica, vol. 125, no. 2, pp. 215-229, 2013.

[94] D. A. Aquino, R. U. Margolis, and R. K. Margolis, “Immunocy-
tochemical localization of a chondroitin sulfate proteoglycan in
nervous tissue. I. Adult brain, retina, and peripheral nerve,” The
Journal of Cell Biology, vol. 99, no. 3, pp. 1117-1129, 1984.

[95] C. Jdger, D. Lendvai, G. Seeger et al., “Perineuronal and
perisynaptic extracellular matrix in the human spinal cord,
Neuroscience, vol. 238, pp- 168-184, 2013.

of Neuroscience, vol. 22, no. 7, pp. 2513-2521, 2002.

[80] P. Brodal, The Central Nervous System: Structure and Function,
Oxford University Press, Oxford, UK, 2004.

[81] S. Popp, J. S. Andersen, P. Maurel, and R. U. Margolis, “Local-
ization of aggrecan and versican in the developing rat central
nervous system,” Developmental Dynamics, vol. 227, no. 1, pp.
143-149, 2003.

[82] J. M. Ajmo, A. K. Eakin, M. G. Hamel, and P. E. Gottschall, “Dis-

cordant localization of WFA reactivity and brevican/ADAMTS-

derived fragment in rodent brain,” BMC Neuroscience, vol. 9,

article 14, 2008.

A. Bertolotto, G. Rocca, G. Canavese, A. Migheli, and D.

Schiffer, “Chondroitin sulfate proteoglycan surrounds a subset

of human and rat CNS neurons,” Journal of Neuroscience

Research, vol. 29, no. 2, pp. 225-234, 1991.

[84] P. K. McGuire, S. Hockfield, and P. S. Goldman-Rakic, “Distri-
bution of cat-301 immunoreactivity in the frontal and parietal
lobes of the macaque monkey,” Journal of Comparative Neurol-
0gy, vol. 288, no. 2, pp. 280-296, 1989.

[85] R. J. Cruz-Rizzolo, M. A. X. De Lima, E. Ervolino, J. A. De
Oliveira, and C. A. Casatti, “Cyto-, Myelo- and chemoarchi-
tecture of the prefrontal cortex of the Cebus monkey, BMC
Neuroscience, vol. 12, article 6, 2011.

[86] G. Seeger, K. Brauer, W. Hirtig, and G. Briickner, “Mapping
of perineuronal nets in the rat brain stained by colloidal iron
hydroxide histochemistry and lectin cytochemistry,” Neuro-
science, vol. 58, no. 2, pp. 371-388,1994.

[87] G. Briickner, D. Hausen, W. Hartig, M. Drlicek, T. Arendt,
and K. Brauer, “Cortical areas abundant in extracellular
matrix chondroitin sulphate proteoglycans are less affected by
cytoskeletal changes in Alzheimer’s disease,” Neuroscience, vol.
92, no. 3, pp. 791-805, 1999.

[88] L. Vitellaro-Zuccarello, A. Meroni, A. Amadeo, and S. De
Biasi, “Chondroitin sulfate proteoglycans in the rat thalamus:
expression during postnatal development and correlation with
calcium-binding proteins in adults;,” Cell and Tissue Research,
vol. 306, no. 1, pp. 15-26, 2001.

[89] G. Briickner, J. Grosche, S. Schmidt et al., “Postnatal develop-
ment of perineuronal nets in wild-type mice and in a mutant
deficient in tenascin-R;” Journal of Comparative Neurology, vol.
428, no. 4, pp. 616-629, 2000.

[90] G. Géti, M. Morawski, D. Lendvai et al., “Distribution and
classification of aggrecan-based extracellular matrix in the
thalamus of the rat,” Journal of Neuroscience Research, vol. 88,
no. 15, pp. 3257-3266, 2010.

[91] 1. Adams, K. Brauer, C. Arélin et al., “Perineuronal nets in
the rhesus monkey and human basal forebrain including basal
ganglia,” Neuroscience, vol. 108, no. 2, pp. 285-298, 2001.

(83



