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Glycan alterations are associated with aging, neuropsychiatric, and neurodegenerative dis-
eases, although the contributions of specific glycan structures to emotion and cogpnitive func-
tions remain largely unknown. Here, we used a combination of chemistry and neurobiology
to show that 4-O-sulfated chondroitin sulfate (CS) polysaccharides are critical regulators of
perineuronal nets (PNN’s) and synapse development in the mouse hippocampus, thereby
affecting anxiety and cognitive abilities such as social memory. Brain-specific deletion of CS
4-O-sulfation in mice increased PNN densities in the area CA2 (cornu ammonis 2), leading
to imbalanced excitatory-to-inhibitory synaptic ratios, reduced CREB activation, elevated
anxiety; and social memory dysfunction. The impairments in PNN densities, CREB activity,
and social memory were recapitulated by selective ablation of CS 4-O-sulfation in the CA2
region during adulthood. Notably, enzymatic pruning of the excess PNNs reduced anxiety
levels and restored social memory, while chemical manipulation of CS 4-O-sulfation levels
reversibly modulated PNN densities surrounding hippocampal neurons and the balance of
excitatory and inhibitory synapses. These findings reveal key roles for CS 4-O-sulfation in
adult brain plasticity, social memory, and anxiety regulation, and they suggest that targeting
CS 4-O-sulfation may represent a strategy to address neuropsychiatric and neurodegener-
ative diseases associated with social cognitive dysfunction.

glycosaminoglycans (GAGs) | glycans | chondroitin sulfate (CS) | perineuronal nets (PNNs) |
social memory

Glycans, like nucleic acids and proteins, are ubiquitous in nature and play crucial roles
in biological processes such as development, host—pathogen interactions, and immune
regulation (1-4). The mammalian central and peripheral nervous systems provide a
rich source of diverse glycans. Large-scale analyses have revealed spatial and temporal
variations in glycan expression across the brain (5) and identified over
4,000 N-glycosylation sites on more than 1,500 glycoproteins (6, 7). Despite being
the most structurally diverse and rapidly evolving class of macromolecules (8), glycans
remain understudied, and their biological functions in the nervous system are insuffi-
ciently understood.

In the brain, a complex meshwork of interwoven glycans and proteins in the extra-
cellular matrix (ECM) provides structural support and mediates important neural func-
tions (9-11). Lattice-like ECM structures known as perineuronal nets (PNNs) have
been proposed to act as extracellular scaffolds for ligands and to stabilize synapses,
thereby modulating brain plasticity and physiological processes (10, 11). Emerging
evidence suggests that PNNs contribute not only to critical period plasticity during
development but also to learning and memory processing, psychiatric diseases, drug
addiction, and neurodegeneration in adulthood (12-14). PNNs predominantly sur-
round parvalbumin-expressing (PV"), fast-spiking inhibitory interneurons in cortical
areas (15, 16). They also enwrap excitatory pyramidal neurons in brain regions important
for emotional learning and memory, such as the amygdala, entorhinal cortex, and area
cornu ammonis 2 (CA2) (17, 18).

The CA2 subregion of the hippocampus has unique molecular, synaptic, and morpho-
logical characteristics (19) and is essential for social recognition memory (20, 21).
Consistent with this function, alterations in the cellular structure and circuitry in the area
CA2 have been observed in neuropsychiatric disorders associated with cognitive and social
dysfunction (22, 23). Although recent studies suggest that PNNs in the CA2 can con-
tribute to both PV* interneuron and excitatory pyramidal neuron plasticity (24, 25), the
molecules and mechanisms that regulate PNNs and CA2-dependent functions such as
social memory remain unclear.

PNNs are highly enriched in chondroitin sulfate proteoglycans (CSPGs), a series of
core proteins decorated with chondroitin sulfate (CS) polysaccharides (26). The repeating
p-glucuronic acid (GlcA) and N-acetyl-p-galactosamine (GalNAc) disaccharide units of
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CS polysaccharide chains display a variety of sulfation motifs
(Fig. 1A4) that dynamically change throughout development into
adulthood (27). Notably, increased expression of the 4-O-sulfated
motif CS-A coincides with PNN maturation and the end of crit-
ical period plasticity (16, 28). By adulthood, the CS-A motif rep-
resents nearly 90% of the total CS in the brain. The 4-O-sulfated
CS-A and CS-E motifs have also been reported to play important
roles in axon regeneration after central nervous system (CNS)
injury (29-31). These motifs are up-regulated in the glial scar
upon injury and limit axon regeneration by interacting with pro-
tein receptors such as the tyrosine phosphatase receptor 6 (PTPo)
and Nogo receptor (29, 32-34). Loss of 4-O-sulfated CS motifs
via knockdown of the chondroitin-4-O-sulfotransferase Chsz1 1 in
zebrafish enhanced regeneration after spinal cord injury (31).
Based on these and other observations, chondroitin 4-O-sulfation
has traditionally been viewed as a “molecular brake” that inhibits
neuroplasticity (35, 36). However, its functions in PNNs and in
the uninjured adult brain have not been directly investigated.

Studies aimed at understanding PNNs have employed either chon-
droitinase ABC (ChABC) to enzymatically digest CS polysaccharides
(37-39) or transgenic mice lacking PNN proteins such as tenascin-R
and link protein (HAPLNI1) (40, 41). While these approaches have
revealed important insights, they also drastically disrupt PNNs and
render them indistinguishable from the diffuse ECM. Modulation
of the sulfation patterns on CSPGs provides a less perturbative, com-
plementary approach to manipulate and study PNNs. For example,
overexpression of chondroitin-6-O-sulfotransferase-1 (C6ST-1) in
transgenic mice modulated 6-O-sulfation and PNN formation in the
developing visual cortex (VC), leading to persistent ocular dominance
plasticity (16). However, the role of CS sulfation in PNNs has been
examined primarily in this context of 6-O-sulfotransferase
overexpression.

In this study, we investigated the impact of CS 4-O-sulfation, the
dominant form of sulfation and the most abundant glycosamino-
glycan structure in the adult mammalian brain, on PNNG, plasticity,
and higher-order brain functions such as mood and cognition. We
found that brain-specific ~deletion of the chondroitin
4-O-sulfotransferase gene Chst11 in mice significantly perturbed
PNN levels surrounding excitatory CA2 pyramidal neurons. The
resulting increase in PNNs led to reduced CREB activation, an
imbalance of excitatory and inhibitory synapses, as well as anxiety
and social memory dysfunction—phenotypes that were rescued by
treatment with ChABC or 4-O-sulfated CS polysaccharides. In
agreement with these findings, a chemical inhibitor developed by
our lab to reduce CS 4-O-sulfation levels recapitulated the malfor-
mation of PNNs and synaptic defects in hippocampal neurons.
Moreover, viral-mediated CA2 region-specific deletion of ChszI1 in
adult mice also increased PNN densities, inhibited CREB activity,
and impaired social memory. Together, these data reveal important
roles for CS 4-O-sulfation in adult brain plasticity, social memory,
and anxiety regulation, and they suggest CS polysaccharides as targets
for the study and potential treatment of neurological diseases char-
acterized by mood disorders and social dysfunction.

Results

Chst11cKO Mice Lacking 4-0-Sulfation Show Increased WFA" PNN
Densities in the CA2 Hippocampus. The sulfotransferase Chst11
selectively transfers a sulfate group from 3’-phosphoadenosine
5'-phosphosulfate to the 4 O-position of GalNAc residues in CS
polysaccharides (42). Genetic disruption of Chstl1 in mice led
to severe chondrodysplasia and neonatal lethality, demonstrating
essential roles for 4-O-sulfation in embryonic development (43,

44). To study the roles of CS 4-O-sulfation in the adult brain, we
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generated a brain-specific Chstl] conditional knockout (cKO)
mouse line by crossing Chst1 1-floxed mice with nestin-Cre transgenic
mice (45). The nestin-Cre transgene restricts Chsz1 1 deletion to neural
precursor cells starting at embryonic day 10.5 (E10.5), circumventing
complications associated with constitutive Chsz1 ablation during
prenatal development (43). To validate the gene deletion efficiency,
we analyzed the sulfation patterns of CS in the cortex of Chst11;
nestin-Cre' (Chst11cKO) mice and Chst11™"; nestin-Cre” (Crrl) mice
as a control. CS chains were isolated from Chst11cKO and Curl
mouse cortices at different ages (P0, P7, P14, P28, and P60), digested
with ChABC, and the resulting disaccharides were quantified by
high-performance liquid chromatography. No 4-O-sulfated CS-A
and CS-E disaccharide units were detected in Chst11cKO brains,
indicating disruption of the 4-O-sulfation pathway (Fig. 1 A and
B). Loss of chondroitin 4-O-sulfation was accompanied by an
increase in unsulfated CS levels and a decrease in overall CS levels
in the brain (S7 Appendix, Fig. S14), consistent with reports that
4-O-sulfation facilitates CS chain elongation (46). In contrast, no
loss of 6-O-sulfation was observed: CS-D levels remained similar,
and CS-C levels increased slightly in Chst11c¢KO mice compared
to Ctrl mice after P14, presumably due to compensatory effects
(SI Appendix, Fig. S1A). Disruption of the 4-O-sulfation pathway in
Chst11cKO mice was further confirmed by immunohistochemical
analysis. A marked reduction in CS-E immunostaining was observed
in the cortex and hippocampus of Chst11cKO mice relative to
Cul littermates (S Appendix, Fig. S1 B and C). Collectively, these
results indicate efficient deletion of the 4-O-sulfation pathway in
Chst11cKO mice.

We next examined the PNN levels in the VC and hippocampus of
adult Chst11¢KO and Curl mice using the well-established marker,
Wisteria floribunda agglutinin (WFA) (16, 18, 37, 39). Consistent with
previous observations, WFA" PNNs exhibited region-specific expres-
sion patterns (47). In the VC, an increase in PNN-enwrapped (WFA")
neurons was observed in adult Chst11cKO mice compared to Cerl
mice (36% + 11%), and this increase occurred primarily in PNNs
surrounding the PV" population (SIAppendix, Fig. S2° A-C). No
change was observed in the total number of PV" neurons or its per-
centage within the WFA" population (57 Appendix, Fig. S2 D and E).
Notably, the greatest change in WFA" PNN-enwrapped neurons
was observed in the area CA2 of the hippocampus. Both Chst11¢KO
and Cul adult mice showed high PNN levels in the CA2 region,
whereas the CA1 and CA3 areas had fewer WFA™ PNNs (Fig. 1C).
A striking increase in the number of WFA" PNNs was observed in
the CA2 region (109% + 15%) and, to a lesser extent, in the CA3
region (55% + 13%) of Chst11cKO compared to Cerl mice (Fig. 1C).
Given the substantial increase in WFA" PNNs detected in the CA2
and the limited understanding of CS function in this region, we
focused our studies hereafter on the CA2 hippocampus.

As PNNs condense around PV" inhibitory neurons in many
brain regions (16, 48), we investigated whether the WFA" PNNs
in the CA2 surround PV" neurons. Adult hippocampal sections
were costained for PV and the CA2 marker Purkinje cell protein
4 (PCP4) (49). The PCP4" neurons in the CA2 region of both
Chst11cKO and Ctrl mice contained only a small percentage of
PV" neurons (8% = 2%; Fig. 1 D, Upper Right). The majority of
the PCP4" neurons in Chst11cKO mice were enwrapped by WFA"
PNNSs (95% + 2%; Fig. 1 D, Lower Right), whereas fewer PCP4"
neurons in Ctrl mice were surrounded by WFA" PNNs (33% +
8%). These findings are consistent with previous reports that
PNN-enwrapped excitatory neurons are prevalent in the CA2
hippocampus (47, 49) and indicate that CS 4-O-sulfation regu-
lates the density of PNNs surrounding excitatory CA2 neurons.

Next, we examined potential mechanisms by which loss of

4-O-sulfation could alter PNNs in the adult hippocampus.
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Fig. 1. Chst11cKO mice lacking chondroitin 4-O-sulfation have a striking increase in PNNs surrounding excitatory neurons in the CA2 hippocampus. (A) Biosynthetic
pathways leading to 4-O- and 6-O-sulfation of chondroitin sulfate (CS). CS consists of the repeating disaccharide unit N-acetyl-p-galactosamine-f(1,3)-p-glucuronic acid.
n=20to 200. In the 4-O-sulfation pathway (orange, studied in this work), the disaccharide units are monosulfated at the 4-O-position of GalNAc to generate CS-A. CS-A
is subsequently sulfated at the 6-O-position of GalNAc to produce CS-E. In the 6-O-sulfation pathway (blue), the disaccharide units are monosulfated at the 6-O-position
of GalNAc to generate CS-C, which is subsequently sulfated at the 2-O-position of GlcA to form CS-D. (B) Disaccharide analysis shows loss of the CS-A and CS-E motifs in
the brains of Chst11cKO mice. Amounts of CS-A and CS-E in the cortex of Ctrl (blue) and Chst11cKO (red) mice were quantified at postnatal day (P) 0, P7, P14, P28, and
P60 by dividing the number of picomoles (pmol) of CS by the total weight (mg) of the dried cortex homogenate. (C) Representative images showing PNN-enwrapped
(WFA", green), PV* interneurons (red), and PCP4" excitatory pyramidal neurons (blue) in the hippocampus of Ctrl and Chst11cKO mice. Hippocampal CA1, CA2, and CA3
regions are marked with dotted white rectangles. (Scale bar, 500 pm.) Quantification shows the number of WFA" neurons in each region. ***P < 0.001, ****P < 0.0001
vs. Ctrl, Student's t test; n = 17 slices from 7 Ctrl mice and 14 slices from 5 Chst11cKO mice. (D) Magnified images showing the CA2 regions of Ctrl and Chst11cKO mice,
stained for PCP4 (blue), PNNs (WFA, green), and PV (red). (Scale bar, 50 pm.) Quantification of the ratios of PV* neurons (Upper) and WFA" neurons (Lower) among PCP4"
CA2 neurons. ****P < (0.0001 vs. Ctrl, Student's t test; n = 10 and 8 slices from 4 pairs of Ctrl and Chst11cKO mice, respectively. All data are shown as the mean + SEM.
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Previous studies have shown that increasing CS 6-O-sulfation by ~ 4-O-sulfation on dendritic spine morphology, GFP-expressing
overexpression of C6ST-1 in transgenic mice decreases accumu-  lentivirus was injected into the hippocampal CA1, CA2, or CA3
lation of the CSPG aggrecan in PNNs, possibly by accelerating  regions of Chst11cKO or Ctrl mice to sparsely label dendrites and
its proteolysis by a disintegrin and metalloproteinase with throm-  dendritic spines (Fig. 24 and S/ Appendix, Fig. S54). Notably,
bospondin motifs (ADAMTS) protease (50). However, immuno- the density of mature spines on both CA1 and CA2 neurons
histochemical analysis of Chst11cKO and Ctrl mice revealed high, ~ was significantly decreased in Chst11cKO mice compared to
comparable expression levels of aggrecan in the CA2 region  Curl mice (Fig. 2 B and D), whereas the density of dendritic
(SI Appendix, Fig. S3). The homeobox protein Otx2 localizes to protrusions was unchanged (S Appendix, Fig. S5 B and C).
PNNs by binding to the CS-E motif on CSPGs and regulates ~ Furthermore, the head width of dendritic spines was significantly
PNN assembly and maintenance, as well as PV maturation in the ~ reduced on CA1 but not CA2 neurons in Chst11c¢KO compared
VC (51, 52). Comparable but low levels of Otx2 expression were to Curl mice (Fig. 2 C and E). Interestingly, CA3 neurons in
observed in the hippocampus of both Chst11¢KO and Ctrl mice Chst11cKO mice had an enlarged average spine head width, but
(SI Appendix, Fig. S4). Together, these findings suggest that CS  no difference in mature spine or protrusion density, compared to
4-O-sulfation likely regulates PNN densities in the CA2 hip- ~ CA3 neurons in Ctrl mice (S Appendix, Fig. S5 D-G). As CA2
pocampus via mechanisms independent of both aggrecan stability ~ pyramidal cells are known to gate hippocampal CA3 excitability
and Owx2. via feedforward inhibition (54), it is conceivable that the excess

PNNs surrounding CA2 neurons in Chst11cKO mice may
CS 4-0-Sulfation Regulates Dendritic Spine Maturation and  inhibit CA2 output and thus enhance synaptic transmission
Excitatory-to-Inhibitory Synaptic Ratios. PNNs influence a in the CA3 area, leading to enlarged dendritic spine heads on
broad range of synaptic functions, thereby affecting dendritic ~ CA3 neurons. Taken together, these findings indicate that CS
spine morphology, synapse stability, and both excitatory and ~ 4-O-sulfation is required for the proper maturation of dendritic

inhibitory neurotransmission (53). To examine the effects of CS spines in the hippocampus.
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Fig. 2. Impaired synapse development in Chst11cKO hippocampal neurons. (A) Ctrl and Chst11cKO mice were injected with GFP-expressing lentivirus into
the hippocampal regions. Representative images showing dendritic spines of viral-infected CA1 and CA2 neurons. Mature spines are indicated by white
arrowheads. (Scale bar, 5 um.) (B and C) CA1 neurons from Chst11cKO mice display fewer mature spines with smaller head widths compared to Ctrl mice.
Quantification of the mature spine density is shown in (B). **P < 0.01 vs. Ctrl, Student’s t test. The cumulative distribution curve of spine head widths is shown
in (C). ****P < 0.0001 vs. Ctrl, Kolmogorov-Smirnov test. n = 23 and 22 dendrites from 4 pairs of Ctrl and Chst11cKO mice, respectively. (D and £) CA2 neurons
from Chst11cKO mice display fewer mature spines with similar head widths compared to Ctrl mice. Quantification of the mature spine density is shown in (D).
**%%p < 0.0001 vs. Ctrl, Student's t test. Cumulative distribution curve of spine head widths is shown in (E). n = 13 and 16 dendrites from 4 pairs of Ctrl and
Chst11cKO mice, respectively. (Fand G) Hippocampal neurons from Chst11cKO mice have fewer excitatory synapses and more inhibitory synapses compared
to Ctrl mice. Representative images and quantification of PSD-95 puncta (red) distributed along the dendrites (MAP2, blue) of Ctrl and Chst11cKO neurons are
shown in (F). Representative images and quantification of gephyrin puncta (red) of Ctrl and Chst11cKO neurons are shown in (G). Dendrites were traced with
dotted lines. (Scale bar, 10 um.) ****P < 0,0001 vs. Ctrl, Student’s t test; n = 20 neurons each for Ctrl and Chst11cKO mice. All data are shown as the mean + SEM.
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Dendritic spines harbor most excitatory synapses (55), and
the excitatory-to-inhibitory (E/I) synaptic ratio can serve as a
good indicator of synaptic balance (56). Thus, we investigated
whether loss of CS 4-O-sulfation altered the development of
excitatory and inhibito;y synapses. Chst11cKO mice were
crossed with Chsz1 1" mice, and hippocampal neurons from
each mouse embryo were cultured separately and genotyped
(SI Appendix, Fig. S6A). We observed a large increase in WFA"
PNNs surrounding hippocampal neurons cultured from
Chst11cKO mice compared to Cerl mice (87 Appendix, Fig. S6
Band C), similar to observations in hippocampal brain sections
(Fig. 10). Hippocampal neurons from Chst11cKO mice also
had fewer mature excitatory synapses relative to hippocampal
neurons from Ctrl mice, as measured by a reduction in the den-
sity and size of PSD-95-expressing puncta (Fig. 2F and
SI Appendix, Fig. S6D). A concomitant increase in inhibitory
synapses was observed, as quantified from the density and size
of gephyrin-expressing puncta (Fig. 2G and S/ Appendix,
Fig. S6E). Thus, loss of CS 4-O-sulfation in Chst11cKO hip-
pocampal neurons attenuates excitatory synapse development
and promotes the formation of inhibitory synapses.

We next asked whether these synaptic defects were the result of
1) the higher PNN densities observed in the hippocampus of
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after 2 h of ChABC treatment (87 Appendix, Fig. S7 A—C). Notably,
ChABC treatment fully restored the density and size of both PSD-95
and gephyrin puncta to Cul levels (Fig. 3 A and B and ST Appendix,
Fig. S7 D and E). To investigate the effects of CS sulfation on syn-
apses, we treated Chst11cKO neurons with exogenous, natural
polysaccharides enriched in specific sulfation motifs. Treatment of
Chst11cKO neurons with either CS-A- or CS-E-enriched polysac-
charides restored the number of WFA" PNN-enwrapped neurons
(SI Appendix, Fig. S8 A and B), as well as the density and size of
excitatory synapses (Fig. 3Cand SI Appendix, Fig. S8F), back to Curl
levels. In contrast, CS-C polysaccharides enriched in 6-O-sulfation
had no effect on PNN levels or excitatory synapses (Fig. 3C and
SI Appendix, Fig. S8 B and F), demonstrating the importance of the
sulfation pattern. Interestingly, none of the CS polysaccharides res-
cued the inhibitory synaptic defects of Chstl1cKO hippocampal
neurons (S/ Appendix, Fig. S8 C-E), suggesting that CSPGs and
PNNs regulate excitatory and inhibitory synapses via distinct mech-
anisms. Importantly, the effects of Chsz11 genetic deletion on PNN
density and E/I synaptic ratio were recapitulated by chemical
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Fig.3. Modulation of PNN density or CS 4-O-sulfation levels regulates hippocampal synapses. (A) ChABC treatment rescued the decreased density of excitatory
synapses in Chst11cKO neurons. Representative images and quantification of PSD-95 puncta (red) distributed along the dendrites (MAP2, blue) of the indicated
cultured neurons. (Scale bar, 10 pm.) ****pP < 0.0001 vs. Chst11cKO, one-way ANOVA followed by Tukey's multiple comparisons test; n =10, 11, and 10 neurons for
Ctrl, Chst11cKO, and ChABC-treated Chst11cKO conditions, respectively. (B) ChABC treatment rescued the increased density of inhibitory synapses in Chst11cKO
neurons. Representative images and quantification of gephyrin puncta (red) distributed along the dendrites (MAP2, blue) of the indicated cultured neurons.
(Scale bar, 10 pm.) ****pP < (0.0001 vs. Chst11cKO, one-way ANOVA followed by Tukey's multiple comparisons test; n = 10 neurons per condition. (C) CS-A or CS-E,
but not CS-C, polysaccharides rescued the decreased density of excitatory synapses in Chst11cKO neurons. Representative images and quantification of PSD-95
puncta (red) distributed along the dendrites (MAP2, blue) of the indicated cultured neurons. (Scale bar, 10 pm.) Quantification of PSD-95 puncta number per
10 pm. ****%P < 0.0001 vs. Chst11cKO, one-way ANOVA followed by Tukey's multiple comparisons test; n =15, 13, 14, 10, and 12 neurons for Ctrl, Chst11cKO, and
Chst11cKO neurons treated with CS-A, CS-E or CS-C, respectively. (D) A chemical inhibitor of the CS-E sulfotransferase Chst15 (Inhib, 10 uM in DMSO, 24 h) (57)
elevated PNN levels (Top), decreased the density of excitatory synapses (Middle) and increased the density of inhibitory synapses (Bottom). Hippocampal neurons
were cultured from wild-type C57 mice. DMSO was used as a control (Con). Quantification of the number of WFA™ neurons (normalized to Con) is shown in (D).
**P <0.01 vs. Con, Student’s t test; n = 7 regions each for cultured neurons treated with Con or Inhib. Representative images and quantification of both PSD-95
and gephyrin puncta distributed along the dendrites (MAP2, blue) of the indicated cultured neurons are also shown in (D). (Scale bar, 10 pm.) ***P <0.001, ****p
<0.0001 vs. Con, Student’s t test. For PSD-95, n = 9 and 10 neurons treated with Con or Inhib, respectively. For gephyrin, n = 8 and 9 neurons treated with Con
or Inhib, respectively. All data are shown as the mean + SEM.
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inhibition of CS 4-O-sulfation using a small-molecule sulfotrans-
ferase inhibitor (57) (Fig. 3D and S Appendix, Fig. S8 G and H).
Thus, chemical, enzymatic, or genetic manipulation of the
4-O-sulfation motifs on CSPGs can modulate PNN densities sur-
rounding hippocampal neurons and the balance of excitatory and
inhibitory synapses.

To assess whether the observed synaptic defects alter E/I syn-
aptic transmission, we performed whole-cell patch clamp record-
ings on acute hippocampal slices from Chst11¢KO and Ctrl mice.
As reported previously (58), patch clamping of CA2 neurons is
technically challenging due to the high PNN densities surround-
ing these neurons. Nonetheless, CA2 Chst11cKO neurons showed
a trend toward increased frequency of miniature inhibitory post-
synaptic currents (mIPSCs) compared to Ctrl neurons (= 0.07;
SI Appendix, Fig. S9 A and C), consistent with the increased num-
ber of inhibitory synapses observed in Chst11cKO neurons. The
amplitude of mIPSC and miniature excitatory postsynaptic cur-
rents (mEPSCs) was similar for both CA2 Chst11c¢KO and Ctrl
neurons (8] Appendix, Fig. S9 D and F), and no significant change
in mEPSC frequency was detected (SI Appendix, Fig. S9 B and
E). Our ability to measure decreases in mEPSC frequency may
have been hindered by the low frequencies of CA2 pyramidal
neurons (59). Overall, the data suggest that deletion of CS
4-O-sulfation alters dendritic spine maturation and E/I synapse
ratios and leads to functional deficits in synaptic transmission.

Loss of CS 4-O-Sulfation and Increased PNNs Reduce CREB
Activity in Hippocampal Neurons. Previously, we had shown that
neurotrophins such as brain-derived neurotrophic factor (BDNF)
bind preferentially to 4-O-sulfated CS motifs and form ternary CS-
BDNE-TrkB receptor complexes (60, 61). Cell surface engineering
of cultured hippocampal neurons to display CS polysaccharides
enriched in the CS-A or CS-E motifs led to enhanced neurotrophin
signaling and neurite outgrowth (62), suggesting that CS-A/E
polysaccharides can function as coreceptors to activate neurotrophin
signaling. On the other hand, CSPGs have also been shown to
modulate BDNF-induced denderitic spine growth in cultured cortical
neurons (63) and TrkB phosphorylation in PV* neurons in vitro (64)
via the PTPo receptor. We therefore hypothesized that the synaptic
defects in Chst11cKO neurons might stem from dysregulation of
BDNF signaling. To test this, we examined cyclic AMP-response
element binding protein (CREB), an important regulator of synapse
development and plasticity whose phosphorylation is induced by
BDNF (65, 66). Indeed, the average levels of CREB phosphorylated
at Ser133 (p-CREB) were significantly reduced in the CA2 neurons
of Chst11cKO mice compared to Ctrl mice, whereas total CREB
levels remained unchanged (Fig. 4 A and B and S/ Appendix, Fig. S10
A-C). This reduction was specific to the area CA2, consistent with
the marked change in PNN densities observed in this hippocampal
subregion (Fig. 1C). To assess whether the observed inhibition of
CREB activity was due to the increase in PNN densities surrounding
CA2 neurons, we stereotaxically delivered ChABC or penicillinase
(Pen) as a control into the CA2 hippocampus of adult Chst11cKO
and Curl mice. WFA staining after 2 wk revealed that the PNN levels
of Chst11cKO mice injected with ChABC were comparable to those
of Curl mice injected with Pen (Fig. 4C). Importantly, ChABC-
mediated pruning of PNNs in the CA2 significantly enhanced the
p-CREB levels in Chst11¢KO mice (Fig. 4D). Interestingly, Cerl
mice injected with ChABC showed an increase in p-CREB levels in
the CA2 (Fig. 4D), suggesting that altering basal PNN levels in the
brains of normal adult mice can modulate CREB activity.

We also studied the regulation of p-CREB levels using hip-
pocampal neuronal cultures. Neurons from wild-type C57 mice

enwrapped by PNNs had lower p-CREB levels (S/ Appendix,
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Fig. S11 A and B), and PNN removal using ChABC significantly
increased p-CREB levels, but not total CREB levels, for at least
24 h (SI Appendix, Fig. S11C). Consistent with the in vivo data,
Chst11¢KO neurons had more WFA" PNNs (87 Appendix, Fig. S6
Band C) and reduced p-CREB levels (Fig. 4F and SI Appendix,
Fig. S11D) compared to Ctrl neurons. Moreover, ChABC diges-
tion of the PNNs surrounding Chst11cKO neurons led to a sig-
nificant increase in p-CREB levels, returning them to Cerl levels
(Fig. 4E). Notably, treatment of Chst11cKO neurons with exog-
enous natural polysaccharides enriched in the 4-O-sulfated CS-A
or CS-E motifs, but not the 6-O-sulfated CS-C motif, restored
both the PNN (87 Appendix, Fig. S8 A and B) and p-CREB
(Fig. 4F) levels to Curl levels. Taken together, these data suggest
that 4-O-sulfation of CS polysaccharides regulates the density of
PNNs surrounding hippocampal neurons, thereby modulating
CREB activity and synapse development.

Loss of CS 4-O-Sulfation and High PNN Densities Impair Social
Memory and Elevate Anxiety Levels. Neurological disorders such
as autism, schizophrenia, and fragile X syndrome are characterized
by structural alterations in dendritic spines and synapses (67, 68).
Moreover, mice with targeted CREB mutations or gene deletion
exhibit deficiencies in long-term memory (69, 70). As silencing of
CA2 neurons disrupts social recognition memory (20), we examined
the effects of PNNs and CS 4-O-sulfation on CA2-dependent social
memory. Chst11cKO and Cul mice received bilateral stereotaxic
injections of ChABC or Pen in the CA2 region, followed by a two-
trial social memory test (71). In the first trial, the subject mouse
was allowed to interact with a stimulus mouse for 2 min (Fig. 54).
After 30 min of separation, the subject mouse was then reexposed
in the second trial to the previously encountered stimulus mouse for
2 min. For Ctrl mice injected with Pen, the interaction time with
the stimulus mouse was significantly reduced from the first trial to
the second, indicative of normal social recognition memory (Fig. 5
Band D). In contrast, Chst11c¢KO mice injected with Pen exhibited
no significant reduction in average interaction time between the two
trials (Fig. 5 Cand D). Importantly, Chst11cKO mice injected with
ChABC showed a decrease in average interaction time during the
second trial, suggesting that removal of the excess PNNs rescued
the social memory deficits (Fig. 5 D and F). Interestingly, Cerl mice
injected with ChABC showed no reduction in interaction time from
the first trial to the second (Fig. 5 D and E). Thus, while higher PNN
densities in the area CA2 impair social memory, lower PNN densities
caused by ChABC overdigestion also appear to be detrimental. These
findings suggest that PNN levels are finely balanced in vivo under
physiological conditions to achieve normal social memory function.

Next, we assessed whether loss of CS 4-O-sulfation in Chst11cKO
mice was associated with other brain dysfunctions. Specifically, we
monitored the anxiety level and general locomotor activity of
Chst11cKO mice using the open-field test (OFT). While the total
distance traveled by Chst11cKO mice was comparable to Ctrl mice
(SI Appendix, Fig. S12A), Chstl1cKO mice spent less time in the
center of the open field arena relative to Curl mice (Fig. 5G), sug-
gesting a higher level of anxiety. To verify further the increased
anxiety levels of these animals, we performed the elevated plus maze
(EPM) and light—dark box (LDB) tests (72, 73). Consistent with
the enhanced anxiety levels shown in the OFT, Chst11cKO mice
spent less time in the open arm of the EPM despite traveling com-
parable distances (Fig. 5H and S/ Appendix, Fig. S12B) and less time
in the brightly lit chamber of the LDB compared to Ctrl mice
(Fig. 51).

To probe whether PNNs contribute to the observed anxiety
defects, we injected ChABC or Pen bilaterally into the CA2 region
as before. Indeed, PNN digestion in the CA2 region of Chst1 1cKO
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Fig.4. Reduced p-CREB levelsin Chst11cKO hippocampal neurons can be rescued by treatment with ChABC or 4-O-sulfated CS polysaccharides. (A) Representative
images showing hippocampal slices of Ctrl and Chst11cKO mice stained with a phospho-Ser133 CREB antibody (red) and WFA (green). The Left panels show
images of the CA2 and CA3 regions. (Scale bar, 200 pm.) The Right panels show the cropped and magnified images of the CA1, CA2, and CA3 regions used for
quantifications. (Scale bar, 50 pm.) (B) Quantification of the average p-CREB fluorescence intensity per neuron in the indicated hippocampal regions (normalized to
Ctrl CA1 region). *P < 0.05 vs. Ctrl, Student's t test; n = 6 pairs of Ctrl and Chst11cKO mice. (C) ChABC or penicillinase (Pen) was injected bilaterally into hippocampal
CA2 regions. Representative images of Ctrl and Chst11cKO hippocampal slices 2 wk after injection. Slices were stained with WFA (green) and an anti-PCP4 antibody
(blue; lower panels in gray scale). (Scale bar, 500 pm.) (D) Quantification of the average p-CREB fluorescence intensity per neuron (normalized to Pen-treated
Ctrl mice) in the CA2 region for each condition.**P < 0.01, ****P < 0.0001, two-way ANOVA, Genotype x Treatment: F(1,33) = 1.181, P = 0.2850 for CA2; n =10,
9, 9, and 9 slices from 3 mice each for Ctrl Pen, Ctrl ChABC, Chst11cKO Pen, and Chst11cKO ChABC conditions, respectively. (E) Quantification of p-CREB levels
for Ctrl, Chst11cKO, and ChABC-treated Chst11cKO neuronal cultures (normalized to Ctrl). ****P < 0.0001 vs. Chst11cKO, one-way ANOVA followed by Tukey's
multiple comparisons test; n = 300 to 400 neurons for each condition. (F) Treatment with 4-O-sulfated CS-A or CS-E polysaccharides, but not 6-O-sulfated CS-C
polysaccharides, rescued the p-CREB levels in Chst11cKO neurons. Quantification of p-CREB levels for Ctrl, Chst11cKO, and CS polysaccharide-treated (20 pg/mL,
24 h) Chst11cKO neurons. *P < 0.05, ****P < 0.0001 vs. Chst11cKO, one-way ANOVA followed by Tukey's multiple comparisons test; n = ~100 to 150 neurons
for each condition. All data are shown as the mean + SEM.
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mice decreased the higher anxiety levels, restoring them to similar
levels as Pen- or ChABC-injected Ctrl mice (Fig. 5 /~L) without
affecting locomotor activity (SI Appendix, Fig. S12 C and D).
Interestingly, contrary to what we observed for social memory (Fig. 5
D and E), no significant differences in anxiety-related OFT and LDB
behavior were detected between Pen- and ChABC-injected Cerl mice
(Fig. 5 /and L), although a reduction in the open arm duration was
observed in the EPM (Fig. 5K). Thus, PNN digestion solely in the
CA2 region of Ctrl mice appears to be sufficient to alter social

PNAS 2023 Vol.120 No.24 e2301312120

recognition memory but not anxiety levels. Nonetheless, restoring
PNN densities in the CA2 hippocampus of Chst11cKO mice to
normal Cul levels is sufficient to rescue the observed anxiety-like
behavior.

Hippocampal-Specific Deletion of Chst11 Increases PNN Densities
in the CA2 Region and Leads to Impaired Social Memory. As previous
studies have suggested that inactivation of CA2 pyramidal neurons
does not influence anxiety-like behavior (20), we further explored
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Fig.5. Loss of CS 4-O-sulfation and high PNN densities in the area CA2 impair social memory and increase anxiety. (A) Schematic depicting the two-trial social
memory test employed in this study. (B and C) Chst11cKO mice exhibit impairments in social memory that are not observed in Ctrl mice. Interaction times are
shown for Ctrl mice (B, **P < 0.01 vs. trial 1, paired Student’s t test; n = 9) or Chst11cKO mice (C, not significant; n = 11) injected with Pen. Each circle represents
an individual subject. (D-F) Injection of ChABC into the CA2 region rescued the social memory deficits in Chst11cKO mice and impaired social memory in Ctrl
mice. The average ratio of the 2nd to the 1st interaction time for each condition is shown in (D). **P < 0.01, two-way ANOVA, Genotype x Treatment: F(1,36) =
29.90, P <0.0001; n=9, 11, 10, and 10 mice for Ctrl Pen, Chst11cKO Pen, Ctrl ChABC, and Chst11cKO ChABC groups, respectively. Interaction times are shown
for Ctrl mice (£, not significant; n = 10) or Chst11cKO mice (F, ***P < 0.001 vs. trial 1, paired Student's t test; n = 10) injected with ChABC. (G-/) Chst11cKO
mice exhibit elevated anxiety levels compared to Ctrl mice. The average percentage of time spent in the center of the arena during the OFT is shown in (G).
**P <0.01 vs. Ctrl, Student's t test; n = 12 Ctrl and 10 Chst11cKO mice. The average percentage of time spent in the open arms of the EPM is shown in (H). *P <
0.05 vs. Ctrl, Student's t test; n = 10 Ctrl and 11 Chst11cKO mice. The average percentage of time spent in the lighted box of the LDB is shown in (/). *P < 0.05 vs.
Ctrl, Student's t test; n =10 Ctrl and 11 Chst11cKO mice. (J-L) PNN digestion in the CA2 region restored the anxiety levels of Chst11cKO mice back to Ctrl levels,
as shown in the OFT and LDB tests. For the OFT (J), **P < 0.01 vs. Chst11cKO Pen, two-way ANOVA, Genotype x Treatment: F(1,54) = 3.253, P = 0.0769; n = 13,
13, 16, and 16 mice for Ctrl Pen, Chst11cKO Pen, Ctrl ChABC, and Chst11cKO ChABC groups, respectively. For the EPM (K), *P < 0.05, ***P < 0.001 vs. Ctrl Pen,
two-way ANOVA, Genotype x Treatment: F(1,48) = 11.32, P=0.0015; n =13, 12, 13, and 14 mice for Ctrl Pen, Chst11cKO Pen, Ctrl ChABC, and Chst11cKO ChABC
groups, respectively. For the LDB (L), *P < 0.05, **P < 0.01 vs. Chst11cKO Pen, two-way ANOVA, Genotype x Treatment: F(1,52) = 11.75, P=0.0012; n=14,13, 15,
and 14 mice for Ctrl Pen, Chst11cKO Pen, Ctrl ChABC, and Chst11cKO ChABC groups, respectively. All data are shown as the mean + SEM.
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the region-specific effects of Chstl1 deletion. A Cre-recombinase-
expressing virus was employed to knock out Chsz1 1 with high regional
and temporal specificity in the CA2 region. Adule Chstl ™"
mice were stereotaxically injected with viruses expressing either
mCherry-tagged Cre recombinase (AAV5-CaMKlIla-mCherry-
Cre, Cre) or only mCherry (AAV5-CaMKIIa-mCherry, Con) under
the control of the calcium/calmodulin-dependent protein kinase II
(CaMKII) promoter (Fig. 6A4). This restricted Cre expression and
hence Chst11 gene deletion specifically to excitatory neurons in the
CA2 hippocampus (74). Accordingly, we observed a robust mCherry
signal in the CA2 region of Cre-injected Chst11™""" mice three
weeks after virus injection, indicative of region-specific Cre expression
in this area (Fig. 64). The CA2-specific loss of CS 4-O-sulfation was
confirmed in mCherry-positive neurons by immunostaining with an
anti-CS-E antibody (87 Appendix, Fig. S13A). Similar to Chst11cKO
mice, Cre-injected Chst1 1™ mice showed a significant increase
in WFA" PNN-enwrapped neurons (Fig. 64) and a reduction in
p-CREB levels in the CA2 region compared to Con-injected mice
(Fig. 6B). These results demonstrate that modulation of CS 4-O-
sulfation specifically in the CA2 region of adult mice is sufficient to
alter PNN densities and CREB activity in the hippocampus.

Next, we examined the social memory and anxiety-like behavior
of these mice. While Con-injected mice displayed a significant
reduction in social interaction time in the second trial, Cre-injected
mice spent an equal amount of time in both trials (Fig. 6 C-E),
indicating that CA2-specific Chst1 I deletion leads to social memory
defects. Despite the increased anxiety-like behavior observed in
Chst11cKO mice (Fig. 5 G-1), CA2-specific deletion of Chst11 at
adulthood did not alter anxiety levels. Cre-injected Chst1 17" mice
showed comparable anxiety levels to Con-injected Chst1 1™
mice, as assessed by the OFT, EPM, and LDB tests (S Appendix,
Fig. S13 B-D). Taken together with our earlier observations that
ChABC treatment did not affect anxiety levels in the Cerl mice
(Fig. 5 /L), these findings suggest that CS 4-O-sulfation may influ-
ence anxiety-like behaviors through complex mechanisms involving
CA2 neurons and other brain regions. Nevertheless, the results indi-
cate that CA2-specific deletion of CS 4-O-sulfation at adulthood is
sufficient to drive malformation of PNNs and social memory
dysfunction.

Discussion

In this study, we demonstrate that 4-O-sulfated CS, the dominant
sulfation motif on CSPGs in the adult brain, plays a critical role
in regulating PNN levels and E/I synapse balance in the adult
hippocampus. Brain-wide deletion of chondroitin 4-O-sulfation
led to elevated PNNG, particularly in the CA2 hippocampus, and
thereby disrupted CREB activation, synapse development, and
social memory in mice. Modulation of 4-O-sulfation levels via
other methods, including viral-mediated gene deletion and chem-
ical inhibitors of CS sulfotransferases recapitulated the effects of
Chst11 gene knockout, while ChABC and exogenous 4-O-sulfated,
but not 6-O-sulfated, CS polysaccharides rescued the effects.
Collectively, our data demonstrate that CS 4-O-sulfation is essential
for the proper functioning of the hippocampus and contributes to
higher brain functions.

During mouse brain development, the proportion of chondroitin
4-O-sulfation on CSPGs progressively increases, while the proportion
of chondroitin 6-O-sulfation decreases (16, 28). The function of
6-O-sulfation on CSPGs has been studied in the developing VC,
where it was tightly linked to PNNs surrounding PV-expressing
GABAergic inhibitory interneurons (16, 75). Transgenic mice over-
expressing the 6-O-sulfotransferase C6ST-1 showed fewer PNNs
enwrapping PV" interneurons and prolonged ocular dominance
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plasticity (16), leading to the proposal that a low 4S/6S ratio regulates
the functional maturation of PV-expressing interneurons and main-
tains plasticity in the VC. Based on these results, chondroitin
4-O-sulfation was inferred to be a molecular brake that inhibits ocular
dominance plasticity at the end of the critical period (28). Consistent
with an inhibitory role, 4-O-sulfated CS motifs are also up-regulated
in the glial scar after CNS injury and limit axon regeneration and
neuroplasticity (29, 30). Knockdown of Chst11 in zebrafish led to
loss of chondroitin 4-O-sulfation and enhanced regeneration after
spinal cord injury (31). However, the precise functions of 4-O-sulfated
structures such as CS-A, which represents about 90% of the total CS
and is the most abundant glycosaminoglycan structure in the adult
brain, are not well understood. In this study, we directly examined
the roles of 4-O-sulfation in the adult uninjured brain. We observed
impaired dendritic spine maturation, an imbalance of E/I synapses,
together with elevated anxiety levels and social memory defects, in
mice with a brain-specific deletion of the chondroitin
4-O-sulfotransferase Chst11 gene. Our findings indicate critical albeit
nuanced roles for chondroitin 4-O-sulfation in the regulation of
PNNs and neuroplasticity, with distinct roles depending on the cell
type, developmental stage, and brain region. Thus, the sulfation pat-
terns on CSPGs must be finely tuned in a cell-type-specific manner,
both during critical periods of development and throughout
adulthood.

We found that CS 4-O-sulfation in PNNs modulated CREB
activity important for excitatory synapse development and matura-
tion in the CA2 hippocampus. Brain-wide ablation of 4-O-sulfation
markedly increased PNNs and caused fewer mature dendritic spines
in the CA2 region. Furthermore, a decrease in E/I synapse ratio was
observed in hippocampal neurons cultured from mice lacking
4-O-sulfation. Previous studies by our lab and others have shown
that 4-O-sulfated CS motifs presented on cell surfaces are specifically
recognized by neurotrophins such as BDNF and can stimulate
neurotrophin-mediated neurite growth (60, 62, 76). Moreover,
BDNF-TrkB pathway activation and enhanced CREB activity pro-
mote dendritic spine maturation (77, 78), while loss of BDNF via
Cre-mediated bdnf deletion specifically in postmitotic neurons
impairs dendritic spine growth (79). Thus, we postulated that the
observed synaptic defects might be caused by dysregulation of
BDNF-CREB signaling. In accordance with this hypothesis, CREB
activity was significantly reduced in CA2 neurons of Chst11cKO
mice compared to Ctrl mice, and this activity was rescued by restoring
PNN levels to normal Ctl levels. Notably, the deficits in PNNs,
CREB activation, and synapses could also be recapitulated by decreas-
ing CS 4-O-sulfation levels in wild-type hippocampal neurons using
a CS sulfotransferase chemical inhibitor. Moreover, restoration of CS
4-O-sulfation levels in Chst11cKO neurons using natural CS-A or
CS-E polysaccharides reduced the PNN densities and returned
CREB activity to normal levels. We propose that the sulfation pat-
terns on CSPGs in PNNs may regulate CREB activity and dendritic
spine maturation via at least two distinct mechanisms. First, chon-
droitin 4-O-sulfation levels modulate the density of PNNs, which
can act as “molecular sieves” to control diffusion and access of extra-
cellular ligands such as BDNF to neuronal cell surfaces. Second, the
presentation of 4-O-sulfated motifs on CSPGs within PNNs can act
as “molecular scaffolds” for extracellular ligands (52, 80), which facil-
itates the specific recruitment of BDNF and possibly other ligands
to the surface of hippocampal neurons and assists in ligand-receptor
activation. In support of these mechanisms, we have previously
shown that natural CS-E polysaccharides are capable of forming
ternary CS-BDNEF-TrkB complexes (60, 61) and promoting both
neurotrophin pathway activation and neurite outgrowth (62). In
Chst11cKO mice, the increased PNN densities, combined with the
loss of 4-O-sulfation motifs important for proper BDNF function,
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Fig.6. CA2-specific deletion of Chst717 increases PNN densities and impairs social memory. (A) CA2 region-specific Chst11 deletion using AAV-CaMKlla-mCherry-
Cre (Cre) results in increased PNN densities. Representative images of the CA2 region from Cre-injected or AAV-CamKlla-mCherry (Con)-injected mice are
shown. Hippocampal slices were labeled with mCherry (red), anti-PCP4 antibody (blue), and WFA (green). (Scale bar, 50 pm.) Quantification of the PNN density,
measured as the number of WFA™ neurons in the CA2 region (normalized to Con). ****p < 0.0001 vs. Con, Student's t test; n = 10 brain slices each from 4 pairs
of Cre- and Con-injected mice. (B) Reduced p-CREB levels in the CA2 region of Cre-injected floxed Chst77 mice. Representative images showing the CA2 regions
of Con- and Cre-injected floxed Chst77 mice, stained with p-CREB antibody (gray scale in separate image; blue in merged image), mCherry (red), and WFA (green).
Quantification of p-CREB levels in the CA2 regions of Cre-injected floxed Chst77 mice and Con-injected mice. *P < 0.05 vs. Con, Student’s t test; n = 12 slices each
from 4 pairs of Con- and Cre-injected animals. (C-E) Cre-injected mice displayed impaired social memory compared to Con-injected mice. The ratio of the 2nd to
the 1st interaction time for Con- and Cre-injected mice is shown in (C). *P < 0.05 vs. Con, Student's t test; n = 10 and 9 for Con-injected and Cre-injected mice,
respectively. Interaction times for Con-injected mice (D, **P < 0.01 vs. trial 1, paired Student's t test; n = 10) and Cre-injected mice (E, not significant; n = 9). Each
circle represents an individual subject. All data are shown as the mean + SEM.
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likely account for the observed reduction in CREB activity and syn-
aptic defects. Overall, our studies suggest that 4-O-sulfation of
CSPGs plays a critical role in controlling PNN densities and main-
taining optimal levels of ligand-receptor engagement at the cell sur-
face, thereby regulating CREB activity essential for synapse
development and hippocampal function. It is worth noting that
additional proteins and cell types may also play a role. For example,
semaphorin 3A has been shown to bind PNNs via 4-O-sulfated CS-E
motifs and to promote dendritic spine development and the cluster-
ing of postsynaptic molecules (81-83). Moreover, Sema3F is a neg-
ative regulator of spine development, and the CSPG neurocan
inhibited Sema3F-induced spine elimination (84, 85). Microglia,
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astrocytes, and oligodendrocytes have also been shown to regulate
dendritic spine development, and astrocytes are a known source of
BDNF (86-88). Additional studies will be needed to fully elucidate
the mechanisms contributing to the synaptic defects observed in
Chst11cKO mice.

Emerging evidence suggests that PNNs contribute to cognitive
functions in multiple brain regions, including cortical regions, the
hippocampus, and the cerebellum (39, 89, 90). However, these con-
clusions were obtained by destroying PNNs using ChABC, and they
raise another important question—do PNNs require optimal levels
and precise timing to perform these specific functions? In our work,
we demonstrate not only that ablation of CA2 PNNs impairs social
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memory but also that a CA2-specific and adult-specific increase of
PNN is sufficient to drive social memory dysfunction. We found
that social memory was impaired when PNN levels were either too
high, as observed in Chstl1cKO mice, or too low, as observed in
ChABC-treated Cirl mice. Consistent with these latter observations,
PNN digestion in the area CA2 was recently reported to disrupt
long-term depression of inhibitory transmission (iLTD) and social
memory formation in mice (25). Notably, we found that CA2
region-specific deletion of 4- O-sulfation was sufficient to cause mal-
formation of PNNs and social memory deficits. Furthermore, the
addition of natural CS-A or CS-E polysaccharides to cultured neu-
rons deficient in CS 4-O-sulfation restored the PNN levels and E/I
synapse ratios back to normal. Together, these observations suggest
that dynamic modulation of CS 4-O-sulfation may enable the
fine-tuned control of PNNs and allow for the remediation of E/I
imbalances and CA2-associated dysfunctions.

In addition to affecting social memory, our studies suggest that
chondroitin 4-O-sulfation and PNNs influence anxiety-related
behaviors. Although Chst11c¢KO mice showed elevated anxiety lev-
els, Chstl 1-floxed mice injected with Cre in the CA2 hippocampus
did not exhibit anxiety defects, suggesting the involvement of other
brain regions in anxiety regulation. Consistent with these observa-
tions, previous studies have reported that silencing of CA2 output
affects social memory but not anxiety-like behaviors, spatial memory,
or contextual memory (20, 25). Multiple brain areas and their inter-
connections have been suggested to regulate anxiety such as the
amygdala, medial prefrontal cortex, hypothalamus, and the ventral
CAL region of the hippocampus (91). As the Chst11 gene deletion
in Chst11c¢KO mice occurred in all brain regions, the elevated anx-
iety levels of Chst11cKO mice are likely due to the loss of
4-O-sulfation in brain regions other than CA2. Interestingly, how-
ever, restoring PNN densities only in the CA2 hippocampus to
normal Ctrl levels was sufficient to rescue the anxiety-like behaviors
of Chst11cKO mice. These findings suggest that while the cause of
anxiety can be attributed to loss of 4-O-sulfation in multiple brain
regions, release of CA2 activity by PNN removal may activate certain
brain circuits and thereby produce anxiolytic effects. Transgenic ani-
mals lacking 4-O-sulfation or other CS sulfation motifs may be
valuable models in this regard and contribute to a deeper under-
standing of anxiety, autism, and other neuropsychiatric disorders.

Pathological alterations in PNNs and CS sulfation are associated
with neurodegenerative, neurodevelopmental, and mental disorders
characterized by changes in cognition, emotion, and memory loss
(13,92, 93). For example, PNN numbers were significantly reduced

1. AVarki, Biological roles of glycans. Glycobiology 27, 3-49 (2017).

2. J.Y.Zhou, B.A. Cobb, Glycans in immunologic health and disease. Annu. Rev. Immunol. 39,
511-536(2021).

3. K.Ohtsubo, J. D. Marth, Glycosylation in cellular mechanisms of health and disease. Cell 126,
855-867 (2006).

4. S.Mereiter, M. Balmafia, D. Campos, J. Gomes, C. A. Reis, Glycosylation in the era of cancer-targeted
therapy: Where are we heading? Cancer Cell 36, 6-16 (2019).

5. J.leeetal, Spatial and temporal diversity of glycome expression in mammalian brain. Proc. Natl.
Acad. Sci. U.S.A. 117, 28743-28753 (2020).

6. H.Xiao, W. Chen, J. M. Smeekens, R. Wu, An enrichment method based on synergistic and
reversible covalent interactions for large-scale analysis of glycoproteins. Nat. Commun. 9, 1692
(2018).

7. R.Kleene, M. Schachner, Glycans and neural cell interactions. Nat. Rev. Neurosci. 5, 195-208
(2004).

8. S.A.Springer, P. Gagneux, Glycan evolution in response to collaboration, conflict, and constraint. J.
Biol. Chem. 288, 6904-6911(2013).

9. A.Dityatev, M. Schachner, P. Sonderegger, The dual role of the extracellular matrix in synaptic
plasticity and homeostasis. Nat. Rev. Neurosci. 11, 735-746 (2010).

10. E.E.Benarroch, Extracellular matrix in the CNS: Dynamic structure and clinical correlations.
Neurology 85,1417-1427 (2015).

11, J.W. Fawcett, T. Oohashi, T. Pizzorusso, The roles of perineuronal nets and the perinodal extracellular
matrix in neuronal function. Nat. Rev. Neurosci. 20, 451-465 (2019).

12. R.K.Rehetal,, Critical period regulation across multiple timescales. Proc. Natl. Acad. Sci. U.S.A. 117,
23242-23251(2020).

PNAS 2023 Vol.120 No.24 e2301312120

in individuals with schizophrenia (94, 95), and altered CS sulfation
patterns, particularly 4-O-sulfated motifs, were observed in the post-
mortem brains of human subjects with Alzheimer’s disease, bipolar
disorder, and schizophrenia (92, 96). Abnormal PNN formation was
also detected in the CA2 hippocampus of Rett syndrome (Mecp2-null)
and autism (Black and Tan Brachyury (BTBR) 7™+ /spr34f]] strain)
mouse models (97, 98). Our studies reveal that CS 4-O-sulfation
regulates PNNs in the adult hippocampus and contributes to the
proper balance of excitatory and inhibitory synapses, as well as hip-
pocampal cognitive abilities such as social memory. Importantly, we
demonstrate that enzymatic or chemical manipulation of chondroitin
4-O-sulfation levels specifically in adulthood may allow for the
dynamic modulation of PNN levels, remediation of synaptic E/I
imbalances, and CA2-dependent social behaviors. Thus, treatments
that target chondroitin 4-O-sulfation may represent a strategy to
address diseases with synaptic disturbances in E/I balance or
PNN-associated pathologies, including autism, Rett syndrome, schiz-
ophrenia, and Alzheimer’s disease. More broadly, our studies identify
an important role for the polysaccharides on CSPGs in the adult
hippocampus and further highlight the importance of elucidating
the roles of glycans in cognitive functions and neurological diseases.

Materials and Methods

All materials and methods are described in the S/ Appendix, including Animals,
Antibodies and Chemicals, Analysis of CS Disaccharide Composition, Neuronal
Cultures and Chemical Treatments, Inmunohistochemistry, Viruses, Stereotaxic
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