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Cortical inhibitory interneurons (cINs) are born in the ventral forebrain and migrate into the
cortex where they make connections with locally produced excitatory glutamatergic neurons.
Cortical function critically depends on the number of cINs, which is also key to establishing
the appropriate inhibitory/excitatory balance. The final number of cINs is determined dur-
ing a postnatal period of programmed cell death (PCD) when ~40% of the young cIN’s are
eliminated. Previous work shows that the loss of clustered gamma protocadherins (Pcdhgs),
but not of genes in the Pedha or Pedhb clusters, dramatically increased BAX-dependent cIN
PCD. Here, we show that PcdhyC4 is highly expressed in cINs of the mouse cortex and that
this expression increases during PCD. The sole deletion of the PcdhyC4 isoform, but not of
the other 21 isoforms in the Pedhg gene cluster, increased cIN PCD. Viral expression of the
PcdhyC4, in cIN lacking the function of the entire Pedhg cluster, rescued most of these cells
from cell death. We conclude that Pedhy C4 plays a critical role in regulating the survival of
cINs during their normal period of PCD. This highlights how a single isoform of the Pcdhg
cluster, which has been linked to human neurodevelopmental disorders, is essential to adjust
cIN cell numbers during cortical development.

GABAergic | neuronal elimination | inhibitory neurons | medial ganglionic eminence
transplantation

Programmed cell death (PCD) is a key feature of the development of the nervous system
essential to adjust the size of neuronal cell populations (1). The mechanisms of how
neuronal numbers are adjusted are largely based on studies of the peripheral nervous
system (PNS), where neuronal cell death is largely explained by the neurotrophic factor
hypothesis (2—7). However, the mechanism determining the size of a neuronal population
in the central nervous system (CNS) and how PCD is controlled remains largely unknown.
Several studies indicate that the CNS does not utilize the neurotrophic-related molecular
mechanisms used in the PNS to regulate PCD (8-11).

In the cerebral cortex, local circuit inhibitory neurons, or cortical inhibitory interneurons
(cING), are essential for sculpting, gating, and regulating neuronal excitation. Dysfunction
or changes in the number of cINs is a hallmark of neurological disorders including epilepsy,
schizophrenia, and autism (12-17). Ensuring the proper number of ¢cINs during cerebral
cortex development is an essential step in establishing proper brain function.

cINs are produced in the ventral forebrain within the medial and caudal ganglionic
eminences (MGE and CGE). The young cINs then migrate dorsally into the cortex and
form connections with locally produced excitatory neurons. Within the first two postnatal
weeks of cortical development in mice, approximately 40% of cINs are eliminated by
PCD (11, 18). An intriguing feature of this developmental process of cell elimination is
its timing and location. While most cINs are born in the ventral telencephalon between
E11.5 and 16.5, their PCD occurs postnatally, 10 to 15 d later, and in the cortex, far from
their birthplace. The timing of ¢cIN PCD correlates with several features of cortical devel-
opment including the emergence of correlated activity and the development of cIN mor-
phological complexity and synaptic connectivity (19-24). Indeed, changes in correlated
neuronal activity during the timing of PCD have been associated with altered cIN survival
(25). Adhesion proteins are likely necessary to establish the initial cell—cell connectivity
that is key to the regulation of PCD in the cortex.

The clustered protocadherins (Pcdhs) (26) are a set of 58 cell surface homophilic-adhesion
molecules that are tandemly arranged in three subclusters named alpha, beta, and gamma:
Pedba, Pedhb, and Pedhg (27). Pedhs play important roles in neuronal tiling, dendritic
arborization, and axon targeting (28—32). Loss of function of the 22 Pedhg isoforms, but
not of the Pedha or Pedhb gene clusters, results in increased BAX-dependent interneuron
cell death in the cortex, spinal cord, and retina (33-35). Using transplantation to bypass
neonatal lethality, we have also shown that the combined removal of three Pedby isoforms

(PedhyC3, PedhyC4, and PedhyC5) resulted in increased cIN cell death. Importantly, the
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removal of the entire Pcdhg gene cluster did not affect the prolif-
eration of cIN progenitors, or the migration and morphological
complexity of cINs (33). Within the Pcdhg gene cluster, the sole
deletion of PcdhyC4, but not that of other isoforms, is sufficient
to cause neonatal lethality and increased cell death in the spinal
cord (36). Whether PcdhyC4 is the key isoform in the regulation
of cIN survival remains unknown.

In the present study, we show that Pedly C4 was enriched in the
cIN population and largely absent from excitatory neurons in the
adult cortex. In contrast, the PedhyC5 isoform was mainly
expressed in excitatory neurons. We observed that the expression
of PedhyC4 in cINs and of PedhyC5 in excitatory neurons increased
during the period of cIN PCD between postnatal day (P) 5 and
P14. Using knockout mice in which various Pedhy isoforms were
deleted (36), combined with heterochronic transplantation (33),
we then show that the 19 A- and B-type Pcdby isoforms, as well
as Pedhy C3 and Pedhy C5, have minimal effect on cIN survival. In
contrast, the deletion of PedhyC4 was sufficient to dramatically
increase cell death among MGE-derived cINs during the normal
period of PCD. Lastly, we showed that Pcdby-deficient cINs were
rescued from excess cell death by the viral overexpression of the
PedpyC4 isoform. We conclude that Pedby diversity is not required
for cIN survival; rather the expression of PedhyC4, is necessary
and sufficient for the survival of most cINs.

Results

Divergent Expression of PcdhyC4 and PcdhyC5 in cINs and
Excitatory Cortical Neurons during PCD. The Pcdhg gene locus
encodes 22 distinct Pedhy proteins, which are subclassified
as A-, B-, or C-type isoforms. Previous work suggests that
Pedhys and specifically the C-type isoforms play a key role in
the regulation of cIN PCD (33). This previous work suggested
that either individual or multiple C-type Pcdhys are required
to maintain appropriate numbers of cINs in the cortex. To
determine whether differential expression patterns of individual
C-type Pcdhys might be involved in cIN survival, we screened
scRNA sequencing datasets to determine which C-type Pcdhys are
expressed in cINs. Interestingly, two scRNA sequencing datasets
generated from adult mice cortex (>P50) (37, 38) showed a
distinct enrichment of PedhyC4 expression in GABAergic cells
compared to excitatory cells. In contrast, glutamatergic excitatory
neurons expressed higher levels of PedbyC5 (Fig. 1 A and B).
Using these same datasets, we asked whether the expression of
PcdhyC4 and Pedhy C5 differed in different subclasses of excitatory
and inhibitory neurons (S/ Appendix, Fig. S1 A and B). Among
inhibitory neuron subtypes, interferon gamma-induced GTPase
(Igtp), Neuron-derived neurotrophic factor (Ndnf), Parvalbumin
(Pvalb), Somatostatin (SST), and Vasoactive intestinal peptide-
expressing (Vip) cells showed a higher expression of PedhyC4 and
lower levels of PcdhyC5. Among the excitatory neurons, higher
levels of PcdhyC5 expression were evident in deep and superficial
glutamatergic neurons. Together, these scRNA-sequencing datasets
indicate that the PedhyC4 and PedhyC5 genes are differentially
expressed between cINs and excitatory neurons in the adult
mouse cortex. In contrast, expression of PedbyC3, which plays a
unique role in promoting cortical dendrite arborization through
its signaling partner Axinl (39), was expressed at low levels in
both GABAergic and glutamatergic neurons, similar to that of the
other Pcdhy genes (Fig. 1 A and B). Together, these observations
suggest that PedhyC4 and PedhyC5 might play distinct functions
in cINs and excitatory neurons, respectively.

In order to confirm the above observations in tissue sections, we
performed in situ hybridizations using RNAscope in visual cortex
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sections of Nkx2.1;Ai6 mice in which MGE-derived cINs express
the ZsGreen protein (40). Using probes against the PedlyC4 and
PedhyC5 mRNA transcripts, we investigated the in vivo patterns
of expression of these adhesion molecules during the period of PCD
(P35, P7, and P14) (Fig. 1 C and D). At P5, 62.1% of ZsGreen®
cINs were positive for PedhyC4, increasing to 69.6% at P7 and to
89.4% by P14 (Fig. 1E). This suggests that by the onset of PCD,
cINs already express Pedhy C4. However, measurements of the aver-
age mean intensity of Pedhy C4 signal per cell indicate that the levels
of PedpyC4 expression in MGE-derived cINs increased drastically
during PCD (Fig. 1F). In contrast to the ZsGreen” MGE-derived
cINs, only a small fraction of ZsGreen™ cells expressed PedbyC4
(Fig. 1F). ZsGreen" MGE-derived cINs expressed no or low levels
of PcdhyC5 during the period of PCD (0.9% at P5, 6.8% at P7,
and 8.5% at P14) (Fig. 1G). However, ZsGreen™ cells frequently
expressed high levels of PedhyC5 (Fig. 1H).

We further validated the expression of PcdhyC5 in the cerebral
cortex by immuno-staining. Staining for PcdhyC5 was combined
with Cux1 and Ctip2 immunostainings to identify upper and lower
layer cortical excitatory neurons respectively (S/ Appendix, Fig. S1
Cand D). While no PcdhyCS5 signal was detectable at P5 and P7,
PcdhyC5 staining clearly surrounded 94.8% of Cux1” neurons and
81.5% of Ctip2" neurons at P14 (S] Appendix, Fig. S1 H and 1).
To determine whether PedhyC5 expression is lower in inhibitory
neurons, we costained the visual cortex with PcdhyC5 and ZsGreen
antibodies in the Nkx2.1;Ai6 P14 mice (SI Appendix, Fig. S1G).
Consistent with the scRNA-seq data, inhibitory neurons had visibly
lower levels of PcdhyC5 protein with only 11.2% of ZsGreen neu-
rons expressing PcdhyC5. Additionally, we performed PcdhyC5
stainings in combination with immunostaining for PV and SST
(81 Appendix, Fig. S1 E and F). Among the MGE-derived cINs,
20.6% of PV cells and 30.0% of SST neurons were PcdhyC5"
(SI Appendix, Fig. S1 H and I). Together, these data indicate diver-
gent expression of PedhyC4 in cINs and PedhyC5 in excitatory
neurons, with the levels of expression of PcdhyC4 and PedhyC5
in these two neuronal populations increasing during the period of
PCD. Immunostaining for PcdhyC4 has not been reported and of
the 5 antibodies (Methods) for PcdhyC4 we tested, none worked

for immunostaining.

PcdhyC4 Deletion Results in the Elimination of Most cINs. Our
previous work has shown that the combined deletion of the three
Pedhy C-type genes (Pedhy C3, PedhyC4, and PedbyC5) results in
increased cIN cell death during the period of naturally occurring
PCD (33). A recent study has shown that constitutive genetic
deletion of PcdhyC4, but not that of PedhyC3 or PedhyC5, leads
to neonatal lethality and increased interneuron cell death in the
spinal cord (36). To ascertain the function of PedhyC4 in the
regulation of cIN PCD, we transplanted cells from mice with a
constitutive deletion of the PedhyC4 isoform (PcdhyC4KO mice)
(36). PcdhyC4KO mice were crossed to the Nkx2.1°"; Ai14 MGE/
preoptic area (POA) reporter mouse line to provide a genetically
encoded fluorescent label for the cINs (Fig. 2A4).

Embryos homozygous for deletion of the PedhyC4 isoform
develop normally with no apparent weight, size, or brain abnor-
malities and are born in normal Mendelian ratios. However, these
mice die perinatally (within 24 h of birth) before the period of
PCD for cINs (P0-P15). In order to bypass lethality and to study
the role of PcdhyC4 deletion in ¢IN survival postnatally, we used
a cotransplantation method; transplanting a mixture of WT cINs
with mutant cINs (Fig. 2B). This allowed us to compare the sur-
vival of mutant and WT cells within the same WT environment.
The F2 generation of Nkx2.1%Ai14;Pcdhy ™" mice were bred
to generate E13.5 embryos, homozygous for the Pedhy“™© allele.

pnas.org
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Fig. 1. Divergent expression of PcdhyC4 and PcdhyC5 in cINs and excitatory cortical neurons during PCD. (A and B) ScCRNA-seq analysis from publicly available
datasets (37, 38) shows high expression of PcdhyC4 in GABAergic cINs (A) and low expression in excitatory GLUTamatergic neurons (B). In contrast, PcdhyC5
is expressed high in excitatory neurons (B) and low in cINs (A). Error bars represent the SEM. (C and D) RNAscope of visual cortex in Nkx2.1; Ai6é mice during
PCD. Low (C) and high magnification (D) images show low expression of PcdhyC4 and PcdhyC5 at P5. Between P7 and P14, expression of both PcdhyC4 and
PcdhyC5 has noticeably increased. By P7 and P14, PcdhyC4 is highly and preferentially expressed in ZsGreen® MGE-derived cINs (yellow arrows), while PcdhyC5 is
preferentially present in ZsGreen™ cells. Scale bar low-magnification (C) = 100 um. Scale bar high-magnification (D) = 50 pm. (£ and F) Quantification of PcdhyC4
isoform transcripts in the visual cortex of P5-P14 mice (£). Measurements of the average mean signal intensity of PcdhyC4 in ZsGreen” MGE-derived cINs showing
PcdhyC4 signal increases significantly between P5 and P14, while expression of PcdhyC4 in ZsGreen negative cells remains comparably low (F). n = 3 animals
per genotype, 9 to 10 fields per animal, quantified at least 25 cells per field. Nested 1-way ANOVA with Tukey's multiple comparisons test; *P <0.05, **P < 0.01,
***P <0.005, and ****P < 0.0001; ns = not significant. (G and H) Quantification of PcdhyC5 isoform transcripts in the visual cortex of P5-P14 mice. Proportions of
MGE-derived cINs that express PcdhyC5 remained low during the period of PCD; 0.9% at P5, 6.8% at P7, and 8.5% at P14 (G). The average mean signal intensity of
PcdhyC5 transcript in MGE-derived cINs was low throughout PCD, while non-MGE (ZsGreen") derived cINs showed high PcdhyC5 signal at P14 (H). n = 3 animals
per genotype, 9 to 10 fields per animal, quantified at least 25 cells per field. Nested 1-way ANOVA with Tukey’s multiple comparisons test; *P < 0.05, **P < 0.01,
**%p < 0.005, and ****P < 0.0001; ns = not significant.

In these embryos, MGE/POA-derived cells lacking PcdhyC4 are
fluorescently labeled with the tdTomato protein upon Cre-driven

protein (GFP)-expressing cINs were obtained from microdissected
MGEs of Nkx2.19%Ai6 mice, in which MGE-POA-derived cells

recombination of the Ail4 allele.
The MGE: of embryos carrying the homozygous deletion of the
PcdhyC4 allele were microdissected. As a control, green fluorescent

PNAS 2024 Vol.121 No.6 2313596120

are fluorescently labeled with ZsGreen (40) (Fig. 2 A and B) or
Gad67-GFP embryos (SI Appendix, Fig. S2 A and B). The MGEs

were dissociated, and cells were mixed in similar proportions (GFP
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Fig. 2. Genetic deletion of PcdhyC4 increased cell death in MGE-derived
cINs. (A) Diagram of genetic crosses between MGE/POA-specific reporter and
Pcdhy“**© mice. Pcdhy“*° homozygous MGE cells were obtained from the
Nkx2.19%Ai14;Pcdhy“ /K0 embryos, whereas control cells were obtained
from Nkx2.1¢%,Ai6 embryos. (B) Schematics of transplantation protocol. The
MGEs from E13.5 Pcdhy®*© homozygous mutant or control embryos were
dissected, dissociated, and mixed in similar proportions. The mixture of GFP*
(Pcdhy™™ and tdTomato" (Pcdhy®K®/“#9) cells was grafted into the cortex of
WT neonate mice. (C) Left—Confocal images from the cortex of mice at 6 and
21 DAT. The transplanted cells are labeled with GFP (Pcdhy'™) or tdTomato
(Pcdhy“#KC/c4K0) pisht—Quantifications (shown as survival fraction) of surviving
MGE-derived cINs at 6 and 21 DAT. Both the transplanted GFP and tdTomato-
labeled cells undergo PCD between 6 and 21 DAT, but the Pcdhy“<%/0 cells
are eliminated at significantly higher rates. (D) Survival fraction quantifications
from (C) shown by individual brain sections (each bar) and separated by
animals at 6 and 21 DAT. Scale bar = 50 pm, nested ANOVA, ****p =3 147e-
10, n =5 mice per time point and 10 brain sections quantified per mouse, DAT
6 cells counted = 9,125, DAT 21 cells counted = 3,125.
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and tdTomato). The mixture of GFP cells with tdTomato cells was
transplanted into the cortex of host neonatal mice (P3-P7). The
homozygous Pedhy @ O"4KO ells were identified via tdTomato
expression while cells carrying the Pedhy™T allele were identified
via expression of GFP (Fig. 2C). Survival of the transplanted cells
was analyzed at 6 and 21 d posttransplant (DAT), which corre-
sponds to postnatal days (P) 0 and 15 for the transplanted cells,
cellular ages that span the period of endogenous <IN PCD. At 6
DAT, the proportion of the fluorescently labeled transplanted cells
expressing GFP (Pedhy™ ") was 38.2%, and the td Tomato-positive
Pedhy @O cells made up the balance, 61.8%, of all trans-
planted cells that survived. Importantly, there was no apparent
change in the proportion of GFP to tdTomato cells between 4 and
6 DAT (81 Appendix, Fig. S34), before the period of naturally occur-
ring cell death for the transplanted cells. By 21 DAT, however, the
proportion of GFP to tdTomato cells had shifted dramatically, indi-
cating that one cell population was eliminated at higher rates.
Indeed, the tdTomato-positive Pedhy“HKOICAKO o) population
dropped from 61.8% (at 6 DAT) to 15.9% at 21 DAT. Conversely,
the proportion of GFP-positive Pcdhy™ " cINs had increased from
38.2% (at 6 DAT) to 84.1% at 21 DAT. Note that the increase in
the proportion of GFP-positive cells does not reflect an increase in
survival, but rather that the td Tomato-labeled cells were eliminated
in much greater numbers during PCD. Importantly, similar but less
robust reductions were found in experiments where we cotrans-
planted Pcdhy“™ ' “ O with Pedhy™" cells derived from
Gad67-GFP embryos (ST Appendix, Fig. S2). These differences in
survival proportions could be due to contributions from
non-Nkx2.1-derived cINs (Gad67-GFP* cINs derived from the
CGE that migrate through the MGE or those derived from the
dorsal MGE that do not express Nkx2.1). These results suggest that
cells that lack the PedhyC4 protein are more likely to be eliminated

during the normal period of cell death than those cells that express
the WT PcdhyC4.

Deletion of All Pcdhy, Except PcdhyC4, Is Sufficient for the
Survival of the Majority of cINs. We wondered whether PcdhyC3
and PcdhyC5 may also contribute to cIN survival. In our previous
study, deletion of the C-type isoforms (PedhyC3, PedbyC4, and
PcdhyC5) resulted in the elimination of most cINss, to levels similar
to those observed after the loss of function of the entire Pcdhy
cluster (33). These suggested that the 19 alternate A- and B-type
Pcdhy isoforms do not significantly contribute to the survival of
cINs. Here, we used the Pcdhy'™" mouse line (36), which lacks
all 19 A- and B-type Pcdby isoforms, as well as PedhyC3 and
PedpyC5, but retains PedhyC4 (Fig. 3A).

Mice homozygous for the Pedhy™ allele (Pedhy™"™) are
born in normal mendelian ratios, develoP normally, and are fertile,
as previously reported (36). Pcdhy™ ™" mice were crossed to the
above Nkx2.17"; Ail4 mouse line to label MGE/POA-derived
cINs with the tdTomato protein (Fig. 34). As above, we used
cotransplantation to compare the survival of cINs solely expressing
PcdhyC4 to that of ¢cINs expressing all 22 Pcdhy isoforms. cIN
precursor cells homozygous for the Pcdh{lm/Rl allele were
obtained from E13.5 Nkx2.1Ai14;Pcdhy"™"®" embryos. As a
control, we used cIN precursor cells expressing WT Pcdhy
obtained from Nkx2.1Ai6 embryos (Fig. 3B). Survival of the
transplanted cells was analyzed at 6 and 21 DAT and is represented
as the proportion of GFP to tdTomato cells at these time points.
At 6 DAT, roughly 44.7% of all transplanted cells were
GFP-positive (WT Pedhy) while the remaining cells (55.2%) were
thomato—l}I){ositive (Pcdhylm/m). As hypothesized, the survival of
the Pedhy™"™! tdTomato positive cells was remarkably similar
to that of the GFP-labeled control cells (Fig. 3 Cand D). However,
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Pcdhy'™ homozygous or control embryos were dissected, dissociated, and
mixed in similar proportions. The mixture of GFP* (PcdhyWT) and tdTomato”
(Pcdhy™"'R"y cells was grafted into the cortex of WT neonate mice. (C) Left—
Confocal images from the cortex at 6 and 21 DAT. The transplanted cells are
labeled with GFP (Pcdhy"™) or tdTomato (Pcdhy'®""®"). Right—Quantifications
of the transplanted cells that survived at 6 and 21 DAT. Note that both the GFP
and tdTomato labeled cells underwent PCD between 6 and 21 DAT, but both
cell types survived to similar levels. (D) Survival fraction quantifications from
(C) shown by individual brain sections (each bar) and separated by animals
at 6 and 21 DAT. Scale bar = 50 pm, nested ANOVA, ***P = 0.0026, n = 4 mice
per time point and 10 brain sections per mouse. DAT 6 cell counted = 11,063,
DAT 21 cells counted = 7,751.
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there was a small but significant drop in the Pedhy™™ popu-

lation ‘£9.1%), as compared to a 45.9% decrease in the
PedhyHKOMCAKO transplants (Fig. 2 Cand D). Similar results were
observed when control cINs cells were obtained from the
Gad67-GFP mouse line (8] Appendix, Fig. S4). Importantly, the
proportion of GFP to tdTomato positive cells remained unchanged
between 4 to 6 DAT (SI Appendix, Fig. S3B). Together, these data
suggest that expression of PcdhyC3 or PedhyCS5 is not required
for the survival of most cINs. Furthermore, these observations
suggest that A- and B-type Pcdhy isoforms are also not required
for cIN survival. Given the small drop in cIN survival in
Pedhy'™ R ¢IN, we cannot rule out the possibility that these
A- and B-type Pcdhy isoforms, or PcdhyC3 or PcdhyC5 may
make a small contribution to cIN survival. Alternatively, or in addi-
tion, decreased levels of Pedhy C4 expression in the Pedhy™®! mice
compared to WT mice (36) could explain the observed small but
statistically significant drop in the survival.

Exogenous Expression of PcdhyC4 in Pcdhy Knockout cINs
Rescues cINs from Cell Death. The results above suggest that most
cINs lacking expression of PcdhyC4 are eliminated during the
normal period of PCD; in contrast, cINs expressing PcdhyC4 as
their only Pcdhy isoform survive at nearly normal levels. We next
asked whether cINs lacking expression of all 22 Pcdhy isoforms
could be rescued from cell death by reintroducing the PcdhyC4
isoform. Since cINs lacking the function of all Pedhy isoforms are
nearly eliminated when cotransplanted with WT cINs expressing
Pcdhy (see figure 10E in ref. 33), we reasoned that a rescue effect
would be most evident in these mutant cells.

To address whether exogenous expression of PcdhyC4 is able
to rescue cINs lacking the function of all Pedhy isoforms, we
created lentiviral constructs to express GFP alone or fused to the
PCDHyC4 molecule (PCDHyC4-GFP). We first validated these
constructs using invitro cultures of MGE-derived cINs
(ST Appendix, Fig. S5). MGE cells from E13.5 Nkx2.19Ai14
embryos that expressed WT Pcdhy were cocultured with cortical
feeder cells of equivalent age, and infected with lentivirus to
express the control GFP or PCDHyC4 fused to the GFP.
Expression of GFP alone or PCDHYC4 fused to GFP was ana-
lyzed at 3, 5,7, 9, or 11 d in vitro (DIV) (81 Appendix, Fig. S5A).
MGE-derived cells infected with lentivirus and expressing
lentiviral-driven GFP or PCDHYyC4-GFP were positive for both
tdTomato and GFP signals. GFP signal filled the whole cell area
in the control experiment where the cells were infected with con-
trol lentivirus to express the GFP protein alone (S/ Appendix,
Fig. S5 B, Lef?). In contrast, the lentiviral driven PCDHyC4-GFP
protein appeared to be preferentially localized to the cell surface,
but it was also found in the cell soma, perisomatic regions, as well
as in the axons and dendrites of cells infected with lentivirus
expressing PCDHYC4-GFP (8] Appendix, Fig. S5 B, Righ).
Additionally, western blot analysis of neuronal cultures infected
with lentivirus expressing either GFP or PCDHYC4-GFP revealed
the presence of GFP-positive bands at the expected sizes of approx-
imately 26 kD and 130 kD, respectively (SI Appendix, Flcg S50).

Dissociated MGE cells from E13.5 of Nkx2.1-"Ail4;
Pedhy™ ™™ embryos were infected in suspension with lentivirus
expressing the PcdhyC4 isoform fused to GFP (Fig. 4 A and B).
The infected cells were transplanted into WT host neonate mice
and survival was analyzed at 6 and 21 DAT. The transplanted cINs
expressing lentivirus-driven PcdhyC4 were identified via the coex-
pression of tdTomato and GFP (Fig. 4C). Pcdhy mutant cells that
expressed only tdTomato were identified as not infected. We com-
pared the survival of PedhyC4-transduced (tdTomato"GFP) to
nontransduced (tdTomato GFP") at 6 and 21 DAT. While both
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Fig. 4. Lentiviral expression of PcdhyC4 rescues cINs with Pcdhy loss of
function. (4) Diagram of mouse genetic crosses. Pcdhy™" mice were crossed
to the Nkx2.1“"%;Ai14 mouse line to generate embryos with loss of function of
all Pcdhy isoforms. (B) Schematic of the lentiviral infection and transplantation
of MGE cIN precursors. The MGEs of Nkx2.1%;Ai14;Pcdhy 3> embryos
were dissected, dissociated, and infected in suspension with lentivirus carrying
PcdhyC4-GFP. The mixture of transduced and nontransduced cells was grafted
into the cortex of WT neonate recipient mice. (C) Confocal images of the
transplanted cINs in the cortex at 6 and 21 DAT. Notice the expression of
GFP can be found near the cell surface including the cell processes, reflecting
the putative location of the transduced PcdhyC4-GFP protein. Quantifications
of the tdTomato"GFP™ (red cells, teal arrows) or tdTomato*GFP" (yellow cells,
white arrows) cells are shown as the fraction of cells from the total tdTomato*
cells at 6 and 21 DAT. The fraction of the PcdhyC4-transduced yellow cells
increases from 6 to 21 DAT, while the fraction of nontransduced (tdTomato*
GFP") decreases at equivalent time points. (D) Survival fraction quantifications
from (C) shown by individual brain sections (each bar) and separated by
animals at 6 and 21 DAT. Scale bar = 50 pm, nested ANOVA, ****p = 0.0002,
n=4mice per time point and 10 brain sections per mouse from one transplant
cohort. DAT 6 cell counted = 15,071, DAT 21 cells counted = 1,660.
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the PcdhyC4-transduced and nontransduced cINs underwent a
wave of cell death between the above time points, the fraction of
tdTomato GFP" cells increased between 6 and 21 DAT (33% to
68%). In contrast, the fraction of tdTomato"GFP" cells decreased
from 66% to 32% during the same period of time (Fig. 4C). To
control for possible nonspecific effects of viral infection on cIN
survival, we infected Nkx2.1¢Ai14 MGE cells that carry the
WT Pcdhy allele with lentivirus expressing GFP, and analyzed
their survival at 6 and 21 DAT (87 Appendix, Fig. S6 A and B).
As above, we compared the survival of PedhyC4-transduced
(tdTomato"GFP") to nontransduced (tdTomato"GFP’) cells. At
6 DAT, the fraction of infected cells was approximately 50% and
remained nearly constant between 6 and 21 DAT, indicating that
infection with lentivirus and expression of GFP had no impact
on cIN survival (SI Appendix, Fig. S6 C and D). These results
indicate that the introduction of PcdhyC4 to cINs lacking endog-
enous Pcdhy genes is sufficient to rescue the mutant cells from
undergoing excessive apoptosis.

Discussion

This study reveals that MGE-derived cINs preferentially expressed
PcdhyC4, and excitatory neurons preferentially expressed PcdhyC5.
This segregated pattern of expression developed during the period
of PCD. We show that loss of PcdhyC4 isoform, but not of the
other 21 Pcdhy isoforms, resulted in a dramatic increase in MGE-
derived cIN elimination. Furthermore, lentiviral mediated expres-
sion of PcdhyC4 was sufficient to rescue the survival of
MGE-derived cells that lack the function of the entire Pcdhy clus-
ter. PcdhyC4 appears to be the relevant Pedhy involved in the
regulation of MGE-derived cIN survival. During the period of
PCD for cIN, local inhibitory networks facilitate synchronous
activity which promotes interneuron survival (25). PcdhyC4 could
be key in the formation of these early cortical networks that deter-
mine which cINs survive.

Previous studies show that Pcdhy C-type isoforms (PedbyC3,
PedhyC4, and PcdhyC5) are required to regulate neuronal num-
bers during the critical window of PCD (33, 41). Members of
the Pedhy cluster have been shown to be key for neuronal survival,
not only among cINs, but also in spinal cord and retina (35, 36,
42, 43). Indeed, a recent study reported that deletion of PcdhyC4,
but not of other Pcdhy isoforms, leads to increased cell death in
the spinal cord and to neonatal lethality (36). In contrast to spinal
cord, where most PCD occurs prenatally (36, 42, 43), PCD of
cINs in mice occurs postnatally. Since mice lacking PcdhyC4
(Pedhy“™©) die soon after birth, we could not study the extent
of ¢IN cell death directly in these mutant animals. Instead, we
used heterochronic transplantation to bypass this lethality and
compare the survival of cINs lacking Pedhy C4 with cells that carry
all Pedhy isoforms. Pedhy“*© mice lack expression of PcdhyC4
but express the 19 A- and B-type Pcdhy isoforms as well as
PcdhyC3 and PedhyC5. In transplanted cINs that lack expression
of PcdhyC4, the timing and extent of ¢cIN elimination were sim-
ilar to those observed when the entire Pedby gene cluster, or the
Pedhy C-type isoforms, are deleted (33). The above finding sug-
gests that C-type isoforms PcdhyC3 and PcdhyC5 do not play a
major role in the regulation of cIN survival; this is consistent with
the relatively low expression of these isoforms in cINs. While
PcdhyC5 was preferentially expressed by excitatory neurons, the
expression of this Pcdhy isoform only increased well after the peak
of PCD in this cell population (P4) (18). This observation, along
with previous reports in which the loss of function of the entire
Pcdhy cluster is directed to the excitatory neurons, suggests that
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PcdhyC5 does not play a role in the regulation of PCD in excit-
atory neurons (31, 44).

In agreement with the above findings, when we studied the
survival of cINs that solely expressed PcdhyC4 using cells from
Pcdhy™! embryos, we found that the majority of cINs survived.
However, these transplanted Pedhy 'R CINs did show a small but
significant reduction in survival, compared to control cells. While
we cannot completely exclude a role for other Pcdhy isoforms,
including PcdhyC3 or PedhyC5 in the Pedhy™" cells, the observed
reduction in survival is likely due to reduced levels of PedhyC4
expression in Pcdhy Rl mice (36). To complement the above find-
ings from the PcdhylRl experiments, we expressed the PedhyC4
isoform via lentivirus in cINs that lack expression of all 22 Pcdhy
isoforms. Expression of PedbyC4 resulted in a dramatic increase
in the survival of MGE-derived cINs lacking the function of the
entire Pcdhy gene cluster. Our findings suggest that Pedby diversity
is not required for the survival of cINs and show a unique role for
PedhyC4 in regulating the survival of MGE-derived cINs. While
the Pedhg cluster is also important for the survival of CGE-derived
cINs (33, 44), it remains unknown whether PcdhyC4 is also the
key isoform for regulation of PCD among these cINs.

Together, our results align with findings in the spinal cord and
retina (36, 41), suggesting a potential general PcdhyC4-driven
mechanism that regulates the survival of local-circuit neurons
across the CNS. While our data suggest that Pcdhy diversity is
dispensable for cIN survival, the Pedha and Pedhb gene clusters
remained intact and these Pcdhs could have contributed to diver-
sity. A recent study found that mutant mice lacking all Pcdha,
Pcdhb, and A- and B-type Pcdhy genes (thus retaining only
PcdhyC3, PcdhyC4, and PcdhyC5), also exhibited neonatal
lethality and increased neuronal apoptosis (45). This observation
could be explained by non-mutually exclusive scenarios: 1) the
formation of PcdhyC4 heterodimers, 7 cis, with members of
Pedha and/or Pedhb clusters, providing cellular specificity impor-
tant for cIN survival; and/or 2) that PcdhyC4 (uniquely among
Pcdhy isoforms) requires other clustered Pedhs to be transported
to the cell surface (46). While the mutant mice used by Kobayahsi
etal. (45) retain PcdhyC3 and PcdhyC5, these isoforms are
expressed at low levels in cINs. In addition, it has been shown that
cis-interactions among C-type Pcdhys are weak and this may pre-
vent PedhyC3 and PedhyC5 from functioning as carriers for
PcdhyC4 (47). The removal of the Pedha or Pedhb clusters alone
does not significantly affect cIN survival (33). Still, it remains
unknown whether, in the absence of other members of the Pedhg
cluster, PcdhyC4 requires members of Pedha or Pedhb clusters to
regulate cIN survival. Whereas our data indicate a key role for
PcdhyC4 in the regulation of PCD among cINs, the mechanisms
by which the PcdhyC4 isoform regulates cIN survival remain
unknown. Interestingly, PcdhyC3 promotes cortical pyramidal
neuron dendritic arborization through its intracellular interactions
with Axinl (39). It will be interesting to investigate whether
PcdhyC4 has similar and unique cytoplasmic interactors influ-
encing signaling pathways involved in neuronal survival.

This work, along with previous studies, suggests that the final
number of cINs in the cerebral cortex is in part determined
through a cell- or population-intrinsic mechanism involving cell—
cell interactions among cINs of the same age (11). Given the key
role PcdhyC4 plays in the survival of cINs and the fact that
PcdhyC4 is a cell-adhesion molecule that is involved in homo-
philic cell-cell recognition (46), initial cell-cell interactions within
the cIN population could be mediated through PcdhyC4. Other
studies have shown that PCD is also regulated, at least in part,
through activity-dependent mechanisms (18, 25, 48). It remains
undetermined what role, if any, PcdhyC4 plays in the regulation
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of activity during the peak of PCD. In this regard, it would be
interesting to determine whether network activity is perturbed in
cINs lacking PcdhyC4. Interestingly, loss of vesicular GABA
release from cINs and the resulting reduction in inhibition leads
to their increased participation in network activity and increased
cIN survival (25). The epistatic relationship between vesicular
GABA release and the function of PcdhyC4 in ¢INs in the regu-
lation of PCD remains to be determined.

Appropriate numbers of cINs are considered essential in the
modulation of cortical function. This is ultimately adjusted by a
period of PCD once the young cINs have migrated into the cortical
plate and have begun to make synaptic connections. In postmitotic
neurons of the peripheral nervous system, neurons are eliminated
extrinsically, through competition for limiting signaling neuro-
trophic factors (49, 50). PCD in cINs correlates with the age of the
cells, suggesting that it is in part regulated by their maturation
program. Here, we show that as part of this maturation, cINs
increase expression of PcdhyC4 and show that this Pedh is an essen-
tial molecular component in the regulation of MGE-derived ¢IN
PCD. Interestingly, mutations in the PcdhyC4 gene are associated
with progressive microcephaly and seizures (51), suggesting that the
PcdhyC4 isoform also plays a key role in IN survival in the human
cortex. An understanding of the cell-cell interactions that use
PcdhyC4 to regulate cIN cell death should provide fundamental

insights into how the cerebral cortex forms and evolves.

Methods

Animals. All protocols and procedures followed the University of California,
San Francisco (UCSF) guidelines and were approved by the UCSF Institutional
Animal Care Committee. The following breeders were purchased from the Jackson
Laboratory: Ai6, Ai14, Gad1-GFP, BAC-Nkx2.1-Cre (Nkx2. 1%€), and WT C57BL/6
J. Pcdhy-fcon3 (FCON3) mice were obtained from Joshua Sanes at Harvard
University. Pcdhy””/ "R1(1R1), Pedhy“*O"*0(C4K0), and Pcdhy3R2/3RZ(3R2) mice
were transferred from the Weiner laboratory at the University of lowa, rederived,
and bred at UCSF.

Pcdhy loss of function mice were obtained by crossing Pedhy ™" mice with
Nkx2.19€-Ai14-Pedhy™™* . Pcdhy"®"® (1R 1) and Pedhy“™ "™ (C4K0) mice were
crossed to Nkx2. 79*-Ai14 breeders to label the Nkx2. 7 progenitor cells.

For cell transplantation experiments, GFP-expressing MGE-derived cells
were produced by crossing WT C57BL/6 J to heterozygous mice expressing GFP
driven by Gad1 or by crossing Nkx2.17%;Ai6 breeders to WT C57BL/6 J mice. For
all tdTomato-expressing cells derived from MGE embryonic microdissections, we
crossed the various mutant alleles to the Nkx2. 19-Ai 14 fine. Pcdh-y"™ mutant
embryonic tissue was obtained from embrgos produced by crossing Nkx2.1¢-
Ai14-Pedhy™™" mice with Pcdhy™ " mice. Pcdhy™""" mutant tissue
was obtained from embryos produced by crossing Nkx2.1-Ai14-Pcdhy ™" ™%
breeders. Pcdhy““mutant tissue was obtained from embryos produced by
crossing ka2.TC’e-Ai74-PcdhyC4KO/+ breeders. Gad1-GFP, Nkx2.1%%; Aié, and
Nkx2.1%-Ai14 offspring were genotyped under an epifluorescence microscope
(Leica), and PCR genotyping was used to screen for Pcdhy™™"®" pedhy ™" and
Pedhy“ % lleles in tdTomato positive embryos or reporter negative embryos. All
celltransplantation experiments were performed using wild-type C57BI/6 recipient
mice P2 to P8. All mice were housed under identical conditions.

Plasmids. The following plasmids were used in this work: pLenti-CAG-EGFP and
plenti-CAG-Pcdhy CA-EGFP.

Timed pregnant mice. In experiments requiring timed pregnant mice, the day
when the sperm plug was observed was considered E0.5. Males were paired with
females the night before and checked for plugs early the following day. MGE cells
for transplantation were dissected from the fetal forebrain between E12.5 and
E15.5 embryos as previously described (11).

Transplantation. For cotransplantation experiments, the concentration of
cells of each genotype was determined using a hemocytometer; the GFP or
tdTomato-labeled cells were then mixed in similar proportions. To prepare the
cells for transplantation, the cell suspension was concentrated by spinning in a
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table centrifuge for 5 min at 800g (rcf). The supernatant was removed, and the
resulting pellet was resuspended and mixed in a final volume of 1 to 6 pl of
Leibovitz L-15 medium (L15). This concentrated cell suspension was loaded into
beveled glass micropipettes (~60 to 100 pm diameter, Wiretrol 5 pL, Drummond
Scientific Company) prefilled with mineral oil and mounted on a microinjector
as previously described (52). The viability and concentration of the cells in the
glass micropipette were determined by using 100 nL of cells diluted 200X in
10 pl of L15 medium and 10 pl trypan blue. The number of cells was then
determined using a hemocytometer. Cells were injected into neonate mice P3 to
P7. Prior to the injection of cells, the recipient mice (C57BI/6) were anesthetized
by hypothermia (~3to 5 min) and positioned in a clay head mold that stabilizes
the skull (53). Micropipettes were positioned at an angle of 0 or 30 degrees
from vertical in a stereotactic injection apparatus, and injected between 4 to
6 mmA/Pand 0.5to 1.5 mm M/Lfrom the eye corner, and 0.8 to 0.5 mm in the
Zdirection. These injection coordinates are located within the visual cortex or the
posterior somatosensory cortex in mice aged P3-P7. After the injections were
completed, the transplanted mice were placed on a warm surface to recover from
hypothermia. The mice were then returned to their mothers. Transplantation of
cells involving the Pedhy“““ alleles was performed utilizing cells from MGEs
that had been cryopreserved (54).
Tissue dissection and cell dissociation. MGEs were dissected from E12.5 to
E15.5 embryos as previously described (11). Dissections were performed in ice-
cold L15 medium, and the dissected MGEs were kept in this medium at 4 °C.
After collecting and genotyping the embryos, MGEs with the same genotype
were pulled togetherand mechanically dissociated into a single-cell suspension
by repeated pipetting in L15 medium containing DNAse | (180 pg/mL) using a
P1000 pipette. For experiments involving cells from cryopreserved MGEs, cryo-
vials were removed from —80 °C, thawed at 37 °C for 5 min, and the content of
each tube was resuspended in a 15 mL falcon tube containing L15 medium at
room temperature. The MGEs were washed twice with L15 to remove residual
DMSO and dissociated as above.
Cryopreservation of MGE in toto. Dissected MGEs from each embryo were col-
lected in 500 pL L15 medium and kept on ice until cryopreserved. MGEs were
resuspended in 10% DMSO in L15 medium and cryopreserved as previously
described (54). Vials were cooled to —80 °Cat a rate of —1°C/minin a Nalgene™
Mr. Frosty Freezing Container and transferred the next day to liquid nitrogen for
long-term storage. Importantly, tissue for genotyping was collected from each
embryo and labeled with a code name matching the codename of each cryotube
used for the cryopreservation.
Cell counting. GFP-positive cells and tdTomato-positive cells were counted in all
layers of the neocortex. The vast majority of cells transplanted from the E13.5 MGE
exhibited neuronal morphologies in the recipient's brain. Most cells migrated
away from the injection site, but few astroglial cells remained at the injection site;
these non-neuronal cells were not counted. Similarly, cells that migrated outside
the cortex (typically into the hippocampus and striatum) were notincluded in the
quantification. Images of cotransplanted cells were acquired on a SP8 (Leica) con-
focal microscope with a 10X magnification. Similarly, images of transplanted cells
infected with lentivirus expressing PcdhyC4-GFP were acquired on an SP8 confo-
cal with a 10X magpnification and a 2X digital zoom. GFP and tdTomato-positive
cells were counted using Neurolucida (MBF). For all experiments, transplanted
cells were counted from coronal sections along the rostral-caudal axis of the visual
and somatosensory cortex and in at least 10 sections per animal; only sections
containing more than 10 cells per condition were used. Data are presented as
the fraction of transplant-derived cells that express GFP and/or tdTomato. The
fraction of GFP/tdTomato cells does not reflect the absolute number of cells, but
their relative contribution to the overall population of transplant-derived cells at
each timepoint. We noted some variations in the initial proportions of tdTomato
and ZsGreen cells at 6 DAT that are due to variations in dissection, dissociation,
or cell damage. We used the 6 DAT data points as a baseline for comparison
to 21 DAT. We analyzed the proportion of tdTomato and ZsGreen cells at 4 DAT
and found very similar proportions to those observed at 6 DAT, indicating that
the proportion at 6 DAT was a reliable baseline to determine differences in cIN
survival between genotypes.

For experiments involving the expression of lentiviral-driven GFP or Pcdhy in
transplanted cINs, survival was determined by comparing the fraction of infected
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(tdTomato*GFP™) cells to the fraction of noninfected cells (tdTomato™ GFP™) from
the total number of transplanted cells (tdTomato™) in each brain section.

Viral vector subcloning. All lentiviral plasmids were cloned from the backbone
construct pLenti-CAG-ires-EGFP (Addgene plasmid #122953). AKozak sequence
was added at the start of the coding region for all genes cloned. Plasmids were
cloned using the Gibson Cloning Kit (NEB). The pLenti-CAG-EGFP construct was
cloned by removing the ires sequence in between the BxtXl and BamHl restric-
tion sites from the backbone construct. To clone the pLenti-CAG-PcdhyC4-EGFP
(fusion construct), the pLenti-CAG-ires-EGFP plasmid was digested with BamHI
and BstXI to remove the IRES sequence. A PCR generated PcdhyC4 coding
sequence lacking the stop codon and containing a two amino acid (Ser, Arg)
linker was cloned upstream of the GFP coding sequence. This construct was used
to express PcdhyC4 fused to GFP.

viruses. All lentivirus used in this study were made in the laboratory. Briefly,
viruses were produced in Lenti-X 293 T cells (Takara Bio). Cells were grown to
>90% confluency in maintenance media (DMEM/F-12, 15 mM HEPES, 2.5 mM
GlutaMAX, 1% Pen/Strep, and 10% FBS)in 15-cm plates coated with Poly-D-lysine
(Sigma-Aldrich P7405) at a final concentration of 0.1 mg per mL. Once cells
reached the desired confluency, the media were changed to DMEM/F-12 + 2%
FBS. Cells were transfected using TransIT®-293 Transfection Reagent (Mirusbio)
and Opti-MEM (Thermofisher). After 6 to 12 h posttransfection, the media were
changed to lentivirus production media (DMEM/F-12, 15 mM HEPES, 2.5 mM
GlutaMAX, 1% Pen/Strep, and 2% FBS), and 60 uL of ViralBoost Reagent was
added (ALSTEM) per 15-cm plate. Virus supernatant was collected 48 h post-
transfection, filtered through a 45-pm filter, and precipitated with Lentivirus
Precipitation Solution (ALSTEM) overnight following the manufacturer’s instruc-
tions. The viral pellet from two 15-cm plates was concentrated in a final volume
of 100 L for Pcdh constructs and 200 pL for the control construct.

Viral infection of MGE precursor cells. Following the dissociation of the MGEs,
cells were concentrated by spinning in a table centrifuge for 5 min at 800g.
The cell pellet was subsequently resuspended in an equal volume of Lentivirus
and L15 medium. The cell-virus mix was incubated at 22 to 32 °Cat 1,000 rpm
(190 rcf) for 3 h, mixing every 30 min.

Western blot analysis. Protein lysates were generated from infected and non-
infected neuronal cultures. Protein lysates were loaded into Bolt™ Bis-Tris Plus
Mini Protein Gels, 4 to 12%, 1.0 mm, WedgeWell™ precast gels (Invitrogen).
Protein lysates of uniform volumes were used for all experimental conditions,
except for the GFP lentivirus condition, which was diluted 1:2 in lysis buffer,
due to a higher rate of infection. Protein samples were separated via SDS/PAGE
and transferred onto nitrocellulose membranes using the XCell SureLock Mini-
Cell Electrophoresis System (Invitrogen). After protein transfer, membranes were
blocked in 5% nonfat milk in Tris-buffered Saline with 0.1% Tween 20 (TBST) for
at least 1 h. Membranes were then washed three times for 5 min in TBST. An
anti-GFP antibody (Invitrogen. 1:500 RRID: AB_2307355) was diluted in 5%
TBST, and membranes were incubated overnight at 4 °C. Blots were once again
washed three times for 5 min. The membrane was then incubated for at least
1hin horseradish peroxidase (HRP)-conjugated secondary antibody (Invitrogen,
1:5,000 RRID: AB_228338) diluted into 5% nonfat milk in TBST. Signals were
detected using SuperSignal West Pico Enhanced Chemiluminescent Substrates
(Thermo Fisher Scientific) on a LI-COR Qdyssey FC imager.

Immunostaining. P21 and older mice were fixed by transcardiac perfusion with
10 mLof PBS followed by 10 mL of 4% formaldehyde/PBS solution (both at 4 °C);
transcardiac perfusion of 5 mL of either solution was used for P15 and younger
mice. After perfusion, brains were incubated overnight in 4% formaldehyde/
PBS solution (12 to 24 h) at 4 °C, then rinsed with PBS and cryoprotected in
30% sucrose/PBS solution for 48 h at 4 °C. Unless otherwise stated, immunohis-
tochemistry was performed on 30-pm floating sections in Tris Buffered Saline
(TBS) solution containing 10% normal donkey serum and 0.5% Triton X-100 for
all procedures on postnatal mice. All washing steps were done in 0.1% Triton
X-100 TBS for all procedures. Sections were incubated overnight at 4 °C with
selected antibodies, followed by incubation at 4 °C overnight in donkey sec-
ondary antibodies (Jackson ImmunoResearch Laboratories). Brain sections that
had been transplanted with lentivirus-infected MGE cells were incubated for
2 d in primary antibodies and overnight with secondary antibodies to enhance
the virally expressed reporter GFP. For cell counting and post hoc examination
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of marker expression, sections were stained using chicken anti-GFP (1:2500,
Aves Labs, GFP-1020, RRID: AB_10000240), rabbit anti-RFP (Rockland), and
rat anti-tdTomato (Kerafast). For staining against PcdhyC5, Cux1, Ctip2, PV, SST,
and ZsGreen (SI Appendix, Fig. S1) brains were cryosectioned at 12 pum thick-
ness, dried directly onto microscope slides, and washed 3X for 5 min in 1XTBS.
Sections were then incubated in a blocking solution (2.5% BSA, 0.5% TritonX, in
1XTBS) for 2 h at room temperature and then washed 3X for 5 min.The primary
antibodies were diluted in a solution of 2.5% BSA, 0.25% TritonX in TBS, and
then applied to sections overnight at 4 °C. Sections were then washed 3X for 5
min in 1XTBS before being incubated with host-appropriate secondaries for 2 h
at room temperature ata 1:500 dilution in 2.5% BSA 0.25% TritonX in TBS. The
primary antibodies used in this experiment were as follows: PcdhyC5 (Invitrogen,
1:150, RRID: AB_2724958), Ctip2 (Abcam, 1:200, RRID: AB_2064130), Cux1
(Santa Cruz Biotechnology, 1:100 RRID: AB_2261231), PV (Swant, 1:1000, RRID:
AB_2631173), SST(Sigma, 1:100, RRID: AB_2255365), and ZsGreen (Nibboto
Medical, 1:200 MSFR106440). Multiple dilutions of five different PCDHyC4 anti-
bodies were tested, but none worked forimmunostaining: (Neuromab, 1:500-50,
RRID: AB_2877443),(Thermo Fisher Scientific, 1:50-500, RRID: AB_2548856),
(Novus, 1:50-500, RRID: AB_11015449), (ABR, 1:50-500, RabbitA337005),and
(ABR, 1:50-500, Chicken).

PcdhyC5 protein quantification. Quantifications were completed using FIJI. The
mean signal intensity was acquired from each cell using the FIJI ROl manager tool.
The mean signal intensity measurements were normalized over the background
signal levels (intersomatic spaces). Cells were considered positive when the mean
intensity was above the background measurements.

RNAScope. Brains of Nkx2.1%; Ai6 animals at P5, P7, and P14 were fixed,
postfixed, and cryoprotected (as described in Immunostaining). Brains were
cryosectioned and mounted directly onto microscope slides before being stored
at —80 °C. The RNA scope experiments were completed as per the manufactur-
er's instructions (RNAscope multiplex fluorescent reagent kit v2, Advanced Cell
Diagnostics, Inc.). Sections were equilibrated by a 10-min incubation at =20 °C
followed by 10 min incubation at room temperature. Brain sections were dehy-
drated using increasing concentrations of ethanol (50%, 70%, and 100%) for
5 min incubations at room temperature. Sections were then incubated with
RNAscope Hydrogen Peroxide solution for 10 min at room temperature, before
fourwashes in distilled water. To perform the target retrieval step of the protocol,
slides were incubated in distilled water for 10 s and then RNAscope 1X target
retrieval buffer for 15 min using an Oyster brand steamer at ~99 °C. Sections
were then washed for 15 s in distilled water before being transferred to 100%
ethanol for 3 min at room temperature. Slides were then dried in an incubator
at 60 °Cfor 5 min.To reduce reagent usage, a hydrophobic barrier pen was used
to surround the tissue. Tissue was incubated in ~5 drops of RNAscope Protease
[l and incubated at 40 °C for 30 min using a HybEZ Humidity Control Tray in a
HybEZ oven.

Tissue was then incubated in the PcdhyC4 (probe 835791-C3) and PcdhyC5
(probe 850581) probes for 2 h at 40 °C. After incubation, probes were hybrid-
ized with AMP1, AMP2, and AMP3 (in that order) through individual incubations
at 40 °C for 30 min (AMP3 incubation 15 min incubation). Our probes were
Channel-1 (PcdhyC5) and Channel-3 (PcdhyC4), so we skipped the develop-
ment HRP-C2 signal and continued directly to the development of the HRP-C3
RNAscope Multiplex FL v2 HRP-C2. Tissue was incubated with 3 to 4 drops of
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RNAscope multiplex v2 HRP-C3 solution for 15 min at 40 °C, followed by a 2 min
wash in TXRNA scope wash buffer. Then, tissue was incubated with Cy3 (Thermo
Fisher Scientific, 1:1000) diluted in TSA buffer (Advanced Cell Diagnostics, Inc.),
followed by another 2-min wash in 1X Wash Buffer. This process was completed
again using the RNAscope multiplex v2 HRP-C3 solution and Cy5 (Thermo Fisher
Scientific, 1:1000). Slides were washed 3X in distilled water for 5 min, before
being mounted using Fluoromount-G, DAPI mounting media.

Quantification of RNAscope probes. Quantifications of the PcdhyC4 and
PcdhyC5 transcripts in the RNAscope experiments were completed by measur-
ing the mean signal intensity of both PcdhyC4 and PcdhyC5 probes over the cell
area using FIJI. Cells with minimal PcdhyC4 or Pcdhy C5 signals were used to set
a lower mean intensity threshold. Cells with a signal intensity value higher than
the mean intensity threshold were considered positive for PcdhyC4 and PcdhyC5.
Analysis of previously published single-cell RNA sequencing datasets. Data
from Tasic et al. (38), were obtained via the Broad Institute Single Cell Portal
(https://singlecell.broadinstitute.org/single_cell/study/SCP6/a-transcriptomic-
taxonomy-of-adult-mouse-visual-cortex-visp). Cells were grouped by GABAergic
vs glutamatergic designation or cluster type, as determined by the data gener-
ators. RPKM values for each cell in each cluster type were averaged and plotted
using PRISM. Data obtained from Yao et al. (37), were obtained from the UCSC
Cell Browser (https://cells.ucsc.edu/?ds=allen-celltypes+mouse-cortex+mouse-
cortex-2019). Cells were grouped based on either GABAergic or glutamatergic
designations or by cluster type determined by the data generators. Absolute
transcript values for each cell in each cluster type were averaged and plotted
using PRISM.

Statistical analysis. Quantifications for transplantation experiments were
performed by two different people, one of whom was blinded to the genotype.
Average mutantand WT survival ratios in each mouse were estimated by counting
the transplanted mutantand wild-type cells in each of ~10 sections. We used an
ANOVA to determine whether the survival ratios in 6 DAT mice were significantly
different from those in 211 DAT mice.

Data, Materials, and Software Availability. All study data are included in
the article and/or S Appendix. Previously published data were used for this work
(37,38).
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