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Although a variety of cues have been implicated in axonal targeting during embryogenesis and regeneration,
the precise mechanisms guiding olfactory axons remain unclear. Appropriate olfactory axon pathfinding is
essential for functional chemoreceptive and pheromone receptive systems. Olfactory axon pathfinding is also
necessary for establishment of the neuroendocrine LHRH system, cells critical for reproductive function.
LHRH cells exhibit neurophilic migration moving from the nasal region along olfactory axons into the brain.
Factors involved in the migration of these neuroendocrine cells are as yet unresolved. We report identification
of a novel factor termed nasal embryonic LHRH factor (NELF) that was discovered in a differential screen of
migrating versus nonmigrating primary LHRH neurons. NELF is expressed in PNS and CNS tissues during
embryonic development, including olfactory sensory cells and LHRH cells. NELF antisense experiments
indicate that a reduction in NELF expression decreases olfactory axon outgrowth and the number of LHRH
neurons that migrate out of the nasal tissue. These results demonstrate that NELF plays a role as a common
guidance molecule for olfactory axon projections and subsequently, either directly or indirectly, in the
neurophilic migration of LHRH cells.
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Appropriate axonal pathfinding and neuronal migration
are essential for formation of a normal nervous system.
Both of these processes are dependent on spatially and
temporally regulated attractants and repellents. Extra-
cellular matrix molecules and cell adhesion molecules
have long been known to influence both axon outgrowth
and cell movement (for review, see Mori 1993; Mueller
1999). Recently, several families of growth cone guid-
ance molecules [semaphorins (for review, see Paster-
kamp et al. 1999) and slits (Wu et al. 1999)] and their
receptors [neuropilins/plexins (He and Tessier-Lavigne
1997; Kolodkin et al. 1997; Winberg et al. 1998) and Robo
(Nguyen Ba-Charvet et al. 1999)] have been identified.
Expression of these molecules throughout the CNS and
PNS during development (Adams et al. 1996; Giger et al.
1996; Chen et al. 1997; Kitsukawa et al. 1997; Holmes et
al. 1998; Itoh et al. 1998; Brose et al. 1999;) suggests both
conservation and redundancy of pathfinding and migra-
tional mechanisms.

The combinatorial effects of these and other molecular
signals have been implicated in outgrowth and targeting

of olfactory axons during embryogenesis and regenera-
tion. Semaphorins and Slits (as well as their receptors)
have been identified in the olfactory system (for review,
see Nguyen Ba-Charvet et al. 1999; Pasterkamp et al.
1999) and appear to play a role in the establishment and
maintenance of olfactory networks. Proteins such galec-
tin-1, 6B4 proteoglycan, and olfactory receptors have also
been proposed to guide olfactory axons from the olfac-
tory epithelium to the olfactory bulb (Nishizuka et al.
1996; Puche et al. 1996; Mombaerts 1999). The targeting
of nasal sensory axons, both prenatal and postnatal, is
essential for functional chemoreceptive and pheromone
receptive systems (Keverne 1999; Mori et al. 1999). In
addition, appropriate olfactory axon targeting during de-
velopment appears to be necessary for the establishment
of the neuroendocrine luteinizing hormone-releasing
hormone (LHRH) system (Wray et al. 1989). LHRH neu-
rons are critical for reproductive function (for review, see
Fink 1988). Disruption of olfactory axon targeting, as oc-
curs in Kallmann’s syndrome (Schwanzel-Fukuda et al.
1989; Quinton et al. 1997), results in LHRH cells that do
not enter the brain, causing reproductive dysfunction.

LHRH neurons have been documented to migrate
along peripherin- and neural cell adhesion molecule
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(NCAM)-positive axon bundles exiting the vomeronasal
organ leading to the brain (Wray et al. 1994). These
bundles are believed to be a required substrate for LHRH
neuronal migration (Murakami et al. 1991; Schwanzel-
Fukuda et al. 1992; Yoshida et al. 1999). The axons from
the olfactory pit (vomeronasal organ anlage) and periph-
erin, NCAM-positive olfactory receptor axons fascicu-
late into bundles within nasal regions, and the LHRH
neurons migrate along these axon bundles through the
cribriform plate (nasal–forebrain junction). Once within
the brain, a minority of LHRH neurons follow olfactory
receptor axons toward the olfactory bulb, but the major-
ity of LHRH cells follow a peripherin-positive, NCAM-
negative axonal pathway toward the septal/preoptic area
and hypothalamus (Wray et al. 1989, 1994). It is within
these locations in the forebrain that the LHRH cells form
an essential neuroendocrine component of the reproduc-
tive process becoming integral components of the hypo-
thalamic–pituitary–gonadal axis (for review, see Fink
1988).

Cell surface markers expressed on LHRH migrational
pathways within the brain include a transient axonal
surface glycoprotein (TAG-1) and polysialic acid–NCAM
(PSA-NCAM) (Murakami et al. 1991; Yoshida et al.
1995). Experiments have shown PSA-NCAM is required
for the proper migration of a subpopulation of LHRH
neurons (Yoshida et al. 1999). But a significant percent-
age of LHRH neurons continued to migrate after removal
of PSA-NCAM (Yoshida et al. 1999), and normal LHRH
migration was observed in NCAM-null mice (Cremer et
al. 1994). In addition, in vitro experiments have docu-
mented LHRH migration along NCAM-negative olfac-
tory sensory axons (Fueshko and Wray 1994). Thus, the
factors and cues involved in appropriate neurophilic mi-
gration of LHRH cells through the nasal regions and
CNS have yet to be determined. To gain insight into the
molecules involved in this process, a differential screen
of primary LHRH neurons was performed comparing a
migrating cell and nonmigrating cells. Here, we report
identification of a novel factor termed nasal embryonic
LHRH factor (NELF) that was expressed in PNS and CNS
tissues, including olfactory sensory cells and LHRH cells
during embryonic development. Our results indicate
that NELF plays a role as a common guidance mecha-
nism for olfactory axon projections and subsequently,
either directly or indirectly, in the neurophilic migration
of LHRH cells.

Results

To identify molecules involved in LHRH neuronal mi-
gration, we used a strategy by which the mRNA comple-
ment in a migrating LHRH cell was compared with the
mRNA in cells that had ceased migrating. Experimen-
tally, nasal explants were removed from embryonic day
(E)11.5 mouse embryos. LHRH neurons have been
shown to migrate from the olfactory pit in this explant
culture system (Fueshko and Wray 1994) and can be
identified in situ (Kusano et al. 1995). Three bipolar neu-
rons were isolated from the nasal explants. One LHRH

cell was removed after 3.5 days growth in vitro (div)
when cells are migrating, and two cells were removed
after 10.5 div (at an age that LHRH neurons cease mi-
grating) (Wray et al. 1989; Fueshko and Wray 1994). A
cDNA pool was created from each individual cell, and all
cells were shown to be positive for the presence of LHRH
mRNA (data not shown). The cDNA library from the
3.5-div LHRH cell was then probed with labeled cDNA
from the LHRH cells removed at 10.5 div. Two clones
were identified as being unique to the 3.5-div library.
These clones were isolated and sequenced. One clone
was found to be the transcription factor activator pro-
tein-2 (Kramer et al. 2000). The second clone was found
to encode a novel gene product we have designated NELF
(sequence shown in Fig.1). Southern analysis of the
cDNA pools confirmed that the 3.5-div LHRH cell con-
tained the mRNA from NELF, whereas the 10.5-div
LHRH cells did not (data not shown).

Characterization of NELF transcript and protein

The cDNA of NELF was isolated by RACE and had an
approximate transcript size of 2.7 kb (Fig. 1). Expression
of NELF mRNA was present throughout development of
the mouse and continued in the adult brain (Fig. 1). In
situ hybridization histochemistry and immunohisto-
chemistry (generation of antibody; see Fig. 1 and Mate-
rials and Methods) indicated high expression of NELF
mRNA (Fig. 2A) and protein (Fig. 2B) in the forebrain,
olfactory epithelium, and olfactory pit of developing em-
bryos. The intensity of mRNA signal in cells within the
olfactory epithelium and olfactory pit dramatically in-
creased between E12. 5 and E14.5; a maximum level of
mRNA expression per area of olfactory tissue appeared
to be associated with this embryonic stage, because at
E17.5 the signal was again attenuated (data not shown).
The relative level of NELF mRNA expression in olfac-
tory epithelial cells thus correlated with the expression
level as determined by Northern analysis on whole em-
bryos, peaking around E15.0 (see Fig. 1).

Immunocytochemistry revealed that NELF protein
was robustly expressed in both cell soma and processes
(Fig. 2B). NELF immunopositive tracks extended from
the olfactory epithelium and olfactory pit to the olfac-
tory bulb. Olfactory axons extend from these two struc-
tures and are known to express the intermediate fila-
ment protein, peripherin (Fueshko and Wray 1994). To
establish that the NELF immunopositive tracks were ol-
factory axons fasciculating into bundles that crossed the
nasal septum, double-label immunofluorescence was
performed (Fig. 2C–E). Peripherin-positive olfactory axon
bundles colabeled with NELF protein. Thus, during de-
velopment NELF demarcated the olfactory sensory sys-
tem and the path used for LHRH neuronal migration.

In addition to NELF expression being localized to the
LHRH neuronal migratory pathway, LHRH neurons in
nasal regions colabeled with NELF (Fig. 3). Immunohis-
tochemical staining for LHRH and 1026 demonstrated
that NELF protein was robustly expressed in LHRH neu-
rons from E11.5 to E17.5 but was not observed at PN1 or
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in adult mice (Fig. 3). Embryonically (E11.5–E17.5), ex-
pression of NELF in LHRH neurons was observed as the

cells exited the olfactory pit (Fig. 3B–D) and as they mi-
grated along axon bundles through the cribriform plate
(nasal–forebrain junction; Fig. 3E–G). However, NELF
expression was markedly attenuated once the LHRH
cells entered the forebrain (Fig. 3H–J)—a stage when
LHRH cells begin to cease migration having reached
their adult location. Furthermore, LHRH neurons mi-
grating in the brain toward the olfactory bulb stained for
NELF (Fig. 3K–M) in contrast to the absence of NELF
staining in LHRH neurons migrating caudally (Fig. 3H–
J). Postnatally, LHRH neurons were NELF negative (Fig.
3N, O). These data are consistent with the idea that
NELF functions in LHRH neurons while the cells are in
the nasal region but not when they enter the forebrain.

In summary, during development NELF is expressed in
LHRH neurons as they migrate from the olfactory pit
into the developing forebrain. NELF is also expressed on
olfactory axons, including the olfactory axonal pathway
on which the LHRH neurons move. These results sug-
gest that NELF may be a molecule that serves as a com-
mon guidance mechanism for olfactory axon projections
and subsequent neurophilic migration of LHRH cells. As
with many other guidance molecules, conservation of
function during development is suggested by the fact
that NELF was present in many neuronal tissues with
migrating cell populations (Table 1).

Function of NELF

To test the hypothesis that NELF influences olfactory
axon outgrowth and/or LHRH migration, we returned to
our in vitro model. Nasal explants show robust and di-
rectional outgrowth of olfactory axons and subsequent
migration of LHRH neurons (Fig. 4; Fueshko and Wray
1994). NELF protein was robustly expressed in these cul-
tures, with the majority of LHRH neurons and olfactory
axons stained for NELF (Fig. 4A–C, n = 12 cultures). As
in vivo, olfactory axons labeled by peripherin antibodies
coexpressed NELF in vitro (data not shown). NELF stain-
ing intensity in LHRH neurons decreased dramatically
in older cultures (10.5 div, n = 6), consistent with the
mRNA expression pattern of NELF observed earlier
(Southern analysis of cDNA pools 3.5 div vs. 10.5 div). In
contrast, NELF staining remained high in olfactory
axons at 7 and 10.5 div, n = 3 each).

NELF is localized to membrane surfaces

The pattern of NELF expression is consistent with its
proposed function as a migratory factor for LHRH neu-
rons, but migratory factors and/or signals (e.g., PSA-
NCAM, bone morphogenetic proteins) are found in, or
exposed to, the extracellular milieu. Thus, to determine
whether NELF protein was present on the outside of the
cellular membrane, immunocytochemistry without de-
tergent (Triton X–100) to permeabilize the tissue was
performed (Fig. 4D). In the absence of detergent, robust
NELF immunopositive staining was observed. In con-
trast, no immunostaining was found for peripherin under
these same conditions (Fig. 4E,F). NELF protein was

Figure 1. Sequence of NELF. (Top) Largest ORF. No overt ho-
mology was found between NELF and sequences in the gene
databases. Underlined regions are phosphorylation consensus
elements. Polyclonal antibody 1026 (anti-NELF) was produced
against the peptide in the boxed region. (Bottom) Northern
analysis indicates NELF mRNA is present throughout mouse
development (E7–E17) and in adult mouse brain. The 4.4-Kb
product is an unknown cross-hybridizing species. Numbers at
right indicate the size in kilobases.

Kramer and Wray

1826 GENES & DEVELOPMENT



present on the outside of the LHRH cell membrane and
axons projecting from the olfactory pit and epithelium.
In some instances staining was localized to the cell soma
and distal axon projections and punctate regions (vari-
cosities) along fibers (Fig. 4D, open arrowheads; enlarged
varicosities, see insets). Furthermore, NELF-positive fi-
bers terminated in arborizations that contacted both the
cell soma and processes of LHRH neurons (Fig. 4D, ar-
rows). NELF localization on the exterior of both the sen-
sory fiber pathway and LHRH neurons suggests a pos-
sible homophilic interaction between the two types of
cells. This interaction could function to signal or aid in
migration of the LHRH neurons. To further examine this
issue, nasal explants were treated with NELF antisense
oligo DNA.

NELF protein levels decrease after antisense treatment

The largest open reading frame (ORF) in the NELF tran-
script (Fig.1) is predicted to produce a protein with a
molecular mass of 49.2 kD. In vitro translation of this
ORF produced a product of ∼50 kD (Fig. 5, lane 1 and 2).
Multiple in-frame start sites (see Fig.1) result in several
smaller translation products (Fig. 5, lane 1). In vivo,
Western blot analysis of protein from explant tissue in-
dicated the presence of a 50-kD protein recognized by
antibody 1026 consistent with the size of the largest
ORF but a 54- to 55-kD positive product was also de-
tected with this antibody (Fig. 5, lanes 3–5). Nasal ex-

plant cultures were treated with antisense oligo DNA
(n = 5), a randomer (n = 4), or transfection media minus
DNA (n = 4). NELF protein was assayed ∼84 hr later. Af-
ter antisense treatment, the intensity of the 50- and 55-
kD bands was reduced (Fig. 5, lane 4) by ∼60% as com-
pared with controls (antisense, 2318 ± 1129; randomer,
5697 ± 840; nontreated, 6421 ± 2479). In contrast, the
percent of LHRH peptide in antisense-treated samples
did not decrease in comparison with controls (Fig. 5, his-
togram), as measured by ELISA (Maurer and Wray 1999).

Olfactory axon outgrowth and LHRH neuronal
movement is inhibited after antisense treatment

Nasal explants were treated with NELF antisense oligo
as above, fixed, and immunohistochemically stained for
NELF (Fig. 6) and LHRH (Fig. 7) using immunofluores-
cence. Analysis of NELF-positive fibers indicated a re-
duction of the overall complexity (Fig. 6, cf. A and B) and
a significant decrease in the length of the fibers after
antisense treatment (Fig. 6, histogram). Antisense treat-
ment also increased the percent of LHRH cells that re-
mained on the main tissue mass (31% to 57%) and sig-
nificantly reduced the number of LHRH neurons present
in the periphery of the explant tissue (Fig. 7, histogram).

Discussion

A novel gene termed NELF was identified by a cDNA
subtraction screen performed on LHRH neurons main-

Figure 2. NELF is robustly expressed by nasal epithelia. (A) In situ hybridization histochemistry of an E14.5 embryo indicated high
mRNA levels within the forebrain (fb), olfactory epithelium (oe), and olfactory pit (op). (B) Polyclonal 1026 (NELF) antibody staining
of an E13.5 embryo revealed protein within these same areas. In addition, protein was also detected within tracks exiting the olfactory
pit (arrow). Staining of an E12.5 mouse embryo with peripherin (C) and NELF (D) indicated colocalized staining in the axons (E, arrows)
and in the olfactory pit. However, NELF-only staining was observed in cells associated with the axon bundles (arrowhead, and see
inset). Bar, 200 µm (A, B) and 100 µm (C–E).

LHRH neuronal migration

GENES & DEVELOPMENT 1827



tained for 3.5 div versus 10.5 div. We hypothesized that
a putative migratory factor would be differentially ex-
pressed between LHRH neurons at these ages based on
two facts. First, it was shown previously that LHRH neu-
rons in nasal explants cease migrating after 7 div
(Fueshko and Wray 1994). Second, the in vitro ages cho-
sen for analysis roughly correspond to LHRH neurons
from an E14.5 embryo, when LHRH neurons are still
migrating, and a PN1 animal, when LHRH neurons have
reached an adult-like distribution b (Schwanzel-Fukuda
and Pfaff 1989; Wray et al. 1989). Several lines of evi-
dence suggest that NELF is involved in olfactory axon
outgrowth and LHRH neuronal migration.

NELF is a molecule used for neurophilic migration

Spatiotemporal localization Immunocytochemistry in-
dicated that NELF was more robustly expressed on
LHRH neurons in explants grown for 3.5 div in contrast
to explants grown for 10.5 div, but NELF staining was
present on axons exiting the olfactory pit at both stages.

A similar pattern was observed prenatally in vivo. NELF
was expressed by olfactory axons, those leaving the main
olfactory epithelium (location of olfactory receptor neu-
rons) as well as those leaving the olfactory pit/vomero-
nasal organ (location of pheromone receptor neurons). In

Table 1. Expression of NELF in embryonic structures

Structure mRNAa Proteinb

Olfactory epithelium +++c +++
Vomeronasal organ +++ +++
Cortex anlage ++ ++
Forebrain + +
Spinal cord + +
Dorsal root ganglia + +
Heart − −
Liver − −
Nasal mesenchyme − −
Limb bud − −

aIn situ hybridization of E12.5 and E14.5 embryos.
bImmunohistochemistry of E12.5–E15.5 embryos.
cRelative intensity of the signal.

Figure 3. NELF is expressed by LHRH neurons
in nasal regions in vivo. (A) Schematic of an
E13.5 embryo head, forebrain (fb), nasal forebrain
junction (nfj), olfactory epithelium (oe), olfactory
pit (op), tongue (t), third (III), and fourth (IV) ven-
tricles are depicted. (B–M) Symbols (squares,
circles, triangles) on the schematic indicate lo-
cation of cells that are from E13.5 embryos.
(N,O) cells from postnatal day 1 mouse brain.
LHRH staining in shown (B,E,H,K,N). NELF
staining is shown (C,F,I,L,O). Simultaneous vi-
sualization of both fluorescent wavelengths is
shown (D,G,J,M). Cells exiting the olfactory pit
(triangles) are positive for both LHRH and NELF
(B–D, arrows). In addition to LHRH cells, olfac-
tory axons in this region were also positive for
NELF (C,D, arrowhead). LHRH (E) and NELF (F)
are also coexpressed (G) in a high percentage of
cells at the nasal forebrain junction (circles; ar-
row points to cluster of three to four cells and
arrowhead points to large cluster of cells that
converge at nasal forebrain junction, i.e., at the
cribriform plate). Upon entering the forebrain
(squares), LHRH cells (H,K, arrows) contain little
or no signal for NELF (I,L; covisualization J,M).
By PN1, LHRH neurons in the brain (N, arrows
point to three cells) were NELF negative (O). Bar,
20 µm.
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addition, cells exhibiting NELF/LHRH coexpression ex-
tended from the olfactory pit to the cribriform plate. In
contrast, NELF staining was not observed in LHRH neu-
rons in the forebrain in PN1 animals.

Whether NELF expression in LHRH neurons is depen-
dent on age and/or location signals is difficult to deter-
mine because of the development of the LHRH system.
At E12.5, LHRH neurons span across the nasal septum
into the developing forebrain. At this stage, robust NELF
expression was observed in LHRH cells up to the cribri-
form plate but decreased in cells in the developing CNS.
One could interpret these results to indicate that NELF
expression in LHRH cells relies on nasal cues and/or is
inhibited by CNS cues, that is, location dependent. How-
ever, it is likely that the LHRH cells entering the CNS at
this time are the earliest LHRH cells to differentiate
(LHRH neurons become postmitotic between E10.0 and
E11.0; Wray et al. 1989) and thus are developmentally
older. Hence, NELF expression in LHRH cells may rely
on time-linked events, that is, are age dependent. In
vitro, LHRH cells down-regulated NELF expression be-
tween 3.5 div and 10.5 div. In the nasal explants, no brain
tissue is taken (Fueshko and Wray 1994). Thus, LHRH
cells at 10.5 div down-regulated NELF expression in the
absence of CNS cues. Location and age, with respect to
LHRH cells, are still difficult to separate in this in vitro

model. However, both in vivo and in vitro, NELF expres-
sion in LHRH cells is correlated with cell movement in
nasal regions.

Although the specific cues that regulate NELF expres-
sion in olfactory axons and LHRH cells are presently
unknown, the spatiotemporal localization of the NELF
protein is consistent with NELF acting as a migratory
factor or migratory signal within the nasal region. Pre-
liminary studies also show NELF expression at later pre-
natal stages (E18.5) in the developing cortex and cerebel-
lum, two areas known to exhibit robust neuronal migra-
tion. The role of NELF in these areas awaits further
investigations but again is consistent with NELF acting
as a migratory signal. Furthermore, the down-regulation
of NELF on LHRH cells as they cross the cribriform plate
and enter the telencephalon may be a critical event, in-
suring migration of LHRH cells along a different path-
way in the CNS (from those leading to the olfactory bulb
and accessory nucleus) and thereby facilitate establish-
ment of the appropriate adult-like LHRH distribution.

Homology searches for protein binding domains
within the NELF protein were negative. The lack of pro-
tein modules in NELF suggested few other binding part-
ners. NELF was expressed on both LHRH neurons and
the axons on which they migrate. The fact that no other
potential binding partners were identified and that NELF

Figure 4. NELF is expressed on the cell surface of
LHRH neurons and olfactory axons. Schematic of a na-
sal explant culture removed from an E11.5 mouse em-
bryo and maintained in serum-free media for 7 days is
shown (top, right). Ovals represent the olfactory pit epi-
thelium (OPE), in the center is the nasal midline carti-
lage (NMC) and the surrounding mesenchyme (M).
LHRH neurons (dots) migrate from the OPE to the mid-
line and then off the explant into the periphery (arrow-
heads). The boxed region within the schematic is the
area shown in the remaining panels. (A–C) Double im-
munofluorescence was performed on explants using an-
tibodies to LHRH and NELF. (A) Many immunopositive
LHRH neurons are detected that migrated off the ex-
plant into the periphery. (B) Immunostaining for NELF
revealed robust staining of fibers as well as cell bodies
in this same area. (C) Simultaneous visualization of
both fluorescent wavelengths indicated LHRH neurons,
both cell soma as well as processes, were positive for
NELF. NELF-only positive fibers were also pres-
ent. (Inset) An enlarged view of the same cell in each
panel. Cells and processes are immunopositive for
NELF in nasal explants not treated with the detergent
Triton X-100 (D, n = 5). In certain cells (D, white arrow-
heads) the cell soma stained with NELF, but there was
a paucity of staining between the soma (right white
arrowheads) and distal region of the axon (left white
arrowheads). Other bipolar cells (black arrowheads)
showed staining for NELF throughout the extent

of the cell. Staining with NELF was also intense at fibers terminating in bouton-like structures (arrows) on NELF immunopositive
cells. Fibers containing multiple NELF-positive varicosities were detected throughout the periphery of the explant (enlarged views of
such fibers are shown, insets). Controls to determine whether membrane permeabilization was necessary for intracellular access of the
antibody using our staining procedure included staining for the olfactory intermediate filament protein peripherin with and without
the detergent Triton X-100. Explant cultures permeabilized with detergent had positive fibers stained for peripherin (E), but no
peripherin staining was detected on explant cultures when detergent was not used (F). Bar, 20 µm (inset, D–F) and 50 µm (A–C).
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was expressed on both migratory cell and pathway led us
to hypothesis a homophilic-like interaction. If NELF acts
as a migratory/axonal outgrowth molecule via homo-
philic interactions, then one would predict that NELF
would be localized to the extracellular portion of the cell
membrane (Edelman 1985; Cunningham et al. 1987; Rut-
ishauser and Jessell 1988). Visualization of robust, punc-
tate NELF signal in the absence of cell permeabilization
supports localization of NELF on the cell surface of both
axons and cell soma. Analysis of the NELF protein se-

quence revealed no strong hydrophobic regions, suggest-
ing a lack of transmembrane domains. In native Western
blots, a higher complex of ∼150 kD was occasionally ob-
served, suggesting the presence of a potential cytoplas-
mic/transmembrane partner by which NELF may be an-
chored to the membrane proper. Further studies are nec-

Figure 6. Knockdown experiments using antisense oligo DNA
decreased the length of NELF-positive fibers [red fibers; cf. A
(randomer) and B (antisense)]. Fiber length measurements were
completed averaging the longest two or three NELF-positive
fibers present on the culture (note: if a only a single long fiber
was present, that value was the only value used). LHRH cells
(green) are still present after antisense treatment (red fibers and
cells are NELF positive, and yellow indicates colocalization;
insets, right are enlarged regions of boxed areas in A and B).
Fibers were measured from the edge of the main nasal explant
tissue into the periphery (broken line; at left of the broken line
is the main tissue of the explant, and at right is the periphery;
also see schematic in Fig. 4). Scales at bottom of A and B are in
micrometers. The histogram below shows the average length of
the NELF positive fibers as a function of treatment (n = 14, ran-
domer; n = 18, antisense; n = 134, no treatment). A significant
decrease in the length of NELF-positive fibers was observed in
antisense-treated explants as compared with randomer-treated
(P < 0.05, *) and nontreated explants (P < 0.01, **).

Figure 5. (A) The largest ORF (Fig. 1) was translated in vitro
and produced a doublet of ∼50 kD and a product slightly smaller
(lane 1, open arrowheads). The largest ORF has multiple in-
frame start sites 3� of the initial start site that would produce a
protein product slightly smaller than the full-length protein (see
Fig. 1). Western analysis of the in vitro (lane 2) and in vivo
product (explant tissue, lanes 3–5) indicated a band of ∼50 kD,
but in vivo, a second 54- to55-kD product is bound by the NELF
antibody. Antisense treatment using the oligo 18NPR8.5 de-
creased the amount of product bound by the polyclonal 1026
antibody by ∼60% [cf. lanes 3 (randomer) and 4 (antisense) with
lane 5 (no treatment)]. This Western blot was then stripped and
probed with a monoclonal antibody to �-tubulin; comparison of
the lanes indicate that there was nearly equal amounts of pro-
tein loaded or a slightly higher amount loaded in the antisense
lane (lane 4). (B) The histogram depicts the percent of LHRH
peptide in the treated and nontreated nasal explants as deter-
mined by ELISA analysis and indicates that antisense treatment
for NELF had no effect on the level of LHRH peptide. ELISA
analysis was completed in duplicate on batches that combined
two to six explants (n = 6, nontreated; n = 7, antisense treated).
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essary to examine this issue in more detail. However, the
overall expression pattern of NELF suggests a homo-

philic interaction between NELF on LHRH neurons and
NELF on the axon bundles on which they migrate, per-
haps being a determining factor in neurophilic migration
of LHRH in nasal regions.

Disruption of NELF expression decreases olfactory axon
outgrowth and, subsequently, LHRH migration If NELF
is primarily an “ectodomain” protein, the possibility
arose that our antibody could be used to determine the
functional role of NELF in neuronal migration and/or
axonal outgrowth. In a preliminary set of experiments,
the 1026 antibody was added (at varying concentrations)
to nasal explant cultures. No consistent changes were
observed as compared with control nasal explants. A null
effect may have occurred as a result of another factor
assuming the role of NELF (redundancy) and/or the fact
that the antibody generated does not thoroughly cover
the functional domain of NELF (Fig. 1). Further investi-
gations into the function of NELF were thus initiated by
inhibiting the expression of NELF at the mRNA/protein
translation level.

Treating the nasal culture with antisense oligo DNA
had a profound effect on the overall outgrowth of olfac-
tory axons and the number of LHRH neurons present
outside the main nasal tissue explant. However, a dra-
matic decrease in the number of LHRH neurons per
length of NELF fibers that had extended from the culture
was not observed. These fibers and cells may have been
the earliest group to extend/migrate from the culture. As
such, treatment at 3 div may not have perturbed their
initial development but inhibited subsequent outgrowth
and/or cell movement. If this occurred, then a decrease
in NELF may have directly disrupted both olfactory axon
outgrowth and LHRH cell migration. Alternatively, the
reduction in LHRH neurons in the explant periphery
may be a consequence of reduction in axon outgrowth
and not direct inhibition of the migration of LHRH neu-
rons themselves. The latter hypothesis argues against
NELF functioning as the sole neurophilic molecule be-
tween LHRH neurons and olfactory axons and implies
that NELF aids LHRH cell movement by playing a role in
extending the pathway used by LHRH cells during mi-
gration through nasal regions.

NELF in the olfactory system

Interestingly, the developing olfactory bulb expresses
NELF after olfactory axons begin to make contact in this
area, causing bulb induction and evagination (Brunjes
and Frazier 1986; Bailey et al. 1999). Robust NELF ex-
pression is observed in the outer nerve layer between
E14.5 and E17.5. In the mouse, this is a time when axo-
dendritic synapses are starting to form on the dendritic
growth cones of the developing mitral cells, directly un-
der the outer nerve layer (Brunjes and Frazier 1986).
Thus, the spatiotemporal expression of NELF in olfac-
tory receptor axons is consistent with a molecular cue
that signals maturation in the olfactory bulb through
olfactory axonal presence and/or innervation (Burd and
Sein 1998; Bailey et al. 1999; Treloar et al. 1999).

Figure 7. The number of LHRH neurons present within the
periphery of nasal explants decreased after treatment with an-
tisense oligo DNA. The complexity of NELF-positive fibers (red)
decreased after antisense treatment [cf. A (no treatment) and B
(antisense treatment)]. The number of LHRH neurons associ-
ated with these fibers in the periphery of the nasal explant also
decreased (cf. number of yellow cells in A and B). (Red) NELF;
(green) LHRH; (yellow) colocalization. Numerous LHRH neu-
rons are still present within the explant tissue (on the main
tissue mass) after antisense treatment (C, NELF; D, LHRH; E,
colocalization; arrow points to cell cluster of LHRH neurons).
LHRH cell counts of the number of cells that were in the pe-
riphery of the nasal explant indicate a significant decrease after
treatment with the antisense oligo (n = 18) in comparison with
randomer and nontreated explants (P < 0.01, **; n = 11, rando-
mer and no treatment; n = 18, antisense treated). Bar, 100 µm
(A–C).

LHRH neuronal migration

GENES & DEVELOPMENT 1831



Possible NELF variants or family genes

Western analysis of tissue samples revealed a 54- to 55-
kDA protein cross-reactive with antibody 1026. A larger
variant of NELF could be present within the cells using
the 4.4-kb mRNA transcript observed upon Northern hy-
bridization of multiple tissues (Fig. 1). This cross-react-
ing species could be a family member of NELF. Thus far,
low-stringency screens of cDNA libraries containing
high levels of the 4.4-kb transcript have produced a 2.8-
kb cDNA transcript having the exact same sequence ho-
mology as NELF except for ∼200 bp 5� of the sequence.
This 5� region does not contain the translational start
site present in the NELF cDNA and suggests that alter-
natively spliced variants are present for NELF giving rise
to larger protein products.

During preparation of this manuscript, a 1560-bp
cDNA clone of the human homolog for NELF was sub-
mitted to GenBank (accession no. AL117660). Transla-
tion of the largest ORF indicated a high degree of con-
servation in the amino acid sequence, but most impor-
tantly, the peptide against which NELF was produced
has 100% homology, suggesting the polyclonal antibody
1026 should bind to the human homolog of NELF.

In conclusion, a novel protein designated NELF was
differentially expressed in LHRH neurons migrating
within the nasal regions in contrast to LHRH neurons in
the brain. NELF’s expression pattern and extracellular
location suggests a role as an axon outgrowth/migration
factor, via a homophilic interaction, in nasal regions and
specifically while the neuroendocrine LHRH neurons are
migrating across the nasal septum into the developing
CNS.

Materials and methods

Cell isolation and cDNA construction and anaysis

E11.0–E11.5 embryos were removed from NIH-Swiss mice in
accordance with NIH guidelines, and unilateral and bilateral
olfactory pits were dissected, trimmed, and grown in vitro for
several days under serum-free conditions (Fueshko and Wray
1994). Single cells were isolated using microcapillary pipettes,
cDNA was produced, and PCR amplification and library screen-
ing were performed as described previously (Dulac and Axel
1995; Kramer et al. 2000). In this procedure, single-cell aliquots
were placed into a reaction mixture containing 4 µl of lysis
buffer (Kramer et al. 2000) and 10 µM of each dATP, dCTP,
dTTP, and dGTP) at 4°C. The cells were lysed, 50 UNITS of
Moloney murine leukemia virus and 0.5 UNITS of avian reverse
transcriptases (Bethesda Research Laboratories, Beverly, MA)
were added, and the mixture was incubated for 15 min at 37°C
and then heat inactivated at 65°C for 10 min. Then, a poly(A)
addition was performed on the cDNA followed by PCR ampli-
fication using an AL1 primer (Kramer et al. 2000). Southern
analysis was performed using 1 µg of amplified single-cell
cDNA run on a 1.5% agarose gel, blotted on nylon membrane
(Genescreenplus: DuPont, Boston, MA). The membranes were
probed with LHRH (an ∼360-bp BamHI–EcoRI fragment of the
rat LHRH cDNA including exons 1–4, a gift from Dr. J. Adel-
man; Adelman et al. 1986). The PCR products of LHRH-positive
cells were digested with EcoRI and packaged using Gigapack

Gold packaging extract (Stratagene, La Jolla, CA) according to
manufacturer’s directions.

Comparative analysis of LHRH neurons, and PCR
amplification and sequencing of inserts

Plaque-lifts using GeneScreenPlus membranes (DuPont, Bos-
ton, MA) were completed. Membranes displaying the single-cell
cDNA library from a cell grown in vitro for 3.5 days was hy-
bridized with a PCR labeled cDNA library from two other
LHRH-positive neurons grown in vitro for 10.5 days (Kramer et
al. 2000). Probes were labeled with [�-32P]-dCTP by PCR ampli-
fication (Kramer et al. 2000). The membranes were hybridized
for >12 hr, washed twice for 45 min at 60°C in a solution of 2×
SSC (300 mM NaCl, 30 mM sodium citrate at pH 7.0), 1% SDS,
and exposed to film.

Differentially expressed cDNA inserts were PCR-amplified
by picking isolated plaques with a pipette tip (Kramer et al.
2000). Southern analysis was performed on duplicate blots. Each
blot was hybridized (procedures described above) with a differ-
ent [32P]-dCTP labeled cDNA library (Kramer et al. 2000); one
blot was hybridized with the 3.5 div. library and the other with
the 10.5 div. library. The inserts that were differentially ex-
pressed in the second screen were purified using Microcon 100
concentrators (Amicon, Beverly, MA), primers were designed,
and the insert DNA was sequenced.

RACE analysis

Rapid amplification of cDNA ends (RACE) was perfomed using
the Marathon cDNA amplification Kit (Clontech, Palo Alto,
CA) and primer 1802R (5�-GCTCCAACTATGTACAAGAGA-
GCCCAC-3�) along with the Mouse Brain Marathon-Ready
cDNA (Clontech) according to manufacturer’s protocols. The
RACE product was cloned directly into the TA vector pCR 2.1
(Invitrogen, Calsbad, CA).

Northern analysis

Premade mouse embryo multiple tissue and mouse brain
Northern blots were obtained from Clontech (Palo Alto, CA)
and hybridized according to the manufacturer’s directions using
a 1600-bp XhoI fragment from the NELF cDNA clone as a probe.

In vitro translation

The NotI cDNA fragment was cloned into pZero-2 (Invitrogen).
In vitro translation was performed using the TnT coupled re-
ticulocyte lysate systems (Promega, WI) using T7 polymerase
and L-[35S]methionine according to the manufacturer’s direc-
tions.

In situ hybridization histochemistry

In situ hybridization was performed as described previously
(Wray et al. 1991) using a synthetic deoxynucleotide against
NELF mRNA. The synthetic 48-base nucleotide probe (5
pmoles), complementary to NELF (5�-CTAAGGGATATCGTA-
CATTGTTCAGTG-CCCAATCCTAACTCCCCTGGGTC-3�),
was 3� end-labeled with 35S-labeled dATP (specific activity
1000–1500 Ci/mmole, DuPont–NEN).

Single- and double-label immunocytochemistry

Fresh, frozen mouse embryos sections or explants were pro-
cessed as described previously (Fueshko and Wray 1994; Wray et
al. 1994). ProLHRH antisera (Wray et al. 1988) was used at 1:
2500, 1026 polyclonal antisera was used at 1:4000, peripherin
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was used at 1:2000 (Chemicon, Temecula, CA). Production of
the 1026 antibody was performed using alternating injections of
150–200 µg of the KLH, BSA-conjugated peptide in rabbits (see
Fig. 1). Single-label immunocytochemistry was preformed on
explants using standard ABC-horseradish peroxidase and diami-
nobenzidine [brown reaction (Fueshko and Wray 1994)]. Dual
fluorescence used directly conjugated fluorescent Cy-3 goat
anti-rabbit secondary (1:1000; Jackson ImmunoResearch Labo-
ratories, West Grove, PA) and goat anti-rabbit avidin–FITC com-
plex (Vector, Burlinghame, CA). Positive cells were captured
with a Videoscope ICCD-35OF (Sterling, Virginia) camera or a
confocal microscope (Zeiss 410 LSM). Controls for double-label
immunocytochemical experiments consisted of the replace-
ment of either the first primary or the second primary antibody
with a normal goat serum incubation. Control sections revealed
no cross-reactivity between the first and second labeling proce-
dures (data not shown).

Antisense treatment

Nasal explants grown in defined media (Fueshko and Wray
1994) were treated on day 3 with 200 µl of Lipofectin–oligo
complexes for 24 hr. Lipofectin–oligo complexes were made by
adding 12 µl of Lipofectin reagent (GIBCO BRL) to 88 µl of
OPTIMEM (GIBCO BRL) incubated for 30 min at room tem-
perature and combining with a mixture containing ∼0.2 µmole
of oligo in 100 µl of OPTIMEM and incubating 15 min at room
temp before addition. After treatment fresh SFM was added, and
the cultures were kept at standard conditions (Fueshko and
Wray 1994) for an additional 3.5 days. The random sequence
oligo RMCNT1 (5�-CTCGCAGTGCACCGTGGAGCG-3�) was
chosen by the critera that it had a similar G + C content as the
antisense oligo 18NPR8.5 (5�-GCTGCCTGGGCTGGCACG-
CAC-3�), lacked repeat elements, and lacked sequences that
have the potential to form hairpins. After treatment, cultures
were either fixed and processed for immunocytochemistry as
descibed above (n = 45), processed for LHRH content via ELISA
assay methods as reported previously (Maurer and Wray 1999),
or processed for protein content by Western analysis (n = 13; see
below).

Western analysis

Embryonic cell lysates were homogenized in lysate buffer (100
mM NaCl, 25 mM tris-HCL at pH 7.0, 1 mM EDTA, 1 mM EGTA,
1 mM AEBSF, 0.5% NP-40, 10 mM �-glycerolphosphate), incu-
bated on ice for 30 min, mixed, and centrifuged, and the total
protein of the supernatants was quantitated using the BCA pro-
tein assay kit (Pierce, Rockford, IL). For each experiment, 2–6
nasal explant cultures were combined, mixed with loading dye
(SDS–protein gel loading solution; Quality Biological, Gaithers-
burg, MD), and heated at 95°C for 5 min. The lysate and trans-
lated product was electrophoresed through a Novex (San Diego,
CA) 8%–16% Tris-gylcine–acrylamide gel at 125 V and trans-
ferred onto PVDF membrane in 25 mM Tris, 192 mM glycine,
0.1% SDS (pH 8.3) at 150 mA for 5 hr at room temperature. The
membrane was blocked [20 mM Tris-HCl, 150 mM NaCl, 0.2%
Tween 20, 2% dried milk (wt/vol) at pH 7.4] for 1 hr. The
polyclonal antibody 1026 was added at 1:50,000 dilution; mono-
clonal antibody �-tubulin (Amersham) was added at 1:3000 di-
lution and incubated at 4°C overnight. The membrane was
washed, and an HRP–goat anti-rabbit (for 1026) or anti-mouse
(for �-tubulin) secondary antibody was added. After a 2-hr incu-
bation and washing at room temperature, the complex was re-
acted using the Western blot chemiluminescence reagent plus
kit (NEN, DuPont, CN) according to the manufacturer’s direc-

tions and exposed to film. Quantitation of the band’s optical
density was performed on a scanned image of the film using
NIH Image 1.62 (NIH, Bethesda, MD, Wayne Rasband). Values
are given as the mean optical density ± standard error of the
mean, O.D. ± S.E.M. The optical density of the �-tubulin band
was used as a reference to correct for differences in loading
between wells [(1/O.D. �-tubulin * 1000) * O.D. 1026] = cor-
rected O.D. of 1026 band.

Analysis of antisense-treated cultures

Statistical signifigance was determined using a one-way Anova.
Analysis between groups was performed using Tukey’s Multiple
Comparison Test or Bonferroni’s Multiple Comparison Test.
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