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Multicluster Pcdh diversity is
required for mouse olfactory neural
circuit assembly

George Mountoufaris,””>t Weisheng V. Chen,?*1 Yusuke Hirabayashi,>®
Sean O’Keeffe,””> Maxime Chevee,"”> Chiamaka L. Nwakeze,">
Franck Polleux,>® Tom Maniatis™*+

The vertebrate clustered protocadherin (Pcdh) cell surface proteins are encoded by three
closely linked gene clusters (Pcdha, Pcdhf, and Pcdhy). Here, we show that all three gene
clusters functionally cooperate to provide individual mouse olfactory sensory neurons
(OSNs) with the cell surface diversity required for their assembly into distinct glomeruli in
the olfactory bulb. Although deletion of individual Pcdh clusters had subtle phenotypic
consequences, the loss of all three clusters (tricluster deletion) led to a severe axonal
arborization defect and loss of self-avoidance. By contrast, when endogenous Pcdh diversity
is overridden by the expression of a single-tricluster gene repertoire (a and $ and y), OSN
axons fail to converge to form glomeruli, likely owing to contact-mediated repulsion between

axons expressing identical combinations of Pcdh isoforms.

he vertebrate clustered protocadherin Pcdho,

Pcdhf, and Pcdhy genes (Fig. 1) generate a

high level of cell surface diversity in the

nervous system by a mechanism of sto-

chastic promoter choice (7, 2) and assembly
of a, B, and y protein monomers into combina-
torial cis homo- or heterodimers that engage in
homophilic interactions at the cell surface (3-5).
Functional studies in mice revealed that the Pcdhy
gene cluster is required for dendritic self-avoidance
in retinal starburst amacrine cells (6). However,
it remains unclear why a self-avoidance phenotype
was not observed in most other neuronal cell types
examined in either Pcdhy (7-1I) or Pcdha (12)
single cluster deletion mutant mice.

Here, we address the functional significance
of the multicluster organization of Pcdh genes,
focusing on the wiring of mouse olfactory sen-
sory neurons (OSNs). Individual OSNs monoalle-
lically express a single olfactory receptor (OR)

(referred to as “like-OSNS”) (13, 14) and project
their axons to the olfactory bulb (OB) to form
glomeruli (75). RNA-sequencing analysis of bulk
(fig. S1A), as well as individual, OSNs (Fig. 1)
(16, 17) revealed that individual mature OSNs
(mOSNSs) stochastically express distinct combi-
nations of alternate Pcdh isoforms from all three
gene clusters. However, unlike the Purkinje cells
(18) in which both alternate and C-type isoforms
are expressed, the C-type Pcdh isoforms were
detected in only a small fraction of mOSNs (Fig.
1 and tables S1 and S2). Moreover, both alternate
and C-type isoforms were expressed in immature
OSNs (fig. S1A). Thus, the C-type Pedh isoforms are
selectively down-regulated during OSN maturation.

To determine the function of the entire Pcdh
gene cluster in OSN wiring, we generated mice
in which the 1 million base pairs of DNA span-
ning all three gene clusters were deleted (Pcdho,
PcdhB, Pedhy-tricluster deletion) (figs. S2 and S3).

Because of the neonatal lethality of the tricluster-
deletion pups, our analyses were carried out at
postnatal day O (Fig. 2). A severe protoglomerular
(glomeruli of newborns) phenotype was observed
in the Pcdh tricluster deletion mice (Fig. 2, A to
C). Although, most like-Pcdh-null OSN axons con-
verged to their approximately normal coordinates
in the bulb, they failed to form normal-appearing
protoglomeruli (fig. S4A). To visualize the effect of
the tricluster deletion on individual OSNs, they
were labeled by using an in utero electroporation
method adapted for the olfactory epithelium (fig.
S5A), and their morphology was examined as
they project to the bulb. As shown in Fig. 2G,
individual OSN axons in the tricluster deletion
neonates did not display the normal “cup”™shaped
axonal arbors observed in control mice. Rather,
mutant axonal arbors appeared heavily clumped
and distorted, indicative of the loss of self-avoidance,
resulting in the formation of abnormal protoglo-
meruli (Fig. 2, G and H, and fig. S5, B to E).
We next generated mice in which each of the
Pcdh gene clusters was deleted (fig. S2). By con-
trast to the severe phenotype observed in the
tricluster-deletion mice, deletion of the Pcdha
gene cluster led to the appearance of somewhat
less compact protoglomeruli, consistent with a
previous report of Pecdho hypomorphic mice (19)
(Fig. 2D). In addition, no major discernible defect
in protoglomeruli formation was found when
either the Pcdhf or Pcdhy gene cluster was de-
leted, as compared with the mice having a tri-
cluster deletion (Fig. 2, A to F, and see material
and methods). Taken together, these deletion
studies indicate that, in the complete absence of
multicluster Pedhs, “sister” axonal arbors from
individual OSNs fail to recognize self and thus
display the clumped phenotype. However, in the
absence of the Pcdho or Pcdhf or Pcdhy gene
cluster alone, the remaining two gene clusters
provide individual OSNs with sufficient cell surface
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Fig. 1. Distinct combinations of Pcdha, -p, and -y isoforms are stochastically expressed in individual OSNs. Pcdh isoforms are divided into two
categories, the alternate (indicated by the yellow, purple, and green ovals) and the C-type (indicated by the blue and red ovals). Single-cell, stochastic
expression of Pcdha and -B and -y isoforms in five different mOSNs. Note the absence of detectable Pcdha or -y c-type expression in these cells (see tables S1
and S2). The presence of individual Pcdh isoform mRNA is indicated by red-colored boxes, and the levels are indicated by the color gradient [log, reads per
kilobase of transcript per million mapped reads (RPKM)].
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diversity required for self-recognition and the
formation of protoglomeruli.

To further explore the role of multicluster
Pcdh diversity in olfactory circuit assembly, we
established an OSN-cell-autonomous gain-of-
function approach. Specifically, we sought to over-
ride the endogenous multicluster Pedh single-cell
diversity by expressing high levels of either one
of two distinct sets of three Pedh isoforms (o and
B and y) (uni-Pedhs) (UNI1 and UNI3) (fig. S6, A
and B, and fig. S12) exclusively in mOSNs. We

found that the ectopic expression of the uni-Pcdh
cassette did not affect OR choice (fig. S14), OR
expression (fig. S13A), or OSN maturation (fig.
S13B). However, a striking phenotype was observed
in whole mounts and coronal sections of the
olfactory bulbs of the uni-identity mice (both in
UNI1 and UNI3): the absence of glomeruli in the
olfactory bulb (Fig. 3 and fig. S6, B and D). Thus,
the normal axonal interactions required for the
postnatal assembly of glomeruli do not occur
when the endogenous Pcdh diversity of individ-

ual OSNs was replaced with a single-tricluster
Pcdh identity.

We next asked whether OSNs expressing the
uni-Pcdh cassettes project to their normal sites
of glomerulus formation in the OB. Specifically,
we examined three different OSN populations
that form glomeruli at distinct locations in the
bulb by directly crossing the uni-identity mice
to OR-specific reporter lines. We found that, in
adult animals, OSN axons expressing the same
OR, as well as the same set of Pcdha and -B and
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Fig. 2. Multiple Pcdh gene clusters are required for normal OSN axonal
arborization and the formation of normal protoglomeruli. (A) Immuno-
histochemistry (IHC) against vesicular glutamate transporter 2 (vglut2) gene
expression in coronal sections through the anterior OB of (A) wild-type,
(B) Pcdhopy™”, (C) Pedhapy ™™, (D) Pedha ™", (E) Pedhp ™, and (F) Pedhy ™~
pups. Coronal section of the entire anterior bulb (top) and a zoomed-in area
(bottom) through the OB. The three Pcdh gene clusters are indicated by
the colored boxes. (G) IHC against Venus and vglut2 in utero electro-
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Fig. 3. Uni-identity OSN axons fail to form glomeruli.\Whole-mount fluorescence
microscopy images of the dorsal OB in (A) control and (B and C) uni-identity 4-
to 5-week-old mice (mouse strains on figure). Arrows and circles highlight glomeruli
in whole-mount zoom images. IHC against GFP, TagT, and B-galactosidase (3-Gal)
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porated OSNs from control and PcdhaBy™"~ mice. (H) Quantification of the

total length, the number of branch points, and the two-dimensional
distribution of OSN arbors in Pcdhopy™™ (n = 18), Pcdhapy™™ (n = 22),
and Pcdhapy™™ mice (n = 32) (n = 6 pups per genotype; Kruskal-Wallis
test, P < 0.0001). Error bars represent SEM. DAPI, 4'.6-diamidino-2-
phenylindole (blue). All Pcdh-tricluster mutant mice bear also the bac-
terial artificial chromosome Tg (see fig. S2). Scale bars: (A) to (F), 100 um;
and (G), 20 um.
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in a coronal section through the OB in (D) control and (E and F) uni-identity 4- to
5-week-old mice. Dashed line designates the separation of the nerve layer (NL, left
side) and the glomerular layer (GL, right side). TagT and p-Gal are pseudo-colored
green; DAPI, blue. Scale bars: (A) to (C), 500 um; (D) to (F), 100 um.
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Fig. 4. Uni-identity like-OSN axons fail to converge in the OB. IHC against p-Gal in coronal sections
through the OB in (A) control, (B and C) uni-identity, and (D) UNI ICDA in 4-week-old mice. Arrows
depict the P2 medial glomerulus. Dashed line designates the separation of NL (right) and GL (left).
B-Gal is pseudo-colored green. (E) Quantification of P2 axonal distribution of lateral and medial
projections in the OB of 8-week-old control (black, n = 9 bulbs), and uni-identity mice (red, n = 6 bulbs).
(Mann-Whitney test, medial P = 0.0002, lateral P = 0.0004). (F) Normally, like-OSN axons (OR1, red, and
OR2, green) converge into stereotypically positioned glomeruli within the OB (left). OE, olfactory
epithelium. In uni-identity mice, OSN axons that share the same single dominant Pcdh uni-identity
project diffusely to their expected positions in the OB (right). (G) Expression of GFP or (H) UNI3, or
(I) UNI ICDA cassette exclusively in MOR28 OSNs. Arrows depict the aberrant projection of MOR28-
UNI axons in the bulb. [J (a to ¢)] The few MOR28-UNI axons localize with wild-type MOR28 OSNs
labeled with GFP. Animals were 4 to 5 weeks old. DAPI, blue. Scale bar, 100 um.

-y isoforms (uni-Pedhs), projected diffusely to their
approximately normal stereotypic locations in the
bulb but failed to organize into distinct glomeruli
(Fig. 4, A to C; fig. S7; and fig. S8, B and C).
Moreover, this lack of axonal convergence (Fig. 4,
E and F) persisted throughout development, sug-
gesting that uni-Pcdh-expressing axons have
reached their “final” destinations in the OB (fig.
S8A). Considering the absence of normal glomeruli
in uni-identity mice, it was surprising to find

Mountoufaris et al., Science 356, 411-414 (2017)

that they were not anosmic (fig. S9, C and D).
However, the uni-identity mice did display de-
fects in odor discrimination (fig. S9, A and B).
We note that the uni-identity OSN wiring phe-
notype required intact full-length Pcdh proteins,
as apparently normal glomeruli were observed
when the uni-Pcdh cassette was replaced with
truncated Pcdh mutant isoforms in which either
the extracellular domains (UNI ECDA) [required
for homophilic interactions (3)] (fig. S11) or the

28 April 2017

intracellular domains (UNI ICDA) [thought to
mediate intracellular signaling (20)] were deleted
(Fig. 4D and fig. S10, A to C).

To address the selectivity and the underlying
mechanism by which the uni-identity phenotype
emerges, we examined the effect of overriding
endogenous Pcdh diversity exclusively in like-OSN,
i.e., those expressing the same OR (e.g., the MOR28
receptor). In this case, if the presence of uni-Pcdhs
mediates repulsion between individual OSN axons,
the formation of MOR28-specific glomeruli should
be prevented, without interfering with the as-
sembly of all other glomeruli. We generated mice
in which the majority of MOR28 OSNs expressed
uni-Pedh’s, whereas other types of OSNs expressed
only the endogenous Pedh’s. As predicted, MOR28-
UNI axons failed to converge to form a glomerulus
but instead spread into the territories of adjacent
wild-type glomeruli (Fig. 4H). By comparison, con-
trol MOR28 OSN axons formed normal-appearing
glomeruli (Fig. 4, G and I). These data substantiate
the hypothesis that, as individual MOR28 OSN
axons (“like-axons”) expressing the same uni-Pcdhs
converge to a common site in the bulb, they inap-
propriately recognize each other as being axons
of the same neuron. As a consequence, Pcdh-
mediated contact-dependent repulsion likely occurs
between these like-axons and thus prevents them
from converging to form a glomerulus.

We next examined animals expressing the
uni-Pcdhs in only a limited number of MOR28
OSNs. We hypothesized that the presence of large
numbers of wild-type MOR28 axons, each with
its own Pcdh identity, would substantially “dilute”
the uni-identity axons and, in essence, rescue or
diminish the convergence phenotype (i.e., by
minimizing the likelihood that MOR28-UNI axons
will encounter each other during axonal conver-
gence and glomerulus assembly) (fig. S15B). Indeed,
as shown in Fig. 4J, the small number of MOR28-
UNI axons project to the “right” location in the
bulb [detected by the green fluorescent protein-
positive (GFP+) wild-type axons] and form a
close-to-normal glomerulus. These results show
that the severity of the convergence defect of
MOR28-UNI axons increases as larger numbers
of interacting axons sharing the same Pcdh iden-
tity converge on the site of glomerulus formation
(fig. S15C). More important, this observation is
consistent with the notion that individual OSN
axons displaying the same set of Pcdho, -B, and
-y isoforms repel each other because of inappro-
priate Pcdh-dependent self-avoidance.

Here, we demonstrate that the mouse Pcdha,
PcdhB, and Pcdhy gene clusters functionally
complement each other to provide individual
OSNs with sufficient levels of Pcdh cell surface
diversity required for OSN wiring. This obser-
vation likely explains the lack of widespread
neuronal wiring defects in mice bearing single-
Pcdh gene-cluster deletions (7-11). Our studies
also highlight the surprisingly similar logic by
which the mouse clustered Pedh and Drosophila
Down syndrome cell adhesion molecule (Dscam)
proteins function in analogous structures in the
olfactory system. In both cases, loss of function
leads to “clumping” of OSN axon termini during

3 of 4

Downloaded from http://science.sciencemag.org/ on May 3, 2017


http://science.sciencemag.org/

RESEARCH | REPORT

glomeruli formation (21), whereas loss of single-
cell diversity results in the absence of normal
glomerular structures (22).

In addition, our observations reveal different
modes of Pcdh gene regulation that depend on
the identity of the expressing neuron: the sto-
chastic expression of variable exons in the case
of mOSNs and a deterministic expression of
Pcdhac2 in serotonergic neurons (23). This dif-
ferential Pcdh gene expression likely reflects the
unique requirement for normal wiring of the two
neuronal cell types. In the case of olfactory neu-
rons, multicluster diversity in Pcdh expression is
required for convergence of like-axons to form
glomeruli. By contrast, serotonergic neurons ex-
press the same C-type isoform, which mediates
homotypic axonal repulsion, ensuring even dis-
tribution of their axon termini in the brain (23).
Thus, the same multiclustered Pcdh gene family
functions in glomeruli formation by olfactory
neurons and tiling by serotonergic neurons,
providing a remarkable example of functional
diversification of a gene family accomplished
simply by the evolution of distinct transcrip-
tional programs.

Mountoufaris et al., Science 356, 411-414 (2017)
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Editor's Summary

Pattern formation in the brain

Neuronsin the developing brain cooperate to build circuits. Mountoufaris et al. found that C50
variable protocadherin genes support a combinatorial identity code that allows millions of olfactory
neuron axons to sort into (2000 glomeruli. Sharing olfactory receptors drives axons to one glomerulus,
and protocadherin diversity allows the multiple axons to touch each other as they converge. On the
other hand, Chen et al. found that a single C-type protocadherin underlies the tiled distribution of
serotonergic neurons throughout the central nervous system. These neurons, which share protocadherin
identity, enervate broad swaths evenly without touching neighboring neurons.
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Material and Methods

Published mouse strains

All mice were housed in the Columbia vivarium under standard conditions with a 12 hr
light/dark cycle and access to food and water ad libitum and in accordance with the Columbia
University IACUC guidelines. Previously published mouse strains used in this study are as
follows: OMP-IRES-GFP, OMP-IRES-tTA (217); OMP-IRES-tau-LacZ, P2-IRES-tau-lacZ (13);
MOR28-IRES-Cre, MOR28-IRES-GFP (24); M71-IRES-tau-GFP (25), Ngn1-GFP (26),
Pcdhy::GFP(10) and Pcdhy -/-(11).

Generation of UNI, UNI ICDA4, A-I' ECDA mice

Each construct bearing the cDNA from full length or truncated Pcdh isoforms was cloned
into a pTRE2 plasmid upstream of the WPRE sequence and polyA signal. The plasmid
constructs were linearized, purified, and injected in FVB embryos (Columbia Transgenic Core).
Pups born from surrogate mothers were positive for the transgenes. The Transgenic founders
where crossed with OMP-IRES-tTA mice and the progeny showing high levels of Transgene
expression in OSNs were used for analysis. All mice were maintained in a mixed genetic
background.

Generation of cluster deletion alleles

Deletions of Pcdha, Pcdhf, and all three Pcdh gene clusters (Pcdhofy) were generated in
a similar fashion to the Pcdhy gene cluster deletion allele (/7) by chromosome engineering.
HPRT-deficient HM-1 ES cells of 129/0la origin were used to engineer these alleles. Briefly, the
5’ and 3’ ends of the gene cluster(s) to be deleted were sequentially targeted with insertional
targeting vectors carrying a partial HPRT minigene, followed by transient Cre expression and
HAT selection for HPRT complementation to enrich for the rare long-range deletion events.
Drug-resistant ES cell clones were screened with long-range PCR using internal and external
primers, and the PCR products sequenced to verify that the desired recombination events had
occurred. Primer sequences used for genotyping will be provided upon request. ES cells bearing
the deletions were microinjected into C57BL/6J blastocysts to generate chimeras, and the
animals were then bred to produce heterozygous and homozygous animals. The BAC transgene
was engineered by first removing all neighboring Pcdh genes by recombination, leaving only the
four non-Pcdh genes (Slc25a2, Taf7, AK150172, AK149307) that span ~60 kb. The engineered
BAC construct was microinjected into C57BL/6J embryos to produce transgenic founders, from
which independent transgenic lines were established. All mice were maintained in a mixed 129
and C57BL/6J genetic background.

Immunofluorescence

DAPI was used at lug/ml, secondary antibodies were Alexa conjugates from Invitrogen.
Sections were cut from either fresh-frozen tissue or post fixed 2h 4%PFA on ice, immersed in
30% sucrose: 1xPBS 4C 2h before embedding in OCT. Primary antibodies used for this study
include VGLUT2 (Millipore), GFP (Aves), TagRFP (Evrogen), bgal (Abcam), myc (Millipore),
HA (Sigma), Flag (Sigma), V5 (Invitrogen), Pcdha, MOR2S. In order to overcome the issue of
variability in the shape, size and pattern of protoglomeruli at neonates, and potential genetic
background contribution to the phenotypes we chose to asses protoglomeruli formation defects in




pairs of heterozygote vs homozygote Pcdh cluster deletion pups (preferably littermates), focusing
primarily on the anterior and middle part of the olfactory bulb.

RNA FISH

Standard RNA FISH was performed as follows: fresh heads were embedded in OCT and
frozen. Cryosections (18 um) were cut and air-dried 30°, fixed 10’ at room temperature in
4%PFA, washed in PBS+.05% Tween-20, acetylated, blocked with hybridization solution, and
hybridized overnight at 68C in hybridization solution. After extensive washing in 0.2X SSC, the
slides were blocked with sheep serum, incubated with anti-Dig-AP 1:4000 (Roche) for an hour at
RT and developed by 30’ incubation at 37° C with HNPP Fluorescent Detection Set (Roche) or
BM purple. Probes were generated by RNA transcription in the presence of labeled nucleotides
(Roche) from 500-800mer cDNA fragments cloned into TOPO dual promoter vector. For double
fluorescent in situs, immunostaining was performed after ISH using standard methods as
described above except that secondary antibody incubation was carried out at 4°C O/N.

X-Gal Staining

Tissues were fixed for 30 min on ice with 100 mM phosphate buffer (pH 7.4), 4%
paraformaldehyde, 2 mM MgSO,, and 5 mM EGTA; washed with PBS and 2 mM MgSO,. The
blue precipitate was generated by exposure in the dark at 37°C to reaction buffer (2 mM MgCl,,
0.01% sodium desoxycholate, and 0.02% Nonidet P40), with 35 mM potassium-ferricyanide, 35
mM potassium-ferrocyanide, and 1 mg/ml of X-Gal) for 2-4 hours.

Olfactometry

Mice were adapted to a reverse 12 hr light/dark cycle and water restricted (~1-1.5 ml per
day to maintain 85%-90% of baseline weight) for 1 week prior to training and testing. Training
and testing were performed using the Slotnick operant conditioning paradigm(28) and a liquid-
dilution, eight-channel olfactometer (Knosys, Lutz, FL), similar to what was previously
described in (29). Water-restricted animals were trained to lick water from a spout in response to
an odor (conditioned stimulus). Next, the trained mice were directly tested in an odor
discrimination assay in which they were randomly exposed to odor they were conditioned to or
to a novel odor for 10 sets (BLOCKS) of 20 trials each. Each experiment consisted of 200 odor
presentations. We measured the ability of control and uni-identity mice to learn to lick the spout
repeatedly only in response to the conditioned odor 1 (which was followed by a water reward),
and to stop licking in the presence of the novel odor, which was not followed by a reward
(unconditioned stimulus). As a readout for this assay we used the number of licks during a 2s
interval following the odor pulse. All odorants were purchased from Sigma-Aldrich (highest
grade available) and were dissolved in light mineral oil. The fraction of correct licks was
calculated as the number of correct licks/total number of licks and averaged for mice with the
same genotype. Unpaired t-test with equal SD was used to calculate p values.

Axonal Distribution Index Quantification

The area covered by axons in control and OMPitTA; UNI3 in the OB was calculated
from serial sections, and 3D volumes were estimated from all of the P2 lacZ positive axons (X-
Gal staining) in the medial or lateral part of each olfactory bulb. As an axonal distribution index,
we defined these 3D volumes corrected for the size of each olfactory bulb. The statistical




significance was evaluated using the Mann-Whitney test. The whiskers in the box plot indicate
the minimum and maximum data values.

“Stray” Axonal Segments Index Quantification

We first identify the “main” MOR28 glomerulus innervated by MOR28-UNI OSNs (as
main MOR28 glomerulus we defined the glomerulus with the highest MOR28-UNI signal) in the
medial and lateral parts of the olfactory bulb. We then quantified any MOR28-UNI signal
(axonal segments) outside of that main glomerulus. As “stray” axonal segments index we define
the ratio between the number of MOR28-UNI axons (axonal segments) found outside vs inside
of the main MOR28 glomerulus. The statistical significance was evaluated using the Mann-
Whitney test.

In utero OE electroporation

The protocol for in utero cortical electroporation was modified and adapted for the OE
(30). A mix of endotoxin-free plasmid preparation (scramble shRNA VENUS) was injected into
one the olfactory epithelium of E13.5 embryos using a Picospritzer. Electroporation was
performed with gold paddles to target OSNs by placing the anode (positively charged electrode)
on the side of DNA injection and the cathode on the other side of the head. Four pulses of 36V
for 50 ms with 500 ms interval were used for electroporation. Animals were euthanized
immediately after birth.

Evaluation of Axon Arbors

Axonal arbors were evaluated for the number of branch points and total length of
branches as previously described (37). The total length of branches (in pm) was measured as the
total length of all branches from the first identified branch point, using the software NeurolJ. The
2D arbor distribution values were measured from z-stack images in each genotype using Fiji.
The statistical significance was evaluated using the Kruskal-Wallis test. A minimum of n>18
axonal arbors from control and n= 32 from mutant animals (n > 6 pups per genotype) were
evaluated. In order to account for potentially confounding influences related to the location of
the examined OSNs in the olfactory epithelium and the location of their projections to the OB,
we sampled from the entire bulb without spatial bias.

Expression Analysis of OSNs

OSNs were sorted as described previously (32). RNA isolation from FACS sorted
MOR28 OSNs was performed using the ARCTURUS PicoPure RNA Isolation Kit (Invitrogen).
Due to limited number of MOR28 OSNs, RNA was isolated from both high and low GFP+ cells
combined. Libraries were prepared using either standard protocols from Illumina or the Nextera
transposase-mediated method, and sequenced on the [llumina platform. Sequence reads were
mapped to the mouse mm9 genome using the Tophat version 2. The mouse UCSC annotation
file, downloaded from the Illumina iGenomes website, was modified specifically for the Pcdh
locus such so that the variable Pcdha and y exons were uncoupled from the constant exons. This
process, in effect, presents each variable exon in each cluster as a single gene. All other
parameters were set as default. Differential expression analysis was carried out using DESeq in
the Expression Plot software package.

Circos plots were generated using the Circos software package. Gene expression values
in RPKM were extracted for the mouse olfactory receptors for each individual sample (OMP




tetO GFP, OMPitTA-UNI, OMPitTA-UNI ICDA) and histograms plotted for each gene.

Tophat : http://bioinformatics.oxfordjournals.org/cgi/content/abstract/btp120
ExpressionPlot : http://www.genomebiology.com/2011/12/7/R69
Circos : http://genome.cshlp.org/content/19/9/1639

Heat map charts were generated based on previously published single OSN RNA-Seq data (74,
15), identifying all variable Pcdh exons that displayed CPM and RPKM values.
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Fig. S1. Expression of clustered Pcdh mRNAs and protein isoforms in OSNs.

(A) Pcdh RNA transcripts in bulk FACS sorted for OMP+ (top) or Ngnl+ (bottom) OSNs. Pcdh
C-types (acl, ac2, yc3, yc4, yc5) isoform mRNAs (highlighted with light blue) are
downregulated during the differentiation of OSNs. The C-type mRNAs dominate in immature
OSNs (Ngn1-GFP)(29), while variable isoform mRNAs dominate in mature OSNs (OMP IRES
GFP). This difference is even more dramatic when OMP+ OSNs were examined at the single cell
level (Table S1 & S2). (B) Pcdh RNA transcripts in bulk FACS sorted for MOR28+ (top) and
OMP+ (bottom) OSNs. Note that both MOR28+ and OMP+ OSNs display similar patterns of
Pcdh expression, showing that Pcdh expression is not coupled with OR choice. The Y axis
represents the number of normalized reads. OMP: olfactory mature protein. Ngnl: Neurogenin 1.
MOR28 is an olfactory receptor. (C) Schematic illustrating the appearance of glomeruli in a
whole mount view, and in coronal sections of the OB. Glomeruli are indicated by arrows.

(D) IHC detection of GFP and all Pcdha isoforms and merged signal in coronal sections through
the olfactory bulb of Pcdhy::GFP mice (10). The dashed circle depicts glomeruli. The dashed line
designates the separation of the nerve layer (NL) and glomerular layer (GL). All sections are
counterstained with Dapi (blue). Scale bar: 100um.
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Fig. S2. Pcdh gene cluster deletions.

(A) A schematic diagram of the Pcdh gene cluster (i) and the deletion mutants generated in this
study. Pcdho. -/~ (i1), Pcdhf -/- (iii), and Pcdhafy -/- (v). The Pcdhy -/~ (iv) was previously
described(9). The four non-Pcdh genes (Sic25a2, Taf7, AK150172, AK149307) located between
the Pcdhf and Pcdhy gene clusters are indicated by stippled box. A transgenic mouse bearing a
bacterial artificial chromosome (BAC) containing the essential non-Pcdh genes was generated.
These mice where crossed with of Pcdhafly +/- to rescue the early embryonic lethality of
homozygous tricluster deletion mice. As expected from the phenotype of Pcdhy -/- mice,
Pcdhapy-/-; BAC mice die at PO. (B) Documentation of the genotypes of each of the deletions
used in this study for each genotype by genomic PCR. (C) Western blot probing the expression
of Pcdh protein isoforms in whole brain lysate from the Pcdhafy +/+; BAC, Pcdhafy +/-; BAC
and Pcdhafy -/-; BAC pups.
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Fig S3. Normal OSN differentiation in tricluster deletion mice.

(A) RNA in situ hybridization against Gap43 (immature OSN marker), MOR256-17 (olfactory
receptor), and OMP (mature OSN marker) transcripts carried out on coronal sections of the OE
in control, and Pcdhapfy -/- mice. IHC against MOR28 (olfactory receptor) carried out on coronal
sections of the OE in control and Pcdhafy -/- PO mice. We note that Gap43 signal appeared
slightly increased in the tricluster deletion mice. However, no other significant difference was
observed between control and tricluster mutant mice. All control and tricluster deletion animals
also express the BAC transgene. Scale bar: 254pum and 100pum.
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Fig. S4. OSN axons expressing the same OR form aberrant protoglomeruli in Pcdh
tricluster deletion mutants.

(A) IHC against bgal in coronal sections of the OB of Pcdhafly +/-; P2 itLacZ and Pcdhofy -/-;
P2 itLacZ E19-P0 embryos. Note that P2 axons project to approximately the same medial ventral
location in the OB of both mutant and control mice. The dashed line designates the approximate
separation of the nerve layer (NL) and the glomerular layer (GL). White arrows depict the P2
protoglomerulus (n>3). All sections were counterstained with Dapi (blue). All control and
tricluster deletion animals also express the BAC transgene. (B) A schematic illustration of OSN
axons expressing a single OR (“like” axons), as they converge to form a protoglomerulus in the
olfactory bulb in WT (top) and Pcdhafy -/- (bottom) PO mice. In the absence of all Pcdh
proteins, like OSNs form abnormal protoglomeruli due to their defective axonal arborization
caused by clumping (see also Fig. S5). The grey dashed circle designates the approximate
location in the OB where a protoglomerulus is formed. Scale bar: 100um.
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Fig. S5. OSN axonal arborization is disrupted in Pcdh tricluster deletion mice.

(A) Schematic showing the in-utero electroporation method (see Material and Methods for
details). IHC against Venus in the in utero electroporated OSNs from Pcdhofy +/+ (B), Pcdhafy
+/- (C) and Pcdhofy -/- (D) E19-P0O mice. (E) Proposed model to explain the axonal arborization
defect: normally, single pioneer OSNs send axons that branch (top) in the OB. However, in the
absence of Pcdhs, the loss of self-recognition results in the collapse of axonal arbors (bottom).
All control and tricluster deletion animals also express the BAC transgene. Scale bar: 20um.
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Fig. S6. Expression of uni-identity Pcdhs disrupts the formation of glomeruli.

(A) A schematic of the genetic strategy used to override the endogenous multi-cluster Pcdh
single cell diversity by expressing high levels of three Pcdh isoforms (o & B & y) exclusively in
mature OSNs. OSN neuron-specific driver (OMP itTA) to express the same set of arbitrarily
chosen Pcdh protein isoforms in mOSN:ss, at the time in development at which their axons
normally converge to form glomeruli in the olfactory bulb (33) (B) IHC detection of Pcdhyb7-
Tap, PcdhB20-V5 and Pcdho4-myc in coronal sections through the OE in OMPitTA; UNI1 mice.
The dashed circle depicts axonal bundles of OSNs from OMPitTA; UNI1 mice. IHC detection of
Pcdhp20-V5, Pcdhyb7-Tap and Pcdha4-myc in a coronal section through the OB in OMPitTA;
UNII mice. As expected, all uni-Pcdh isoforms co-localized in the soma and axons of OSNs in
uni-identity mice. (C) UNI1/ICDA or UNI3 engage in homophilic interactions in the K562 cell
aggregation assay (2, 3) . K562 cells were transfected with the UNI1/ ICDA or the UNI3
expressing construct. After 24 hours, the transfected cells were allowed to aggregate (K562 cells
normally do not aggregate). K562 aggregates were induced only by uni-Pcdh expression and not
with the expression of a control cassette (expressing only GFP). (D) IHC against vesicular
glutamate transporter 2 (vglut2) in coronal sections through the OB of control, OMPitTA; UNII
and OMPIitTA; UNI3 mice. Note the absence of distinct glomeruli in uni-identity adult mice
compared to control adult mice. The dashed line designates the separation of the NL and the GL.
All sections are counterstained with Dapi (blue). Scale bar: 100pm.
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Fig. S7. Uni-identity OSNs display axonal convergence defects.

X-Gal staining in coronal serial sections (35um) through the whole (left panel) and zoomed in
area (right) of OB, from control (A-B) and OMP itTA; UNI3; P2 itLacZ (C-D) 16 week mice.
The dashed line designates the separation of the NL and the GL. Arrows indicate the P2
glomerulus. Asterisks indicate the mutant P2 axonal projections in uni-identity mice. Similar
results were obtained for both the medial and lateral side of the OB.

14



N

o

©
-
=
o~
o
=
=
o
=
o

OMP itTA; UNI3; P2 itLacZ

DORSAL 0B

OMP itTA; M71 iGFP

4 WEEKS

o
[T
Q
-—
~
=
)
(=
2
&)
=
o
=
o

MOR28 iGFP

OMP itTA; UNI3; MOR28 iGFP

LATERAL OB

8 WEEKS

Fig. S8. Uni-identity OSNs display axonal convergence defects.

(A) Developmental time course of P2 OSN axons stained by IHC against bgal in coronal sections
through the OB from control and OMP itTA; UNI3; P2 itLacZ mice. The dashed line designates
the separation of the NL and the GL. bgal is pseudo-colored green. All sections were counter
stained with Dapi (blue). (B) Whole-mount staining of OB reveals M71 itGFP dorsal axonal
projections in control and OMPitTA; UNI3 animal. (C) Whole-mount staining of OB reveals
MOR28 itGFP ventral/lateral axonal projections in control and in a OMP itTa; UNI3 animal.
Arrows indicate stray OSN axons. Scale bar: 100um.
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Fig. S9. Uni-identity mice display odor discrimination defects.

(A) Control mice (black) can discriminate between 1% (-) carvone and a mixture of 0.5% (+)/(-)
carvone enantiomers. However, uni-identity animals (red) fail to discriminate (-) carvone from a
mixture of the enantiomers. (n>9; Unpaired t-test with equal SD, p=0.0045). (B) Uni-identity
animals fail to discriminate a mixture of 0.25% butanal / 0.25% octanol from 0.25% butanal
(n>9; Unpaired t-test with equal SD, p=0.0011). (C-D) The same control (black) and uni-identity
(red) animals can detect 1% (-) carvone and 0.25% butanal / 0.25% octanol respectively (n>9).
The fraction of correct licks in response to rewarded (with water) versus unrewarded odor is
shown. Animals were considered to be capable of discriminating the two neutral odors if the
fraction of correct licks is > 75%-80% for at least three consecutive trials. 5-12 months old
transgenic animals were used (see Material and Methods for detailed description of the
behavioral assay). Error bars represent SEM.
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Fig. S10. UNI ICDA+ OSNs form glomeruli.

(A) Schematic of the genetic strategy used to express the UNI ICDA Pcdh combinations
(truncated Pcdha, Pcdhf & Pcdhy proteins lacking the intracellular domains) in all mature OSNSs.
(B) IHC detection of PcdhB20A, Pcdha4A and Pcdhyb7A isoforms in coronal sections through
the OE in OMPitTA; Uni ICD4 mice. The dashed circle depicts axonal bundles of OSNs in
OMPIitTA; Uni ICDA mice. (C) IHC detection of Pcdha4A, Pcdh20A and Pcdhyb7A isoforms
in coronal sections through the OB in OMPitTA; UNI ICDA mice. The dashed line designates
the separation of NL and the GL. bgal is pseudo-colored in green. Animals were 4 weeks old. All
sections were counterstained with Dapi (blue). Scale bar: 100um.
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Fig. S11. A-I' ECDA + OSNs form normal appearing glomeruli.

(A) Schematic of the genetic strategy used to express the A-I' ECDA Pcdh combinations
(truncated Pcdha and Pcdhy proteins that lack the extracellular domains EC1-ECS5 required for
trans-interactions (3)) in all mature OSNs. (B) IHC detection of the Pcdhy ICD in coronal
sections through the OE in OMPitTA; A-I' ECDA mice. IHC against TagT and vglut2 in coronal
sections through the OB of control, OMPitTA; A-I' ECDA 4 weeks old mice. The dashed circle
depicts axonal bundles of OSNs in OMPitTA; A-I' ECDA mice. Dashed line designates the
separation of NL and the GL. All sections were counterstained with Dapi (blue). Scale bar:
100pm.
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Fig. S12. Expression of exogenous Pcdhs in FACS sorted UNI3+ and UNI ICDA+ OSNs.
Raw RNA-Seq reads for Pcdh RNA expression from bulk FACS sorted mature OSNs positive
for UNI3 and UNI ICDA expression. Note that in each sample the levels of exogenous Pcdha, 3
and y mRNAs are orders of magnitude higher than those of the endogenous Pcdh mRNAs (which
are not visible any more).
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Fig. S13. OR expression is unaffected in uni-identity mice.

(A) RPKM levels for each Ref-Seq OR in the mouse genome from FACS sorted mature OSNs
expressing GFP (green), UNI3 (red) or UNI ICDA (red). Note that the RNA expression of ORs is
similar in mutants and controls. External grey ring numbers represents relative chromosomal
locations of each OR gene. The P2 (olfir17), M71 (olfri51) and MOR28 (olfr1507) olfactory
receptor genes are depicted with yellow. (B) RPKM levels of developmental markers in FACS
sorted mature OSNs expressing GFP, UNI3 or UNI ICDA and immature OSNs (Ngn-GFP). Note
that OSNs expressing GFP, UNI3 or UNI ICDA construct maintain their mature differentiation
status (high levels of Adcy3, Cnga2, Gnal).
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Fig. S14. The stability of OR choice is unaffected in uni-identity mice.

We hypothesized that if OR choice is destabilized we should be able to detect more than one OR
in OSNs from OMPitTA; UNI1 mice. RNA fluorescence in situ hybridization followed by
double IHC staining carried out on the OE of OMPitTA; UNI1 mice. Using RNA probes against
other ORs such as MOR10, MOR&3 (same genomic cluster as MOR28) and MOR256-17
(different genomic cluster from MOR28) we asked whether we could detect these transcripts in
MOR28+/UNI1+ OSNs. We were unable to detect any MOR28+/UNI+ OSNs expressing the
MORI10 and MOR256-17 ORs in coronal sections of the OE in 4 weeks OMPitTA; UNI1 mice.
Similarly, the vast majority of MOR28+/UNI+ OSNs did not express the MORS83 OR. Signals
from in situ and antibody staining are merged in the last column of panels. MOR28 expressing
UNII OSNs are shown with red arrows. Sections are counterstained with Dapi (blue). Scale bar:
100pm.
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Fig. S15. The strategy to override endogenous Pcdh diversity exclusively in MOR28 like
OSN:s.

(A) A schematic showing the genetic strategy used to drive the expression of X= GFP or UNI3
or UNI ICDA exclusively in MOR28 OSNs. (B) A Schematic showing the genetic strategy used
to drive the expression of UNI3 in only a small population of MOR28 OSNs. Because of the
monogenic and monoallelic expression of OR genes, heterozygous mice for the MOR28 iCRE
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and MOR28 iGFP alleles are expected to produce similar numbers of MOR28 OSNs that express
either X= UNI3+, or GFP+ (wild type), but never both. We note however, that the number of
MOR28-UNI3 OSNs were to our advantage, much lower than their counterparts expressing GFP,
presumably due to inefficient Cre-dependent induction of uni-Pcdh expression. (C) Quantitation
of “stray” MOR28-UNI axons in mice with few (white circles) or with many MOR28-UNI axons
(red circles). As “stray” axonal segment index we defined the ratio of MOR28-UNI axons
(axonal segments) that “stray” off the site of the main MOR28 glomerulus formation in both the
medial and lateral regions of each bulb. Indeed, we found that by increasing the numbers of
MOR28-UNI OSNs, the converging defects in each part of the olfactory bulb are significantly
exacerbated. Error bars represent SEM. (n > 3 animals per genotype; Mann-Whitney U-Test, p
<0.0001).
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Fig. S16. Proposed model for the role of Pcdh mediated diversity in glomeruli formation
During the first postnatal week of development, large numbers of OSN axons converge to form
glomeruli in the olfactory bulb. In wild type animals, individual OSNs with the same OR,
stochastically express random sets of Pcdh isoforms from all three gene clusters (depicted by
different colors), which assemble into homo and hetero cis-dimers that fail to engage in
homophilic interactions at the cell surface. In the absence of these interactions and the
associated repulsion, OSN axons converge to form glomeruli (left). By contrast, we propose that
in uni-identity mice, where like-OSNs display a single dominant Pcdh identity, axons fail to
converge because of the contact-dependent repulsion mediated by the uni-Pcdhs.
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Table S1. Single OSNs express unique repertoires of Pcdh mRNAs from all three clusters.
Pcdh transcripts from individual mature OSNs (16). Note that the majority of cells stochastically
express isoforms from all three Pcdh clusters and that the C-type Pcdh isoform mRNAs (acl,
ac2, yc3, yc4, ye5) are strikingly under-represented in mature OSNs. The presence of individual
Pcdh isoforms mRNA is indicated by the red colored boxes, and the levels are indicated by the
color gradient (log2 CPM).

25



Single Cell - Alpha Exons Single Cell - Beta Exons Single Cell - Gamma Exons

o3
Q
[Nl

(RPKM)
8

Samples

o N & o

OB

N
TILRL PP SRS R

QTR

SEF
Table S2. Single OSNs express unique repertoires of Pcdhs mRNAs from all three clusters.
Pcdh transcripts from individual mature OSNs that express ORs (17). Note that the majority of
cells express isoforms from all three Pcdh gene clusters and that the C-type Pcdh isoform
mRNAs (acl, ac2, yc3, yc4, yc5) are strikingly under-represented in mature OSNs. Pcdh
transcripts were not detected in 6% of the cells, presumably due to inadequate sequencing depth.
The presence of individual Pcdh isoforms mRNA is indicated by the red colored boxes, and the
levels are indicated by the color gradient (log2 RPKM).
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