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Abstract

Olfactomedin 2 (OIfm2) is a secretory glycoprotein belonging to the family of olfactomedin
domain-containing proteins. A previous study has shown that a mutation in OLFMZ2 is associated
with primary open angle glaucoma in Japanese patients. In the present study, we generated OIfm2
deficient mice by replacing the OlIfm2 gene with the LacZ gene. Loss of OIfm2 resulted in no gross
abnormalities. However, Olfm2 null mice showed reduced exploration, locomotion, olfactory
sensitivity, abnormal motor coordination, and anxiety related behavior. The pattern of the OIfm2
gene expression was studied in the brain and eye using -galactosidase staining. In the brain,
OIfm2 was mainly expressed in the olfactory bulb, cortex, piriform cortex, olfactory trabeculae,
inferior and superior colliculus. In the eye expression was detected mainly in retinal ganglion
cells. In OIfm2 null mice, the amplitude of the first negative wave in the visual evoked potential
test was significantly reduced as compared with wild-type littermates. Olfm2, similar to Olfm1,
interacted with the GIuR2 subunit of the AMPAR complexes and OlIfm2 co-segregated with the
AMPA receptor subunit GIUR2 and other synaptic proteins in the synaptosomal membrane
fraction upon biochemical fractionation of adult mice cortex and retina. Immunoprecipitation from
the synaptosomal membrane fraction of OIfm2 null mouse brain cortex using the GIuR2 antibody
showed reduced levels of several components of the AMPAR complex in the immunoprecipitates
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including OIfm1, PSD95 and CNIH2. These results suggest that heterodimers of Olfm1 and Olfm2
interact with AMPAR more efficiently than Olfm2 homodimers and that OIfm2 plays a role in the
organization of the AMPA receptor complexes.
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Introduction

Olfactomedin 2 (Olfm2), also known as OIfC or olfactomedin-related endoplasmic
reticulum-localized-2 (Noelin-2), is a secretory glycoprotein that belongs to the family of
olfactomedin domain-containing proteins consisting of 13 family members in mammals
(Kulkarni et al., 2000, Tomarev and Nakaya, 2009). The family of olfactomedin domain-
containing proteins segregates into seven subfamilies (Zeng et al., 2005). OIfm2 together
with olfactomedin 1 (Olfm1) and olfactomedin 3 (OIfm3) forms subfamily I. Genes
encoding Olfm1-3 are preferentially expressed in the neuronal tissues during development
and in adults (Danielson et al., 1994, Nagano et al., 2000, Torrado et al., 2002, Lee et al.,
2008, Nakaya et al., 2008, Nakaya et al., 2012). Olfm1-3 show about 60% identity in the
amino acid sequences and are highly conserved in evolution (Tomarev and Nakaya, 2009).
OIfm2, similar to Olfm1 and OIfm3, contains a signal peptide at its N-terminus and a highly
conserved olfactomedin domain at its C-terminus. Our previous study has shown that Olfm2
interacts with OlIfm1 and OIfm3 (Sultana et al., 2011, Nakaya et al., 2013). Moreover,
mutations in any subfamily | member inhibiting its secretion also inhibit secretion of other
subfamily members (Sultana et al., 2011).

Recent proteomic studies demonstrated that Olfm1-3 are components of the AMPA-type
glutamate receptor (AMPAR) complex (Schwenk et al., 2012, Shanks et al., 2012, Nakaya et
al., 2013). AMPARs are the major receptors responsible for fast excitatory synaptic
transmission, postsynaptic plasticity, and synapse development in the central nervous
system. Available data suggest that the properties and function of the AMPAR complexes
may be different depending on the particular subunit composition (Schwenk et al., 2012).
The exact consequences of Olfm1 (as well as Olfm2 and OIfm3) interaction with AMPARS
on their functions are still not well understood. Our recent data demonstrated that the
deletion of 52 amino acids in the central part of Olfm1 dramatically reduces its interaction
with OIfm2 and GIuR2 and GIuR4 subunits of AMPARs (Nakaya et al., 2013). Mice
expressing OIfm1 with a deletion in the central part of the protein molecule demonstrated an
increase in intracellular Ca2* concentration as well as activation of ERK1/2, MEK1 and
CaMKII in the hippocampus and olfactory bulb compared with their wild-type (WT)
littermates. We suggested that excessive activation of the CaMKII and Ras-ERK pathways
in the OlIfm1 mutant olfactory bulb and hippocampus by elevated intracellular calcium may
contribute to the observed abnormal behavior and olfactory activity of Olfm1 mutant mice
(Nakaya et al., 2013).
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In the present study, we produced OIfm2 knockout (KO) mice to gain greater insight into the
possible functions of Olfm2 and other subfamily members. We showed that OIfm2 loss
results in no gross structural abnormalities of the brain or eye. However, Olfm2 KO mice
showed some behavioral changes and changes in the AMPA receptor complex compared
with their WT littermates. We demonstrated that Olfm2 and Olfm1 are present in a
synaptosomal membrane fraction (LP1) enriched in GIuR2 and other synaptic membrane
proteins. Elimination of OIfm2 resulted in a reduction of several AMPAR components in
GluR2 antibody immunoprecipitates from the cortex LP1 fraction. Our data suggests that
OlIfm2, similar to Olfm1, is an important player at synapses and loss of Olfm2 may lead to
neurological defects associated with behavior abnormalities.

Materials and methods

Animals

All animals used in the experiments were managed according to the ARVO statement for the
use of animals in ophthalmic and vision research. All experiments using animals were
approved by the NEI Animal Care and Use Committee. OIfm1 mutant mice have been
reported previously (Cheng et al., 2007, Nakaya et al., 2013). A mouse line in which the cre
expression is under the control of regulatory sequences of the mouse zona pellucida 3 gene
promoter (ZP3-cre) (Lewandoski et al., 1997) was obtained from the Jackson laboratory.

Generation and characterization of Olfm2 KO mice

OIfm2 KO (OlIfm2-KQO) mice were generated by deleting exons 2—6 of the Olfm2 gene. A
BAC clone containing mouse OIfm2 locus was obtained from Geneservices (Cambridge,
UK) and was used to construct a targeting vector in which exons 2—6 were replaced with the
LacZ gene (B-galactosidase or B-gal). This targeting vector also contained a PGK neo-
cassette flanked by the LoxP sites. The targeting vector was electroporated into R1 (129S6)
ES cell line. Clones resistant to G418 were selected, expanded, and screened for
homologous recombination using long range genomic PCR and Southern blotting. For
Southern blotting of the 5’ flanking probe, genomic DNA was cleaved with Scal to produce
restriction fragments of 15.5 and 9.3 kb for the WT and KO alleles, respectively. For the 3
flanking probe, genomic DNA was cleaved with BamHI to produce restriction fragments of
14.2 and 12.3 kb for the WT and KO alleles, respectively. Further characterization of
positive embryonic stem cell clones was done by karyotyping. Two positive clones were
injected into the C57BL/6 mouse blastocyst. Generation of chimeric mice and germ line
transmission were performed as described previously (Michalska and Choo, 1993). The
selection marker LoxP-PGK-neo-LoxP was removed by mating mice with the ZP3-cre line.
Genotyping of animals was performed by PCR using genomic DNA isolated from the tails
of 4 week-old mice. A single PCR reaction was designed using a common forward PCR
primer located in intron 1 - OIfm2C-F 5-GCTCTGTGGATGGGTTCCTA-3" and two
reverse primers - Olfm2-WTR2 5-GAGGCAAAAGGGAATGTCAG-3’ located in intron 2
for the WT allele and Olfm2-KOR2 5’-CTTGAGCAGCTCCTTGCTG-3 located in LacZ
for the targeted allele. The PCR was performed by initial denaturation at 94°C for 2 min
followed by 30 cycles with denaturation at 94°C for 30 s, annealing and elongation at 60°C
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for 1 min and a final elongation at 72°C for 7 minutes using TaKaRa LA Tag DNA
polymerase (Takara Bio).

Quantitative RT-PCR (Q-PCR) RNA was isolated from the adult mouse brain using a Trizol
reagent (Invitrogen) following the manufacturer’s instructions. cDNA was synthesize using
1 ug of total RNA and a cDNA kit (Applied Biosystems Inc. ABI). Q-PCR was performed
with synthesized cDNA as a template using a SYBR Green PCR master mix (ABI) and a
real-time thermocycler (7900HT; ABI). GAPDH was used for normalization. Primers for Q-
PCR have been previously described (Sultana et al., 2011). Each sample was analyzed in
triplicates. Experiment was repeated twice using independent samples.

Antibody production

Purified OlIfm2 was purchased from R&D systems. A polyclonal antibody generated against
purified Olfm2 was produced by Covance, Inc. This antibody detected OlIfm2 but not closely
related Olfm1 or OIfm3 proteins expressed in HEK293 cells transiently transfected with
corresponding expression constructs. A polyclonal Olfm2 peptide antibody generated
against synthetic peptide RSLDARLRAADGSVSAKSF was reported previously (Sultana et
al., 2011).

B-gal enzymatic assay

Postnatal and adult brains and eyes from WT, OlIfm2 heterozygous and homozygous KO
mice were fixed for 30 minutes at 4°C in 4% paraformaldehyde (PFA) and washed in PBS
three times for 15 min. Coronal brain slices (100 um thick) were made using a vibratome
(Vibratome Leica VT 1000 S). Slices were incubated in stain buffer containing 5 mM
potassium ferricyanide, 5 mM potassium ferrocyanide, 1 mg/ml X-gal (Invitrogen) for 24—
72 h at 37°C. The reactions were stopped by washing in PBS three times for 10 min.
Sections were then mounted on slides, dried overnight, dehydrated through grades of
alcohol, and mounted. Sections from WT mice were used as control for -gal background
staining. Some sections were counterstained with Vector nuclear fast red stain (Vector
laboratories) for 5-10 min, washed for 10 min, dehydrated and mounted. Entire brains were
incubated in stain buffer for whole brain staining. For retinal whole mount staining, retinas
were incubated in stain buffer for 24-72 h, followed by PBS wash and flat mounting on
slides. For frozen eye sections, fixed stained eyes were equilibrated in 30% sucrose,
embedded in OCT compound (Electron Microscopy Sciences), 12 um frozen sections were
prepared, and counter stained with nuclear fast red stain.

Intraocular pressure measurements—IOP measurements in both the eyes of Olfm2
KO and WT littermates were measured using a handheld digital tonometer (Tonolab Icare,
Helsinki, Finland) in the morning. The average value of five consecutive measurements with
a deviation less the 5% was recorded.

Visual evoked potential (VEP) and electroretinogram (ERG)

Mice were anesthetized by an intraperitoneal injection of ketamine (100 mg/kg) and
xylazine (9 mg/kg). Pupils were dilated with 1% tropicamide and 2.5% phenylephrine. ERG
and VEP were recorded simultaneously using an Espion E2 electrophysiology system
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(Diagnosys, LLC MA, USA). Two subdermal needle electrodes were placed 2 mm lateral to
lambda on each side for VEP recording. Standard ERG were recorded on both eyes with a
gold wire loop electrode placed in the center of the cornea, a reference electrode placed in
the forehead, and a grounding electrode in the tail. White xenon flashes of 0.3-100 cd.s/m?
in white background were generated every 0.5 sec and responses were recorded
simultaneously for 0.3 sec after each stimulation. Results were averaged from 100 repetitive
responses.

Optic nerve morphological analysis

Animals were perfused transcardially with a fixative containing 2% PFA and 2%
glutaraldehyde. Optic nerves were carefully dissected and placed in a fixative overnight. The
nerve segments were washed three times in PBS, placed in 2% osmium tetroxide for 1 h,
washed with PBS, dehydrated in ethanol, and subsequently embedded in an epoxy resin. For
light microscopy 1 um thick semi thin cross sections were cut and stained with 1% toluidine
blue/paraphenylenediamine. For electron microscopy analysis, 80 nm thin sections were cut.
Total optic nerve cross-section area was measured using light microscopy pictures at 10x
magnification and cross-section images of axons were photographed at 2,200x or 4,000x
magnification.

Mouse behavioral tests

WT and homozygous 2-8 month-old OlIfm2-KO mice were used for behavioral analysis.
Animals of the same age were used for each behavioral test.

An Elevated Plus Maze Test (EMT) was carried out on five pairs of OIfm2-KO and WT
littermates with age ranging from 5 to 8 months. H10-35-EPM system (Coulbourn
Instruments, PA) was used as described previously (Lister, 1987, Park et al., 2005, Mead et
al., 2006). Briefly, each mouse was placed in the central area of the plus maze and was
allowed to explore different areas for 10 minutes. Each experiment was recorded using a
camera connected to a computer. The time spent in each area, the number of entries made
into different areas, and the latency to enter an open and closed area was calculated for each
animal. Marble burying behavior was also used to test the anxiety behavior of OIfm2-KO
and their WT littermates. Twenty green marbles were placed on the top of a 10 cm deep
flake bedding in a clear mouse cage. Each animal was placed individually in a cage and kept
there for 20 min. At the end of the test, marbles with more than 2/3 of their surface area
covered or completely hidden by the bedding were counted (Thomas et al., 2009).

General locomotive activity was measured in the open field test as described previously
(Basta-Kaim et al., 2011). Spontaneous locomotor activity was recorded by placing mice in
the middle of an arena (44.5 x 44.5 cm). The distance traveled in 10 min was monitored by
infrared beams using Auto-Track software (Columbus Instruments, Opto-Varimex 4).
Anxiety-like behavior was tested by placing mice in the arena described above that was
divided into light and dark compartments (44.5 x 22 cm each). The compartments were
connected by a small opening (10 x 10 cm). Mice were placed in the light compartment and
time that they spent in each compartment as well as the amount of entries into each
compartment was recorded using infrared beams during the 10 min test period.
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Coordinated motor activities were measured by a rotarod apparatus (Ugo-Basile, Varese,
Italy). Mice were placed on an accelerating rotating rod at 4 rpm. The speed of rotation was
gradually increased up to 40 rpm and the time until the mice fell to the floor was recorded.
Each animal was tested three times a day for three consecutive days and the mean values
were calculated.

Olfactory sensitivity of OlIfm2-KO and WT littermates was assessed as described previously
(Witt et al., 2009). Mice were individually habituated to the experimental environment by
placing them sequentially in three clean, empty cages for 15 min in each cage. After
habituation in the test cage, filter papers (5 x 5 cm) scented with either water or test odorant
were sequentially placed in a cage for 3 min with an interval of 1 min between each odorant.
Mouse behavior was recorded using a digital video camera. Exploratory time was measured
in sec and defined as the time when the mouse nose was < 1 mm from the filter paper.

Subcellular fractionation, Western blot and immunoprecipitation

The cerebral cortex and retina (n=5) were isolated from WT mice and were homogenized
followed by fractionation as described previously (Hallett et al., 2008). Briefly, for the
synaptic membrane fraction, the dissected cortex and retina were homogenized in an ice
cold buffer containing 320 mM sucrose, 10 mM Tris base, 5 mM NaF, 1mM NazgVOy, 1
mM EDTA, 1 mM EGTA, pH 7.4 supplemented with a protease inhibitor cocktail (Roche)
and centrifuged for 10 min at 800 g at 4°C. Supernatant (S1) was collected and centrifuged
for 15 min at 9,200 g at 4°C. The resultant pellet (P2) was re-suspended in a buffer
containing 35.6 mM sucrose, 10 mM Tris base, 5 mM NaF,1 mM NazVOy, 1 mM EDTA,
1mM EGTA, pH 7.4 supplemented with protease inhibitor cocktail, vortexed for 5-10 sec,
and incubated on ice for 30 min. The re-suspended P2 pellet was then centrifuged for 20 min
at 25,000 g at 4°C. Supernatant (LS1) was removed and the pellet (LP1) containing
synaptosomal membrane from the cortex and the retina were re-suspended after brief
washing. The LS1 and LP1 fractions were analyzed by Western blotting using antibodies
against OIfm2 (peptide polyclonal 1:500 dilution), Olfm1 (monoclonal 1:2000 dilution),
GluR2 (Millipore, 1:2000 dilution), PSD95 (Cell Signaling, 1:1000 dilution) and tubulin
(Promega, 1:1000 dilution). The cerebral cortex was isolated from OIfm2-KO (n=3) and WT
littermates (n=3) and was fractionated to get LP1 fraction as described above. The levels of
various synaptic proteins was analyzed using antibodies against Olfm2 (polyclonal 1:500
dilution), Olfm1 (monoclonal 1:2000 dilution), GIluR1, GIuR3 and CNIH2 (Synaptic
Systems, 1:2000 dilution), GluR4, GluR2, pGluR2 and synaptophysin (Millipore, 1:2000
dilution), PSD95, PKCa (Cell Signaling, 1:1000 dilution), synaptogyrin3 (Abcam 1:1000)
and tubulin (Promega, 1:1000 dilution). For co-immunopreciptation experiments, the LP1
fractions from Olfm2 KO, and Olfm1 mutant along with WT littermates were used. Briefly,
the LP1 fractions were first treated with protein G at 4°C for 3 h to reduce the background
followed by centrifugation to pellet the agarose G beads. The supernatant LP1 fraction was
then incubated for 1 h with 0.5 pg of polyclonal antibodies against Olfm1, GIuR2
(Millipore) or control IgG at 4°C. 50 pl of homogeneous protein G beads suspension
blocked with 0.05% BSA was added to the mixture and incubated overnight at 4°C on a
rotator. Protein G beads were collected by centrifugation, washed three times with lysis
buffer and bound proteins were eluted and analyzed by Western blotting using antibodies
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against Olfm2 (1:500 dilution), GIuR2 (1:2000 dilution), CNIH2 (1:2000), PSD95 (1:1000),
and Olfm1 (monoclonal,1:2000 dilution).

Statistical analysis

Results

Data from various experiments were analyzed using a student’s unpaired t test.

Targeted deletion of Olfm2

To gain insight into possible functions of the OlIfm2 gene, we produced Olfm2-KO mice
through homologous recombination in ES cells. The mouse Olfm2 gene has 6 exons with the
translation initiation site located in exon 1. We generated a targeting vector by replacing
exon 2-6 of the OIfm2 gene with the LacZ reporter gene and the neo-selection cassette
flanked by the loxP sites (Fig. 1A). PCR analysis and southern blots (Fig. 1B) were used to
select ES clones with an accurate site-specific recombination. Two correctly recombined R1
ES clones were injected into mouse blastocysts to obtain chimeric mice, which were then
backcrossed with C57BL/6 females to obtain F1 mice with germline transmission of the KO
allele. One line was selected for further analysis. A single genotyping PCR assay was
performed to detect the presence of the WT allele (280bp) and the KO allele (744bp) (Fig.
1C). F1 mice were mated to homozygosity to produce Olfm2-KO mice (Olfm2-KOL3¢2) that
lacked OlIfm2 mRNA transcripts as analyzed by Q-PCR. Olfm2-KOLa°Z homozygous mice
were crossed with the ZP3-cre line, a female germline cell specific Cre line (Lewandoski et
al., 1997), to eliminate the neo-selection cassette. Olfm2-KOL-2¢Z mice had normal life span
and didn’t show gross phenotypic defects. No postnatal lethality was observed (Fig. 1D) and
no difference was found in the body weight between OIfm2-KO2°Z mice and their WT
littermates (Fig. 1E).

OIfm2 expression in neuronal tissues

Olfm2-KOL3Z mice were used to study the expression of OIfm2 in the brain and eye. Whole
brain and its coronal vibrotome sections from P1, P5, P13 and adult Olfm2-KOL2¢Z mice and
their WT littermates were stained for a p-gal activity. Expression of Olfm2 was detected in
the developing cortex at P1 (not shown) and increased by P5. At P5, expression was mainly
localized to motor cortex, primary visual area, and primary somatosensory area (Fig. 2A-B)
on the dorsal side of the brain. The ventral side of the brain showed expression of Olfm2 in
the anterior olfactory nucleus, piriform cortex, and pontine nucleus (Fig. 2C). Vibratome
sections of the P5 mouse olfactory bulb showed OIfm2 expression in the glomerular layer,
mitral cell layer, and accessory olfactory bulb (Fig. 2D). Strong expression of Olfm2 was
also detected in the piriform cortex and olfactory trabeculae (Fig. 2E-F). Olfm2 pattern of
expression in the adult brain was similar to that at P5. OIfm2 was expressed mainly in the
motor cortex (M1), primary visual area (V1), and primary somatosensory area (S1). In
addition, expression of Olfm2 was also detected in the superior and inferior colliculus (Fig.
2G). Vibratome sections of the adult brain showed Olfm2 expression in the glomerular layer
(GL), mitral cell layer (MCL), and anterior olfactory nucleus (AON) (Fig. 2H). In the adult
cortex, expression was mainly detected in layers 11-1V (Fig. 21). In the eye, Olfm2 was
expressed in the differentiating and adult retinal ganglion cells (RGCs) (Fig. 3A-F). Olfm2
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expression level in RGCs was stronger at early postnatal stages than in adults. At embryonic
day 18.5, the earliest developmental stage tested, low level of OlIfm2 expression was also
detected in the optic nerve (data not shown). In general, pattern of Olfm2 expression in the
brain and eye was very similar to that for Olfml (Nakaya et al., 2013).

Functional and morphological changes in the eyes of Olfm2-KOL2¢Z mice

Since a mutation in the OLFM2 gene was found to be associated with primary open-angle
glaucoma in Japanese patients (Funayama et al., 2006), we analyzed functional and
morphological changes in the eyes of Olfm2-KO¢Z animals. First, we measured intraocular
pressure in 2—-8 month-old mice. No differences were found between Olfm-KOL3¢Z and their
WT littermates (data not shown).

To assess functional changes, we performed simultaneous ERG and VEP recordings using 5
pairs of 8-12 month-old WT and OIfm2-KOLa%Z Jittermates. For photopic ERG, there are no
differences in b-wave amplitudes and peak time for responses recorded from Olfm2-KOLacZ
compared with WT littermates (Fig. 4C, D). However, VEP recording showed a significant
reduction in the amplitude of the first negative wave (nl), the primary wave at the visual
cortex evoked by an illuminative input to the eyes, in Olfm2-KOL3¢Z as compared with their
WT littermates (Fig. 4A, B). No differences in the peak times for the n1 wave were detected
between OIfm2-KOM3¢Z and WT littermates (Fig. 4A, B).

To assess whether the number of axons, axon degeneration and myelination are affected by
the loss of OIfm2, we compared optic nerves of Olfm2-KOL-2¢Z and WT littermates. Analysis
of semithin sections of the optic nerve from 8 month-old animals showed a slight reduction
(about 8%) in the total number of axons in OIfm2-KOM3°Z mice as compared with WT
littermates (Fig. 4E). Whole mount staining of the retina with Brn3 and NeuN antibodies
also showed a slight reduction in the number of RGCs (Fig. 4F). However, these differences
were not statistically significant in either case (p =0.19 and 0.065, respectively). No
significant differences in the number of axons between WT and Olfm2-KOL3¢Z animals
were detected when transverse sections of the optic nerve were analyzed by electron
microscopy (Fig. 4E). However, myelin sheath looked less compact in Olfm2-KOL3¢Z than
in WT littermates at higher magnification (Fig. 4G). We concluded that functional changes
detected in the eyes in OIfm2-KON2°Z mice occurred without gross morphological changes
in their eyes as compared with WT littermates.

Mouse behavioral tests

Our previous results demonstrated that a deletion in the Olfm1 gene encoding 52 amino
acids in the central part of the protein molecule leads to changes in behavior and social
activity (Nakaya et al., 2013). Therefore, we performed several behavioral tests using
Olfm2-KOM3¢Z and their WT littermates. The anxiety of KO mice was first tested in an
elevated plus maze. Five pairs of KO and WT littermates ranging in age from 5 to 8 months
were used in this test. Olfm2-KOL2¢Z animals spent more time on the open arms of the maze
and made more entries into the open arms as compared with their WT littermates but these
differences were not statistically significant (Fig. 5A, B). Anxiety behavior was also
analyzed using the marble-burying test. This test showed no difference between Olfm2-
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KOLaZ and WT littermates (not shown). The open field test was used to measure
locomotion and anxiety related behavior in 9 WT and 8 OIfm2-KOL2°Z animals ranging in
age from 2 to 8 months. Olfm2-KOM3¢Z mice spent test time preferentially in the light area,
while their WT littermates spent test time preferentially in the dark area (Fig. 5C). Distance
traveled by OIfm2-KOM2Z mice in the dark and light compartment and the total distance
during 10 minutes of test duration was significantly reduced as compared with their WT
littermates (Fig. 5D, E). A decrease in the rearing frequency along with decreased rearing
intervals was also found in OIfm2-KOM-3¢Z animals as compared with their WT littermates
(Fig. 5F, G). To analyze a motor coordination, we performed a rotarod test at three
consecutive days. Olfm2-KOL2¢Z showed a reduced motor coordination compared with their
WT littermates at time points tested but it reached statistically significant values only at day
2 (Fig. 5H). Finally, we examined the olfactory functions of Olfm2-KOL2¢Z mice and their
WT littermates by a simple smell test. Olfm2-KOLa°Z mice spent significantly less time
exploring social odors (urine and cage wipe) as compared with their WT littermates. OIfm2-
KOLacZ mice also showed a slight decrease in the exploratory time with peanut butter but
this decrease was not statistically significant (Fig. 51). We concluded that Olfm2-KQLa¢Z
mice, similar to Olfm1 mutant mice, showed reduced levels of exploratory and locomotor
activities as well as changes in the olfactory functions. In addition, Olfm2-KOL°Z mice
showed reduced motor coordination on the rotarod test which did not reach statistically
significant values for Olfm1 mutant mice (Nakaya et al., 2013). Similar behavioral changes
in the OIfm1 mutant and Olfm2 KO mice might suggest that these proteins play similar roles
in behavior control.

Co-localization of OIfm2 protein with the AMPA receptor in the synaptosomal membrane
fraction and its interaction with GIuR2

Olfm1 and OIfm2 are able to form heterodimers and available data suggest that they may
perform similar functions (Sultana et al., 2011). Shotgun analysis of proteins constituting the
AMPAR complexes demonstrated that OIfm1 and Olfm2 are the components of these
complexes (Schwenk et al., 2012, Shanks et al., 2012). Our results also confirmed that
OIfm1 interacts with the AMPAR complexes (Nakaya et al., 2013). Since details of Olfm2
interaction with AMPAR are not known, we tested how a deletion of Olfm2 may affect the
composition of the AMPAR complex.

It has been shown that the GIuR1-4 subunits of the AMPAR complex are located in the light
membrane and crude and pure synaptic membrane fractions (P3, P2 and LP1, respectively)
upon biochemical fractionation (Lee et al., 2001, Hallett et al., 2008). Subcellular
fractionation of the cortex and retina demonstrated that Olfm2 and Olfm1, similar to GIuR2,
co-purified with synaptic marker PSD95 in LP1 (Fig. 6A). The loss of OIfm2 results in
increased levels of Olfm1, GIuR2 and GIuR3 and decreased level of CNIH2 in the LP1
fraction from the cortex of 4 month-old OIfm2-KOL2Z KO mice as compared with WT
littermates (Fig. 6B, C). No significant differences in the levels of GIuR1, pGluR2, GluR4,
PSD95, synaptophysin, synaptogyrin3, and PRCa were detected.

The LP1 fractions from cortex lysates of Olfm2-KOL2°Z and WT mice was used for
immunoprecipitation with antibodies against GluR2, the major subunit of AMPAR in the
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cortex, and immunoprecipitates were probed with antibodies against Olfm2, Olfm1, PSD95,
CNIH2, GIuR2 and GIuR4. The results of immunoprecipitation confirmed that Olfm2
interacts with AMPAR. They also demonstrated increased level of GIuR2 and reduced levels
of Olfm1, PSD95, and CNIH2 in the AMPA receptor complex of Olfm2-KOL2¢Z as
compared with WT mice (Fig. 6D, E). The antibodies against Olfm2 were not efficient in
immunoprecipitation experiments and hence we were not able to perform reciprocal
immunoprecipitation. However, the GIuR2 subunit could be efficiently immunoprecipitated
from lysates of HEK293 cells co-transfected with FLAG-tagged Olfm2 and GFP-tagged
GIuR2 (not shown). When polyclonal rabbit antibodies against Olfm1 were used for
immunoprecipitation, the level of GIuUR2 was reduced in immunoprecipitates from the LP1
fraction of the cortex of OIfm2-KOL2°Z mice as compared with their WT littermates (Fig.
6F). Olfm1 and OIfm2 are able to form heterodimers (Sultana et al., 2011) and results of
immunoprecipitation from the LP1 fraction suggest that heterodimers of Olfm1 and Olfm2
interacts with AMPAR more efficiently than Olfm1 or Olfm2 homodimers. We also
concluded that a relative abundance of several proteins is different in the AMPAR
complexes of Olfm2-KOL2¢Z and WT mice.

Discussion

OIfm2 is one of the most conserved members of the family of olfactomedin domain-
containing proteins showing 96% identity in the amino acid sequence between human and
mouse. Although the functions of olfactomedin domain-containing proteins are not well
understood, it is now well established that mutations in genes encoding some of them may
lead to human pathologies. So, mutations in the MYOCILIN (MYOC) gene may lead to
juvenile primary open and adult onset glaucoma (Adam et al., 1997, Stone et al., 1997).
Mutations in the LPHNZ2 gene may be drivers of lung cancer tumorigenesis (Zheng et al.,
2013), while mutations in the LPHN3 gene were associated with attention-deficit/
hyperactivity disorder (Arcos-Burgos et al., 2010). Mutations in OLFM2 leading to R144Q
and T86M changes in the amino acid sequence were implicated in open-angle glaucoma in
Japanese patients (Funayama et al., 2006) and colorectal cancer (Wood et al., 2007),
respectively.

In the present study, we investigated effects of the Olfm2 null mutation and demonstrated
that OIfm2-KOLa°Z mice did not show gross phenotypic defects and had normal life span.
The absence of significant phenotypical changes has been also reported for several null
mutations in other genes encoding olfactomedin domain-containing proteins. So far, Olfm4
KO mice showed normal development, fertility, and viability but demonstrated significantly
lower H. pylori colonization in the gastric mucosa relative to wild-type littermates (Liu et
al., 2010). OIfmi3 null mutation in mice did not produce a clear phenotype and the
homozygous mutants were born normal and fertile (Ikeya et al., 2005). Lphn1 null were
fertile and survived for more than 1 year. The only abnormality observed was that female
KO mice were less able to attend to litters than WT mice (Tobaben et al., 2002). Finally,
although Myoc null mice demonstrated defects in myelination of sciatic and optic nerves
(Kwon et al., 2013a, Kwon et al., 2014) and reduced cortical bone thickness and trabecular
volume compared with wild-type mice (Kwon et al., 2013b), these mice did not develop
glaucoma (Kim et al., 2001). Similarly, it has been reported that elderly woman homozygous
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for the Arg46Stop mutation in myocilin did not develop glaucoma (Lam et al., 2000).
Altogether, these data may suggest that functions of olfactomedin domain-proteins are
dispensable or compensated by other redundant members of the family. In the case of
OIfm2, Olfm1 or OlIfm3 may represent such redundant members. These three proteins
belong to the same subfamily I, show an overlapping expression pattern and the highest
identity to each other compared with other family members. Indeed, our preliminary data
show that OIfm2 null mice that are also homozygous for the Olfm1 mutation with a deletion
of 52 amino acids in the central part of the protein molecule (Nakaya et al., 2013) have more
severe phenotype than OIfm2 or Olfm1 single mutants and most double mutant mice die
within one day after birth (Sultana et al., in preparation). It should be mentioned that
knockdown of olfm2 expression in zebrafish using morpholino oligonucleotides leads to
more pronounced defects than OlIfm2 null mutation in mice. Interference with olfm2
expression resulted in impaired development of branchiomator neurons, specific disruption
of the late phase branchiomotor axon guidance, and affected development of the caudal
pharyngeal arches, olfactory pits, eyes and optic tectum (Lee et al., 2008). These
discrepancies in morphological defects between mice and zebrafish could be explained by
species differences. Another explanation is that there are more and more examples in
literature that morpholino oligonucleotide injection produce more pronounced phenotype
than genetic knockout within the same species (zebrafish) (Eisen and Smith, 2008),
indicating that morpholino injection may lead to additional unspecific effects even when
multiple controls are included.

Although OIfm2-KOL3¢Z did not show gross defects, OIfm2 expression in the eye and brain
stimulated a more careful investigation of potential ocular and behavioral abnormalities.
Olfm2-KOL3Z had normal intraocular pressure. However, OIfm2-KOL°Z mice
demonstrated a slight decrease in the number of RGCs and changes in the compactness of
myelin sheath. Loss of RGCs may lead to changes in synaptic connectivity resulting in a
decrease in the amplitude on a VEP test. Indeed, OIfm2-KOL3¢Z showed a decrease in the
first negative wave amplitude as compared with their WT littermates using a VEP test (Fig.
4A-B). A similar decrease in the first wave amplitude has been reported in a DBA/2J
glaucomatous mouse model and in an OPA1-associated autosomal dominant optic atrophy
model (Heiduschka et al., 2010, Sullivan et al., 2011). Slight reduction of the compactness
of myelin sheath was not sufficient to change the peak time of the VEP response. VEP
characterizes electrical response of the visual cortex to a visual stimulus and depends upon
functionally intact visual pathway from the retina to primary visual cortex. Since OIfm2 is
expressed in the visual cortex, changes in the visual cortex as a result of OIfm2 KO also may
contribute to the observed changes in the VEP amplitude.

Olfm2-KOM2¢Z mice showed moderate behavioral changes that were less pronounced than
the ones observed in mice expressing mutated Olfm1 with a deletion of 52 amino acids in
the central part of the protein molecule (Nakaya et al., 2013). This could be due to the fact
that the level of OIfml expression is significantly higher than the level of Olfm2 expression
in both the eye and brain (Sultana et al., 2011). In addition, Olfm1 mutant may act as a
dominant negative mutant leading to a more severe phenotype. Olfm2-KOL3°Z mice
demonstrated abnormal anxiety in open field and elevated maze tests spending more time in
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the light compartment or open arm area, respectively. Olfm2-KOL3Z mice also showed
reduced locomotion as judged by open field and rotarod tests compared with their WT
littermates.

OIfm2 KO leads to the elevation of OIfm1 level in the LP1 fraction from the cortex of
Olfm2-KO2¢Z as compared with WT mice supporting the idea of a mutual compensatory
role of olfactomedin domain-containing proteins. In addition, the levels of GIuR2 and
GIluR3 were increased while the level of CNIH2 was decreased in the LP1 fraction of OIfm2
KO as compared with WT mice. At the same time, the level of OIfm1 was reduced in the
AMPAR complexes isolated from the LP1 fraction of Olfm2 KO mice by
immunoprecipitation with antibodies against GIuR2 as compared with WT samples.
Similarly, the level of OlIfm2 was slightly reduced in the AMPAR complexes of the mouse
cortex expressing mutated Olfm1 with a deletion in the central part as compared with WT
samples (Sultana et al., in preparation). These data suggests that heterodimers of Olfm1 and
OIfm2 interact more efficiently with AMPAR than homodimers of Olfm1 or Olfm2.
Immunoprecipitation from the LP1 fraction of Olfm2 KO mice cortex also showed reduced
interaction of GIuR2 with PSD95 and CNIH2 as compared with WT mice. Although it has
been shown that properties of the AMPAR complexes may be affected by the composition
of complexes, we still do not know how electrophysiological properties of these complexes
are modified by the interaction with Olfm1 and OIfm2 heterodimers. Nevertheless our data
suggest that Olfm2, as well as Olfm1, affect the composition of the AMPAR complexes at
least in the cortex and may play an important role at the synapses and in synapse-related
functions.
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Olfm2 olfactomedin 2
Olfm2-KO Olfm2 knockout

B-gal [-galactosidase

PFA paraformaldehyde
Q-PCR guantitative RT-PCR
RGC retinal ganglion cell
VEP visual evoked potential
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Fig. 1.
Generation of OIfm2-KOL2°Z mice. A. The gene targeting strategy of the mouse OIfm2 gene.

The OIfm2 gene consists of 6 exons shown as filled boxes. Exons 2—6 were replaced with
the LacZ and PGK neo cassette using homologous recombination. Black triangles in the
target vector and OIfm2-KO allele correspond to the loxP sites. B. Southern blot analysis of
positive ES clones (2H, 2G, 2B) and WT control. Genomic DNA was cleaved with the Scal
restriction endonuclease and tested with the 5’-flanking probe. Restriction fragments of 9.3
kb and 15.5 kb correspond to WT and KO alleles, respectively. C. PCR genotyping of wild-
type (+/+), heterozygous (+/-) and homozygous (-/-) Olfm2-KOM-3¢Z mice. D. Expected and
observed frequencies of mice surviving until weaning at 3 weeks after mating heterozygous
Olfm2-KOL3¢Z mice. E. Body weight of WT, heterozygous, and homozygous Olfm2-
KOLacZ animals at different postnatal ages.
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Fig. 2.
Olfm2 expression in the brain as seen by X-gal staining. A-C. Whole mount X-gal staining

of P5 WT and homozygous Olfm2-KOL3°Z mouse brain shown from dorsal (A-B) and
ventral (C) sides. The arrowheads in B mark the expression in the motor cortex (M1),
somatosensory cortex (S1), and visual cortex (V1). On the ventral side (C), expression is
mainly seen in the accessory olfactory nuclei (AON) and piriform cortex. D. Section of the
P5 olfactory bulb showing the expression in the glomeruli (GL), mitral layer (ML), and
accessory olfactory bulb (AOB). E. Section of the P5 developing cortex showing expression
in the piriform cortex (Pi CX) and olfactory trabeculae (Tu). F. Higher magnification of
expression seen in the piriform cortex. G. OIfm2 expression in the brain of adult
heterozygous and homozygous Olfm2-KOM3¢Z mice. The arrowheads indicate the expression
in the motor cortex (M1), somatosensory cortex (S1), and visual cortex (V1). H. Coronal
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section of the adult olfactory bulb showing Olfm2 expression in the glomeruli (GL), mitral
layer (ML), and anterior olfactory nuclei (AON). I. Coronal section of the adult cortex
showing OIfm2 expression in cortical layers 1, I1l and weak expression extending into layer
IV. Scale bars: 1 mm in A—-C, 200 um in D-E, 100 um in F, H-I, and 2 mm in G.
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Fig. 3.
Expression of OlIfm2 in the eye as seen by X-gal staining. A. X-gal staining of developing

eye at embryonic day 18. The section was counter stained with nuclear fast red stain.
Expression at this stage is seen in differentiating RGCs marked by arrow. B. Section of the
P13 mouse eye. OIfm2 expression was detected mainly in the RGC layer (arrow). C. Whole
mount X-gal staining of adult retina. D. Higher magnification of the area that was boxed in
C. E. Section of adult retina. OIfm2 expression was detected in the RGC layer (arrow). F.
Section as in E was counter stained with nuclear fast red stain. Scale bars: 50 pm in A, D, E
and F; 200 um in B and C.
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Fig. 4.

Functional changes in the eye OIfm2-KOM-3¢Z mice. A-B. The first negative wave amplitude
(A) and peak time (B) of VEP recorded using Olfm2-KOM2¢Z and WT littermates. C-D. The
b-wave amplitude (C) and peak time (D) of photopic ERG recorded using Olfm2-KQLacZ
and WT littermates. Five pairs of animals were analyzed for each test (*p<0.05; **p<0.01).
(E) The axon number in the optic nerve of 8 month-old OIfm2-KOM2Z and WT littermates (n
= 3). Semithin sections of the optic nerve were used for axon counting. F. Changes in the
relative amount of Brn3 and NeuN positive RGCs in 8 month-old OIfm2 KO -2 compared
with their WT littermates as detected by whole mount retinal staining. G. Electron
micrographs of the optic nerve cross sections from WT and Olfm2-KOL3¢Z mice. Typical
images are shown. Arrow shows a reduced compactness of myelin in Olfm2-KO2°Z mice
showed as compared with their WT littermates. Upper panels Scale bars: 2 um for the upper
panels and 500 nm for the lower panels.
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Fig. 5.

Olfm2-KOL3Z mice exhibit locomotor and anxiety-related behavioral abnormalities. A. The
elevated plus-maze test. Time spent in each area was measured during 10 min. n =5 for each
group. B. The number of entries into different arms of maze was measured during 10 min.
C. Time spent in the light and dark compartments during 10 min are shown. Only mice that
moved more than 100 cm in the open field test were selected for this test. n = 9 for WT and
n = 8 for Olfm2-KOL3Z, D-E. Average distance traveled in 10 min by WT (n = 9) and
Olfm2-KOM2¢Z (n = 8) in the light and dark compartments (D) as well as combined distance
in both compartments (E). F-G. Rearing interval and frequency by WT and Olfm2-KOLa¢Z
mice during 10 minutes of test duration. H. The rotarod test. Average time during which WT
(n = 6) and OIfm2-KOL3¢Z (n = 6) littermates stayed on the rotating rod. The test was
repeated for three consecutive days. I. Olfactory sensitivity test. WT mice (n=8) spent more
time than their Olfm2-KOLa%Z |ittermates (n = 7) exploring social odors (urine and cage
wipe) (*p<0.05; **p<0.01).
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Fig. 6.
Co-localization and interaction of OIfm2 and Olfm1 with GIuR2 in the synaptic membrane

fraction (LP1). A. Biochemical fractionation of the cortex and retina showing co-purification
of Olfm1, OlIfm2, GIuR2, and PSD95 with the LP1 fraction but not with the synaptic cytosol
fraction (LS1). B. Western blots of the LP1 fraction from the cortex of WT and OIfm2-
KOLacZ mice. C. Quantification of 3 independent experiments as in B. The levels of Olfm1,
GluR2 and GIuR3 were significantly increased while the level of CNIH2 was significantly
decreased in OlIfm2 KO as compared with WT samples. D. Co-immunoprecipitation of
Olfm1, Olfm2, PSD95 with GIuR2. Protein complexes were precipitated from the LP1
fraction of WT and OIfm2-KOL2¢Z mouse cortex with anti-GluR2 antibody and analyzed by
Western blot using indicated antibodies. Precipitation from WT cortex lysate with normal
mouse 1gG was used as a negative control. E. Quantification of 3 independent experiments
as in D. F. Co-immunoprecipitation of GIuR2 and Olfm2 with Olfm1. Protein complexes
were precipitated from WT and Olfm2-KOLacZ |_P1 fractions of the mouse cortex with anti-
Olfm1 antibody and analyzed by Western blot using indicated antibodies. Precipitation from
WT cortex lysate with normal rabbit 1gG was used as a negative control. (*p<0.05;
**p<0.01; ***p<0.001)
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