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Summary

Light touch sensation begins with activation of low-threshold mechanoreceptor (LTMR) endings
in the skin and propagation of their signals to the spinal cord and brainstem. We found that the
clustered protocadherin gamma (Pcdhg) gene locus, which encodes 22 cell-surface homophilic
binding proteins, is required in somatosensory neurons for normal behavioral reactivity to a
range of tactile stimuli. Developmentally, distinct Pcdhg isoforms mediate LTMR synapse
formation through neuron-neuron interactions and peripheral axonal branching through neuron-
glia interactions. The Pcdhgc3 isoform mediates homophilic interactions between sensory axons
and spinal cord neurons to promote synapse formation in vivo, and is sufficient to induce
postsynaptic specializations in vitro. Moreover, loss of Pcdhgs and somatosensory synaptic
inputs to the dorsal horn lead to fewer corticospinal synapses onto dorsal horn neurons. These
findings reveal essential roles for Pcdhg isoform diversity in somatosensory neuron synapse
formation, peripheral axonal branching, and step-wise assembly of central mechanosensory

circuitry.
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I ntroduction

The skin, our largest organ, mediates our sense of touch, which is essential for fundamental tasks
ranging from object recognition to social exchange. The sense of touch also contributes to brain
development, such that deprivation or over-reactivity to touch during early stages of animal
development can result in aberrant brain development and function (Hertenstein et al., 2006;
Main and Stadtman, 1981; Orefice, 2020). Light touch sensation begins with activation of low-
threshold mechanoreceptor (LTMR) axonal endings in the skin, and the relay of LTMR signals
to the spinal cord and brainstem. In the skin, LTMR subtypes form highly diverse and intricate
end organ structures, which together with their intrinsic physiological properties underlie their
unique responses to tactile stimuli (Handler and Ginty, 2021). LTMRs extend central axons to
the LTMR-recipient zone (LTMR-RZ) of the spinal cord dorsal horn and to the brainstem, where
they form synapses with second-order neurons that process tactile information (Abraira and
Ginty, 2013; Abraira et al., 2017; Olausson et al., 2002). Collectively, the exquisitely patterned
LTMR peripheral endings and their central synaptic connections enable detection and central
representations of myriad tactile stimuli. Yet, of all the senses, touch remains one of the least
understood at the developmental level (Jenkins and Lumpkin, 2017; Meltzer et al., 2021; Olson
et al., 2016), and the molecular mechanisms that orchestrate LTMR peripheral branching and

central synaptic connectivity are poorly understood.

Based on their action potential conduction velocity, cutaneous LTMRs are classified as Ap-, Ad-,
or C-LTMRs (Horch et al., 1977). LTMRs are further distinguished by the cutaneous end organs
with which they associate, rates of adaptation to indentation of the skin (rapidly adapting (RA),
intermediate adapting (I1A), or slowly adapting (SA)), and preferred stimuli (Handler and Ginty,
2021). In mouse hairy skin, guard hair follicles account for ~1% of the trunk hair follicles and
are associated with Ap RA-LTMRs, Ap SAI-LTMRs, and AP field-LTMRs, which are
differentially sensitive to hair deflection, skin indentation, and stroking (Abraira and Ginty,
2013; Burgess et al., 1968; Rutlin et al., 2014). Awl/auchene and zigzag hair follicles, which
comprise ~99% of trunk hair follicles, are innervated by Ap RA-LTMRs (Awl/auchene hair
only), AB field-LTMRs, A3-LTMRs, and C-LTMRs (Bai et al., 2015; Li et al., 2011). In the
glabrous skin, LTMRs form a variety of end organ types associated with AR RA-LTMRs and AP
SA-LTMRs (Johnson, 1983; Zimmerman et al., 2014). Individual LTMR subtypes form a range
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of branch numbers and patterns, which establishes their physiological receptive fields (Handler
and Ginty, 2021; Jenkins and Lumpkin, 2017; Meltzer et al., 2021). For example, a single Ap
field-LTMR neuron branches extensively (20-180 branches), with each branch forming a
circumferential ending around a different hair follicle (Bai et al., 2015). Similarly, in glabrous
skin, individual Ap RA-LTMRs branch multiple times (average ~7 branches), and each branch
typically innervates a single Meissner corpuscle (Neubarth et al., 2020). How LTMR branching
patterns are controlled by extrinsic cues and how interactions between sensory neurons and
surrounding non-neuronal cells promote branching across the different LTMR subtypes remains

unknown.

In the spinal cord dorsal horn, LTMR terminals are organized in a somatotopic and highly
overlapping manner in LTMR-RZ, which spans lamina Il;, through V (Abraira et al., 2017).
Most LTMR-RZ interneurons receive convergent histologically-defined synaptic inputs from
two or more LTMR subtypes and, underscoring the essential role of this spinal cord region,
LTMR-RZ interneurons regulate tactile reactivity and behavior. Like all dorsal root ganglia
(DRG) neurons, LTMRs are glutamatergic and provide the majority of glutamatergic synaptic
inputs into the LTMR-RZ. Locally projecting interneurons account for the majority of neurons in
the LTMR-RZ, and these neurons are highly interconnected, whereas projection neurons account
for a small subset of LTMR-RZ neurons (Abraira et al., 2017). During mouse embryonic
development beginning around E14, somatosensory neuron axons penetrate the spinal cord in
sequence, with axons of large diameter neurons entering first followed by small diameter neuron
axons, and these axons then establish synaptic connections with spinal cord neurons over the
next several days to weeks (Mirnics and Koerber, 1995; Ozaki and Snider, 1997). Mechanical
stimuli evoked behavioral responses and physiological responses recorded in the dorsal horn are
first observed at late gestational ages (Andrews and Fitzgerald, 1994; Fitzgerald, 1985). The
precise timing of the formation of synapses between LTMR subtypes and spinal cord neurons,
the molecular signals that govern this process, and how LTMR inputs may affect the functional

organization of other inputs to the dorsal horn remain poorly understood.

The clustered protocadherins encode a family of diverse cell-surface homophilic proteins and are
tandemly arrayed in the genome in a-, B- and y- subclusters, called Pcdha, Pcdhb and Pcdhg,
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respectively (Wu and Maniatis, 1999). In the Pcdha and Pcdhg subclusters, variable exons
encoding extracellular, transmembrane, and juxtamembrane domains are spliced to three
constant exons (Obata et al., 1998; Sugino et al., 2000; Tasic et al., 2002; Wang et al., 2002a).
Thus, each Pcdhg gene encodes a protein with a unique extracellular and transmembrane
domain, a variable cytoplasmic domain, followed by a shared C- terminal domain (Flaherty and
Maniatis, 2020; Schreiner and Weiner, 2010; Thu et al., 2014; Wu and Maniatis, 1999). The
clustered Pcdhs play critical roles in many aspects of nervous system development, including
dendritic self-avoidance, dendrite arborization, neuronal survival, astrocyte-neuron interactions,
and axonal tiling (Chen et al., 2012; 2017; Garrett et al., 2019; Hasegawa et al., 2016; Lefebvre
et al., 2012; 2008; Mountoufaris et al., 2018; Prasad and Weiner, 2011). Although Pcdhgs can be
found at synapses, especially in postsynaptic density (PSD) fractions of purified synaptosomes
(Loh et al., 2016; Phillips et al., 2003; Wang et al., 2002b; Weiner et al., 2005), and they form
two-dimensional structures between adjacent membranes (Brasch et al., 2019; Goodman et al.,
2017; 2016a; 2016b; Nicoludis et al., 2016; Rubinstein et al., 2015), functional evidence
demonstrating a direct role in synapse formation has remained elusive (Peek et al., 2017; Stidhof,
2018).

Here, we determined the timing of synapse formation between LTMRs and spinal cord neurons
of the LTMR-RZ and then assessed LTMR gene expression profiles during the peak of postnatal
synapse formation to identify candidate synaptogenic regulators. This analysis drew attention to
the clustered protocadherin gamma (Pcdhg) genes, and genetic perturbation experiments
revealed that they have crucial roles in somatosensory behaviors, sensory neuron synapse
formation, and LTMR peripheral axon branching. Pcdhgc3 is the principal isoform for
somatosensory neuron synapse formation; it is necessary and sufficient to promote synapse
assembly through homophilic interactions between sensory and spinal cord neurons in vivo, and
is sufficient to promote postsynaptic specialization in a reduced in vitro preparation. Pcdhgs also
promote peripheral LTMR axonal branching in the skin by mediating interactions with peripheral
glial cells, a function that requires family members other than Pcdhgc3. Interestingly, the
reduction of mechanosensory inputs and synaptic drive in the LTMR-RZ of sensory neuron
Pcdhg mutants diminished spinal cord responses to touch stimuli and reduced corticospinal

inputs to the dorsal horn. These observations reveal unique functions for distinct clustered
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protocadherin family members in somatosensory neuron synapse formation and peripheral
axonal branching, define an essential role for Pcdhgc3 homophilic interactions in synapse
formation, and demonstrate that sensory inputs to the spinal cord indirectly control the assembly

of other components of spinal cord circuitry.

Results

Pcdhgs are expressed in the postnatal DRG and spinal cord when sensory neurons are
forming synaptic connections

To define the postnatal period of synapse formation between mechanosensory neurons and spinal
cord neurons, we used previously characterized genetic tools to label synapses of all primary
somatosensory neuron subtypes (Advillin®®) (Hasegawa et al., 2007) as well as synapses of two
representative LTMR subtypes, A3-LTMRs (TrkB“"*=F) (Rutlin et al., 2014) and Ap RA-LTMRs
(Ret“*=%) (Luo et al., 2009). We used a Cre-dependent synaptophysin-tdTomato reporter line
(Ai34) to visualize presynaptic terminals of these sensory neurons during postnatal development
(PO, P3, P10, and P21) with a focus on synapses in the thoracic LTMR-RZ. The size of
presynaptic sensory terminals increased between PO and P21 for all three groups of sensory
neurons (Figures 1A and 1B). To visualize postsynaptic specialization of these sensory neuron
glutamatergic synapses, we stained for the postsynaptic scaffolding protein Homerl, which is
present at postsynaptic densities (PSDs) of glutamatergic synapses within the dorsal horn
(Gutierrez-Mecinas et al., 2016). Homerl proteins localize to PSDs distal to the synaptic cleft
compared to other excitatory PSD markers (Dani et al., 2010), allowing reliable labeling and
quantification of their density (Abraira et al., 2017; Gutierrez-Mecinas et al., 2016). The number
and size of Homerl puncta associated with sensory neuron terminals increased more than 2-fold
between PO and P21 (Figures 1C and S1A). Thus, somatosensory neuron synapses in the dorsal

horn are formed throughout early postnatal development (Figure 1D).

To explore the molecular basis of LTMR synapse formation and other developmental processes,
including peripheral target field innervation and end organ formation, across LTMR subtypes,
we next performed deep RNA sequencing of major LTMR subtypes, proprioceptors, as well as
all DRG neurons to obtain and compare their transcriptome profiles at a relevant developmental
stage. P3 was chosen because LTMRs exhibited both central synapse formation (Figures 1A-1C)
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and peripheral target innervation during this early postnatal age (Meltzer et al., 2021; Rutlin et
al., 2014). For this analysis, we used genetic tools that selectively label subsets of LTMRs and
proprioceptors in combination with mice that express the epitope-tagged ribosomal protein
RPL22™ (RiboTag mice), enabling isolation of mRNA transcripts in these populations using
immunoprecipitated polyribosomes (Figures 1E and 1F) (Sanz et al., 2009). RNA libraries were
prepared from acutely isolated DRGs and paired-end sequenced using an lllumina NextSeq 500
platform at an average depth of ~13,000 genes per sample. This sensitive approach allowed for
the detection of lowly-expressed genes in Ap RA-LTMRs, Ap SAI-LTMRs, Ad-LTMRs, and
proprioceptors. Principal component analysis (PCA) showed that biological replicates for the
same neuronal subtype cluster with each other, suggesting that differences in gene expression

observed across groups are not caused by batch effects (Figure S1B).

To assess the validity of the transcriptome profiles, we examined expression patterns of several
marker genes, including genes whose expression patterns were previously identified in prior
DRG sequencing studies, subtype-uniquely enriched genes (SUEGs), and differentially
expressed transmembrane proteins. While expression patterns of several genes in developing
LTMRs were also detected in mature LTMRs, including Ntrk2, Calb2, Adtrp and Cdh3 (Figures
1G) (Sharma et al., 2020; Usoskin et al., 2015; Zheng et al., 2019), many SUEGs found in P3 AB
RA-LTMRs, AB SAI-LTMRs, and A3-LTMRs were identified here for the first time (Figures
S1C and S1D). We hypothesized that differentially expressed transmembrane molecules in
developing LTMRs may regulate their synapse formation and peripheral innervation. Thus, we
examined expression patterns of cell adhesion molecules and axon guidance proteins previously
implicated in neural circuit assembly (Stdhof, 2012; 2018; Togashi et al., 2009). This analysis
revealed several candidate differentially expressed genes encoding transmembrane proteins in P3
LTMR subtypes (Figures 1G).

Among genes encoding transmembrane proteins implicated in developmental processes, Pcdhg
subcluster genes stood out because they exhibited interesting differences in the expression levels
of isoforms, with Pcdhga7 and Pcdhgc3 isoforms being expressed at the highest levels (Figure
1H). Expression of Pcdhgs isoforms in P3 DRG neurons was confirmed with single-molecule

RNA fluorescent in situ hybridization (SMRNA-FISH), using probes against 5 representative
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isoforms (Figure S1E). While Pcdhgc3 is evenly expressed throughout the DRG, Pcdhga? is
enriched in a subset of DRG neurons (Figure S1E). We also examined expression of these
representative isoforms in the P3 and P21 spinal cord, using vGluT2 as a marker for spinal cord
excitatory neurons (Figure 11). Similar to its DRG expression, Pcdhgc3 was detected throughout
the spinal cord, with 67.7 = 3.5 % of excitatory neurons expressing this isoform (Figure 1J).
Pcdhgc4 was also detected at a high level in the spinal cord, consistent with its role in spinal
cord neuron survival (Garrett et al., 2019). In addition, there is a significant decrease in the level
of expression of three out of five isoforms between P3 and P21 (Figure 1J). The expression
patterns of Pcdhg isoforms in developing somatosensory and spinal cord neurons led us to
hypothesize that they may contribute to somatosensory neuron central and peripheral axon

development.

Pcdhgs function in primary sensory neuronsfor normal tactile behaviors and sensorimotor

integration

Although Pcdhgs are broadly expressed in the developing DRG and dispensable for DRG neuron

survival (Prasad and Weiner, 2011), their roles in LTMR development and function remain

fcon3) 1

unknown. To examine this, we used a Pcdhg conditional allele (Pcdhg to bypass the

Cre to

neonatal lethality associated with constitutive Pcdhg family deletion, and Advillin
selectively delete all 22 Pcdhg isoforms in the DRG during embryonic development (Hasegawa
et al., 2007; Lefebvre et al., 2008; Prasad et al., 2008). In the Pcdhg™™ allele, GFP is fused to
the carboxy-terminal constant exon 3 shared by all isoforms and is flanked by loxP sites, such
that loss of GFP expression indicates of Cre-mediated excision of the constant exon 3. As

Cre

expected, Advillin~"" efficiently mediated deletion of Pcdhgsin virtually all DRG neurons but not

in the spinal cord (Figure 2A).

To determine whether Pcdhgs in somatosensory neurons are essential for LTMR function and
somatosensation, tactile sensitivity of Advillin®;Pcdhg™¥™ mutant mice was tested. At

fcon3/fcon3

weaning age, Advillin®®Pcdhg mutants exhibited reduced body weight, but quickly
gained weight to a normal range by 6 weeks of age when behavioral assays were conducted

(Figure S2A). A tactile prepulse inhibition of the startle reflex assay (tactile PPI) was performed
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on mutant and littermate control mice (Orefice et al., 2019; 2016) to assess hairy skin sensitivity.
For the tactile PPI assay, a light air puff prepulse (0.9 PSI) is applied to back hairy skin and this
mechanical “pre-pulse” stimulus is followed by a startle pulse of broadband white noise (125 dB)
that elicits an acoustic startle response (Figure 2B). Mechanosensory stimulation by the air puff
prepulse attenuates the acoustic startle response in control mice (Figure 2C). Adult
Advillin®®; Pcdhg™®™"™ mytant mice exhibited a reduction in tactile PPI (Figure 2C) but not
the response to air puff alone (Figure S2B), suggesting a reduction in hairy skin
mechanosensation. On the other hand, the mutants performed normally in an acoustic version of
PPI (Figure S2C). To extend this finding and determine whether hairy skin sensitivity defects
emerge during postnatal development, repeated air puffs (1.0 PSI) were applied to the back hairy
skin of P5 pups, and the magnitude of evoked movement was measured. Consistent with the
adult tactile PPI findings, P5 Advillin®;Pcdhg™®¥™ mutants exhibited reduced reactivity to

air puffs compared to littermate controls (Figure 2D).

We also asked whether glabrous skin sensitivity to mechanical stimuli is altered in
Advillin®"®; Pcdhg™® ¥ mice. To do so, mice were subjected to von Frey filament stimulation
of hindpaw glabrous skin (Frey, 1896). While littermate controls withdrew their paws in a
manner proportional to the forces tested, Advillin®®;Pcdhg®™"™ mice displayed lower
hindpaw withdrawal responses to both low and high forces and a higher withdrawal threshold
(Figures 2E and 2F). The rough floor aversion test was performed as an additional measurement
of glabrous skin sensitivity (Figure 2G) (Choi et al., 2020; Zimmerman et al., 2019). Here,
Advillin®® Pcdhg™®™™ mice exhibited decreased aversion to rough textured floors compared

to littermate controls (Figure 2H).

Because somatosensory feedback contributes to the control of locomotion and corrective
movements (Paixdo et al., 2019; Panek et al., 2014; Rossignol et al., 2006), we also examined
general locomotion in Advillin®® Pcdhg™ ¥ mice and their littermate controls using the open
field assay. Advillin®®Pcdhg™™"" mice exhibited a decrease in both the total distance
traveled (Figure 21) and the percentage of time spent in the center of the chamber during the 10
minute testing period (Figure S2D). This decrease in the time spent in the center of the chamber

may not represent an anxiety-like behavior, as the mutant animals performed normally during the
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elevated plus maze (EPM) test, a measurement of anxiety-like behavior (Figure S2E) (McGill et
al., 2006). The balance beam test was used to assess sensorimotor integration. WWhen traversing a
narrow elevated beam, Advillin®Pcdhg™®™ mice spent more time crossing the beam

(Figures 2J and 2K) and displayed more hindlimb slips than littermate control mice (Figures 2L).

Taken together, these findings demonstrate that mice lacking Pcdhgs in somatosensory neurons
are hyposensitive to mechanical stimuli acting on different skin regions during both postnatal

development and adulthood and they exhibit disrupted sensorimotor function.
Pcdhgs function in primary somatosensory neuronsfor central synapse formation

The aberrant mechanosensory behaviors of Advillin®®; Pcdhg™®™®™ mice raised the question of
the nature of the dysfunction in mechanoreceptors caused by deletion of Pcdhgs in these neurons.
Therefore, we next asked whether Pcdhgs regulate synapse formation or other aspects of central
and peripheral axon development. In the dorsal horn LTMR-RZ, ~60% of the vGIuT1"
glutamatergic terminals are somatosensory neuron presynaptic terminals, while ~40% of
vGIuT1" terminals are corticospinal presynaptic terminals (Abraira et al., 2017). vGIluT1 and
Homerl double staining was used to visualize these two types of excitatory glutamatergic
synapses in this region. At P21, the density of both vGluT1 and Homerl puncta was reduced in
Advillin®"®; Pcdhg™® ¥ mytants, with vGIuT1 density reduced by 27.4 + 11.6 % and Homerl*
excitatory synapse density reduced by 62.3 £ 9.1 % (Figures 3A-3D), compared to control
littermates. We also asked whether this decrease in excitatory synapses is observed at a
functional level. For this, whole cell recordings of spinal cord neurons in lamina Il from
Advillin®"®; Pcdhg™ ¥ mytant mice and littermate controls were used to measure spontaneous
miniature excitatory postsynaptic currents (mEPSCs) (Figure 3E). Consistent with the
histological analysis, mutant spinal cord neurons displayed a ~50% reduction in mEPSC
frequency, but no change in mEPSC amplitudes (Figures 3E, F and S3A). To determine when the
reduction of synapse density emerges, excitatory synaptic densities during neonatal and postnatal
times were examined. At PO, vGIluT1" puncta could not be reliably detected, presumably due to
the low level of vGIuT1 protein in presynaptic terminals at this age. However, at P4 the density

of VGIuT1" puncta appeared normal in the Advillin®®;Pcdhg™™®™ mutants (Figures 3A and
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3C). On the other hand, the density of Homerl"™ puncta in the mutants appeared normal at PO,
while at P4 it was decreased by 59.0 + 15.1% compared to control littermates (Figure 3D),
consistent with the reduced behavioral response to air puff in P5 mutants (Figure 2D). These
findings suggest that loss of Pcdhgs in somatosensory neurons leads to a reduction of both
VGIUT1" presynaptic terminals and Homerl® postsynaptic puncta within the LTMR-RZ and a
concomitant loss of functional synapses. This synapse reduction is unlikely to be caused by
abnormal targeting of the sensory terminals, as the overall pattern of sensory axonal projections
in the dorsal horn and the distribution of vGIUT1" presynaptic terminals in
Advillin®"®; Pcdhg™® ¥ mytants appeared normal (Figures 3B and S3B).

Since vGIuT1 labels both primary somatosensory neuron and corticospinal neuron terminals in
the LTMR-RZ, we tested whether the disruption in vGIuT1 labeling observed in the
Advillin®"®; Pcdhg™® ¥ mytants is a reflection of altered somatosensory neuron synapses,
corticospinal neuron synapses, or both. To selectively visualize primary somatosensory neuron
terminals, we generated Advillin®®;Pcdhg™®™¥™™: Ai34 animals, in which all somatosensory
neurons express the presynaptic marker synaptophysin-tdTomato (Figure 3G). Interestingly, the
density of primary sensory neuron synaptic terminals in the mutants was comparable to that of
controls at P21 (Figure 3H). Similarly, the density of vGIuT1 and tdTomato double positive
puncta was uncompromised in the mutants (Figure 3l1), suggesting that the reduction in the
number of vGIuT1" puncta in the mutants is not caused by a decrease in sensory neuron
presynaptic terminals, but rather a decrease in corticospinal terminals (also see Figures 7H-K).
On the other hand, the density of Homer1" puncta surrounding tdTomato™ sensory terminals was
reduced by 61.2 + 13.9% in Advillin®®Pcdhg®™™®™: Aj34 animals, similar to the overall
Homerl® puncta reduction observed throughout lamina 111 (Figure 3J). Moreover, the size of
Homerl®™ puncta associated with sensory neuron synapses was decreased in
Advillin®® Pcdhg™®¥": Aj34 animals (Figure 3K), suggesting that PSDs are smaller in the
mutants. To address this further, electron microscopy was used to examine ultrastructural
features of excitatory synapses surrounding dorsal horn synaptic glomeruli, which are comprised
of axon terminals of primary sensory afferents and synaptic interactions with surrounding spinal
cord neurons (Figure 3L) (Ribeiro-da-Silva et al., 1985; Zhang et al., 2019). Indeed, the

thickness and length of PSDs associated with synaptic glomeruli in lamina Il were reduced in
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Advillin®®; Pcdhg™®¥°™ mice by 23.1 + 1.9 % and 12.0 + 2.8 %, respectively (Figures 3M and
3N), while the overall morphology of glomeruli of mutant mice appeared normal.

Together, these finding show that Pcdhgs function in somatosensory neurons to establish proper
numbers, function, and ultrastructural properties of postsynaptic specializations formed between

somatosensory neurons and dorsal horn neurons (Figure 30).
Pcdhgsfunction in primary sensory neuronsfor LTMR axonal branching in the skin

Pcdhg proteins are found throughout neurons, including in axons and dendrites (Lefebvre et al.,
2008; Li et al., 2010; Phillips et al., 2003), and in CNS neurons they regulate many aspects of
dendrite development, including dendrite self-avoidance and arborization (Garrett et al., 2012;
Gibson et al., 2014; Keeler et al., 2015; Lefebvre et al., 2012; 2015; Molumby et al., 2016). To
ask whether loss of Pcdhgs in DRG neurons affects LTMR peripheral axon development, the
patterns of LTMR endings in the skin of Advillin®®Pcdhg™"¥™ ™ mutants and control
littermates were visualized using whole mount immunohistochemistry. In back hairy skin, Ap
field-LTMRs and AB RA-LTMRs form NFH" circumferential and lanceolate endings around
hair follicles, respectively (Bai et al., 2015; Li et al, 2011). In both controls and
Advillin®® Pcdhg™®™¥™ muytants, all guard hairs associated with Merkel cell complexes were
innervated by NFH* A field-LTMRs and Ap RA-LTMRs endings (Figures 4A-4C). However,
non-guard hairs, which include awl/auchene and zigzag hairs, exhibited reduced innervation by
NFH" AB field-LTMRs and Ap RA-LTMRs in Advillin®®Pcdhg™™®® mutants (Figures 4B
and 4C). Of note, the morphology of sensory neuron endings and associated terminal Schwann
cells surrounding hair follicles were unchanged (Figures S4A-S4D), and DRG neuron survival is
unaffected by the absence of Pcdhgs (Prasad and Weiner, 2011). Because individual AP field-
LTMRs exhibit tiling and innervate hair follicles in a non-overlapping manner (Kuehn et al.,
2019), this finding suggests that AB field-LTMRs have reduced axonal branching in the skin.
Likewise, the reduction of NFH" lanceolate ending innervation suggests a similar defect in AB
RA-LTMR axonal branching.
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To complement the immunohistological analysis and directly visualize axonal branching patterns
of individual AP field-LTMRs and AP RA-LTMRs in hairy skin, sparse labeling of LTMRs was
done by injecting a Cre-dependent alkaline phosphatase reporter virus into the dorsal column
nuclei (DCN) of the brainstem, where AP field-LTMRs, Ap RA-LTMRs and AB SAI-LTMRs
project their axons (Figure 4E) (Bai et al., 2015). Then, whole mount alkaline phosphatase
staining was performed to visualize the cell bodies in the DRG and axonal arbors of individual
LTMRs in the skin (Figure 4F). This analysis revealed a reduction in both the number of
innervated hair follicles per neuron and the area innervated by individual Ap field-LTMRs and
AP RA-LTMRs in Advillin®®;Pcdhg®™¥™ mutants (Figures 4G and 4H). Otherwise, the
overall axonal arborization patterns appeared normal and no redundant innervation of hair
follicles by the same neuron was observed, indicating that there is not a self-avoidance-like
deficit in these neurons in the mutant mice (Figure 4F). Moreover, Ap SAI-LTMRs associated
with clusters of Merkel cells (touch domes) that surround guard hairs in hairy skin exhibited a
small but significant reduction in the number of the S100" major branches in the
Advillin®® Pcdhg™®™™ mutants (Figures 41 and 4J), while the total number of Merkel cells in
touch domes remained the same (Figure S4E). In glabrous skin, the density of Meissner
corpuscles was also reduced in the mutants, compared to control littermates (Figures 4K and 4L),
suggesting a decrease in axonal branching. Together, these experiments reveal that Pcdhgs
function cell autonomously to promote Ap LTMR axon branching in both hairy and glabrous

skin.

LTMR peripheral axons closely associate with peripheral glial cells (Reed et al., 2021; Suazo et
al., 2022; Zimmerman et al., 2014), although the significance of this association in LTMR
development is unclear. To determine if Pcdhgs mediate homophilic adhesion between nascent
peripheral axons and glial cells to promote axonal branching, Dhh“"®;Pcdhg™®™¥®™ mutants
were generated to selectively delete Pcdhgs in developing Schwann cells of the peripheral
nervous system, beginning at E12 (Jaegle et al.,, 2003) (Figure S4G). Remarkably,
Dhh"®: Pcdhg™¥" muytants phenocopied Advillin®®; Pedhg™® ¥ mutants with respect to the
hairy and glabrous skin LTMR innervation deficits (Figures 4A, 4D, and 41-4L). On the other
hand, excitatory synapses in the spinal cord dorsal horn were unaffected in Dhh®®; Pcdhg /o
mutants at P21 (Figures S4H-S4K). These finding support a model in which Pcdhgs mediate
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homophilic interactions between nascent LTMR axonal branches and developing glial cells to
promote axonal branching. Furthermore, deficits in LTMR branching patterns and central
synapses in the Pcdhg mutants are dissociable; defects in LTMR peripheral branching patterns

occur independently of alterations of LTMR central synapses.

We also tested whether Pcdhgs function to maintain central synapses and peripheral axonal

CreERT2 mouse line

CreERT2.

branching after they are established, using the tamoxifen-sensitive Advillin
(Lau et al., 2011) to delete Pcdhgs in somatosensory neurons of juvenile mice (Advillin
Pcdhg™¥™ mice, 1mg per day, P15-P19; Figures S5A and S5B). Interestingly, late postnatal
deletion of Pcdhgs recapitulated the reduction of excitatory synapses observed in
Advillin®® Pcdhg™®™™ mutants (Figures S5C and S5E-G), while sensory and corticospinal
presynaptic vGIuT1" terminals did not change significantly (Figure S5D). In hairy skin,
Advillin®ERT2: pedhg €3 animals exhibited fewer non-guard hairs innervated by NFH* Ap
field-LTMRs and Ap RA-LTMRs (Figures S5H and S5I), as well as fewer AR SAI-LTMR
branches (Figures S5J and S5K). These observations suggest that Pcdhg signaling maintains both

LTMR central synapses and peripheral axonal arborization patterns after they are formed.

Differential requirements of Pcdhg isoforms for synapse formation and peripheral axonal
branching, with Pcdhgc3 solely required for synapse for mation

The diversity of Pcdhg isoforms raised the question of whether one or more of the same 22
Pcdhg isoforms mediate both synapse formation and axonal branching, or whether distinct
isoforms contribute to these developmental processes. To address this, somatosensory neuron
synapses and axonal branching patterns were examined using a range of Pcdhg mutant mice that
lack one or more isoforms (Figure 5A). All mutants tested were viable to adulthood because they
have intact Pcdhgc4, which encodes the isoform required for postnatal viability (Garrett et al.,
2019).

The triple A-type isoform knockout (TAKO) Pcdhg™<“™ ® muytant showed normal numbers of
dorsal spinal cord synapses and ApB field-LTMR and AB RA-LTMR endings in hairy skin
(Figures 5B-5H) (Chen et al., 2012). Interestingly, while the Pcdhg®™¥*® (Pcdhgc3, Pcdhg4 and
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Pcdhgc5 intact) and Pcdhg®™*™ (Pcdhgb8, Pcdhge3 and Pcdhge4 intact) mutants exhibited
normal vGIuT1 and Homerl excitatory synapse density in the dorsal horn, they displayed Ap
field-LTMR and AB RA-LTMR innervation pattern defects in the hairy skin (Figures 5B-5H).
The phenotypes of these two mutants thus corroborate the conclusion of experiments described
above that the central and peripheral phenotypes are dissociable and further indicate that the
critical isoform(s) for synapse formation is intact in these two mutants (i.e., Pcdhgc3 and
Pcdhgcd). Therefore, to determine whether Pcdhgc3 or Pcdhge4 promotes synapse formation,

we next examined Pcdhg™™/™

mutants in which only Pcdhgc4 is intact and expressed.
Pcdhg'™*™ mutants showed deficits in both synapse formation and peripheral axonal branching

(Figures 5B-5E), suggesting that Pcdhgc3 is the sole isoform essential for synapse formation.

To further test this idea, additional genetic loss-of-function and gain-of-function approaches

were taken. First, we found that the Pcdhg®/e3¢©

mutant, which lacks only Pcdhgc3,
phenocopied the synapse deficits observed in Advillin®® Pcdhg®™¥™ mice and showed a
reduction in excitatory synapse density; however this mutant did not exhibit an alteration of Ap
field-LTMR and Ap RA-LTMR innervation patterns in hairy skin (Figures 5B-5H). Second, we
asked whether expressing Pcdhgc3 in somatosensory neurons of Advillin®®;Pcdhg®nsens
mutants is sufficient to rescue the synapse formation phenotype. For this, the cC3 mouse line, in
which the Pcdhgc3 isoform fused to a fluorescent protein (mCherry) is expressed in a Cre-
dependent manner (ROSA26-CAG: :lox-Stop-lox-Pcdhge3-mCherry) (Lefebvre et al., 2012), was
used to conditionally express Pcdhgc3 in somatosensory neurons (Figure 6A). Thus, in
Advillin®® Pcdhg™®¥: cC3 animals, Cre simultaneously deletes all 22 endogenous Pcdhg
genes and activates Pcdhgc3-mCherry expression in all somatosensory neurons. For comparison,
we also asked whether Pcdhgal is sufficient for synapse formation by testing whether expressing
the Pcdhgal isoform (ROSA26-CAG::lox-Stop-lox-Pcdhgal-mCherry, cAl) in the DRGs of
Advillin®® Pcdhg™®™™: cA1 animals can rescue the synapse formation deficits observed in the
Pcdhg cluster knockout. Strikingly, expression of Pcdhgc3, but not Pcdhgal, in somatosensory
neurons of Advillin®;Pcdhg® ™ mice rescued the synapse formation deficits observed in
these mutants (Figures 6B-6D). Taken together, these experiments demonstrate that Pcdhgc3 is
the key isoform that functions in LTMRs to promote central synapse formation in the spinal
cord, whereas isoforms other than Pcdhgc3 mediate proper LTMR peripheral axonal branching.
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Pcdhgc3 functions both presynaptically and postsynaptically to mediate excitatory synapse

formation between sensory neuronsand spinal cord neurons

Pcdhgs bind strictly homophilically when expressed in cell lines, and can form isoform-specific
homophilic trans dimer parallel arrays to generate large two-dimensional structures bridging
adjacent membranes (Brasch et al., 2019; Fernandez-Monreal et al., 2009; Frank et al., 2005;
Goodman et al., 2022; Obata et al., 1995; Sano et al., 1993). Our finding that Pcdhgc3 functions
in somatosensory neurons to promote excitatory synapse formation between sensory neuron
axons and spinal cord neurons led us to hypothesize that Pcdhgc3 also functions in spinal cord
neurons to promote postsynaptic specialization. To test this idea, Lbx1°"®Pcdhg™ ¥ animals
were generated to excise all 22 Pcdhgs in dorsal horn neurons (Sieber et al., 2007). However, the
size of the dorsal horn in Lbx1°"%;Pcdhg™¥™ animals was greatly reduced with no change in
the density of synaptic markers (Figures S6A-S6D), consistent with the role of Pcdhgs, and
Pcdhgc4 in particular (Garrett et al., 2019), in survival of spinal cord neurons (Prasad et al.,
2008; Wang et al, 2002b). Therefore, as an alternate approach, we generated

fcon3

Lbx1<"®: Pcdhg®* compound mutant animals, which harbor one Pcdhg™™ allele and one
Pcdhgc3 null allele. Thus, in Lbx1%®Pcdhg“*™™ mice, which express Cre recombinase in
dorsal horn neurons but not DRG neurons, both copies of Pcdhge3 are absent only in dorsal horn
neurons whereas all other cells of the body are heterozygous for Pcdhgc3 (Figure 6E).
Lbx1°"®: Pcdhg®*™ animals did not exhibit any gross alteration in the size of the dorsal homn
(Figures S6E and S6F) but did exhibit a significant decrease in the number of dorsal horn
excitatory synapses (Figure 6F). Indeed, the density of vGIuT1" terminals, Homer1® puncta, as
well as the density and size of Homer1" puncta surrounding vGIuT1" terminals were reduced in
Lbx1°"® Pcdhg®* " mice to a similar extent as that observed in Advillin®® Pcdhg ¥/
mice (Figures 6G-J). Thus, Pcdhgc3 functions in both DRG neurons and spinal cord neurons,
presumably through homophilic interactions, to promote excitatory synapse formation between

sensory neurons and spinal cord neurons.

Pcdhgc3 localizes to synapses in the dorsal horn and in a reduced preparation is sufficient

to induce PSD-95 clustering in dendrites of spinal cord neurons
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High resolution imaging, immunoelectron microscopy, and biochemical studies demonstrate that
Pcdhgs are present in synaptic clefts and concentrated PSD fractions of synaptosomes
(Fernandez-Monreal et al., 2009; Loh et al., 2016; Phillips et al., 2003; Wang et al., 2002b), yet
whether Pcdhgs can directly promote postsynaptic specialization is unclear. To determine the
role of Pcdhgc3 in central somatosensory neuron synapse formation, we visualized the
localization of Pcdhg proteins in the central terminals of somatosensory axons by expressing
Pcdhge3 and Pcdhgal isoforms fused to mCherry in sensory neurons using Advillin®® (Lefebvre
et al., 2012). Interestingly, while both isoforms were distributed in a punctate manner in central
somatosensory neuron axons, they were distributed evenly in peripheral axons (Figures S6G and
S6H). Moreover, Pcdhgc3, but not Pcdhgal, was detected in vGIuT1" presynaptic puncta at both
P5 and in adults (Figure 6K; Figure S6G). Similarly, when expressed in dorsal horn neurons
using the Lbx1°"® driver (Sieber et al., 2007), Pcdhgc3 was present in a punctate pattern, and
approximately 50% of Pcdhgc3® puncta were found to contain one or more Homerl® puncta
(Figure 6K, n = 3 animals, P20-45). These findings suggest that Pcdhgc3 can localize to both

presynaptic and postsynaptic compartments in the dorsal horn.

To directly test whether Pcdhgc3 has synaptogenic activity, we next used an in vitro synapse
formation assay (Biederer and Scheiffele, 2007; Eldeiry et al., 2017; Sudhof, 2018) to ask
whether Pcdhgc3 is sufficient to promote clustering of postsynaptic proteins in neonatal spinal
cord neurons. Since Pcdhgc3 is expressed broadly in spinal cord dorsal horn neurons, including
~70% of dorsal horn excitatory neurons (Figures 11 and 1J), we speculated that Pcdhgc3 could
promote clustering of postsynaptic machinery in the majority of cultured dorsal horn neurons. To
test this possibility, we used an in vitro assay in which HEK 293 cells expressing Pcdhgc3 or
other Pcdhgs were co-cultured with dorsal horn neurons and the clustering of the postsynaptic
protein PSD-95, an excitatory postsynaptic scaffolding protein in contacting dendrites marked by
MAP2, was visualized. As a positive control for the assay, HA-tagged neurexin-1f3, a known
synaptogenic protein, was expressed in HEK 293 cells and found to robustly induced clusters of
the PSD-95 in the dendrites of spinal cord neurons that contacted the HEK 293 cells (Figure 6L)
(Graf et al., 2004; Nam and Chen, 2005). Quantification of PSD-95 clusters on dendrites in
contact with transfected HEK 293 cells expressing neurexin-1f3 revealed a significant increase in
cluster number and intensity (Figures 6N and 60) compared to GFP-expressing HEK 293 cells.
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Interestingly, Pcdhgc3 expressed in HEK 293 cells also promoted a significant increase in the
number and intensity of PSD-95 clusters in spinal cord neurons, when compared to cells
expressing Pcdhgc3“5“°, which lacks all 6 extracellular cadherin repeats (Pcdhgc3“5“°), or GFP
(Figures 6N and 60). Not all Pcdhgs exhibited synaptogenic activity in this assay however,
because Pcdhga7-GFP, which is expressed at a lower level in the dorsal horn, did not induce
clustering of PSD-95 in contacting dendrites (Figures 6M-60). These findings are consistent
with the in vivo gain-of-function and loss-of-function experiments and suggest that Pcdhgc3 is

sufficient to induce excitatory postsynaptic specialization in spinal cord neurons.

Altered spinal cord dorsal horn response to touch in response to reduced mechanosensory

inputs

The behavioral alterations and reductions in both LTMR central synapses and peripheral axonal
branching in Advillin®®Pcdhg™®™" mice raise the question about how changes in
mechanosensory synaptic inputs to the dorsal horn affect dorsal horn somatosensory circuit
function in the mutants. To address this question, in vivo multielectrode array recordings of the
spinal cord dorsal horn were performed to assess dorsal horn neuron responses to a series of
mechanical step indentations applied to hindpaw glabrous skin (Figure 7A). Interestingly, the
baseline firing rates of dorsal horn units were significantly increased in Advillin®®; Pcdhg©¥/fon®
mice (Figure 7B). When step indentations were applied to the skin, dorsal horn neurons in
control animals exhibited responses at both the onset and offset of the step indentations within
the low force range, beginning around 5 mN (Figure 7C). Dorsal horn neurons also showed
responses during the sustained phase of the step indentation, starting around 10 mN. In
comparison, dorsal horn neurons in Advillin®®;Pcdhg™®¥™ mice exhibited reduced responses
to both the onset and offset of step indentation, but not during the sustained phase of the step
indentation (Figures 7D, 7E and S7A). Using a grid of indentation sites to map functional
receptive fields of dorsal horn neurons (Figure 7F), dorsal horn units recorded in
Advillin®"®; Pcdhg™® ¥ mice showed significantly smaller receptive fields (Figure 7G). Taken
together, the Pcdhg mutant animals have fewer synaptic inputs to the spinal cord dorsal horn,
which results in an increase in tonic firing in dorsal horn neurons, reduced firing in response to

mechanical stimuli acting on the skin, and smaller functional receptive fields.
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Reduced corticospinal input to the dorsal horn is secondary to reduced mechanosensory

inputs

The altered tonic and evoked firing patterns in the dorsal horn prompted us to ask whether loss of
Pcdhgs in sensory neurons affects other aspects of dorsal horn mechanosensory circuit assembly.
Indeed, our genetic analyses had suggested that the decrease of vGIUT1" terminals in
Advillin®"®; Pcdhg™ ¥ mice may reflect changes in the corticospinal inputs in lamina 111, as
the density of vGIuT1" somatosensory terminals remained unchanged in these mutants (Figures
3H). To directly test this possibility, AAV2-retro-hSyn-synaptophysin-tdTomato virus was
injected into the hindlimb region of primary somatosensory cortex (S1) of control and
Advillin®"®; Pcdhg™® ¥ mice to visualize corticospinal synapses in the spinal cord dorsal horn
(Figure 7H). Viral injections labeled comparable numbers of axons in the corticospinal tract in
control (122.1 + 11.3 axon per dorsal column section) and Advillin®®; Pcdhg¥"™ mice (140.9
+ 5.9 axon per dorsal column section, p > 0.05, Figure 71). However, the density of corticospinal
terminals in medial lamina Ill, measured in the same region in which the vGluT1 and Homerl
synaptic analyses were done, was significantly reduced in Advillin®®;Pcdhg™™"™ mice (Figure
7J). Consistent with the finding that Homer1" puncta density is decreased throughout lamina IIl,
the number of Homerl" synapses associated with Tomato™ corticospinal terminals was reduced
in the mutants (Figure 7J). Finally, we asked whether the absence of synaptic structures, per se,
or the absence of synaptically-evoked activity in the dorsal horn accounts for the deficits in
corticospinal inputs to lamina I1l observed in Advillin®®Pcdhg™®™™® mice. Thus, we tested
whether silencing touch-evoked activity in somatosensory neurons leads to a deficit in
corticospinal neuron innervation of lamina Ill, in a similar manner. For this we used Cdx2“"®;
Piezo2” mice, in which Piezo2 the principal mechano-sensitive ion channel for LTMRs (Ranade
et al., 2014) was deleted broadly in neurons below cervical level C2, including DRG neurons.
Cdx2°® Piezo2™ mice lack most if not all low-threshold, mechanically evoked responses in
DRG neurons (Lehnert et al., 2021). Similar to the Advillin®®Pcdhg™®™"" mutant mice,
Cdx2°"® Piezo2"®"* mutants exhibited a reduction in the density of corticospinal neuron
terminals as well as their synapses in dorsal horn lamina Il (Figures S7B-S7D). These findings

suggest that the deficit in corticospinal synapses in the dorsal horn of Advillin®";Pcdhg"3/fon
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mutant mice is caused by a reduction in mechanically-evoked sensory neuron synaptic drive in
the dorsal horn.

Discussion

Here, we report unique functions of Pcdhg isoforms across different subcellular compartments of
somatosensory neurons for the assembly of the somatosensory circuitry and behavioral reactivity
to touch. Pcdhgc3 mediates homophilic interactions between sensory neuron presynaptic
terminals and spinal cord neurons to promote synapse formation. In the periphery, one or more
other Pcdhg family members promotes proper axonal branching patterns through mediating
interactions between somatosensory neuron axons and Schwann cells. Functionally, Pcdhgs in
somatosensory neurons are essential for both tonic and touch evoked physiological responses in
dorsal horn neurons, behavioral responses to touch and sensorimotor control, and the
development of corticospinal synapses in the spinal cord. Therefore, spatially coordinated
patterns of expression of three or more clustered protocadherin gamma isoforms underlie the
formation of synapses between LTMRs and dorsal horn neurons (Pcdhgc3), peripheral axonal
branching (possibly Pcdhga7 and others), dorsal horn neuron survival (Pcdhgc4) (Wang et al.,
2002Db), corticospinal synapses with dorsal horn neurons (Pcdhgc3, non-cell autonomously), and

thus step-wise assembly of the dorsal horn somatosensory circuitry.

Several lines of evidence have pointed to clustered protocadherins as potentially important
molecular players in synapse development, function, or maintenance in the mammalian nervous
system. Indeed, Pcdhgs are found at synaptic clefts and enriched in postsynaptic density (PSD)
fractions of synaptosomes (Loh et al., 2016; Phillips et al., 2003; Wang et al., 2002b; Weiner et
al., 2005) and their presence is associated with synapse maturation (LaMassa et al., 2021; Li et
al., 2010; Phillips et al., 2003). Moreover, many synapse-associated molecules are found in
Pcdhg protein complexes, including PSD-95, a-catenin, and neuroligin-1 (Han et al., 2010;
Molumby et al., 2017), suggesting that Pcdhgs may directly control or modulate synapse
assembly or composition. Despite this evidence, the roles of Pcdhgs in synapse formation and
function have remained enigmatic (Missler et al., 2012; Sudhof, 2017), in part due to their

requirements in other developmental processes, including neuronal survival and dendrite
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elaboration (Flaherty and Maniatis, 2020; Garrett et al., 2012; 2019; Kostadinov and Sanes,
2015; Lefebvre et al., 2008; Molumby et al., 2016; Wang et al., 2002b; Weiner and Jontes, 2013;
Weiner et al., 2005). Indeed, in the spinal cord, removing all Pcdhgs leads to loss of spinal cord
neurons (Wang et al., 2002b). Although a reduction in synaptic density was observed when
inhibiting apoptosis in the spinal cord of Pcdhg mutants (Weiner et al., 2005), it had remained
unclear whether these synapse alterations were a reflection of Pcdhg functions in other
developmental processes, such as astrocyte-neuron contacts or dendrite development (Garrett
and Weiner, 2009; Garrett et al., 2012; Molumby et al., 2016; 2017). In the present study, we
took advantage of the dispensability of Pcdhgs for DRG neuron survival (Prasad and Weiner,
2011) to determine their roles in somatosensory neuron synapse formation. Both in vivo and in
vitro evidence supports a model in which Pcdhgc3 in sensory neurons and dorsal horn neurons

acts homophilically to promote postsynaptic specialization.

We propose that Pcdhgc3 functions as a cell-adhesion molecule that tethers the pre- and
postsynaptic membranes and instructs postsynaptic specialization through its unique intracellular
domain, encoded by its variable exon, and association with postsynaptic proteins. Given the
ability of Pcdhgs to form large two-dimensional parallel arrays between opposing membranes
(Brasch et al., 2019), Pcdhgc3 may also coordinate the proper alignment or spacing of pre- and
postsynaptic membranes. The unique variable juxtamembrane domain of the Pcdhgc3
intracellular region may induce specific downstream signaling, as illustrated by its binding to
Axinl and thus modulation of Wnt signaling (Mah et al., 2016). Future work will define the
contributions of the unique Pcdhgc3 intracellular sequence in recruiting postsynaptic scaffolding
proteins, such as PSD-95, and promoting postsynaptic specialization and synaptic maintenance.
While the present work reveals a synaptogenic role for Pcdhgc3 in somatosensory neurons, other
Pcdhg isoforms are widely expressed throughout the developing nervous system with
extraordinarily complex patterns. Thus, it will be interesting to determine whether Pcdhgc3 and
other isoforms promote synapse formation between neurons that express the same isoforms,
thereby contributing to a synaptic specificity code for nervous system wiring (Canzio and
Maniatis, 2019).
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Our genetic analyses of Pcdhg isoforms show that different isoforms act in the same neuron to
mediate synapse formation and peripheral axonal branching. These findings highlight a
remarkable compartmentalization of Pcdhg function via homophilic interactions in the peripheral
and central axonal branches of somatosensory neurons for distinct developmental processes. This
compartmentalized signaling could be achieved by local differences in the proteins that interact
with Pcdhgs to form unique membrane complexes. In the developing skin, nascent sensory
axons are closely associated with peripheral Schwann cells (Jessen et al., 2015). Thus, neuron-
glia interactions mediated by Pcdhgs may physically stabilize nascent sensory axon branches or
activate downstream signals that directly promote axonal branching. It is possible that one
particular isoform is required for peripheral axonal branching, such as the most highly expressed
isoform Pcdhga7. Another possibility is that a critical total level of any Pcdhg isoform is
sufficient, and the common Pcdhg intracellular region may signal through a pathway that
promotes arborization, such as the FAK/PKC/MARCKS pathway which contributes to cortical
dendrite arborization (Garrett et al., 2012). Future genetic and molecular dissection of Pcdhg
isoforms and their intracellular signaling mechanisms as well as isoform expression patterns in
developing glia and neurons will provide insights into Pcdhg function in peripheral axonal

branching.

Our findings also show that the sensory neuron clustered protocadherins, presumably Pcdhgcs3,
are crucial for corticospinal synaptic inputs of the dorsal horn. We consider this to be a non-cell
autonomous function of Pcdhgc3 because corticospinal synapses form onto spinal cord neurons
and not onto the axon terminals of primary sensory neurons that lacked Pcdhgs in the conditional
mutants (Hanaway and Smith, 1979; Valtschanoff et al., 1993). Moreover, deficits of
corticospinal inputs to the dorsal horn in Advillin®®; Pcdhg™¥™ mutant mice were similarly
observed in Piezo2 conditional knockout mice, which lack mechanically evoked synaptic drive
of dorsal horn neurons. Together, these findings support a model in which functional synapses
between sensory neurons and dorsal horn neurons and sensory-evoked synaptic drive in the
dorsal horn are a prerequisite for the formation of corticospinal synapses onto dorsal horn
neurons. Spontaneous and evoked sensory activity play essential roles in wiring the nervous
system (Ebert and Greenberg, 2013; Kirkby et al., 2013; Leighton and Lohmann, 2016), although

in the mechanosensory system less is known. Postnatal functional development of A-fiber
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sensory connectivity in the dorsal horn requires NMDA receptor activation, suggesting that the
precise spinal cord wiring is activity-dependent (Beggs et al., 2002). In the rat, LTMRs exhibit
spontaneous activity only during embryonic development, while evoked responses are detected
beginning at late embryonic stages (Fitzgerald, 1987b; 1987a). Central deficits in somatosensory
neuron Pcdhg conditional knockout animals appeared later than PO, suggesting that deficits in
evoked synaptic activity, rather than spontaneous synaptic activity, is responsible for the
alterations in corticospinal synaptic input observed in the mutants. Consistent with this,
corticospinal innervation of the lumbar spinal cord (the area analyzed in the present study)
begins ~P4 (Hsu et al., 2006), suggesting that postnatal evoked synaptic activity regulates
formation of synapses between nascent corticospinal axon terminals and spinal cord interneurons.
The reduction in corticospinal input may decrease descending inhibition, therefore causing an
increase in baseline firing rate observed in the mutant dorsal horns. Thus, the widespread deficits
in corticospinal synapses in the dorsal horn suggest an obligatory role for postnatal Pcdhgc3-
dependent touch evoked synaptic transmission in the assembly of dorsal horn mechanosensory
circuitry. Future studies should aim to determine how mechanosensory synaptic transmission in

the dorsal horn instructs this assembly.
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Figure Legends

Figure 1. Pcdhgs are expressed during postnatal development when somatosensory axons
actively form synapsesin the dorsal horn

(A) IHC images of spinal cord dorsal horn lamina Il from PO, P10 and P21 wildtype mice
expressing synaptophysin-tdTomato (Ai34) driven by Advillin®®, TrkB“*=R and Ret“** to label
all sensory neurons, As-LTMRs, and A RA-LTMRs, respectively. Arrowheads point to some of
the synapses made between sensory neuron terminals and spinal cord neurons. Scale bars
represent 3 um.

(B) Quantifications of the sizes of sensory terminals labeled by synaptophysin-tdTomato at PO,
P3, P10 and P21. Ret“" % Ai34: n = 2 animals for each time point. TrkB“*: Ai34: n = 4 animals
for PO, 2 animals for P3, 3 animals for P10, and 3 animals for P21. Advillin®®Ai34: n = 3
animals for PO, 2 animals for P3, 2 animals for P10, and 4 animals for P21. Two-way ANOVA.
(C) Quantifications of the average numbers of Homerl puncta per sensory terminal labeled by
synaptophysin-tdTomato at PO, P3, P10 and P21. Two-way ANOVA.
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(D) Summary of the synapse formation surrounding sensory terminals in the LTMR recipient
zone during postnatal development, showing that sensory terminals become larger and more
postsynaptic sites form between the sensory terminals and spinal cord neurons.

(E) Schematic of the RNA sequencing workflow using immunoprecipitation of ribosome-
associated mRNA transcripts.

(F) Genetic labeling strategies for each of DRG neuron groups.

(G) Heatmaps depicting expression patterns for differentially expressed genes encoding cell
adhesion molecules or axon guidance proteins. Each column is one biological replicate, and each
row shows the expression level for one gene.

(H) Heatmap depicting expression patterns of Pcdhg genes in the DRGs at P3. Expression levels
are represented as TPM values.

(I and J) RNAscope images (I) and quantification (J) for Pcdhga2, Pcdhga?, Pcdhgbl, Pcdhgc3,
and Pcdhgc4 expression levels (n = 3 animals for each time point). SLC17A6(vGIuT?2) is labeled
to visualize the excitatory neurons in the dorsal spinal cord. DAPI staining in blue labels cell
nuclei. Student’s unpaired t test.

ns, not significant; *p < 0.05; **p < 0.01; ***p < 0.001.

Figure 2. Pcdhgs function in primary sensory neurons for normal tactile behaviors and
sensorimotor integration

(A) IHC images of DRG and spinal cord showing the GFP fused Pcdhg proteins in wildtype
(negative control), Pcdhg™®™" (positive control) and Advillin®® Pcdhg®©™™®™ mice. 1B4
labels lamina Ili nonpeptidergic nociceptors in the DRG.

(B) Diagram for the tactile PPI behavior assay.

(C) Percentage of inhibition of startle response to 125 dB noise in littermate control and
Advillin®"®; Pcdhg™® ¥ mice when the startle noise is preceded by a light air puff of 0.9 PSI
(500 ms ISI). Student’s unpaired t test.

(D) Quantification of the average movement of the back in response to 1.0 PSI air puff applied to
the back hairy skin of P5 littermate control and Advillin®;Pcdhg®™®™™ pups. Student’s
unpaired t test.

(E and F) Von Frey thresholds (E) and response rates (F) for littermate control and
Advillin®® Pcdhg™®™™ mice. Two-way ANOVA. Fisher's LSD post hoc test.
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(G) Diagram for the rough floor aversion assay.

(H) Percentages of time spent on rough side for littermate control and Advillin®® Pcdhg /o
mice. Student’s unpaired t test.

(I Distance traveled in an open field test. Student’s unpaired t test.

(J) Example images of the balance beam test.

(K and L) Total time it took for each animal to cross the beam (K) and average number of slips
per trial (L) for littermate control and Advillin®®;Pcdhg™¥™ mice. Student’s unpaired t test.

Each dot represents an animal. ns, not significant; *p < 0.05; **p < 0.01; ***p < 0.001.

Figure 3. Pcdhgs function in primary sensory neurons for postsynaptic specialization of
synapses between sensory axon terminals and spinal cord neurons.

(A and B) IHC images of spinal cord dorsal horn lamina 11l from P4 (A) and P21 (B) littermate
control and Advillin®®Pcdhg™™¥™ mice. Sections were immunostained for vGIuT1
(presynaptic terminals for AB-LTMRs, AS-LTMRs, and corticospinal axons) and Homerl
(postsynaptic densities of glutamatergic synapses) to mark the synaptic connections for LTMR
and corticospinal presynaptic terminals.

(C and D) Normalized densities of vGluT1" (C) and Homer1" (D) puncta from littermate control
and Advillin®"® Pcdhg™©"3™ mice. Student’s unpaired t test.

(E) Representative spontaneous mEPSC traces recorded in random spinal cord neurons in lamina
11l from P13-P16 littermate control (n = 3 animals) and Advillin®®;Pcdhg®™™®"™ mice (n = 4
animals).

(F) Presynaptic Pcdhg deletion decreases the frequency of spontaneous mEPSCs in the spinal
cord neurons. Each dot is the mEPSC frequency of a spinal cord neuron. Mann-Whitney test.

(G) IHC images of spinal cord lamina Il from P21 littermate control and
Advillin®"®; Pcdhg™® ¥ Ai34 mice, in which somatosensory neuron presynaptic terminals are
labeled with synaptophysin-tdTomato.

(H-K) Normalized densities of synaptophysin-tdTomato (Ai34) puncta density (H) and vGIuT1*
Tomato™ double positive puncta (I). The size and normalized density of Homer1" puncta around
Tomato™ sensory terminals is quantified in (K) and (J), respectively. Each dot represents one
animal. Student’s unpaired t test.
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(L) EM images of synaptic glomeruli from lamina Il in spinal cord dorsal horn from a control
animal and a Advillin®® Pcdhg®™" ™ animal. Arrowheads point to the postsynaptic sites
formed within the glomeruli. Scale bars represent 500 nm.

(M and N) Quantifications of PSD thickness (M, control 42.1 + 0.6 nm, 304 synapses from 3
animals; Advillin®®;Pcdhg®™™™: 324 + 0.6 nm, 286 synapses from 3 animals).
Quantifications of PSD length (N, control 340.0 + 7.1 nm; Advillin®® Pcdhg™©"®": 299.3 + 6.2
nm). Kolmogorov-Smirnov test.

(O) Summary of the synaptic formation phenotype in the Advillin®® Pcdhg™®"™¥ ™ mutants.
Fewer and smaller synapses form between sensory terminals and spinal cord neurons in the
Advillin®"®; Pedhg™®™€™ mutants.

ns, not significant; *p < 0.05; **p < 0.01; ***p < 0.001.

Figure 4. Pcdhgsfunction in LTMRsfor axonal branchingin the skin.

(A) Whole-mount immunostainings of adult back hairy skin sections from control and
Advillin®® Pcdhg™®™™ mice. AB field-LTMRs form circumferential endings around hair
follicles and are NFH" (noted by white arrowheads). Ap RA-LTMRs form lanceolate endings
around guard hair follicles (noted as “G”) and awl/auchene hairs. TSCs are labeled using S100
immunostaining (green), which helps visualize the location of LTMR innervation around hair
follicles. Hair follicles without any NFH" Ap field-LTMRs are denoted by triangles.

(B-D) Quantification of the percentage of guard and non-guard hair follicles innervated by NFH*
AP field-LTMRs circumferential endings and AP RA-LTMRs lanceolate endings for
Advillin®"; Pcdhg™™®™ mice (n = 958 hair follicles from 3 control animals and n = 1357 hair
follicles from 3 Advillin®®;Pcdhg™®™¥™™ mice) and Dhh®Pcdhg®™™™ mice (n = 597 hair

follicles from 3 control animals and n = 863 hair follicles from 4 Dhh®"®;Pcdhg¥/fon

mice).
Student’s unpaired t test. Each dot represents an imaging field.

(E) Control and Advillin®;Pcdhg™™"" mice were injected with AAV-Retro-Flex-PLAP virus
to retrogradely label DRG neurons that project to the DCN.

(F) Example whole-mount AP images of the DRG and back hairy skin.

(G and H) Quantification of the number of innervated non-guard hair follicles (G) and the area
of innervation (H) by AP field-LTMRs (n = 12 neurons from 6 control animals and n = 13

neurons from 5 Advillin®®Pcdhg™®™™®™ mice) and Ap RA-LTMRs (n = 28 neurons from 6
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control animals and n = 27 neurons from 6 Advillin"®;Pcdhg™®™¥ ™ mice). Student’s unpaired t
test. Dots represent individual neurons.

(I and J) Example whole-mount immunostaining images of the Merkel cell complex. TSCs
wrapping around major Ap SAI-LTMRs branches are labeled with S100 (green), and Merkel
cells are labeled with Troma-l (blue). Quantifications of the major S100" branches from
Advillin®®;Pcdhg™®™©™ mice (n = 3 control animals and n = 4 mutant animals) and
Dhh®® Pcdhg™ ¥ mice (n = 3 control animals and n = 4 mutant animals) are shown in (J).
Each dot represents a touch dome. Student’s unpaired t test.

(K and L) Example immunostaining images of the forepaw glabrous skin. Meissner corpuscles
are labeled by S100 (green, for visualizing lamellar cells) and NFH (magenta, for visualizing Ap
RA-LTMRs). Quantifications of the number of Meissner corpuscles normalized by the area of

epidermis from Advillin®";Pcdhg¥" (n =

4 control animals and n = 4 mutant animals) and
Dhh® Pcdhg™ ¥ mice (n = 3 control animals and n = 4 mutant animals) are shown in (L).
Dots represent individual skin sections. Student’s unpaired t test.

ns, not significant; *p < 0.05; **p < 0.01; ***p < 0.001.

Figure 5. Differential requirements of Pcdhg isoforms for synapse formation and
peripheral axonal branching.

(A) Summary of the Pcdhg mutants used. Red lines indicate the corresponding genes are
disrupted, while the genes listed are not disrupted.

(B) IHC images of spinal cord dorsal horn lamina Il from P21 control and Pcdhg mutants.
Sections were immunostained for vGluT1 and Homerl to mark the synaptic connections around
in LTMR and corticospinal presynaptic terminals.

(C-E) Normalized densities of vGIuT1" (C) and Homerl® (D) puncta from P21 control and
various Pcdhg mutant mice. (E) shows the normalized densities of Homerl® puncta that
surrounds vGIuT1" puncta. one-way ANOVA with Tukey’s post hoc test. Each dot represents
average value of an animal.

(F) Whole-mount immunostaining of adult back hairy skin sections from control and various
Pcdhg mutant mice. AP field-LTMRs (noted by white arrowheads) and Ap RA-LTMRs
(innervation around the guard hair is denoted by “G”) are NFH". Hair follicles without any NFH*
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ApB field-LTMRs are denoted by empty arrowheads. TSCs are labeled using S100
immunostaining (green). Scale bar represents 50 um.

(G and H) Quantification of the percentage of non-guard hair follicles innervated by NFH" A
field-LTMRs circumferential endings (G) and Ap RA-LTMRs lanceolate endings (H). n = 649
hair follicles from 5 wildtype animals; n = 336 hair follicles from 2 Pcdhg™“® animals; n = 710

3R1

hair follicles from 4 Pcdhg®™* animals; n = 673 hair follicles from 5 Pcdhg®™ animals; n = 614

hair follicles from 3 Pcdhg®<©

ns, not significant; *p < 0.05; **p < 0.01; ***p < 0.001.

animals. One-way ANOVA with Tukey’s post hoc test.

Figure 6. Pcdhgc3 is the only isoform that mediates sensory neuron synapse formation in
vivo and can promote postsynaptic specialization in vitro

(A) Experiment design for expressing single Pcdhg isoforms (Pcdhgal or Pcdhgc3) in
Advillin®®; Pcdhg™®™¥"" mice. Cre simultaneously deletes all 22 endogenous Pcdhg genes and
activates the expression of Pcdhgal-mCherry or Pcdhgc3-mCherry in the DRG.

(B) IHC images of spinal cord dorsal horn lamina 111 from Advillin“®;Pcdhg®¥:cA1 and
Advillin®®; Pcdhg™®¥e°": cC3 mice.

(C and D) Normalized densities of vGIuT1" (C) and Homerl® (D) puncta, showing that
expressing of Pcdhgc3-mCherry, but not Pcdhgal-mCherry, in the DRGs can fully restore the
synapse formation deficits in the Advillin™®Pcdhg ™" mutants. Each dot on the plot
indicates a normalized value for an animal. One-way ANOVA test.

(E) Experiment design for deleting both copies of the Pcdhge3 isoforms only in the dorsal horn

neurons in the Lbx1°"%;Pcdhg“**™ mice. Littermate animals with or without Lbx1°®

were
used as controls.

(F) IHC images of spinal cord dorsal lamina I1l from control and Lbx1°"®;Pcdhg“**"" mice.
(G-J) Quantifications of the synapses in lamina Ill, showing that deleting Pcdhgc3 in the dorsal
horn neurons led to reduced densities of vGIuT1" (G), Homerl® (H) puncta, as well as the
density of Homer1® puncta surrounding vGIuT1" terminals (I). Similarly, the average size of
Homer1" puncta is reduced in Lbx1“"®Pcdhg=?"" mice (J). Each dot on the plot indicates a
normalized value for an animal. Student’s unpaired t test.

(K) IHC showing the localizations of Pcdhgc3-mCherry in the spinal cord lamina Ill of P5 and

P45 Advillin®®cC3 mice and P22 Lbx1“"®;cC3 mice (n = 3 animals for each genotype).
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(L) Representative images of artificial synapse formation assays in which Nrxn1p, Pcdhgc3, or
Pcdhge32E is expressed in HEK293T cells that are cocultured with neonatal spinal cord
neurons. Immunolabeling for the postsynaptic excitatory synapse marker PSD95 and dendrite
marker MAP2 are shown in red and magenta, respectively. Nrxnlp serves as a positive control
that can induce excitatory postsynaptic specializations in spinal cord neurons.

(M) Representative images of in vitro synapse formation assays in which Pcdhgc3, Pcdhga7, or
GFP is expressed with in HEK 293 cells that are cocultured with neonatal spinal cord neurons.
(N and O) Average number (N) and intensity (O) of PSD-95 puncta per HEK 293 cell, showing
that Pcdhgc3, but not Pcdhge32E°, Pcdhga7®™, or GFP, can induce presynaptic excitatory
specializations. Data are means £ SEM from three independent replicates. One-way ANOVA
with Tukey’s post hoc test.

ns, not significant; *p < 0.05; **p < 0.01; ***p < 0.001.

Figure 7. Aberrant physiological responses and corticospinal synaptic inputs in the dor sal
horn of Advillin®®; Pcdhg"¥"®" mice due to reduced functional mechanosensory synapses.
(A) MEA recordings from lumbar spinal cord dorsal horn in mice, while the glabrous skin from
right hind paw is indented with a series of forces.

(B) Quantifications of the baseline firing rates in littermate control and Advillin®® Pcdhg /o
mice. n = 3 animals per genotype. Student’s unpaired t test.

(C) Summary of representative units responding to indentation of the skin with different forces.
The amount of force is labeled on the top. The indentations applied are indicated by the black
bars below the force labels. Average firing rates in response to the indentation are shown on the
bottom row. n = 187 neurons for 5 controls and n = 207 neurons for 5 mutants.

(D and E) Quantifications of the onset (D) and offset (E) responses in littermate control and
Advillin®®; Pcdhg™®™¥°™ mice. Two-way ANOVA.

(F) Diagram for mapping the functional receptive fields of the dorsal horn neurons.

(G) Quantifications of the receptive field sizes in littermate control and Advillin®® Pcdhg /o
mice.

(H) Diagram showing viral labeling of corticospinal projections in the lumbar spinal cord.

(1) IHC images showing corticospinal terminals labeled with synaptophysin-tdTomato in the
dorsal column, and IHC images showing corticospinal terminals colabeled with Homerl in
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control and Advillin®® Pcdhg™®™"®™ mice. White dotted line outlines the shape of the dorsal
column with labeling. Arrowheads point to the Tomato™ puncta with Homer1 labeling.

(J) Quantification showing the density of Tomato® corticospinal terminals in lamina 11 is
reduced in the Advillin®®Pcdhg®™™ mice (number of puncta per 10* um?. Each dot
represents average number for an animal. Student’s unpaired t test.

(K) Quantification showing the number of excitatory synapses (Homerl® puncta) surrounding
corticospinal terminals in lamina 11 is reduced in the Advillin®® Pcdhg™®™¥" mice. Student’s
unpaired t test.

*p < 0.05; **p <0.01; ***p < 0.001.

STAR METHODS

EXPERIMENTAL MODEL AND SUBJECT DETAILS

All experiments were conducted in accordance with Harvard Medical School (Institutional
Animal Care and Use Committee) IACUC protocols. Animals used in the study were group
housed on a 12-hour light/dark cycle, with control and mutant animals in the same litters and
cages. Littermates from the same genetic crosses were used as controls, to control for variability
in mouse strains/backgrounds. No differences were observed between wildtype animals and
floxed (Pcdhg™™* and Pcdhg™® ¥ or Cre littermate control groups for the experiments
performed. Wildtype C57BL/6J mice were used for the comparison among various Pcdhg

deletion mutants.

Mouse Lines. Pcdhg lines used in this study include Pcdhg™™ (Prasad et al., 2008), Pcdhg®®<©
(Garrett, et al., 2019), R2e-S-Pedhgal-mChery (oAl _mCherry), and R26-S-Pedngcsmcheny (oc3.
mCherry) (Lefebvre, et al., 2012), Pcdhg™™, Pcdhg®™, and Pcdhg®™ (Garrett, et al., 2019), and
Pcdhg™ ® (Chen et al., 2012) were previously described. Pcdhg mutant mice were maintained
on a C57/B6J background. Other mouse lines used include R2@-S-SnaptophysintdTomato (aj34)
(Jax#012570); R26-3'9ToMa0 (Aj14) (Jax# 007908); Advillin™® (Hasegawa et al., 2007);
Advillin®®=R™2 (Lau et al., 2011); Lbx1“"® (Sieber et al., 2007); Dhh“"® (Jaegle et al., 2003);
Cdx2°"® (Coutaud and Pilon, 2013); Piezo2™ (Woo et al., 2014); Rpl22"™"* (Sanz et al., 2009);
PV*R (Hippenmeyer et al., 2005); TrkB“"*R (Rutlin et al., 2014) and Ret“"*=R(Luo et al., 2009).
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Male and female mice of C57BL/6J and CD1 backgrounds were used for these studies.

Expression of GFP in the Pcdhg™™™ allele was assessed using histological verification.
METHOD DETAILS

Tissue Fixation. Male and female mice of ages younger than 6 days were anesthetized in ice
until unconscious, then sacrificed quickly by decapitation. Male and female mice of ages 6 days
and older were anesthetized with isofluorane and a transcardial perfusion was performed with
10-15 mL modified Ames Media with heparin, followed by 15-25 mL 4% PFA. Back hairy skin
was dissected following application of Nair commercial depilatory cream and consequent hair
removal, and the underside of the skin was scrapped clean of fatty tissues and muscles. Back
hairy skin and glabrous skin of the paws were dissected and post-fixed in Zamboni’s Fixative
overnight at 4°C. Spinal cords and DRGs were post-fixed in 4% PFA overnight at 4°C.
Following post-fixation, samples were washed in 1xPBS for 3-5 hours and stored in PBS + 0.01%

sodium azide at 4°C for long-term storage.

Tamoxifen Treatment. Tamoxifen (Sigma, Cat# T5648-1g) was dissolved in 100% ethanol (20
mg/ml) on a rotator for 10 minutes, aliquoted into Eppendorf tubes and mixed with an equal
volume of sunflower seed oil (Sigma, Cat# s5007). The mixture was vortexed for 15 minutes and
centrifuged in a pressurized vacuum concentrator for 45 minutes to remove the ethanol. When
removed from the vacuum concentrator, all tubes were checked carefully to ensure only
sunflower seed oil remained, then stored at -20°C for long-term use. To calculate embryonic
timepoint, females were checked every morning to monitor when mating occurred. The
tamoxifen solution was delivered to pregnant females via oral gavage for embryonic tamoxifen
treatment at the timepoints indicated. For all analyses, the morning after coitus was designated as

E0.5 and the day of birth as PO. Tamoxifen was administered to control and littermate mice in

fcon3 CreERT2

order to excise the Pcdhg alleles using Advillin in peripheral somatosensory neurons.

Intraperitoneal injections of tamoxifen (1 mg per day) were administered to mice for 5

consecutive days, from either P15-P19. All mice in this Advillin®*=R"

experiments received this
tamoxifen regimen, and no changes in health or behaviors were observed in controls or mutant

mice.
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| mmunohistochemistry. Spinal cord, DRG, and finger pad samples were cryoprotected in 30%
sucrose in PBS overnight at 4°C. Samples were then rinsed in PBS, embedded in OCT in tissue
molds over a 100% ethanol and dry ice bath, and stored at -80°C for at least an hour before
cryosectioning. 20-25 um sections were produced for spinal cord, DRG, and brainstem, and 30
um transverse sections for fingertip sections. Mutant and littermate control sections were
collected on the same slide. Slides were allowed to dry on the benchtop overnight and stored at -
20°C.

Slides were defrosted at room temperature for at least 30 minutes, then a hydrophobic barrier
was applied with a PAP pen (H-4000, VWR/Vector Lab) around the samples. Slides were then
rehydrated with filtered 1xPBS for 3x5 minutes, blocked for 1 hour at room temperature with
1xPBS with 0.1% Triton X-100 and 5% normal goat or donkey serum (Jackson Immuno, 005-
000-121), and incubated with primary antibodies in blocking solution (5% serum without
detergent) overnight at 4°C. Slides were washed 4x5 minutes with 1xPBS with 0.02% Tween-20,
incubated with secondary antibodies in blocking solution (5% serum without detergent) at room
temperature for 2 hours, washed 4x5 minutes with 1xPBS with 0.02% Tween-20 detergent, and
mounted. Samples were mounted with fluoromount-G (Southern Biotech) or DAPI
Fluoromount-G® (Southern Biotech) when visualization of nucleus is needed. All slides were

stored at 4°C for up to 1 week until imaged.

The following primary antibodies were used: guinea pig anti-vGIuT1 (Millipore Sigma, RRID:
AB_2301751; 1:1000), rabbit anti-Homerl (Synaptic Systems, Cat# 160003, 1:1000), Isolectin
B4 647 (Invitrogen, RRID: SCR_014365, 1:500), chicken anti-NFH (Aves, Cat#NFH0211,
1:500); rabbit anti-DsRed (Clontech, RRID: AB 10013483, 1:500), goat anti-mCherry (Sicgen,
RRID: AB_2333092, 1:500), goat anti-GFP (Abcam, RRID: AB_305635, 1:500), mouse anti-
NeuN (Millipore, RRID: AB_2298772, 1:500), rabbit anti-S100 (Proteintech, Cat# 15146-1-AP,
RRID:AB_2254244, 1:500) and rat anti-Tromal (DSHB, RRID: AB_531826, 1:50). Secondary
antibodies include Alexa 405, 488, 546 or 647 conjugated donkey or goat anti-mouse, rabbit,
chicken, goat or guinea pig, and used at a 1:500 dilution (Life Technologies or Jackson
ImmunoResearch).
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Wholemount hairy skin immunostaining. Back hairy skin was dissected, and fat tissue under
the skin was scraped off with a stainless-steel spatula. The skin was then fixed in Zamboni
fixative (Fisher/VWR, NC9335034) at 4°C overnight. The tissue was rinsed in PBS three times
and then washed with PBS containing 0.3% Triton X-100 (0.3% PBST) every 30 min for 5 to 8
hours. Then, the skin was incubated with primary antibodies in 0.3% PBST containing 5% goat
or donkey serum and 20% DMSO at room temperature for 3 to 4 days. Skins were then washed
with 0.3% PBST every 30-60 min for 5 to 8 hours. The tissues were transferred to secondary
antibodies in 0.3% PBST containing 5% goat/donkey serum and 20% DMSO and incubated at
room temperature for 2 to 3 days. The tissues were then washed with 0.3% PBST every 30-60
min for 5 to 8 hours. The skins were dehydrated in 50% methanol for 15 min, 80% methanol for
15 min, and 100% methanol for 15 min, and 100 % methanol overnight. For imaging, skins were
cleared in BABB (Benzyl Alcohol, sigma 402834, Benzyl Benzoate, sigma B-6630; 1:2) at room

temperature for 10 min.

RNA sequencing and data analysis. DRGs from P3 pups were dissected and RiboTag
immunoprecipitation was performed as previously described (Sanz et al., 2009). DRGs from the
thoracic levels of five pups were combined and subject to immunoprecipitation to obtain mRNA
for each sequencing replicate, and three to five biological replicates were sequenced for each
group of neurons. Briefly, pups were sacrificed and DRGs were dissected on ice in DMEM
Complete Medium with 1% PenStrep (Cat# 15140122, Thermo Fisher Scientific). DRGs were
snap-frozen and stored at -80°C. Samples were homogenized (homogenization buffer with
5mg/ml cycloheximide, cOmplete protease inhibitor cocktails, 100mg/ml heparin, RNAsin and
1M Dithiothreitol) and centrifuged at 10,000 rpm at 4 °C for 10min. Lysis buffer (RLT buffer
from RNeasy kit, Cat# 74004, Qiangen) was added to each sample, and 800 ul were collected
from each spun-down lysate. 5 pl of Mouse anti-HA antibody (Cat#H9658, Sigma-Aldrich), was
added to each sample and all samples were incubated for 4 hours at 4 °C on a gentle spinner.
200ul of Dynabeads™ Protein G (Cat#10004D, Thermo Fisher) were equilibrated with 1000 pl
of homogenization buffer (RNase-free water with 10% NP-40, 1M KCI, 1M MgCl,, 1.5M Tris,
pH 7.4) for 10 min at 4 °C. Homogenization buffer was then suctioned off and antibody-tissue

homogenate sample was added to the beads and incubated overnight at 4 °C on a gentle
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spinner/rotator. Next day, beads were washed with 800 pl of high salt buffer for 3 X 10 min at
4C in cold room on rotator. 350 pl of lysis buffer (RLT lysis buffer with BME) were added to
each sample after removing final high salt wash buffer and standard RNA purification was
performed using the manufacturer’s protocol (RNeasy kit, Cat# 74004, Qiangen).

Purified RNA samples with a concentration of 1-10 ng/uL for 8-10 pL and RNA integrity
number (RIN) above 8 (except for one sample for Ap SAI-LTMRs that had a RIN ~7) were used
for library preparation and RNA-sequencing at the Biopolymers Facility at Harvard Medical
School. Libraries were prepared using Illumina NexteraXT using the manufacturer’s protocol.
The libraries were pooled together and then sequenced using the Illumina NextSeq 500
sequencer with 150 bp paired-end reads. Reads were aligned and counted using STAR (Dobin et
al., 2013). Both read count matrix and normalized data using transcript per million reads (TPM)
were obtained. The matrix of read counts was transformed using a regularized logarithm (rlog)
implemented in DESeq2 (Love et al., 2014). The heatmaps and dotplots were plotted using the
ggplot2 package in R. Subtype uniquely enriched genes and differentially expressed genes
analyses were performed as previously described (Zheng et al., 2019). Briefly, genes were then
grouped based on the neuronal groups their expression is enriched in and ordered based on the
enrichment. Genes with rlog values in the top 75% and displayed expression differences over 1
in all replicates were used for displaying the expression pattern. Differentially expressed genes
(DEGs) were defined using the criteria of a 1.5-fold change with a false discovery rate (FDR)
<0.01. Subtype uniquely enriched genes (SUEGs) were selected for genes that are enriched in
each group based on pairwise comparison, thus the FDR for SUEGs after correction for multiple
comparisons is ~0.04. Rlog difference from the average rlog value was plotted in the main
heatmaps using a scale of -2 to 2 and average rlog values were plotted in another heatmap to the

right of the main heatmap.

Quantification of Meissner corpuscle density. Images of serial sections of glabrous pads from
forepaw fingertips were sectioned at 30 um. Images of sections were analyzed using ImageJ. In
each section, the number of Meissner corpuscles, visualized by using S100 antibody (Meissner

corpuscles form ovoid masses in the dermal papillae and Schwann cells surrounding axons are
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S100+) and NFH antibody. Then, the area of the epidermis was traced and measured in ImageJ.
Density was calculated by dividing the number of corpuscles by the area of epidermis.

Dorsal column injections. Mice (8-12 weeks old) were anesthetized via continuous inhalation
of isoflurane (2%) from a precision vaporizer for the 20-40 minutes duration of the surgery.
Protective eye ointment (Puralube) was applied to the eyes. The animal’s breathing rate was
monitored throughout the procedure and the isoflurane dose was adjusted as necessary. Hair
from the back of the neck was treated by a commercial hair remover (Nair, Church and Dwight
Co.; Princeton, NJ) for 1-3 min, and swabbed with water, Betadine, and 70% ethanol. A 7 mm
incision was made in the midline of the skin at the cervical level. Muscles were separated from
the midline until the spinal cord cervical vertebrae were exposed. A small incision was made on
the dura and

arachnoid membranes above the C1 cervical spinal vertebrae to expose the dorsal column. Next,
100 nl of AAV-Retro-Flex-PLAP (obtained from Dr. Sara Prescott from Harvard Medical
School) was injected into the dorsal column above the C1 level using a glass pipette under visual
guidance. Afterwards, muscles and skin were stitched together with sutures, and SR
Buprenorphine (1.5 mg/kg) was applied for analgesia. Mice recovered from anesthesia on a
warm pad for ~1 hour and then returned to their home cage. The condition of the mice, including
locomotor activity, the healing of wounds, body weight, and grooming, were monitored daily. 3-

4 weeks after surgery, mice were sacrificed by CO2 asphyxiation followed by perfusion.

Alkaline phosphatase staining. AAV-Retro-Flex-PLAP virus was injected into the dorsal
column on littermate control and mutant animals. 3-5 weeks following the injection, animal was
perfused and back hairy skins were treated with commercial hair remover and rinsed with PBS.
Skins were further dissected and carefully scrapped free of remaining fat tissue under the skin.
Spinal cords and DRGs were dissected. Samples in PBS were placed in a 65-68°C incubator for
2 hours, washed 3x5 minutes in B3 buffer (0.1M Tris pH 9.5; 0.1M NaCl; 50mM MgCl,; 0.1%
Tween-20), and incubated at room temperature for 24 hours in B3 buffer with 3.4 uL/mL each of
NBT (Nitro Blue Tetrazolium, Roche 11-383-213-001) and BCIP (5-Bromo-4-chloro-3-indolyl-
phosphate, 4-toluidine salt, Roche 11-383-221-001). Samples were then incubated with 4% PFA

for 1 hour at room temperature, washed with 1xPBS, and dehydrated for ~30 minutes with 50%,
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75%, and 100% ethanol overnight. Samples were stored in 100% ethanol at -20°C until imaging.
For imaging, benzyl alcohol and benzyl benzoate mixed 1:2 (BABB) was used to clear tissue for
imaging. Samples were cleared with BABB on a rotator for 10 minutes before imaging.

Corticospinal neuron labeling. To label corticospinal neurons, mice underwent unilateral
stereotactic injection of rAAV2-retro-CAG-tdt virus (Penn viral core) into the hindlimb region of
primary somatosensory cortex (S1). Mice were injected with SR Buprenorphine (0.1 mg/kg),
anesthetized with isoflurane and placed in a small animal stereotaxic frame (David Kopf
Instruments). The skull was exposed under aseptic conditions and one craniotomy was made
centered at -0.6 posterior and 1.75 lateral from bregma. A borosilicate glass pipette was lowered
to a depth of 0.7 mm from the surface of the brain. 150 nL of virus was injected at a rate of 50
nL:min-1 using a Microinject system (World Precision Instruments). 4 weeks following the

injection, animals were perfused and spinal cords were collected for immunohistochemistry.

RNAScope. P3 animals were anesthetized in ice for 2-4 minutes or until unconscious, then
sacrificed quickly by decapitation. P21 mice were euthanized by CO, followed by decapitation.
DRGs and spinal cords from mice were rapidly dissected and the axial level was identified using
the T13 DRG as a landmark. DRG were quickly frozen in dry-ice-cooled 2-metylbutane and
stored at —80 °C. DRG were sectioned at a thickness of 15 um and RNAs were detected by
RNAscope (Advanced Cell Diagnostics) using the manufacturer’s protocol. The following
probes were used: mm-Pcdhga? (Cat# 2835811), mm-Pcdhga7-C2 (Cat# 835781-C2), Mm-
Pcdhgb1-O1 (Cat# 837621), Mm-Pcdhgc3(Cat# 802841), Mm-Pcdhgc4-C3 (Cat# 835791-C3),
Mm-Slc17a6-C3 (Cat# 319171-C3), Mm-Nefh (Cat# 443671), and Mm-Plpl (Cat# 428181).

Electron microscopy and image analysis. Electron microscopy of the spinal cord was
conducted as previously described (Zhang et al., 2019). Briefly, animals were transcardially
perfused and fixed with 2% PFA (Electron Microscopy Sciences) and 2.5% glutaraldehyde
(Electron Microscopy Sciences), and postfixed in the same fixative overnight. Spinal cords were
dissected out and sectioned at 200 um with a Leica VT1000 S vibratome. These sections were
then osmicated with reduced osmium (1% osmium tetroxide (Electron Microscopy Sciences)/1.5%

potassium ferrocyanide (MilliporeSigma)), stained with 1% uranyl acetate (Electron Microscopy
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Sciences), dehydrated with an ethanol series followed by propylene oxide, and infiltrated and
embedded with an epoxy resin mix (LX-112, Ladd Research). Samples were then cured in the
oven at 60 °C for 48-72 hours. Samples were sectioned using a Leica EM UC7 ultramicrotome
with Diatome diamond knives, and ultrathin sections (40-60 nm) were picked up on glow
discharged formvar/carbon films on slot grids (Ted Pella). Grids were post stained with 2%
uranyl acetate in 50% acetone and 0.2% lead citrate (Electron Microscopy Sciences) before
imaging. Ultrathin sections were imaged using a JEOL 1200EX transmission electron
microscope at 80 kV accelerating voltage and 10,000x nominal magnification with an AMT XR-

611 CCD camera at a final pixel size of 1.84 nm.

Micrographs of the glomeruli were taken in lamina Il of the spinal cord, based on morphological
characteristics of glomeruli previously described (Ribeiro-da-Silva et al., 1985). Experimenter
was blind to the genotypes. For quantification of the micrographs, images were adjusted with
normalization using Fiji/lmageJ to enhance contrast. Morphometric classification of synapses
and analysis of ultrastructural PSD parameters were performed as previously described (Robbins
et al., 2010). Quantifications of the length and thickness of PSDs were performed with

experimenter blind to the genotypes.

Synaptic puncta analysis. Z stack images for puncta analysis were obtained on the Zeiss
LSM700 confocal microscope with the 63x objective. Images were taken in lamina 111, within
150 um of lamina Iliv marked by IB4. Imaging parameters were held constant for littermate
control and mutants, which were immunostained on the same glass slide to reduce variation. At
least 3 animals of each genotype or age were used, with at least ~2000 vGluT1 and ~8000
Homerl puncta per animal. For each animal used in analysis, 4-6 sets of images, each image set
comprising (4 to 5) 1 um z stacks from a minimum of 3 separate spinal cord sections, was used
for analysis. Homer and vGIuT1 puncta analyses were performed using a custom script in
ImageJ, creating a mask of vGIuT1l terminals between 0.5 pm and 5 um in diameter,
thresholding Homer1, and counting puncta of 0.1 um to 5 um in diameter contained within that

mask.
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Whole-cell patch-clamp recordings using acute spinal cord slices. Mice (P13-P16) were
anesthetized via continuous inhalation of isoflurane (2%) and then perfused with ice-cold choline
solution. Lumbar enlargements (L1-L5) were dissected out from vertebral columns in ice-cold
choline solution (in mM: 110 Choline Chloride, 2.5 KCI, 1.25 NaH,PO,4, 25 NaHCO;, 25
Glucose, 5 Sodium Ascorbate, 7 MgCl, , 2 Ethylpyruvate, 0.5 CaCl,) and mounted in 4% LMP
agarose. The lumbar spinal cords were sliced in a sagittal plane (200 um, VT1200S, Leica), and
the spinal cord slices were recovered at room temperature for 30 minutes in oxygenated (95%
Oz and 5% CO,) ACSF solution (in mM: 2.5 CaCl, 2H,0, 1.0 NaH,PO, H20, 119 NaCl, 2.5
KCI, 1.3 MgSQO, 7H,0, 26 NaHCO3, 25 Glucose, 1.3 Sodium L-ascorbate). Spinal cord slices
were then transferred to a recording and cells were visualized by infrared differential interference
contrast microscopy for patching (SliceScope Pro 6000, Scientifica). Whole-cell voltage-clamp
recordings of random spinal cord neurons right below substantia gelatinosa were obtained at
room temperature. The pipette resistance ranged from 3 to 6 MC, and the electrodes were filled
with an intracellular solution (in mM: 130 Cs-gluconate, 5 TEA, 0.1 CaCl,, 1 EGTA, 10 HEPES,
1 QX-314, 0.2 D-600). Signals were acquired using a Multiclamp 700 B (Molecular Devices).
Spontaneous miniature excitatory postsynaptic currents (mEPSCs) were monitored in the
presence of tetrodotoxin (0.5 uM, Tocris Cat#1069) and 4-Aminopyridine (1 mM)., at -60 mV
holding potential. Series resistance was left uncompensated. Synaptic currents were sampled at
10 kHz using a Digidata 1440A (Molecular Devices) and analyzed offline using Clampfit 9
(Molecular Devices) software. Events were analyzed using template matching search and each

event was visually inspected for inclusion or rejection by an experimenter blind to genotype.

Behavioral Analysis. Both male and female mice of the C57BL6J background with a
combination of Advillin®®, Pcdhg™™¥ and Pcdhg®™* transgenes were used for the
behavioral tests. Pregnant females were separated from breeding males before giving birth, and
the progeny were allowed to reach weaning age when ear notching and genotyping was
performed. Both male and female mutant animals were group-housed with their control
littermates. For these assays, Advillin®®; Pcdhg™™*, Advillin®®, Pcdhg™"™¥* and Pcdhg©/feon3
were used as littermate control animals and were used to account for variabilities in the
backgrounds of the animals tested. No differences were observed among these control genotypes.
Testing was initiated at 6 to 8 weeks of age, and the animals completed Open Field, EPM, PPI,


https://doi.org/10.1101/2022.05.25.493080

bioRxiv preprint doi: https://doi.org/10.1101/2022.05.25.493080; this version posted May 25, 2022. The copyright holder for this preprint (which
was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

and Von Frey testing within 2 weeks of the start of testing and in that order. Balance beam and
rough floor aversion were completed after this and held consistent within behavior cohorts. Prior
to testing dates, animals were habituated to each new testing environment or room for
approximately one hour to help eliminate anxiety during testing. All testing and analysis were

performed by experimenters blind to genotypes.

Open Field Testing. Animals were habituated to the testing room in their cages with dim lights
for 1 hour prior to testing. The lighting in the room was dimmed to limit anxiety as much as
possible and to ensure the assays were as accurate to the natural behavior of the animals as
possible. For this test, two 40 cm?® plexiglass arenas (40 cm x 40 cm x 40 cm) were used to test 2
animals concurrently and labeled for easy identification of the animals in each chamber during
video analysis. The chambers utilized were opaque black and were cleaned thoroughly with 70%
ethanol and water with paper towels before and after each trial. For the test, an animal was
placed in the chamber and allowed to explore the chamber for 10 minutes. Following testing,
videos of the animals’ position within the chamber were analyzed with custom MATLAB scripts.
Total distance traveled and time spent away from walls (time in center) were analyzed for each

video.

Elevated Plus Maze (EPM) Test. The EPM test was used to measure anxiety-like behavior. The
custom-made maze utilized was constructed in the shape of a plus sign. The arms were each 30
cm long x 5 cm wide and two of the opposing arms have 15-cm high walls. The maze itself was
raised on stilts to measure 40 cm above ground. Testing occurred in a dimly lit and quiet room,
and the maze was positioned under a camera for video analysis following testing. After the
animals were habituated to the testing room for at least 1 hour, they were placed on the center of
the EPM construct and allowed to freely explore the open and closed arms of the maze for 10
minutes. MATLAB scripts were used to quantify the amount of the time each animal spent in the

open and closed arms, as well as the center of the maze.

Prepulse Inhibition (PPI). A San Diego Instruments startle reflex system (SR-LAB Startle
Response System) was used to quantify the startle response of animals subjected to tactile and

acoustic stimuli and measure the ability of a tactile or acoustic stimulus to inhibit startle response
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to a loud acoustic stimulus. Tactile PPI assay utilized a 50 ms 0.9 PSI air puff pre-stimulus
delivered to the back of the animal, followed by a 20 ms 125 dB startle tone stimulus, to

determine the responsiveness to tactile sensitivity in the back hairy skin.

For the tactile PPI test, ventilated cylindrical holders with removable and adjustable doors were
used to contain the animals during testing. These holders also had a small opening on the top of
the chamber to apply air puff to the back hairy skin. Both before and after testing, these
cylindrical holders and the testing chambers were thoroughly cleaned with 70% ethanol and
paper towels. The animals were placed in the holder, and the length of the holder were adjusted
to match the length of the animal and eliminate extraneous movement during testing. The
cylindrical holders were placed in the sanitized soundproof testing chambers. The testing
consisted of an acclimation phase, and block I, block II, block Il and block IV trials. The
acclimation phase lasted 5 minutes, allowing the animal to become adjusted to the chambers and
background noise of 75 dB. Block | of testing consisted of 5 startle stimuli alone and utilized 120
or 125 dB white noise to determine the initial startle reflex of the animal for measuring the initial
startle reflex. Block Il consisted of 5 prepulse stimuli alone (0.9 PSI air puff) to measure
response to the prepulse stimulus. Block Il utilized pseudorandomized prepulse/pulse, pulse
alone and no stimulation trials. Finally, Block IV tested the animals’ habituation to the startle
stimuli over the approximately total PPI session by delivering startle stimuli alone. Each trial
lasted an average of 30 seconds. Postnatal day 5 mice were tested for reactivity to air puff stimuli

applied to the back. This behavioral assay will be described in detail elsewhere.

For the acoustic PPI test, the acclimation tone was 65 dB during the acclimation phase. For
Block I, the broadband white noise was 120 dB for determination of the initial startle reflex. For
Block Il, the prepulse stimuli consisted of 5 80 dB broadband white noise. Block Il also utilized
prepulse and pulse, pulse alone, and no stimulation trials which were used in a pseudo-
randomized fashion. Block IV tested the animal’s habituation to the acoustic startle stimuli with

the delivery of 5 startle stimuli.

Von Frey. Materials for this assay included transparent 4.5 in X 2 in x 2 in chambers with

numerous 1cm wide ventilation holes, a wire grid stabilized between an acrylic frame and
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elevated to 14.5 in by metal columns, and an assortment of filaments with various forces. Prior to
testing, animals were habituated to the testing setup by being placed on the wire grid inside the
plastic chambers for 2 consecutive days for an hour. On the third day, the animals were
habituated for 45 min before testing. Following habituation, the VVon Frey filaments were applied
to hairless plantar surface of the right hind paw until the filament buckled. Filaments were used
beginning with the lightest force to the greatest, completing all trials with one filament before
beginning the next. Each filament was used for 10 trials, with number of responses recorded. A
withdrawing, sharp movement of the paw, or shaking of the paw behavior was defined as a

response.

Balance beam assay. One hour prior to testing animals were habituated to testing room and
investigator handling by undergoing tail inking. To ink the tail, each animal was gently lifted and
placed on the wire food hopper facing away from investigator. Firmly holding the tail midway
from the tail base, a blue soy ink marker was rolled across the tail forming parallel lines to
indicate identifying ear notch number. Once inked animals were gently transferred back into the

home cage.

The balance beam rod was constructed of 1 meter matte white acrylic with a flat surface
measuring 12 mm or 6 mm in width. The beam rods were mounted on two poles 50 cm above the
bench top. A black matte acrylic box was placed at each end of the beam to provide a start and
end enclosure for the animal. To encourage the animal to traverse the beam home cage nesting
material was placed in the end box to draw the animal to the end box. A hammock was stretched
below the beam 10cm above the bench top to serve as a soft landing surface to cushion falls and
contain the animal should a fall occur. Digital USB 2.0 CMOS video cameras were mounted

above and to side of the balance beam to record crossings.

Balance Beam Training: Day 1 and Day 2. Animals are transported to the testing room at least 30
minutes prior to testing to acclimate to room lighting, sound, odor, and temperature. To train the
animals to cross the beams unassisted, each animal was placed on the 12 mm rod and encouraged
to cross at least 3 times before returning to the home cage. Once the cohort has rested for 30

minutes, they are then placed on the 6 mm rod and encouraged to complete 3 crossings. If
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animals refuse to cross, the investigator may gently touch the hindquarters to encourage forward
movement. The beam and chambers were cleaned with dilute soapy water and 70% ethanol
between animals.

Balance Beam Test: Day 3. First, the 12 mm beam was mounted onto the support poles with the
start and end chambers connected to the beam ends. Each beam habituated animal was place
into the start chamber with home cage bedding added to the end chamber. At least 2-4 successful
crossings were video recorded for each animal. Each animal was allowed to rest for 10 seconds
before each crossing. The animals were returned to their home cage once 2-4 successful trials
were completed for each beam width. Time to cross, number of slips, number of falls and

number of stalls were analyzed.

Texture aversion assay. One hour prior to testing animals were habituated to testing room and
investigator handling by undergoing tail inking. The two test chambers constructed of black
matte (inside) acrylic, 12 in x 11.8 in x 6 in, 0.25 in thick, centered side by side on a white matte
acrylic floor under diffuse warm white light, 2700 K. A digital USB 2.0 CMOS video camera
was mounted directly above the two test chambers. Testing for each texture was conducted over
three days and consisted of two chamber habituation days and one test day. On day 1 and day 2
each animal was removed from the home cage placed in an empty test chamber resting on the
white matte acrylic floor. Animals were allowed to freely explore and acclimate to the test
environment for 10 minutes, then returned to their home cages. On day 3, the texture aversion
assay consisted of two phases: a 10 minute explore phase and a 10 minute test phase. In the
explore phase, the white matte acrylic floor was covered with a fresh sheet of construction paper
to act as the control texture. Animals were placed in the test chamber and allowed to explore for
10 minutes, then returned to their home cage. The control paper was then discarded, and the test
chambers were cleaned with 70% ethanol and unscented soapy water, then reset for the test
phase. In the aversive texture test phase, two distinct sandpaper textures, extra fine grit SP400
(smooth) and medium coarse grit SP150 (rough) or SP400 (smooth) and averse coarse grit SP60
were taped together using 3M 1-inch scotch tape on the back of the paper with a %2 inch overlap.
The test chambers were then placed onto the sandpaper sheets with the seams of the joined
sandpaper centered in the middle of the test chamber, ensuring each texture covered half of the
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testing chamber. Animals were once again transferred from their home cage to the test chamber
and allowed to explore the two sandpaper textures SP400 vs SP150 or SP400 vs SP60 for 10
minutes. At the completion of the 10 minute averse texture test animals were removed from the
test chambers and returned to their home cage. Both exploration and test phases were video-
recorded and custom Matlab tracking codes were used to track animal position in the chamber,

time spent on each texture and preference for smooth vs rough textures were analyzed.

Artificial synapse formation assay. Primary spinal cord cultures were prepared from dorsal
spinal cords of PO mice and maintained in neurobasal medium with B27 supplement. PO
C57BL/6 mouse pups were anesthetized on ice and then decapitated using scissors. Spinal
columns were dissected and washed with filter-sterilized HABG medium (Hibernate A with 2%
B-27 and 0.5 mM GlutaMAX) to remove excess blood and tissue, as previously described
(Eldeiry et al., 2017). 22 G needle and syringe filled with filter-sterilized HABG was inserted
into the caudal end of the spinal column and flushed cranially, allowing the cord to exit into a
Petri dish. Dorsal spinal cord is cut into small pieces about 0.5 mm in size. Spinal cord tissues
were placed in HABG medium in a 30 °C incubator for 30 min and then digested with Papain
(Sigma, Cat#10108014001) for 30 min at 30 °C (HA-Ca 10 mL, Papain, 25 mg, and 0.5 mM
GlutaMAX). Papain solution was aspirated and spinal cord tissues were washed with 10 ml
neurobasal media (Neurobasal A, 2% B-27, 0.5 mM GlutaMAX, and 1% Pen/Strep). Tissues
were gently dissociated by pipetting in neurobasal media with a flame-polished Pasteur pipette.
Cells were plated on laminin-covered cover glasses in tissue culture plates and placed in the

37 °C cell culture incubator.

Artificial synapse formation assays were performed as previously described (Biederer and
Scheiffele, 2007). HEK 293 cells were maintained in DMEM (Thermo Fisher Scientific, Cat#
10564-011) with 10% HyClone™ Cosmic Calf™ Serum (VWR, Cat# SH3008703), 1% Sodium
Pyruvate (Gibco, Cat# 11360-070), 1% MEM Non-Essential Amino Acids Solution (Gibco, Cat#
11140-050) and 1% Pennicillin-Streptomycin (Simga, Cat# P4333). HEK 293 cells were
cultured in six-well plates and transfected at 50-70% confluency by using polyethylenimine
according to standard protocol (4 ug of DNA mixed with 8 ug of polyethylenimine). One day
after transfection, HEK 293 cells were resuspended and plated into dorsal spinal cord neurons at
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day 8 in vitro. Cells were fixed with 4% PFA for 10 min at room temperature and then were
washed three times for 5 min with 1 ml of 0.3% PBST. The fixed cells were blocked with
blocking buffer (5% normal goat serum in 0.3% PBST) for 2 h at RT. Then, primary antibody
diluted in the blocking buffer was added to the wells at 4°C overnight. Cells were washed 3 x 10
min with 1 ml of 0.1% PBST, followed by secondary antibodies incubation for 1 hour at room
temperature. The coverslips were washed for 3X 10 min before mounting on the Superfrost
slides.

For fluorescent image analysis, cells were chosen randomly and imaged from four independent
replicates. Fluorescent images were acquired with a Zeiss 700 confocal microscope using a Zeiss
Achroplan 63/0.95 at 1,024 by 1,024-pixel resolutions. No detectable bleed-through occurred
between different channels. The pixel intensities for the brightest samples were below saturation,
with the exception that when contours of the HA or GFP signal from transfected HEK 293 cells
need to be clearly defined. MAP2 channel was used to confirm dendrites contacting HEK 293
cells. vGlut2 channel was used to exclude extensive neuronal synapses formed near or within
HEK293 cells. Images were using identical confocal settings. For analysis, images were
thresholded by intensity, and PSD-95 puncta were quantified by counting the number of
thresholded puncta. The puncta number and total integrated intensity of PSD-95 punta within the
HEK 293 cells were calculated using ImageJ software. Both image acquisition and quantification

were performed by experimenters who were blind to the experimental conditions.

In vivo spinal cord multielectrode array electrophysiology. Adult (>6 weeks) animals were
administered dexamethasone (2 mg/kg) 1-2 hours prior to recording to prevent tissue swelling
and were then anesthetized with urethane (1.5 g/kg, Sigma). Isoflurane (1%) was administered
during surgery and removed prior to multielectrode array recordings. Surgical plane of
anesthesia and the temperature of the animal were monitored and maintained throughout the
recording session. Briefly, the hair surrounding the dorsal hump was shaved and the spinal
column of T13 to L6 was exposed. The vertebrae above the recording site were stabilized using
clamps. The vertebrae between L4 and L5 were retracted to expose the dorsal surface of the
spinal cord and the dura was removed. The surface of the cord was bathed in mineral

oil/submerged in saline. A 32-channel silicon probe (Neuronexus A1x32-Poly3-5mm-25s-177-
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A32 or Cambridge Neurotech ASSY-37 H4 optrode) was inserted into the dorsal horn and
advanced up to ~700 um below the dorsal surface. The probe was then kept in place for 20
minutes to ensure a stable recording. Signals were amplified, filtered (0.1 - 7.5 kHz bandpass),
and digitized (20 kHz) using a headstage amplifier and recording controller (Intan Technologies
RHD2132 and Recording Controller). Data acquisition was controlled with Intan Technologies
Recording Controller (version 2.07). A 150-200 pum diameter Teflon-tipped indenter controlled
by a dual-mode force controller (Aurora Scientific 300C-I) was used to stimulate the glabrous
hindpaw. For mapping receptive field (RF) areas, the position of the indenter was controlled with
two linear translation piezo stages and a stage controller (Physik Instrumente U-521.24 and C-
867.2U2). The position, force, and displacement of the indenter were commanded with custom-

written Matlab scripts.

The detailed data analyses will be described elsewhere. Briefly, JRCLUST (version 3.2.2) was
used to automatically sort action potentials into clusters, manually refine clusters, and classify
clusters as single or multi units. Action potentials were detected with a threshold of 4.5 times the
standard deviation of the noise. Action potentials with similar times across sites were merged
and then sorted into clusters. Outlier spikes were removed from each cluster. To isolate putative
single units, manual cluster curation was performed with JRCLUST split and merge tools.
Clusters were classified as single units if (1) the waveforms were large with respect to baseline;
(2) there was a clear refractory period in the cross-correlogram (interspike intervals > 1 ms); (3)
waveforms were clearly distinct from nearby clusters. Spike event times for clusters classified as

single units were exported and processed in Python.

QUANTIFICATION AND STATISTICAL ANALYSIS

All data are presented as the mean + the standard error of the mean (SEM), unless otherwise
noted in the figure legend. Student’s t test is used to compare the morphological/physiological
comparisons between littermate control and mutants. One-way ANOVA tests are used to
compare three or more groups in one condition and are expressed as an F-statistic and P value
within brackets, and post hoc comparisons were performed using the post hoc test noted in the
figure legend. Two-way ANOVA tests are used to compare at least two groups with multiple

conditions. The number of cells or animals per group used in each experiment is described in the
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figure legends. Unless otherwise noted, *, p < 0.05, **, p < 0.01, and ***, p < 0.001. All
statistics were performed using GraphPad Prism.
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Figure S7
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