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Tbr2 Deficiency in Mitral and Tufted Cells Disrupts
Excitatory-Inhibitory Balance of Neural Circuitry in the
Mouse Olfactory Bulb

Rumiko Mizuguchi,' Hiromi Naritsuka,’> Kensaku Mori,* and Yoshihiro Yoshihara'
"Laboratory for Neurobiology of Synapse, RIKEN Brain Science Institute, Saitama 351-0198, Japan and ?Department of Physiology, Graduate School of
Medicine, The University of Tokyo, Tokyo 113-0033, Japan

The olfactory bulb (OB) is the first relay station in the brain where odor information from the olfactory epithelium is integrated, processed
through its intrinsic neural circuitry, and conveyed to higher olfactory centers. Compared with profound mechanistic insights into
olfactory axon wiring from the nose to the OB, little is known about the molecular mechanisms underlying the formation of functional
neural circuitry among various types of neurons inside the OB. T-box transcription factor Tbr2 is expressed in various types of glutama-
tergic excitatory neurons in the brain including the OB projection neurons, mitral and tufted cells. Here we generated conditional
knockout mice in which the Thr2 gene is inactivated specifically in mitral and tufted cells from late embryonic stages. Tbr2 deficiency
caused cell-autonomous changes in molecular expression including a compensatory increase of another T-box member, Tbrl, and a
concomitant shift of vesicular glutamate transporter (VGluT) subtypes from VGluT1 to VGluT2. Tbr2-deficient mitral and tufted cells
also exhibited anatomical abnormalities in their dendritic morphology and projection patterns. Additionally, several non-cell-
autonomous phenotypes were observed in parvalbumin-, calbindin-, and 5T4-positive GABAergic interneurons. Furthermore, the num-
ber of dendrodendritic reciprocal synapses between mitral/tufted cells and GABAergic interneurons was significantly reduced. Upon
stimulation with odorants, larger numbers of mitral and tufted cells were activated in Tbr2 conditional knockout mice. These results
suggest that Tbr2 is required for not only the proper differentiation of mitral and tufted cells, but also for the establishment of functional

neuronal circuitry in the OB and maintenance of excitatory-inhibitory balance crucial for odor information processing.

Introduction

The olfactory system can perceive a huge number of chemicals in
the external world, which profoundly influences the internal ho-
meostasis and output behaviors. The olfactory bulb (OB) is the
first relay station in the brain where odor information is inte-
grated and processed (Mori et al., 1999). The OB projection neu-
rons, mitral and tufted cells, send their primary dendrites into
single glomeruli, receive inputs from the olfactory sensory neu-
rons, and convey the signals to higher brain centers. Most of
mitral and tufted cells extend their secondary dendrites in the
external plexiform layer (EPL) where they make dendrodendritic
reciprocal synapses with inhibitory interneurons such as granule
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cells (Mori et al., 1999). Mitral and tufted cells also receive inputs
on their primary dendritic tufts within glomeruli from inhibitory
and excitatory juxtaglomerular neurons (Aungst et al., 2003).
These local neuronal circuits in the OB play critical roles in syn-
chronized firing of sister mitral cells (Dhawale et al., 2010) as well
as lateral inhibition among nonsister mitral cells that are impor-
tant for enhancement of odor-tuning specificity and discrimina-
tion (Yokoi et al., 1995; Abraham et al., 2010). Therefore, proper
differentiation of various types of OB neurons and establishment
of correct synaptic circuits among them are critical for sound
functions of the olfactory system. However, molecular and
cellular mechanisms underlying these processes remain largely
unknown.

Transcription factors belonging to the T-box family play cen-
tral roles in cellular specification and differentiation in a wide
range of tissues including the nervous system (Naiche et al.,
2005). Among them, the Tbr1 subfamily consists of three mem-
bers: Tbr1, Tbr2 (Eomes), and Tbx21 (T-bet). In the developing
cerebral neocortex, Tbr1 and Tbr2 are sequentially expressed and
regulate the differentiation of excitatory projection neurons
(Hevner etal., 2006; Arnold et al., 2008; Sessa et al., 2008; Bedogni
et al., 2010). Tbr2 also plays a role in differentiation of retinal
ganglion cells and development of optic nerves (Mao etal., 2008).
In the OB, Tbrl subfamily members exhibit cell type-specific and
developmentally regulated expression (Faedo et al., 2002). Al-
though they could be candidate transcription factors regulating
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OB neuron differentiation, their detailed expression patterns as
well as their functional roles in the olfactory system have been
poorly understood.

In this study, we performed a detailed immunohistochemical
analysis of Tbr1, Tbr2, and Tbx21 in the developing and adult OB
and found that they show unique combinatorial expression pat-
terns in distinct types of OB neurons. Furthermore, by analyzing
the conditional knockout mice with Tbr2 gene deletion specifi-
cally in mitral and tufted cells, we found that Tbr2 plays a critical
role not only in the proper differentiation of mitral and tufted
cells, but also in the formation of functional neural circuitry in
the OB.

Materials and Methods

Animals. Tbr2 (Eomes)"*°* mice (Mao et al., 2008), protocadherin21
(Pcdh21)-Cre mice (Nagai et al., 2005), and mOR-EG-ires-gapEGFP
mice (Oka et al., 2006) were kindly provided by Dr. W. H. Klein (Uni-
versity of Texas), Dr. M. Yokoi (Kyoto University), and Dr. K. Touhara
(The University of Tokyo), respectively. Thr2f1°* mice were crossed
with Pedh21-Cre mice to obtain Tbr2*"%% Cre*/~ mice. Mitral and
tufted cell-specific Tbr2-deficient (Tbr2/Me%, Cre ™/~ ) mice were gen-
erated by mating Thr2/1°* male mice with Tbr2""/1%%; Cre ™/~ female
mice. For the analysis, Tbr2 wilflox, Cre =/~ mice were used as control
littermates. All animal experiments were approved by the Animal Care
and Use Committee of RIKEN and conformed to National Institutes of
Health (NIH) guidelines.

Immunohistochemistry. Immunohistochemistry was performed essen-
tially as described previously (Yoshihara et al., 2005). Briefly, mice were
anesthetized with intraperitoneal injection of sodium pentobarbital and
perfused with PBS, followed by 4% paraformaldehyde (PFA) in PBS. The
brain was removed, postfixed with 4% PFA for 3—4 h at 4°C, and im-
mersed in 30% sucrose for 2 d for cryoprotection. Coronal sections at 50
um thickness were made with a sliding microtome (REM-700; Yamato
Kohki). The sections were blocked with PBS-T (0.2% Triton X-100)
containing 5% normal horse serum for 1 h, and incubated with primary
antibodies overnight at room temperature. Primary antibodies used were
as follows: rabbit anti-Tbr1 (1:2000; Millipore AB9616), rat anti-Eomes
(Tbr2) (1:200; eBioscience 12-4875, PE-conjugated), guinea pig anti-
Tbx21 (1:10,000) (Yoshihara et al., 2005), mouse anti-Cre (1:1000; Mil-
lipore MAB3120 2D8), mouse anti-PGP9.5 (1:40; Abcam ab8189 13C4),
rabbit anti-Pcdh21 (1:2000) (Kaneko-Goto et al., 2008), mouse anti-
neurofilament-165 kDa (1:1000; American Research Products 01-
20082), rabbit anti-calretinin (1:2000; Swant 7699/4), rabbit anti-Arx
(1:1000; a gift from Dr. K. Kitamura, Mitsubishi Kagaku Institute of Life
Science), mouse anti-parvalbumin (1:5000; Swant PV235), rabbit anti-
5T4 (1:500) (Imamura et al., 2006), rabbit anti-calbindin (1:1000; Milli-
pore AB1778), rabbit anti-tyrosine hydroxylase (TH) (1:300; Millipore
AB152), guinea pig anti-vesicular glutamate transporter (VGIuT) 1 (1:
1000; Millipore AB5905), rabbit anti-VGluT2 (1:700; a gift from Drs. T.
Kaneko and K. Nakamura, Kyoto University), mouse anti-vesicular
GABA transporter (VGAT) (1:500; Synaptic Systems 131 011 117G4),
mouse anti-synaptophysin (1:100; Boehringer Mannheim 902 314), and
rabbit anti-phosphorylated nuclear factor kB p65 (Ser276) (pNF«B) (1:
200; Cell Signaling Technology #3037). Cy3- and Cy5-conjugated sec-
ondary antibodies were purchased from Jackson ImmunoResearch.
Alexa 488-conjugated secondary antibodies were purchased from Invit-
rogen. All secondary antibodies were used at 1:400 dilutions.

Western blot analysis. Whole OB homogenates were prepared from
adult control and Tbr2 conditional knockout mice. Western blot analysis
was performed as described previously (Yoshihara etal., 1991). For SDS-
PAGE, 15 ugof total protein was applied to each lane. Primary antibodies
used were as follows: rabbit anti-Tbrl (1:10,000; Millipore AB9616),
rabbit anti-Tbr2/Eomes (1:1000; Abcam ab23345), and rabbit anti-
Tbx21 (1:10,000) (Yoshihara et al., 2005). Horseradish peroxidase-
conjugated secondary antibodies were purchased from Jackson
ImmunoResearch. Specific bands for each protein were detected at ~74
kDa (Tbrl), 72 kDa (Tbr2), and 58 kDa (Tbx21) with a chemilumines-
cence reaction kit (GE Healthcare EPL plus Western Blotting Detection
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Reagents, GE Healthcare). Intensities of individual bands were measured
with the public domain Image] program (NIH). Statistical analysis was
performed using data obtained from three different OB samples of each
genotype.

Double-label fluorescence in situ hybridization/immunohistochemistry. A
partial cDNA fragment of VGIuT1 (525 bp) was obtained by RT-PCR from
adult mouse brain ¢cDNA as a template using the following primers: 5’'-
TCGTGGGTGCAATGACCAAGCACA-3" and 5'-CCTTGAAACT-
GCTAGTGTGCAGCT-3'. A partial cDNA fragment of mouse VGIuT2
(1106 bp) was PCR-amplified from FANTOMS3 clone (RIKEN clone
B230114L05) using the following primers: 5'-GAGACCATGTTA-
AGGCAGGAAG-3" and 5'-ACACATCCATAATGCACTCTGG-3'. In situ
hybridization was performed on cryosections of the OB using digoxigenin
(DIG)-labeled cRNA probes as previously described (Inaki et al., 2004, Sato
et al,, 2005), except that hybridization and washing procedures were per-
formed at 68°C. After hybridization, sections were incubated with either
anti-Tbrl or anti-Tbr2 antibody overnight at room temperature, washed
three times with PBS-T, and then incubated with Alexa 488-labeled second-
ary antibody for 2 h. After washing, sections were incubated with anti-
DIG-AP antibody (1:2000; Roche Applied Science) for overnight at room
temperature. Signals of DIG-labeled probes were visualized with HNPP/Fast
Red (Roche Applied Science).

Image acquisition and morphological quantification. Fluorescent digital
images were captured using Axio Imager Z1 epifluorescence microscope
(Carl Zeiss) and Fluoview FV1000 confocal laser scanning microscope
(Olympus).

For measurement of thickness of the EPL, OB coronal sections were
immunostained for PGP9.5, which is predominantly localized to second-
ary dendrites of mitral cells in the inner EPL. Thickness of the total EPL
(distance from the middle of the mitral cell layer [MCL]) to the inner
edge of the glomeruli), the inner EPL (distance from the middle of the
MCL to the border of PGP9.5-positive and -negative regions), and the
outer EPL (total EPL — inner EPL) were measured at six different points
(dorsomedial, medial, ventromedial, dorsolateral, lateral, and ventrolat-
eral) in each OB section. The mean values from five different animals
from each genotype were analyzed. Statistical differences between con-
trol and Tbhr2 conditional knockout mice were validated by Welch’s ¢ test.

For measurement of projection angles of mitral cell primary dendrites
toward target glomeruli, OB coronal sections were immunostained for
neurofilament-165 kDa, which is present in a subpopulation of mitral
cells located in the medial part of the OB. Images of the EPL were ob-
tained from three different animals for each genotype. A line perpendic-
ular to the OB layer boundaries was drawn, and an angle between this line
and a primary dendrite of each mitral cell at the middle of the EPL was
measured with Image] program (NIH). Thirty-nine different mitral cells
were analyzed for each genotype and their dendrite angles were repre-
sented in cumulative plots.

For counting the numbers of parvalbumin-positive EPL interneurons,
four coronal sections (50 wm thickness) at equal intervals from each OB
of control and Tbr2 conditional knockout mice were immunostained
with anti-parvalbumin antibody. The numbers of parvalbumin-positive
cells in the EPL were counted in whole OB sections and averaged for
individuals. Data were collected from five different animals from each
genotype and statistically analyzed.

For measurement of the OB volume, coronal sections were cut from
six different animals for each genotype (control and Tbr2 conditional
knockout mice). Twenty-four to twenty-six sections were obtained at
100 wm intervals from anterior tip to the posterior end of the OB. A
picture of each OB section was captured and printed on paper (80 g/m?)
at 40X magnification. Series of OB sections were cut out from papers
along outside edge of the glomerular layer (GL) and total weight (milli-
grams) was measured. This weight was defined as the arbitrary volume of
the OB, and the difference between control and Tbhr2 conditional knock-
out mice was statistically evaluated.

For quantification of numbers of dendrodendritic synapses, OB coro-
nal sections were triply immunostained with anti-VGluT1, VGluT2, and
VGAT antibodies, and immunoreactive signals in the inner and the outer
EPL were captured with a confocal laser scanning microscopy with a
100X oil-immersion objective lens. The signals of each marker were cut
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off at 40% intensities, and the numbers of VGAT-positive puncta, which
were isolated or apposed to either VGluT1 or VGIuT2-positive puncta,
were counted. Statistical analysis was performed using data obtained
from three different animals of each genotype.

Intracellular injection of fluorescent dye into mitral cells. Intracellular
dye injection was performed essentially as described previously (Narit-
suka et al., 2009). Control and Tbr2 conditional knockout mice at the age
of P16—P18 were anesthetized and transcardially perfused with 4% PFA
and postfixed for 7 h at 4°C. OB coronal slices at 300 wm thickness were
prepared with a vibratome. The slices were placed on a chamber filled
with 0.1 M phosphate buffer, pH7.4. Mitral cells were identified by infra-
red camera under 40X water-immersion lens (Nikon). Lucifer yellow
(5% in 50 mm Tris-Cl, pH7.4) was put into glass micropipettes and
iontophoretically injected into a soma of randomly chosen mitral cells at
least for 15 min. After labeling, slices were fixed in 4% PFA overnight and
washed with PBS. Fluorescent images of the injected cells were captured
with a multiphoton laser scanning microscope (Olympus Fluoview
FV1000MPE) with 25X water-immersion lens.

Odorant-induced neuronal activation assessed by phosphorylation of
NFkB. Adult male mice of indicated genotypes were individually housed
at least for 1 week. Test animals were deprived of food and water over-
night before the experiment. Five milliliters of odorant solution (2%
isoamyl acetate, 5% eugenol, or 5% octanal in mineral oil) or vehicle
(mineral oil) was absorbed in cotton swabs and presented at the corner of
the cage for 2 min. After 8 min, mice were anesthetized for 5 min and
transcardially perfused with 4% PFA. The brains were removed and post-
fixed with 4% PFA for 3 h at 4°C, followed by immersion in 30% sucrose
for 2 d. OB coronal sections at 50 wm thickness were prepared with a
sliding microtome.

Ten OB sections at 200 um intervals along the anteroposterior axis
were picked up from each tested animal. Immunohistochemistry with
anti-pNFkB antibody was performed, followed by DAPI staining. The
number of pPNF«B-immunoreactive mitral and tufted cells and juxtaglo-
merular neurons was counted from three different animals for each test
condition and statistically analyzed. The following criteria were used for
identification of each cell type. Mitral cells reside in the mitral cell layer,
have large nuclei, and are weakly stained by DAPI. Tufted cells reside in
the EPL and GL, have large nuclei, and are weakly stained by DAPIL.
Juxtaglomerular neurons reside in the GL, have small nuclei, and are
strongly stained by DAPI.

Results

Combinatorial expression of three T-box transcription
factors in the OB

We first examined detailed expression patterns of three Tbrl
subfamily members (Tbrl, Tbr2, and Tbx21) in the develop-
ing and adult mouse OB. Triple immunofluorescence labeling
using anti-Tbrl, anti-Tbr2, and anti-Tbx21 antibodies re-
vealed that the three molecules exhibited dynamic expression
patterns during development (Fig. 1 A—P). At embryonic day
14 (E14), Tbrl and Tbr2 were strongly expressed in many
mitral cells, while only a small population of them expressed
Tbx21 (Fig. 1A-D). As development proceeded toward birth,
the expression of Tbx21 became stronger, and each mitral cell
expressed different levels of Tbrl subfamily members (Fig.
1E-L). By P7, tufted cells and juxtaglomerular neurons
emerged in the EPL and GL, and the Tbr1 subfamily started to
show segregated expression patterns in these neurons (Fig.
1 M-P). In the adult OB, an overlapping but distinct expres-
sion pattern of each Tbrl subfamily member defines different
subpopulations of OB neurons (Fig. 1Q-X); in the GL, a sub-
set of juxtaglomerular neurons was strongly positive for only
Tbr2, but not for Tbrl or Tbx21 (Fig. 1 X, red neurons). Two
anatomically separated subpopulations of tufted cells were
clearly identified by the complementary expression of Tbrl
and Tbr2/Tbx21. The subpopulation of external tufted cells in
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the GL expressed a high level of Tbr1, but not Tbr2 or Tbx21
(Fig. 1X, blue neurons). In contrast, external/middle/internal
tufted cells in the EPL expressed Tbr2 strongly and Tbx21
moderately, but Tbrl only very weakly (Fig. 1X, yellow neu-
rons). On the other hand, Tbrl, Tbr2, and Tbx21 were alto-
gether coexpressed in mitral cells, although the expression
levels of individual molecules varied from cell to cell (Fig.
1U-X). The dynamic and unique combinatorial expression of
Tbrl, Tbr2, and Tbx21 suggests their possible roles in specifi-
cation of different types of OB neurons and formation of func-
tional olfactory neural circuitry.

Conditional knockout of Thr2 gene in mitral and tufted cells
To explore the roles of Tbrl subfamily in mitral and tufted cells,
we set out to analyze the loss-of-function phenotypes of Tbr2
using gene-targeting strategy. Tbr2-null mutant mice are re-
ported to die at early embryonic stages due to a defect in trophoe-
ctoderm differentiation (Russ et al., 2000). Hence, to inactivate
functional Tbr2 alleles specifically in mitral and tufted cells,
we crossed Thr2/™¥M1o* mice (Mao et al., 2008) with Pcdh21-Cre
transgenic mice that express Cre recombinase predominantly in
mitral and tufted cells (Nagai et al., 2005) (Fig. 2A,B-K). In
mitral cells, the expression of Cre started around E17 in the dorsal
part of the OB (Fig. 2 B, G, arrowheads), and increased thereafter
throughout the OB by early postnatal days (Fig. 2C,D,H,I). In
tufted cells, Cre protein was detected as early as P7, which was
slightly later than the emergence of tufted cells in the EPL (Fig.
2D,I).By P14, all of the mitral and tufted cells robustly expressed
Cre protein (Fig. 2 E,]). Concomitantly with the Cre expression,
Tbr2 protein was gradually lost during the neonatal development
(Fig. 2C,D,M,N) and was completely absent at P14 and adult
stage (Fig. 2E,F,0,P,V,X) in Cre-expressing mitral and tufted
cells in Thr2 conditional knockout mice (Tbr2/°¥10% Cre ¥/ In
contrast, Cre-negative juxtaglomerular neurons maintained
Tbr2 expression even in the adult stage (Fig. 2 F, P,V,X), validat-
ing the mitral and tufted cell-specific inactivation of the Tbr2
gene. Therefore, the phenotypic analyses of these Tbr2 condi-
tional knockout mice were focused on the roles of Tbr2 in mitral
and tufted cells at relatively late developmental stages, but not at
early embryonic stages.

These mice showed no obvious abnormalities in the gross
anatomy of the OB, although the volume of the OB was slightly
but significantly smaller (83.5 = 0.10%, p < 0.0005). Axonal
projection and glomerular targeting of the olfactory sensory neu-
rons appeared normal, as assessed by immunohistochemical
staining of various molecules in olfactory axons (OMP, OCAM,
NQOI, neuropilinl, neuropilin2, MOR28, mOR-EG, and 17;
data not shown) (Keller and Margolis, 1975; Yoshihara et al.,
1997; Nagao et al., 2000; Gussing and Bohm, 2004; Kaneko-Goto
et al., 2008).

On the other hand, the expression level of Tbrl was
greatly increased in Cre-positive mitral and tufted cells (Fig.
2Q,T,U,X,Y), indicating that the loss of Tbr2 led to compensa-
tory induction of Tbr1 in a cell-autonomous manner. In contrast,
slight but significant reduction of Tbx21 protein was observed by
Western blot analysis (Fig. 2Y), although the difference was not
obvious by immunohistochemistry (Fig. 4A,E). These results
suggest a mutual regulatory mechanism among Tbr1 subfamily
members in mitral and tufted cells; Tbr2 negatively regulates the
expression of Tbrl, but the expression of Tbx21 is partially de-
pendent on Tbr2.
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Figure 1.  Expression of Tbr1 subfamily members in the developing and adult mouse OB. Triple immunofluorescence labeling of Tor1 (A, E, I, M, Q,U), Thr2 (B, F,J, N, R, V), Thx21 (C, G, K, 0, S,
W), and merged views (D, H, L, P, T, X) (Tbr1, blue; Thr2, red; Tbx21, green) on coronal sections of developing (A—P) and adult (@Q—X) mouse 0B. A-C, E-G, I-K, M-0, Q—T, Whole 0B images. D,
H, L, P, U-X, Higher magpnifications. Thr1, Tbr2, and Thx21 show dynamic expression patterns during development, and exhibit partially overlapping but distinct expression in the adult OB. GCL,
Granule cell layer. Scale bars: € (for A—(), G (for E=G), K (for I-K), O (for M-0), T (for Q-T), 500 m; D, H, L, P, U-X, 50 um.

Subtype change of VGluTs in Tbr2-deficient mitral and subfamily members, which may lead to some changes in expres-
tufted cells sion of their downstream molecules. Hence, we examined the
The above-mentioned results demonstrate that Tbr2-deficient  expression of VGluTs, which are late differentiation markers for
mitral and tufted cells express an altered combination of Tbrl ~ mitral and tufted cells (Nakamura et al., 2005). To observe the
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Figure2.  Thr1 upregulation in Thr2-deficient mitral and tufted cells. 4, Generation of mitral/tufted cell-specific Tbr2 conditional knockout mice. Genomic organization of Tbr2 ™ allele, Tbr2 ™"
allele, and Pcdh21-Cre transgene construct. Black triangles represent loxP sites. Pcdh21-Cre transgene includes t74 (tetracycline transactivator) and nCre (Cre recombinase with a nuclear localization
signal) intervened by internal ribosome entry sequence (i) from human fibroblast growth factor 2 gene, followed by a rabbit 3-globin polyadenylation signal (pA). B—P, Expression of Cre recombinase
(green) and Tbr2 (red) in OB coronal sections of developing and adult Tbr2 conditional knockout (Tbr2 flox/flox (e /=) mice. Cre protein is first detectable in mitral cells in the dorsal region of the 0B
atE17 (B, G; arrowheads). At P14 and later, Cre is strongly expressed in all the mitral and tufted cells where Thr2 protein is specifically lost. Q—X, Triple immunofluorescence labeling of Tbr1 (Q,
U), Tor2 (R, V), and Cre (S, W) on adult OB coronal sections from Tbr2"“"**; (re /= (Q-T) and Tbr2 ™™, (re /= (U-X) mice. T, X, merged images (Figure legend continues.)
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mitral cells

|Tbr2 mutant" Control

Figure3.

Subtype change of VGluTs in Thr2-deficient mitral and tufted cells. Double fluorescence labeling of Thr2 (A, B, E, F, 1,J,M, N, magenta) and Tbr1 (C, D, G, H, K, L, 0, P, magenta) proteins

with VGluT1 (A4, C,E, G,1,K,M, 0, green) and VGIuT2 (B, D, F, H,J, L, N, P, green) mRNAs in tufted (A—H) and mitral (/—P) cells. In control mice, Tbr2-positive tufted cells express a high level of VGIuT1
(A), but not VGIuT2 (B), while Thr1-positive tufted cells coexpress VGluTT moderately (€) and VGluT2 weakly (D). In mitral cells where both Tbr1 and Thr2 are present, VGluT1 and VGIuT2 are also
colocalized (/-L). In Tbr2-deficient mitral and tufted cells, expression of Thr1 is increased and concomitantly the level of VGluT2 is upregulated (F, H, N, P). Asterisks in B indicate Thr2-positive cells
that are colocalized with VGluT2 mRNA, which may probably correspond to excitatory juxtaglomerular neurons. Scale bar, 50 wm.

expression of VGIuT1 and VGIuT2 mRNAs in Tbrl- and Tbr2-
positive cells, we performed in situ hybridization (VGIuTI1 or
VGIuT2) combined with immunohistochemistry (Tbrl or Tbr2)
in adult OB sections (Fig. 3). In control mice, Tbr2-positive
tufted cells strongly expressed VGIuT1 (Fig. 3A), but not VGIuT?2
(Fig. 3B). On the other hand, Tbrl-positive tufted cells expressed
VGIuTI1 moderately and VGIuT2 weakly (Fig. 3C,D). Thus, Tbr1-
and Tbr2-positive tufted cells represent distinct subtypes of
tufted cells with different VGIuT subtype expression. In Tbhr2
conditional knockout mice, tufted cells that originally expressed
Tbr2 became Tbrl-positive, and these cells expressed moderate
levels of both VGIuTI1 and VGIuT2 (Fig. 3G,H). Therefore, a
change of Tbr1 subfamily expression led to a concomitant alter-
ation of the subtype of VGIuTs in tufted cells. In mitral cells of
control mice, where both Tbrl and Tbr2 are present (Fig.
1U,V,X), we observed high expression of VGIuTI and weak but
significant expression of VGIuT2 (Fig. 3I-L). The loss of Tbr2 and
concomitant increase of Tbr1 led to a marked increase of VGIuT2
(Fig. 3J,N, L, P). These results indicate that the expression of Tbr1l
and Tbr2 are closely related to the expression levels of VGIuT2
and VGIuT1I, respectively, and suggest that they may be critical
determinants of the VGIuT subtypes in mitral and tufted cells.

<«

(Figure legend continued.)  (Tbr1, green; Tbr2, red; Cre, blue). Thr2 protein is detectable in
Cre-expressing mitral and tufted cells of 7br2*”** mice (R-T), but not of Tbr2 "ox/fox miice
(V=X). On the contrary, Thr1 expression is increased in Cre-positive mitral and tufted cells in
Tbr2 ™% mice (U, W, X). ¥, Quantification of Thr1 subfamily proteins. OB homogenates from
control (Con) and Tbr2 conditional knockout mice (Mut) were subjected to Western blot analy-
sis. Intensity of each band was measured and statistically analyzed (bottom; values are mean =
SEM, n = 3 foreach). For Thr1and Tbr2, intensities of both upper and lower bands were added.
In Tbr2 conditional knockout mice, the amount of Thr1 protein is increased by 1.82 = 0.16-fold
compared with control littermates, while Thx21 protein is decreased by 0.76 == 0.01-fold. Scale
bars: B-P, 500 pem; @—X, 50 m.

Abnormal dendritic morphology of Tbr2-deficient mitral and
tufted cells

We next investigated whether the Tbr2 gene disruption leads to
cell-autonomous alternations in the anatomical properties of mi-
tral and tufted cells. Immunohistochemistry using several mark-
ers for mitral and tufted cells (Tbx21, PGP9.5, Pcdh21, and
neurofilament-165 kDa) revealed that dendritic morphology of
mitral cells was dramatically changed in Tbr2 conditional knock-
out mice (Fig. 4A-H). In control mice, mitral cells sent thick
primary dendrites straight toward glomeruli in a radial direction
(Fig. 4A-D). In contrast, primary dendrites of Tbr2-deficient
mitral cells were thinner, winded, and projected in random di-
rections (Fig. 4 E-I).

Secondary dendrites of mitral cells predominantly distribute
in the inner half of the EPL, delineating the EPL into two anatom-
ically and functionally distinct sublayers: outer EPL and inner
EPL (Mori et al., 1983). This segregation was clearly visualized by
anti-PGP9.5 immunostaining in control mice (Fig. 4 B). In Tbr2
conditional knockout mice, however, the PGP9.5-positive inner
EPL occupied most of the EPL (Fig. 4F). We quantitated the
average thickness of PGP9.5-positive (inner) and PGP9.5-
negative (outer) EPLs in control and Tbr2 conditional knockout
mice (Fig. 4)). Although the thickness of inner EPL did not differ
between the two genotypes, the outer EPL was significantly thin-
ner in Tbr2 conditional knockout mice, which led to the reduc-
tion of total EPL by ~25% (Fig. 4]). The EPL mainly consists of
dendrites of mitral and tufted cells, and cell bodies and dendrites
of interneurons that make dendrodendritic synaptic connections
onto mitral and tufted cells. Therefore, this result indicates that
dendritic architectures and probably the connectivity among
those neurons are altered in Tbr2 conditional knockout mice.

To examine the detailed dendritic morphology of individual
mitral cells, a fluorescent dye, Lucifer yellow, was intracellularly
injected into single mitral cells in fixed OB slices. Figure 4 K and L
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Figure 4.

Abnormal dendritic morphology of Thr2-deficient mitral and tufted cells. A-H, Immunofluorescence labeling of
Tbx21 (A, E), PGP9.5 (B, F), Pcdh21 (€, G), and neurofilament-165 kDa (D, H) on OB coronal sections from control (A-D) and Tbr2
conditional knockout (E~H) mice. Dendritic morphology of mitral and tufted cells is abnormal in Tbr2 conditional knockout mice.
1, Cumulative plots of the projection angles of mitral cell primary dendrites. Angles between the orientation of primary dendrites
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show the representative examples of ob-
tained images from control and Tbr2 con-
ditional knockout mice, respectively. In
control mice, primary dendrites were eas-
ily identified by their thick and straight
morphology (asterisks). In addition, most
secondary dendrites projected horizontally
to the EPL. In contrast, Tbr2-deficient mi-
tral cells projected both primary and sec-
ondary dendrites into various directions.
Therefore, it was difficult to discriminate
primary dendrites from the secondary den-
drites in some mitral cells. These results
demonstrate that Tbr2 is required for
proper dendritic morphogenesis of mitral
cells.

In contrast, general morphology of the
lateral olfactory tract (LOT), where axons
of mitral and tufted cells project, was not
significantly altered in Tbr2 conditional
knockout mice (Fig. 4 M-T'). This sug-
gests that axonal projection patterns of
mitral and tufted cells are not drastically
changed, although we cannot exclude the
possibility that morphology of individual
axons might be altered inside the LOT.

Non-cell-autonomous defects in

OB interneurons

The above observation on abnormal den-
dritic morphology of mitral cells and
anatomical disorganization of the EPL
prompted us to examine whether OB in-
terneurons making dendrodendritic syn-
aptic connections with mitral and tufted
cells were also affected in Thr2 conditional

<«

(as visualized by immunolabeling of neurofilament) and a line
perpendicular to the OB layers were measured at the middle of
the EPL (inset) from control (blue) and Tbr2 conditional knock-
out (orange) mice (n = 39 mitral cells for each genotype). In
contrast to control mice in which most primary dendrites proj-
ect vertically toward target glomeruli, primary dendrites of
Thr2-deficient mitral cells extend into more random direc-
tions.J, Quantitative analysis of the EPL sublayer organization.
Thickness of the total EPL, PGP9.5-negative outer EPL, and
PGP9.5-positive inner EPL was measured from control and
Tbr2-mutant 0B sections. The thickness of outer EPL is signifi-
cantly reduced in Tbr2 conditional knockout mice. Values are
mean == SEM (n = 5), ***p < 0.001 (two-tailed t test). K, L,
Representative morphology of individual mitral cells of control
(K) and Tbr2 conditional knockout (L) mice. Lucifer yellow was
intracellularly injected into single mitral cells in fixed OB coro-
nal slices of P16 —P18 mice. Projected images of whole-cell
shapes taken by a two-photon microscope are presented. Pri-
mary dendrites are indicated with asterisks. M—T, Anatomy of
the LOT at different anteroposterior levels. Axons of mitral and
tufted cells were visualized by immunofluorescence labeling
of calretinin. The gross morphology of the LOT is not appar-
ently affected in Tbr2 conditional knockout mice. AC, anterior
commissure; Tu, olfactory tubercle; Pir, piriform cortex; PMCo,
posteromedial cortical amygdaloid nucleus. Scale bars: (in G)
A-H, K, L,50 wm; (in T) M=T, T mm.
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Figure 5.  Non-cell-autonomous defects in OB inhibitory interneurons. 4, B, E, F, Reduction and morphological alteration of parvalbumin-positive EPL interneurons in Tbr2 conditional knockout
mice. OB sections from control (4) and Tbr2 conditional knockout (E) mice were immunostained with anti-parvalbumin antibody. Magnified views of the EPL are shown in B and F, respectively. ,
G, Immunofluorescence labeling of Arx. D, H, Abnormal dendritic arborization of 5T4-positive granule cells. The density of 5T4-positive granule cell dendrites in the outer EPL is reduced in Tbr2
conditional knockout mice. /-P, Abnormal dendritic projections of calbindin-positive juxtaglomerular neurons. Inmunofluorescence labeling of calbindin (1, J, M, N), calretinin (K, 0), and TH (L, P)
on 0B coronal sections from control (/-L) and Tbr2 conditional knockout (M—P) mice. Merged images of calbindin (green) and Tbr2 (red) are shown in J and N. In Tbr2 conditional knockout mice
dendrites of calbindin-positive juxtaglomerular neurons extend out of glomeruli into the EPL while they are restricted inside the GL in control mice. Calretinin- and TH-positive juxtaglomerular
neurons are not morphologically different from control (K, L) and Tbr2 conditional knockout (0, P) mice. Scale bars: 4, E, 500 wm; B-D, F-H, I-P, 50 jxm.

knockout mice. A homeobox transcription factor Arx is ex- OB interneurons in Tbr2 conditional knockout mice did not ap-
pressed in virtually all types of GABAergic local interneurons in  parently differ from those in control mice (Fig. 5C,G).
the OB including granule cells and juxtaglomerular neurons (Yo- The OB interneurons in GL and EPL can be classified into

shihara etal., 2005). The number and distribution of Arx-positive  several types according to their morphology, cellular position,
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and characteristic expression of neuronal markers including TH,
parvalbumin, calbindin, and calretinin (Batista-Brito et al., 2008;
Kosaka and Kosaka, 2008, 2010). We noticed that the number
of parvalbumin-positive interneurons in the EPL was mark-
edly reduced in Thr2 conditional knockout mice by more than
two-fold (Fig. 5A, B, E, F; control, 843 = 51; Tbhr2 conditional
knockout, 357 = 33; p < 0.001). In addition, the morphology
of individual parvalbumin-positive neurons was abnormal
with shrunken soma and less arborized dendrites (Fig. 5B, F),
suggesting the impaired development and function of
parvalbumin-positive interneurons. In contrast, the numbers
of calbindin-positive, calretinin-positive, and TH-positive
neurons in the GL did not obviously change (Fig. 5I-P). How-
ever, dendrites of calbindin-positive juxtaglomerular neurons
projected abnormally out of glomeruli, which was never ob-
served in control mice (Fig. 5I,J,M,N).

A leucine-rich repeat-containing membrane protein 5T4 is
expressed in a subset of granule cells whose dendrites preferen-
tially arborize in the outer EPL (Imamura et al., 2006; Yoshihara
etal., 2012). We also found that the 5T4 immunoreactivity in the
outer EPL was clearly decreased in Tbr2 conditional knockout
mice, suggesting the defective dendritic arborization of 5T4-
positive granule cells (Fig. 5D, H). These results indicate that the
loss of Tbr2 in mitral and tufted cells affects several types of OB
interneurons, including parvalbumin-positive EPL interneu-
rons, calbindin-positive juxtaglomerular neurons, and 5T4-
positive granule cells in a non-cell-autonomous manner.

Impaired formation of dendrodendritic synapses

In the EPL, secondary dendrites of mitral and tufted cells make
characteristic reciprocal synapses with dendrites of the inhibitory
interneurons including granule cells. These dendrodendritic syn-
apses importantly contribute to olfactory information processing
in the OB by refinement of odor-tuning specificity (Yokoi et al.,
1995; Mori et al., 1999; Abraham et al., 2010). We next asked
whether the dendrodendritic synapses were properly organized
in Tbr2 conditional knockout mice.

For this purpose, we performed triple-label immunohisto-
chemistry for VGIuT1, VGIuT2, and VGAT in adult OB sections.
Consistent with the results of in situ hybridization (Fig. 3), we
detected in control mice strong VGluT1 signals throughout the
EPL and inner plexiform layer (IPL) where dendrites and axons
of mitral/tufted cells densely exist, respectively (Fig. 6 A), whereas
VGIuT2 signals were weaker in these areas (Fig. 6B). In Tbr2
conditional knockout mice, significant decrease in VGluT1 sig-
nals and a concomitant increase of VGluT2 immunoreactivity in
the EPL and IPL were observed (Fig. 6 E, F), which was also con-
sistent with the in situ hybridization results that the loss of Tbr2in
mitral/tufted cells led to the downregulation and upregulation of
VGIuTI and VGIuT2, respectively (Fig. 3). In contrast, the ex-
pression pattern and intensity of VGAT in GABAergic interneu-
rons were not obviously different between control and Tbr2
conditional knockout mice (Fig. 6C,G).

Athigher magnification, many of the VGluT1-positive puncta
were observed in close apposition to VGAT-positive small puncta
in the EPL of control mice (Fig. 61, K,L), which likely reflects the
sites of dendrodendritic synapses between the glutamatergic
mitral/tufted cells and the GABAergic interneurons. In Tbr2 con-
ditional knockout mice, both the size and the number of
VGluT1-positive puncta were markedly decreased, whereas the
number of VGIuT2-positive puncta was conversely increased
(Fig. 6 N, O). Triple immunohistochemistry revealed that most of
the VGIuT1- and VGluT2-positive puncta were closely colocal-
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ized with the presynaptic marker, synaptophysin, in both control
and Tbr2 conditional knockout mice, confirming that VGluT1
and VGIuT?2 reside in presynaptic specifications in both geno-
types (Fig. 6 M, R). Although the size and total number of VGAT-
positive puncta did not apparently differ between two genotypes
(Fig. 6K, P), the VGAT-positive puncta in close proximity to
VGIuT1- or VGluT2-positive puncta were much fewer in mutant
mice (Fig. 6L, Q). Quantitative analysis revealed that the ratio of
VGAT-positive puncta that were apposed to either VGluT1- or
VGIuT2-positive puncta was reduced by ~2-fold in Tbr2 condi-
tional knockout mice both in outer EPL (control, 46.4 = 2.8%;
Tbr2 conditional knockout, 22.0 £ 3.5%; p < 0.01) and inner
EPL (control, 42.7 = 1.1%; Tbr2 conditional knockout, 25.5 *=
2.8%; p < 0.05). These results imply that the formation of den-
drodendritic synapses between the mitral/tufted cells and the in-
hibitory interneurons is severely impaired in Tbr2 conditional
knockout mice.

Hyperactivation of Tbr2-deficient mitral and tufted cells by
odor stimulation

The above results imply that Tbr2-deficient mitral and tufted
cells may receive less inhibitory inputs from OB local in-
terneurons. Therefore, we finally examined whether Tbr2 con-
ditional knockout mice show any defects in odor-induced
neuronal responses.

Phosphorylations of intracellular signaling molecules such as
Erk (MAP kinase) and CREB have been used as indicators for
neuronal activation in many systems including the OB (Sgam-
bato et al., 1998; Moon et al., 1999; Mirich et al., 2004; Miwa and
Storm, 2005). NFkB is a transcription factor expressed in various
types of cells including immune cells and neurons, which is rap-
idly phosphorylated upon cellular activation for subsequent
translocation into the nucleus. Recently, Fujikawa et al. (2011)
demonstrated that the phosphorylation of NFkB could also be
used as a reliable marker for somatosensory stimuli-induced neu-
ronal activation in dorsal root ganglia.

Using transgenic mice (mOR-EG-ires-gapEGFP) in which
eugenol-responsive glomeruli are specifically labeled by EGFP,
we found that the odorant stimulation of mice also rapidly and
robustly induced the phosphorylation of NF«B in cohort of neu-
rons in the OB, including juxtaglomerular neurons, tufted cells,
mitral cells, and granule cells surrounding the activated glomer-
uli (Fig. 7A-D). Thus, pNFkB can serve as a suitable marker for
detecting odor-induced activation of OB neurons including mi-
tral and tufted cells.

By using this marker, we examined whether odor-induced
activation of mitral and tufted cells was affected in Tbr2 condi-
tional knockout mice. When mice were exposed to an odorant,
isoamyl acetate, the numbers of pNFkB-positive mitral and
tufted cells were significantly larger in Tbr2 conditional knock-
out mice compared with control mice (Fig. 7E-J). In addition,
the activated mitral and tufted cells were observed in a broader
area of the OB (Fig. 7E-H ), suggesting a decrease in the extent of
lateral inhibition among mitral and tufted cells via inhibitory
interneurons. This hyperactivation of mitral and tufted cells was
observed also with other odorant stimuli such as eugenol and
octanal (Fig. 7I,]). Even in a control (vehicle-treated) condition,
the numbers of pNFkB-positive mitral and tufted cells in Thr2
conditional knockout mice were ~2-fold larger than those in
control mice (Fig. 71,]). These results indicate that Tbr2-
deficient mitral and tufted cells are more susceptible to odorant
stimulation, probably due to reduced inputs from inhibitory in-
terneurons in the OB. Interestingly, the numbers of pNFkB-
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Figure 6.

Molecular and structural alterations of dendrodendritic synapses in the EPL. Triple immunofluorescence labeling of VGIuT1 (4, E, I, N), VGIuT2 (B, F, J, 0), and VGAT (C, G, K, P) on OB

coronal sections from control (A-D, I-L) and Tbr2 conditional knockout (E-~H, N-Q) mice. Merged images are shown in D, H, L, and Q (VGIuT1, green; VGIuT2, blue; VGAT, red). A-H, In the EPL and
IPL of Tbr2 conditional knockout mice, VGIuT1 signals are reduced, whereas VGIuT2 signals are increased, reflecting the subtype transformation of VGIuTs in mitral and tufted cells. I-R, Magnified
views of the inner EPL. In control mice, many large VGIuT1-positive puncta are observed that are closely apposed to VGAT signals (/, K, L), corresponding to dendrodendritic reciprocal synapses
between mitral/tufted cells and inhibitory interneurons. In Tbr2 conditional knockout mice, the size of VGIuT1-positive puncta is smaller, and most of them are found isolated from VGAT signals (N,
P, Q). VGIuT1 or VGIuT2 signals are closely overlapped with synaptophysin (Syph)-positive puncta both in control and Tbr2 conditional knockout mice (M, R), demonstrating that VGIuT proteins are
localized in presynaptic specifications. Arrows and arrowheads in Rindicate VGIuT1- and VGIuT1/VGluT2-positive puncta colocalized with Syph, respectively. Scale bars: A~H, 100 pem; /-L, N-Q, 20

m; M, R, 10 m.

positive juxtaglomerular neurons, the majority of which are
inhibitory, were significantly reduced in Tbr2 conditional
knockout mice stimulated by odorants (Fig. 7K). Juxtaglo-
merular neurons are known to contribute to intraglomerular
and interglomerular inhibitions of mitral and tufted cells (Aungst
et al., 2003). Therefore, it is likely that the impaired interaction
between mitral/tufted cells and juxtaglomerular neurons in Tbr2
conditional knockout mice have led to the less inhibitory signals
on mitral and tufted cells, rendering them more excitable. Thus,

Tbr2 is required not only for proper differentiation of OB neu-
rons in both cell-autonomous and non-cell-autonomous man-
ners, but also for establishment of functional neuronal circuitry
in the OB and maintenance of excitatory—inhibitory balance cru-
cial for odor information processing.

Discussion
In this study, we analyzed in vivo loss-of-function phenotypes of
Tbr2 in mitral and tufted cells and clarified that Tbr2 is required
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Hyperactivation of Thr2-deficient mitral and tufted cells by odor stimulation. A-D, Induction of NF«B phosphorylation in OB neurons upon odor exposure. mOR-£G-ires-gapEGFP

transgenic mice were stimulated by either vehicle (4, B) or 5% eugenol (C, D) for 15 min, and the OB sections were immunostained with an antibody specifically recognizing pNF«B. In the
eugenol-stimulated mouse, pNF kB signals are observed in the nuclei of juxtaglomerular neurons surrounding GFP-positive glomerulus, tufted cells (large nuclei; arrows), mitral cells, and granule
cells that reside beneath the glomerulus (C, D). E-H, Neuronal activation in OB sections from odor-stimulated control (E, F) and Tbr2 conditional knockout (G, H) mice. Mice were exposed to 2%
isoamyl acetate for 15 min and activated OB neurons were detected by pNF kB immunohistochemistry. Lateral areas of the OB sections are magnified in F and H. Larger numbers of pNF kB-positive
mitral and tufted cells are observed in Tbr2 conditional knockout mice. I-K, Quantitative data showing the numbers of pNF kB-positive tufted cells (1), mitral cells (J), and juxtaglomerular neurons
(K) from control and Tbr2 conditional knockout mice stimulated with either vehicle (mineral oil), 2% isoamyl acetate (IAA), 5% eugenol (EG), or 5% octanal (OCT). Values are mean = SEM (n = 3),
*p < 0.05, **p << 0.01, ***p << 0.001 (two-tailed t test). Scale bars: (in D) A-D, 100 wm; (in G) E, G, 500 m; (in H) F, H, 200 m.

for establishing proper neuronal circuitry in the OB. The loss of
Tbr2 in mitral and tufted cells led to multiple defects of OB neu-
rons both cell-autonomously and non-cell-autonomously with
respect to their molecular expression, dendritic morphogenesis,
and synapse formation. As a result, Tbr2-deficient mitral and
tufted cells received less inhibitory inputs from local interneu-
rons and became more susceptible to be activated by odor stim-
uli. These results demonstrate that Tbr2 plays an important role
in maintenance of excitatory—inhibitory balance in the OB neural
circuitry.

Specification of glutamatergic neuronal lineages by T-box
transcription factors

Our immunohistochemical analysis revealed that Tbr1 subfamily
members exhibit distinct and overlapping expression patterns in
OB neurons including mitral and tufted cells. The unique com-
binatorial expression of Tbrl subfamily members subdivides
mitral and tufted cells into at least three different populations:
Tbrl-positive external tufted cells, Tbr2/Tbx21-positive exter-

nal/middle/internal tufted cells, and Tbr1/Tbr2/Tbx21-positive
mitral cells. In addition, Tbr2 is expressed in a subset of neurons
surrounding glomeruli, which do not express any well known
markers for juxtaglomerular inhibitory interneurons such as cal-
bindin, calretinin, TH, or Arx. Recent reports described that
there are glutamatergic excitatory juxtaglomerular interneurons
that express Tbr2 (Brill et al., 2009; Winpenny et al., 2011). Be-
cause Tbr1 subfamily members are mostly expressed in glutama-
tergic neurons in many brain regions including the cerebral
neocortex, hippocampus, retina, cerebellum, and OB (with the
exception of cerebellar Purkinje cells, in which Tbrl is expressed
in GABAergic neurons) (Bulfone etal., 1995; Englund et al., 2005;
Fink et al., 2006; Hevner et al., 2006; Hong and Hsueh, 2007;
Méndez-Gomez et al., 2011), it is likely that they commonly pro-
mote the glutamatergic neuronal differentiation. At the same
time, their combinatorial expression may determine the sublin-
eages of individual glutamatergic neurons.

Actually, in situ hybridization analysis revealed that Tbr1- and
Tbr2-positive mitral and tufted cells express different combina-
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tions of VGIuT subtypes; tufted cells that are positive for Tbr2 but
not Tbrl express only VGIuT1I, while mitral/tufted cells positive
for Tbrl express both VGIuTI and VGIuT2. Loss of Tbr2 and
increase of Tbr1 in these cells was accompanied by a concomitant
shift of VGIuT expression. Thus, Tbrl and Tbr2 may specify
different subtypes of glutamatergic neurons by regulating the
distinct expression of two VGluTs. Although functional differ-
ences between VGluT1 and VGIuT2 have not been clearly iden-
tified, a recent study reported that hippocampal synapses bearing
VGIuT1 and VGluT2 have different physiological properties
(Weston et al., 2011). Therefore, Tbrl and Tbr2 may indirectly
regulate the synaptic functionalities of mitral and tufted cells
through their distinct downstream target molecules.

Requirement of Tbr2 for proper differentiation of mitral and
tufted cells

In addition to the changes in molecular expression, including
Tbrl and VGluTs, Tbr2-deficient mitral and tufted cells exhib-
ited abnormalities in their dendritic morphology (Fig. 4A-L). In
contrast to the dramatic changes in the dendritic organization,
the gross anatomy of the LOT consisting of mitral and tufted cell
axons was not obviously affected in Tbr2 conditional knockout
mice (Fig. 4M-T).

Many aspects of mitral/tufted cell differentiation occur at dif-
ferent time points during development. For example, axons of
mitral cells start to project as early as E12 (Inaki et al., 2004;
Blanchart et al., 2006), but differentiation of the dendrites takes
place at later developmental stages. In our mutant mice, the on-
sets of Cre in mitral (E17) and tufted (P7) cells were later than
those of endogenous Tbr2 (Fig. 2 B—P). Therefore, the pheno-
types represent the functions of Tbr2 at relatively later differen-
tiation events, and may have been especially emphasized in
dendritic differentiation. Initially, from late embryonic to early
postnatal stages, mitral and tufted cells extend numerous uni-
form dendrites that innervate into multiple glomeruli. They
undergo extensive remodeling afterward, and it is not until ap-
proximately P10 when functional glomeruli are formed between
single primary dendrites of mitral/tufted cells and axons of olfac-
tory sensory neurons (Malun and Brunjes, 1996; Blanchart et al.,
2006). Simultaneously, secondary dendrites differentiate from
primary dendrites. In Tbr2 conditional knockout mice, both pri-
mary and secondary dendrites projected into aberrant directions
(Fig. 4K, L), suggesting that dendritic remodeling might not have
properly proceeded. By analyzing our Tbr2 conditional knockout
mice, it may be possible to address the molecular mechanisms of
dendritic differentiation of mitral/tufted cells without interfer-
ence from defects in early differentiation, such as proliferation,
survival, and/or migration of the neurons.

Non-cell-autonomous defects of OB interneurons caused by
Tbr2 deficiency

Loss of Tbr2 in mitral and tufted cells also caused non-cell-
autonomous defects in several types of OB interneurons. We
detected severe loss and impaired differentiation of parvalbumin-
positive interneurons in the EPL. In somatosensory and visual cor-
tices, TrkB receptor is expressed by parvalbumin-positive
interneurons whose development is regulated by brain-derived neu-
rotrophic factor (BDNF) (Patz et al., 2004; Itami et al., 2007). It is
also known that mice lacking BDNF show significant loss of parval-
bumin immunoreactivity in the EPL interneurons, while other
calcium-binding protein-containing neurons in the OB appeared
unaffected (Berghuis et al., 2006). Several previous reports described
the expression of BDNF in mitral cells (McLean et al., 2001; Cao et
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al., 2007; Biju et al., 2008). Therefore, it is likely that the loss of Tbr2
may have resulted in impaired expression or secretion of BDNF,
leading to insufficient neurotrophic effects on parvalbumin-positive
interneurons.

Tbr2 conditional knockout mice also exhibited defects in den-
dritic patterning of a subset of granule cells that expressed 5T4
protein. Normally, their dendrites preferentially arborize in the
outer EPL in a sensory input-dependent manner, targeting the
secondary dendrites of tufted cells (Imamura et al., 2006, Yoshi-
hara et al., 2012). In Tbr2 conditional knockout mice, the layer
organization of the EPL was disturbed, especially in the outer
part, indicating that the dendritic architecture of the tufted cells
was altered. Therefore, impaired interaction of 5T4-positive
granule cells with tufted cells may have led to defects in their
proper dendritic development. A similar phenotype was ob-
served in the calbindin-positive juxtaglomerular neurons. Nor-
mally, they elaborate dendrites only within glomeruli to form
synapses onto the primary dendrites of mitral and tufted cells. In
Tbr2 conditional knockout mice, however, many dendrites
abnormally extended out of glomeruli into the EPL. This ab-
normality may also have been caused by the impaired den-
dritic formation of mitral and tufted cells, the synaptic targets
of calbindin-positive juxtaglomerular neurons.

Our data demonstrate that Tbr2-positive mitral and tufted
cells play critical roles for proper differentiation and wiring of
subsets of OB interneurons. The Tbr2-positive mitral and tufted
cells may serve as a source of trophic factors, scaffolds for dendritic
targeting, or compartmentalization of the sublayer structure of the
OB. Most OB interneurons are continuously generated and differ-
entiate even in adulthood, and they are involved in functional plas-
ticity of the OB. Therefore, sustained expression of Tbr2 in mitral
and tufted cells may also play important roles in maintaining the
functional integrity of the OB.

Disrupted excitatory—inhibitory balance of OB

neural circuitry

Abnormal dendritic morphology of both mitral/tufted cells and
several types of GABAergic interneurons in the OB suggested that
their physical and functional interactions may have been im-
paired in Tbr2 conditional knockout mice. Indeed, we observed a
significantly smaller number of sites where VGAT and VGIuTs
were closely apposed in the EPL (Fig. 6L, Q). This implies that
dendrodendritic synapses between excitatory projection neurons
and GABAergic interneruons are reduced in Tbr2 conditional
knockout mice. This finding suggests that Tbr2-deficient mitral
and tufted cells cannot properly receive reciprocal feedback and
lateral inhibition via the local OB circuit.

Lateral inhibition is important for enhancement of odor-
tuning specificity of mitral and tufted cells (Yokoi et al., 1995;
Abraham et al., 2010). In Tbr2 conditional knockout mice, larger
numbers of mitral and tufted cells were activated by various
odorant stimuli. This result indicates that the odorant sensitivity
is higher and the molecular receptive range is broader in Tbr2-
deficient mitral and tufted cells than in control mice, presumably
by the disruption of the excitatory—inhibitory balance in OB neu-
ral circuitry. Because the regional specificities of activated mitral
and tufted cells upon stimulation with individual odorants were
mostly conserved with the activated areas broadened, it is likely
that odor-activated mitral and tufted cells received less local in-
hibitions by surrounding interneurons rather than randomly ac-
tivated by nonspecific odors.

Triggered by the present study, it is tempting to ask whether
neural activities in higher olfactory centers are also elevated and
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whether the odor discrimination ability is impaired in Tbr2 con-
ditional knockout mice. Electrophysiological and behavioral
analyses using these mice will reveal further insights into the
molecular and cellular mechanisms underlying excitatory—inhib-
itory balance in the olfactory neural circuitry and the higher ol-
factory functions.
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