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Introduction
Rett syndrome (RTT) is a neurodevelopmental disorder caused
by a loss-of-function mutation in the gene methyl-CpG-binding
protein 2 (MECP2), affecting about 1 in 10,000 girls worldwide
(1, 2). The MECP2 gene is located on the X chromosome, and
MeCP2 functions as a transcriptional regulator, both activating
and repressing various target genes (3, 4). A defining characteris-
tic of RTT symptomatology is apparently normal development in
the first year of life, followed by a rapid, profound regression in
cognitive, motor, and social function. Some common symptoms
of RTT include loss of coordination and language skills, develop-
ment of stereotypic hand movements, severe autonomic dysfunc-
tion, and recurrent seizures (5-10). It is also typical for girls with
RTT to exhibit autistic-like behaviors such as social avoidance
(11, 12). Early studies of postmortem brain tissue from individu-
als with RTT revealed a reduced number of dendritic spines and
presynaptic markers, and rodent studies revealed deficits in neu-
rogenesis, synaptic plasticity, and experience-dependent synapse
remodeling (1, 13-16). Although symptoms develop approximate-
ly 1 year into postnatal life in humans, abnormalities in the RTT
mouse brain appear to develop prior to the presentation of symp-
toms (17-24). Much research has focused on understanding the
initiation and progression of RTT and how MECP2 mutation may
disrupt critical periods of early learning and memory.

Among the pathologies that have been observed in the RTT
brain are aberrant perineuronal nets (PNNs), a specialized extra-
cellular matrix (ECM), which typically deposit around inhibitory
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Perineuronal nets (PNNs), a specialized form of extracellular matrix, are abnormal in the brains of people with Rett syndrome
(RTT). We previously reported that PNNs function to restrict synaptic plasticity in hippocampal area CA2, which is unusually
resistant to long-term potentiation (LTP) and has been linked to social learning in mice. Here we report that PNNs appear
elevated in area CA2 of the hippocampus of an individual with RTT and that PNNs develop precociously and remain elevated
in area CA2 of a mouse model of RTT (Mecp2-null). Further, we provide evidence that LTP could be induced at CA2 synapses
prior to PNN maturation (postnatal day 8-11) in wild-type mice and that this window of plasticity was prematurely restricted
at CA2 synapses in Mecp2-null mice. Degrading PNNs in Mecp2-null hippocampus was sufficient to rescue the premature
disruption of CA2 plasticity. We identified several molecular targets that were altered in the developing Mecp2-null
hippocampus that may explain aberrant PNNs and CA2 plasticity, and we discovered that CA2 PNNs are negatively regulated
by neuronal activity. Collectively, our findings demonstrate that CA2 PNN development is regulated by Mecp2 and identify a
window of hippocampal plasticity that is disrupted in a mouse model of RTT.

neurons in the brain and have been implicated in several psychi-
atric and neurological disorders (25-29). In the normal brain,
PNNs first appear during postnatal development and gradually
increase until they are fully mature in adulthood (29-32). Their
development is modulated by early-life experience (33-36), and
mature PNNs can be altered by neuronal activity, such as seizure
(37-39). PNNs have been implicated in a wide variety of functions,
with recent focus on their role in limiting plasticity during criti-
cal windows of development (40-44). PNN pathology was first
identified in motor cortices of postmortem human RTT tissue,
where PNN-positive neurons were both more numerous and more
intensely stained in layers III and V of motor cortex in comparison
with control cases (27). Similarly, in a mouse model of RTT, PNNs
associated with inhibitory neurons in the visual cortex were found
to mature precociously and to be associated with an accelerated
onset and closure of critical-period plasticity (45-47). These find-
ings reveal a link between the loss of Mecp2 and PNN pathology in
several different brain regions and a possible link between PNN
pathology and impaired critical windows of plasticity. To this end,
we sought to investigate PNNs in the hippocampus of a mouse
model of RTT (genetic knockout of the Mecp2 gene; Mecp2-null),
aregion associated with many learning and memory impairments
exhibited in RTT.

Several transgenic and knockout mouse models of RTT have
been generated that mimic human RTT clinical symptomatology
and exhibit both neurobiological and behavioral impairments (14,
48, 49). These mice exhibit reductions in dendritic spine number,
impairments in excitatory and inhibitory transmission, aberrant
neurogenesis, and disorganization of axonal fibers (18, 50-52).
Although RTT typically affects young girls, Mecp2-null male mice
are often used as a model of RTT, for several reasons: (a) a homo-
zygous knockout of Mecp2, an X-linked gene, is uncommon in the
Mecp2-null female (Mecp27-) because Mecp2-null males are unable
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to breed, while the heterozygous Mecp2-null (Mecp27*) results in
a partial knockout and mosaic expression of Mecp2 in the brain
(53); (b) heterozygous females, which we used for breeding in this
study, do not present Rett-like symptomatology during early post-
natal development but instead present delayed and variable phe-
notypic progression; (c) the onset of pathology in the Mecp2-null
males occurs in early postnatal development, a delay that gener-
ally mimics the apparently normal early development and subse-
quent decline around 10-14 months of age that are characteristic
of individuals with RTT; and (d) in general, the severity of pheno-
typic impairments observed in the Mecp2-null males more closely
models the presentation of clinical features relative to the hetero-
zygous female. Whether neurological dysfunction develops prior
to the onset of RT'T symptoms remains unclear, but several rodent
studies suggest that abnormalities are present at presymptomatic
ages (19, 22, 54, 55). Understanding when and how neurological
dysfunction develops in the absence of Mecp2 will be critical for
the ultimate goal of identifying early windows of intervention in
individuals with RTT.

In this study, we aimed to determine whether PNN pathology
was present in the hippocampus of a mouse model of RTT during
early development. We focused specifically on hippocampal area
CA2, a population of excitatory pyramidal neurons that distinctly
express PNNs in the hippocampus of both mouse and human (29,
56-59). Unlike in neighboring hippocampal subregions, CA2 syn-
apses are resistant to the induction of plasticity at synapses in the
stratum radiatum (60). The function of plasticity resistance in CA2
remains to be established, although recent work points to a role for
CA2in social learning and behavior (61-65). We previously identi-
fied PNNs as a negative regulator of plasticity at CA2 synapses of
acute hippocampal slices (29, 66). Given that MeCP2 is a known
regulator of critical-period plasticity in the developing brain and
that PNNs are heavily implicated in regulating critical windows of
plasticity, we aimed to determine whether Mecp2 deletion resulted
in PNN pathology in the developing hippocampus, particularly in
area CA2 where PNNs are observed around pyramidal neurons.

Results

PNNs are increased in human RTT CA2 and develop prematurely in
CA2 of a mouse model of RTT. PNNs function as at least one brake
on synaptic plasticity in CA2 (29). Interestingly, previous studies
have found that PNN structural complexity is increased in motor
cortex of individuals with RTT and in visual cortex of Mecp2-null
mice (27, 47). To determine whether PNNs may be altered in the
human RTT hippocampus, we stained postmortem human tissue
from an individual with RTT (NIH NeuroBioBank) with an anti-
body against the PNN component HAPLN1 link protein (58). First
we identified CA2 pyramidal cells in human hippocampus with
the CA2 marker RGS14 (67) (Figure 1A). We next validated that
PNNs localize to human area CA2 in control tissue. We found that
HAPLNT1 stain was concentrated in area CA2 (Figure 1B) and that
the HAPLNI1 stain was darker in hippocampal tissue from the indi-
vidual with RTT than in tissue from an age-matched healthy indi-
vidual (Figure 1B). Higher-magnification images revealed dense
localization of HAPLNI stain to stratum pyramidale and stratum
radiatum (SR) layers, with the highest intensity of staining being in
the SR of the individual with RTT. Given the variability of the qual-
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ity of human tissue, we next sought to determine whether PNN
deposition may be similarly altered in CA2 in a mouse model of
RTT in which we could more precisely control staining conditions.

Clinical features of RTT typically present after the first year of
life and rapidly increase in severity over the next several years (68).
We therefore investigated PNN deposition in the hippocampus
over the course of postnatal development in a mouse model of RTT
wherein Mecp2 is deleted (Mecp2-null). Staining for mature PNNs
with the marker Wisteria floribunda agglutinin (WFA) first appears
in hippocampal area CA2 around postnatal day 14 (P14) in control
mice and increases in intensity up to adulthood (29). We therefore
quantified WFA staining in tissue from Mecp2-null animals at P14,
P21, and P45 and found that staining for WFA was significantly
greater in area CA2 in Mecp2-null mice compared with WT litter-
mates at each of these ages (2-way ANOVA, Bonferroni’s post hoc
test, **P < 0.004, ***P < 0.0001, normalized to WT P45; Figure 1,
C and D). Interestingly, WFA staining around PNN" interneurons
in area CAl and CA3 did not differ between Mecp2-null and WT
littermates (P > 0.05; Figure 1D). We next looked at an age prior
to the normal maturation of PNNs at P14 observed in WT mice to
determine whether CA2 PNNs may develop precociously in RTT.
We found that PNN staining was more intense at P11 in Mecp2-
null mice compared with WT littermates (***P = 0.0005, 2-tailed
unpaired ¢ test, normalized to WT littermate; Figure 1, E and F),
indicating that PNNs develop prematurely in CA2 of RTT mice.

MeCP2 is expressed in multiple cell types throughout the
brain, including inhibitory interneurons, astrocytes, and microg-
lia, which have been implicated in the behavioral deficits observed
in RTT model mice (69-72). We therefore targeted the deletion of
Mecp2 to CA2 pyramidal neurons to investigate the cell-autono-
mous effect of the loss of Mecp2 in CA2 pyramidal neurons. We
crossed a line of mice expressing Cre recombinase in CA2 pyra-
midal neurons (Amigo2-Cre; ref. 73) with a floxed-Mecp2 mouse.
This targeted deletion resulted in an increase in WFA staining in
CA2 — similar to that observed in the Mecp2-null mice — and not
in PNN* neurons in neighboring CA1 and CA3 regions (Supple-
mental Figure 1; supplemental material available online with this
article; https://doi.org/10.1172/JCI1137221DS1).

Potentiation at CA2 SR synapses can be induced in early postna-
tal development, before PNN maturation. To determine whether this
premature development of PNNs had effects on synaptic plastici-
ty, we first needed to characterize plasticity earlier than P11in WT
mice. We previously reported that excitatory responses evoked at
CA2 SR synapses in P14-18 mice do not express typical long-term
potentiation (LTP), and that enzymatic PNN degradation enables
LTP induction (29). Because we found that PNNs are sufficient to
suppress LTP at excitatory synapses in CA2, we hypothesized a
relationship between the onset of PNN deposition and capacity for
LTP induction. First, we validated that mature PNNs were indeed
undetectable in area CA2 at P11 in WT mice using a sensitive DAB
reaction (Figure 2A; see also Noguchi et al. for staining of the PNN
marker aggrecan [ref. 59]). We next tested whether LTP could be
induced at CA2 SR synapses at an age prior to PNN maturation
(<P14) in WT C57BL/6 male mice. In acutely prepared hippocam-
pal slices, stimulating CA2 SR synapses (Figure 2B) with an LTP
pairing protocol (3 Hz stimulation while depolarizing the cell to O
mV) was sufficient to induce LTP at P8-11 CA2 SR synapses from
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Figure 1. PNNs are increased in human RTT CA2 and
develop prematurely in CA2 of a mouse model of RTT.
(A) Staining for the CA2-enriched protein RGS14 labels
CA2 pyramidal neurons in control human hippocam-

pal tissue in the stratum pyramidale (SP) and stratum
radiatum (SR), but less in the stratum oriens (S0). Scale
bars: 1 mm (top), 100 um (bottom). (B) HAPLN1, a PNN
link protein, is localized to area CA2 in a healthy human
hippocampus (relative to background: CA1, 0.57; CA2,
1.67; CA3, 0.082). HAPLN1 appears greater in hippocampal
tissue from an age- and sex-matched individual with RTT

(relative to background: CA1, 1.06; CA2, 2.87; CA3, 0.52).
Scale bars: 1mm (top), 100 um (bottom). (C) Left: Stain-
ing for the PNN marker WFA (green) is greater in Mecp2-
null CA2 compared with WT littermates throughout early

postnatal development. Scale bars: 200 um. (D) Normal-
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ized WFA fluorescence intensity was significantly greater
in Mecp2-null CA2 (n = 4, 4, 5 for ages P14, P21, P45,
respectively) compared with WT littermates (n=4, 3,5
for ages P14, P21, P45, respectively); **P = 0.004, ****P <
0.0001, 2-way ANOVA, Bonferroni’s post hoc test, signifi-
cant main effects of age F, , = 194.8, condition F,; = 110.5,
and interaction F,__ = 4.913. Indicated are means + SEM.

20 CA2 PNNS ,,pn o 218 = X '
o< — In addition, WFA staining surrounding PNN* neurons in
% 15 i " CA1 and CA3 did not differ between Mecp2-null males
E 240 'T,; -f; and WT littermates; P > 0.05, 2-way ANOVA. Indicated
= g L e are means + SEM. (E) Staining intensity for WFA (green)
295 = is greater in area CA2 of Mecp2-null at P11 compared with
WT P21 Mecp2-null P21 0 . . . WT littermate. The CA2 pyramidal ne.uron blord.ers with
- P14 P21 P45 areas CA1and CA3 are represented with white lines. Scale
c 20 CA1 PNNs bars: 200 um. (F) Normalized WFA fluorescence intensity
g 215 was significantly greater in CA2 of P11 of Mecp2-null;
ge,, ol o ***P = 0.0005, 2-tailed unpaired t test (1 =9 and 5, WT
?E g 05 ERP) ° littermate and Mecp2-null, respectively). Indicated are
= ol = & means + SEM. Fluorescence intensity was amplified by
WT P45 Mecp2-null P45 P14 P21 P45 camera exposure settings relative to exposure settings in
. 15 CA3 PNNs C for quantification purposes.
S .
s > e vy
3 =104 .
c % .
+ .
E E 0.5 . -
= ol
\WFA DAPI P14 P21 P45
E WT P11 Mecp2-null P11 F CA2 PNNs at P11
8 2 *kk 3
515 . =
£ 310 e
=9 :
G 05
=
= 0
WT Mecp2-null

WT mice (1.51 + 0.2 baseline, n = 8) but not at P14-18 (0.87 + 0.09
baseline, n = 10) (*P = 0.0104, 2-tailed unpaired ¢ test at 25-30
minutes; Figure 2C).

To further investigate electrophysiological differences in CA2
neurons in WT mice at P8-11 versus P14-18, we examined intrinsic
cell properties and synaptic responses. Resting membrane poten-
tials and action potential (AP) thresholds did not differ in a way
that could explain the lack of LTP at P14-18; however, as expected
given the growth of dendrites during this age range, capacitance
was lower at P8-11 and input resistance was higher at P8-11in com-
parison with P14-18 CA2 neurons (*P = 0.0041 and *P = 0.00032,
respectively, 2-tailed unpaired ¢ test; Supplemental Table 1). These
findings, not surprisingly, suggest that at P8-11 CA2 neurons may
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be smaller and perhaps more easily depolarized during the pairing
protocol. We next tested baseline synaptic transmission in CA2 and
found that synaptic responses were larger at P8-11 compared with
P14-18 CA2 neurons at the highest current stimulation intensities
(**P = 0.0026 at 320 pA of stimulation, n = 9 and 8, respectively,
2-way ANOVA, Bonferroni’s post hoc test; Figure 2D). However,
synaptic responses did not differ at the stimulation intensities used
in our LTP induction protocol (15-30 pA) (Figure 2D, inset). Paired-
pulse facilitation (PPF) did not differ between age groups (2-tailed
unpaired ¢ test, P> 0.05, n = 14 for P8-11 and n = 7 for P14-18; Fig-
ure 2E), and AP firing frequency of CA2 neurons was greater at
P14-18 compared with P8-11 over a range of injected currents (*P
=0.0185 at 180 pA of injected current, n = 20 and 13, respectively,
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Figure 2. Potentiation in CA2 can be induced before PNN maturation. (A) Staining for PNNs as defined by WFA is morphologically mature in CA2 at

P14 (right) but not at P11 (left). Scale bars: 250 um. (B) Representative image of a 300-um-thick hippocampal slice showing the placement of a recording
electrode in CA2 and a stimulating electrode in CA3 stratum radiatum. Scale bar: 100 pm. (C) In slices from WT mice, excitatory postsynaptic current
(EPSC) amplitudes recorded in CA2 neurons increased in response to an LTP pairing protocol (270 pulses at 3 Hz paired with postsynaptic depolarization
at time 0) at P8-11, but not in slices harvested at P14-18 (n = 8 for P14-18, in blue; n = 9 for P8-11, in purple). Top: Representative traces of EPSCs from CA2
neurons before and 25 minutes after the pairing protocol. Arrow indicates time of the pairing. Indicated are means + SEM, normalized to baseline. Right:
Normalized mean response amplitudes averaged over 25-30 minutes of recovery after pairing; *P = 0.0104, 2-tailed unpaired t test. (D) EPSC amplitudes
in response to indicated stimulation intensities were larger at P11 compared with P14; **P = 0.0026 at 320 pA, 2-way ANOVA, Bonferroni’s post hoc test
(n =9 and 8, P8-11 and P14-18, respectively). Top: Representative traces from a CA2 neuron at P10 in response to increasing stimulation intensities. Inset
displays responses at lower stimulation intensities, the range at which LTP experiments were performed. (E) Paired-pulse ratio was unchanged between
P8-11 and P14-18 at CA2 synapses; P > 0.05. Top: Representative trace from WT CA2 P11 neuron in response to a 50-millisecond stimulus interval (S1,
peak of first stimulus response; S2, peak of second stimulus response). (F) Action potential firing frequency of P14-18 CA2 neurons was greater compared
with that at P8-11 at 180 pA of injected current; *P = 0.0185, 2-way ANOVA, Bonferroni’s post hoc test (n =13 and 20, P8-11 and P14-18, respectively). Top:
Representative traces of action potentials recorded in response to current injections from 0 to 180 pA in WT P11.
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2-way ANOVA, Bonferroni’s post hoc test; Figure 2F). Note that the
stimulus-response and PPF experiments were performed without
GABA blockers because of epileptiform activity during recordings
at P8-11. Because we found that PNNs developed prematurely in
the Mecp2-null mice, we next investigated how the loss of Mecp2, a
known regulator of critical-period plasticity, impacts this apparent-
ly novel window of CA2 synaptic plasticity.

Synaptic potentiation is prematurely restricted at CA2 SR syn-
apses in a mouse model of RTT. We next tested whether the preco-
cious development of PNNs alters LTP induction in Mecp2-null
CA2. First, we replicated the finding that plasticity occurs in CA2
at P8-11 in a separate cohort of male WT littermates (Figure 3A).
Consistent with the finding that global loss of Mecp2 accelerates
the closure of critical-period plasticity in the visual cortex (45, 47,
74), we found that potentiation in CA2 was prematurely restricted
at P8-11 SR synapses in Mecp2-null compared with WT littermates
(1.10 £ 0.2 baseline vs. 1.72 + 0.1 baseline in WT at 18-20 minutes,
n =13 and 14, respectively, **P = 0.0031, 2-tailed unpaired ¢ test;
Figure 3A). Baseline synaptic transmission, as assessed with a
stimulus-response curve, was not different at P8-11 CA2 synaps-
es of Mecp2-null compared with WT littermates (P > 0.05 at 320
pA current stimulation, 2-way ANOVA repeated measures, Sidék’s
multiple-comparison test; Figure 3B). In addition, neither PPF nor
AP firing frequency differed significantly between Mecp2-null and
WT littermates at P8-11 (P > 0.05, 2-way ANOVA; Figure 3, C and
D). Intrinsic properties did not differ in a way that could explain
the premature restriction of plasticity in CA2 (P > 0.05, unpaired
t test; Supplemental Table 1). Although we did not perform these
experiments in the presence of GABA blockers because of epilep-
tiform activity, we did perform stimulus-response and PPF exper-
iments at P14-18 in the presence of the GABA, receptor blocker
bicuculline, and found no overall difference between Mecp2-null
and WT littermates in excitatory response size or PPF (P > 0.05,
2-way ANOVA repeated measures, Sidék’s multiple-comparison
test; Supplemental Figure 2).

PNN degradation restores plasticity at CA2 Mecp2-null synapses.
Because we found an increase in both PNNs and another plastici-
ty-restricting protein, RGS14, in RTT CA2 at P10 (Supplemen-
tal Figure 3A), we sought to determine whether the precocious
increase in PNNs alone was sufficient to explain the premature
restriction of LTP in RTT CA2. In this experiment, we tested
whether degrading PNNs with the exogenous enzyme chondroiti-
nase ABC (ChABC) in acutely prepared hippocampal slices was
sufficient to enable LTP induction in RTT CA2 at P8-11. We pre-
viously reported that degrading PNNs with 0.05 U/mL ChABC for
22 hours is sufficient to degrade PNNs in CA2 in slices (see Fig-
ure 4, and Methods in ref. 29). Following the same protocol, we
found that degradation of PNNs in P8-11 Mecp2-null hippocampal
slices “restored” the capacity for potentiation in CA2 (1.57 + 0.2
baseline vs. 0.90 + 0.1 baseline in untreated Mecp2-null at 18-20
minutes, n = 14 and 10, respectively, *P = 0.035, 2-tailed unpaired
¢ test; Figure 3E). Intrinsic properties did not change in a way that
would explain the restoration of LTP at CA2 synapses with ChABC
treatment (Supplemental Table 1). Taken together, these data
demonstrate that degradation of the aberrantly increased PNNs in
RTT CA2 appears sufficient to restore synaptic plasticity in CA2 at
young postnatal ages. To better understand what might be driving
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the precocious increase of PNNs in RTT CA2, and because seizure
activity is comorbid with RTT, we next investigated the role of
aberrant neuronal activity as a potential mechanism upregulating
PNNsin CA2 (38, 75).

CA2 PNNs are inversely regulated by neuronal activity in vivo.
PNN development is dependent on early-life experience and neu-
ronal activity, shown in several sensory brain regions and across
several species (32, 33, 35, 75-77). For example, visual depriva-
tion from birth delays the deposition of PNNs and attenuates
overall expression levels in the visual cortex (34). Accordingly,
we hypothesized that a precocious upregulation of PNNs in RTT
CAZ2 is driven by increased hippocampal activity (78). To investi-
gate this, we directly manipulated CA2 neuronal activity using a
chemogenetic approach, designer receptors exclusively activated
by designer drugs (DREADDs). To target CA2 pyramidal neurons,
we infused an AAV vector encoding Cre-dependent Gg-coupled
(excitatory) or Gi-coupled (inhibitory) DREADDs into CA2 of
adult mice expressing Cre recombinase in CA2 neurons (79). In a
previous study from our laboratory, we found that clozapine N-ox-
ide (CNO) increased the firing rate of CA2 /proximal CA1 pyrami-
dal neurons in mice expressing excitatory DREADDs (hM3Dq)
in CA2 (79). Similarly, CNO decreased CA2 responses in mice
expressing the inhibitory DREADD (hM4Di), with effects lasting
up to 24 hours after DREADD activation (79). In this study, we
either chronically increased or chronically decreased CA2 activity
for 5 days and quantified WFA fluorescence in the hippocampus
(Figure 4A). Contrary to our hypothesis, we found that increased
neuronal activity in the Gg DREADD-expressing animals signifi-
cantly decreased WFA staining in CA2 in comparison with Cre-
controls (*P = 0.0111, unpaired 2-tailed ¢ test; Figure 4, B and C).
Conversely, we found the opposite in the Gi DREADD-express-
ing animals: WFA staining was significantly increased in CA2 in
comparison with Cre- controls (*P = 0.0179, unpaired 2-tailed
t test). We also found that WFA staining in inhibitory neurons in
areas CAl and CA3, which did not express the DREADDs, was
unchanged in Gi DREADD- or Gg DREADD-expressing mice (P>
0.05; Supplemental Figure 3B). We did, however, observe a signif-
icant increase in WFA fluorescence in overlying primary somato-
sensory cortex in Gg DREADD mice, suggesting that altered CA2
activity has extrahippocampal effects (**P = 0.0012, 1-way ANO-
VA, Tukey’s post hoc test; Supplemental Figure 3B). Overall, these
data demonstrate that PNNs in CA2 are cell-autonomously regu-
lated by aberrant neuronal activity and suggest that PNNs in CA2
are negatively regulated by activity. Notably, neuronal activity in
these experiments was manipulated in adulthood, leaving open
the possibility that aberrant changes in activity at even younger
ages may still explain abnormal PNN maturation.

In order to investigate the effects of aberrant activity on PNNs
earlier in postnatal development, we next studied the effects of
pathological activity using a mouse model of epilepsy. The devel-
opment of seizures in childhood and persistent epilepsy is a com-
mon and devastating comorbidity of RTT (28, 80, 81). Previous
studies have shown that PNNs are altered by seizure activity in
humans and rodents (25, 28, 37, 38, 81), but a direct relationship
between PNNs and abnormal neuronal activity remains unclear.
Here, we quantified WFA fluorescence in the hippocampus of a
mouse model of epilepsy, the Kvl.1-null mouse, a genetic knock-
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Figure 3. Potentiation is prematurely restricted in CA2 of a mouse model of RTT via PNNs. (A) Potentiation
failed to be induced at CA2 stratum radiatum synapses at ages P8-11in acute hippocampal slices from Mecp2-
null mice (red) compared with WT (black). Top: Representative EPSCs from Mecp2-null P8-11 CA2 neurons at
baseline and 20 minutes after the LTP pairing protocol (post-stimulation). Right: Normalized mean response
amplitudes 18-20 minutes after pairing; **P = 0.0031, 2-tailed unpaired t test (n =14 and 13, WT littermate and
Mecp2-null, respectively). (B) EPSC amplitudes in response to indicated stimulation current intensity were not
different in Mecp2-null CA2 neurons compared with WT littermate at P8-11; main effect of genotype P = 0.2738,
2-way ANOVA, repeated-measures analysis, Sidak’s post hoc test (n = 9 and 5, WT littermate and Mecp2-null,
respectively). Top: Representative traces from a Mecp2-null CA2 neuron at P8 in response to increasing stimula-
tion intensities. (C) Paired-pulse ratio did not differ between Mecp2-null and WT CA2 synapses (S1, peak of first
stimulus response; 52, peak of second stimulus response). Top: Representative traces using a 50-millisecond
stimulus interval from a P11 Mecp2-null CA2 neuron; average of 4 responses. (D) Action potential firing frequency
of Mecp2-null CA2 neurons did not differ in comparison with WT; P > 0.05, 2-way ANOVA (n =12 and 18, WT and
Mecp2-null, respectively). Top: Representative traces of action potentials from 0 to 180 pA current injection in a
P8 Mecp2-null CA2 cell. (E) Degradation of PNNs by incubation of slices in vitro with chondroitinase ABC (ChABC)
for 2 hours resulted in potentiation being restored. Top: Representative EPSCs from CA2 +ChABC Mecp2-null

P8 neurons at baseline and 20 minutes after LTP pairing (post-stimulation). Right: Normalized mean response
amplitudes at 18-20 minutes of recovery; *P = 0.035, 2-tailed unpaired t test (n = 14 and 10, Mecp2-null and
+ChABC Mecp2-null, respectively).

J Clin Invest. 2021;131(16):e137221 https://doi.org/10.1172/JCI137221

The Journal of Clinical Investigation

out of the potassium channel
Kvl.l (Kcnal) (82). Kvl.l-null
mice exhibit spontaneous and
recurrent seizures beginning at
P21 (82). During a 1-hour record-
ing of a Kv1.1-null mouse (P40),
we recorded 3 episodes of ictal
activity (Figure 4D), each last-
ing 25-30 seconds, followed by
non-ictal activity for approxi-
mately 15-20 minutes, indicating
that these mice display frequent,
recurrent seizure activity. We
found that PNN staining was
decreased in CA2 by P45-60
in the Kvl.l-null mice but was
unchanged at younger ages,
after the initial onset of seizures
(P22 and P28; Figure 4, E and F).
Interestingly, we found the oppo-
site effect in the dentate gyrus,
where PNNs were dramatical-
ly increased at P45-60, similar
to what we recently found in a
different model of epilepsy in
Angelman syndrome model mice
(25). Overall, PNNs appear to be
regulated by aberrant activity in
vivo in CA2; however, contrary
to our predictions, we found that
CA2 PNNs were negatively regu-
lated by activity. Because activity
has been reported to be abnor-
mally increased in Mecp2-null
mice (78), our findings do not
readily explain the upregulation
of PNNs. However, these data
may be interpreted to indicate
hypoexcitability in CA2. To gain
further insight into the early PNN
upregulation in postnatal devel-
opment of RTT, we next exam-
ined potential molecular mech-
anisms in these Mecp2-null mice.

Loss of Mecp?2 alters the molec-
ular profile of the developing
hippocampus. MeCP2 plays an
important role in activity-depen-
dent transcriptional regulation
in postnatal development, and
loss of MeCP2 results in misreg-
ulation of numerous neuronal
transcripts important for activ-
ity-dependent plasticity (4, 83-
85). We sought to identify molec-
ular changes that may explain
the dysregulation of PNNs and
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Figure 4. CA2 PNNs are inversely regulated by neuronal activity in vivo. (A) Experimental timeline
indicating the infusion of the DREADD-AAV into the hippocampus of Amigo2-iCreERT2+ and Amigo2-
iCreERT2- mice. Two weeks later, tamoxifen injections were given for 7 days to induce selective expres-
sion in CA2 neurons. Two weeks after the last tamoxifen injection, the DREADD ligand CNO was given
twice daily for 5 days (1 mg/kg for Gg DREADD, 5 mg/kg for Gi DREADD, s.c.). (B) Immunofluorescence
shows mCherry-Gq DREADD (red) only in CA2 neurons. Representative images of WFA fluorescence
intensity (green) in the hippocampus after 5 days of CNO treatment. Scale bars: 200 um. (C) Quantifica-
tion of WFA staining in CA2 showed a significant reduction in Gg DREADD-expressing animals compared
with Cre- controls (*P = 0.011, unpaired 2-tailed t test; n = 4 and 5 for Cre- and Cre+, respectively) and
increase in CA2 of Gi DREADD-expressing animals compared with Cre- controls (*P = 0.0179, unpaired
2-tailed t test; n = 6 for both Cre- and Cre+ groups). (D) Spontaneous electrographic seizures were
detected in vivo in the hippocampus of a mouse model of epilepsy, the Kv1.1-null mouse. Examples of
electrographic seizure activity detected by LFP recordings from the hippocampus during a 1-hour record-
ing session in a P40 Kv1.1-null male mouse are shown. A period of non-ictal activity during the same
recording session is shown for comparison. (E) Staining for PNN marker WFA (green) is reduced in CA2
of Kv1.1-null mice compared with WT littermates at P60. CA2 pyramidal neurons are identified with the
CA2 marker PCP4 (red). Scale bars: 200 pum. (F) Normalized WFA fluorescence intensity was decreased
at P45-60 in CA2 compared with WT; *P = 0.033 (n = 4, 4, 3, and 5 for ages P14, P22, P28, and P45,
respectively). In contrast, WFA fluorescence intensity was significantly greater in the dentate gyrus (DG)
of Kv1.1-null mice compared with WT littermates at P45-60; ***P = 0.0002, Bonferroni's post hoc test for
pairwise comparison after 2-way ANOVA. Indicated are means + SEM normalized to P45 WT group.
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plasticity in RTT CA2. We compared
gene expression profiles by age, P10
versus P18, and by genotype, WT versus
Mecp2-null, using a custom-designed
code set representing an array of genes
specific to the different CA subregions
and others of interest (NanoString,
https://www.nanostring.com) (86).
At P10, when plasticity is premature-
ly restricted at CA2 SR synapses in the
Mecp2-null hippocampus, the CA2-en-
riched genes Pcp4 and Spink8 were sig-
nificantly decreased in RTT compared
with WT littermates (unadjusted P =
0.00730 and 0.0487, respectively; Fig-
ure 5A). The inhibitory marker Gadl,
which encodes an enzyme important
for the production of GABA, was also
significantly decreased at P10 in Mecp2-
null compared with WT (unadjusted P
= 0.0332), indicating a possible loss of
inhibitory transmission in RTT hippo-
campus at P10. Expression of several
genes was increased at P10 in Mecp2-
null hippocampus compared with WT,
including the CA2-enriched gene Fgf2
(unadjusted P = 0.0101), which encodes
a protein that has been implicated in
the normal development of the hippo-
campus and relies on ECM binding for
growth factor signaling (87-90). Nota-
bly, Fgf2 is one of the few genes that
were significantly increased at both P10
and P18 (adjusted P = 0.0146). Interest-
ingly, mRNAs for the CA2 plasticity-reg-
ulating genes Rgs14 and Acan (aggrecan)
were not increased despite the increase
in protein levels at P11 (Supplemental
Figure 3). This difference may suggest
a role for MeCP2 in regulating trans-
lation of these transcripts. Finally, an
accelerated maturation of parvalbu-
min-positive (PV*) inhibitory neurons
reportedly plays an important role in the
upregulation of PNNs in RTT visual cor-
tex and the regulation of critical-period
plasticity (45, 47). However, we report
here no significant difference in expres-
sion of the gene encoding PV (Parv),
but note that the pattern of fold-change
differences comparing Mecp2-null and
WT flipped with age; Parv was lower
in Mecp2-null hippocampus at P10 and
was higher in Mecp2-null hippocampus
at P18 (P> 0.05). We also found that PV
staining was decreased in the Mecp2”¥
mice compared with controls at P14
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(n =4, P=0.042; data not shown), suggesting that any accelerat-
ed maturation of PV circuitry may not be occurring until after the
second postnatal week in the RT T hippocampus.

Lastly, we sought to investigate the role of an important
molecular regulator of PNNs, ECM-degrading proteases, which
were not in our NanoString code set. PNNs are dynamically regu-
lated by endogenous ECM-degrading enzymes, such as the matrix
metalloproteinases (MMPs). Interestingly, MMP-9 has emerged
as a critical regulator of neural circuit and plasticity development
during early postnatal development (91-93). MMP-9 expression
is dysregulated in a number of neurological disorders, such as
schizophrenia and fragile X syndrome, which are also character-
ized by social and cognitive deficits (91, 93-96). We hypothesized
that an upregulation of PNNs in RTT CA2 may be explained by

a loss of the ECM-degrading enzyme MMP-9. Indeed, we found
that MMP-9 protein was significantly decreased in Mecp2-null
hippocampus in comparison with WT littermates (P50-60; Fig-
ure 5B). Taken together, these results suggest that decreased
MMP-9 may be one possible mechanism by which PNNs are
increased in CA2. We also found that several inhibitory neuron
transcripts were decreased at P10 in RTT hippocampus, suggest-
ing that enhanced inhibition is an unlikely candidate to explain
the upregulation of PNNs and the accelerated loss of CA2 plas-
ticity. Finally, we identified aberrant expression of several CA2-
enriched genes in the RTT hippocampus that may also be of inter-
est for future study, such as Fgf2, a growth factor that relies on
ECM binding for signaling and plays a role in hippocampal devel-
opment and learning.
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Discussion

A major challenge in understanding the pathogenesis of RTT is
identifying key molecular targets and determining how and when
they cause synaptic dysfunction. Abnormalities in the deposition
of PNNG, a specialized ECM in the brain, were discovered in the
motor cortex of postmortem individuals with RTT and in a mouse
model of RTT (27, 45, 97). In this study, we report on the aberrant
expression of PNNs in hippocampal area CA2 in RTT. First, we
demonstrate what appears to be an increase in PNNs in an indi-
vidual with RTT compared with an age- and sex-matched healthy
individual, noting the limitations of data interpretations from only
2 individuals. Consistent with this finding was that we similarly
found an increase and a precocious maturation of PNNs in CA2
of an RTT model mouse. Because PNNs function to limit synaptic
plasticity in CA2 (29), we investigated how the accelerated matu-
ration of PNNs may alter CA2 plasticity. We identified a period of
plasticity at CA2 synapses, prior to the maturation of PNNs, and
identified PNNs as a causal mechanism underlying the prema-
ture closure of CA2 plasticity in the RTT mouse. Together these
data demonstrate that the timing of plasticity restriction in CA2
maps onto the development of PNNs. We explored mechanisms
to explain the aberrant upregulation of PNNs and conclude that
the sustained upregulation of PNNs in RTT could be explained by
the downregulation of the endogenous PNN-degrading protease
MMP-9 in the RTT hippocampus and not by an accelerated mat-
uration of inhibitory circuitry or by increases in neuronal activity.
Importantly, we found that the enzymatic degradation of PNNs
was sufficient to rescue the plasticity deficit in RTT CA2, identify-
ing a potential therapeutic approach to rescue the functional con-
sequences of PNN overexpression in disease.

In this study, we used male hemizygous Mecp2-deficient mice.
Although heterozygous female Mecp2*~ mice may be a more clin-
ically relevant model of RTT, given that most affected individuals
are girls, the male Mecp27¥ mice presents several advantages (dis-
cussed in ref. 53), particularly because heterozygous females add
the experimental challenges of delayed and variable phenotypic
progression and cellular mosaicism due to X-linked inactivation
(98-100). In addition, female heterozygous mice are asymptom-
atic for the first 4 months of life, in contrast to hemizygous male
mice, which exhibit overt phenotypes as early as 3 weeks of age.
Male and female mice, however, do share a subset of pheno-
types, such as reduced dendritic complexity, spine density, and
soma size in cortical regions (17, 52, 101-103). Moreover, several
behavioral phenotypes, such as disrupted contextual fear learn-
ing, anxiety-like behavior, inability to complete hippocampus-
dependent tasks, and social deficits, depend on the behavioral
test, mouse model, and age tested (99, 104-106). Thus, in many
ways, although the male mice are more severely affected than
females, they do provide certain advantages for study.

PNNs and a critical period for synaptic plasticity in CA2. PNN
maturation closely tracks the closing of critical windows of plas-
ticity in several different brain regions and is functionally impli-
cated in inhibiting plasticity in the developing brain (30). For
example, in the mouse visual system, PNNs first appear around
inhibitory neurons after eye opening (P15) and are fully matured
by P30, tracking the closure of critical-period plasticity (45). In
area CA2, we found that plasticity is expressed prior to PNN mat-

J Clin Invest. 2021;131(16):e137221 https://doi.org/10.1172/JCI137221

RESEARCH ARTICLE

uration in CA2 (P8-11) and that degradation of PNNs enables CA2
plasticity (29), providing strong evidence that PNNs play a critical
role in inhibiting a window of plasticity in CA2. Given that PNN
maturation is known to be experience dependent (29, 32, 33, 35,
76, 77, 107, 108), we hypothesize that PNN deposition in CA?2 is
indicative of a developmentally regulated critical period relat-
ed to hippocampal function. CA2 expresses receptors for social
neuropeptides and has been implicated in social behavior (61, 65,
109-112), and accordingly, a recent study found that PNN deg-
radation in CA2 disrupts social memory in the adult mouse (65).
We propose that this early-life window of social learning may be
associated with contextual fear learning in infancy (113, 114), or
alternatively, maternal-infant bonding (115, 116).

Individuals with RTT often develop seemingly normally
for the first 6-18 months of age, with symptoms presenting as a
regression of function after the first year of life (68, 117). Wheth-
er abnormalities are present prior to the onset of clinical features
remains unclear. Several studies have identified differences in syn-
aptic function in the RTT mouse model prior to the development
of behavioral impairment (19, 22, 54, 55). Our data are consistent
with these studies and suggest that molecular and synaptic chang-
es are present prior to the development of behavioral deficits.
Based on studies of human and rodent brain development, P7-10
in mice is approximately equivalent to 35-40 weeks of gestation in
humans, and P10-20 is similar to human infancy. Thus, our obser-
vations on CA2 plasticity and PNN maturation in the Mecp2-null
mouse suggest that abnormalities in the hippocampus could occur
during the window of seemingly normal development in humans.
Given CA2’s possible role in social behavior during development
(116), abnormal PNN development in CA2 may be key in under-
standing the onset of social deficits that are common in RTT and
are a hallmark in children with autism (2, 118, 119).

PNN regulation by neuronal activity. PNN development is
activity dependent and is modulated by normal experience in ear-
ly life in several brain regions, including motor (120) and visual
(32, 36, 76) systems. In general, sensory deprivation from birth
delays and attenuates PNN maturation. This raises the question:
could pathological increases in hippocampal neuronal activity
in RTT (78) explain the premature development of PNNs in RTT
CA2? Approximately 70% of children with RTT develop partial
and generalized convulsive seizures by the age of 7 years (1, 121).
Moreover, the Mecp2-null hippocampus is reportedly hyperexcit-
able and more susceptible to seizure (78). We addressed this ques-
tion in our study by characterizing PNNs in an epilepsy mouse
model, in which seizures develop after weaning and increase in
severity with age (82). Surprisingly, we did not see changes in PNN
deposition in the hippocampus until much later (>P45), after sev-
eral weeks of recurrent seizure, and the direction of change was
the opposite of what we expected (PNNs were reduced in CA2).
We also observed a robust increase in dentate gyrus PNNs, resem-
bling the effects of seizure activity in a mouse model of another
neurodevelopmental disorder, Angelman syndrome (25), suggest-
ing that PNN upregulation in the dentate gyrus may be a marker
of frequent seizures in neurodevelopmental disorders. Consistent
with our finding that seizure activity can decrease PNNs in CA2,
we found that pharmacological manipulation of neuronal activi-
ty with DREADDs inversely regulated PNN deposition. Togeth-
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er, these findings indicate that aberrant neuronal activity indeed
alters PNNs in the hippocampus. However, the pathological
increases in activity do not appear to directly explain the persistent
overexpression of PNNs in RTT CA2, and instead might suggest
hypoactivity of CA2 neurons in RTT, which could lead to increas-
es in excitability elsewhere in the hippocampus (122). Lastly, the
age at which neuronal activity is altered may affect PNN regula-
tion. We found that PNNs decreased with seizures beginning after
P21, whereas another study reported that an acute seizure at P10
increased PNNs in the hippocampus (37). Further experiments
will be necessary to determine the impact of aberrant neuronal
activity on PNN maturation early in development versus that in
late postnatal life and adulthood.

Mechanisms underlying PNN upregulation in RTT CA2. Criti-
cal-period plasticity is reportedly disrupted in several models of
autism and in RTT mouse models (123). For example, Krishnan et
al. discovered that onset and closure of ocular dominance plastici-
ty were accelerated and PNNs developed precociously in area V1 of
the Mecp2-null mouse (45). The accelerated time course of the crit-
ical period is attributed to the precocious maturation of PV* inhib-
itory interneurons (45, 47, 74). Although we did not directly test
for enhanced GABA transmission at P8-11 CA2 synapses, we did
find a decrease in several genes expressed in inhibitory neurons at
P10 in the Mecp2-null mouse compared with WT littermates. We
speculate that the maturation of inhibitory circuitry may instead
be delayed in the RTT hippocampus, based on our finding that
Parv expression is lower in the Mecp2-null hippocampus at P8-11
but higher in the Mecp2-null hippocampus by P18 compared with
control. Notably, a recent study found that the developmental shift
in GABA is altered to a more depolarized state in Mecp27¥ CA3
pyramidal neurons at 2 postnatal weeks, providing evidence of a
reduced GABAergic inhibitory tone in the hippocampus, as well as
additional evidence for the presence of hippocampal impairments
in early postnatal development, prior to overt signs of disease (54).
Together, our findings provide evidence against a role for an accel-
erated maturation of inhibitory circuitry as an explanation for
PNN upregulation/early closure of plasticity in RTT, and instead
point to a mechanism involving CA2 pyramidal neurons.

To determine whether the increase in PNNs in RTT CA2 is
dependent on a global loss of Mecp2 in the hippocampus, perhaps
by way of glial cells or inhibitory network properties (50, 124),
or is regulated in a cell-autonomous manner, we deleted Mecp2
from CA2 pyramidal neurons. Similar to our findings in the global
Mecp2-null mouse, we found a greater intensity of WFA fluores-
cence in CA2 in comparison with 3 different controls, but no differ-
ence in intensity around PNN* neurons in CAl, CA3, or overlying
somatosensory cortex. These data support the idea that Mecp2 is
likely acting cell-autonomously in pyramidal neurons to upreg-
ulate PNNs in CA2. We therefore explored the expression profile
of CA2-enriched genes in the Mecp2-null hippocampus. We found
that the CA2-enriched gene Pcp4 was lower in the Mecp2-null hip-
pocampus at P10. PCP4 is a known calcium modulator and there-
fore could be implicated in CA2’s plasticity-resistant phenotype;
however, its role is currently unclear (125, 126). The CA2-enriched
gene Fgf2 was higher at both P10 and P18 in the Mecp2-null hip-
pocampus. Interestingly, binding of the growth factor FGF-2 to its
receptor requires the ECM for functional signaling (87, 127, 128).
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Whether changes in Fgf2 expression are a cause or an effect of PNN
upregulation is unclear, but several studies suggest that FGF-2 may
regulate ECM expression (129, 130). Moreover, FGF-2 signaling
may ultimately be an important target for understanding hippo-
campus-dependent learning deficits exhibited in RTT (88, 89).

Finally, we explored one of the endogenous ECM-degrading
enzymes, a matrix metalloproteinase (MMP), as a mechanism by
which the loss of Mecp2 may upregulate PNNs and disrupt CA2
plasticity. MMPs function to posttranslationally modify PNNs
throughout the brain and are critical for normal development and
remodeling of synapses (131). Moreover, MMPs are activity-regu-
lated in that increased neuronal activity elevates MMP expression
in response to both pathological activity and learning (132-136).
In particular, MMP-9 is an important regulator of structural and
critical-period plasticity, and has been implicated in neurodevel-
opmental disorders (91). Postnatal reduction of MMP-9 levels
promotes PNN formation (131), and genetic knockout of MMP-9
is sufficient to rescue behavioral deficits related to reduced PNNs
in fragile X syndrome (93, 137). Consistent with the hypothesis
that MMP-9 reduction promotes PNN formation, we found that
MMP-9 protein levels were reduced in samples from Mecp2-null
hippocampus, suggestive of a role of MMP regulation down-
stream of MeCP2.

Conclusions and implications. Taken together, these data
demonstrate the existence of a window of plasticity in hippocam-
pal area CA2 that is not observed in a mouse model of RTT. We
report that PNNs appear to be abnormally high and premature-
ly upregulated in CA2 of an individual with RTT and in a mouse
model of RTT. We identify several molecular changes related to
plasticity and PNN regulation in the RTT hippocampus, such as
reduced levels of the protease MMP-9. We identify PNNs as a tar-
get mechanism behind the disruption of CA2 plasticity in the RTT
mouse and demonstrate that enzymatic degradation of PNNs res-
cues this window of CA2 plasticity in vitro. We propose that target-
ing aberrant PNNs in CA2 may ultimately shed light on CA2-asso-
ciated behavioral function, such as social abnormalities common
in Mecp2-null or Mecp2 mutant mouse models and often children
with RTT (68, 138-140), including social recognition memory and
aggression, which have been shown to be regulated by CA2 activ-
ity in mice (141). Interestingly, one study found that MeCP2 dele-
tion from hypothalamic neurons was sufficient to produce several
behavioral impairments similar to those linked to CA2 function,
such as social and aggressive behaviors (142). This is particularly
relevant to CA2 circuitry, as it is a major target of oxytocin- and
vasopressin-expressing neurons in the paraventricular nucleus of
the hypothalamus and regulates both social memory and social
aggression (109, 112, 143). Thus, future study of hippocampal
area CA2 could provide further insights into to the brain circuits
underlying symptoms observed with RTT, and may prove useful
for development of treatment strategies.

Methods

Detailed experimental methods are outlined in Supplemental Methods.
Statistics. No specific method was used to randomize subject mice,

which were chosen arbitrarily for experiments. The experimenter was

blinded to Mecp2 genotype and/or treatment group in all experiments

and analyses. Statistical analyses were performed using GraphPad Prism
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8 software (version 8.2.1). Comparisons between groups were analyzed
using 2-tailed unpaired ¢ tests, and multigroup comparisons were ana-
lyzed using 2-way ANOVA with post hoc tests (Bonferroni’s, Sidak’s, or
Tukey’s), noted by experiment, for pairwise comparisons. Analyses were
corrected for repeated measures when appropriate. P value and confi-
dence level of less than 0.05 (95% confidence interval) was considered
significant. Unless otherwise noted, data represent mean + SEM.

Study approval. All procedures were approved by the National Insti-
tute of Environmental Health Sciences Animal Care and Use Commit-
tee and were in accordance with the NIH guidelines for care and use
of animals. Animals in all experiments were housed under a 12-hour
light/12-hour dark cycle with access to food and water ad libitum.
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