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Abstract

Protocadherin-19 (PCDH19) mutations cause early-onset seizures and cognitive impairment. The
PCDH19gene is on the X-chromosome. Unlike most X-linked disorders, PCDH19 mutations
affect heterozygous females (PCDH197E7%), but not hemizygous males (PCDH197EMI<).
however, why remains to be elucidated. We demonstrate PCDH19, a cell-adhesion molecule,

is enriched at hippocampal mossy-fiber synapses. Pcah197E7%, but not Pcah197EMIT mice
show impaired mossy-fiber synaptic structure and physiology. Consistently, Pcah197E7¥, but not
Pcdh197EMIZ mice exhibit reduced pattern completion and separation abilities, which require
mossy-fiber synaptic function. Furthermore, PCDH19 appears to interact with N-cadherin at
mossy-fiber synapses. In Pcah197E7? conditions, mismatch between PCDH19 and N-cadherin
diminishes N-cadherin-dependent signaling and impairs mossy-fiber synapse development.
Indeed, N-cadherin overexpression rescues Pcah19E7% phenotypes. These results reveal novel
molecular and cellular mechanisms underlying the female-specific PCDH19 disorder phenotype.

One Sentence Summary:

In PCDH19disorder, PCDH19-N-cadherin mismatch causes female-specific synaptic dysfunction
and cognitive impairment.

Mutations of the X-linked Protocadherin-19 (PCDH19) gene cause PCDH19disorder with
epilepsy (Epilepsy and Mental Retardation Limited to Females). PCDH19disorder is

also often associated with cognitive impairment: about 70% of patients have intellectual
disabilities (1, 2). Typically, X-linked disorders exhibit more severe phenotypes in

males due to X-linked recessive inheritance. In contrast, symptoms of PCDH19disorder
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manifest in heterozygous females, while hemizygous males are largely asymptomatic. Since
heterozygous females have a mixture of cells expressing either the wild-type (WT) or the
mutant form of PCDH19, due to random X-inactivation, the mosaic expression of PCDH19
is proposed to cause pathogenic symptoms (3). The gene responsible for this disorder,
PCDH19, encodes a single transmembrane protein that belongs to the §2-protocadherin
family (4) (Fig. 1A). PCDH19 mediates calcium-dependent cell-cell adhesion by homophilic
binding via extracellular cadherin (EC) domains (5, 6). A majority of PCDH19 mutations,
including nonsense and missense mutations found in PCDH19disorder, alter sites in

the extracellular domain of the PCDH19 protein (2), suggesting that the mutations may
affect PCDH19 homophilic interactions, and as a result, cell-cell adhesion. Inactivation of
PCDH19 in zebrafish or mice results in changes in neuronal migration, cortical neuron
sorting, network activity, and behaviors such as stress responses (7—10). However, the
precise roles of PCDH19 in the brain, and the molecular, synaptic, and circuit bases of
female-specific disease phenotypes remain to be elucidated.

PCDH19 is localized at mossy fiber synapses

To understand the roles of PCDH19 in the brain, we generated Pcadh19 knockout mice using
the CRISPR-Cas9 system, which were confirmed by genomic PCR and RT-PCR (fig. S1, A
to C). We then developed antibodies to the PCDH19 protein (fig. S1, D to F) and verified
the specificity of the antibodies using the Pcah19knockout mice (fig. S1, G to ). Using
these antibodies, we first examined the expression and localization of PCDH19 in mice.
PCDH19 is selectively expressed in the brain (Fig. 1B). Since /n situ hybridization data
showed that Pcah19 mRNA is highly expressed in the cortex and hippocampus (11, Allen
Brain Atlas), we examined PCDH19 protein distributions in these two areas. In the cortex,
the PCDH19 protein is localized to layer 5A (fig. S2A), and its expression levels decrease
postnatally (fig. S2, B and C). In the hippocampus, the PCDH19 protein is abundant in

the mossy-fiber pathway (Fig. 1C; Calbindin labels mossy fibers), where, in contrast to the
cortex, its expression levels increase postnatally during the time of synapse development
(from P7 to P28; 12) (Fig. 1D). The mossy-fiber pathway terminates in synapses formed
by dentate granule cells onto CA3 pyramidal neurons. Pcadh19 mRNA is expressed by both
dentate granule cells and CA3 pyramidal neurons (fig. S3), indicating that PCDH19 is
expressed by both the pre- and postsynaptic neurons of mossy-fiber synapses. It appears that
there is some discrepancy between the mRNA expression and protein expression (fig. S3
and Fig. 1C), suggesting that there may be region-specific regulations of mMRNA translation
for Pcdh19. Immunostaining for PCDH19, VGLUT1 (marker of glutamatergic synaptic
vesicles), and Bassoon (marker of active zones) shows that PCDH19 colocalizes with
VGLUT1 and Bassoon at mossy-fiber synapses (Fig. 1, E and F), indicating that PCDH19
localizes to mossy-fiber synapses. To further confirm the synaptic localization of PCDH19,
we performed immuno-electron microscopy for PCDH19. PCDH19 is localized at both
pre- and postsynaptic sites of mossy-fiber synapses (Fig. 1G). These results demonstrate
that PCDH19 is in position to regulate mossy-fiber synapse development, stabilization/
maintenance, and function.
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PCDHA19 is dispensable for mossy-fiber targeting

We next investigated the phenotype of Pcah19 mutant mice. The expression of PCDH19 in
the mossy-fiber pathway is about half in heterozygous female (Pcah197E7) mice relative
to WT mice, and is not detectable in hemizygous male (Pcah19EMI%) mice (fig. S1, H
and 1). The weight of Pcah19E7% mice is normal, the mice do not die early, and the

mice are fertile. Furthermore, the gross appearance of the brains from Pcah197E7% mice

is normal (fig. S4A). Overall cellular structure in the hippocampus and cortex, as assessed
by DAPI staining, is also normal (fig. S4, B and C). We then examined the distribution of
Pcdh1gt and Pedhid cells in Peah197ET¥ mice by crossing them with the Hprftd70mato |ine
(13), in which nuclear-localized tdTomato is expressed from one of the X chromosomes. In
Pcah197ET¢ mice, the Pcah19™ and Hprit@7omato g|leles are on different X-chromosomes,
and thus, Pcahi9" cells will be tdTomato positive, and Pcahi9 cells will be tdTomato
negative. We found that Pcah197E7¢ mice show abnormal aggregation of Pcah19" and
Pcdh19 cortical neurons (fig. S5, A and B), which is consistent with previous reports (9,
10). Unlike the cortex, dentate granule cells do not show clumped aggregations (Fig. 1H).
We next asked if PCDH19 regulates mossy-fiber targeting. Mossy-fiber axonal projections,
as visualized by staining for ZnT3 and Calbindin, appear normal in Pcah197E7% mice (Fig.
1, I and J). Furthermore, we utilized the 7hyZ-GFP-M line (14), in which GFP is expressed
by a subpopulation of dentate granule cells, to label mossy fibers, then examined their
axons. We found that GFP-labeled mossy-fiber axons are normal in Pcah197E7% mice (Fig.
1K). Finally, we performed sparse labeling of individual mossy-fiber axons with Dil and
quantified the lengths of Dil labeled axons. The quantification showed that the lengths of
mossy-fiber axons were not significantly different between Pcah1979 and Pcah197E72
mice (Fig. 1L). These results indicate that PCDH19 does not play a role in mossy-fiber
targeting.

Pcdh19HET2.specific defects in mossy-fiber presynaptic development

We next analyzed the morphology of mossy-fiber terminals in the CA3 stratum lucidum
(SL) layer (Fig. 2A) of Pcah19 mutant mice, utilizing the 7AyZ-GFP-M line. We found

that Pcah19E7% but not Pcah19EMIZ mice showed a significant decrease in the size of
mossy-fiber boutons compared to control (Pcah19WT¥ or Pcah19”V77, respectively) mice,
without changes in mossy-fiber bouton density (Fig. 2, B and C). We then performed
electron microscopic analysis to examine the ultrastructure of mossy-fiber synapses, which
consists of a large and complex presynaptic bouton that contains multiple synapses (15).

In the mossy-fiber synapse, Pcah197E7¢ mice showed a significant decrease in the number
of synaptic vesicles (SVs) relative to Pcah19 T mice (Fig. 2D). In contrast, Pcah197EMIC
mice had a comparable number of SVs to Pcah197 mice (Fig. 2E). The density and
length of postsynaptic densities were similar between all genotypes examined (Fig. 2, D and
E). To address the morphology of postsynaptic CA3 pyramidal neurons, we again utilized
the ThyI-GFP-Mline. In the ThyI-GFP-Mline, a small population of CA3 pyramidal
neurons is also labeled with GFP. Thus, we examined dendritic branching, spine density,
and spine maturation in GFP* CA3 pyramidal neurons. The results indicate that dendritic
branching and spine development are not affected in Pcah197€7% mice (Fig. 2F). To

further evaluate postsynaptic development, we performed staining for PSD95 and glutamate
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receptors (GIuR1) in the CA3 SL layer. The densities and sizes of PSD95 and GIuR1 puncta
were similar between Pcah19%79 and Pcah19E7¥ mice (Fig. 2, G and H), suggesting that
postsynaptic development is not impaired in Pcah197E7° mice. These results indicate that
female Pcah197E7 mice show presynaptic defects at mossy-fiber synapses.

To determine whether mossy-fiber synapses are functionally impaired in Pcdhi9 mutant
mice, we performed electrophysiological recordings. We first performed whole-cell
recordings from CA3 pyramidal neurons in Pcah1979 and Pcah19E79 mice. The
frequency (indicative of presynaptic function), but not the amplitude (indicative of
postsynaptic function), of miniature excitatory postsynaptic current (mEPSC) seemed
decreased in Pcah19ET9 mice relative to in Pcah19WT¥ mice, although the decrease was
not significant (fig. S6A). We then evaluated the connectivity between mossy fibers and
CA3 pyramidal neurons. The input-output curves generated by mossy-fiber stimulation were
similar between Pcah19V7% and Pcah197E7% mice (fig. S6B), suggesting that PCDH19
does not regulate basal mossy-fiber strength. To assess potential presynaptic changes in
Pcah19ET¥ mice, we next analyzed the paired-pulse ratio (PPR) of evoked EPSCs at
mossy-fiber synapses. The PPR was significantly increased in Pcah19E7% as compared

to Pcah19WT¥ mice (Fig. 21), while it was similar between Pcah19V7¢ and Peah19/EMIe
mice (Fig. 2J), suggesting that the neurotransmitter release probability is decreased in
female Pcah197E7% and not in male Pcah197EMIo" mice. Finally, we examined long-term
potentiation (LTP) at mossy fiber-CA3 synapses, which is a presynaptic form of synaptic
plasticity (16, 17). We found that mossy-fiber LTP was completely abolished in Pcah197ET¢
mice (Fig. 2K). In contrast, mossy-fiber LTP was normal in Pcah197EMI7 mice (Fig. 2L).
Taken together with our histological studies (Fig. 1, I to L and Fig. 2, B to H), these results
indicate that Pcah197E7? mice specifically show impairment in presynaptic function and
plasticity at mossy fiber-CA3 synapses.

Pcdh19HET2specific impairment in mossy-fiber dependent cognitive
behaviors

Given the functional mossy-fiber synaptic deficits in female Pcah197E7¢ mice, we

tested several cognitive behavioral paradigms associated with hippocampal function, both
those associated with mossy-fiber function, and those associated with other areas of the
hippocampus. Previous reports have demonstrated that mice with mossy-fiber synaptic
dysfunction show cognitive impairments in pattern completion, a process to restore an
engram and recall/complete the pattern of memories, and pattern separation, a process

to separate similar patterns of activities (18, 19). In contrast, the mice with mossy-fiber
synaptic dysfunction show normal contextual and cued learning, tasks associated with other
areas of the hippocampus (18, 20). We first examined contextual and cued learning of
Pcdh19 mutant mice using contextual and cued fear conditioning tests (Fig. 3A). We found
that there were no significant differences in terms of freezing responses during conditioning
(Fig. 3, B and E), contextual tests (Fig. 3, C and F), and cued tests (Fig. 3, D and G) between
Pcah19mutant (Pcadh197E7° and Pedh197EMI%) and control mice. Freezing responses tested
28 days after conditioning were also normal (fig. S7, A and B), indicating normal memory
retention. Thus, hippocampal learning not associated with mossy-fiber function was normal.
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We next evaluated the mossy fiber-dependent pattern completion ability using the pre-
exposure-dependent contextual fear facilitation test (18, 21). For this, we prepared and
compared two groups of mice, No-Pre and Pre-exposure, as diagramed in Figure 3H. The
No-Pre group of mice were in the home cage on day 1, received a single foot shock
immediately after being placed in a context on day 2, and tested for freezing in the same
context on day 3. Because of the short stay in the context, only on day 2, it is difficult

for the No-Pre group of mice to associate the context with the foot shock, resulting in

only weak freezing on day 3. On the other hand, the Pre-exposure group of mice were
pre-exposed to the context on day 1, followed by a foot shock in the context on day 2, and
tested for freezing on day 3. Because the Pre-exposure group of mice was already exposed
to the context before the shock training, they can recall the context during the training

and associate it with the foot shock (21). As a result of this “pattern completion”, the Pre-
exposure group of mice show strong freezing on day 3 (Fig. 3H). Indeed, the Pre-exposure
group of Pcah19”7% mice did show significantly more freezing responses than the No-Pre
group, demonstrating pattern completion ability in control mice (Fig. 3, | and J). However,
Pcah197ET? mice exhibited similar levels of freezing responses between the Pre-exposure
and the No-Pre groups, showing a failure to demonstrate pattern completion (Fig. 3, I and
J). Pcdh19W77 and Pedh197EMIC mice both showed normal pattern completion ability (Fig.
3, Kand L). These results indicate that pattern completion ability is impaired selectively in
Pcah19ET? mice, which is consistent with their mossy-fiber synaptic defects (Fig. 2).

We then evaluated pattern separation ability using the contextual discrimination fear
conditioning test (18, 22). In this test, mice were placed in one of two boxes that have
slightly different contexts: context A and context B (Fig. 3M). The mice received a foot-
shock in context A, but not in context B. During the pattern separation test, mice were first
placed in context A for three days in a row and received a foot shock (context acquisition;
Fig. 3, N to P). From day 4 to day 13, mice were placed in either context A or B, where
context A is associated with a foot shock and B is not (context discrimination training).
Initially, mice cannot separate these two closely related contexts, and thus, they show similar
freezing levels in both contexts (Fig. 3, N, Q and S, days 4 and 5; Block 1). However, after
a few days, normal mice can separate the two contexts and show less freezing in context

B than in context A (Fig. 3, N, Q and S, day 6 and later; Blocks 2 to 5). In our test,

both Pcah19W7¥ and Pcah197E7% mice showed normal contextual acquisition (Fig. 30).
Pcah19”V7? mice then started to show reduced freezing responses in context B after two
days of context discrimination training (Fig. 3Q, after Block 2). However, Pcah19E79 mice
never demonstrated differences in freezing responses between context A and B, indicating
that Pcah19E7% mice could not distinguish context B from context A. This failure is
depicted by the discrimination learning index (Fig. 3R), suggesting that Pcah197E7¢ mice
lack the contextual pattern separation ability. Pcah197% and Pcah197EMIZ mice showed
normal context acquisition and pattern separation ability (Fig. 3, P, Sand T).

To exclude the possibility that vision impairment of Pcah197E79 mice might underlie

their defects in cognitive behaviors, we performed the distinct context discrimination test,
which requires visually discriminating different context (fig. S7, C to H). There was no
difference in this test between Pcah19W7? and Pcah197E7% mice, suggesting that the vision
of Pcah197ET¢ mice is normal. Altogether, Pcdh197E7 mice, a model of PCDH19 disorder,
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show defects in cognitive behaviors associated with mossy-fiber function, but not other
cognitive tasks, which, again, is consistent with their morphological and physiological
mossy-fiber synaptic defects (Fig. 2).

PCDH19-N-cadherin complexes at mossy-fiber synapses

What are the molecular bases of female heterozygote (Pcah197E7%)-specific mossy-fiber
synaptic dysfunction and cognitive impairment? Since male hemizygotes (Pcah197EMIo)

do not show mossy-fiber synaptic dysfunction, lack of homophilic interactions between
PCDH19 alone cannot explain the defects. Therefore, we looked for additional molecular
players that may interact with PCDH19. To this end, we focused on the interaction between
PCDH19 and N-cadherin (Ncad; also called as Cadherin2 [CDHZ2]), another cell adhesion
molecule localized at synapses (23, 24). PCDH19 has been proposed to form a cis-complex
with Ncad, which may mask the homophilic binding ability of Ncad (25). If this is the

case, the PCDH19-N-cad cis-complex may send inter-cellular signals through the PCDH19-
mediated interactions, but not through the Ncad-mediated interactions (see Fig. 40). In the
absence of PCDH19 (Pcah197EMI) Ncad would be unmasked and could send inter-cellular
signals through Ncad—Ncad interactions. However, if the PCDH19 expression is mosaic
(Pcah197ET¥), the PCDH19-N-cad cis-complex could not mediate inter-cellular signals
between PCDH19-positive and negative cells. This PCDH19-Ncad mismatch would result
in reduced downstream intracellular signals and cellular defects. We tested this possibility at
mossy-fiber synapses.

We first examined the physical interactions between PCDH19 and Ncad in the hippocampus.
Co-immunoprecipitation analysis showed that PCDH19 does interact with Cadherins in

the hippocampus (Fig. 4A). We next analyzed the localization of PCDH19 and Ncad in
mossy-fiber terminals. Both PCDH19 and Ncad are localized at mossy-fiber synapses: a
majority (~80%) of Ncad puncta was colocalized with PCDH19 puncta in Pcah197% and
Pcdh19WT9 mice (Fig. 4, B and C). ~40% of Ncad was colocalized with PCDH19 in
Pcah19ET¢ mice, and almost none in Pcah197EMIC" mice. Pearson’s correlation analysis
also supported the colocalization between PCDH19 and Ncad (Fig. 4C). At the electron
microscopic level, PCDH19 is localized perisynaptically (Fig. 1G), which is similar to
known Ncad localization (23, 24, 26). To directly detect the possible interaction between
PCDH19 and Ncad /n situ, we performed a proximity ligation assay for PCDH19 and Ncad
in hippocampal sections (27). Signals were detected in the CA3 SL layer of Pcah19WVTe
mice, but not Pcah197EMI" mice (Fig. 4D), indicating that PCDH19 and Ncad are near each
other, likely in a complex, at mossy-fiber synapses.

PCDH19-N-cad mismatch impairs mossy-fiber presynaptic development

To investigate the function of potential PCDH19-N-cad complexes, we designed
experiments to test the effects of PCDH19-Ncad mismatch. For this, we utilized the HEK
cell-neuron co-culture system (28, 29). When HEK cells express synaptogenic molecules,
they induce presynaptic differentiation in contacting axons (Fig. 4E, left panel), but if HEK
cells do not express synaptogenic molecules, there will be no presynaptic differentiation
induced at the contact sites between neurons and HEK cells (Fig. 4E, right panel). WT
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hippocampal neurons endogenously express both PCDH19 and Ncad, but HEK cells only
express Ncad (human Ncad, which is known to interact with mouse Ncad; 30) and do

not endogenously express PCDH19. Into HEK cells, we overexpressed Ncad together
with PCDH19 (Ncad was fused with GFP) or Ncad only, so that when the HEK cells

are co-cultured with hippocampal neurons, they would create a PCDH19-Ncad matched
or a mismatched situation, respectively. We then evaluated the presynaptic development
of hippocampal neurons at the contact sites with HEK cells by staining for Synapsin, a
synaptic vesicle protein. We found that the number of Synapsin puncta formed on HEK
cells overexpressing Ncad-only (which mimics the Pedh197E7¥ condition) was significantly
lower than that on HEK cells overexpressing Ncad together with PCDH19 (which mimics
the Pcah19WT¥ control condition) (Fig. 4F), suggesting that, indeed, PCDH19-Ncad
mismatch impairs presynaptic development.

We next investigated the effects of PCDH19-Ncad mismatch on downstream signaling
mediated by PCDH19-N-cad /n vivo. Activation of Ncad-mediated signaling induces

the recruitment of B-catenin toward synapses and regulates presynaptic development and
function (23, 24, 31). We therefore examined the clustering of B-catenin at mossy-fiber
synapses in Pcadh19 mutant mice. We found that the -catenin puncta density and size were
significantly decreased in Pcah19E7% relative to Pcah19W7T¥ mice (Fig. 4G). Pcah19EMIc
mice did not show any differences from Pcah19V7 mice (Fig. 4H). These results suggest
that PCDH19-Ncad mismatch (Pcah197E79) impairs B-catenin signaling at mossy-fiber
synapses.

Finally, to investigate whether impaired Ncad signaling indeed underlies defects in p-
catenin clustering and mossy-fiber function in Pcah197€7% mice, we overexpressed Ncad
in Peah197E79 mice and examined whether it can rescue the defects in Pcah197E7?

mice. Using AAV, we first overexpressed GFP (AAV-Cont) or GFP together with Ncad
(AAV-Ncad) in neurons in the dentate gyrus and CA3 of Pcah197E7% mice (Fig. 41).
Overexpression of Ncad in Pcah19E7¢ mice not only restored B-catenin clustering in the
CA3 SL layer (Fig. 4J), but also synaptic function, as demonstrated by restored mossy
fiber-LTP (Fig. 4K). We next performed rescue experiments with Ncad overexpressed
only in the presynaptic compartment, i.e., dentate granule cells (Fig. 4L). The presynaptic
overexpression of Ncad was sufficient to restore p-catenin clustering (Fig. 4M) and mossy
fiber-LTP (Fig. 4N) in Pcadh19E7% mice. These results indicate that impaired Ncad function
underlies the phenotype observed in Pcah197E7% mutants in vivo (see Fig. 40).

Discussion

In this paper, we showed that Pcah197E7%, and not Pcah197EMIZ, mice show mossy-

fiber presynaptic dysfunction and cognitive impairments, mimicking the female specific
manifestation of PCDH19disorder. We further showed that the mismatch between

PCDH19 and Ncad impairs p-catenin clustering and presynaptic development at mossy-fiber
synapses. We propose the following model (Fig. 40): At Pcdh19WT¥ and Peahi9WTo
synapses, PCDH19-N-cad c/s-complex mediates frans-synaptic signaling through PCDH19
homophilic matching, which recruits p-catenin and organizes presynaptic terminals. At
Pcdh197EMI synapses, unmasked Ncad can mediate #rans-synaptic signaling through Ncad
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homophilic matching and recruit B-catenin. However, at Pcah197E7% synapses between
PCDH19* and PCDH19™ neurons, PCDH19-N-cad c/s-complex cannot trans-synaptically
bind Ncad due to mismatching. This mismatching diminishes p-catenin clustering, leading
to impaired presynaptic development, and contributes to cognitive impairment. Our results
provide insights into the molecular and cellular mechanisms underlying the female-specific
phenotypes in PCDH19disorder. In the case of missense mutations (Pcah19gMissenseHETS)
many missense mutations in PCDH19 disorder alter sites in the PCDH19 extracellular
domain (2, 6). Therefore, missense mutants of PCDH19 may not interact with WT PCDH19,
causing a mismatch. This mismatch in Pcah19MissenseHET? |ike in Pcah197ET¥, could
impair Ncad—p-catenin signaling and lead to synaptic impairment.

Human PCDH19disorder is characterized by clusters of epileptic seizures and often
accompanied by cognitive impairment. While Pcah197E7 mice show abnormal network
activity (9), they do not exhibit apparent spontaneous seizures, perhaps due to differences

in the brain complexity between humans and mice. Nevertheless, as described in this paper,
cognitive impairment is a common phenotype observed in both humans and mice. This
suggests that the molecular and cellular mechanisms we identified likely underlie human
PCDH19disorder. A possible translational implication of our study is that the PCDH19—
N-cad c/s-interaction could be a target of the treatment of certain aspects of PCDH19
disorder, including cognitive impairment. Inhibition of PCDH19-N-cad c¢is-interactions,
e.g., with a competitive peptide, in Pcah197E79 could unmask Ncad and enable Ncad
homophilic matching, and thus, restore mossy-fiber presynaptic function. Unmasking of
Ncad may work even in the case of missense mutations (Pcah19VissenseHET?): inhibition of
both WT PCDH19-N-cad and missense PCDH19-N-cad c/s-interactions could enable Ncad
homophilic matching. Furthermore, since Ncad regulates cortical neuron migration and
development (32, 33), the abnormal cortical neuron sorting phenotype in Pcah197E7¢ mice
may also involve PCDH19-Ncad mismatch, and if so, unmasking of Ncad could alleviate
the cell sorting phenotype in Pcah197E7¥ as well. Thus, our study here not only provides
mechanistic insights into PCDH19 disorder, but also suggests possible strategies to treat the
disorder.

Summary of Materials and Methods:

PCDH19 antibodies and cDNAs

Animals

Polyclonal anti-PCDH19 antibodies were generated by immunizing rabbits with KLH-
conjugated PCDH19 peptides (mouse, a.a. 1111-1145 [NP_001098715.1]). The specificity
of the antibodies was confirmed by immunoblotting and immunohistochemistry (fig. S1,

D to I). The mouse Pcahi9 cDNA (NM_001105245.1), human CDHZ (NCAD) cDNA
(NM_001792.5), and mouse Cadh2 (Ncad) cDNA (NM_007664.5) were obtained by RT-
PCR.

Pcdh19 mutant mice were generated using the CRISPR/Cas9 system (fig. S1). Two gRNAs
were designed so that the 1st exon of Pcadh19would be deleted after cleavage. Pcah19
mutant mice were maintained on a C57BL/6J background. 7AyZ-GFP-M (JAX: 007788) and
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Hprt-SL-tdTomato (JAX: 021428) mice were previously described (13, 14). Both male and
female mice were used and analyzed separately. All animal care and use was in accordance
with the institutional guidelines and approved by the Institutional Animal Care and Use
Committee at Boston Children’s Hospital.

Mouse brain sections and cultured cells were immunostained as described previously

(12, 34). Fluorescent /in situ hybridization was performed with an RNAscope Fluorescent
Multiplex Kit (Advanced Cell Diagnostics). Proximity ligation assay was conducted with
Duolink /n situ PLA fluorescence kit (MilliporeSigma). Images were taken with a BZ-
X810 fluorescence microscope (Keyence) or an LSM700 confocal microscope (Carl Zeiss).
Images were obtained with the identical acquisition settings. The background intensity

was subtracted from each image. The intensity of signals, the density and size of puncta,
the axon length, and the density and morphology of boutons and spines were quantified
using Image J or MetaMorph, or manually. For colocalization experiments, % colocalization
and Pearson’s correlation were quantified using Image J. Puncta smaller than 6 pixels

were excluded from analysis. Electron microscopic analysis of mossy fiber synapses and
pre-embedding immunogold labeling were performed as described previously (12, 34).
Quantitative analysis of mossy fiber synapses was performed using Image J or manually by
an individual blind to genotype.

Electrophysiology

All electrophysiological experiments and analyses were done blind. mEPSC and fEPSP
recordings were conducted with acute hippocampal slices prepared from 4- to 6-week-old
mice with a Multiclamp 700B amplifier and Clampex 10.7 software (Axon Instruments).
mMEPSCs were analyzed using Minianalysis (Synaptosoft). The paired-pulse ratio was
determined as the ratio of the second to the first peak amplitude of EPSPs at various
interstimulus intervals. For LTP, fEPSPs were elicited at 0.033 Hz; once a stable baseline
had been achieved for 20 minutes, LTP was evoked by a 2.5 sec train delivered at 25 Hz x 25
stimulations.

Behavioral tests

All data acquisition and analyses were carried out by an individual blind to the genotype. 2-
to 4-month-old mice were used for experiments. Contextual and cued fear conditioning tests,
pre-exposure dependent fear facilitation (Pattern completion) task, contextual discrimination
fear learning (Pattern separation) task, and distinct contextual fear conditioning tests were
conducted in a conditioning chamber (Ugo Basile) equipped with a digital video camera

and a sound-attenuating chest. An automated activity detection system in EthoVision XT
software (Noldus) was used to monitor freezing responses.

Statistical analysis

Statistical analyses were performed using GraphPad Prism software, as indicated in the
figure legends.
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Fig. 1. PCDH19 is localized at mossy-fiber synapses during synapse development, but is
dispensable for dentate granule cell migration and mossy-fiber targeting.

(A) Schematic representation of the mouse PCDH19 protein structure (NP_001098715.1).
The epitope for our anti-PCDH19 antibody is indicated in red (C-terminal 35 a.a.). SS,
signal sequence; EC, extracellular cadherin-like domain; TM, transmembrane domain;
CM1/2, conserved motifs among the 6-protocadherin family; a.a., amino acid.

(B) Immunoblot showing the brain-specific expression of PCDH19 in P10 mouse tissues.
GAPDH was used as a loading control.
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(C and D) Double-staining for PCDH19 and Calbindin, a mossy-fiber (MF) marker, of
hippocampal sections prepared from P7, P14, P28, and P56 female mice. Images are

from the hippocampus (low magnification) and MFs (high magnification). PCDH19 is
highly expressed along the MF pathway during synapse development. Quantification of the
PCDH19 staining intensity within the MF pathway is shown in (D) (% P7). n = 18 fields
from 3 female mice per age. DG, dentate gyrus.

(E and F) Triple-staining for PCDH19, VGLUTL, and Bassoon in the CA3 SL layer of

P28 female mice. Left: lower magnification images. Middle: higher magnification images;
puncta indicated by the arrowheads are magnified. Right: the PCDH19 image was rotated
180° for correlation analysis. Percentages of VGLUT1/Bassoon puncta colocalized with
PCDH19 puncta and Pearson’s correlation coefficients between VGLUT1/Bassoon and
PCDH19 are quantified (F). These analyses indicate that VGLUT1 and Bassoon puncta

are associated with PCDH19 puncta. n = 12 fields from 4 female WT mice for actual and
rotated images. SR, stratum radiatum; SL, stratum lucidum; SP stratum pyramidale.

(G) Pre-embedding immunogold electron microscopy for PCDH19 in the CA3 SL layer

of P28 female mice. PCDH19 is localized at both pre- (red arrowheads) and post- (blue
arrowheads) synaptic sites of MF synapses. Experiments were repeated 3 times with 3
female WT mice. Mt, mitochondria.

(H) Random distribution of Pcahi19" (nuclear-tdTomato™) and Pcah19™ (nuclear-tdTomato™)
cells in the DGC layer of 2- to 4-month-old Pcah197E79 mice, visualized by mating with the
HprtdTomato Jine. DAPI is in blue. Distribution patterns of tdTomato* and tdTomato~ DGCs
are similar between Pcah1979 and Pcah197ET9 mice. Experiments were repeated 3 times.
(1 and J) Immunostaining for ZnT3, a MF bouton marker, and for Calbindin showing normal
MF axonal projections in P28 Pcah197E7¢ mice. Quantification of the staining intensities in
the MF region (% WT) and MF lengths (mm) is shown in the graphs. n = 15-16 fields from
4 mice per genotype.

(K) MF projections are visualized by mating Pcah19”79 and Pcah19E79 mice with the
Thy1-GFP-M line. MF projections in P28 Pcah19E7¢ mice are normal. Quantification is
shown in the graphs. n = 17-18 fields from 4 mice per genotype.

(L) Dil labeling of MF axons in P28 Pcadh19WT® and Pcadh197E7% mice. Quantification

of the lengths of Dil-labeled axons shows that MF lengths are not significantly different
between Pcah1979 and Pcah19ET9 mice. n = 8-9 sections.

The scale bars represent 1 mm (low magnification) and 100 pm (high magnification) (C and
I to K), 10 um (E), 200 nm (G) and 50 um (H and L). Data are mean + SEM. ***P< 0.005
by Student’s #test (F, | to L). ***P< 0.005 by one-way ANOVA followed by the Tukey test

(D).
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MF bouton density is similar between control and mutant. n = 20 fields from 4 mice per
genotype.

(D and E) Electron microscopic analysis of MF synapses in 4-week-old female (D) and male
(E) mice. Densities of synaptic vesicles (SVs) within 400 nm and 150 nm from the active
zone are decreased in Pcah197E7% but not in Peah197EMIZ, mice compared their respective
controls. The density and length of PSDs are comparable between all genotypes. n = 93-103
synapses from 10-12 fields from 2 mice per genotype.

(F) Analysis of dendrites and spines of CA3 pyramidal neurons in 4-week-old Pcah19W7?
and Pcah197ET¢ mice, visualized by mating them with the 7AyZ-GFP-M line. Low and

high magnification images are shown. Number of dendritic branches in the SL layer (n =
35-36 dendrites from 5 mice per genotype), spine density (n = 25-28 fields from 5 mice per
genotype), and % of mature spines (n = 25-28 fields from 5 mice per genotype) are similar
between Pcah19T and Pcah197ET¥ mice.

(G and H) Immunostaining for postsynaptic proteins PSD95 and GIuR1 in the CA3 SL layer
in 4-week-old Pcah19WT¥ and Pedh197E7 mice. Density and size of PSD95 (G) and GluR1
(H) puncta are comparable between Pcah1979 and Pcah19E79 mice. n = 14-16 fields
from 4 mice per genotype.

(I and J) Paired-pulse ratio (PPR) of evoked EPSCs at MF synapses from 5-week-old female
(1) and male (J) mice (left, sample traces with a 25 ms inter-stimulus interval; right, PPR
across a range of inter-stimulus intervals). PPR is significantly increased in Pcah197E7*,
but not in Pcah197EMI mice compared to controls. n = 21 slices for Pcah197%, 14 for
Pcah197ET¢ 11 for Pcah19™V79, and 14 for Pcah197EMIZ from 4 mice each.

(K and L) MF-LTP induced by high-frequency stimulation (2.5 s train at 25 Hz x 25
stimulations) in 5-week-old female (K) and male (L) mice (Left, sample traces before

and after the LTP induction; Middle, LTP time course; Right, fEPSP slopes after the

LTP induction normalized to baseline). MF-LTP is abolished in Pcah197E7%, but not in
Pcah197EMIT mice. n = 12 slices for Pcah19WT?, 13 for Pedh197ET#, 14 for Pcahi9Ve,
and 10 for Pcah19EMI from 4 mice each.

The scale bars represent 10 um (B, C, F: low magnification, G, and H), 200 nm (D and E),

5 um (F: high magnification), and 100 pV and 25 ms (I to L). Data are mean + SEM. *P<
0.05, **P< 0.01 by Student’s #test (B to H). *£< 0.05 by two-way ANOVA followed by
the Sidak test (I and J). *P < 0.05 by Mann-Whitney U test (K and L).
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Ft|)g|3 Pcdh19HET? but not Pcdh19HEM! @ mice lack pattern completion and pattern separation
abilities.

(A to G) Fear conditioning test. (A) Schematic of the contextual and cued fear conditioning
test. Context A is different from context B. CS, white noise; US, 0.3 mA foot shock. (B

to G) Freezing responses of female (B to D) and male (E to G) mice. (B and E) Freezing
responses on day 1. CS was presented for 30 s, 3 times, (gray shadow) and at the end of each
CS, a US was given (red). (C and F) Freezing responses on day 2 (contextual test). (D and
G) Freezing responses on day 3 (cued test). CS was presented at 3—6 min (gray shadow).
Freezing responses during the conditioning, contextual and cued tests were similar between
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Pcah19 mutant and control mice. n = 14 mice for Pcdh19V7%, 10 for Pedh197E7%, 12 for
Pcan19W79, and 12 for Peah19EMIC,

(H to L) The pattern completion test. (H) Schematic of the pre-exposure dependent
contextual fear task (pattern completion-mediated contextual task). On day 1, mice were
either left in their home cage (No-Pre) or pre-exposed to context A for 10 min (Pre-
exposure). On day 2, the mice received an immediate shock in context A (a 0.5 mA, 2

sec foot shock during a 42 sec stay). On day 3, freezing responses in context A were
monitored. (I to L) Pcah19V7%, pcah1979, and Pcah197EMIZ but not Pcah197E72 mice
show increased freezing responses when pre-exposed to the context on day 1. n = 14
(No-Pre) and 13 (Pre-exposure) mice for Pcah197%, 10 and 10 for Pcah197E7% 11 and

11 for Pcah1977, and 11 and 11 for Pcah197EMIZ. (J and L) Time course of the freezing
responses.

(M to T) The pattern separation test. (M) Context A and B are very similar but slightly
different in terms of a floor and walls. (N) Schematic of the contextual discrimination task
(pattern separation-mediated contextual task). Only in context A, a foot shock is given to
mice. Days 1-3 are context acquisition, and days 4-13 are context discrimination training.
After the discrimination training, mice can separate context A (showing strong freezing)
from context B (weak freezing). (O and P) Normal freezing responses during context
acquisition in Pcah19WT¥ and Pcah197E7% (0) and in Pcah19V7 and Peah197EMIT mice
(P). (Q and S) Freezing responses in context A (solid line) and B (dashed line) during
discrimination training. Pcah19V79(Q, left), Pcah19V7< (S, left), and Pcah19EMIo (S,
right), but not Pcah197€79 (Q, right), mice showed less freezing responses in context B than
in context A after training. (R and T) Discrimination learning index of % freezing = (A

- B in Block5) — (A - B in Block1). Peah19WT%, pcdh19WT7 and Peah19EMIZ bhut not
Pcah19ET mice learned to discriminate the two contexts. n = 17 mice for Pcah19W7%, 15
for Pcan19€7%, 15 for Pcdh19W77, and 17 for Peah19EMIC,

Data are mean + SEM. *£<0.05, **P< 0.01, ***P< 0.005 by Student’s #test (I, K, Q, and
S). *P < 0.05; two-way repeated-measures ANOVA followed by the Sidak test (B to G, J, L,
0, and P). *P< 0.05 by Mann-Whitney U test (R and T). NS: not significant.
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Fig. 4. PCDH19-N-cad mismatch impairs Ncad signaling and presynaptic development at mossy-

fiber synapses.
(A) PCDH19 interacts with Cadherin. Immunoprecipitates with anti-PCDH19 antibodies

from hippocampal lysates prepared from 4-week-old Pcah19W7 and Peah197EMIT mice
were immunoblotted for Cadherin or PCDH19 (upper panels). Lysates were also tested for
the presence and absence of Cadherin and PCDH19 (lower panels). Anti-Cadherin antibody:
Cat# sc-59876. The two bands for PCDH19 are splice variants due to alternative splicing in
the cytoplasmic domain (NM_001105245.1 and NM_001105246.1).
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(B and C) Double staining for PCDH19 and Ncad in the CA3 SL layer of 4-week-

old Pcah19W7? pcan19E7, peah19V77, and Pedh197EMIT mice. Insets are higher-
magnification views of a MF bouton, indicated by arrowheads. Percentages of Ncad puncta
colocalized with PCDH19 puncta and Pearson’s correlation coefficients between Ncad and
PCDH19 are quantified (C). n = 10 fields from 3 mice per genotype. Anti-Ncad antibody:
Cat# 610920.

(D) Proximal ligation assay (PLA) detecting PCDH19 and Ncad interaction /n situin
hippocampal sections from 4-week-old Pcah197 and Pcah197EMIY mice. PLA signals
(green puncta) are detected in the CA3 SL layer of Pcah1977, but not of Pcah197EMIC,
mice. n = 10 fields from 3 mice per genotype. Anti-Ncad antibody: Cat# 610920.

(E and F) HEK cell-neuron co-culture assay. (E) Schematic of the co-culture assay to
examine the synaptogenic activity. HEK cells may organize presynaptic differentiation

(red dots) in contacting neuronal axons only when HEK cells are expressing synapse
organizing molecules (in this case, Ncad + PCDH19; left panel). If HEK cells only

express Ncad, they cannot organize presynaptic differentiation (right panel). In the adjacent
areas, synapses may form where neuronal axons and dendrites contact with each other. (F)
HEK cells overexpressing Ncad-GFP only or Ncad-GFP + PCDH19 were co-cultured with
hippocampal neurons for 2 days and stained for Synapsin (to label presynaptic terminals)
and GFP (to label HEK cells) at DIV18. Insets show high magnification views of staining on
HEK cells. The density of Synapsin puncta formed on HEK cells overexpressing Ncad only
was significantly less than that on HEK cells overexpressing Ncad + PCDH19. n = 39 cells
from 3 independent experiments. The cDNA constructs used for overexpression were human
NCAD (CDHZ2) and mouse Pcdhlg.

(G and H) p-catenin clustering in the CA3 SL layer in 4-week-old female (G) and male

(H) mice. Insets are higher-magnification view of a MF bouton indicated by arrowheads.
Density and size of B-catenin puncta were significantly decreased in Pcdh19E7%, but not in
Pcdh19EMIZ mice compared to controls. n = 16-24 fields from 3 mice per genotype.

(1to K) Overexpression of Ncad in DG and CA3 regions of Pcdh197E79 mice restored B-
catenin clustering and MF-LTP. (1) AAV expressing GFP only (AAV-Coni) or GFP together
with Ncad (AAV-Ncad) was injected into both DG and CA3 regions of P4 Pcah19E7% mice
by stereotaxic injection. (J) B-catenin clustering in the CA3 SL layer of 4-week-old female
Pcah19ET+AAV-Contand Pcah197ET+AAV-Ncad mice. Insets are higher-magnification
views of a MF bouton indicated by arrowheads. Density and size of p-catenin puncta are
significantly increased in Pcah19E79+AAV-Ncad compared to Peah197ET*+AAV-Cont. n
= 18 fields from 3 mice per condition. (K) MF-LTP induced by high-frequency stimulation
in 5-week-old female Pcah19ET9+AAV-Contand Pcah197ET9+AAV-Ncad mice (upper
panel, sample traces before and after the LTP induction; lower left panel, LTP time course;
lower right panel, fEPSP slope after the LTP induction normalized to baseline). n = 11 slices
for Pcah19E7°+AAV-Contand 11 for Pcah197ET+AAV-Ncad from 4 mice each.

(L to N) Overexpression of Ncad in the DG region of Pcah197E7% mice restored -

catenin clustering and MF-LTP. (L) AAV expressing GFP or GFP together with Ncad

was injected into the DG region of P4 Pcah197E7% mice by stereotaxic injection (AAV-
Cont/Pre or AAV-Ncad/Pre). (M) B-catenin clustering in the CA3 SL layer of 4-week-

old female Pcah197ET°+AAV-Cont/Pre and Pcdh197ET°+AAV-Ncaa/Pre mice. Insets are
higher-magnification views of a MF bouton indicated by arrowheads. Density and size of
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B-catenin puncta are significantly increased in Pcah197E7+AAV-Ncaa/Pre compared to
Pcah19ET+AAV-Cont/Pre. n = 23-27 fields from 3-4 mice per condition. (N) MF-LTP
induced by high-frequency stimulation in 5-week-old female Pcah197ET°+AAV-Cont/Pre
and Pcah197E T +AAV-Ncaad/Pre mice (upper panel, sample traces before and after the LTP
induction; lower left panel, LTP time course; lower right panel, fEPSP slope after the LTP
induction normalized to baseline). n = 13 slices for Pcah197ET°+AAV-Cont/Pre and 5 for
Pcah197ET?+AAV-Ncady/Pre from 3—4 mice each.

(O) A proposed model. At Pcah19W7? pcah19WT, and Peahi197EMI synapses, PCDH19
and/or Ncad homophilic matching mediates -catenin signaling and organizes presynaptic
terminals. However, at Pcah197€79 synapses, PCDH19-N-cad mismatching diminishes
B-catenin signaling and impairs presynaptic development. PCDH19 with missense
mutations, which may not bind to WT PCDH19, could also lead to synaptic impairment
(Pcahi gMissenseHE T9)_

The scale bars represent 5 ym (B), 10 um (D, F, G, H, J, M), and 100 uV and 25 ms (K and
N). Data are mean + SEM. *P< 0.05, ***P< 0.005; Student’s £test (D, F, G, H, J, M). ***p
< 0.005 by one-way ANOVA followed by the Tukey test (C). *£< 0.05 by Mann-Whitney U
test (K and N).
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