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Abstract
Here, we investigated an Immunoglobulin (Ig) superfamily protein IgSF8 which is abundantly
expressed in olfactory sensory neuron (OSN) axons and their developing synapses. We
demonstrate that expression of IgSF8 within synaptic neuropil is transitory, limited to the period
of glomerular formation. Glomerular expression decreases after synaptic maturation and
compartmental glomerular organization is achieved, although expression is maintained at high
levels within the olfactory nerve layer (ONL). Immunoprecipitations indicate that IgSF8 interacts
with tetraspanin CD9 in the olfactory bulb (OB). CD9 is a component of tetraspanin-enriched
microdomains (TEMs), specialized microdomains of the plasma membrane known to regulate cell
morphology, motility, invasion, fusion and signaling, in both the nervous and immune systems, as
well as in tumors. In vitro, both IgSF8 and CD9 localize to puncta within axons and growth cones
of OSNs, consistent with TEM localization. When the olfactory epithelium (OE) was lesioned,
forcing OSN regeneration en masse, IgSF8 was once again able to be detected in OSN axons
terminals as synapses were reestablished. Finally, we halted synaptic maturation within glomeruli
by unilaterally blocking functional activity and found that IgSF8 did not undergo exclusion from
this subcellular compartment and instead continued to be detected in adult glomeruli. These data
support the hypothesis that IgSF8 facilitates OSN synapse formation.
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1. INTRODUCTION
The coding of olfactory information is crucial for olfactory function, and underlies behaviors
such as feeding, mating, aggression and predation. Unlike other sensory systems which
employ point-to-point mapping of their receptive fields onto cortical targets, olfactory
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projections display a convergent topography from the olfactory epithelium (OE) to the
olfactory bulb (OB). It is well established that each olfactory sensory neuron (OSN) in the
epithelium expresses a single odorant receptor (OR) and all OSNs expressing the same OR
target stereotypic glomeruli in the OB (Mombaerts, 2006).

The development of this pathway is precocious, and is necessary for sensory function. In a
screen of candidate neurogenic and stem cell genes in developing olfactory sensory neurons,
we found high expression of IgSF8, a member of the Ig super family. In the immune system
and carcinoma cells, IgSF8 regulates cell motility and polarity via interactions with both
direct binding partners (tetraspanins) and indirect partners present within tetraspanin (Tspan)
webs (Yanez-Mo et al., 2009). The function of IgSF8 in the nervous system, however, is
unknown. Cell adhesion molecules (CAMs) that belong to the Ig superfamily (IgSF) have
documented roles in axon outgrowth and navigation (Maness and Schachner, 2007; Plachez
and Richards, 2005). In the olfactory system Ig-containing CAMs such as neural cell
adhesion molecule (NCAM), olfactory cell adhesion molecule (OCAM) and L1 have been
implicated in regulating olfactory development (Miragall et al., 1989; Treloar et al., 1997;
Yoshihara et al., 1997). Therefore we selected IgSF8 for further study to test the hypothesis
that it has a role in the development of the olfactory pathway.

Here, we characterize IgSF8 expression during the formation of glomeruli, as the OSN
axons arrive at the OB. Consistent with a role in OSN development, we describe the
differential distribution of IgSF8 along OSN axons and enrichment in newly formed
glomeruli. IgSF8 is initially highly expressed in axon terminals, but is down-regulated in
adult glomeruli after synapses have been established. When OSN replacement is induced by
a chemical lesion, IgSF8 is re-expressed in axon termini. Moreover, expression of IgSF8 is
maintained at high levels at later stages of development if functional activity is blocked with
unilateral naris occlusions. Furthermore, we demonstrate that IgSF8 interacts with the Tspan
CD9 and is present in OB synaptosomes, consistent with the hypothesis that IgSF8 is present
in Tspan-enriched microdomains (TEMs) in OSNs. Collectively, these data suggest that
IgSF8 has a role in OSN maturation and synaptogenesis.

METHODS
2.1 Animals

2.1.1 RNA/protein analysis—Pregnant, time-mated CD-1 mice (Charles-River,
Wilmington, MA) were euthanized with CO2. Embryos (n = 9 - 12 at each age) were
collected by cesarean section on gestational days 13, 15, and 17 (day of positive vaginal
plug was designated day 0) and immediately decapitated. Early postnatal mice at postnatal
day (P) 2 (n = 9) were rapidly decapitated. Older postnatal mice (P7 and P14) and adult mice
(n = 3 - 6 at each age) were euthanized with CO2. Olfactory bulbs (OBs) and epithelium
(OEs) were dissected and immediately frozen in dry ice.

2.1.2 Tissue sections—Embryos were collected by cesarean section from pregnant,
time-mated CD-1 mice (Charles River Laboratories, MA) at embryonic day (E)13, E15 and
E17 and postnatal (P)2 mice were rapidly decapitated. Heads were immersion fixed in 4%
paraformaldehyde (PFA) in PBS at 4°C overnight. Mice at P7, P14, P21 and adults were
anesthetized with sodium pentobarbital (80 mg/kg, i.p.; Nembutal; Abbott laboratories,
Chicago, IL) and perfused with cold 4% PFA in PBS, pH 7.4. Brains were removed and
postfixed for 2 hrs at 4°C in the perfusate. Following fixation, tissue was washed in PBS for
at least 2 hrs. Tissue was then either cryoprotected, frozen and prepared for cryosectioning
as previously described (Treloar et al., 2009) or embedded in agarose and coronally
sectioned (50μm) using a vibratome.

Ray and Treloar Page 2

Mol Cell Neurosci. Author manuscript; available in PMC 2013 July 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Animal protocols were reviewed and approved by the Yale Animal Care and Use Committee
(IACUC approval #10956).

2.2 Targeted Microarrays
2.2.1 RNA extraction—RNA was extracted using RNeasy Plus Mini kit (Qiagen,
Valencia, CA) following manufactures instructions. Briefly, 20 - 30μg of frozen OB tissue
was homogenized in Buffer RLT Plus with β-mercaptoethanol. DNA was removed through
gDNA Eliminator column, and extracts were washed with 70% ethanol in RNeasy spin
column. After several washes with Buffer RW1 and Buffer RPE, RNA was eluted with
water. Total RNA concentrations were determined using a spectrophotometer.

2.2.2 cRNA synthesis and OligoGEArray Hybridization—cRNA was synthesized
from OB cDNA, and biotin-labeled using the TrueLabeling-AMP™ 2.0 Kit (SuperArray
Biosciences, MD). The membranes were hybridized overnight with 2μg of biotin-labeled
cRNA probe. They were washed and developed according to manufacturer’s instructions
(SuperArray Biosciences, MD). Images were captured with a Kodak Gel Logic 440 Image
Station. Genes present on array are detailed in Supp. Data Table 1.

2.2.3 Data Analyses—Images were analyzed using ImageJ (Rasband, W.S., Image J, U.
S. National Institutes of Health, Bethesda, Maryland, USA http://rsb.info.nih.gov/ij/,
1997-2009. Briefly, spot intensity of genes of interest (GOI) was determined using a
standard region of interest (ROI) and then normalized relative to GAPDH expression
(100%) and a blank (0%). Data is expressed as a % of GAPDH expression.

2.3 In situ hybridization
2.3.1 Riboprobe preparation—Antisense and sense probes were generated from a
plasmid containing the complete coding region of IgSF8 obtained from ATCC (clone
number 10470463; Manassas, VA). Probes were synthesized using in vitro transcription
MEGAscript kit (Ambion, Austin, TX), incorporating 1μl of digoxigenin-11-UTP (Roche
Diagnostics, Indianapolis, IN) into the provided protocol.

2.3.2 Hybridization—Protocol was followed as described in Akins et al., 2007. Probe was
diluted 1ng/μl in hybridization buffer and incubated at 65°C. Signal was visualized using
NBT/BCIP (Roche) for 2 hours and mounted with Crystal/Mount mounting medium
(Biomeda). Digital images were collected using an Olympus Magnafire camera attached to
an Olympus BX51 microscope.

2.4 Immunohistochemistry
Immunostaining was performed as previously described (Treloar et al., 2009). Primary
antibodies: goat anti-IgSF8 (1:1000; R&D Systems, Minneapolis, MN.); rat anti-NCAM
(1:1000; Millipore, Billerica, MA); rabbit anti-NCAM (1:1000; Millipore); rat anti-CD9
(1:500; BD Pharmingen, San Jose, California); rabbit anti-VGluT2 (1:2000; Synaptic
Systems, Goettingen, Germany); rabbit anti-VGluT1 (1:2000; Synaptic Systems); rabbit
anti-GAP43 (1:1000; Novus, Littleton, CO) rabbit anti-TH (1:1000; Millipore). The goat
anti-IgSF8 and rat anti-CD9 antibodies have been characterized by Glazar and Evans, 2009.

Analyses—Fluorescent images were semi-quantitatively analyzed via line scan using
ImageJ. Briefly, line scans were taken across the olfactory nerve layer and relative optical
density was determined for NCAM, VGluT2 and IgSF8. Data from all three markers was
plotted on a graph to assess relative distributions.
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2.5 Immunoblotting and Deglycosylation
2.5.1 Protein extraction and immunoblotting—Mice OBs from different ages were
homogenized in lysis buffer (20mM Tris-HCl pH7.4, with protease inhibitor cocktail
(Roche) using a dounce homogenizer. The homogenates were sonicated for 5min,
centrifuged at 800g for 5min at 4°C and supernatants were collected for protein estimation
using Pierce BCA Protein Assay kit (Thermo Fisher Scientific). 10μg of each protein
sample was run on a NuPAGE Novex 4-12% Bis-Tris gel (Invitrogen). Resolved protein
bands were transferred to a nitro-cellulose membrane using iBlot dry blotting system
(Invitrogen) for 7mins. The membrane was blocked with 5% milk prepared in TBS-Tw (Tris
buffered saline pH7.4, 0.3 %Tween) for 30 mins, incubated with primary antibody for
60min. The following primary antibodies were diluted in blocking solution: goat anti-IgSF8
(1:5000; R&D); mouse anti-β-actin (1:5000; Abcam, Cambridge, MA); rat anti-CD9
(1:1000; BD Pharmingen); mouse IgM anti-Synaptophysin (1:5000; Millipore) and then
washed in TBS-Tw 3 × 15min. The blot was incubated with an appropriate HRP-conjugated
secondary antibody raised in donkey (Jackson ImmunoResearch, West Grove, PA) diluted
1:10000 for 60min, washed in TBS-Tw 3 × 10min and detected using ECL Western blotting
reagents (GE Healthcare, Piscataway, NJ). Blots were stripped with Restore Western Blot
stripping buffer (Thermo Fisher Scientific, Waltham MA) for 5min, washed with TBS-Tw
up to three times and re-probed with another primary antibody. Molecular weight of protein
bands was determined using Carestream Molecular Imaging software and molecular weight
markers (Precision Plus Protein Dual Color standards, Bio-Rad; Novex Sharp Pre-Stained
Protein standards, Invitrogen; MagicMark XP Western standard, Invitrogen).

2.5.2 Deglycosylation—For glycosylation analyses, OB homogenates were treated with
PNGaseF (N-glycosidase F; New England Biolabs, Beverly, MA) according to
manufacturer’s instructions, and were characterized by immunoblotting.

2.6 Immunoprecipitation
P2 OBs were dissected and homogenized in cold lysis buffer (20mM Tris-HCl pH7.4, 1mM
EDTA, 150mM NaCl, 1%Brij 96, 0.02% NaN3, protease inhibitor cocktail (Roche)). OB
homogenate was incubated with 10 μg of antibody (rat anti-CD9, BD-Pharmingen; goat
anti-IgSF8, R&D) for 60min at 4°C with constant rocking. 50μl of PureProteome Protein G
magnetic beads (Millipore) were washed three times with lysis buffer as per manufacturer’s
instructions and added to the antigen-antibody complex. This complex was incubated for 10
min at room temperature (RT) and then rinsed three times with lysis buffer. The immune
complex was eluted by boiling in LDS buffer (Invitrogen) and run on a NuPAGE Novex
4-12% Bis-Tris gel (Invitrogen). Protein bands were characterized by immunoblotting.

2.7 OB fractionation and synaptosome isolation
OBs from P7 litter were homogenized using a dounce homogenizer at 100g in cold
synaptosome buffer (0.32M sucrose, 10mM Hepes pH 7.4 (American Bioanalytical, MA),
protease inhibitor cocktail (Roche)) and centrifuged at 600g for 10min at 2°C to remove
nuclear material. The postnuclear supernatant (S1) was further centrifuged at 7500g for
15min at 2°C to obtain synaptosomal supernatant (S2) and crude synaptosomal pellet (P2).
The P2 pellet was resuspended in synaptosome buffer. 1μg of the P2 fraction was run on a
Bis-Tris gel and characterized by immunoblotting.

2.8 Unilateral Naris Occulsion
CD1 pups (postnatal day 2) were anesthesized by immersion in an icebath, protected with a
surgical glove. The left naris was cauterized using a brief electrocautery pulse and
immediately after, treated with a topical antibiotic-pain relieving cream (Neosporin). The
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cauterized pups were warmed to RT and then returned to their mother. Mice were
transcardially perfused two months after naris occlusion, and the OBs were dissected and
sectioned. Activity-dependent expression of IgSF8 was established by comparing the
occluded OB with the contralateral contol OB. The efficiency of occlusion was
demonstrated by the down-regulation of tyrosine hydroxylase protein in the glomeruli of the
occluded OB compared to the contralateral OB (Gomez et al., 2007).

2.9 Epithelial ablation
Ablation of the olfactory epithelium was achieved using the methimazole administration
paradigm described by (Booker-Dwyer et al., 2008). Briefly, adult mice (>60 days) were
intraperitoneally injected with methimazole (Sigma) in sterile saline (50μg/g of body
weight) on the first and third days of treatment. Mice injected with saline served as sham
controls. Mice were transcardially perfused after one week and four weeks of injection. The
OBs from these animals were sectioned using a vibratome to obtain 75μm coronal sections
which were immunostained to analyze for OSN regeneration.

2.10 Tissue culture
Explant cultures were prepared as previously described (Treloar et al., 2009). Explants were
grown on poly-D-lysine (PDL, Sigma; 50μg/ml) and laminin (20μg/ml, Invitrogen) coated
8-well Culture Well chambered coverglass (Grace Biolabs). Explants were cultured for 5
days at 37°C + 5% CO2 before being fixed in 4% PFA/4% sucrose in PBS for 30 min at RT
followed by 3 rinses in PBS. Immunostaining: Cultures were immunostained as previously
described (Treloar et al., 2009), with the omission of a detergent, using a rabbit anti-NCAM
antibody (Millipore), a goat anti-IgSF8 antibody and a rat anti-CD9 antibody (BD). Staining
was visualized using an Olympus BX51 fluorescence microscope and a 100X oil immersion
objective.

2. RESULTS
3.1 Identification of IgSF8 in OE screening

During a targeted microarray screen (OMM-404; SABiosciences, Fredrick MD) of candidate
neurogenic and stem cell genes in the developing olfactory epithelium (OE), we selected
IgSF8, a member of the Ig superfamily for further study (Figure 1, and Table 1). These
arrays identified several known developmentally regulated genes in the OE such as Fmr1,
Lhx2, Npn1, Nlgn1, and Nogo (Figure 1A) and a number of candidate genes (e.g. IgSF8,
Jag1 and Pcdhb16; Figure 1A). A factor in our selection of IgSF8 was the observation that
CD9, a known binding partner of IgSF8 was also present in the OE (Figure 1A). In immune
and tumor cells CD9 and IgSF8 modulate integrin-dependent cell motility and/or spreading.
A primary reason that we focused our analyses on IgSF8 is the well established roles other
members of the Ig superfamily play in olfactory pathway development. For example, OSNs
express the cell adhesion molecules NCAM and N-cadherin which are important for
olfactory pathway formation (Akins and Greer, 2006; Treloar et al., 1997). Similarly, they
express many cell surface receptors which are members of the Ig superfamily, such as DCC,
Neuropilin-1, DSCAM and Robos1-2 (Agarwala et al., 2001; Astic et al., 2002; Cho et al.,
2007; Nagao et al., 2000).

3.2 IgSF8 mRNA expression in the developing olfactory system
Structurally, IgSF8 possesses a short signal sequence at the N terminus, four Ig-like
domains, 3 putative N-glycosylation sites, a transmembrane domain and a short intracellular
region (Yamada et al., 2006; Zhang et al., 2003) (Figure 2A). Limited data exists about the
role of IgSF8 in the nervous system. During embryogenesis, IgSF8 mRNA has been
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reported in the developing nervous system including the OE (Murdoch et al., 2003) and in a
tissue wide northern screen highest expression was detected in whole human brain
(Bonkobara et al., 2003). IgSF8 induces neurite outgrowth of Neuro-2a cells in vitro and
therefore has a proposed role in the regulation and maintenance of neurite outgrowth
(Yamada et al., 2006). In light of these previous reports, we hypothesized that IgSF8 may
have a role in the regulation of OSN axon outgrowth and synaptogenesis. To test this
hypothesis, we performed a series of experiments to characterize IgSF8 expression and
function in the developing olfactory sensory neurons.

Using a riboprobe against the full length coding sequence, we performed in situ
hybridization (ISH) to localize IgSF8 mRNA expressing cells in both the OE and OB at
postnatal day 2 (P2). The ISH signal is widespread in the OE, vomeronasal organ and OB
(Figure 2B-G). In both the OE (Figure 2D) and VNO (Figure 2F) IgSF8 mRNA expression
is confined to sensory neurons (arrows), sustentacular cells (arrowheads) are free of IgSF8
expression. In the OB, IgSF8 mRNA is abundant in mitral cells (arrows, Figure 2G) and in a
few scattered cells in the external plexiform layer (arrowheads) which are likely tufted cells.
Staining is absent in the ONL (Figure 2C, G). Weaker signal is detected in the granule and
periglomerular cells. No signal is observed in sections stained with sense riboprobe (Fig.
2E,H). These in situ data confirm the micro-array data, indicating that IgSF8 mRNA is
expressed in the developing OE and OB.

3.3 IgSF8 protein expression in the developing olfactory system
To characterize IgSF8 protein expression during olfactory pathway formation, we performed
immunolocalization experiments in coronal cryosections. At P2, IgSF8 was expressed in
OSNs in a subcompartmental fashion. Staining was not present in OSN cell bodies (open
arrowheads Figure. 3B1-B3) or in the proximal segment of the axon (arrowheads Figure.
3B1-B3), but was detected as axons entered larger fascicles (arrows Figure. 3B1-B3);
staining intensified across the olfactory nerve layer and was most intense in the glomeruli
(Figure 3A1-A3). This pattern suggests differential expression along the length of the axon,
with the most intense expression at the terminal or distal segment at this age.

To characterize the temporal expression of IgSF8 protein we first performed western
analyses using an IgSF8 polyclonal antibody and protein isolated from the OB at E15, E17,
P0, P2, P4, P7, P14, P21 and adult (Figure. 4A). A band of ~75 kDa is detected at all ages
although protein levels increase from E15 to P21. IgSF8 has a predicted Mr of 65kDa which
suggests that the protein is glycosylated in the OB. Two faint bands were also observed at
~65kDa and ~55kDa in some samples. The ~65kDa band likely represents an
unglycosylated form, and the lower band may represent a 50kDa cleaved fragment reported
by Stipp et al., (2001a).

To confirm that IgSF8 is glycosylated, OB lysates were digested with PNGaseF to remove
the N-linked carbohydrates. Upon enzymatic digestion, a 10kDa shift in the molecular size
was observed (Figure 4B). The lysates treated with the enzyme had a molecular weight of 65
kDa, ~10 kDa lower than the untreated ones (Figure 4B) confirming that IgSF8 is N-
glycosylated.

As IgSF8 showed temporal changes in expression on the Western, and to determine whether
the differential subcellular distribution seen at P2 was stable throughout development, we
performed immunolocalization analyses at a variety of developmental stages spanning the
period of synaptogenesis (Kim and Greer, 2000). Specifically, we examined IgSF8
expression at E15, E17, P2, P7, P14 and adult (Figure 5). Using NCAM as a marker of all
OSNs (Miragall et al., 1989) and the vesicular glutamate transporter 2 (VGluT2) (Gabellec
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et al., 2007; Nakamura et al., 2005) as a synaptic marker, we documented IgSF8 expression
in OSN axons during glomerular synaptogenesis.

At E15, when axons first exit the ONL and grow deeper into the OB dendritic zone (DZ)
(Shay et al., 2008; Treloar et al., 1999) we observed widespread IgSF8 expression in
NCAM+ OSN axons (Figure 5A1-A2). VGluT2 expression is restricted to the terminal
segment of axons, where they have grown into the DZ (Figure 5A1; Supp. Figure 1A). We
do not see coalescence of axons and VGluT2 to protoglomeruli until E17 (Figure 5B1)
consistent with our earlier reports (Treloar et al., 1999). At E17 VGluT2 and NCAM
expression is abundant in these structures (Figure 5B1), while IgSF8 is enriched in
protoglomeruli as compared to the ONL, colocalizing with VGluT2 (Figure 5B1-B2; Supp.
Figure 1B).

Glomeruli are first identifiable at birth (Treloar et al 1999). At P2 IgSF8 is enriched in
glomeruli, as compared to expression in the ONL (Figure 5C1-C2; Supp. Figure 1C). This
was observed in all animals examined (n=9). It was co-expressed with VGluT2 and NCAM
(Fig. 5C1). As compartmental organization of axons and dendrites within glomeruli
developed through the first 3 postnatal weeks (Kim and Greer 2000), IgSF8 expression
remained high within glomeruli (Figure 5D1-E1; Supp. Figure 1D-E) but expression
decreased markedly within adult glomeruli (Figure 5F1-F2; Supp. Figure 1F). While
occasional glomeruli were observed which maintained weak expression, these appeared
random and did not maintain any topography between animals. Moreover, IgSF8 appeared
down regulated within the inner olfactory nerve layer (ONLi), with high expression being
maintained within the outer ONL (ONLo) only (Figure 5F1-F2; Supp. Figure 1F). These
data suggest that after synapses have formed and glomerular structure (i.e. compartmental
organization) has fully developed, IgSF8 expression is downregulated within OSN axon
terminals and distal axon segments and expression is maintained only within the central
segment of the axon. Diagram 1 details the subcellular distribution of IgSF8 in OSNs from
immature glomeruli (P2 with recently formed synapses) and mature glomeruli (adult with
established synapses. The differential expression of IgSF8 in axon terminals and stable
expression in axon shafts raises the possibility that it may have different roles in different
segments of the axon.

3.4 IgSF8 interacts with CD9 in the olfactory bulb
IgSF8 has two known direct binding partners, CD9 and CD81, which are Tspan proteins that
have reported roles in sperm-egg fusion, regulation of metastasis, cell motility, myoblast
fusion, and nervous system development (Kelic et al., 2001; Le Naour et al., 2000; Stipp and
Hemler, 2000; Tachibana and Hemler, 1999; Zoller, 2009). IgSF8 is a key interacting
partner of the CD9/CD81 complex (Charrin et al., 2003; Clark et al., 2001; Stipp et al.,
2001), and is believed to mediate some functions attributed to this complex. We performed a
series of immunoprecipitation experiments to determine whether IgSF8 interacts with CD9
in the olfactory system. When CD9 antibodies were used to pull down interacting proteins
from lysate prepared from P2 OB, IgSF8 was detected in the immunoprecipitated proteins
(Figure 6A). Likewise when IgSF8 antibodies were used to immunoprecipitate interacting
proteins, CD9 was identified (Figure 6C). These data indicate that IgSF8 and CD9 interact
in the developing olfactory system.

CD9 has been reported in the nervous system and has been implicated in neurite outgrowth
via its interaction with α6/β1 integrin and L1 (Schmidt et al., 1996), but CD9 expression has
not been reported in the olfactory system. Immunohistochemical staining of CD9 revealed
strong expression in the OB (Figure 6E1-E3). At P2, CD9 expression is strong in the
olfactory nerve and glomerular layers (Figure 6E1). Double-labeling of IgSF8 and CD9
demonstrate co-expression of these two proteins in the OSN axons (Figure 6E2). CD9
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expression is down regulated in the glomeruli at P21 but the expression is high in ONL
(Figure 6F1-F2). This is consistent with IgSF8 expression pattern where IgSF8 is
downregulated in the glomeruli but is maintained in the ONL(Figure 6F2-F3). Co-
immunoprecipitation of IgSF8 with CD9 and its co-localization with CD9 in OB suggests
that IgSF8 may be a component of a TEM formed by CD9 in the OS, and this complex may
be involved in the development of axon connections and/or synaptogenesis in the OB.

If CD9 and IgSF8 are present in microdomains within the membrane in so-called Tspan
webs or TEMs (reviewed in (Hemler, 2005; Yanez-Mo et al., 2009), then we reasoned in
vitro we should see a punctate expression pattern, representative of these TEMs. Indeed,
Stipp et al., (2000) reported such a distribution for Tspans CD151 and CD81 in cultured
NT2N cells. Consistent with this hypothesis, both IgSF8 and CD9 exhibit a punctuate
distribution in NCAM+ cultured OSNs, and are found in both neurites and growth cones
(Figure 6H). Interestingly, these molecules only partially overlap, suggesting TEMs may
exist in OSNs with different molecular compositions.

3.5 IgSF8 is present in OSN axon terminals
OB glomeruli are synaptic neuropil where OSN axons synapse primarily onto the dendrites
of mitral cells. Also, within glomeruli mitral cell dendrites form dendrodendritic synapses
with dendrites of interneurons, the periglomerular cells. As described above, IgSF8 was
found to be enriched within glomeruli during the period of synaptogenesis. This observation
led us to hypothesize that IgSF8 may be present at the synapse. VGluT2 is selectively found
in axodendritic synapses within glomeruli, while VGluT1 is selectively found within
dendrodendritic synapses within glomeruli (Gabellec et al., 2007). As we found ISH signal
for IgSF8 within mitral and tufted cells within the OB, the possibility existed that even
though no IgSF8 protein was detected in the EPL, some protein may have been selectively
trafficked to the apical dendrites and be found in dendrodendritic synapses. Therefore we
performed double labeling experiments with both VGlutT1 and VGluT2 at P14, when
compartmental organization of axodendritic and dendrodendritic synapses has emerged
(Figure 7A-B). We found exclusive co-localization with VGluT2 (Figure 7A2), with no
overlap with VGluT1 (Figure 7B2).

To unequivocally confirm IgSF8 is present within synaptic compartments, we performed a
series of fractionation experiments to isolate synaptosomes from the OB. Synaptosomes are
a preparation of isolated nerve terminals which retain the synaptic machinery needed for
uptake storage and release of neurotransmitters (Dunkley et al., 2008). OB were collected at
P7, and homogenized and fractionated to isolate crude synaptosomes (Figure 7C). The
isolated fractions together with crude lysate were immunoblotted with IgSF8 and
synaptophysin. Synaptophysin is a synaptic vesicle associated protein and is commonly used
as a control to show its enrichment in the synaptosomal fraction (Fogel et al., 2007). While
VGluT2 would have been a desirable choice to assay here, the protein aggregates upon
boiling, and thus is not suitable for western analyses. As our preparation includes terminals
from all layers of the OB, we confirmed the presence of OSN terminals by blotting with
OMP and showed a concomitant increase in OMP and synaptophysin (syp) expression in the
synaptoptosomal fraction indicating the successful isolation of axodendritic terminals
(Figure 7C). IgSF8 is present in the postnuclear faction (S1) which is further processed to
obtain synaptosome (P2) and synaptosomal supernatant (S2) fractions. IgSF8 is present in P2
fraction but not in S2 (Figure 7C) indicating that IgSF8 protein is enriched in synaptic
terminals. However, it remains to be determined via further fractionation whether it is
present at the synaptic plasma membrane.
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3.6 IgSF8 in the regenerating olfactory system
Thus far these data suggest a role for IgSF8 in the process of synaptogenesis; it is enriched
in developing glomeruli, and is down regulated in OSN terminals once synaptic stability is
achieved. We reasoned that if IgSF8 was required for synapse formation, perhaps we would
see it re-expressed if the OSNs were forced to regenerate. To test this hypothesis, we
lesioned the OE using the olfactotoxin methimazole (Sakamoto et al., 2007), forcing the
coordinated regeneration of the olfactory system (Figure 8). One week after lesion, NCAM
positive OSN axons were markedly decreased in the glomerular layer (Figure 8B, B1), with
the few remaining axons also staining with GAP-43 (Figure 8B, B2), indicating that some
reinnervation of the OB by OSNs was occurring. Faint IgSF8 expression was observed in
the ONLi and in reinnervating axons (arrows Figure 8B, B3), whereas no IgSF8 was
observed in the ONLi or glomerular layer of the saline injected animal (Figure 8A, A3). At
this timepoint, GAP-43+ OSNs have re-established contact with the OB (Schwob, 2002).
Four weeks post lesion, NCAM+/GAP43+ OSN axons have reinnervated glomeruli (Figure
8C, C1-2). While basic compartmental organization is re-established, the fine structure of
interdigitating axons (NCAM+) and dendrites (NCAM-) is not restored to its previous
complexity (c.f. Fig. 8C vs 5E). Glomeruli have a more rudimentary appearance with large,
thick axonal compartments. IgSF8 was found to be re-expressed in these regenerated
glomeruli, once again being expressed by OSNs in their distal axons and terminals (Figure
8C3).

3.7 IgSF8 expression is regulated by functional activity
As IgSF8 is downregulated in adult glomeruli, presumably after synapses are fully formed,
we reasoned that activity might be important for this change in expression. To test this
hypothesis we blocked functional activity in neonatal animals, via unilateral naris occlusion,
to see if we could prevent IgSF8 down-regulation usually seen in adult animals. Sensory
deprivation has been demonstrated to arrest mitral cell development in the initial stages of
glomerular development, as spontaneous activity is insufficient to drive the morphological
development or functional maturation of the glomerular circuit (Maher et al., 2009). Naris
occlusion was deemed successful when 1) the OB ipslateral to the occluded nares was
reduced in size compared to the contralateral OB (Figure not shown) and 2) when tyrosine
hydroxylase expression was greatly reduced in the OB ipsilateral to the occluded nares
(Figure 9B, B1) compared to the contralateral OB (Figure 9A-A1). Two months after
occlusion IgSF8 was still expressed in glomeruli ipslateral to the occluded nares (Figure 9B-
B2) while no, or very low, levels were observed in the contralateral OB (Figure A-A2). It is
possible that sensory deprivation could have altered turnover of OSNs in the OE (leading to
an increase in immature, GAP43+ OSNs likely expressing IgSF8), however studies
examining the effects of naris occlusion on the OE actually report a decrease in proliferating
cells (Cummings and Brunjes, 1994; Suh et al., 2006) Therefore these data argue that
functional maturation of the glomerular circuit is necessary for the down-regulation of
IgSF8 within glomeruli.

3. DISCUSSION
We show IgSF8 is a developmentally-regulated cell adhesion molecule (CAM) present in
OSN axons and temporally on terminals during synaptogenesis. Expression is selectively
down-regulated in terminals after glomerular maturation. When the functional maturation of
the glomerular circuit is arrested with sensory deprivation, IgSF8 expression is maintained
in glomeruli. When axons are induced to regenerate and re-establish synapses, IgSF8 is re-
expressed in glomeruli. Our data support the hypothesis that IgSF8 facilitates
synaptogenesis in the OB.
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4.1 IgSF8 protein-protein interactions
IgSF8 is a cell-surface protein belonging to the novel EWI subfamily which contains a
characteristic Glu-Trp-Ile (EWI) extracellular motif (Charrin et al., 2001; Clark et al., 2001;
Stipp et al., 2001). IgSF8 has several known interacting proteins, which are all tetraspanins
(Tspans). It directly binds to CD9, CD81 and CD82 and indirectly to CD151 (Charrin et al.,
2001; Clark et al., 2001; Stipp et al., 2001; Zhang et al., 2003). Although Tspans have small
extracellular domains, they do not typically serve as cell-surface receptors, instead they
function to organize proteins laterally within membranes (Charrin et al., 2009). The
molecular networks they form within membranes, termed tetraspanin-enriched
microdomains (TEMs), include proteins from several major classes: adhesion molecules,
proteins with Ig-domains; ectoenzymes, and intracellular signaling molecules (Andre et al.,
2006; Boucheix and Rubinstein, 2001; Charrin et al., 2009; Hemler, 2005; Le Naour et al.,
2006; Levy and Shoham, 2005).

Using immunoprecipitation we demonstrate that IgSF8 interacts with CD9 in the OB.
Moreover, in vitro IgSF8 is found in discrete puncta, both within OSN axons and growth
cones. These puncta are CD9+, indicating IgSF8’s presence in TEMs. However not all
CD9+ TEMs contained IgSF8, which implies that there may be diversity in TEM
composition within OSNs. OSNs are known to differentially express a variety of CAMs
(e.g. (Cho et al., 2009) which suggests additional CAMs may be associated with TEMs.

In addition to lateral interactions within TEMs, the intracellular domain of IgSF8 can also
associate with actin-linking ezrin-radixin-moesin (ERM) proteins. Thus via ERMs, IgSF8
can act as a linker within TEMs, connecting them directly to the actin cytoskeleton (Sala-
Valdes et al., 2006). Moreover, this interaction can facilitate signal transduction events via
Rho-GTPases, and in carcinoma cell lines is involved in ERM-dependent processes such as
cell migration and polarization. To date, there are no reports of ERM proteins in mouse
OSNs, but in chick message is detected in developing olfactory epithelia (Richter et al.,
2004). It will be interesting to investigate whether IgSF8 in developing OSN axons is also
linked to the actin cytoskeleton via ERM proteins.

IgSF8 at synapses—Based on IgSF8 being present in developing synapses we
hypothesized that it facilitates synaptic differentiation and maturation. How might IgSF8
regulate synaptogenesis? Synaptogenesis involves several characteristic steps: 1) contact or
adhesion between pre- and post-synaptic cells; 2) presynaptic differentiation to recruit
synaptic transmission machinery; and 3) post-synaptic differentiation to receive
neurotransmitter signals (Chen and Cheng, 2009; Gerrow and El-Husseini, 2006). The exact
mechanisms of recruitment of proteins to forming synapses are not fully understood, but
adhesion complexes are well recognized in this process (Biederer and Stagi, 2008).

Our data are consistent with a model in which IgSF8 acts as a CAM during synaptogenesis
to stabilize contacts between axons and dendrites while molecular components of the
synapse are recruited. How IgSF8 mediates synpatogenesis remains to be determined but
one likely possibility is via association with integrins in TEMs (Kolesnikova et al., 2004;
Stipp et al., 2003). Consistent with this hypothesis, integrins have well established roles in
synaptogenesis. For example, in hippocampal neurons, alpha5 integrin signaling regulates
the formation of dendritic spines and synapses (Webb et al., 2007). Somewhat surprisingly,
integrin subunit expression has not been assessed in developing glomeruli, or OB synapses.
However, our preliminary analyses of α-subunit expression in neonatal OB demonstrates
that multiple subunits are present (Supp. Fig S2), many of which are known to interact with
IgSF8 in TEMs. Another possibility is that, IgSF8 may be located at sites where cells
contact, and bind to ligands such as heat shock proteins (Kettner et al., 2007). Heat shock
proteins help in maintaining synaptic machinery (Lu et al., 2010) and their expression has
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been reported in rat OSNs (Carr et al., 1994). Whether IgSF8 interacts with heat shock
proteins during synaptogenesis in OSNs remains to be determined.

Supporting our hypothesis that IgSF8 facilitates the formation of nascent synapses is the re-
expression of Igsf8 within the OB when the olfactory system is induced to regenerate en
masse.. When OSNs are lesioned, the newly regenerated OSNs express IgSF8, in a similar
pattern as that seen in embryonic and postnatal OSNs. Therefore IgSF8 can be detected in
regernerating glomeruli in the adult lesioned animals. While one interpretation could be that
IgSF8 has a role in OSN maturation, it is also possible that IgSF8 may have an active role in
synaptogenesis. Indeed, support for this idea comes from looking at the role of TEMs in
synaptogenesis. IgSF8 is a known component of TEMs and interacts with tetraspanins. In
Drosophila (which have 36 Tspans) motoneuron axons target muscles appropriately
(spatially and temporally) when the Tspan latebloomer (lbm) is deleted, however synapse
formation is delayed (Kopczynski et al., 1996). Subsequent studies where multiple Tspans
were mutated amplified the phenotype, yet synapses still eventually formed (Fradkin et al.,
2002), suggesting Tspans facilitate synapse formation but are not essential. IgSF8 null mice
have not yet been generated, but it will be interesting to examine synaptogenesis in the
absence of this CAM to see if similar delays in synapse formation occur.

IgSF8 in axon shafts—In contrast to expression in synaptic terminals, we found IgSF8
expression in axon shafts to be stable, and to not vary developmentally. This suggests that
IgSF8 may have a dual function in OSN axons; acting to facilitate synapses formation
during glomerulogenesis and having a separate role in the olfactory nerve and nerve layer.
The cytoplasmic tail of IgSF8 binds to phosphatidylionisitolphopshates (PIP) and undergoes
palmitoylation, both of which contribute to different IgSF8 functions (He at al., 2011).
Interaction with PIP is responsible for IgSF8 stability whereas palmitoylation is necessary
for association with tetraspanins. IgSF8 may undergo differential protein modifications in
axon shaft versus terminal resulting in differential expression level and function. Although
we did not see expression patterns change within the ONL over time, this does not mean
proteins are not “fluid” within OSN membranes. TEMs move or “patrol” within membranes
(Charrin et al., 2009), and upon particular stimulation become confined within discrete
regions of the membrane where more stable interactions occur.

TEMs specifically assemble functionally related adhesion molecules. Yáñez-Mó and
colleagues (2009) hypothesize that the clustering of TEM components prepares cells for
stepwise adhesion, and importantly, that the microdomains they form are heterogeneous in
composition, allowing transmembrane proteins with functionally related processes to
interconnect within TEMs. Recently it was established that OSN axons expressing different
classes of odor receptors segregate within the olfactory nerve (Bozza et al., 2009) and that
during development OSNs sort in the nerve prior to reaching the OB (Imai et al., 2009). It is
an attractive hypothesis that IgSF8 containing TEMs in axon shafts facilitate clustering of
adhesion molecules in OSN membranes that allow sorting en route to glomerular targets.
Consistent with this idea, we have detected other TEM components in developing OSNs,
including ADAM10 (Andre et al., 2006) (Supp. Figure S2) and MMP14 (Kolesnikova et al.,
2009; Yanez-Mo et al., 2008) (Dinglasan, Ray and Treloar, data not shown). In neuronal cell
lines, CD9 directly interacts with L1 (Schmidt et al., 1996), which is expressed in
developing OSNs (Miragall et al., 1989). It will be interesting to determine whether other
CAMs interact with Tspans in OSNs, and whether sorting of axons is TEM dependent.

In summary, we demonstrate that IgSF8 is present in developing OSN synapses, and that it
interacts with Tspan CD9. Based on known interactions of IgSF8 and CD9 (elsewhere in the
CNS and in carcinoma and immune cells) it is likely that IgSF8 interacts with other CAMs
in OSN axons, perhaps regulating maturation and synaptogenesis.
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Figure 1.
Gene expression analyses from three different developmental ages (E13, E17 and P2) in the
OE (A) using Oligo GE Arrays. (A) A selection of candidate developmentally regulated
genes (IgSF8, Jag1 and Pcdhb16) as well as some known developmentally regulated genes
(Fmr1, Lhx2, Npn1, Nlgn1 and Nogo) were identified in the OE from the Oligo GE array.
(B) Relative expression of the identified genes across three developmental ages normalized
to GAPDH gene expression from representative arrays. Spot intensity of genes expressed in
the OE was normalized to spot intensity of GAPDH gene.
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Abbreviations: IgSF8: Immunoglobulin superfamily, member 8; Jag1: Jagged1; Pcdhb 16:
Protocadherin beta 16; Fmr1: Fragile X mental retardation syndrome 1 homolog; Lhx2: LIM
homeobox protein 2; Npn1: Neuropilin1; Nlgn1: Neuroligin1) .
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Figure 2.
In situ hybridization (ISH) of IgSF8 in P2 olfactory system. (A) A schematic diagram of
IgSF8 showing four Ig domains, a transmembrane (TM) region and a short intracellular
region. A signal peptide (SP) is present at the amino terminus and each Ig domain consists
of a disulfide bond (S-S). Three putative N-glycosylation sites and the EWI motif, which
lies outside the second Ig domain, are represented as red and blue circles respectively. (B)
Coronal section through the rostral nasal cavity (nc). ISH signal is detected in the main
olfactory epithelium (OE) and vomeronasal epithelium (VNE). (C) Coronal section through
the caudal nasal cavity and olfactory bulb (OB). IgSF8 mRNA is found in the OE and within
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neuronal populations within the OB. (D) A high power micrograph of the main OE (B).
Strong signal is detected in the sensory neurons across the extent of the epithelium but the
sustentacular cells are devoid of signal (arrowhead). (E) No labeling was observed with
sense riboprobe in OE. (F) A high power micrograph of the vomeronasal organ (VNO) in
(B). Strong signal is detected in the vomeronasal sensory neurons (arrow) but the
sustentacular cells are devoid of signal (arrowhead). (G) A high power micrograph of the
OB reveals abundant staining in the mitral cell layer (MCL; arrows) and in some scattered
cells (arrowheads) in the external plexiform layer (EPL). Staining is observed in the granule
cell layer (GCL) but no staining is observed in the olfactory nerve layer (ONL). (H) No
labeling was observed with sense riboprobe in OB. GL: glomerular layer. Scale bars, 250μm
(B, C); 10 μm (D,E); 100 μm (F); 50 μm (G,H)
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Figure 3.
IgSF8 immunohistochemistry in P2 olfactory system. (A1) Coronal section reveals co-
localization of IgSF8 and NCAM in the OB and OE. (A2) IgSF8 expression is similar to
(A3) NCAM expression in the OB. Although a higher magnification of OE reveals a
differential expression of IgSF8 and NCAM in the axon bundles. (B1) A merged image of
IgSF8 and NCAM in the OE. (B2) IgSF8 is expressed only in thicker axon bundles (arrows)
and not in finer axon processes (closed arrow heads) or in the cell body (open arrowhead).
(B3) NCAM is expressed in the soma of OSNs (open arrow head) as well as in fine (closed
arrowheads) and thick axon bundles (arrows). Scale bars, 100μm (A1-A3); 500μm (B1-B3).
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Figure 4.
Developmental expression profile of IgSF8 in the OB. (A) OB protein from different ages
(E15-Adult) was loaded on a gel and immunoblotted with IgSF8. Three bands of molecular
weight ~75kDa, 65kDa and 55kDa are observed. β-actin serves as a loading control.
Glycosylation analyses of IgSF8 protein. (B) OB lysates digested with PNGaseF are reduced
by 10kDa in size compared to control OB lysates.
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Figure 5.
IgSF8 expression in the developing OSN synapses. (A1-F1) Images of a coronal OB section
from the ages E15, E17, P2, P7, P14, Adult, triple labeled with IgSF8, VGluT2 and NCAM.
VGluT2 is a presynaptic marker of OSNs, and is expressed in the developing glomeruli.
NCAM labeling reveals the developmental events during the formation of OB. IgSF8
expression progresses from the presumptive olfactory nerve layer (pONL) to dendritic zone
(DZ) at E15, to fully formed glomeruli at P2. The expression is noticeably reduced in the
adult glomerular layer (GL) although expression in the olfactory nerve layer (ONL) is
maintained at similar levels during development of the OB. Note the gradual change from
white glomeruli at P2 (C1) to cyan glomeruli at Adult (F1). IgSF8 expression in the adult
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ONL is compartmentalized: it is downregulated in the inner ONL (ONLi) in comparison to
the outer ONL (ONLo) as clearly revealed in the triple-labeled image F1. No expression is
observed in the presumptive external plexiform layer (pEPL) or in the external plexiform
layer (EPL). (A2-F2) Corresponding OB images showing IgSF8 immunoreactivity alone.
Scale bar = 25μm.

Ray and Treloar Page 23

Mol Cell Neurosci. Author manuscript; available in PMC 2013 July 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 6.
IgSF8 and CD9 interact in the OB. (A) P2 OB homogenized in Brij97 was
immunoprecipitated (IP) with CD9 antibody The OB lysate and IP sample were run on a
denaturing gel and immunoblotted with IgSF8 antibody. An IgSF8 band of ~75kDa was
detected both in the OB lysate and the IP sample. (B) OB lysate immunoprecipitated with rat
IgG served as a control. No IgSF8 band was detected in this IP sample (C) Similarly, a CD9
band of ~19kDa was detected in the OB sample immunoprecipitated with IgSF8. (D) No
CD9 band was detected in OB sample immunoprecipitated with control goat IgG. (E1-E3)
Co-localization of IgSF8 and CD9 in the glomerular layer (GL) and olfactory nerve layer
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(ONL). Signal in the EPL is not above background when compared to control slides.
Putative TEM domains in cultured olfactory sensory neurons. (F1-F3) At P21, both IgSF8
and CD9 have significantly lower expression in glomeruli compared to the ONL. (G1-G2) A
cultured NCAM+ OSN axon (magenta) showing F-actin (green) enrichment within its
growth cone. (H1-H4) IgSF8 (red) and CD9 (green) expression in cultured NCAM+ OSNs.
IgSF8 (H4) and CD9 (H3) form discrete puncta within the membrane of OSN neurites and
growth cones, suggestive of these proteins interacting within TEMs. Not all CD9+ puncta
(green) are IgSF8+ (red) suggesting molecular diversity of TEMs within OSNs. Scale bars,
50μm (E1-E3); 25μm (F1-F3)10μm (G1-H4)

Ray and Treloar Page 25

Mol Cell Neurosci. Author manuscript; available in PMC 2013 July 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 7.
IgSF8 is enriched in axodendritic synapses. (A1-A3) VGluT2 is expressed in OSN axon
nerve terminals. (A1) Note the absence of VGluT2 staining in the ONL and EPL. IgSF8 co-
localizes with VGluT2 in the glomeruli confirming its presence in OSN axon terminals. (B1-
B3) IgSF8 is not present in the dendrodendritic synapses. VGluT1 expression is abundant in
the EPL but no co-localization is observed with IgSF8 in the OB. (C) A flowchart indicating
the OB tissue fractionation protocol used to obtain a crude synaptosomal fraction (P2).
IgSF8 protein is present in the OB lysate and the postnuclear supernatant (S1), but further
processing of S1 reveals that the protein is enriched in P2 versus the synaptosomal
supernatant (S2). OMP serves as a control for OSN terminals and synaptophysin serves as a
control for synapse-enriched proteins. Scale bar =50μm.
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Figure 8.
IgSF8 is upregulated in regenerating OSN axons. Mice injected with the olfactotoxin
methimazole were sacrificed one and four weeks after injection. (A-A3) A triple-labeled
coronal section from a control (saline injected) mouse reveals strong NCAM and GAP43
expression in the OSNs. IgSF8 expression is strong in the ONL but faint in the adult
glomeruli. (B-B3) One week after lesion, OSN axons have not fully regenerated as evident
from faint NCAM and GAP43 staining. Few OSN axons which are beginning to regenerate
and innervate the glomeruli are triple labeled with IgSF8, NCAM and GAP43 (arrows). (C-
C3) Four weeks after lesion, the NCAM and GAP43 expression has been rescued in OSN
axons followed by a robust increase of IgSF8 in glomeruli. Scale bar = 100μm.

Ray and Treloar Page 27

Mol Cell Neurosci. Author manuscript; available in PMC 2013 July 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 9.
IgSF8 expression is activity-dependent. (A-A2, B-B2) A high power micrograph of the
glomerular layer (GL) of an occluded OB and the contralateral OB. (B-B1) The occluded
OB has low levels of TH staining in the GL. The efficiency of occlusion is revealed by low
levels of TH staining in the GL of the occluded OB. (A2-B2) GL reveals strong IgSF8
staining in the occluded OB versus the control OB. Scale bar =100μm.
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Diagram 1.
Expression of IgSF8 in a P2 and adult OSN. NCAM is expressed along the entire length of a
P2 and adult OSN. The soma is devoid of IgSF8 and the expression is confined to the distal
part and the terminal of a P2 OSN axon. Co-localization of NCAM and IgSF8 is represented
in yellow. IgSF8 expression is downregulated in the adult OSN axon terminal and is
confined to the distal portion.

Ray and Treloar Page 29

Mol Cell Neurosci. Author manuscript; available in PMC 2013 July 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript


