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Development/Plasticity/Repair

A Subtype of Olfactory Bulb Interneurons Is Required for
Odor Detection and Discrimination Behaviors
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Neural circuits that undergo reorganization by newborn interneurons in the olfactory bulb (OB) are necessary for odor detection and
discrimination, olfactory memory, and innate olfactory responses, including predator avoidance and sexual behaviors. The OB possesses
many interneurons, including various types of granule cells (GCs); however, the contribution that each type of interneuron makes to
olfactory behavioral control remains unknown. Here, we investigated the in vivo functional role of oncofetal trophoblast glycoprotein
5T4, aregulator for dendritic arborization of 5T4-expressing GCs (5T4 GCs), the level of which is reduced in the OB of 5T4 knock-out (KO)
mice. Electrophysiological recordings with acute OB slices indicated that external tufted cells (ETCs) can be divided into two types,
bursting and nonbursting. Optogenetic stimulation of 5T4 GCs revealed their connection to both bursting and nonbursting ETCs, as well
as to mitral cells (MCs). Interestingly, nonbursting ETCs received fewer inhibitory inputs from GCs in 574 KO mice than from those in
wild-type (WT) mice, whereas bursting ETCs and MCs received similar inputs in both mice. Furthermore, 5T4 GCs received significantly
fewer excitatory inputs in 574 KO mice. Remarkably, in olfactory behavior tests, 574 KO mice had higher odor detection thresholds than
the WT, as well as defects in odor discrimination learning. Therefore, the loss of 5T4 attenuates inhibitory inputs from 5T4 GCs to
nonbursting ETCs and excitatory inputs to 5T4 GCs, contributing to disturbances in olfactory behavior. Our novel findings suggest that,
among the various types of OB interneurons, the 5T4 GC subtype is required for odor detection and discrimination behaviors.
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Neuronal circuits in the brain include glutamatergic principal neurons and GABAergic interneurons. Although the latter is a
minority cell type, they are vital for normal brain function because they regulate the activity of principal neurons. If interneuron
function is impaired, brain function may be damaged, leading to behavior disorder. The olfactory bulb (OB) possesses various
types of interneurons, including granule cells (GCs); however, the contribution that each type of interneuron makes to the control
of olfactory behavior remains unknown. Here, we analyzed electrophysiologically and behaviorally the function of oncofetal
trophoblast glycoprotein 5T4, a regulator for dendritic branching in OB GCs. We found that, among the various types of OB
interneuron, the 5T4 GC subtype is required for odor detection and odor discrimination behaviors. j

ignificance Statement

Introduction
Sensory experience plays a crucial role in the development and
plastic modification of neural circuits in vertebrates (Sanes and
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2011). Olfactory sensory neurons project their axons to specific
glomeruli in the olfactory bulb (OB) and can subsequently acti-
vate a specific neural circuit locally, facilitating dendritic devel-
opment in interneurons via mitral cells (MCs) and tufted cells
(TCs) within the OB (Mori and Sakano, 2011; Lepousez et al.,
2013). OB interneurons are generated in the subventricular zone
(SVZ) of the lateral ventricle (LV), migrate along the rostral mi-
gratory stream, and differentiate into GABA-releasing inhibitory
interneurons such as granule cells (GCs) and periglomerular cells
(PGCs) in the OB throughout life (Lledo et al., 2008; Whitman
and Greer, 2009; Adam and Mizrahi, 2010; Kaneko et al., 2010;
Sakamoto et al., 2011). Interestingly, adult-born OB interneu-
rons are required for odor detection, odor discrimination, olfac-
tory memory, and innate olfactory responses, including predator
avoidance and sexual behaviors (Breton-Provencher et al., 2009;
Sakamoto et al., 2011, 2014; Alonso et al., 2012; Nunes et al.,
2015). Odor-evoked activity affects the survival and integration
of newborn OB interneurons in preexisting neural circuits
(Rochefort et al., 2002; Yamaguchi and Mori, 2005; Lin et al.,
2010). Moreover, olfactory sensory deprivation and odor-rich
environments can promote the suppression and acceleration, re-
spectively, of dendritic morphogenesis and spinogenesis of
newborn OB interneurons (Saghatelyan et al., 2005; Livneh et al.,
2009). Importantly, among various OB interneurons, GCs are the
largest population and are subdivided into several subtypes based
on their morphology and cell lineage (Orona et al., 1983; Shep-
herd et al., 2004; Merkle et al., 2014); however, the functional
specificity that distinguishes each GC subtype remains poorly
understood because of the difficulty in genetically manipulating
each OB interneuron subtype alone.

Oncofetal trophoblast glycoprotein 5T4 was first identified
in cancer cells (Hole and Stern, 1990). It is expressed at a low
level in most normal tissues (Southall et al., 1990), except for
the brain and ovary (King et al., 1999; Barrow et al., 2005). We
recently identified the 574 gene, which is expressed in a
unique subtype of OB GCs, termed 5T4 GCs, located in the
MC and superficial GC layers (Imamura et al., 2006; Yoshihara
et al., 2012). 5T4 regulates the dendritic arborization of 5T4
GCs in a sensory-input-dependent manner (Yoshihara et al.,
2012). In this study, we performed electrophysiological and
behavioral analyses to understand the in vivo functional role of
5T4 protein in OB GCs. Electrophysiological recordings with
acute OB slices indicated that external tufted cells (ETCs) can
be divided into two types, bursting and nonbursting. Photo-
stimulation of channelrhodopsin2 (ChR2)-expressing 5T4 GCs
revealed their connection to both bursting and nonbursting
ETCs, as well as to MCs. Interestingly, in 574 knock-out (KO)
mice, nonbursting ETCs showed smaller GABAergic inputs
evoked by activation of their interacting GCs than in wild-type
(WT) mice, whereas bursting ETCs and MCs received
similar GABAergic inputs in 574 KO and WT mice. Notably,
5T4 KO mice, which had less 5T4 GC dendritic branching
than WT mice, showed remarkably higher odor detection
thresholds and defects in odor discrimination learning;
nevertheless, they were able to detect an odor of interest in the
absence of a background odor in both food finding and odor
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discrimination learning tests. These results suggest that 5T4
GC is required for odor detection and odor discrimination
behaviors.

Materials and Methods

Animals. A 5T4 KO mouse line was generated as described previously
(Southgate et al., 2010; RRID:MGI:4459403). The cells were then used to
produce chimeric mice and germline progeny; 574 heterozygous mice
(5T4™' 7) were backcrossed to the C57BL/6 background. The 574 ho-
mozygous null (574 /) C57BL/6 animals are viable, but adult animals
show some structural disorganization within the brain and exhibit a high
frequency of hydrocephalus (Southgate et al., 2010). We used 574/~
male mice for all behavioral tests. Ai32 [Rosa26-ChR2-enhanced yellow
fluorescent protein (EYFP)] reporter mice, conditionally producing an
improved ChR2-EYFP fusion protein, have been described previously
(Madisen et al., 2012; RRID:IMSR_JAX:012569).

Generation and injection of lentiviral vectors. Lentiviral vectors were pro-
vided kindly by Dr. Nienhuis (St. Jude Children’s Research Hospital). Re-
combinant lentiviral vectors, harboring the 574 promoter (6 kb)-driven
gapEYFP (5T4p-gapEYFP) and 5T4p-Cre constructs, and the cytomegalovirus
(CMV) promoter-driven gapEYFP (CMVp-gapEYFP) construct, were pre-
pared as described previously (Torashima et al., 2006; Yoshihara etal., 2012).
For 574 knock-down (KD) experiments, three sets of short hairpin RNAs
(shRNAs) targeting the 574 gene were prepared as described previously
(Yoshihara et al., 2012). As a negative control in the KD experiments, the
following three sets of scramble shRNAs were used: scramble sh1, GGTA
CATATAGCATCTAGATTCAAGAGATCTAGATGCTATATGTACC
CTTTTTT; scramble sh2, GATCTGATTCTATGTGTCTTATTCAAGAGA
TAAGACACATAGAATCAGATCTTTTT; and scramble sh3, GCTAC
TATGCTACTAGTATTATTCAAGAGATAATACTAGTAGCATAGTA
GCTTTTT. Neonatal mice at postnatal day 1 (P1) to P3 were anesthetized
with ice and then 0.5 ul of lentiviral vector was injected into the LV using an
Injection Pump KDS 310 (KD Scientific). The lentivirus titers were adjusted
02.0 X 10* TU/ml.

Immunohistochemistry (IHC). IHC of mouse OB sections was per-
formed as described previously (Yoshihara et al., 2005, 2012, 2014) using
the following antibodies: rabbit anti-GFP antibody (1:1000; Thermo
Fisher Scientific catalog #A-11122, RRID:AB_2576216); sheep anti-5T4
antibody (1:1000; R&D Systems catalog #AF5049, RRID:AB_2272148);
chicken anti-LacZ antibody (1:1000; Abcam catalog #ab9361, RRID:
AB_307210); rabbit anti-cholecystokinin (CCK8) antibody (1:1000;
Sigma-Aldrich catalog #C2581, RRID:AB_258806); mouse anti-PGP9.5
antibody (1:100; Abcam catalog #ab8189, RRID:AB_306343); and rat
anti-BrdU antibody (1:1000; Abcam catalog #ab6326, RRID:
AB_305426). DyLight 488-, DyLight 549-, and DyLight 649-conjugated
secondary antibodies were purchased from Jackson ImmunoResearch.
DAPI nuclear counterstaining was performed on all OB sections. Images
were acquired using an IX71 microscope (Olympus) equipped with a
CCD camera DP30BW (Olympus) or a confocal laser microscope
(FV1000-D; Olympus). Stacked images in the X—Y plane from individual
thin-sectioned slices were superimposed using Adobe Photoshop to re-
veal the entire morphology of the cells.

In situ hybridization (ISH). Single and double ISH procedures were
performed as described previously (Tsuboi et al., 1999; Serizawa et al.,
2006; Yoshihara et al., 2012). The coding regions of 574 (434-1714 nt;
GenBank no. NM_001164792.1) and cFos (301-1500 nt; GenBank no.
NM_010234.2) were used as templates for digoxigenin- or fluorescein-
labeled RNA probes (Roche Diagnostics).

BrdU labeling and detection. To determine the number of newly gen-
erated cells, a marker of cell proliferation, BrdU (10 mg/ml; Nacalai
Tesque) was administered intraperitoneally (100 ug/g of body weight
dissolved in PBS). After 14 d, the BrdU-labeled cells were detected as
described previously (Ishii et al., 2004).

Golgi—Cox staining. The Golgi—Cox method was used to stain neurons
as described previously (Ranjan et al., 2010). The following criteria were
used for identification of each cell type. ETCs were identified based on (1)
their location between the glomerular layer (GL) and external plexiform
layer (EPL), (2) their larger cell body compared with that of interneurons
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(>20 wm), and (3) the elongation of their axons to the deeper EPL
(Shepherd etal., 2004). MCs were identified based on (1) their location in
the MCL, (2) their larger cell body compared with that of the GCs
(>20 um), and (3) the elongation of their axons to the internal plexiform
layer.

Acute slice preparation. Mice at 4—6 weeks of age (P28-P42) were
anesthetized with isoflurane and decapitated. The brain was removed
and rapidly immersed in ice-cold solution containing the following
(in mm): sucrose 230, KCl 2.5, NaHCO, 25, NaH,PO, 1.25, CaCl, 0.5,
MgSO, 10, and p-glucose 10 bubbled with 95% O,/5% CO,. Slices were
cut in this solution with a vibrating tissue slicer (Vibratome 1000 Plus
102; Pelco International) and incubated in a standard artificial CSF (nor-
mal ACSF) containing the following (in mm): NaCl 125, KCl 2.5,
NaHCO; 25, NaH,PO, 1.25, CaCl, 2.0, MgCl, 1.0, and p-glucose 25
bubbled with the same mixed gas at 32°C for at least 1 h.

Whole-cell recordings. Slices were perfused with gas-saturated ACSF at
2-3 ml/min at 32°C. Both the location and shape of each cell were visu-
alized using an upright microscope (BX50WI; Olympus) equipped with
an infrared CCD camera (C2741-79; Hamamatsu Photonics). TC cell
bodies, which are located within the GL or in the GL near the EPL border,
were defined as ETCs (Macrides and Schneider, 1982; Shepherd et al.,
2004), and their electrophysiological properties were analyzed. ETCs
were voltage-clamped in the conventional whole-cell configuration us-
ing a patch-clamp amplifier (EPC 9; Heka). Patch pipettes were pulled
from borosilicate glass using a two stage vertical puller (PP-830; Na-
rishige). To record GABA, receptor-mediated postsynaptic currents
(GABA ,-PSCs), the pipettes were filled with high chloride intracellular
solution containing the following (mm): K-gluconate 95, KCI 50, MgCl,
2, disodium phosphocreatine 10, Mg-ATP 2, Na,-GTP 0.3, CaCl, 0.16,
EGTA 3.0, and HEPES 10, pH 7.25 with KOH. The calculated Cl ~ equi-
librium potential was —23.8 mV at 32°C. All membrane potentials were
corrected for a 7 mV liquid junction potential measured according to the
method of Neher (1992). To block AMPA/KA receptor-mediated cur-
rents, CNQX (10 um) was added to ACSF.

To record EPSCs, the pipettes were filled with intracellular solution
containing the following (in mm): K-gluconate 121, KCI 4, MgCl, 2,
disodium phosphocreatine 10, Mg-ATP 2, Na,-GTP 0.3, CaCl, 0.16,
EGTA 3.0, and HEPES 10, pH 7.25 with KOH. Membrane potentials
were corrected for a 13 mV liquid junction potential. To block GABA ,
receptor-mediated currents, picrotoxin (50 um) was added to ACSF.

Light stimulation. A lentiviral vector carrying the 5T4p-Cre construct
was injected into both LVs and OBs from Ai32 heterozygous mice
(Madisen etal.,2012) at P1. After 4—7 weeks (P28 —P49), acute slices were
prepared and subjected to recording light-evoked GABA ,-PSCs. For
photostimulation, a 455 nm LED lamp (M455F1; ThorLabs) controlled
by an LED driver (DC2100; ThorLabs) was used to irradiate with light a
circular region with a radius of 100 wm through a 40X objective lens
(LUMPlanFI/IR; Olympus). The intensity of the light was measured by
an optical power meter (3664; Hioki) equipped with an adapter (IX3-
EXMAD; Olympus). To activate 5T4 GCs expressing ChR2-EYFP, either
a portion between the surface and intermediate EPLs for recording an
ETC or a portion between the bottom of the MC layer and the surface of
the GC layer for recording an MC was irradiated by light (10—15 ms in
duration) at a dose of 10.6 mW/mm? in the presence of an 800 mA
driving current.

Electrical stimulation. Electrically evoked GABA ,-PSCs were recorded
under the same conditions as for light-evoked GABA ,-PSCs. GABA ,-
PSCs were evoked by applying constant current stimuli (200 ws in dura-
tion) using a bipolar platinum electrode (50 um in diameter, coated with
urethane), which was arranged between the surface and intermediate
EPLs for recording an ETC or between the bottom of the MC layer and
the surface of GC layer for recording an MC. Stimulus intensity was
increased in steps of 2 wA from the threshold up to 20 A, the stimula-
tion intensity of which did not activate the recorded ETC or MC directly.
At each stimulus intensity, >20 stimuli were delivered at an interval of
5 s. The threshold was defined as the stimulus current at which PSCs
having an amplitude of >25 pA were elicited at a success rate of 25% or
more. To study the effect of a single GC on its interacting ETCs or MCs,
recordings containing PSC waveforms with a multitiered fall were dis-

Takahashi, Ogawa et al. @ Interneurons for Odor Detection and Discrimination

carded from the analysis because these waveforms appeared to be a sum-
mation of two or more PSCs derived from different GCs. Because the
amplitudes of electrically evoked GABA ,-PSCs varied considerably from
cell to cell, a Mann—-Whitney rank-sum test was performed to test for
statistical significance.

Electrically evoked EPSCs were recorded at a holding potential of —80
mV. In 5T4 '~ OB slices, GCs were recorded using a pipette solution
containing 100 uM fluorescein digalactoside (FDG). LacZ-positive GCs,
namely 5T4-derived GCs, were identified by fluorescence thorough the
hydrolysis of FDG after establishing a whole-cell configuration. In WT
OB slices, 5T4 GCs were identified by whole-mount immunostaining
with 5T4 antibody after recording the cells. To record a 5T4 GC, the
bipolar platinum electrode was arranged between the deep GL and the
superficial EPL to stimulate ETCs. The stimulation procedure was simi-
lar to that for electrically evoked GABA ,-PSCs except for the threshold
criteria. Because distinct and stable EPSCs with an amplitude of <25 pA
were observed frequently in many GCs, the threshold was defined as the
stimulus current at which EPSCs having an amplitude of >10 pA were
elicited at a success rate of 25% or more.

Cell labeling. The internal solution usually contained 1.5% biocytin for
morphological examinations. After pipette withdrawal, slices were fixed
in 4% paraformaldehyde in 0.1 M PBS overnight. After overnight per-
meabilization with 0.25% Triton X-100 in PBS, slices were incubated
with streptavidin-conjugated Alexa Fluor 488 (diluted 1:300 with PBS
containing 0.1% Triton X-100) for 6 h. The slices were then rinsed and
mounted in Vectashield (Vector Laboratories). The biocytin-labeled
cells were imaged with a confocal laser scanning microscope (FV1000;
Olympus).

Whole-mount immunostaining. Fixed slices were pretreated as de-
scribed previously (Renier et al., 2014) with some modifications. Briefly,
slices were washed in PBS for 30 min twice, then in 50% methanol (in
PBS) for 10 min, 80% methanol for 10 min, and 100% methanol for 30
min twice. After overnight bleaching with 5% H,0,, 20% DMSO (in
methanol) at 4°C, slices were washed in 100% methanol for 10 min, then
in 20% DMSO (in methanol) for 30 min, 80% methanol (in PBS) for 10
min, 50% methanol for 10 min, and PBS for 30 min. Slices were incu-
bated in 20% DMSO, 0.3 M glycine in PBS containing 0.2% Triton X-100
(PBST) at 37°C overnight and blocked with 10% horse serum in PBST for
2 h. Pretreated slices were incubated with sheep anti-5T4 antibody (1:
1000; R&D Systems), diluted with 1% horse serum, 0.01% sodium azide
in PBST for 16 h at room temperature. After washing with PBST for 8 h,
slices were incubated with the secondary antibodies (Jackson Immu-
noResearch) for 16 h at room temperature. After washing with PBST for
8 h, slices were mounted and observed under a confocal laser scanning
microscope (FV1000; Olympus).

Food-finding behavior test. A food-finding behavior test was per-
formed to assess the general ability for olfactory detection, as de-
scribed previously (Le Pichon et al., 2009) with some modifications.
Briefly, before testing, mice were fasted in their home cage for 12 h
and 3 successive trials were conducted at 1 h intervals. In the first and
second trials, a food pellet was buried at the same position under the
bedding (5 cm in depth) at one side of the test cage (31 X 25 X 12.5
cm). The time taken by the mouse to retrieve the food pellet was
recorded. The third trial was conducted without a food pellet and the
investigation time in each area during the 2 min test was measured. To
explore the effect of the background odorant on olfactory detection
ability, a food-finding behavior test was performed in the presence of
a food-unrelated odorant, amyl acetate. Undiluted amyl acetate (100
ul; Nacalai Tesque) was poured onto filter paper in a polystyrene dish
(100 X 20 mm) with a multiperforated lid, placed on the bedding in
the middle of the cage, and then the food-finding behavior test was
performed as described above.

Olfactory habituation—dishabituation test. To evaluate the thresh-
old of odor detection, an olfactory habituation—dishabituation test
was performed using an olfactometer (Matsumi Group) to regulate
the gas flow (0.5 L/min) and switch flow between clean air and air with
an odor, which was achieved by passing the air through a bottle
containing eugenol (Nacalai Tesque). The olfactometer, connected to
the test cage (31 X 25 X 12.5 cm), supplied either the clean air or the
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odor through the gas port (0.5 mm diameter hole) on the wall (2 cm
height). This test was performed under the weak-light condition (<5
lux). First, the clean air was supplied to the test cage, to which mice
had been habituated for 15 min. In the first trial, mice were exposed
continuously to the air for 3 min. In the second trial, the air flow was
switched and the mice were exposed to the odor for 3 min. Investiga-
tion times in the first and second trials were measured during the 3
min test. “Investigation time” was defined as the time when the nose
entered the 2.5 cm? square area near the gas port.

Odor discrimination learning test. An odor discrimination learning test
was performed with 6- to 10-week-old (P42-P70) WT and 574 KO mice,
as described previously (Imayoshi et al., 2008; Yoshihara et al., 2014) with
some modifications (see Fig. 4A). Briefly, mice were food restricted to
maintain 80% of their free feeding weights and trained for 6 d to associate
one of two odorants (odor A and odor B) with a sugar reward. During the
training, the odorant was set in a polystyrene dish (100 X 20 mm) with a
multiperforated lid and placed on the bedding in the middle of the cage
(26 X 40 X 18 cm). Several pieces of crystal sugar were put on the lid of
the dish containing the rewarded odorant. Mice performed four 10 min
trials per day: two trials for odor A paired with the sugar reward and two
trials for odor B unpaired with the sugar reward. On days 5-7, mice
received 3 different tests: on day 5, the 2 test odorants in the dish were
placed separately under the bedding (5 cm depth) without sugar on each
side of the cage (26 X 40 X 18 cm); on days 6 and 7, only 1 test odorant
was placed under the bedding without sugar on 1 side of the cage (day 6
odor A; day 7 odor B). Behaviors were recorded with a digital video
camera to measure the time (in seconds) spent by mice in digging for
each odorant during the 5 min test. On days 5 and 6, mice were trained
after receiving the above tests. The following odorants (20 ul each) were
used: odor pair #1, eugenol (6.3 M) and pentanol (9.2 m) (Nacalai
Tesque); odor pair #2, (+) carvone (6.4 M) and (—) carvone (6.4 M)
(Tokyo Chemical).

Object recognition test. To evaluate recognition memory, an object
recognition test was performed as described previously (Bevins et al.,
2006; Breton-Provencher et al., 2009). First, mice were familiarized with
the test cage (31 X 25 X 12.5 cm) for 10 min and then returned to their
home cage. One hour later, in the habituation phase, two identical ob-
jects (object A; metal nut) were placed on both sides of the test cage. The
time spent exploring each object was recorded for 10 min. We considered
the animal to be exploring when its mouth, nose, or paws were in direct
contact with the object. The mice were then returned to their home cages.
One hour later, in the test phase, two different objects were presented: the
familiar object (object A) and a novel object (object B; metal bolt). The
time exploring each object was recorded for 5 min. The two objects with
distinct features are easily distinguishable from each other by nonolfac-
tory cues such as vision and touch.

Olfactory avoidance test. An olfactory avoidance test was performed
as described previously (Kobayakawa et al., 2007; Kaneko-Goto et al.,
2013) with some modifications. To habituate the mice to the experi-
mental environment, individual mice were placed in a cage (31 X
25 X 12.5 cm) that was identical to that of the test cage for 30 min and
then transferred to a new cage. This was repeated four times for each
animal. In the trial, mice were transferred to the test cage into which
a filter paper (2 X 2 cm) scented with three different amounts (0, 4,
and 40 ul) of nondehydrogenated 2,4,5-trimethylthiazole (nTMT;
Tokyo Chemical) was introduced. This test was performed under the
weak-light condition (<5 lux). Both freezing and avoidance times
were measured during the 10 min test. “Freezing time” was defined as
the time that the mice kept still for >3 s except for breathing. “Avoid-
ance time” was defined as the time spent in an area without a filter
paper scented with nTMT, when the test cage was divided into two
equal areas. Avoidance behavior was represented by an avoidance
index as follows: avoidance index = (P — 50)/50, where P is the
percentage of avoidance time during the 10 min test period.

Statistical analyses. A branching point of dendrites is the point
where a neurite extends from the cell body or from another neurite. A
branching number of dendrites is the sum of every branching point in
a single neuron. All numerical data were analyzed with Microsoft
Excel with the add-in software Ekuseru-Toukei 2008 (Social Survey
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Research Information). Descriptive statistics were displayed as
mean * SEM. Student’s ¢ test and Mann—Whitney ranked-sum tests
were used for pairwise comparisons. Unless otherwise noted, statisti-
cal significance for multiple pairwise comparisons was assessed by a
one-way or two-way ANOVA, in which homogeneity of variance was
verified by Levene’s test. Significant ANOVA results were subjected to
Tukey’s multiple-comparisons test. Differences were deemed signifi-
cant when p < 0.05. Behavior tests such as the food-finding test,
habituation—dishabituation test, and olfactory avoidance test were
assessed using nonparametric statistical analysis because underlying
normal distribution and/or variance homogeneity could not be as-
sumed for all the samples. Multiple pairwise comparisons were per-
formed by Welch ¢ test and the resulting p-values are shown. p-values
were then sequentially evaluated according to the Holm-Bonferroni
method (Holm, 1979) to keep an experiment-wise a =< 0.05.

Results

5T4 regulates the dendritic arborization of OB GCs in a
cell-autonomous manner

We found previously that 5T4 regulates dendritic arborization
in a specific subtype of OB GCs depending on odor experience
(Yoshihara et al., 2012). We injected a lentiviral vector carry-
ing 5T4p-gapEYFPinto the LVs of WT and 5T4 '~ mice at P3.
This confirmed that 5T4-expressing GCs, termed 5T4 GCs, are
a particular subtype of interneuron, the cell bodies of which
are located in the MC and superficial GC layers (Fig. 1A).
Because 5T4 is a transmembrane protein with a leucine-rich
repeat extracellular domain, we assumed that it might regulate
the morphology of not only 5T4 GCs, but also that of sur-
rounding GCs. We analyzed non-5T4 GCs that did not origi-
nate from endogenous 5T4 GCs in 574 KO mice. A lentiviral
vector carrying CMVp-gapEYFP was injected into the LVs of
WT and 574"~ mice at P3. At P21, the non-5T4 GCs in the
superficial GC and MC layers were identified by performing
IHC with the 5T4 antibody in WT mice and with the LacZ
antibodyin 574~/ ~ mice, in which the 5T4-coding region was
replaced by LacZ (Southgate et al., 2010; Fig. 1B). In 574/~
mice, dendrites of LacZ-negative GCs (non-5T4 GCs) had the
same branching number as those of non-5T4 GCs in WT mice
(Fig. 1B). In contrast, in 574 '~ mice, dendrites of LacZ-
positive GCs (5T4 GCs) had a smaller branching number than
those of 5T4 GCs in WT mice (Fig. 1A). This result indicates
that 5T4 regulates the dendritic arborization of 5T4 GCs, but
not that of non-5T4 GCs, in a cell-autonomous manner.

Furthermore, in the 574/~ OB, we investigated the mor-
phology of projection neurons that form synapses with 5T4
GCs, which exclusively overlap GAD67-positive interneurons
(Imamura et al., 2006; Yoshihara et al., 2012). IHC of OB
sections showed that the loss of 574 did not affect the dendritic
pattern of any projection neurons such as TCs (CCK-positive)
and MCs (PGP9.5-positive) (Fig. 2B), consistent with the
results of Golgi—Cox staining showing no changes in the
morphology of ETCs and MCs (Fig. 2C). These results dem-
onstrate that 5T4 specifies the dendritic branching of 5T4
GCs, but not that of their synaptic partners, ETCs and MCs.
We also confirmed that the loss of 574 did not affect the
number of 5T4 GCs (Fig. 2A).

Notably, BrdU labeling of newborn neurons revealed that
5T4 GCs were generated predominantly during the embryonic
(E15.5) and neonatal (P0) stages, rather than during the infant
(P14) and young stages (P56) (Fig. 1C). This suggested that
5T4 GCs located in the MC and superficial GC layers have a
lower turnover rate than other GCs in the deep layer (Fig. 1A).
This is supported by previous reports showing that newborn
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(P0) stages.
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dendritic synapses preferentially with
ETCs (Imamura et al., 2006). Previous
studies show that a distinct subpopula-

60 tion of ETCs have distinct electrophysi-

ological properties and different
dendritic branching patterns (Macrides

20 and Schneider, 1982; Antal et al., 2006).

o

To elucidate the relationship between
5T4 GCs and ETCs, we first character-
ized the electrophysiological properties
of ETCs in acute OB slices from WT
mice. Interestingly, cell-attached re-
cordings revealed that there are at least
two types of ETCs: one type showing pe-
riodic bursts of spontaneous firings and
another type showing lower spontane-
ous firing rates than the first type (Fig.
3A). Based on current—clamp record-

ings, we defined ETCs with or without a
1 ns rebound burst firing after the current
pulse as bursting or nonbursting ETCs,
respectively (Antal et al., 2006; Fig. 3C,
asterisk, E). According to this defini-
tion, bursting ETCs in WT mice also had
a more prominent sag during hyperpo-
larizing current injection compared
with nonbursting ETCs (**p < 0.0001;

WT 5T4"

0
WT 5T4+

WT 5T4*

external tufted cells o

bursting ETC, n = 17 cells from 10 ani-
mals; nonbursting ETC, n = 20 cells
from 11 animals; Fig. 3C, arrow, E,F),
as reported previously in the rat OB
(Antal et al., 2006). After the electro-
physiological recordings, ETC dendrites
were visualized by injecting biocytin.
Interestingly, there was a remarkable
difference in dendrite morphology be-
tween bursting and nonbursting ETCs:

mitral cells

nonbursting ETCs had basal dendrites
extending laterally into the superficial
EPL (Fig. 3D), whereas bursting ETCs
did not (Fig. 3B).

Next, we investigated the electrophysio-
logical properties of ETCs in the 574 KO

Figure 2.

Golgi—Cox staining of OB sections from the WTand 574~/ ~

MCL, mitral cell layer. Scale bar, 40 m.

OB interneurons at the adult stage are replaced preferentially
by old ones in the deep GC layer (Imayoshi et al., 2008; Saka-
moto et al., 2014).

Electrophysiological recordings of acute OB slices classify
ETCs into two types

Because 5T4 GCs arborize their dendrites into the EPL, where
ETCs elongate their lateral dendrites (Mori et al., 1983; Orona
et al., 1984), we assumed that 5T4 GCs would form dendro-

The morphology of OB projection neurons is not affected in 574 KO mice. A, IHC of OB sections from the WT and
574’ mice at P56 with antibodies against 5T4 and LacZ, respectively. Right, Number of 5T4 GCs (5T4 or LacZ-positive) is
expressed as the mean == SEM (p = 0.201, ns, between WTand 574~/ ~ mice, Student's ¢ test; n = 6 sections per bar from three
animals). Scale bar, 20 wm. B, IHC of 0B sections from the WT and 574 ~ /"~ mice at P56 with antibodies against cholecystokinin
(CCK) and PGP9.5. Scale bar, 40 um. Right, Areas of CCK ™ and PGP9.5 * are expressed as the mean = SEM [p = 0.864 (CCK ™)
and 0.392 (PGP9.5 *) between WT and 574~/ mice, Student’s t test; n = 6 sections per bar from 3 animals]. Note that the
densities of MCs (PGP9.5-positive) and TCs (CCK-positive) are not remarkably different between WT and 574 '~ mice. €,
mice at P56 —P84. GL, glomerular layer; EPL, external plexiform layer;

mice. As in the case of WT mice, bursting
ETCs showed a significantly higher sag ratio
than nonbursting ETCs in 574 KO mice
(**p < 0.0001; bursting ETC, n = 17 cells
from nine animals; nonbursting ETC, n =
19 cells from nine animals; Fig. 3F). There
was no significant difference in the sag ratio
between WT and 574 KO mice (Fig. 3F).
These results suggest that the impaired den-
dritic development of 5T4 GCs does not af-
fect the development of the two ETC types
per se in 574 KO mice, which is consistent with the IHC data for
5T4~'~ OBs (Fig. 2B,C).

Optogenetic stimulation of ChR2-expressing 5T4 GCs in

OB slices

Next, we used optogenetics to determine which types of projec-
tion neurons would form synapses with 5T4 GCs. To induce the
expression of the ChR2-EYFP gene in 5T4 GCs, a lentivirus ex-
pressing the Cre gene under the control of the 574 promoter
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(5T4p-Cre) was injected into both LVs burstlng non-bursting
and OBs of Ai32 (Rosa26-ChR2-EYFP)

mice (Madisen et al., 2012) at P1. After 3 I . H '——' " -
weeks, we observed that 73% of ChR2- r
EYFP * cells were 5T4 GCs, whereas 9% of HHHMHHHHM_'%
5T4 GCs expressed ChR2-EYFP (n = 4

sections from 2 animals; Fig. 4A,B). To ““III”“ ' |||””|” IH “I”ll ’

activate 5T4 GC dendrites, we light- s00a
stimulated the superficial, upper half of T

the EPL in acute OB slices from ChR2-
EYFP-expressing Ai32 mice and mea- 2]

sured light-evoked GABA,-PSCs in an 22:
individual ETC (Fig. 4C). Remarkably, % -20
light stimulation of 5T4 GCs induced a ; :;g:
GABA,-PSC in a nonbursting ETC; T “( ; _ L
however, the induction of GABA,-PSC ' : : 20 *
0 =
220 =
40 —
2 -80 =
-100 = \

o]
(@)

was inhibited entirely by adding a GABA
receptor antagonist, SR95531 (Fig. 4D).
Consistent with 9% of 5T4 GCs express-
ing ChR2 (Fig. 4B), 7% of nonbursting

Membrane Potential (mV)

bursting

¢

ETCs displayed optogenetically evoked 120
PSCs (Fig. 4E). These results indicate = 50
that 5T4 GCs form GABAergic synapses - — I
with nonbursting ETCs. Furthermore, § -50
light stimulation of 5T4 GCs also induced ©-100- 100 ms

a GABA,-PSC in a bursting ETC and an
MC (Fig. 4E). The mean amplitude of D

m

‘ 40

GABA,-PSCs  was  indistinguishable f a5 < 20—
among the bursting ETCs, nonbursting - £ _23:
ETCs, and MCs (Fig. 4F). These results > S -40 ‘WW'
suggest that 5T4 GC dendrites form = gg 60
GABAerglc synapses with, not iny non- 3 e o]
bursting ETCs, but also bursting ETCs e & 0+
and MCs, to regulate neural activity. _3 % jg: l .“l l I“ !

= = 50
Inhibitory synaptic inputs onto o -80 =
nonbursting ETCs are significantly c jgg:
lower in 5T4 KO mice than in WT mice < 400 =
Because 5T4 GCs form inhibitory syn- < 200
apses with the two types of ETCs and the ; % 0d 1 _
MCs (Fig. 4), we assumed that the 3-400 = —
impaired dendritic development of 5T4 100 ms
GCs in 574 KO mice would affect GC- Kok
derived GABA,-PSCs in the projection 30+ v%
neurons exclusively. To investigate this <
assumption, we first stimulated the EPL in < 20-
OB slices with a bipolar platinum elec- 2 B bursting
trode and measured electrically evoked 8 B non-bursting
GABA,-PSCs in the two types of ETCs & 107
(Fig. 5B, left). To block AMPA/KA- @
receptor-mediated currents, CNQX (10 0-
M) was added to ACSF. Electrical stimu- WT 5T4 KO

lation of the EPL induced distinctive
GABA,-PSCs in nonbursting ETCs Figure3.  Electrophysiological recordings classify ETCs into two types. A, Sample current traces in the cell-attached configura-

L1 . . tion showing firing bursts recorded from three different bursting and nonbursting ETCs. B, D, Two-dimensional projection of
within the WT OB (F.lg' SC.)' Inte'r est}ngly, morphologies in a biocytin-labeled bursting (B) or nonbursting (D) ETC. Basal dendrites extending laterally in the superficial EPL
even Whe? the electrical stimulation in the areindicated by arrowheads. Scale bars, 20 um. G, E, Voltage traces in current-clamp mode from the bursting (€) and nonbursting
EPL was 1ncreas.ed from the threshold by (g ercsshowninBand b, respectively. Spike trains elicited by depolarizing current injections showed noticeable accommodation.
10 nA, the amplitude of the GABA,-PSCs Voltage responses induced by hyperpolarizing current injections exhibited prominent sags (arrow) upon membrane hyperpolar-
increased only a little (Fig. 5C,E). In addi-  jzation and rebound depolarization accompanied by burst firings (asterisk). F, Sag ratios in two types of ETCs from WT and 574 KO
tion, a representative trace of evoked  mice. The bursting ETCs showed a significantly higher sag ratio to 30 mV hyperpolarization than the nonbursting ETCs in both WT
GABA ,-PSCs showed a small fall time and 574/~ 0Bs (**p < 0.0001 bursting vs nonbursting ETCs; WT: bursting ETC, n = 17, nonbursting ETC, n = 20; 574 KO:
(Fig. 5C) and resembled closely that of  bursting ETC, n = 17, nonbursting ETC, n = 19).
spontaneous GABA,-PSCs (Fig. 5A).
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Figure4. Optogenetic stimulation of ChR2-expressing 574 GCs in 0B slices. A, Expression of ChR2-EYFPin Ai32 mice injected with the 574p-Cre lentiviral vector. IHC of OB sections with
antibodies against GFP (green) and 5T4 (magenta). Scale bar, 40 wm. B, Ratios of EYFP * 574 * GCsin EYFP * cells (left) and EYFP * 5T4 ™ GCsin 5T4 ™ GCs (right) are shown as the
mean = SEM (n = 6 sections from 2 animals). €, Schematic diagram of light-evoked GABA,-PSCs recorded from an ETC. A superficial, upper half of the EPL near the recorded ETC was
irradiated by light (1015 ms in duration) to activate the ramified dendritic tufts of (hR2-expressing GCs. D, Representative traces of light-evoked GABA,-PSCs recorded from a
nonbursting ETC. Thirteen traces including failures are superimposed. A horizontal bar represents light (455 nm) irradiation to the EPL. Note that the GABA,-PSCs in nonbursting ETCs
(top) were completely abolished by SR95531 (an inhibitor of the GABA,, receptor) (bottom). E, Ratios of cells showing light-evoked GABA,-PSCs in bursting ETCs, nonbursting ETCs, and MCs. F, Distribution of
GABA,-PSCamplitudes in bursting ETCs, nonbursting ETCs, and MCs. Note that the mean amplitudes of GABA,-PSCs were indistinguishable between the three types.

These results indicated that electrically evoked GABA,-PSCs in
nonbursting ETCs were elicited by activation of a few GCs, pre-
sumably involving one neuron with processes within the stimu-
lated area under our experimental conditions. Similar results
were obtained in bursting ETCs from the WT OB (Fig. 5D).
Because our data suggest that GC dendrites connecting to a
single ETC are sparsely distributed in the OB EPL, we investigated
GABAergic inputs from a single GC to individual ETCs. We de-
fined GABA,-PSCs induced by stimulation with a current 2—4
1A larger than the threshold as the stable minimal response for
the ETCs because the current intensity at the threshold some-
times failed to evoke the GABA,-PSC in individual ETCs (Fig.
5C; 12 nA). We used 20 traces including failures in each current
intensity (total 40 traces) to calculate the amplitude of GABA -
PSC in individual cells and compared the amplitudes between
WT and 5T4 '~ OBs. In bursting ETCs, there was no significant
difference in the amplitude of GABA,-PSCs between WT and
5T4 KO OBs (Fig. 5G). Conversely, in nonbursting ETCs, the
median amplitude of GABA,-PSCs was 29% lower in 574 KO
than in WT OBs (p < 0.01, Mann—Whitney rank-sum test; WT,
n = 22; 5T4 KO, n = 21; Fig. 5H). Furthermore, the electrically
evoked PSC charge through integration of the waveform for 50
ms in nonbursting ETCs was also significantly larger in the WT
OB thaninthe5T4 /'~ OB( p < 0.05, Mann—Whitney rank-sum
test; WT, n = 22; 5T4KO, n = 21; Fig. 5H). These results suggest
that the impaired dendritic development of 5T4 GCs in 574 KO
mice leads to reduced GABAergic inputs into nonbursting ETCs,
but not into bursting ETCs. Furthermore, we stimulated the su-

perficial GC layer in OB slices with a bipolar platinum electrode
and measured evoked GABA ,-PSCs in an MC (Fig. 5B, right, F).
In MCs, there was no significant difference in the amplitude of
GABA ,-PSCs between WT and 574 KO OBs (Fig. 5I).

Notably, in the WT OB, nonbursting ETCs showed a 60%
larger amplitude of GABA ,-PSCs and a 44% lower coefficient of
variation than bursting ETCs (in median value; Fig. 5G,H). It is
reported that an increase in the number of synaptic release sites
leads to a decrease in the coefficient of variation for the synaptic
response amplitude (Faber and Korn, 1991). These results reveal
that nonbursting ETCs form more inhibitory synapses with GCs,
including 5T4 GCs, than bursting ETCs in the WT OB and thus
are more affected by the impaired dendritic development of 5T4
GCs than bursting ETCs in the 574 KO OB.

GCs form bidirectional dendrodendritic synapses with pro-
jection neurons in the OB (Shepherd et al., 2004). Therefore, in
addition to recording inhibitory postsynaptic transmission onto
ETCs, we explored postsynaptic transmission in the opposite di-
rection, namely, EPSCs onto 5T4-derived GCs in OB slices of WT
and 574 KO mice (Fig. 6A—C). Electrical stimulation of the EPL
induced distinctive EPSCs in the 5T4 GCs within WT OB slices
(Fig. 6D). Intriguingly, we found that 5T4-derived GCs received
significantly fewer glutamatergic inputs in 574 KO than in WT
OBs (Fig. 6E). The median amplitude of EPSCs in 5T4 GCs was
50% lower in 574 KO than in WT OBs (p = 0.0077, Mann—
Whitney rank-sum test; Fig. 6E). These results strongly suggest
that a combination of reduced inhibitory transmission onto non-
bursting ETCs and reduced excitatory transmission onto 5T4
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Figure 5.  GABAergic inputs are reduced in nonbursting ETCs from 574 KO mice. A, Superimposed traces of spontaneous GABA,-PSCs with an amplitude larger than 40 pA recorded from a
nonbursting ETCs in WT mice. Each trace is lined up at onset. B, Schematic diagram of electrically evoked GABA,-PSCs recorded from an ETC (left) or an MC (right). (Figure legend continues.)
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Excitatory inputs are reduced in 5T4 GCs from 574 KO mice. 4, Schematic diagram of electrically evoked EPSCs recorded from a 5T4 GC. ETCs were stimulated with a constant current (200

s in duration) using a bipolar platinum electrode (50 pum in diameter) placed in the EPL. Evoked EPSCs were recorded from a 5T4 GCat a holding potential of —80 mV. B, In WT OB slices, recorded
cells were injected with biocytin (magenta) with a pipette and subjected to whole-mount IHC with the 5T4 antibody (green) to identify 574 GCs. Scale bar, 20 um. €, In 574~/ ~ 0Bslices, in which
cells had been loaded with the LacZ substrate using a recording pipette, LacZ-positive GCs, namely, 5T4-derived GCs, were recorded. Differential interference contrast (right) and fluorescent (left)
images of a LacZ-positive GCin the MCL are indicated under the conventional whole-cell configuration. Note that fluorescence became apparent after rupturing the cellmembrane. Scale bar, 20 um.
D, Representative traces of electrically evoked EPSCs recorded at different stimulus intensities (6 —16 wA) from 5T4 GCs. For each stimulus intensity, 20 traces are superimposed. E, Scatter plots for
the mean amplitude (left) and coefficient of variation (right) of electrically evoked EPSCs recorded from 5T4-derived GCs in WT and 574 KO mice (**p = 0.0077 WT vs 574 KO mice, Mann—Whitney

rank-sum test;n = 16 WT and n = 17 574 KO cells).

GCs might cause some kind of behavioral change in 574 KO
mice.

Detection thresholds for odors are higher in 574 KO mice

Because 574 KO mice showed significant reductions both in den-
drite branching of 5T4 GCs (Fig. 1A) and in synaptic transmis-
sion onto ETCs and 5T4 GCs (Figs. 5, 6), we conducted a
behavior test to assess olfactory detection in these mice. 574 KO
mice were born normally and showed no obvious abnormalities

<«

(Figure legend continued.) ~ GCs were stimulated with a constant current (200 s in duration)
using a bipolar platinum electrode (50 um in diameter) placed in the EPL. Evoked GABA,-PSCs
were recorded from an ETCor an MCat a holding potential of —80 mV. C, Representative traces
of evoked GABA,-PSCs recorded at different stimulus intensities (1020 wA) from the non-
bursting ETC. For each stimulus intensity, 20 traces are superimposed. D—F, Plots for the ampli-
tude of electrically evoked GABA,-PSCs versus the stimulus intensity (increment from a
threshold current) in bursting ETCs (D), nonbursting ETCs (E), and MCs (F) between WT (dotted
lines) and 574 KO mice (solid lines). The amplitude of GABA,-PSCs is expressed as ratios to the
mean amplitude of stable minimal PSCs. G-I, Scatter plots for the mean amplitude (top),
integrated charge (center), and coefficient of variation (bottom) of evoked GABA,-PSCs re-
corded from bursting ETCs (G), nonbursting ETCs (H), and MCs (/) in WT and 574 KO mice (**p <
0.01, *p << 0.05 WT vs 574 KO mice, Mann—Whitney rank-sum test; bursting ETCs: n = 18 cells
from each line; nonbursting ETCs: n = 22 WT and n = 21 574 KO cells; MCs: n = 23 cells from
each line). Outlying data are shown as individual points with each numerical value. The internal
bar and height of the box represent the median and interquartile range, respectively.

in mating, nursing, or feeding behavior. Because adult 574/~

mice exhibit a high frequency of hydrocephalus (~13%; South-
gateetal., 2010), we used 6- to 10-week-old male mice (P42—P70)
without hydrocephalus in the following experiments. First, using
a food-finding test (Le Pichon et al., 2009), we measured the time
taken by the fasted mice to find a food pellet hidden under the
bedding on one side of the cage. In the first trial, mice retrieving
food faster than other mice were assumed to have a better sense of
smell. However, there was no difference between WT and 574
KO mice with respect to the time taken to find food in the first
trial (Fig. 7A). This result indicated that 574 KO mice could
detect the smell of food as well as WT mice. In the second trial,
with the food pellet buried in the same place as in the first trial,
there was no difference in the times taken to find the food be-
tween WT and 574 KO mice (Fig. 7A). To study the spatial mem-
ory of 5T4 KO mice, we performed the third trial without the
food pellet and measured the time that the mice spent in each
side of the cage. Both WT and 574 KO mice spent significantly
more time near the area where the food pellet had been buried in
the first and second trials (Fig. 7A). These results suggest that 574
KO mice can learn and memorize the position of food as well as
WT mice.

Next, we used a habituation—dishabituation test to examine
odor detection thresholds. Mice were exposed to clean air using
an olfactometer and were then provided with air in the first trial.
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Because the mice had been habituated to
clean air, the investigation time was shorter
in this trial (Fig. 7B). In the second trial, a
test odorant, eugenol, at four different con-
centrations (0.63, 6.3, 63, and 630 um) was
presented to the mice. Differences in inves-
tigation times between first and second trials
were analyzed in WT and 574 KO mice. At
6.3 and 63 M, the investigation time of 574
KO mice was remarkably shorter than that
of WT mice (p < 0.01and 0.05, respectively;
n = 5 animals in each condition; Fig. 7B),
whereas at 630 M, the investigation time of
5T4 KO mice was similar to that of WT
mice (Fig. 7B). These results suggest that
the odor detection thresholds of 574 KO
mice are >100-fold higher than those of
WT mice.

Furthermore, we performed an olfac-
tory avoidance test (Kobayakawa et al.,
2007; Kaneko-Goto et al., 2013). A com-
ponent of fox feces, TMT (2,4,5-
trimethylthiazole), evokes innate fear
responses in rodents (Vernet-Maury et al.,
1984; Fendt et al., 2005). We found that
nTMT also induced similar freezing and
avoidance responses between WT and
5T4 KO mice when a high amount (40 ul)
was used (Fig. 7C). Interestingly, when a
lower amount (4 ul) of nTMT was used,
WT mice showed significant freezing and
avoidance responses compared with 574
KO mice (freezing, 20%; avoidance, 69%;
p < 0.01, 0.05, respectively; n = 5; Fig.
7C). These results strongly suggest that
detection sensibility for odors is impaired
in 5T4 KO mice, which is consistent with
the results shown in Figure 7B.

However, the results of the habitu-
ation—dishabituation test could have
been affected by differences in the ex-
ploratory behaviors of the mice. Because
5T4 is expressed in other brain regions,
including eye, neocortex, amygdala,
and inferior colliculus (Imamura et al.,
2006; our unpublished data), we per-
formed a novel object recognition test
(Fig. 7D) to assess recognition memory
and incentive-directed motivation in
global 574 KO mice (Bevins et al., 2006;
Breton-Provencher et al., 2009). After
habituating the mice to an object, the
mice were exposed to a novel object and
the time taken by the mice to explore the
object was measured. Although both
WT and 574 KO mice spent more time
exploring the novel object than the fa-
miliar one, there was no significant dif-
ference between the two mice (Fig. 7D).
Therefore, these results confirm that ex-
ploratory behavior for object recogni-
tion was unaffected in 574 KO mice.
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Figure7. Detection thresholds for odors are higher in 574 KO mice. A, Food-finding test for WT and 574 KO mice. Center, In the
firstand second trials, times spent by the fasted mice in finding a food pellet buried at the same position under the bedding on one
side of the test cage were measured at 1h intervals between the 2 trials. One hour later, the third trial was performed without a
food pellet and the investigation time in each area during the 2 min test was measured. Right, Bars depict the difference in time
taken by the mice to investigate each area of the cage in the third trial. Note that WT and 574 KO mice could not be distinguished
based on food-seeking times, expressed as the mean == SEM [p = 0.709, ns. (first), 0.082 (second), and 0.186 (third)] between WT
and 574 KO mice (Welch t test with Holm—Bonferroni correction; n = 7 WT and n = 8 5T4 KO animals). B, Olfactory habituation—
dishabituation test for the WT and 574 KO mice. First, clean air was supplied into the test cage and mice were habituated for 15 min.
In the first trial, clean air was supplied for 3 min. Differences in investigation times between the first trial and second trial with
eugenol are expressed as the mean == SEM [p = 0.275, ns (0.63 yum) and p = 0.463 (630 wm); *p = 0.000007, significant (6.3
um) and p = 0.007 (63 pum)] between WT and 574 KO mice (Welch ¢ test with Holm—Bonferroni correction; n = 5 animals in each
condition). C, Olfactory avoidance test for WT and 574 KO mice. Mice were transferred to the test cage and exposed to a filter paper
scented with 3 differentamounts (0, 4, and 40 ) of nTMT. Freezing time and avoidance index during the 10 min test are expressed
as the mean == SEM (*p = 0.008 freezing and p = 0.014 avoidance WT vs 574 KO mice; Welch ¢ test with Holm—Bonferroni
correction; n = 5 animals in each condition). D, Object recognition test for WT and 574 KO mice. Object exploration times for
animals presented with either two identical (habituation phase: object A) or two different (test phase: objects A and B) objects are
expressed as the mean = SEM (*p = 0.006 WT and p = 0.008 5T4 KO right vs left objects; Wilcoxon signed-rank test;n = 11 WT
and n = 9 5T4 KO animals).
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Discrimination learning between two different odors isimpaired in 574 KO mice. 4, Odor discrimination learning test. The top schema indicates the experimental time course.

In the training phase on days 1-6, WT and 574 KO mice learned to associate the sugar reward with odor A. In the test phase on days 5—7, the sugar reward was removed from odor A,
followed by odor discrimination learning (Tests 1-3). The time taken by the mice to dig at each side of the test cage was measured. B, Digging times during the 5 min test (Tests 1-3)
are represented as bar graphs: eugenol paired with the sugar reward (red) and pentanol unpaired (blue). In Tests 2 and 3, digging times in the area without odors (white bars) are
expressed as the mean == SEM (**p = 0.000001 Test 1, WT; p = 0.00001 Test 2, WT; p = 0.000006 Test 2, 5T4 KO between both areas in each test; two-way repeated-measures ANOVA;

n = 5animals from each line). C, Digging times during the 5 min test (Tests 1-3) are represented as bar graphs: (+

) carvone paired with the sugar reward (red) and (—) carvone unpaired

(blue). Digging times are expressed as the mean = SEM (**p = 0.001 Test 1, WT; p = 0.008, Test 2, WT; *p = 0.0169, Test 2, 5T4 KO between both areas in each test; two-way

repeated-measures ANOVA; n = 5 animals from each line).

Odor discrimination learning is impaired in 574 KO mice

We investigated whether dendritic development in OB GCs
would be required for odor discrimination learning and memory
(Imayoshi et al., 2008). We compared the performances of WT
and 574 KO mice at 6—10 weeks of age (P42-P70) in an odor
discrimination learning test using two undiluted odorants. Mice
were trained for days 1—4 to associate an odorant, eugenol, with a
sugar reward (Fig. 8A4). During the training, 574 KO mice con-

sumed sugar at a similar level to that of WT mice (WT = 0.15 =
0.01g/d; 574KO = 0.13 = 0.01 g/d; p > 0.05; n = 8 animals from
each line; Fig. 84). On day 5 (Test 1), we placed two odorants,
eugenol and pentanol, separately underneath the bedding with-
out any sugar and measured the time the mice spent digging near
each odor. WT mice spent significantly more time digging near
eugenol than near pentanol (p < 0.05; n = 5; Fig. 8B), whereas
5T4 KO mice spent nearly the same time digging for eugenol and
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5T4 KO mice cannot discriminate food odor in the presence of a background odor. 4, Double ISH with RNA probes to 574 (green) and cFos (neuronal activity marker, magenta) genes in

0B sections from P21 odor-stimulated mice. cFos expression was induced immediately in 5T4 GCs after stimulation with the odorant amyl acetate for 30 min. Scale bar, 40 um. B, Ratios of cFos *
5T4 7 GCsin5T4 * GCs are shown as the mean = SEM (**p = 0.00009 vs pretreatment condition, Student’s t test; n = 6 sections per bar from three animals). €, Food-finding test was performed
inthe presence of the food-unrelated odorant amyl acetate. Center, In the first and second trials, the times taken by the fasted mice to find a food pellet buried at the same position under the bedding
inone side of the test cage were measured at a 1 h interval between them. One hour later, the third trial was performed without a food pellet and the time spent by the mice in each side of the cage
was measured during the 2 min test. Right, Bars depict the difference in time taken by the mice to investigate each area of the cage in the third trial. Compared with WT mice, 574 KO mice needed
longer food-seeking times, which are expressed as the mean = SEM [p = 0.371, ns (second); p = 0.426 (third); *p = 0.010 between WT and 574 KO mice, Welch ¢ test with Holm—Bonferroni

correction; n = 13 WT and n = 8 5T4 KO animals).

pentanol (Fig. 8B). These results indicate that the loss of 574
impairs odor discrimination learning.

Because the odor detection thresholds were remarkably
higher in 574 KO mice (Fig. 7B,C), it was uncertain whether
these mice could detect odorants buried under the cage bedding
in Test 1. To address this issue, we performed additional tests
using eugenol and pentanol on day 6 (Test 2) and day 7 (Test 3),
respectively. Interestingly, in Test 2, 574 KO mice spent signifi-
cantly more time digging near the area scented with eugenol (as-
sociated with the sugar reward) than in the opposite area, as in the
case of WT mice (p < 0.05; n = 5 animals from each line; Fig. 8B).
In contrast, in Test 3, neither WT nor 574 KO mice preferred to
dig near the area scented with pentanol (not associated with the
sugar reward; Fig. 8B). These results suggested that 574 KO mice
could learn that eugenol was the odor associated with sugar dur-
ing the training phase and detect eugenol buried under the cage
bedding in Test 2. However, 574 KO mice could not discriminate
eugenol when both odors were present in Test 1, whereas WT
mice could. Similar results were obtained in another odor dis-
crimination learning test using a pair of structurally related
odors, (+) carvone and (—) carvone (Fig. 8C). These results

strongly suggest that 5T4-dependent dendritic development of
OB GCs is required for discriminating between two different
odors.

To further support this conjecture, we investigated the
ability of the mice to discriminate an odor of interest in the
presence of a background unrelated odor. Notably, exposure
to a high concentration of amyl acetate induced the expression
of cFos (a marker of neuronal activity) in 38% of 5T4 GCs (Fig.
9A,B). This suggested that the odor signal from amyl acetate
was processed by 5T4 GCs in the broad area of the OB, con-
sistent with our previous data (Yoshihara et al., 2014). There
was no significant difference between WT and 574 KO mice in
a normal food-finding test without a food-unrelated odorant
such as amyl acetate (Fig. 7A). In contrast, in a food-finding
test with amyl acetate, 574 KO mice needed more time to find
a food pellet in the first trial than did WT mice (Fig. 9C),
whereas there was no significant difference between the mice
in the second and third trials (Fig. 9C). These results clearly
revealed that 574 KO mice cannot discriminate an odor of
interest from a background odor.
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Olfactory behaviors are also impaired in 0B-specific 574 KD mice. 4, 5T4 protein production in WT and 0B-specific 574 KD mice. Lentiviral vectors carrying three kinds of H1p-5T4-

shRNAs were injected into both LVs and OBs of WT mice at P1. OB sections were immunostained with the 5T4 antibody (green) at P21. Scale bar, 40 em. Right, Signal intensity of 5T4 within the EPL
is expressed as the mean == SEM (**p = 0.009 vs control 0Bs; Student’s t test; n = 6 sections from three animals in each line). B, Two successive olfactory habituation— dishabituation tests for 574
KD mice. Differences in investigation times between the first trial and second trial using eugenol at two different concentrations (Test 1,6.3 um; Test 2, 630 m) are expressed as the mean == SEM
(p = 0.508, ns; *p = 0.0007 control vs 574 KD mice, Welch t test with Holm—Bonferroni correction; n = 12 control and n = 11 5T4 KD animals). €, Olfactory avoidance test for 574 KD mice. Mice
were transferred to the test cage and exposed to a filter paper scented with nTMT in 3 different amounts (0, 4, and 40 wl). Freezing time and avoidance index during the 10 min test period are
expressed as the mean = SEM (*p = 0.002 control vs 574 KD mice, Welch ¢ test with Holm—Bonferroni correction; n = 5 animals in each condition). D, Odor discrimination learning test for 574 KD
mice. Digging times during the 5 min test (Tests 1-3) are represented as bar graphs: eugenol paired with the sugar reward (red) and pentanol unpaired (blue). Digging times are expressed as the
mean = SEM (**p = 0.00005, Test 1, control; p = 0.00005, Test 2, control; p = 0.00002, Test 2, 5T4 KD between both areas in each test; two-way repeated-measures ANOVA; n = 5 animals from

each line).

Olfactory behaviors are also impaired in OB-specific 574

KD mice

Although global 574 KO mice showed impaired olfactory behav-
iors (Figs. 7, 8, 9), it was unclear whether these phenotypes were
due to defects in the dendritic development of 5T4 GCs in the OB
alone. Therefore, we performed an OB-specific 574 KD ex-
periment with three lentiviral vectors expressing different
5T4-shRNAsunder the control of the human HI promoter (HIp-
5T4-shRNAs), as described previously (Yoshihara et al., 2012).

Lentiviral vectors carrying three kinds of H1p-5T4-shRNAs were
injected into both the LVs and OBs of WT mice at P1, where they
infected LV neural stem cells and OB cells such as interneurons
and projection neurons. Because 574 expression was restricted
predominantly to the GAD67-positive interneurons in the OB
(Imamura et al., 2006; Yoshihara et al., 2012), 574 KD appeared
to be specific to 5T4 GCs in the OB. In fact, IHC of OB sections
with the 5T4 antibody indicated that the amount of 5T4 in the
dendrites of 5T4 GCs within the EPL was 29% lower in 574 KD
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mice than in control mice, into which three kinds of HIp-
scramble-shRNAs had been injected (Fig. 10A).

Next, we conducted an olfactory behavior test with 6- to 10-
week-old OB-specific 574 KD mice (P42-P70). In the habitu-
ation—dishabituation test, the investigation time of 574 KD mice
was remarkably shorter than that of control mice in Test 1 using
eugenol at 6.3 uM (p < 0.05; 7 = 5 animals in each condition; Fig.
10B), whereas in Test 2 with 630 uM eugenol, the investigation
time of 574 KD mice was similar to that of the control mice (Fig.
10B). Furthermore, in the olfactory avoidance test using the
lower amount (4 ul) of nTMT, the 574 KD mice showed fewer
freezing responses than the control mice (43%; p < 0.05, respec-
tively; n = 5 animals in each condition; Fig. 10C). These results
revealed that odor detection thresholds are higher in OB-specific
5T4 KD mice and in global 574 KO mice (Fig. 7B, C).

In the odor discrimination learning test with both eugenol
and pentanol, 574 KD mice did not spend significantly more time
digging near the area scented with eugenol (associated with the
sugar reward) than near the area scented with pentanol (not as-
sociated with the sugar reward) (Fig. 10D). This revealed that 574
KD mice could not discriminate eugenol when both odors were
present in Test 1. The OB-specific 574 KD showed the same
defect as the global 574 KO in these olfactory behavior tests (Figs.
7B,C, 8B), further suggesting that 5T4 GCs in the OB are re-
quired for both odor detection and odor discrimination
behaviors.

Discussion
Neural circuitry between 5T4 GCs and nonbursting ETCs
ETCs appear to be glutamatergic projection neurons located ei-
ther in the GL or at the superficial border of the EPL. In this study,
we found that mouse ETCs can be divided into two types, burst-
ing and nonbursting (Fig. 3), as shown previously for the rat OB
(Antal et al., 2006). Recent studies in the rat revealed the charac-
teristic properties of ETCs, especially bursting ETCs, which are
defined by their spontaneous periodic burst firings in OB slices
and lack of basal dendrites (Hayar et al., 2004a; Antal et al., 2006;
Liu and Shipley, 2008). The bursting ETCs modulate the input
pattern from olfactory sensory neurons with their intrinsic mem-
brane properties and provide the feedforward excitatory output
to MCs (De Saint Jan et al., 2009; Gire et al., 2012). Moreover,
bursting ETCs provide monosynaptic glutamatergic input to and
receive GABAergic feedback from PGCs and short axon cells
(Hayar et al., 2004b; Banerjee et al., 2015). Therefore, the burst-
ing ETC is believed to function as a central unit for the processing
of olfactory signals within a glomerulus. Interestingly, we ob-
served optogenetically and electrically evoked GABA ,-PSCs in
bursting ETCs (Figs. 4, 5). Our results suggest that GCs may form
GABAergic synapses with the cell bodies of bursting ETCs located
in the GL near the EPL border. However, we cannot exclude the
possibility that optogenetically evoked GABA,-PSC events in
bursting ETCs reflect 5T4-expressing PGCs (5T4 PGCs), only a
small fraction of the entire PCGs (Yoshihara et al., 2012).
Compared with the information available for bursting ETCs,
we know relatively little about nonbursting ETCs. Although op-
togenetic stimulation suggested that 5T4 GCs connect to both
nonbursting and bursting ETCs (Fig. 4), electrical stimulation
showed that 574 KO mice have fewer inhibitory inputs from GCs
to nonbursting ETCs than those from GCs to bursting ETCs (Fig.
5). In addition, electrical stimulation suggested that GC dendrites
connecting to a single, nonbursting ETC are sparsely distributed
in the EPL (Fig. 5), as reported previously for the dendrodendritic
interactions between MCs and GCs (Fantana et al., 2008; Kim et
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al., 2011; Kato et al., 2013). The sparse, rather than dense, inter-
actions between GCs and MCs/TCs, including nonbursting
ETCs, suggest that the EPL is a lateral inhibitory network in the
OB, unlike the nearest-neighbor lateral inhibitory systems in the
other modalities such as the retina, which depend on dense inter-
actions (Cook and McReynolds, 1998; Cleland, 2014). Interest-
ingly, optogenetic analysis revealed that a small fraction (9%) of
ChR2-expressing 5T4 GCs induce light-evoked GABA ,-PSCs in
7% of nonbursting ETCs (Fig. 4). Therefore, we assume that a
single nonbursting ETC can usually receive inhibitory input from
at least one 5T4 GC. Our results indicate that, among several
subtypes of OB GCs, a specific 5T4 GC subtype plays an impor-
tant role in regulating neural activity in nonbursting ETCs. Fur-
thermore, 5T4 GCs received fewer glutamatergic inputs in 574
KO than in WT OBs (Fig. 6). Together, these results suggest that
the changes in excitatory and inhibitory transmission involving
5T4 GCs account for the dysfunctional behavior (Figs. 7, 8,9, 10).
However, we cannot exclude the possibility that 574 KO and KD
effects on the behavior are explained by the effects of, not only
5T4 GCs, but also 5T4 PGCs on the neural circuity.

How does the impaired dendritic development in 5T4 GCs
influence odor detection thresholds?

5T4 KO mice showed impaired odor detection in thresholds (Fig.
7). Because we could not obtain any evidence that loss of 574
affects the morphologies of MCs/TCs or the intrinsic membrane
properties of ETCs (Figs. 2, 3), it is unlikely that the loss of 574
reduces the excitability of MCs/TCs. One possible explanation
for elevated odor detection thresholds in 574 KO mice is that the
impaired dendritic development of 5T4 GCs may disturb oscilla-
tory neuronal activities in the OB. The synchronized firing of
MCs/TCs induces prominent y-range oscillations in the local
field potential, which is necessary for effective transmission of the
odor signal to the olfactory cortex during awake behaving states
(Manabe and Mori, 2013). Dendrodendritic reciprocal synapses
between MCs/TCs and GCs participate in the generation of
y-range oscillations in the OB (Nusser et al., 2001; Lagier et al.,
2004). Therefore, the reduced number of inhibitory synaptic
connections between 5T4 GCs and nonbursting ETCs in the 574
KO mice may disturb the generation of the synchronized oscilla-
tory firings in ETCs and thus may hinder the transmission of
olfactory signals from the OB to the olfactory cortex, resulting in
poor odor detection ability (Fig. 7).

How does impaired dendritic development in 5T4 GCs
influence odor discrimination learning?

OB GCs mediate inhibitory interactions with MCs/TCs, which
provide lateral and recurrent inhibitions. When mice sniff an
object, the odor information is transformed into a spatial pattern
of activated glomeruli in the OB (Mori and Sakano, 2011). The
lateral inhibition between GCs and MCs/TCs appears to enhance
the contrast between strongly and weakly activated glomeruli and
thus sharpens the tuning specificity of individual MCs/TCs to
odor molecules (Yokoi et al., 1995; Kato et al., 2012). GCs mod-
ulate the activity of MCs/TCs, including nonbursting ETCs, via
sparse interactions in the EPL rather than via nearest-neighbor
lateral inhibition (Fantana et al., 2008; Kato et al., 2013; Kim et
al., 2011; Fig. 5). We reported previously that 5T4 GCs have
higher-branching dendrites than non-5T4 GCs (Yoshihara et al.,
2012; Fig. 1). Furthermore, nonbursting ETCs broadly elongate
their lateral dendrites in the EPL (Igarashi et al., 2012; Fig. 3).
Therefore, we speculate that 5T4 GC dendrites may broadly and
efficiently regulate the neural activity of nonbursting ETCs in an
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odor-experience-dependent manner. Further, the impaired den-
dritic development of endogenous 5T4 GCs in 574 KO mice may
result in a failure to reshape neural circuits that execute the un-
masking and filtering functions required to discriminate between
two odors (Fig. 8). This interpretation is supported by the obser-
vation that 574 KO mice cannot discriminate an odor of interest
from a background odor in the food-finding test (Fig. 9).

Interestingly, the results for the olfactory behavior task with
5T4 KO mice differ from those reported in other studies, in which
either inhibition or activation of neural activity in the adult-born
OB interneurons did not have any remarkable effect on either
odor detection thresholds or the performance of simple odor
discrimination tasks (Abraham et al., 2010; Alonso et al., 2012;
Sakamoto et al., 2014). This discrepancy could be due to a differ-
ence in subtypes of OB interneurons genetically manipulated in
each study. Because GCs can be divided into several subtypes
based on their morphology (Merkle et al., 2014), it is assumed
that each GC subtype forms a distinct local circuit in the OB
(Mori et al., 1983; Orona et al., 1983; Shepherd et al., 2004).
Several subtypes of GCs are derived from distinct neural stem
cells in the SVZ (Fuentealba et al., 2015). Manipulated adult-
born GCs are integrated predominantly into deep regions of the
OB GC layer and tend to interact with MCs rather than with TCs
(Bardy et al., 2010; Sakamoto et al., 2014). In contrast, 5T4 GCs
are located in the MC and superficial GC layers and are generated
mainly during the embryonic and neonatal stages rather than
during the young adult stage (Fig. 1). It is likely that embryonic-
born OB interneurons, including 5T4 GCs, play a fundamental
role in innate olfactory responses for survival, such as predator
avoidance and suckling behaviors (Figs. 7, 8, 9, 10), whereas
adult-born OB interneurons are required for learned olfactory
behaviors (Alonso et al., 2012; Sakamoto et al., 2014). A recent
study reported that local dendrodendritic circuits within the EPL
may segregate into paralll MC and TC (ETC) pathways
(Fourcaud-Trocmé et al., 2014). Interestingly, Igarashi et al.
(2012) reported that TCs have odor-induced firing responses
with shorter latencies at lower concentration thresholds than
those of MCs. TCs (ETCs) may be specialized in the fast odor
detection and fast behavioral responses that are required for sim-
ple discrimination between two distinctly different odors,
whereas MCs may be specialized in performing the more difficult
task of discriminating between two closely related odors such as
enantiomers. This conjecture is consistent with the higher odor
detection thresholds of the 574 KO mice and their impaired ap-
titude in odor discrimination learning between two quite differ-
ent odors, eugenol and pentanol (Figs. 7, 8). Because the loss of
5T4 reduced GC-derived GABAergic inputs onto nonbursting
ETCs, but not onto MCs (Fig. 5), it is possible that 5T4 GCs may
modulate the ETC pathway preferentially to regulate both odor
detection thresholds and simple odor discrimination learning.
However, because the activation of ETCs evokes feedforward
excitation to MCs (De Saint Jan et al., 2009; Gire et al., 2012),
we cannot exclude the possibility that impaired dendritic de-
velopment of 5T4 GCs in the 574 KO mice may also affect the
MC pathway via nonbursting ETCs. Future studies on MCs
and TCs (ETCs) in 5T4 KO mice should help to increase our
understanding of their roles in odor-associated behaviors,
which are mediated by their interactions with 5T4 GCs in the
OB neural circuitry.
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