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Abstract

The distalless-related homeogene DIX5 is expressed in the olfactory placodes and derived tissues and in the anterior-basal forebrain. We
investigated the role of DIX5 in olfactory development. In DIX5™/~ mice, the olfactory bulbs (OBs) lack glomeruli, exhibit disorganized
cellular layers, and show reduced numbers of TH- and GADG7-positive neurons. The olfactory epithelium in DIX5™'~ mice is composed
of olfactory receptor neurons (ORNS) that appear identical to wild-type ORNS, but their axons fail to contact the OBs. We transplanted
DIX5~/~ OBs into a wild-type newborn mouse; wild-type ORN axons enter the mutant OB and form glomeruli, but cannot rescue the
lamination defect or the expression of TH and GADG67. Thus, the absence of DIX5 in the OB does not per se prevent ORN axon ingrowth.

In conclusion, DIX5 plays major roles in the connectivity of ORN axons and in the differentiation of OB interneurons.

© 2003 Elsevier Science (USA). All rights reserved.

Introduction

Olfactory receptor neurons (ORNs) form synapses with
dendrites of second-order neurons within the glomeruli of
the olfactory bulb (OB). Recent studies have demonstrated
a high specificity between ORN axons and their target site.
Axons from ORNSs expressing the same odorant receptor
gene sort and target glomeruli in topographically fixed lo-
cations (Buck, 2000; Mombaerts et a., 1996; Vassar et al.,
1994; Wang et al., 1998).

Little is known about the cellular and molecular mech-
anisms governing development of the olfactory system,
glomerulus formation, and ORN axon guidance. Severa
surface receptors and adhesion molecules have been impli-
cated (Key, 1998; Lin and Ngai, 1999), among which are
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the odorant receptors (Mombaerts et al., 1996; Wang et al.,
1998), semaphorins/neuropilins (Giger et al., 1998; Pas-
terkamp et al., 1999; Williams-Hogarth et a., 2000), Eph/
Ephrins (Gao et a., 2000; St. John et al., 2000), netrin/DCC
(Gad et al., 1997; Shu et a., 2000), Slit/Robo (Li et dl.,
1999; Wu et al., 1999), neural cell adhesion molecule (Tre-
loar et a., 1997), Galectin-1 (Puche et a., 1996; Tenne-
Brown et al., 1998), and the low-affinity neurotrophin re-
ceptor (Tisay et al., 2000). Transcription factors are also
involved in this process. In the small eye mice harboring a
mutation of Pax6, the olfactory placodes fail to form, re-
sulting in the absence of ORNs (Anchan et al., 1997;
Brunjes et al., 1998; Lopez-Mascaraque et al., 1998). While
initial reports suggested the complete absence of OBs, a
residual OB is indeed present (Lopez-Mascarague et al.,
1998). A second mutation, extra toe, is the result of a
deletion of Gli3 (Schimmang et al., 1992). In these mutants,
the OBs are absent, although the olfactory epithelium (OE)
is present and the ORN axons project to the location of the
absent bulb (Franz, 1994). DIx genes are the mammalian
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homologues of Drosophila distalless, encode for transcrip-
tion factors with similar in vitro DNA binding properties
(Liu et a., 1997), and are expressed in limb buds, cranio-
facial., mesenchyme, and restricted areas of the forebrain
(Acamporaet d., 1999; Bulfone et al., 1993a, 1993b; Merlo
et al., 2000; Qui et al., 1997; Porteus et al., 1994; Robinson
and Mahon, 1994). DIx1 and DIx2 are also expressed by
interneurons of the OB and their combined disruption re-
sults in loss of GABAergic and dopaminergic neurons
(Anderson et al., 1997; Bulfone et al., 1998). However, in
these mice ORN axons reach the appropriate locationsin the
OB. DIX5 and DIx6 are expressed from early stages in the
brain areas precursor to the OB and olfactory tubercleand in
the ganglionic eminence (Simeone et a., 1994). Unlike
DIx1 and DIx2, DIX5 is also expressed early in anterior/
lateral nonneural embryonic ectoderm, the presumptive ter-
ritory of the olfactory placode (Yang et al., 1998).

We show here a unique olfactory phenotype in which the
OE and OB of DIx5 null mice are present but no axonal
connections are formed. Our data indicate that DIx5 plays a
major rolein the ability of ORN axons to reach the bulb and
form glomeruli and in the organization and differentiation
of cell layersin the OB.

Results
The olfactory epithelium in DIX5 null mice

DIX5 is expressed in the embryonic ectoderm anterior
and lateral to the neura plate as early as E7 during devel-
opment (Yang et al., 1998). These neural plate regions are
precursors to the ventral cephalic epithelium and the olfac-
tory placode. Expression of DIX5 is maintained throughout
early embryonic stages in olfactory placode derivatives
(Acampora et al., 1999). Using the LacZ reporter as a
marker for DIx5 expression, we extended this analysis
through PO mice. DIX5/LacZ is expressed throughout the OE
lining the nasal cavity, and in the vomeronasal organ at all
embryonic stages examined and at birth (Fig. 1, and data not
shown). The nasal cavities of DIx5 null mutants are severely
reduced in size and turbinates fail to develop (Acampora et
al., 1999; Depew et al., 1999). The OE lining DIx5 null
nasal cavities is on average two-thirds the normal thickness
(Figs. 2D, 2H). The vomeronasal organ is also reduced in
size and often fails to close.

ORNsof DIX5™/~ mice were characterized by examining
the expression of several markers, including: (1) OMP, a
marker for mature ORNs whose expression begins around
E14.5, (2) N-CAM, a general neural marker, (3) PSA-N-
CAM, an immature glycoform of N-CAM, (4) Emx1, a
homeobox protein present in early ORN axons, and (5)
caretinin, a calcium-binding protein expressed in mature
ORNSs beginning at E14.5 (Bastianelli and Pochet, 1994;
Briata et a., 1996; Keller and Margolis, 1975; Margolis,
1972). At E16.5 and PO all these proteins were detected in

the DIX5~/~ OE, showing a distribution similar to that of
normal OE (Figs. 2D, 2H). In particular, by late embryonic/
early postnatal stages the number of cells expressing OMP
and calretinin in the OE had not significantly changed be-
tween mutants and normal mice (Figs. 2C, 2D, 2G, 2H). At
E14.5 both OMP and calretinin begin to be expressed in
normal ORNSs. At this stage, in DIX5™'~ OE expression of
both OMP and calretinin was absent (Figs. 2B, 2F). These
resultsindicate a delayed onset of expression of these ORN-
specific markers.

Olfactory ensheathing cells originate from the olfactory
placodes and accompany the ORN axons through the nasal
mesenchyme (Chuau and Au, 1991; Norgren et al., 1992).
These cells might play an important role in axonal exten-
sion, pathfinding, and target recognition (Ramon-Cueto and
Avila, 1998). Olfactory Schwann cells can be detected by
immunostaining for S100 protein and are normally found
along the olfactory and vomeronasal nerves and in the nerve
layer of the OB. In DIX5™'~ animals S100 immunoreactivity
is absent in the OB nerve layer (data not shown). Thus, in
DIx5 ™/~ animals S100-positive ensheathing cells remain
associated with ORN axons and do not migrate de novo to
the OB. In addition to the ensheathing cells, antibodies for
S100 also stain a subpopulation of CNS astrocytes that was
equally present in normal and in DIX5 '~ OB.

The organization of the basement membrane underlying
the OE and at the border of the OB was analyzed by
immunohistochemistry for laminin. At E13.5 laminin ex-
pression in the basement membrane surrounding the OB
becomes fenestrated to allow for ORN axon penetration
(Gong and Shipley, 1996; Treloar et a., 1996). In DIX5 ™/~
embryos, laminin staining in the OE basement membrane,
blood vessels, and meninges was indistinguishable from
that of the norma embryos (data not shown).

ORN axons in DIX5~'~ mice do not contact the OB

To visualize the trajectory of ORN projections in normal
and DIX5/~ embryos, we stained sections of mouse em-
bryos at various stages (E11.5-E18.5) for the ORN-specific
markers OMP, Emx1, caretinin, and GAP43 (Bastianelli
and Pochet, 1994; Briata et al 1996; Keller and Margoalis,
1975; Margolis, 1972). All of these proteins can be detected
in the neurites of the developing olfactory and vomeronasal
nerves beginning at different stages: OMP and calretinin
appear around E15 while GAP43 is detectable from E12 and
is used to visualize early neurites. In seria sections of
DIX5~/~ embryos at E12.5, GAP43-positive neurites were
observed. These appeared to be sparse, disoriented, and not
contacting the OB, as compared with sections of DIX5"/~
embryos in which GAP43-positive neurites form a neuro-
pile and reach the anterior forebrain (Figs. 3A, 3B). With al
the markers used and at all developmental stages examined
aphysical connection between the olfactory and vomerona-
sal nerves and the OB has never been observed. In DIX5™/~
mice axons expressing OMP, Emx1, and caretinin extend
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Fig. 1. Histology of the nasal region of DIX5~/~ mice. Longitudinal sections of E11.5 (A,B), E12.5 (C,D), and E13.5 (E,F) embryos stained with X-gal.
Sections in (A)—(D) reveal LacZ expression in the epithelium of the nasal cavity; sections in (E) and (F) are chosen to show LacZ expression in olfactory
and vomeronasal nerve bundles (black arrowheads). The orientation is indicated in (B). Panels on the left are from DIX5*/~ animals; panels on the right are

from DIX5~/~ animals. O, olfactory epithelium.

from the OE into the lamina propria underlying the OE and
course toward the forebrain, but never reach the OB (see
Emx1 staining at E14.5, Figs. 3C, 3D). The severity of this
phenotype varies between individual mutant mice. At PO the
phenotype ranges from a few axon bundles confined in the
lamina propria to more numerous ORN axon fascicles that
cross the cribriform plate. In the latter cases the fibers form
a neuroma adjacent to the OB (Fig. 3F). Consistent with the
failure of ORN neurites to connect, absence of glomeruli is
observed (Figs. 3F, 3H, 4J). To further confirm this finding,
OBs from normal and DIX5~/~ mice were immunostained
for Emx1, OMP, and caretinin. All these proteins are nor-
mally detected in the external nerve layer of the OB. In
DIX5~/~ OBs none of these marker can be detected, indi-
cating that the ORN axon component is missing (Figs. 5J,
5K, and data not shown).

Histological analysis can detect single ORN axons if
the appropriate marker is expressed; however, it is pos-

sible that ORN axons not expressing these markers might
contact the OB in DIX5~/~ mice. To rule out this possi-
bility, we evaluated the trgjectory of olfactory nerves
(ONs) using the lipophilic fluorochrome Dil as a tracer
followed by serial sectioning of the entire head (Figs. 3.
and 3I1.). In DIX5~'~ specimens no fluorescent fibers can
be seen entering the OB, whereas in the normal heads
labeled axons are present throughout the entire nerve
fiber and glomerular layers of the bulb (Figs. 3J-3L).
Consistent with the reduced size of their nasal cavities,
Dil-labeled ONs in DIX5/~ are less numerous and the
fascicles smaller. In the few DIX5 null animals in which
ORN axons cross the cribriform plate, these axons always
remain outside the OB, do not cross the meninges or enter
the brain, and bend caudally and ventrally to the OB
(Figs. 3K, 3L). Taken together, all these results indicate
that a common feature of DIX5 null mice is the absence of
the OE-to-OB connection, although the axons are able to
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Fig. 2. Olfactory receptor neurons in DIX5~/~ mice. Characterization of
ORN in the OE was done by immunohistochemistry with specific ORN
markers. (A,B,E,F) Pictures from horizontal sections of E14.5 embryos,
with the nasal cavity on the left, and the brain on the right. (C,D,G,H)
Pictures from frontal sections of PO animals. (A-D) Immunostaining for
caretinin; (E-H) immunostaining for OMP. Sections from normal (left)
and DIX5~/~ (right) animals are compared in each case. Note the absence
of staining for calretinin or OMP in the DIX5~'~ OE at E14.5.

reach the mesenchymal region in the proximity of the
forebrain meninges.

DIx5 expression in the developing olfactory bulbs

DIX5 is expressed in anterior and basal regions of the
developing forebrain, including the OB, the rostral migra-
tory stream (RMS), and the basal ganglia (Figs. 4A, 4C,
4C’, 4C") (Acampora et al., 1999; Eisenstat et a., 1999;
Simeone et a., 1994). We have extended this analysis to
examine mice between E10.5 and PO, with specia regard to
late embryonic development. Staining for B-gal, in situ
hybridization with LacZ in DIX5*/~ mice or in situ hybrid-

ization for DIx5 and DIx6 yielded the same distribution. At
E16.5, DIX5 isexpressed in the OB in cells located through-
out the ventricular and granule layers, which contain pri-
marily immature neurons and the soma of radial glia (Fig.
4]). The ventricular expression persists between E17.5 and
PO. At PO, DIx5 is also found to be expressed in a cell layer
external to the mitral/tufted cell layer of the OB, comprising
the juxtaglomerular neurons (JGNSs) (Figs. 4C, 4C’, 4C").
Immunostaining for -gal on sections of DIX5™/~ OBs con-
firms the expression in granule layers and JGNs (Fig. 4E).
Mitral/tufted cells do not express DIX5, as no X-gal staining
can be detected in this layer. However, expression in im-
mature mitral/tufted cells prior to their forming a specific
recoghizable layer cannot be excluded. At PO strong DIx5
expression is aso present throughout the RMS (Fig. 4C).
Interestingly, the accessory OB (AOB) does not express
DIx5 at any stage examined (Figs. 4C", 4D”, 5F). Consis-
tently, in DIx5 null mice the AOB shows only minor defects
(see following sections).

Olfactory bulb defects in DIX5 null mice

DIx5 '~ OBs are approximately 30-50% smaller than
normal OBs (Figs. 4B, 4D). Cells that would normally
express DIx5 can be identified in mutant embryos by ex-
pression of the LacZ reporter gene. In normal embryos at
E15.5-E16.5 these cells reside only in the ventricular and
granule cell layers, whilein newborn animalsthey are found
in the granule and periglomerular layers. In DIx5 null mice,
B-gal-positive cells are present throughout the OB while a
proper mitral/tufted cell layer cannot be histologically rec-
ognized (Figs. 4D, 4D, 4D", 4F, 4K). The spread of DIxX5-
expressing cells throughout the OB suggests a gross laminar
organization defect. Despite the reduced OB size, the pres-
ence of the DIX5 cell lineage could be confirmed by X-gal
staining and by in situ hybridization with either LacZ or
DIx6 probes (not shown).

The absence of an evident mitral/tufted cell layer in DIx5
null OBs could result from a failure of migration of the
precursor of JGNs or, alternatively, could reflect the loss of
mitral cells or their dispersion in the OB. To answer this
guestion, we have used two classic markers for the mitral/
tufted cells: Thrl and reelin (Alcantaraet a., 1998; Bulfone
et a., 1998; Schiffmann et a., 1997). Expression of these
genes is specific for mitral/tufted cells during embryo de-
velopment and in the adult. In situ hybridization with these
probes yielded the same staining pattern; thus, only reelinis
shown (Figs. 4E—4F"). In normal micereelin signa isfound
in asingle layer of the OB, corresponding to the location of
mitral/tufted cells (Figs. 1E, 1E’). In contrast, in the
DIX5~/~ brainssignal isfound in awider and moreirregular
layer (Figs. 4G'—4H’). This result indicates that while mi-
tral/tufted cells are clearly present in the mutant OB, they
are dispersed over a much wider region.

To determine whether DIX5 inactivation affects the num-
ber of specific subpopulations of OB interneurons, we ex-
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Fig. 3. Absence of olfactory connection in DIx5~/~ mice. (A,B) Longitudinal sections of E12.5 normal (A) and DIX5~/~ (B) embryos through the nasal
mesenchyme and the anterior forebrain, stained for GAP43. Serial sections were examined. While in the normal embryos the nerve bundles reach the OB
(black arrows), in the mutant embryos few GAPA43-stained neurites can be seen (black arrows) but never in contact with the OB. (C,D) Horizontal sections
of E14.5 normal (C) and DIx5~/~ (D) embryos stained for Emx1. Bundles of olfactory fibers (black arrows) can be seen, but these fail to form a neuropil
(black arrowheads) or contact the OBs (sketched with black dotted lines). (E-H) Mallory staining of frontal sections of newborn normal (E,G) and DIX5~/~
(F,H) heads at lower (E,F) and higher (G,H) magnification. ORN fibers crossing the lamina cribrosa (red arrows) can be seen in both cases. In the DIX5~/~
contact with the OB is never observed. Glomeruli (red arrowheads) are visible in the normal OB (G) but absent in the DIX5~/~ (H). (3-L") Tracing of the
olfactory nerve with Dil. E16.5 embryos were injected with Dil and sectioned serially as illustrated (1. and 11.). Normal (J) and DIx5~/~ (K,L) heads are
shown. The olfactory and vomeronasal nerves are clearly visible in al cases (white arrows). The externa nerve layer and the neuropil of the OB (white
arrowheads) are visible in the normal OB but not in any of the mutant heads analyzed. For each fluorescent image (above), the corresponding bright-field

image is shown below (J, K’, L"). AOB, accessory olfactory bulb; OE, olfactory epithelium; ON, olfactory nerve; VNO, vomeronasal organ.

amined dopaminergic and GABAergic cells (Kosaka et d.,
1995) by expression of tyrosine hydroxylase (TH) and glu-
tamic acid decarboxylase (GAD67, Esclapez et a., 1994),
respectively. Inanormal OB, cells expressing these markers
are expected in the periglomerular and the external granule
cell layers. TH- and GAD67-immunoreactive cell bodies
and neurites were detected in the periglomerular layer and
there are abundant GAD67-positive cells and neuritesin the
outer granule cell layer, adjacent to the mitral/tufted cell
layer (representing more mature granule cells) (Figs. 5A,
5C). Combined detection of B-gal (X-gal) and TH (anti-TH)
on the same sections showed coexpression of these mole-
cules (Figs. 5C, 5E), an indication that TH-immunoreactive
JGNs are a subpopulation of DIx5-expressing cells. In
DIx5 '~ OBs TH- and GADG67-positive cells were either
absent or greatly reduced in number (Figs. 5B, 5D), with no
consistent distribution of the few remaining cellsin any part

of the OB. Double staining for 8-gal and TH confirms that
few or no DIx5/LacZ-expressing cells also express TH (Fig.
5D) and that, conversely, TH-immunoreactive cells are eas-
ily detected in the AOB, where DIx5 is not expressed
(Fig. 5F).

The lack of specific JGN populations could be due to the
absence of these cells or to failure of these genes to be
expressed in the mutant OB. Both the knock-in reporter
LacZ and DIx6 are strongly expressed in the mutant OB;
furthermore, B-gal-immunoreactive cells can be found
throughout the thickness of the OB. Thus, the failure of
expression of the differentiated markers TH and GADG67 is
the more probabl e explanation, although this statement can-
not be conclusively proven in the absence of an early JGN
marker. In the AOB both TH- and GAD67-immunoreactive
neurons were present, consistent with the absence of DIx5
expression in this region (Figs. 5A-5D). Their abnormal



G. Levi et al. / Molecular and Cellular Neuroscience 22 (2003) 530-543 535

Dix5 /-

Dix5 /-

SBpr ¥ MCL  PeCL

anti B-gal

Dix5 *- Dix5 /-
'y L.
4 .

reelin

Fig. 4. Olfactory bulbs of normal and DIX5~'~ mice. (A,B) Newborn DIX5*/~ (A) and DIx5~/~ (B) brains, whole-mount stained for LacZ expression, ventral
view. (C,D) Longitudinal thick sections from newborn DIx5™/~ (C) and DIX5~/~ (D) brains, stained with X-gal. (C’,C",D’,D") Frontal sections from newborn
DIx5™~ (C',C") and DIX5~'~ (D’,D") brains. The sectioning level is indicated in (C) and (D) (dashed red, lines). (E,F) Immunohistochemistry for 8-gal on
frontal sections of DIX5™/~ (E) and DIx5~/~ (F) OB at PO, corresponding to the sketched areas (C",D” squares). Cell layers are indicated. (G-H') In situ
hybridization with reelin (marker for mitral/tufted cells, black arrowheads) on sections from newborn normal (G,G’) or DIx5~/~ (H,H’) brains, in longitudinal
(G,H) or frontal (G’,H’) views. (J-M) Histology of OBs of DIx5™~ (J,L) and DIx5~'~ (K,M) mice. (J,K) Sections from E16.5 embryos are stained with X-gal
and counterstained with eosin. LacZ expression is found in the ventricular-granule cell layer. In the DIX5™'~ OB, no mitral/tufted cell layer can be identified.
(L,M) Mallory’s trichromic staining was performed on sections of newborn OBs. Note in the mutant OB the lack of typical lamination and of glomeruli. Cell
layersareindicated. AOB, accessory olfactory bulb; GCL, granule cell layer; MCL, mitral/tufted cell layer; OB, olfactory bulb; OT, olfactory tubercle; PGCL,

periglomerular cell layer; RMS, rostral migratory stream.

distribution is likely to be secondary to the lack of inner-
vation.

Mitral/tufted cells was also examined for calretinin ex-
pression. In a normal OB, caretinin immunostaining is
expected to reveal the nerve layer, a subpopulation of JGNs
and of mitral/tufted cells (Malz et a., 2000; Wouterlood and
Hrtig, 1995). While in the normal OB the expected immu-
noreactivity was observed, in DIX5™/~ OBs, no calretinin
can be detected in the nerve layer or in any of the cell types
(Figs. 5J, 5K). On the contrary, in the AOB calretinin-
immunoreactive mitral/tufted cells were detected equally in
the normal and the DIX5 ™/~ specimens (Figs. 5E, 5F, in-
sets). The lack of calretinin expression in (DIX5 negative)
mitral/tufted cells of DIX5™/~ OBsis likely to be secondary
to a general OB lamination defect that disrupts the normal
cell architecture.

The organization of the radia glia within the OB of
normal and DIX5 null mice was investigated at PO with the

RC2 antibody, which recognizes an antigen expressed by
radial glia throughout the brain. In normal OBs, RC2-pos-
itive glia fibers can be seen in the outer layer (Bailey et dl.,
1999; Puche and Shipley, 2001). In DIx5 '~ OBs, RC2-
positive glia fibers are present in the OB but are less
numerous, thinner, and disorganized compared with normal
(data not shown).

Transplanted OBs from DIx5/~ mice can be innervated
by wild-type ORNs

The misrouting of ORN axonsin DIx5 null animals could
be due to defects in pathfinding/target recognition by the
axons themselves and/or disruption of molecules in the OB
essential for axon innervation. Specifically the OBs of the
mutant mice may lack an attractive cue or overexpress a
repulsive cue, resulting in disorganization of the axon tra-
jectory. Furthermore, the marked downregulation of TH and
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Fig. 5. Characterization of DIX5~/~ olfactory bulbs. Histochemistry with neuronal markers on sagittal OB sections. Panels on the left show normal (DIx5™/™)
and panels on the right show mutant (DIx5 /) OBs. Antigens detected are indicated on the bottom: (A,B) tyrosine hydroxylase TH; (C—F) X-gal staining
(blue) followed by TH immunohistochemistry (brown); (G,H) glutamic acid decarboxylase GADG67; (J,K) caretinin. The AOB in (A), (B), (G), and (H) are
sketched with black dotted lines. Inserts in (J) and (K) show calretinin immunostaining in the AOB. (C—) Higher magnification of double staining for
DIx5/LacZ and TH, to show in the DIX5™/~ coexpression in the same JGN cells (black arrows). In (E) a glomerulus is observed surrounded by double-stained
cells (arrowheads). In DIx5~/~ OBs, LacZ-positive cells did not show any TH immunoreactivity (D), while TH-immunoreactive, 8-gal-negative cells (black,

arrows) can be demonstrated in the AOB (F).

GADG67 expression in the mutant OBs might be the conse-
guence of lack of connectivity (Kosakaet al., 1997; Stone et
al., 1991). To address these issues we used an OB transplant
paradigm. One OB from a wild-type newborn mouse was
surgically removed and either an E16.5 or E18.5 DIX5™/~
donor OB transplanted into the vacant cavity. OBs from
heterozygous DIx5/LacZ mice were transplanted, as con-
trols. The origin of the transplanted tissue was demonstrated
by polymerase chain reaction (PCR) amplification of the
LacZ transgene in DNA samples extracted from tissue sec-
tions adjacent to those analyzed by immunostaining, using
DNA from the adjacent host forebrain as negative control
(Fig. 6A). Further confirmation is provided by the appear-
ance of the dissected whole brain (Figs. 6B, 6C), and by the
overall organization and immunoreactivity of cell types
(Figs. 6D—60). Thisisto rule out that an outgrowth of CNS
tissue may have taken the place of the surgically removed
OB and be innervated by ORN neurites (Morrison and
Graziadei, 1996).

Control (DIx5"/~ donor OB) and mutant (DIx5/~ donor
OB) transplants were approximately 50 and 30% the size of
anormal bulb, respectively (Figs. 6B, 6C). In control trans-
planted OBs, abundant innervation of the transplanted tissue

occurs. ORN axons enter the transplanted bulb and form
glomeruli across the ventral, lateral, and media surfaces.
Similarly to anormal OB, dendrites from mitral/tufted cells
and processes from astrocytes also participate in the forma-
tion of these glomeruli, as indicated by the double immu-
nostaining for OMP/MAP2 and OMP/GFAP (Figs. 6D, 6E,
6G, 6H), athough there looked to be fewer MAP2-positive
dendrites penetrating the glomeruli of the DIX5 '~ OB.
These glomeruli are surrounded by GADG67-positive and
TH-positive JGNs (Figs. 6J, 6K, 6M, 6N), as expected. The
expression of TH, which is dependent on, and modulated
by, ORN activity and glutamate release (Baker et al., 1993;
Puche and Shipley, 1999), indicates that the wild-type axons
make functional connections to the transplanted normal
bulb. In transplants of DIX5~/~ OBs the laminar disorgani-
zation seen in intact bulbsis also present in the transplanted
tissue. Neurites from the host ORNSs innervate the mutant
OB and form glomeruli (Figs. 6F, 61). These glomeruli are
often smaller than those found in the control transplant.
Double immunofluorescence on the DIX5™/~ transplanted
bulbs also reveals OB dendrites (MAP2-positive) and bulb
astrocyte (GFAP-positive) processes participating in the
formation of glomeruli (Figs. 6F, 6l). However, there is a
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Fig. 6. Analysis of transplanted olfactory bulbs. A PCR amplification of LacZ sequences from genomic DNAs extracted from transplanted tissue (—/— or
+/—). Negative controls are DNAs extracted from host forebrain tissue, positive control is DNA from +/— embryo. (B,C) Whole brain showing the
transplanted normal (B) and DIx5~/~ (C) OBs (red arrows). The brown color on the DIX5~/~ transplant (C) marks blood vessels associated with the pia that
could not be removed during dissection. (D-l) Double immunofluorescence on sections from nonoperated (D,G), control DIX5™~ (E,H), and DIX5~/~
transplanted OBs (F,1) for OMP (blue) and either MAP2 (red, D-F) or GFAP (red, G-1), observed by confocal microscopy. Purple color at the glomerular
layer indicates coexpression of these markers. The cell layers of the OBs are indicated on the right side of each panel. (3-O) Immunohistochemistry on
longitudinal section of nonoperated (J,M), control transplanted (K,N), and DIx5~/~ transplanted (L,O) OBs. For each case TH and GAD67 immunostaining
is shown. EPL, external plexiform layer; GCL, granule cell layer; GL, glomeruli; al other abbreviations as in previous figures.
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reduction in the number and extension of MAP2-labeled
processes, consistent with a reduction in interneuron popu-
lations in the transplanted bulbs.

To further characterize the transplanted DIX5/~ OBs,
sections were stained for GAD67 and TH. There is a near-
complete absence of GAD67- and TH-positive neutrons in
the transplanted DIX5~/~ OBs, much alike the whole-animal
DIx5~ '~ OB, whereas in the control transplant bulb these
cells are present (Figs. 6L, 60). Thus, the presence of
wild-type axons forming glomeruli does not restore proper
cell layering or expression of TH and GADG67 in the DIx5
mutant OBs. Further, the lack of dopaminergic and
GABAergic cells in the whole animal is not due to smply
the lack of ORN innervation. Taken together, these results
indicate that a DIX5™/~ OB can be innervated by ORN
axons, and thus the lack of ORN connection is the DIX5 ™/~
mice is likely due to changes in the ORNs or bridging
mesenchyme rather than changes in the OB.

Discussion

The DIx family of transcription factors is involved in
controlling neurodevelopmental processes in vertebrates. In
the OB DIx1 and DIx2 play a role in the formation of
GABAergic and dopaminergic JGNs (Anderson et ., 1997;
Bulfone et al., 1998). In this study, we show that DIX5 is
required for establishment of the OB cytoarchitecture, JGN
differentiation, and ORN axon target recognition/pathfind-

ing.
Induction of the olfactory bulb

OB induction has been difficult to study due to inacces-
sibility of the embryonic olfactory system. Anatomical stud-
ies indicate that there is a population of early ORN axons
that penetrate through the forebrain into the ventricular zone
(Gong and Shipley, 1995; Santacana et al., 1992), and were
hypothesized to play an inductive role in the formation of
the OB. However, examinations of the developmental phe-
notype in Enx2 and DIx5 null mice argue against an axon
induction hypothesis. In Enx2 mutant mice both the OE and
OB are present but no axonal contact between these struc-
tures is found (Yoshida et a., 1997). Thus, the olfactory
phenotypes of Emx2 and DIx5 null mice are similar. How-
ever, the presence of any early transient axonal connections
in these mice was not reported. If the axon induction hy-
pothesis is correct these axons would arrive early to trigger
OB development, independently of later-arriving axons. In
DIx5 mutants, the absence of axona connections between
the OE and the OB is similar to that seen in the Emx2
mutants. At the embryonic stages examined (E12—E19) we
saw no evidence for ORNs contacting the OBs. Taken
together, the olfactory defects seen in these mutant mice
suggest that ON connections are not needed for induction of
the OB and for specification of its mgjor cell types.

A candidate tissue for an indirect inductive signa to
trigger OB development is the mesenchyme. Recently, La-
Mantia (2000) showed that mesenchyme-to-OE induction
occurs in the olfactory system and is mediated by retinoic
acid (RA), FGF8, sonic hedgehog (shh), and BMP4. On the
other side, OE and mesenchyme-to-forebrain, or just mes-
enchyme-to-forebrain, signals may underlie the induction of
the OB, dthough such a mechanism has yet to be demon-
strated. Experimental models involving shh inactivation
(Chiang et al., 1996), RA teratogenesis (LaMantia et al.,
1993), and disruption of Pax6 (Dellovade et al., 1998) all
lead to severely compromised OE and OB. In these models
disruption to the OE is always associated with OB defects,
consistent with signaling between these structures.

DIx5 and cell differentiation in the olfactory bulb

DIx genes play arolein cell migration and differentiation
in defined brain regions. Disruption of DIx2 results in the
failure of OB JGNs to express the dopaminergic phenotype
(Qiu et a., 1995). The combined disruption of DIx1 and
DIx2 results in multiple brain phenotypes, among which are
the absence of GABAergic and dopaminergic JGNs in the
OB, defects of the GABAergic neurons in the striatum, and
impaired cell migration from the basal ganglia into the
neocortex and hippocampus (Marin et a., 2000; Pleasure et
a., 2000). The disruption of JGN formation in DIx1/DIx2
mutant OBs is only quditatively similar to the observed
DIx5 phenotype: the first results in a total elimination of
GABAergic cedlls, while DIX5 mutation resultsin a dramatic
reduction in their number. In addition, disruption of DIx5
has profound effects on ORN axon guidance, whereas the
DIx1 and DIx2 mutations do not. ORN axons expressing the
P2 ORG sort and target a region of the DIXI/DIx2 mutant
OB in an apparently normal position (Bulfone et al., 1998).
Thus, while several of the phenotypes caused by DIx1/DIx2
and DIx5 disruption in the OB are similar, there are sub-
stantial differencesin ORN axon growth.

In the DIX5™/~ OB, cellular organization and GABA-
ergic/dopaminergic JGN differentiation are compromised.
The expression of TH in the olfactory system is known to
depend on activity from the olfactory nerve via glutamate
(Baker et a 1993; Puche and Shipley, 1999), whereas the
GABAergic phenotype in the OB is independent of neural
input. The reduction in GABAergic/dopaminergic JGN
numbers in the DIX5 mutant brain could not be rescued
when a mutant bulb is innervated by normal ORN axons.
Thus, the JGN disorganization and scarcity in DIX5 null
animals are likely the result of the gene disruption and not
a consequence of the lack of ORN axon input. Consistent
with an intrinsic DIX5 function in the OB, DIX5 is expressed
throughout the ventricular layer in early embryos, and in the
subventricular, granule, and periglomerular layers at birth.
In DIX5 null animals the numbers of proliferating cells and
cells undergoing apoptosis were similar to normal; thus, the
reduction of GABAergic/dopaminergic JGNs is unlikely to
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be the result of a proliferative defect. We hypothesize that
DIx5 isimportant for the migration and/or differentiation of
OB immature JGNs. Consistent with this hypothesis, lami-
nar disorganization and low expression of the differentiated
cell marker calretinin were observed in the mutant OBs.

The phenotypic similarity between various DIx null mice
suggests that they may control different steps of the differ-
entiation in the same cell lineage, as shown in the basal
ganglia (Eisenstat et a., 1999; Marin et a., 2000). The
absence of GABAergic JGNs in the DIX1/DIx2 null OB
compared with their incomplete absence in the DIX5 null
suggests that DIx1/DIx2 genes might be upstream of DIX5 in
the OB and may participate in a transcriptional cascade, as
shown during early forebrain development (Zerucha et al.,
2000). Alternatively, we can postulate that DIx genes are
mutually regulated via homo- and heterodimerization with
common partners, such as Msx and DIxin (Masuda et 4.,
2001; Zhang et al., 1997).

Role of DIx5 in olfactory axon pathfinding

How ORN axons navigate through the mesenchyme to
their target is till poorly understood. Throughout develop-
ment and in the adult, the olfactory system is dynamically
maintained by controlled cell turnover and axon regenera-
tion: new ORNs are born, extend axons to the OB, form
topographic connections. The interest in elucidating these
mechanisms is in their potential exploitation in neuronal
regeneration of other areas of the CNS. The first axonal
contact occurs at approximately E12 in mouse. Mature
connections, however, develop around E19-PO with the
formation of glomeruli and expression of synaptic vesicle-
associated proteins (Bailey et al., 1999; Puche and Shipley,
2001; Treloar et a., 1999). ORN axons reach the OB,
penetrate, and form glomeruli via complex cellular and
molecular interactions, still under investigation. For exam-
ple, semaphorins and their neuropilin receptors are ex-
pressed in subpopulations of ORNs and have well-charac-
terized neurite outgrowth modulating effects on ORN axons
(Kobayashi et al., 1997; Renzi et al., 2000; Schwarting et
al., 2000; Walz et al., 2002; Williams-Hogarth et a., 2000).

Phenotypically, the OE and ORN axons of DIX5 null
mice appear relatively normal; thus, it was not readily ap-
parent whether the absence of axonal connection between
the OE and the OB could be attributed to ORN or OB
defects. In our transplantation model, normal ORN axons
innervated a mutant OB, and were able to form glomeruli in
which processes from mitral/tufted cells and astrocytes also
participated. These findings indicate that the DIX5 null OB
does not per se prevent axonal ingrowth. Rather, the ab-
sence of DIX5 in ORNs is likely to ater expression of
molecules critical to target recognition and/or pathfinding.
The identity of such downstream molecule(s) remains to be
determined. Since no connection was observed also at ear-
lier stages, the molecular pathway essential for pathfinding,
altered in the DIX5 null mice, may involve molecules ex-

pressed in the nasal mesenchyme, as the transplantation
experiments cannot formally rule out this possibility.

Formation of glomeruli

Glomeruli form relatively late in OB development
(Bailey et a., 1999; Hinds, 1972), at nearly the sametime as
the migration of immature JGNs into the periglomerular
layer. ORN axons, JGN dendrites, mitral/tufted apical den-
drites, and astrocyte processes all contribute to the structure
of mature glomeruli. The observation of specific OB phe-
notypes in targeted mutant mice is casting new light on the
cell and molecular mechanisms of glomerulus formation:
glomeruli form normally in mice deficient for Tbr1, lacking
mitral/tufted cells (Bulfone et al., 1998), and in mice with a
double DIX1/DIx2 disruption, lacking GABAergic and do-
paminergic JGNs (Bulfone et al., 1998). Thus, glomerulus
formation is not dependent on the presence of these cell
types. In transplants of DIxX5 mutant OBs, wild-type axons
form glomeruli in the mutant OB in which there are few
dopaminergic or GABAergic interneurons. These findings
support the hypothesis that JGNs are not required for glo-
merulus formation.

Experimental methods
Generation of DIx5 null mice

Mice with targeted disruption of DIx5 have been reported
(Acampora et a., 1999). The mutated allele consisted of a
deletion of the first two exons (including the ATG start
codon) and their replacement with the LacZ reporter gene.
This modification provides a marker for the DIx5-express-
ing cell lineage. The presence of the transgene did not alter
DIX5 expression, since B-gal expression in DIX5™~ em-
bryos has always recapitulated known DIx5 expression pat-
terns. Genotypes were determined by PCR amplification of
the wild-type and mutant alleles, as described (Acampora et
al., 1999). Since no defect has been observed in the DIX5 ™"/~
animals, we refer to either wild-type or DIX5™'~ mice as
“normal.”

Tissue preparation

Embryos were collected at 24-h intervals between E8.5
and E18.5 of gestation (the day of the plug was designated
E0.5), while pups were sacrificed on the day of birth (PO).
Pregnant mice were anesthetized with Avertin (Sigma), and
embryos were collected by cesarean section. E8.5-E15.5
embryos were immersion fixed in 4% PAF in 0.1 M phos-
phate buffer (PB, pH 7.4) for 1 h. Instead, E16.5 to PO
animals were perfused with 4% PAF. Following perfusion,
embryos were decapitated, and the heads were fixed, paraf-
fin embedded, and sectioned for immunohistochemistry. For
vibratome sectioning, brains were dissected after perfusion,
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fixed for additional 30 min, transferred to PBS, and sec-
tioned immediately. For lipophilic dye tracing, perfused
animals were decapitated and the samples were kept in 4%
PAF until dye injection. For cryostatic sectioning, samples
were washed in PBS, incubated in 30% sucrose solution for
24 h, transferred in OCT, frozen, and sectioned at 15 um.
The Ingtitutional Animal Care Committee approved al the
animal procedures.

Histology and histochemistry

Whole-mount X-gal staining of embryos was carried out
for 16—24 h at 32°C, after a 15-min fixation in 4% PAF and
several washes in PBS, as described (Acampora et d.,
1999). Stained embryos were either clarified in benzyl ben-
zoate:benzyl acohol 2:1 or embedded in paraffin and sec-
tioned at 10-um thickness. Mallory’s trichrome and Luxol
blue histological staining was carried out according to stan-
dard procedures. Immunohistochemistry was done in Tris-
buffered saline (Tris 50 mM, pH 7.6, NaCl 150 mM), using
standard protocols. The following primary antibodies were
used: mouse monaoclonal anti-BrdU (1:50; Dako), rabbit
anti-activated caspase 3 (CM1 antisera, 1:4000; Idun Phar-
maceutical), rabbit anti-B-gal (1:5000; ICN Biomedical),
rabbit anti-calretinin (1:1000; Chemicon), rabbit anti-ty-
rosine hydroxylase (TH, 1:2000; Chemicon), rabbit anti-
glutamic acid decarboxylase 67 kDa (GADG67, 1:2000;
Chemicon), goat anti-olfactory marker protein (OMP,
1:3000; courtesy of Dr. Frank Margolis, University of
Maryland), mouse anti-growth-associated protein 43 mono-
clonal (GAP43, 1:75; Zymed), mouse anti-microtubule-as-
sociated protein 2 (MAP-2, 1:3000; Roche-Boehringer),
mouse RC2 monoclona IgM (1:200; developed by Dr.
Miyuki Y amamoto, obtained from the Developmental Stud-
ies Hybridoma Bank, University of lowa Department of
Biological Sciences), rabbit anti-glial fibrillary acidic pro-
tein (GFAP, 1:5000; Dako), anti-S-100 (1/200; BioGenex),
anti-laminin (Duband and Thiery, 1987) and rabbit anti-
Emx1 (1:500; courtesy of Professor G. Corte, University of
Genoa, Genoa, Italy). The antibodiesfor GhRH, MAP2, and
RC2 were used on frozen sections, al the others on paraffin
sections. Rabbit and goat antisera were revealed with goat
anti-rabbit (EnVision+, Dako) and rabbit anti-goat (Rock-
land) peroxidase-conjugated secondary antibodies, respec-
tively. Mouse monoclonal antibodies were revealed with the
ARK Kit (Dako), according to the manufacturer’s specifi-
cations. Peroxidase was developed with DAB (Dako).

For detection of proliferating cells, pregnant female mice
were injected intraperitoneally with BrdU (30 wg/g body wt
in 0.9% saline solution) three times, at 2-h intervals, and
sacrificed 6 h after the first injection. Embryos were col-
lected at E14.5 and PO.5, fixed overnight in 4% PAF in PB,
rinsed in PBS, and paraffin embedded. Serial 10-um longi-
tudinal sections were collected and stained with anti-BrdU
antibody. Apoptosis was detected in seria paraffin sections
corresponding to the OE using the terminal uridine nick end

labeling method (TUNEL-POD Kit; Roche), according to
the manufacturer’ s instructions. For additional confirmation
of apoptotic cell distribution, immunohistochemistry with
CM1 anti-active caspase-3 antibody was also performed.

In situ hybridization and probes

Newborn pups were perfused with 4% PAF; the brains
were dissected, postfixed 16 h, embedded in gelatin/albu-
min, and sectioned (100 uwm) using a Leica vibratome. At
least three brains of each genotype were analyzed with each
probe, either in frontal or in longitudinal sections, following
a procedure modified from Wilkinson (1992). Sections were
bleached with H,O, for 1 h, washed with PBS + 0.1%
Tween 20 (PBT), treated with 10 wg/ml proteinase K for 15
min, blocked with 2 mg/ml glycines and postfixed with 4%
PAF and 0.2% glutaraldehyde for 20 min. Prehybridization
and hybridization (1 wg/ml of DIG-labeled cRNA probe)
were done in abuffer containing 50% deionized formamide,
5X SSC pH 4.5, 1% SDS, 50 wg/ml heparin, and 50 wg/ml
of yeast tRNA, at 70°C. After hybridization, sections were
washed in 50% formamide, 5X SSC, pH 7.5, 1% SDS, then
in 0.5 M NaCl, 10 mM Tris-HCl (pH 7.5) + Tween.
Sections were then treated with 100 wg/ml RNase A in 0.5
M NaCl, 10 mM Tris—HCI (pH 7.5) + Tween for 30 min at
37°C, then washed with 50% formamide, 2X SSC, pH 7.5,
+ Tween for 10 min at 37°C. Signal was detected with
akaline phosphatase-conjugated anti-DIG Fab fragments
(1:5000; Roche-Boehringer) in 100 mM NaCl, 100 mM
Tris-HCI, pH 9.5, 50 mM MgCl, + Tween supplemented
with 1% goat serum for 16 h at 22°C, followed by color
development with NBT and BCIP.

DIG-labeled cRNA probes were synthesized by in vitro
transcription (Promega) of linearized plasmid vectors con-
taining the appropriate cDNA sequences. The probe for
murine DIX5 was an 850-bp fragment including the entire
coding region of DIX5. Specificity of the probe was tested by
hybridization on homozygous DIX5 null embryos, which
yielded negligible background staining. The probe for mu-
rine DIx6 was a 370-bp cDNA fragment obtained by RT-
PCR amplification from embryo RNA, and constitutes the
partial exons 3 and 4 of the gene. This probe contains
neither the homeodomain nor the di- and trinucleotide re-
peat sequences found in the cDNA (Pfeffer et a., 2001).
The probe for reelin was a 710-bp cDNA fragment obtained
from Dr. T. Curran (St. Jude Childrens Hospital, Memphis,
TN, USA). The probe for Tbrl is a260-bp cDNA fragment
obtained from Dr. J. Rubenstein and Dr. A. Bulfone (Ireland
Lab Developmental Neurobiology, San Francisco, CA,
USA).

Dil nerve tracing
Normal, heterozygous, and homozygous mutant mouse

embryos (E16.5 and E17.5) and newborn mice were per-
fused with 4% PAF, and stored in 4% PAF until used. Dil
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(1,1’ -dihexadecyl-3,3,3' -tetramethylindocarbocyanine per-
chlorate, 3 mg/ml in DM SO) solution was carefully injected
into the nasal cavities of the each embryo using a 27-gauge
needle under microscopic observation, followed immedi-
ately by sealing of the nasal cavities with 2% PAF/2%
agarose. The tissue was protected from light and kept for
3-6 weeks in semisolid 2% PAF/1% agarose at room tem-
perature. Serial 100- to 150-mm vibratome sections were
cut in a sagittal plane (see Fig. 3) and examined by fluo-
rescence microscopy.

Transplantation of the olfactory bulbs

Transplant experiments use donor tissue from one animal
transferred into the cavity of a second animal of the same
genetic strain. Donor OBs were collected from E16.5 em-
bryos +/— and —/— for the DIx5/LacZ allele. Quick X-gal
staining on the remaining brain tissue distinguished the
+/— and +/+ genotypes, both of which showed a normal
phenotype. The genotype of the donor tissue was confirmed
by PCR following the procedures. Donor OBs were main-
tained in ice-cold Leibovitz’'s L15 containing 50 wg/ml
gentamicin. The host animal (P0.5) was anesthetized by
hypothermia and placed into a head holder. An incision was
made through the skin covering the skull and a flap of skull
above the OB was removed to expose the OB. One bulb was
removed by aspiration with a glass pipet. The donor bulb
was placed into the empty cavity, the bone flap replaced,
and the opening closed with microsutures. The entire sur-
gical procedure from anesthesia to recovery required 15-20
min to perform. Each pup was monitored during recovery
and following the surgery for signs of distress and checked
daily thereafter. Four control (+/—) and three experimental
(—=/—) OBs were transplanted and analyzed, yielding simi-
lar results. The opposite transplant operation, i.e., the trans-
fer of anormal OB into a DIX5™/~ animal, cannot be done
due to postnatal lethality of the latter. Three weeks after
surgery, the transplanted and sham-operated animals were
perfused with 4% PAF in PB, postfixed for 4 h, decalcified
with 10% EDTA for 24 h, washed in PBS, and either
paraffin embedded or cryopreserved. Sagittal 8-um serial
sections were analyzed by immunohistochemistry for: OMP
(marker for mature ORN axons), TH (marker for dopami-
nergic interneurons), GAD67 (marker for GABAergic in-
terneurons), MAP-2 (marker for dendrites), and GFAP
(marker for astrocytes).

Photomicroscopy

Photographs were taken with adigital photocameraon an
Olympus AX70 microscope or a Fluo View persona con-
focal microscope (Olympus) fitted with krypton/argon la-
sers and filters for the detection of Cy2/Cy3/Cy5 fluoro-
phores. The monochrome confocal digital images were
pseudo-colored red (Cy3) or blue (Cy2/Cy5) in the Fluo-
View confocal software. The images were then contrast

balanced, color matched, and assembled into panels using
Photoshop 5.5 (Adobe Systems Inc.) and QuarkXPress 4.0
(Pantone Calibrated). No additional digital image manipu-
lation was carried out.
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