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Luteinizing hormone-releasing hormone (LHRH) neurons mi-
grate from the vomeronasal organ (VNO) to the forebrain in all
mammals studied. In mice, most LHRH neuron migration is
dependent on axons that originate in the VNO but bypass the
olfactory bulb and project into the basal forebrain. Thus, cues
that regulate the trajectories of these vomeronasal axons are
candidates for determining the destination of LHRH neurons.
Using in situ hybridization techniques, we examined the ex-
pression of Deleted in colorectal cancer (DCC), a vertebrate
receptor for the guidance molecule netrin-1, during develop-
ment of the olfactory system. DCC is expressed by cells in the
olfactory epithelium (OE) and VNO, and in cells migrating from
the OE and VNO from embryonic day 11 (E11) to E14. Some
DCC™ cells on vomeronasal axons in the nose also express
LHRH. However, DCC expression is downregulated beginning

at E12, so few if any LHRH neurons in the forebrain also
express DCC. In rat, DCC is expressed on TAG-1* axons that
guide migrating LHRH neurons. We therefore examined LHRH
neuron migration in DCC ~/~ mice and found that trajectories of
the caudal vomeronasal nerve and positions of LHRH neurons
are abnormal. Fewer than the normal number of LHRH neurons
are found in the basal forebrain, and many LHRH neurons are
displaced into the cerebral cortex of DCC~/~ mice. These
results are consistent with the idea that DCC regulates the
trajectories of a subset of vomeronasal axons that guide the
migration of LHRH neurons. Loss of DCC function results in the
migration of many LHRH neurons to inappropriate destinations.
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Luteinizing hormone-releasing hormone (LHRH) neurons that
are thought to regulate pituitary function in mammals arise in the
olfactory placode, migrate along the nasal septum, cross the
cribriform plate under the developing olfactory bulb, and proceed
deep into the developing forebrain (Schwanzel-Fukuda and Pfaff,
1989; Wray et al., 1989; Ronnekleiv and Resko, 1990; Norgren
and Brackenbury, 1993; Quanbeck et al., 1997; Skynner et al.,
1999). We have previously shown that LHRH neuron migration
is axophilic, that is, these neurons migrate in contact with the
caudal branch of the vomeronasal nerve (cVNN) (Yoshida et al.,
1995). In mice, the cVNN makes a characteristic turn ventrally
after reaching the rostral forebrain. LHRH neurons turn and
migrate toward the hypothalamus in conjunction with the cVNN.
Thus, the destination of LHRH cells is at least in part deter-
mined by factors that regulate the trajectories of the cVNN.
Chemoattractants and repulsive molecules can exert their in-
fluence on growth cones as regulators of axon guidance and on
cell soma as determinants of cell migration. Netrins are particu-
larly versatile guidance molecules. Netrin-1 attracts commissural
axons in chick spinal cord (Kennedy et al., 1994; Serafini et al.,
1994) but repels trochlear motor axons (Colamarino and Tessier-
Lavigne, 1995). Unc-6, the Caenorhabditis elegans homolog of
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netrin-1, also mediates attractive and repulsive responses for
different axon populations (Hedgecock et al., 1990). In the devel-
oping mouse cerebellum, netrin-1 expression may establish a
repulsive zone that is avoided by migrating granule cell precur-
sors (Ackerman et al., 1997; Przyborski et al., 1998). Two mam-
malian netrin-1 receptors have been identified: Deleted in colo-
rectal cancer (DCC), a transmembrane protein belonging to the
Ig superfamily (Keino-Masu et al., 1996), and Unc5h3, the mouse
homolog of C. elegans Unc-5 (Leonardo et al., 1997). In mice
deficient in DCC, the corpus callosum and anterior commissure
are missing or diminished in size (Fazeli et al., 1997), and in
Unc5h3 mutant mice, the cerebellum is reduced in size and
exhibits abnormal foliation (Przyborski et al., 1998). In the olfac-
tory system, DCC protein is heavily expressed in mitral cell axons
of the olfactory bulb as early as E14 in the rat, but declines in
intensity by E18 in the lateral olfactory tract (Shu et al., 2000).
DCC mRNA expression has also been detected in the rat olfac-
tory epithelium and in ensheathing cell precursors (Livesey and
Hunt, 1997). Deiner and Sretavan (1999) recently demonstrated
the presence of netrin-1 in the hypothalamus and median emi-
nence (ME) and suggested that netrin and DCC interactions
could play a role in LHRH neuron migration and in axon path-
finding by LHRH axons.

We show here that DCC is expressed primarily in cells in the
vomeronasal organ (VNO) and along the vomeronasal nerve
(VNN) and by their axons that project directly into the forebrain.
DCC mRNA is also expressed on a subset of LHRH neurons in
the nose but diminishes before these neurons cross the cribriform
plate into the forebrain. Furthermore, we show that the forebrain-
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projecting axons are misguided in DCC-deficient mice, resulting
in the migration of LHRH neurons to inappropriate destinations.

MATERIALS AND METHODS

Animals and tissue. Timed-pregnant rats were purchased from Zivic
Miller (Portersville, PA), and C57BL/6 mice were obtained from a
breeding colony maintained at the Shriver Center. DCC-deficient mice
were provided by Dr. Marc Tessier-Lavigne (University of California,
San Francisco, CA). These mice were originally generated on a 129/Sv
background (Fazeli et al., 1997) but were mated onto a CD-1 background
(Deiner and Sretavan, 1999). Embryonic day 11 (E11)-E17 embryos
(plug day, 0) were harvested from anesthetized timed pregnant mice.
DCC-deficient mice were obtained from heterozygote matings and were
identified by genotyping the DCC embryos (Fazeli et al., 1997).

Animals were deeply anesthetized with a mixture of ketamine (50
mg/kg, body weight) and xylazine (10 mg/kg, body weight), and individ-
ual embryos or postnatal pups were perfused transcardially using 4%
paraformaldehyde in 0.1 M phosphate buffer, pH 7.4, or with periodate—
lysine—paraformaldehyde in 0.05 M phosphate buffer (2% paraformalde-
hyde, 0.075 m L-lysine, and 0.214% sodium metaperiodate) in accord with
the Institutional Animal Care and Use Committee at the Shriver Center.
The heads were post-fixed overnight and then cryopreserved in PBS
containing 30% sucrose, pH 7.4, at 4°C.

In situ hybridization. A 575 base pair DCC cDNA sequence was
generated from E15 mouse brain tissue by RT-PCR with the First-Strand
cDNA Synthesis Kit (Clontech, Palo Alto, CA) and cloned using the
TOPO-TA cloning kit (Invitrogen, Carlsbad, CA) with the following
primers: 5'-CCC AGT CCA AGG TTA CAG ATT-3' and 5'-GAG GTG
TCC AAC TCA TGA TG-3" (Cooper et al., 1995). A 550 base pair
netrin-1 cDNA sequence was generated in the same manner from post-
natal day 0 (PO) mouse hindbrain tissue using the following primers:
5'-CGA GAC GAC AGT CTG GTG TGT GAC T-3' and 5'-CCT TTG
GWG GCCTTG CAA TAG GAA T-3'. DIG-labeled RNA probes were
generated according to the methods described in the Boehringer Mann-
heim Genius kit (Roche, Indianapolis, IN). In situ hybridization was
performed on 20-pum-thick coronal cryostat sections through the olfac-
tory epithelium (OE) and olfactory bulb (OB) of mice. Briefly, slides
were treated with proteinase K (Roche), exposed to acetic anhydride in
0.1 M triethanolamine for 10 min, and then dehydrated through graded
ethanol solutions. Hybridization was performed at 55-56°C for 15 hr.
Slides were washed in SSC at 55°C followed by a formamide wash at 55°C
and SSC washes at 37°C. DIG-labeled RNA hybrids were reacted with
alkaline phosphatase-conjugated anti-DIG Fab antibodies (Roche). Re-
action product was visualized by incubating the sections with nitroblue
tetrazolium chloride and 5-bromo-4-chloro-3-indolylphosphate (Sigma,
St. Louis, MO) at room temperature for 15 hr.

Antibodies. For the immunohistochemical analyses, LHRH neurons
were labeled using the LR1 anti-LHRH antibody (1/10,000), a generous
¢gift from Dr. Robert Benoit (Montreal General Hospital Research Insti-
tute, Montreal, Canada). For the investigation concerning the TAG-1
adhesion molecule, the 4D7 monoclonal antibody (1/1) was used
(Yamamoto et al., 1986). Mouse monoclonal anti-DCC antibody (1/2500)
was obtained from Oncogene Research (Cambridge, MA), and
anti-peripherin antibody (1/5000) was obtained from Chemicon
(Temecula, CA).

Immunocytochemistry and immunofluorescence. For immunocytochem-
ical experiments, heads from DCC mutant, heterozygote, and wild-type
mouse embryos and newborns were embedded in 5% agarose and cut
sagittally at 60 wm with a vibrating microtome or were rapidly frozen and
sectioned at 40 um with a sliding microtome. Sections were placed in
containers with nytex mesh bottoms 0.05 M PBS, pH 7.4, and were
pretreated at 4°C as follows: 0.1 M glycine in PBS for 30 min, 0.5%
sodium borohydride in PBS for 15 min, and 5% normal goat serum
(NGS) with 0.3% Triton X-100 (Tx)-PBS and 1% hydrogen peroxide for
30 min. Sections were then incubated in antibodies to LHRH or periph-
erin in 1% BSA with 0.3% Tx for two nights at 4°C. Tissue sections were
then washed for 1 hr in 1% NGS with 0.02% Tx and incubated with the
appropriate biotinylated secondary antibodies (Jackson ImmunoRe-
search, West Grove, PA) at 1:250 dilution in 1% NGS with 0.32% Tx for
2 hr at room temperature. After washes in 0.02% Tx-PBS, sections were
incubated in ABC reagent (Vector Laboratories, Burlingame, CA) for 1
hr, washed for 1 hr in Tris-buffered saline (TBS), and developed with
0.025% 3,3'-diaminobenzidine in TBS with 0.2% nickel ammonium and
0.02% hydrogen peroxide. Sections were then washed in TBS and
mounted on slides with Permount (Fisher Scientific, Springfield, NJ).
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For immunofluorescence experiments, 70 wm sections were incubated
overnight at 4°C with primary antibody diluted in PBS containing 1%
BSA and 0.02% Tx. FITC- and Cy3-conjugated secondary antibodies
(Jackson ImmunoResearch) were diluted in PBS containing 1% BSA and
incubated with the sections for 2 hr at room temperature.

Combined fluorescence in situ hybridization and immunocytochemistry.
For cryosection experiments in mice, we used a protocol for fluorescence
double-labeling by in situ hybridization and immunocytochemistry
(Wanner et al., 1997). The DCC digoxigenin-riboprobe was detected
using a Tyramide Signal Amplification-Direct Cy3 kit (NEN). LHRH
cells were visualized using the LR1 antibody and FITC-conjugated
donkey anti-rabbit IgG (Jackson ImmunoResearch). Minor adaptations
were made concerning the hybridization buffer, which contained 10 mm
Tris-HCI, pH 7.5, 300 mm NaCl, 1 mm EDTA, 50% deionized form-
amide, 10% dextran sulfate, and 1% blocking reagent (Roche).

Data analysis. LHRH " cells were counted from DCC */* (E13,n = 4;
El15,n =4;P0,n = 3), DCC*~ (E13,n = 3; E15,n = 3; PO, n = 3) and
DCC ™/~ (E13,n = 3; E15,n = 5; PO, n = 3) in three main compartments
(nasal compartment, dorsal forebrain, and ventral forebrain) using an
Axioplan microscope (Zeiss, Thornwood, NY) at 400X magnification.
Cells containing a dense accumulation of immunoreactive LHRH were
counted if they had standard size (10-15 uwm diameter) and fusiform
morphology. Counts were taken from either alternating sections or from
serial sections. Because alternating sections provided counts equivalent
to half the total number, estimates for the total number of LHRH * cells
were used for analyses. The boundary between the nasal compartment
and the dorsal forebrain was defined by the cribriform plate. The bound-
ary between the dorsal and ventral forebrain was created by drawing a
line from the caudalmost tip of the cortex, following the ventral surface
of the cortex to the rhinencephalic sulcus at the base of the olfactory bulb
(see Fig. 6). An area within the dorsal forebrain indicative of more
extreme mistargeting was also analyzed. This area was designated cortex
(see Fig. 6) and included all LHRH * cells in the dorsal forebrain not
located within the olfactory bulb or ventral to the olfactory bulb. Data
were analyzed with the JMP3.2.2 computer program (SAS Institute,
Cary, NC). A one-way ANOVA was used for each measure (genotype) at
each age, and when a significant difference was found, post hoc compar-
isons using Tukey—Kramer were performed.

RESULTS

DCC mRNA expression in the mouse olfactory system

A riboprobe specific for the fibronectin repeat region of the
mouse DCC gene was made as previously described (Cooper et
al., 1995). Using in situ hybridization techniques, DCC mRNA
was expressed by several cell types in the early stages of olfactory
development. At E11, the olfactory placode has differentiated
into a distinct OE and VNO, although the VNO is still in the
process of budding off the medial wall of the OE (Halpern, 1987,
Garrosa et al., 1992). DCC™* cells were located in the VNO and
OE at this age (Fig. 14). There were also DCC™* cells that had
migrated from the VNO toward the forebrain, as well as DCC™*
cells in the migrating mass (MM) (DeCarlos et al., 1995) that had
migrated from the OE. One day later, at E12 (Fig. 1B), cells in all
four locations still expressed DCC message, but the levels of
expression had begun to decline. The level of DCC mRNA
expression in cells of the olfactory compartment was very low
compared with expression in the forebrain at these ages. DCC
mRNA expression declined rapidly from E13 to E15, first in the
OE, then in the VNO (data not shown). At E15, no DCC mRNA
expression was detected in the peripheral olfactory system (Fig.
1C). A control sense probe showed no specific hybridization with
mouse tissue (data not shown).

We also examined the pattern of expression of netrin-1 mRNA
to determine its relationship to the positions of cells expressing
DCC mRNA. In a sagittal section through an E12 mouse nose
and forebrain, netrin-1 mRNA was heavily expressed in the
proliferating neuroepithelium of the ventral forebrain at the ros-
tral tip of the third ventricle (Fig. 24, open arrowhead). This is a
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Figure 2. Expression of netrin-1 and DCC in mouse nose and forebrain.
In the E12 forebrain, netrin-1" and DCC™ cells are largely expressed in
a complementary pattern. Netrin-1 is heavily expressed (4, open arrow-
head) in the ventricular and subventricular zones of the forebrain (fb),
particularly at the rostral tip of the third ventricle (v) that will become the
region of the OVLT. Netrin-1 expression rapidly decreases in more dorsal
regions of the developing forebrain. In contrast, DCC (B) is expressed in
postmitotic zones throughout the telencephalon (B, arrowhead) and only
overlaps with netrin-1 " in a region that will become the diagonal band of
Broca. DCC is also expressed in cells in the VNO and on vomeronasal
axons extending from the VNO (B, arrows). The position of the cribri-
form plate is shown as a dashed line. Dorsal is up, rostral is left. Scale bar,
100 pm.
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Figure 1. DCC is expressed in the mouse
embryonic olfactory system. At E11 (A)
and E12 (B), in coronal sections in situ
hybridization reveals DCC expression in
groups of cells in the olfactory epithelium
(0e) and developing vomeronasal organ
(vno). There are also cells that have mi-
grated away from the VNO (arrows) and
cells in the migrating mass (mm) that have
migrated from the OE. Cells in the fore-
brain (fb) and developing olfactory bulb
also express DCC. At E15 (C), DCC is no
longer expressed by cells in the OE, VNO,
or by migrating cells. Medial is left, dorsal is
up. Scale bar: A, B, 50 um; C, 100 wm.

region that will become the region of the organum vasculosum of
the lamina terminalis (OVLT), a location that is a major desti-
nation for LHRH™ fibers and a region around which many
LHRH neurons will finally reside. Netrin-1 expression decreased
abruptly in more dorsal regions of the neuroepithelium. There
was also significant netrin-1 expression more rostrally in the basal
telencephalic regions that differentiate into the diagonal bands of
Broca (Fig. 2A4, arrowhead) and this is also a significant site for
LHRH neuron migration and destination for a subset of the final
population. In an adjacent section to Figure 24, DCC mRNA was
expressed in postmitotic zones of the rostral telencephalon (Fig.
2B). Except for the cluster of netrin-1" cells in the presumptive
diagonal band region, DCC expression was complementary to the
pattern of netrin-1 expression in the rostral forebrain. Finally, as
shown in the previous figure, DCC " cells were also present in the
VNO and on axons extending from the VNO toward the fore-
brain (Fig. 2B).

DCC protein expression in the rat olfactory system

An antibody to DCC made in mice recognized rat DCC, but not
mouse DCC in immunocytochemical experiments. Double-label
immunofluorescence studies were performed on horizontal sec-
tions of E14 and E16 rat nose and forebrain to determine the
location of DCC protein. The tissue was double-labeled with
antibodies to TAG-1, another Ig superfamily member (Dodd et
al., 1988) that is specifically expressed by vomeronasal nerves in
the nose (nVNN) and the caudal branch of the vomeronasal
nerve (cVNN) (Yoshida et al., 1995). DCC and TAG-1 immu-
noreactivities were very similar. Their expression overlapped on
the nVNN as it emerged from the VNO (Fig. 34-C) and they
were coexpressed on the cVNN at E16 after it crossed the
cribriform plate and extended along the medial surface of the
olfactory bulb and forebrain (Fig. 3D-F). We were unable to
detect any cell soma that was clearly DCC immunoreactive.
However, combined analysis by in situ hybridization and immu-
nocytochemistry strongly suggested that DCC™ fibers in the
VNN originate from DCC™ cells of vomeronasal origin.

Expression of DCC in subsets of LHRH neurons

LHRH neurons begin to migrate from the VNO at the same time
and along the same route as DCC™ cells shown in Figure 1. To
determine whether the same population of cells in mice expressed
these two molecules, we performed double-label in situ hybrid-
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Figure 3. DCC is expressed on
TAG-1" vomeronasal axons in rat. At
the top left is a schematic drawing of a
horizontal section through the embry-
onic nose and forebrain. The blue box
depicts a region of the VNO and OE
shown in A-C. The red box outlines a
region of the forebrain shown in D-F.
In double-label immunofluorescence
studies of horizontal sections through
the nasal compartment of the E14 rat,
TAG-1 immunoreactivity is detected on

the nasal vomeronasal nerve (A4, ar-
rows), which originates in the vomero-
nasal organ and extends between the
septum and the olfactory epithelium

(0e). DCC is also expressed on the

vomeronasal nerve (B, arrows). A
double-label image reveals that most
vomeronasal nerve fibers express both
molecules (C). In a confocal image of a
horizontal section at E16, TAG-1 (D)
and DCC (E) are both expressed by
caudal vomeronasal (arrows) axons
growing past the forebrain ( fb). Medial
is right, caudal is up. DCC is expressed
by a subset of LHRH cells. In sagittal
sections through the nose and forebrain
of an E12 mouse, fluorescence in situ
hybridization reveals five distinct
DCC™* cells along the vomeronasal
nerve in the nasal compartment (G, ar-
rowheads). Fluorescence immunocyto-
chemistry for LHRH on the same sec-
tion as in G, reveals four LHRH™
neurons (H, arrows). In a double-label
image (/) showing both DCC and
LHRH fluorescence, two cells (arrows
and arrowheads) are DCC"/LHRH ™,
three cells are DCC*/LHRH ~, and
two cells are DCC-/LHRH *. The crib-
riform plate is to the fop left, and the
VNO is to the bottom right. Scale bar:
A-C, 50 pm; D-F, 25 pm; G-I, 10 pm.

ization studies for DCC and immunofluorescence for LHRH. In
a sagittal section through the nasal compartment adjacent to the
VNO of an E12 mouse, DCC mRNA was detected in five cells
migrating along the nVNN (Fig. 3G). On the same section, four
LHRH " cells were detected by immunofluorescence (Fig. 3H).
The double-label image (Fig. 3) revealed two cells that were
positive for both DCC and LHRH, whereas two cells were single
labeled for LHRH, and three cells were DCC™ only. At E12,
when DCC expression peaked, we detected as many as 600 DCC *
cells in the VNO and on the nasal VNN by in situ hybridization.
We estimate that <20% of these DCC™ neurons also expressed
LHRH at this age. At all ages, the number of DCC™ cells
decreased dramatically near the cribriform plate, and few DCC™*
cells crossed into the forebrain (data not shown). As mentioned
above no cells in positions suggestive of migration were DCC™*
after E14.

LHRH neuron numbers in DCC mutant mice

The total number of LHRH cells in E13 mice did not differ
between DCC*'* (1104.5 * 169.1, mean = SEM), DCC "/~
(1245 + 35.6), and DCC /= (1149.7 = 105.0). However, there
was a significant difference (F,;,, = 4.79; p < 0.05) in total
number of LHRH-labeled cells in E15 mice, DCC*'* (1414 =
168.6), DCC */~ (1600 = 60.1), and DCC ~/~ (1124.4 + 57.6) that
was attributable to the low number of LHRH cells in the mutants.
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Although there was not a statistically significant difference in the
number of LHRH cells among all three groups, at PO there was
an obvious decrease in the total number of LHRH cells in
DCC /= (521 = 55.0) compared with DCC */* (804 = 166.7)
with DCC ™/~ (650 = 190.6) falling between the two. The absence
of a statistically significant difference in total number of cells at
PO is attributable in part to the high variability found in the
heterozygotes. The cause of the lower number of LHRH cells in
DCC /" mice at E15/P0 is not known, but may relate to their
migration to inappropriate destinations, as shown below.

LHRH neuron locations in DCC mutant mice

Disruption of the DCC receptor gene resulted in fewer LHRH
neurons turning ventrally in the forebrain, and therefore more
neurons migrated dorsally. There was a significant difference in
the percentage of dorsal LHRH cells between genotypes at E13
(Fo0y = 10.59; p < 0.05), E15 (F (511, = 40.8; p < 0.05), and PO
(Fa8) = 11.38; p < 0.05). At E13, there was a significantly greater
percentage of LHRH cells located dorsally in DCC ~/~ mice as
compared with DCC*/* mice (p < 0.05; Tukey—Kramer HSD).
At this age, there was also the suggestion of a gene dosage effect
with DCC ¥/~ mice having an intermediate percentage of labeled
cells in the dorsal brain that did not significantly differ from that
of either DCC*'* or DCC ~/~ mice (Fig. 44). However, at E15
and PO the percentage of dorsally located cells in DCC ™/~ mice
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Figure 4. Loss of DCC function al-
tered LHRH neuron location in the em-
bryonic forebrain. The percentage of
LHRH neurons located in the dorsal
forebrain was significantly greater in
DCC homozygous mutant (—/—) em-
bryos compared with wild-type embryos
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centage of cells to be located in the
dorsal forebrain of DCC */~, compared
with DCC*'* mice at these ages, the
difference did not reach statistical signif-
icance (A-C). The percentage of
LHRH neurons located in the cortex of
DCC ™/~ mice compared with DCC */*
mice was also significantly greater at
E13 and E15. There was a tendency for
a greater percentage of LHRH neurons
to be located in the cortex of DCC ™/~
mice at E13, and this measure became

H %

H

was significantly greater than that of both DCC */* and DCC ™/~
mice (p < 0.05; Tukey—Kramer HSD), and there were no signif-
icant differences between DCC*'* and DCC*'~ mice (Fig.
4B,C).

The altered migration of LHRH neurons was more striking
when numbers of cells located in the cortex were analyzed. There
was a significant difference in the percentage of cortical LHRH
cells between genotypes at E13 (F(, ) = 13.19; p < 0.05) and E15
(Fai1y = 152.79; p < 0.05). At E13 the percentage of cortical
LHRH cells in DCC ™/~ mice was significantly greater than that
of both DCC ** and DCC ™'~ mice (p < 0.05; Tukey—Kramer
HSD). There were no significant differences between DCC*'*
and DCC™*/~ mice (Fig. 4D). At E15 there was a clear effect of
gene dosage. All genotypes significantly differed from each other
(p < 0.05; Tukey-Kramer HSD) with DCC ~/~ mice having the
greatest percentage followed by DCC "/~ mice with an interme-
diate percentage and DCC */* mice with the lowest percentage of
cortical LHRH cells (Fig. 4F). At PO in all genotypes, there were
very few cortical LHRH-labeled cells, and therefore an analysis
was not performed.

Trajectories of the caudal branch of the vomeronasal
nerve in DCC mutant mice

To determine the mechanism or mechanisms by which loss of
DCC expression could result in mispositioning of LHRH neu-
rons, we performed immunocytochemical analysis of the cVNN
using antibodies to peripherin and TAG-1. Although peripherin

++

significantly different from DCC™/*
mice at E15 (D, E). *Significantly differ-
ent from DCC *'*; p < 0.05, by post hoc
Tukey—Kramer HSD.

+/- /-
El15

is expressed in many peripheral axons that use this intermediate
filament protein, it is an excellent marker for the VNN (Wray et
al., 1994). However, it should be noted that LHRH neurons are
not peripherin ™. In sagittal sections through the rostral forebrain
of wild-type littermates of DCC-deficient mice, the cVNN made
a characteristic turn ventrally and defasciculated into many small
fibers (Fig. 54). In a matched section from a wild-type littermate
(Fig. 5B), LHRH neurons turned ventrally in an identical pattern
to the turning of the cVNN. In contrast, most peripherin * axons
did not turn ventrally in DCC ~/~ mice (Fig. 5E). Furthermore,
LHRH neurons also failed to turn ventrally (Fig. 5F) in DCC ~/~
mice; rather, many continued migrating into the cerebral cortex.
Interestingly, in DCC ™/~ mice, there was a tendency for periph-
erin " axons (Fig. 5C) to exhibit an intermediate phenotype. For
example, the cVNN turned ventrally, but at a reduced angle
compared with the characteristic turn of the cVNN seen in
wild-type mice. As in wild-type and mutant mice, the positions of
LHRH neurons in a matched section of the forebrain of het-
erozygous DCC mice (Fig. 5D) were nearly identical to the
trajectories of the cVNN (Fig. 5C).

LHRH immunoreactivity at PO

Reproductive competence is dependent on a source of LHRH
delivered to the ME in maturing mammals. DCC mutant mice die
shortly after birth; thus, it was not possible to determine whether
LHRH neurons or their fibers are detectable in the ME of adult
homozygous mutant mice. However, it was of interest to analyze
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Figure 5. LHRH neurons follow the caudal
vomeronasal nerve. In sagittal sections through the
forebrain, the trajectories of the caudal vomerona-
sal nerve and positions of LHRH neurons were
compared in DCC**, DCC*~, and DCC '~
mice at E13. Immunocytochemical analysis with
antibodies to peripherin show the typical turn
made by the cVNN in the forebrain of wild-type
mice (4, arrow) and the many defasciculated fibers
growing toward the basal forebrain (arrowheads).
Most LHRH neurons also turn ventrally in the
forebrain of wild-type mice (B). In DCC "/~ mice
(C), the peripherin * ¢VNN also turns toward the
basal forebrain, although the number of defascicu-
lated fibers (arrowheads) and the degree of axon
turning may be decreased compared with wild-type
mice. The positions of LHRH neurons in het-
erozygous DCC mice (D) parallel the trajectories
of the axons in C. In homozygous mutant DCC
mice, most peripherin * axons fail to turn (E, ar-
row), and there are few defasciculated fibers (E,
arrowhead) growing to the basal forebrain. In
DCC ™'~ mice, LHRH neurons (F) fail to turn
ventrally and migrate instead along the medial wall
of the cerebral cortex. Dorsal is up, caudal is right.
Scale bar, 100 pum.

LHRH immunoreactivity in the ventral forebrain of DCC*'*
and DCC /™ mice at PO. The boundaries used to define cortical,
dorsal, and ventral brain locations are shown in Figure 6A4. In
wild-type mice many LHRH neurons and fibers were seen
throughout the ventral forebrain stretching from the olfactory
bulbs to the ME in a clearly rostral to caudal orientation (Fig.
6B). In contrast, in DCC ~/~ mice (Fig. 6C), LHRH cells were
more dorsal in location and orientation, and the density of fibers
reaching the ME was notably reduced. As shown above, the
number of LHRH neurons in DCC ~/~ mice was greatly reduced
compared with wild-type mice at P0, at least partially because of
the disappearance (i.e., no longer detectable) of the cells previ-
ously noted in the most dorsal cortical locations.

DISCUSSION

Axonal guidance of LHRH neuron migration

There are ~1200-1500 LHRH neurons that migrate from the
VNO to the ventral forebrain in mice (Wu et al., 1997; Yoshida
et al., 1999; Bless et al., 2000a). At E11 and E12, most of these
neurons are still in the nasal compartment, but between E13 and
E15 most LHRH neurons have migrated across the cribriform
plate into the forebrain. In the forebrain LHRH neurons make a
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ventral turn and migrate farther into the hypothalamus. We have
previously shown that LHRH neurons migrate in contact with the
vomeronasal nerve (Yoshida et al., 1995). Figure 7 is a schematic
representation of the relationship between migrating LHRH
neurons and the vomeronasal nerve. In both rats and mice, the
vomeronasal nerve in the nasal compartment (nVNN) emerges
from the VNO as several large fascicles, which converge at the
junction of the nose and brain. After crossing the cribriform plate,
the nVNN splits into two branches. The dorsal branch extends
across the medial surface of the OB (obVNN, shown in blue),
terminating in the accessory olfactory bulb. The other branch
extends caudally and ventrally into the forebrain (cVNN, shown
in red). We have previously shown that the cVNN expresses
TAG-1 in rats and mice, whereas the obVNN does not (Yoshida
etal., 1999). Furthermore, many neurons that make up the cVNN
projection migrate away from the VNO and take up residence
along the nVNN. Here we further demonstrate that the cVNN in
rats specifically expresses the DCC protein, and that many DCC *
cells (shown in red) migrate from the VNO before projecting an
axon into the forebrain. The vast majority of LHRH neurons
(black cells) prefer to migrate along the cVNN rather than the
obV NN, although the molecular basis for this choice is unknown.
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Figure 6. Few LHRH fibers reach the me-
dian eminence (me) in the DCC ™/~ basal
forebrain at P0. In a sagittal section of a PO
mouse brain (A), a solid line connecting the
rhinencephalic sulcus (rs) and the cortical
mantle establishes a dorsal ventral boundary.
The dashed line connecting the accessory ol-
factory bulb with the roof of the hypothala-
mus defines the boundary that was used to
designate a more extreme subset labeled as
cortex. Immunocytochemistry for LHRH in
sagittal sections through the basal forebrain at
PO was performed in DCC-deficient mice and
their wild-type littermates. At PO, in wild-
type mice, many LHRH neurons have mi-
grated deep into the basal forebrain, and
many LHRH fibers have reached the ME
(B). In contrast, in a matched section through
the forebrain of a homozygous mutant litter-
mate (C), LHRH cells are located and ori-
ented more dorsally (compare white arrows),
and only a few fibers are detectable at the ME
adjacent to the pituitary ( pit). The rhinence-
phalic sulcus that was used to help designate a
dorsal boundary in conjunction with the cor-
tical mantle in analyses at E13 and E15 (Fig.
4) continues to indicate an apparent border
for LHRH neurons in DCC ™/~ animals at
PO. ob, Olfactory bulb; of, optic tract; ac, an-
terior commissure. Dorsal is up, rostral is left.
Scale bar, 200 pwm.

DCC +/+

DCC -/-

Figure 7. Schematic illustration of axon trajectories and LHRH neuron positions in wild-type and DCC-deficient mice. In DCC */* mice the nasal
vomeronasal nerve (n//NN) originates in the VNO and splits after crossing the cribriform plate (cp). One branch grows dorsally to the accessory
olfactory bulb (0b)’NN), and another branch grows caudally (c}’NN ) into the ventral forebrain. Most LHRH neurons follow the cVNN to the forebrain.
In DCC /" mice, the nVNN branches normally into the obVNN and the cVNN. However, the majority of axons that make up the cVNN fail to make
their characteristic ventral turn in DCC-deficient mice and grow into the medial wall of the cerebral cortex. Many LHRH neurons follow the aberrant

trajectories of the cVNN and migrate into the cortex of DCC mutant mice.

Aberrant trajectories of the cVNN in DCC ~/~ mice

Although the growth of the obVNN appears normal throughout
development, the trajectories of the cVNN are abnormal in
DCC-deficient mice. Rather than turning toward the hypothala-
mus as it does in control mice, the cVNN in DCC-deficient mice
extends into the medial wall of the cerebral cortex. In DCC~/~
mice, as in DCC*/* mice, LHRH neurons migrate in contact
with the cVNN. By following the cVNN in mutant mice, how-
ever, many LHRH neurons migrate into the cortex. These results
suggest that DCC plays a negligible role in the initiation of cell
migration or axon extension from the VNO, because these appear

to take place normally in mutants. Furthermore, branching of the
nVNN into the obVNN and cVNN also appears to be DCC-
independent. Interestingly, even the pattern of cVNN branching
and defasciculation in the forebrain appears relatively normal in
DCC ™/~ mice. The obvious defect in this system in DCC-
deficient mice appears to be that the cVNN either fails to turn or
turns inappropriately. The aberrant trajectories taken by the
cVNN in DCC-deficient mice suggest that in the absence of a
DCC-mediated axon turning mechanism, either the axons con-
tinue to grow autonomously or are directed by a different set of
guidance cues which send cVNN axons dorsally into the cortex.
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Aberrant LHRH neuron migration in DCC ~/~ mice

Between E13 and PO, there is a steady increase in the percentage
of LHRH neurons that have reached the ventral forebrain in the
CD-1 wild-type mice used in this study. At E13 approximately
one third of the LHRH cells that have crossed the cribriform
plate have already progressed to the ventral forebrain. By PO,
approximately half of LHRH cells that have left the nose have
migrated to the ventral forebrain. In DCC mutant mice, however,
the percentage of LHRH neurons in the ventral forebrain at E13,
E15, and at PO is <10% of the total population that crossed the
cribriform plate. Approximately 20% of LHRH neurons are
located in the cortex of DCC /" mice at E13 and E15. This is
more than fivefold the number of LHRH neurons that migrate
into the cortex of wild-type mice at E15. The appearance of the
trajectories of the (VNN and positions of LHRH neurons seen at
E13 (Fig. 5F) would suggest that a much higher percentage of
these cells might migrate into the cortex. However, the total
number of LHRH neurons in DCC ™/~ mice does not change
from E13 to E15 and is ~25-30% less than the number of LHRH
neurons in wild-type and heterozygous mice at E15. By PO, there
are few LHRH neurons remaining in the cortex of DCC-deficient
mice, and the total number of LHRH neurons in the brain of
DCC ~/~ mice is reduced by approximately one-third compared
with DCC*/* littermates. Although the cause of the reduced
number of detectable LHRH neurons in DCC-deficient mice is
unknown, it is possible that these cells either die or produce
undetectable amounts of peptide because of their migration into
an inappropriate environment.

At PO, the latest time point in development that we could
analyze DCC ~/~ mice, few LHRH cells could be found in their
normal locations in the hypothalamus. Interestingly, as was pre-
viously shown (Deiner and Sretavan, 1999), some LHRH * fibers
reach the ME in DCC-deficient mice, although their cell bodies
remain in more dorsal positions. The fact that any LHRH ™ axons
grow into the ME in DCC-deficient mice from neurons located at
much larger distances than in wild-type mice lends support to the
idea that a factor attracts LHRH " processes to the ME after the
cells have reached their destination (Rogers et al., 1997; Wu et al.,
1997). These data further suggest that such a factor is DCC-
independent. It is likely that decreased LHRH innervation of the
ME results from the reduced total numbers of LHRH neurons in
the brain of DCC ~/~ mice at PO, and the near absence of these
neurons in their normal positions in the hypothalamus at this age.

LHRH neuron heterogeneity

Although the total number of LHRH neurons is relatively small,
they are notably heterogeneous based on a number of criteria in
development and in adulthood. For example, we previously found
select glycoconjugates on subsets of LHRH neurons in develop-
ment (Tobet et al., 1993; Bless et al., 2000b). We also found the
neurotransmitter GABA in a small subset of LHRH neurons
early in development (Tobet et al., 1996). GABA in particular
may be important for aspects of LHRH neuron migration and
development based on several studies in vitro and in vivo (Fueshko
et al., 1998; Bless et al., 2000a). The results presented here suggest
that DCC is expressed by a subset of LHRH neurons in the nasal
compartment. If DCC expression in LHRH neurons plays a
specific role in the subset of neurons that express it, then it is
likely early in their migration, because DCC expression is down-
regulated before LHRH neurons cross into the forebrain. This
also makes it less likely that DCC expression in LHRH neurons
plays a role in determining their final locations in the forebrain.
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Interestingly, 75-90% of LHRH neurons followed the misdi-
rected cVNN, and many of the remaining neurons that turned
caudally appeared to follow the remnant of the cVNN that
maintained its ventral turn. Therefore, regardless of the hetero-
geneity of LHRH neurons, the one rule they appear to follow is
that the cVNN is an obligatory pathway. This is further sug-
gested by studies in parasagittal slices of embryonic mouse heads
in which mechanically altered fiber trajectories directly adjust
LHRH neuron migration (Tobet et al., 2001).

We have also presented evidence that heterozygous DCC mice
have a mild phenotype. At both E13 and E15, the percentage of
LHRH neurons in the dorsal forebrain and percentage of neu-
rons in the cortex of DCC™/~ mice is intermediate between
wild-type and mutant values. The percentage of neurons in the
DCC ™/~ cortex at E15 is significantly different from wild-type
mice. Furthermore, axon trajectories of the cVNN and the ori-
entation and positions of LHRH neurons in DCC "/~ mice at E13
(Fig. 5C,D) appear midway between the axon trajectories and cell
positions in either wild-type or mutant mice from the same litter.
These results suggest that DCC gene dosage may provide a means
of regulating the relative response of a DCC™ axon to a netrin-1
source. Other guidance cues, for example, ephrins and Eph re-
ceptors are presumed to function by interactions of complemen-
tary concentration gradients. It was recently shown that relative
levels of EphA receptors on retinal ganglion cells regulate tar-
geting of their axons to the superior colliculus (Brown et al.,
2000). Whether graded expression of DCC on axons functions in
guidance of the cVNN remains to be determined.
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