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Development/Plasticity/Repair

Perineuronal Nets Suppress Plasticity of Excitatory Synapses
on CA2 Pyramidal Neurons

Kelly E. Carstens,> Mary L. Phillips, “Lucas Pozzo-Miller,’ Richard ]. Weinberg,> and “Serena M. Dudek'
"Neurobiology Laboratory, National Institute of Environmental Health Sciences, National Institutes of Health, Research Triangle Park, North Carolina
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Long-term potentiation of excitatory synapses on pyramidal neurons in the stratum radiatum rarely occurs in hippocampal area CA2.
Here, we present evidence that perineuronal nets (PNNs), a specialized extracellular matrix typically localized around inhibitory neurons,
also surround mouse CA2 pyramidal neurons and envelop their excitatory synapses. CA2 pyramidal neurons express mRNA transcripts
for the major PNN component aggrecan, identifying these neurons as a novel source for PNNs in the hippocampus. We also found that
disruption of PNNs allows synaptic potentiation of normally plasticity-resistant excitatory CA2 synapses; thus, PNNs play a role in
restricting synaptic plasticity in area CA2. Finally, we found that postnatal development of PNNs on CA2 pyramidal neurons is modified
by early-life enrichment, suggesting that the development of circuits containing CA2 excitatory synapses are sensitive to manipulations

of the rearing environment.
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tal disorders.

Perineuronal nets (PNNs) are thought to play a major role in restricting synaptic plasticity during postnatal development, and are
altered in several models of neurodevelopmental disorders, such as schizophrenia and Rett syndrome. Although PNNs have been
predominantly studied in association with inhibitory neurons throughout the brain, we describe a dense expression of PNNs
around excitatory pyramidal neurons in hippocampal area CA2. We also provide insight into a previously unrecognized role for
PNNs in restricting plasticity at excitatory synapses and raise the possibility of an early critical period of hippocampal plasticity
that may ultimately reveal a key mechanism underlying learning and memory impairments of PNN-associated neurodevelopmen-

~

J

Introduction

Although components of the extracellular matrix (ECM) have
been implicated in promoting synaptic plasticity, perineuronal
nets (PNNs), a specialized form of ECM typically found around
inhibitory neurons, are thought to inhibit plasticity (Dityatev et
al., 2010). We previously identified hippocampal area CA2 as a
region where synaptic plasticity is limited, even relatively early in
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postnatal development (Zhao et al., 2007). Unlike PNNs in other
brain regions, PNNs in area CA2 appear to be near excitatory
synapses of pyramidal neurons (Celio, 1993; Fuxe et al., 1997;
Costa et al., 2007), leading us to wonder whether PNNs are re-
lated to pyramidal neurons in some way.

PNN:ss first appear in the brain around postnatal day (PN) 14
in the mouse, and gradually increase until they are fully expressed
in adulthood, often tracking the end of critical windows of syn-
aptic plasticity (Hensch, 2004; Horii-Hayashi et al., 2015). Inter-
estingly, the onset of PNN expression requires normal early
experience in several brain regions, including motor, visual, and
somatosensory systems, and similar manipulations performed in
adulthood were without effect (Kalb and Hockfield, 1988;
Guimardes et al., 1990; Kind et al., 1995; Lander et al., 1997;
McRae et al., 2007). Because PNN deposition is experience-
dependent and increases during postnatal development, these
structures have been hypothesized to function in dampening syn-
aptic plasticity during the closure of critical periods. For example,
Pizzorusso et al. (2002) demonstrated an association between the
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presence and absence of PNNs in the visual cortex and the closure
and reopening of ocular dominance plasticity, strongly support-
ing a role for PNNs in limiting experience-dependent plasticity.
Because PNNs associated with pyramidal (i.e., presumed ex-
citatory) neurons are rare in cortical structures (Alpér et al.,
2006), the role of this matrix in limiting plasticity is widely
thought to be due to their association with nonpyramidal (i.e.,
presumed inhibitory) neurons, specifically parvalbumin (PV)-
positive interneurons.

The structural and physiological effects of removing PNNs
enzymatically have been well studied in inhibitory neurons.
Degradation of PNNs around inhibitory neurons in culture
(mainly PV-positive interneurons) with the bacterial enzyme
chondroitinase (ChABC) increases interneuron excitability with-
out affecting the number or distribution of perisomatic GABAe-
rgic presynaptic terminals (Dityatev et al., 2007), suggesting that
PNNs function to regulate inhibitory neuron activity. Interest-
ingly, manipulation of neuronal activity seems to modulate the
development of PNNs both in culture and in vivo. For example,
blocking neuronal activity in culture decreases PNNs around in-
hibitory neurons. Similarly, decreasing activity via dark rearing
delays and attenuates PNN development around inhibitory neu-
rons in the visual cortex (Pizzorusso et al., 2002).

Hippocampal area CA2, positioned between areas CA3 and
CA1, has recently been appreciated as an important module of
the hippocampus that is molecularly distinct from its neighbor-
ing areas (Caruana et al., 2012; Dudek et al., 2016). CA2 neurons
receive excitatory synapses from the dentate gyrus, entorhinal
cortex, and area CA3, and it is these synapses from CA3 in CA2
stratum radiatum (SR) that are highly resistant to plasticity (Zhao
et al.,, 2007; Chevaleyre and Siegelbaum, 2010; Kohara et al.,
2014). Although we have yet to fully understand the mecha-
nism(s) behind this resistance to synaptic plasticity, several genes
highly expressed in area CA2 are implicated in this lack of plas-
ticity (Boulanger et al., 1995; Pelkey et al., 2002; Simons et al.,
2009; Lee et al., 2010). Based on these observations and previous
studies implicating PNNs in restricting plasticity, we investigated
whether PNNs around pyramidal neurons in area CA2 play arole
in restricting synaptic plasticity of CA2 excitatory synapses and
are modified by early-life experience.

Materials and Methods

Animals. Animals in all experiments were housed under a 12:12 light/
dark cycle with access to food and water ad libitum. All procedures were
approved by National Institute of Environmental Health Sciences, Uni-
versity of Alabama at Birmingham, and University of North Carolina
Animal Care and Use Committees and were in accordance with the Na-
tional Institutes of Health guidelines for care and use of animals.
Immunohistochemistry. Mouse lines expressing enhanced green fluo-
rescent protein (EGFP) were used to label hippocampal CA2 pyramidal
neurons (Gene Expression Nervous System Atlas, Amigo2-EGFP; Tg(A-
migo2-EGFP)LW244Gsat/Mmcd) and GABAergic interneurons (Riken
BioResource Center, Gad67-GFP; Cg-Gad1<tml.1Tama>). Adult male
mice were deeply anesthetized with Fatal-Plus and perfused with cold
PBS, followed by 4% paraformaldehyde in PBS, pH 7.4. Brains were
removed and postfixed overnight at 4°C and submerged in 30% sucrose.
Forty-micrometer-thick sections were cut on a sliding microtome,
blocked in 5% normal goat serum and incubated in biotin-conjugated
Wisteria floribunda agglutinin (WFA) lectin (1:1000; Sigma-Aldrich
L1516) or antibodies anti-aggrecan (1:500; Millipore AB1031) or anti-
neurocan (1:200; R&D Systems AF5800) overnight at 4°C. Sections were
washed three times in PBS and incubated in secondary antibody at 1:500
for 40 min at room temperature: streptavidin Alexa-568 (Invitrogen),
goat anti-rabbit H+L A568 (Invitrogen), or goat anti-chicken H+L (In-
vitrogen). Alternatively, the biotin-conjugated WFA lectin was amplified
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with the Vectastain Elite ABC kit (Vector Laboratories PK-6100) and
reacted with 3,3’-diaminobenzidine (DAB) substrate kit (Vector Labo-
ratories SK-4100). Sections were mounted with Vectashield antifade
mounting medium with DAPI (Vector Laboratories). Images were ac-
quired on a Zeiss laser scanning confocal (LSM510 NLO) or a Zeiss light
microscope using controlled camera settings.

Immunohistochemistry and confocal microscopy of excitatory synapses
on dendritic spines. Adult male mice of the thyl-GFP line M (7-20
months; Feng et al., 2000) were anesthetized with a mixture of ketamine
and xylazine, and perfused as described above. Thirty-micrometer-thick
coronal sections of the brain at the level of the dorsal hippocampus were
made with a vibratome, and immunohistochemistry was performed on
free-floating sections at room temperature. Sections were blocked and
permeabilized by incubation in 10% goat serum albumin, 2% bovine
serum albumin, and 0.4% Triton-X in PBS for 1 h. Sections were incu-
bated with biotin-WFA (1:100) and primary antibodies diluted in 5%
goat serum albumin, 2% bovine serum albumin, and 0.1% Triton-X in
PBS for approximately 48 hours. Primary antibodies used were guinea
piganti-VGLUT1 (1:1000; EMD Millipore AB5905) and rabbit anti-GFP
(1:2000; Abcam 290). After washing three times for 5 min in PBS, sec-
tions were incubated for 4 h in Streptavidin-594 (1:1000; Life Technolo-
gies) and fluorescently labeled secondary antibodies (anti-rabbit Alexa-
488, 1:500; Jackson ImmunoResearch; anti-guinea pig Alexa-647, 1:500;
Jackson ImmunoResearch). Sections were washed three times for 5 min
in PBS, incubated with DAPI (300 nm) for 5 min, and washed with PBS
for 5 min before mounting with Vectashield antifade mounting media
(Vector Laboratories). Sections were imaged in a laser-scanning confocal
microscope (Zeiss Spectral LSM510-META) equipped with a multiline
argon laser (458, 477, 488, and 514 nm) and two HeNe lasers (543 and
633 nm) using an oil-immersion 100X objective (1.4 numerical aper-
ture). Image stacks through the z plane were acquired at 0.1 wm, and
displayed as maximum-intensity projections in Image] software (Na-
tional Institutes of Health).

Electron microscopy. Adult mice (Charles River) were perfused with 4%
paraformaldehyde (0.1 M phosphate buffer, pH 7.2) and 0.1% glutaral-
dehyde for 10 min. Brains were postfixed at 4°C overnight and 50-um-
thick coronal sections were cut on a vibrating microtome. Sections were
stained for PNNs following a pre-embedding immunohistochemistry
protocol and preincubated in 1% NaBH,, 3% hydrogen peroxide, and
10% normal goat serum before overnight incubation in biotinylated
WFA 8 ug/ml (Sigma-Aldrich L1516). Staining was amplified with a
Vectastain Elite ABC kit (Vector Laboratories), developed with Ni-DAB
and incubated in 1% osmium tetroxide, then in 1% uranyl acetate.
Then sections were embedded in epoxy resin. Hippocampal pieces
were cut from heat-polymerized wafers, glued to a plastic block, cut at
60 nm with an ultramicrotome, collected on copper grids, and stained
with uranyl acetate and Sato’s lead. Electron micrographs were im-
aged on a Philips Tecnai microscope at 80 kV.

Electrophysiology. Mice (Charles River Laboratories), age PN 1418 of
either sex, were deeply anesthetized with Fatal-Plus, decapitated, and
their brains submerged into oxygenated ice-cold sucrose-substituted ar-
tificial CSF (ACSF), pH 7.4, containing the following (in mm): 240 su-
crose, 2.0 KCI, 1 MgCl,, 2 MgSO,, 1 CaCl,, 1.25 NaH,PO,, 26 NaHCO,
and 10 glucose. Coronal brain slices were cut at 300 wm using a vibrating
microtome (Leica VT 1000S) and allowed to recover at room tempera-
ture in a submersion holding chamber with ACSF containing the follow-
ing (in mm): 124 NaCl, 2.5 KCI, 2 MgCl,, 2 CaCl,, 1.25 NaH,PO,, 26
NaHCOj, and 17 p-glucose bubbled with 95% O, with 5% CO,. Slices
from one hemisphere were incubated in ACSF and slices from the other
in ACSF with 0.05 U/ml chondroitinase ABC (ChABC; Sigma-Aldrich
C3667) for =2 h until they were transferred to a recording chamber and
continuously bathed (at 2 ml/min) in normal ACSF at room temperature
(Bukalo et al., 2001). Effectiveness of the chondroitinase treatment was
confirmed by staining Amigo2-EGFP slices with WFA as above, except
that the 300-um-thick slices were cleared using 60% thiodiethanol in
PBS before imaging (Aoyagi et al., 2015).

Whole-cell recordings were made from pyramidal neurons in either
the CA2 or CALl regions. CA2 neurons in the pyramidal layer were ini-
tially identified using Amigo2-EGFP mice. Glass borosilicate pipettes
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were filled with a potassium gluconate internal
solution containing the following (in mm): 120
K-gluconate, 10 KCl, 3 MgCl,, 0.5 EGTA, 40
HEPES, 2 Na,-ATP, 0.3 Na-GTP, pH 7.2. The
pipettes had a tip resistance between 2.5 and 4
MJ(). Baseline synaptic responses were col-
lected for =5 min. For long-term potentiation
(LTP) experiments, a pairing protocol was
used. This protocol consisted of 1.5 min of 3 Hz
presynaptic stimulation (270 pulses) paired
with postsynaptic depolarization to 0 mV in
voltage-clamp mode. Data were collected using
Clampex 10.4 and analyzed using Clampfit
software (Molecular Devices). Series and input
resistances were monitored by measuring the
response to a 10 mV step at each sweep and
cells were included for analysis if <25% change
in series and input resistance was detected. Re-
cordings were not compensated for series
resistance.

To determine action potential threshold,
whole-cell recordings were performed in
current-clamp mode. Current pulses of 180
ms in 0.2 nA steps were delivered and the
membrane potential at which the cells first
fired action potentials was measured. To as-
sess excitatory transmission, whole-cell re-
cordings were performed in voltage-clamp
mode, and EPSCs were isolated using the
GABA,, receptor antagonist bicuculline (10
uM) in the bath solution. EPSC amplitudes
were measured at increasing stimulation in-
tensities. Paired-pulse facilitation was as-
sessed under similar conditions.

To measure the NMDA receptor (NMDAR)-
mediated component of the EPSC, a cesium
internal solution was used to block sodium-
dependent action potentials, and 5 tetra-
ethylammonium chloride was used for whole-
cell recordings conducted in the presence of
glycine (5 um) and bicuculline (10 um). The
cesium internal solution contained the follow-
ing (in mm): 102 CsOH, 102 p-gluconate, 3.7
NaCl, 10 BAPTA, 0.2 EGTA, 20 HEPES, 4 Mg-
ATP, 0.3 Na-GTP, 5 lidocaine N-ethyl bromide
(QX314). EPSCs were measured at —70 and
+40 mV holding potentials. The AMPA recep-
tor (AMPAR)-mediated component of the
EPSC was measured 2 ms after stimulation at
+40 mV (P1), while the NMDAR-component
was measured 50 ms after the same stimulation
(P2; Poncer and Malinow, 2001). The AMPAR/
NMDAR ratio was calculated either as a ratio of
the P1/P2 responses at +40 mV or as a ratio of P1
at —70 divided by P2 at +40 mV.

Environmental enrichment. One dam (Amigo2-
EGFP line) and its litter were singly housed in
either standard caging (32 X 21 X 19 cm) or
environmental enrichment (EE) caging (50 X
30 X 30 cm). Standard caging included cotton
squares (Enviro-Dri, Shepherd’s Specialty Pa-
pers) for nesting. EE caging consisted of toys of
varying shapes and sizes, such as plastic houses
and wooden blocks; extra bedding material,
such as cotton squares; sunflower seeds, and
fruit/bacon-flavored rodent treats for various
forms of sensory stimulation. Objects were re-
positioned/replaced and treats were replen-
ished every other day. Brains were harvested as
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Figure 1. PNN markers surround CA2 pyramidal neurons and dendrites. a, Fluorescent labeling of WFA (green) localizes with
(A2 pyramidal neurons and with GAD67-positive inhibitory neurons (red) in hippocampus. b, Anti-aggrecan (top), WFA (middle),
and neurocan (bottom), indicated in green, label EGFP-expressing CA2 pyramidal neurons and their proximal neurites in red (scale
bar, 50 pm). ¢, Fluorescent ISHs showing that aggrecan mRNA (green) and a CA2 marker, Pcp4 mRNA (red), colocalize to the CA2
pyramidal cell layer. Yellow shows the overlapping distribution of these two mRNAs.
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Figure 2.
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PNN markers are associated with excitatory synapses in area CA2. @, WFA immunoperoxidase staining in area CA2 labels CA2 dendrites in the SR in addition to cell bodies in the SP.

b, WFAlabel surrounds excitatory synapses on primary apical dendrites of area CA2 SR; green is GFP expressed in neurons in tissue from a thy 1-GFP-M mouse, red is WFA, purple is VGLUTT, and yellow
shows where two channels depicted in each panel have overlapped (scale bar, 1 wm). ¢, Electron micrographs showing WFA staining along dendritic spines of CA2 pyramidal neurons in the SR (top,
red arrowheads), and area CA2 somata in the SP (bottom), and sparse labeling of WFA in area CA1 SP and SR (bottom; scale bar, 2 um).

described above from male mice at ages PN 14, PN 21, and PN 45 and
analyzed for staining of WFA during the 12 h light cycle. WFA stain-
ing intensity was quantified using measures of pixel luminescence
value on Image]J software (National Institutes of Health) using a re-
gion of interest (ROI) contoured around either CA2 pyramidal neu-
rons in stratum pyramidale (SP) or CA2 apical dendrites using GFP
fluorescence in a dorsal hippocampal section. The mean gray value
measure of the image background was subtracted from the mean gray
value of the CA2 ROI. Each data point represents one mouse. This
study was repeated in a separate cohort of animals and the data com-
bined by normalizing each mean gray value—the value for the PN 45
enriched cohort—for each study. For each experiment, fluorescence
quantification was repeated and analyzed with the experimenter
blinded to condition. The sample number of mice (N) was 4, 5, 6, 7,
8,and 9 for the following groups, respectively: PN 14 standard, PN 14
enriched, PN 45 standard, PN 21 enriched, PN 21 standard, and PN 45
enriched.

In situ hybridization. Adult mouse brains were flash frozen and
coronal 20-um-thick sections were cut on a cryostat and mounted on

SuperFrost Plus slides (Fisher Scientific 12-550-15). Sections were
fixed in 4% paraformaldehyde for 1 h at 4°C, dehydrated in 50, 70,
and 100% ethanol, and air-dried at room temperature. Fluorescent
RNAscope in situ hybridization (ISH) was performed using an RNA-
scope Fresh Frozen Multiplex Fluorescent kit according to the man-
ufacturer’s protocol to perform target probe hybridization and signal
amplification (Advanced Cell Diagnostics). Probes were purchased
from Advanced Cell Diagnostics: aggrecan mRNA, mm-acan-C1 (cat-
alog #300031-C1) and the CA2-marker Purkinje cell protein 4 (PCP4)
mRNA, Mm-Pcp4-C2 (catalog #402311-C2). Fluorescent images
were captured on a Zeiss laser-scanning confocal microscope
(LSM710).

Statistics. Data in Figures 3 and 4 are expressed as a mean = SEM.
Data in Figure 3 are expressed as a normalized mean * SEM (the
enrichment study was repeated once and data were pooled to increase
statistical power). Statistical analyses were performed using Graph-
Pad Prism 6.05 software, and significance was calculated using an o
level of 0.05. The Kolmogorov—Smirnov test was used to test normal-
ity and variance.
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Results a
PNNs localize to excitatory synapses on

CA2 pyramidal

neurons

To confirm our initial impression that
PNNs indeed surround CA2 pyramidal
neurons and their dendrites, we used tis-

sue from mice expressing EGFP under the
promoter of Amigo2, a gene highly ex-
pressed in area CA2 (Laeremans et al.,
2013). Three different PNN markers,
WEFA, the chondroitin sulfate proteogly-

cans aggrecan and neurocan, labeled se-

lect inhibitory interneurons throughout

the hippocampus (Fig. 1a), but also in-
tensely labeled EGFP-expressing CA2 py-
ramidal neurons (Fig. 1b). The origin of b
PNN matrix components in area CA2 is
unknown, so we used fluorescence ISH to
determine whether these pyramidal neu- 15
rons express transcripts for the major

Standard

Enriched

PNN component aggrecan. We found 1
that CA2 neurons identified by Purkinje
cell protein 4 (PCP4) expression, but not 0.5

CALl and CA3 neurons, expressed aggre-
can mRNA (Fig. 1¢). Localization of aggre-
can mRNA in the pyramidal cell layer of
area CA2 indicates that CA2 pyramidal
neurons synthesize at least one major
component of the PNN matrix, identify-
ing such neurons as a novel source of
PNNs in the hippocampus.

WFA also diffusely labeled the CA2 SR
and stratum oriens (Fig. 2a) near the den-
dritic spines of excitatory synapses (as de-
fined by label for VGlutl; Fig. 2b). To
more precisely characterize this diffuse
labeling in the CA2 SR, we turned to elec-
tron microscopy. We found that electron-
dense staining for PNNs appeared around
the somata of CA2 pyramidal cells and numerous dendritic
spines in the CA2 SR, especially around spine necks and in peri-
synaptic regions (Fig. 2¢). In contrast, staining for PNNs in the
neighboring CA1 SP and SR layers was sparse (Fig. 2c).

Mean Normalized
CA2 Fluorescence

Figure 3.

PNN development is regulated by experience

Consistent with previous work in other brain regions, including
area CA1 (Sur et al., 1988; McRae et al., 2010), we found that
PNN staining in CA2 SP and SR increased with age during early
postnatal development (Fig. 3a), beginning with minimal WFA
fluorescence at PN 14, and increasing in intensity with age. Early-
life sensory deprivation has been demonstrated to delay and at-
tenuate PNN development in several brain regions (Kind et al.,
1995; Pizzorusso et al., 2002; McRae et al., 2007). Moreover, in
the visual cortex, early-life enrichment has been found to counter
effects of dark rearing on PNN development, as well as promote
cortical maturation and accelerate the closure of the critical pe-
riod for plasticity (Bartoletti et al., 2004; Baroncelli et al., 2016).
To investigate whether PNNs are similarly modulated by early-
life experience in area CA2, we reared mice in EE conditions. We
found that WFA staining intensity in the CA2 SP was significantly
greater in EE-exposed animals than those reared in standard
housing at PN 21 and PN 45 (p = 0.047 and p = 0.001 respec-

PN 14
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PN 45

B Standard
c ® Enriched
WEFA in Stratum Pyramidale WFA in Stratum Radiatum
1.51
1 E
0.51
PN 21 PN 45 PN 14 PN 21 PN 45

PNNs increase during postnatal development and are increased with experience. a, WFA staining in area CA2 is
increased in animals reared in an enriched environment, compared with animals raised in standard (control) cages. Note that the
images have been digitally lightened in all panels equally to better display PNNs at PN 14 in area CA2. b, Normalized WFA
fluorescence intensity was significantly greater in CA2 SP of EE mice compared with control at PN 21 (V = 8 and 7 for control and
EE respectively) and PN 45 (N = 6 and 9 for control and EE respectively; Bonferroni’s post hoc test for pairwise comparison after
two-way ANOVA,*p << 0.05, ***p = 0.0008). No significant difference was observed at PN 14 (N = 4 and 5 for control and EE
respectively). A two-way ANOVA for the two conditions at different ages indicated significant main effects of age (F, 33) = 32.33),
condition (F, 55, = 11.72), and interaction (F, 33y = 3.338). Indicated is the mean % SEM. ¢, Normalized WFA fluorescence
intensity was similarly significantly greater in area CA2 SR at PN 21 and 45 (same N's as reported in b; Bonferroni post hoc test for
pairwise comparison after two-way ANOVA,*p << 0.05, ***p = 0.0009). A two-way ANOVA for the two conditions at different
ages indicated significant main effects of age (F , 55, = 69.55), condition (£, 53, = 11.93), and interaction (F, 33 = 3.940).

tively; two-way ANOVA, Bonferroni’s post hoc test for pairwise
comparison), but not at PN 14, the earliest age tested (Fig. 3b; p >
0.05). WFA staining intensity was similarly significantly greater
in the CA2 SR at PN 21 and PN 45 (p = 0.015 and p = 0.001
respectively; two-way ANOVA, Bonferroni’s post hoc test for
pairwise comparison; Fig. 3¢).

PNN s suppress synaptic plasticity in area CA2

Excitatory synapses in the CA2 SR fail to express typical LTP
(Zhao et al., 2007). To determine whether PNNs act to restrict
this type of plasticity in area CA2, we degraded PNNs with the
enzyme ChABC in acute hippocampal slices and attempted to
induce LTP at CA2 Schaffer collateral synapses. Similar to what
has been reported for area CA1 (Bukalo et al., 2001), we found
that PNNs are indeed degraded in area CA2 after a 2 h incubation
of slices in ChABC (0.05 ul/ml; Fig. 4a). As reported previously
for untreated slices, synaptic responses recorded from CA2 neu-
rons were not potentiated following an LTP “pairing protocol”
(92.0 = 0.1% baseline, n = 10), whereas synaptic responses re-
corded from CA1 neurons showed typical LTP (140 =% 0.1% base-
line, n = 12; Fig. 4b; Zhao et al., 2007). However, a 2 h incubation
with ChABC enabled LTP induction of excitatory synaptic re-
sponses in the CA2 SR (140 = 0.2% baseline, n = 10), reaching
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Figure 4. Disruption of PNNs allows for potentiation of EPSCs in CA2 neurons. a, PNNs are degraded in 300-um-thick hippocampal slices cleared with thiodiethanol after a 2 h incubation with
ChABC compared with control; fluorescent labeling of PNNs with WFA (green) and CA2 neurons with the Amigo2-EGFP mouse (red). Slices shown are from animals at PN 14. b, Plasticity of EPSC
amplitudes is enhanced in CA2 neurons treated with the PNN-degrading enzyme ChABC, compared with untreated controls. After baseline, an LTP pairing protocol (270 pulses at 3 Hz paired with
postsynaptic depolarization; at time 0), resulted in potentiation of EPSCs in CA2 neurons treated with 0.05 U/ml ChABC (mean over 22-28 min, n = 10), but not in untreated CA2 controls (n = 10).
One-way ANOVA, Bonferroni's post hoc test for pairwise comparison, *p << 0.05. Indicated is the mean == SEM. LTP induced in CA1 neurons is shown for comparison. Insets are representative traces
of EPSCs from CA2 control and CA2 ChABC-treated neurons before and 20 min after the LTP pairing protocol. ¢, ChABC treatment did not significantly alter action potential firing frequency in response
toindicated current injection (n = 15 per group; two-way ANOVA, p > 0.05). Example traces show action potential firing of control (untreated) CA2 neuron (40 pA current steps from —100to 180
pA displayed). d, e, ChABC did not significantly alter excitatory current amplitude (n = 6 per group) or paired-pulse ratio in CA2 neurons (S1, peak of first stimulus response; S2, peak of second
stimulus response; n = 10 ChABC-treated neurons and n = 5 control; two-way ANOVA, Bonferroni’s post hoc test). f, ChABC did not significantly alter AMPAR/NMDAR ratio measured at +40 mV
(left) or at —70 mV (n = 6 ChABC-treated neurons and n = 8 controls; two-tailed unpaired ¢ test). Measurements in d—f were made in the presence of a GABA, antagonist bicuculline; see
Materials and Methods for details. Insets are representative traces of EPSCs from CA2 control holding at —70 and +40 mV.

Table 1. Intrinsic properties of CA2 pyramidal neurons in response to PNN degradation

Intrinsic properties

Resting membrane potential Membrane capacitance Neuron input resistance Decay time
CA2 control —63.75 = 1.05mV 143.1 = 9.7 pF 303.5 = 10.0MQ 1.796 = 0.088 ms
(A2 ChABC —66.17 = 0.83mV 160.9 = 7.9 pF 259.0 = 10.5 MQ* 1.856 = 0.064 ms

CA2 neuron input resistance was significantly decreased after 0.05 U/ml ChABC treatment (n = 11 per group, *p << 0.0043, two-tailed unpaired t test). Significant effects were not detected in other properties, including resting membrane
potential, membrane capacitance, and decay time. Indicated are the means = SEM.

levels comparable to that induced at CA1 synapses (p = 0.02,
two-tailed unpaired f test compared with untreated slices). Sim-
ilar results were obtained when experiments on ChABC-treated
or control-treated slices were performed in the presence of the
GABA ,-receptor blocker bicuculline (significant difference be-
tween ChABC-treated and untreated slices, p = 0.022 at 10 min,
two-tailed unpaired f test compared with untreated slices, n = 8
and 4 respectively). Intrinsic properties did not change in a way
that could explain this newly uncovered plasticity in area CA2
(p > 0.05, two-way ANOVA, Bonferroni’s post hoc test for pair-

wise comparison; Fig. 4¢; Tables 1, 2). Furthermore, in the pres-
ence of bicuculline, we found no significant differences in basal
excitatory synaptic transmission (Fig. 4d), paired-pulse facilita-
tion (Fig. 4e), or AMPAR/NMDAR ratio (Fig. 4f). These findings
are consistent with a previous report showing that ChABC treat-
ment had no effect on basal synaptic transmission and paired-
pulse facilitation in area CA1. However, in contrast to our work
in area CA2, PNN degradation resulted in an attenuation of LTP
in area CA1 (Bukalo et al., 2001). These findings indicate that
PNNs, or another chondroitinase-sensitive component of the
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Table 2. CA2 action potential firing properties in response to PNN degradation

Carstens et al. @ PNNs Regulate Plasticity at Excitatory CA2 Synapses

Action potential

Threshold Peak amplitude Decay tau Rise tau
(A2 control —47.98 = 1.01mV 90.48 = 2.71mV 22.23 = 1.52ms 2643 + 16.9ms
(A2 ChABC —47.87 = 0.70mV 98.9 = 4.0mV 20.171 = 1.26 ms 241.0 = 19.6 ms

Properties of action potentials in CA2 pyramidal neurons, including threshold, peak amplitude, and decay and rise times (tau), were unchanged after ChABC treatment (n = 12 per group, p > 0.05, two-tailed unpaired t test). Indicated are

the means = SEM.

ECM, restrict plasticity at the normally plasticity-resistant syn-
apses in CA2 SR.

Discussion

PNN degradation can reopen critical windows of plasticity in a
number of brain regions, but the mechanism of plasticity sup-
pression by PNNGs is unclear (Pizzorusso et al., 2002; Gogolla et
al., 2009; Romberg et al., 2013). Because PNNs are predomi-
nantly associated with inhibitory neurons in the neocortex, it has
been suggested that plasticity is altered by a disruption of inhib-
itory transmission (Dityatev et al., 2010). However, the lack of
LTP in area CA2 is unlikely to be due to a disruption of inhibitory
transmission, as blockade of GABAergic synaptic transmission is
insufficient to restore LTP in area CA2 at excitatory synapses
(Zhao et al., 2007; Nasrallah et al., 2015) and was not required for
the enabling of LTP reported here. In fact, we present evidence
that PNNs play a distinct role in suppressing synaptic potentia-
tion at a population of excitatory synapses on pyramidal neurons,
perhaps in addition to any roles PNNs may have related to their
expression on inhibitory interneurons. Our findings that PNN
degradation enables LTP in area CA2 are in contrast with the
observation that PNN degradation modestly disrupts LTP in area
CA1 (Bukalo et al., 2001).

PNN s surrounding CA2 neurons are unlikely to be the only
factor contributing to the plasticity resistance in this region. CA2
neurons express high levels of the protein regulator of G-protein
signaling 14 (RGS 14 ), which has been implicated in the signaling
pathway suppressing LTP in area CA2 (Lee et al., 2010). In addi-
tion, rodent CA2 neurons have a particularly robust capacity for
calcium buffering and extrusion. Raising external calcium levels
to 4 mM is insufficient to induce LTP in area CA2, but the very
high concentration of 10 mM allows for the induction of LTP,
indicating that CA2 synapses have the cellular machinery for
LTP, but that calcium is limited in the postsynaptic neurons (Si-
mons et al., 2009). Interestingly, both vasopressin and oxytocin,
acting through AVPR1b and Oxtr receptors respectively, rein-
state ability to induce calcium-dependent LTP in area CA2 (Pa-
gani et al., 2015). Both receptors are known to be coupled to the
“Gq”-type G-proteins and therefore can take part in regulating
calcium levels in CA2 spines.

PNNs might act through a number of possible plasticity-
limiting mechanisms; for example, they may provide a physical
barrier for new synaptic contacts, restrict surface receptor mobil-
ity, or buffer ions surrounding fast-firing neurons (Morawski et
al., 2004; Corvetti and Rossi, 2005; Galtrey et al., 2007; Frisch-
knecht et al., 2009; Kochlamazashvili et al., 2010; Wang and Faw-
cett, 2012). PNN proteoglycans are highly negatively charged and
may function to buffer and restrict diffusion of cations like cal-
cium (Briickner etal., 1993). Together, it might not be coinciden-
tal that cation binding to PNNs was found to be saturated at 10
mM (Morawski et al., 2015), a concentration of extracellular cal-
cium that is able to restore plasticity in CA2 neurons (Simons et
al., 2009). Alternatively, PNNs may serve to stabilize the postsyn-
aptic density and limit AMPAR insertion into the synapse

(Frischknecht et al., 2009). PNNs have also been linked to neu-
roprotective functions (Morawski et al., 2004; Cabungcal et al.,
2013), and neurons in area CA2 have long been noted as being
remarkably resistant to cell death from both seizure and ischemic
insult (Sloviter et al., 1991). The role of PNNs in neuroprotec-
tion, however, has been less well defined. Therefore, if PNNs act
to limit calcium accumulation in CA2 neurons, we would predict
that their disruption would lead to damage susceptibility in area
CA2 similar to that in areas CA1 and CA3.

We have also identified CA2 pyramidal neurons as a novel
source for a major component of PNNs in the hippocampus,
suggesting that these excitatory neurons have the capacity to
modulate PNN composition throughout development. We
show here that PNNs in area CA2 are upregulated by early-life
exposure to EE. Interestingly, other studies have reported a
decrease in PNNs after exposure to enrichment in adulthood
in several brain regions, suggesting that PNNs may be differ-
entially regulated depending on the age that the animal is
exposed to enrichment. For example, amblyopic rats exposed
to EE in adulthood had reduced PNNs in the visual cortex
(Sale et al., 2007); likewise, adult mice exposed to enrichment
had reduced PNN density around cerebellar neurons (Fos-
carin et al., 2011). In contrast, early postnatal enrichment was
found to rescue PNN development in dark-reared animals and
promote critical period maturation (Bartoletti et al., 2004),
similar to the findings in this study. Further investigation into
intrinsic factors that modulate PNNs, such as direct manipu-
lation of CA2 activity, or early-life seizure at different devel-
opmental stages should provide critical insight into how PNN’s
in area CA2 may be differentially regulated throughout devel-
opment (McRae et al., 2010).

Considering that the development of PNNs in hippocampal
area CA2 pyramidal neurons parallels the expression timeline of
PNNs located in brain regions noted for their critical periods for
plasticity, our data raise the intriguing possibility of an early crit-
ical period for synaptic plasticity in area CA2. Although the be-
havioral functions of area CA2 are only beginning to emerge,
recent reports implicate area CA2 in social aggression and social
recognition memory (Hitti and Siegelbaum, 2014; Pagani et al.,
2015; Smith et al., 2016). Developmental regulation of PNNs in
area CA2 may therefore represent a therapeutic target for PNN-
associated developmental disorders, such as schizophrenia and
Rett syndrome (Belichenko et al., 1997; Mauney et al., 2013).
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