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Stromal cell-derived factor-1 (SDF-1) and chemokine receptor type
4 (CXCR4) are regulators of neuronal migration (e.g., GnRH neu-
rons, cortical neurons, and hippocampal granule cells). However,
how SDF-1/CXCR4 alters cytoskeletal components remains unclear.
Developmentally regulated brain protein (drebrin) stabilizes actin
polymerization, interacts with microtubule plus ends, and has
been proposed to directly interact with CXCR4 in T cells. The cur-
rent study examined, in mice, whether CXCR4 under SDF-1 stimu-
lation interacts with drebrin to facilitate neuronal migration.
Bioinformatic prediction of protein–protein interaction high-
lighted binding sites between drebrin and crystallized CXCR4. In
migrating GnRH neurons, drebrin, CXCR4, and the microtubule
plus-end binding protein EB1 were localized close to the cell mem-
brane. Coimmunoprecipitation (co-IP) confirmed a direct interac-
tion between drebrin and CXCR4 using wild-type E14.5 whole
head and a GnRH cell line. Analysis of drebrin knockout (DBN1
KO) mice showed delayed migration of GnRH cells into the brain.
A decrease in hippocampal granule cells was also detected, and co-
IP confirmed a direct interaction between drebrin and CXCR4 in
PN4 hippocampi. Migration assays on primary neurons established
that inhibiting drebrin (either pharmacologically or using cells
from DBN1 KO mice) prevented the effects of SDF-1 on neuronal
movement. Bioinformatic prediction then identified binding sites
between drebrin and the microtubule plus end protein, EB1, and
super-resolution microscopy revealed decreased EB1 and drebrin
coexpression after drebrin inhibition. Together, these data show a
mechanism by which a chemokine, via a membrane receptor, com-
municates with the intracellular cytoskeleton in migrating neurons
during central nervous system development.
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Proper neuronal migration is essential for neural circuits for-
mation (1) and requires coordination of extracellular signals

and intracellular processes that results in cytoskeletal changes.
Several modes of neuronal migration have been characterized,
but all must transduce extracellular signals into appropriate
movement. For bipolar migrating neurons (cerebellar granule
cells (2, 3), cortical pyramidal cells (4), and neuroendocrine
gonadotropin releasing hormone (GnRH) cells (5), the leading
process extends toward a target, and the pulling forces of mi-
crotubule bundles anchored to the thin layer of cortical actin via
end-binding proteins moves the nucleus forward. This process is
sequentially repeated as the neuron migrates toward its final
location (6–8). Although the basic dynamics of cell movement
are being delineated, how a neuron ends up in the correct lo-
cation, integrating extracellular guidance cues into cytoskeletal
modifications, is still unclear.
The stromal cell–derived factor-1 (SDF-1)/C-X-C chemokine

receptor type 4 (CXCR4) chemotactic axis is directly involved in
migration of hippocampal (9, 10), cortical (4, 11), cerebellar (2,
12–14), and GnRH cells (15–17). Research in T lymphocytes
documented SDF-1–induced cytoskeletal alterations, where
rapid actin dynamics occur during formation of immune synapses
(18). Developmentally regulated brain protein (drebrin), an actin
filament side-binding protein that stabilizes the double-strained

F-actin structure, was colocalized with the CXCR4 receptor cy-
toplasmic domain in these immune synapses. A physical inter-
action between CXCR4 and drebrin via coimmunoprecipitation
(co-IP) was shown, suggesting that after SDF-1 activation,
CXCR4 directly regulated cytoskeletal components by binding to
drebrin. The function of drebrin in migrating neurons has only
been analyzed in the rostral migratory stream, cerebellar granule
neurons, and oculomotor neurons in mice. In these areas, Dre-
brin short hairpin RNA reduced the migration distance and ve-
locity of migrating neurons (19–21).
In contrast to drebrin, multiple studies have documented

changes in neuronal migration after SDF-1/CXCR4 perturba-
tions. SDF-1/CXCR4 has been shown to act as a chemo-
attractant for cerebellar granule cell progenitor migration and
Purkinje neuron migration (2, 12), while in the developing ce-
rebral cortex, it regulates interneuron migration (4, 11). In the
hippocampus, meningeal/Cajal–Retzuis cells secrete SDF-1 (22).
Here, the SDF-1 gradient is important for radial migration in the
dentate gyrus (DG), specifically granule cells. CXCR4 mutant
mice have a defect in granule cell position, while ectopic ex-
pression of SDF-1 disrupted DG granule cell migration (9). In
addition, blocking SDF-1/CXCR4 signaling resulted in preco-
cious differentiation, delayed migration, and ectopic granule cell
progenitors (23). SDF-1/CXCR4 has also been well studied in
the developing GnRH system. Neuroendocrine GnRH neurons
migrate from the olfactory pit into the forebrain (5). The primary
source of SDF-1 for GnRH neuronal migration are cells located
close to the nasal midline cartilage, just beneath the cribriform
plate (17). These cells create a gradient of SDF-1 that guides the
GnRH neurons to the nasal/forebrain junction. Silencing of
CXCR4 results in fewer GnRH neurons reaching the nasal
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forebrain junction (15, 16), while application of SDF-1 augments
GnRH saltatory movement (17), a moving pattern similar to
radial migrating neurons (24). Although CXCR4 on the plasma
membrane has been shown to be internalized upon ligand
binding (23), how SDF-1/CXCR4 regulates cytoskeleton dy-
namics in neurons is still unclear.
The present study examined the interaction of drebrin and

CXCR4 in migrating neurons. Bioinformatic analysis predicted a
protein–protein interaction between drebrin and CXCR4. Co-IP
confirmed a direct interaction between drebrin and CXCR4 in
GnRH cells and in hippocampal areas. Analysis of drebrin
knockout (DBN1 KO) mice showed delayed migration of GnRH
cells into the brain and disrupted organization of granule cells in
the hippocampus. Migration assays on primary GnRH cells, as
well as modified Boyden chamber assays on primary DG granule
cells, established that inhibiting drebrin (either pharmacologi-
cally or using cells from DBN1 KOmice) prevented the effects of
SDF-1/CXCR4 on neuronal movement. Bioinformatic predic-
tion then was used to identify potential binding sites between
drebrin and the microtubule plus end protein EB1, and super-
resolution microscopy revealed decreased EB1 and drebrin
coexpression after drebrin or CXCR4 inhibition. Together, these
data show a mechanism by which a chemokine, via a membrane
receptor, communicates with the intracellular cytoskeleton in
migrating neurons during early central nervous system (CNS)
development.

Results
Theoretical Prediction of Physical Interaction between Drebrin and
CXCR4 Confirmed by Co-IP. Domain-specific functional studies of
drebrin have revealed binding regions for F-actin and CXCR4
(18, 25–27). However, structural analyses have not been con-
ducted on drebrin/CXCR4 interactive binding. SwarmDock and
PatchDock were used to predict a potential binding pose (SI
Appendix, Supplemental Methods). Simulations revealed that
drebrin can potentially stabilize with CXCR4 in four areas: a
drebrin coiled-coil (CC) domain forming a convex binding arm
with two CXCR4 intracellular loops (ICLs) where 1) CC (R215/
E202) binds to ICL1 (K68/R70), 2) CC (L204/D201) binds to
ICL2 (Q145/R148), 3) a drebrin actin-depolymerizing factor
homology (ADFH) domain forming a concave binding arm
(D92) with CXCR4’s ICL3 (K239), and 4) a drebrin helical (Hel)
and ADFH domains forming a hydrophobic shell (residues 112
to 119 and 283 to 291) to insert CXCR4’s C-terminal tail
(Fig. 1A). Predicting the biological interface and affinity between
these proteins is beneficial to confirm overall stabilization of the
complex. PRODIGY predicted that drebrin/CXCR4 binding
consists of charged (60%), apolar-apolar (20%), and polar-
apolar/polar-polar (20%) bond distribution. To further validate
the predicted charged interactions, artificial alanine (A) muta-
tions were introduced in drebrin. Although CXCR4 bound to the
artificial drebrin mutant (R215A, E202A, L204A, D201A, and
D92A) had a slightly more favorable binding free energy
(ΔGdrebrin(mut)/CXCR4 = −10.7 kcal · mol−1) compared to wild-
type (WT) drebrin (ΔGdrebrin(wt)/CXCR4 = −10.5 kcal · mol−1),
there was an overall decrease in charged–charged (−28%) and
charged–polar (−26%) bonds at the binding interface. These
data are consistent with these sites being involved in CXCR4/
drebrin binding, but further molecular experiments are needed
to precisely delineate this interaction.
Experimental confirmation of a drebrin/CXCR4 interaction

was obtained on E14.5 mouse head protein via co-IP using an
N-terminal–directed CXCR4 antibody and C-terminal–directed
drebrin antibody (Fig. 1B). The pull-down (PD) products and the
flowthrough (FT) samples were assayed via Western blot, incu-
bated with anti-CXCR4 and anti-drebrin antibody, with the or-
der depending on the antibody linked to the magnetic beads.
Both drebrin (125 kDa) and CXCR4 (60 kDa) were detected in

control protein samples (Fig. 1B, whole lysate [WL], as well as
the FT). The pull-down elution from anti-drebrin–conjugated
beads yielded drebrin bands, confirming the efficacy of the co-
IP procedure (Fig. 1B, immunoblotting target [IB]: drebrin).
Notably, CXCR4 bands were also detected in the pull-down
samples, confirming a physical interaction between drebrin and
CXCR4 (Fig. 1B, IB: CXCR4). The reverse pull-down experi-
ments confirmed the association between drebrin and CXCR4
(i.e., beads conjugated with anti-CXCR4 gave positive bands for
drebrin). Another GPCR, cholecystokinin A receptor (CCKA),
known to be expressed on migrating GnRH cells (28) was used as
a negative control in Western blot with co-IP pull-down prod-
ucts. CCKA was detected in WL and FT samples (45 kDa,
Fig. 1B, IB: CCKA). However, no CCKA band was detected in
the pull-down product (IB: CCKA, PD lane), consistent with the
binding of drebrin/CXCR4 being specific and not a general
GPCR phenomenon.

Drebrin and CXCR4 Interaction in Migrating GnRH Neurons. To begin
to evaluate the biological role of the CXCR4/drebrin interaction,
drebrin and CXCR4 in GnRH neurons, known to be guided by
SDF-1/CXCR4, were examined. At E12.5 (Fig. 1 C–E), a de-
velopmental time point when many GnRH neurons are migrat-
ing toward the forebrain (Fig. 1C) (29), drebrin and CXCR4
were detected along the cortical actin in the leading process and
cell soma (Fig. 1D, arrowheads), showing overlapping distribu-
tion patterns (Fig. 1D, merged, orthogonal profile). For a neuron
to migrate properly, the anchoring of microtubule plus ends into
cortical actin mesh is necessary to facilitate a forward pulling
force (30). The microtubule plus-end binding protein EB1, de-
tected in migrating GnRH cells (31), localized in both soma
(Fig. 1E, bottom asterisk) and leading processes (Fig. 1E, top
asterisk) in GnRH cells, similar to drebrin (Fig. 1D). Next,
protein from a GnRH cell line were assayed by co-IP as de-
scribed above, and the pull-down products and the flow through
samples assayed via Western blot (SI Appendix, Fig. S1). Con-
sistent with results obtained on E14.5 head protein, CXCR4
bands were detected in the anti-drebrin pull-down samples (IP:
drebrin, PD lane), drebrin bands were detected in the anti-
CXCR4 pull-down samples (IP:CXCR4, PD lane), and no
CCKA band was detected (IB: CCKA, PD lane). Together, these
data indicate that drebrin and CXCR4 can directly interact in
migrating neurons.

Delayed Migration of GnRH Cells and Decreased Neurons in the
Hippocampal Granule Cell Layer in DBN1 KO Mice. Although brain
morphometric data had shown no gross changes in DBN1 KO
animals (SI Appendix, Table S1), two systems known to be sen-
sitive to CXCR4, the GnRH system and DG granule cells in the
hippocampus were examined in DBN1 KO and WT littermates.
The total GnRH cell number and anatomical distribution of the
cells was analyzed (Fig. 2A). At E12.5, DBN1 KO animals had
significantly less GnRH-positive neurons compared to WT lit-
termates (P = 0.0481). χ2 analysis indicated a significant differ-
ence in the distribution of GnRH cells between genotypes (P <
0.0001), and individual area comparisons indicated fewer GnRH
neurons at the nasal forebrain junction in E12.5 KO mice (P =
0.0409). At both postnatal day 4 (PN4) and adult, the total
GnRH cell number counted in DBN1 KO and WT were similar.
However, χ2 analysis indicated a significant difference in the
distribution of GnRH cells in genotypes at both ages (P <
0.0001), and individual area comparisons indicated more GnRH
neurons were rostral to the organulum vasculosum lamina ter-
minalis (OVLT) in both PN4 and adult KO mice (PN4 P =
0.0058, adult P = 0.0173).
Since SDF-1/CXCR4 is robustly expressed in the developing

hippocampal area between PN0 and PN8 (32), the DG of PN4
(Fig. 2B) and adult (SI Appendix, Fig. S2) DBN1 KO and WT
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Fig. 1. Drebrin and CXCR4 physically interacted in migrating GnRH neurons. (A) Intracellular docking between crystallized CXCR4 (Protein Data Bank: 3ODU)
and drebrin N-terminal domains. Low magnification (Left) and higher magnification (Right) shown of four possible interacting domains: 1) CXCR4’s ICL1 (K68/
R70) bound to drebrin’s CC (R215/E202), 2) CXCR4’s ICL2 (Q145/R148) bound to drebrin’s CC (L204/D201), 3) CXCR4’s ICL3 (K239) bound to drebrin’s ADFH
(D92), and 4) hydrophobic coat created by drebrin’s ADFH and Hel domains (residues 112 to 119 and 283 to 291) that wraps around CXCR4’s C-terminal tail. (B)
Representative pull-down experiments using anti-drebrin (IP: drebrin) or anti-CXCR4 (IP: CXCR4) from E14.5 mouse whole head. IP: immunoprecipitation
target, IB: immunoblotting target, WL: whole lysate, FT: flow through. Visible CXCR4 (IB: CXCR4, 60 kDa) and drebrin (IB: drebrin, 125 kDa) bands were
detected in pull-down (PD) lanes. (C) Migrating GnRH neurons detected in E12.5 mouse embryo. High-magnification GnRH-positive neurons are shown (Inset).
FB: forebrain, OE: olfactory epithelium, VNO: vomeronasal organ. (Scale bar, 100 μm.) (D) Confocal immunofluorescent staining of drebrin (red) and CXCR4
(green) localized in migrating GnRH neurons (blue, asterisks) in vivo at E12.5. Colocalization was detected at cytoplasmic membrane region as well as leading
processes (white and yellow arrow heads). (E) Drebrin (red) and EB1 (green) colocalization detected in GnRH neurons (blue, asterisks) at both somatic
membrane and leading processes (white and yellow arrow heads). Merged images in the fourth panels of D and E show colocalized puncta (yellow arrows) in
a single z-plane. (Scale bars in D and E, 10 μm.)
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mice were also examined. At both ages, a reduction was found in
NeuN staining density while an increase was measured in glial
fibrillary acidic protein (GFAP) staining in DBN1 KO mice. No
difference was found in the number of Sox2 positive cells (a
marker for multipotent neural stem cells) in the adult sub-
granular zone (SGZ), the region of the hippocampus where adult
neurogenesis occurs (33) (SI Appendix, Fig. S3). Using PN4
hippocampal tissue, immunofluorescence staining verified that
drebrin and CXCR4 colocalized in cells in the DG granule cell
layer (Fig. 2C), and co-IP confirmed an interaction between
drebrin and CXCR4 (Fig. 2D). Taken together, these results
from DBN1 KO mice are consistent with drebrin/CXCR4 in-
teractions modulating GnRH neuronal migration as well as
hippocampal granule cell layer development in vivo.

Functional Migration Assays Indicate Drebrin Inhibition Attenuates
SDF-1/CXCR4–Induced Movement in GnRH Cells and DG Granule
Cells. To directly test whether drebrin and CXCR4, acting to-
gether, alter neuronal movement, experiments were performed
on primary GnRH cells maintained in embryonic nasal explants
and DG granule cells cultured on transwell inserts (Fig. 3). Nasal
explants are a well-described model system in which one can
monitor GnRH cell migration (34). Fluorescent immunostaining
indicated drebrin, CXCR4, and EB1 were expressed in GnRH
neurons maintained in explants along the cortical actin
(Fig. 3 A–C) in both the soma (arrow) and in the leading pro-
cesses (arrow heads). Thus, the in vitro pattern mimicked the
in vivo pattern (compare Fig. 3 A–C to Fig. 1 D and E). Notably,
using nasal explants, one can manipulate the concentration of
SDF-1 by making unilateral explants that remove midline SDF-1
producing cells (Fig. 3 D and E) (17). In bilateral explants, the
migration rate of GnRH neurons was slower in cells from DBN1
KO mice compared to WT (Fig. 3 D and F), consistent with the
in vivo data, indicating a slower GnRH migratory rate (Fig. 2A).
However, in unilateral explants (lower SDF-1 levels), the mi-
gration rate of GnRH neurons was similar in explants generated
from WT and DBN1 KO mice (Fig. 3E). As shown previously
(17), application of exogenous SDF-1 to unilateral explants de-
rived from WT mice increased the migration rate of GnRH
neurons (Fig. 3 E and G, WT + SDF versus WT). In contrast,
exogenous SDF-1 did not alter the migration rate of GnRH
neurons in unilateral explants derived from DBN1 KO mice
(Fig. 3E, KO + SDF versus KO). WT and DBN1 KO explants
were stained for CXCR4 and GnRH. CXCR4 was less abundant
in the leading processes of GnRH neurons in DBN1 KO com-
pared to WT littermates (Fig. 3 H–J). A second set of migration
experiments was performed on isolated DG granule cells using
modified Boyden chamber assays (Fig. 3K). Addition of hepa-
tocyte growth factor (HGF) (28) in the lower compartment in-
creased migration of granule cells derived from both WT and
DBN1 KO mice (Fig. 3L). Like HGF, addition of SDF-1 in the
lower chamber resulted in increased migration of granule cells
derived from WT mice into the lower compartment. In contrast,
addition of SDF-1 in the lower chamber did not attract more
granule cells derived from DBN1 KO mice to move across the
membrane (Fig. 3L). Together, these data show a functional

Fig. 2. Lack of drebrin-delayed GnRH neuronal migration and decreased
DG granule cells. (A) Significantly fewer GnRH cells were observed in DBN1
KO animals at E12.5 (n = 3 WT and 3 KO; *P = 0.0481, unpaired t test). The
distribution of GnRH cells plotted at ages E12.5, PN4, and adulthood is
shown. χ2 analysis of the distribution of GnRH cells at each age revealed a
significant difference between WT and KO mice (*P < 0.0001 for each age).
At E12.5, DBN1 KO mice had less GnRH cells than WT controls at the NFJ
(*P = 0.0409, unpaired t test), accounting for the overall decrease detected
in the total GnRH cell number. No differences were detected in either the
nasal region or brain, consistent with a delay in GnRH cell development. In
both PN4 and adult mice, DBN1 KO had more GnRH cells rostral to the OVLT
as compared to controls (PN4, *P = 0.0173; adult, *P = 0.0216; unpaired
t test), consistent with an overall delay in migration that cannot compensate
with time. NFJ: nasal forebrain junction, B: brain, R/O: rostral to OVLT, C/O:
caudal to OVLT. (B) WT (Left) and KO (Right) PN4 hippocampi were stained
for NeuN and GFAP. The intensity of NeuN and GFAP was plotted and
compared between genotypes (n = 3, unpaired t test). A significant decrease

was found in cells stained for NeuN, while a significant increase was de-
tected in overall GFAP staining. (C) Immunocytochemistry revealed colocal-
ization of drebrin (red) and CXCR4 (green) in a migrating hippocampal
granule cell at PN4 (white arrow, asterisks). Hil: hillius, GCL: granule cell
layer, ML: molecular layer. (Scale bar, 10 μm.) (D) Drebrin immunoprecipi-
tation from PN4 hippocampal protein sample detected CXCR4 bands in pull-
down product. Drebrin immunopositive bands are shown at 125 kDa.
GAPDH was used for negative control, and no band was detected in the
PD lane. IP: immunoprecipitation target, IB: immunoblotting target, WL:
whole lysate, FT: flow through, PD: pull-down.
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Fig. 3. Primary neurons from DBN1 KO mice do not respond to SDF-1 stimulation. (A–C) Immunocytochemistry on primary GnRH neurons (blue) maintained
in explants showed coexpression of drebrin (red) and CXCR4 (green) and drebrin (red) and EB1 (green). Expression was seen in the leading process (arrow
heads) and soma (arrows) of migrating GnRH neurons. Merged images in the third panel of A and C show colocalized puncta (arrow heads) in a single z-plane.
(D–G) Histogram shows primary GnRH neurons derived from DBN1 KO mice migrate slower than WT littermates in bilateral condition, when explants contain
endogenous SDF-1 (D and F, N = 4, *P < 0.0001 unpaired t test). However, the WT/KO difference was eliminated in unilateral explants with lower amounts of
endogenous SDF-1, and exogenous SDF-1 rescue was not detected in GnRH cells from KOmice (E and G for WT/KO, N = 4, P = 0.16, unpaired t test; for WT/WT-
SDF and KO/KO-SDF, paired t test, N = 4; WT n = 49, *P < 0.0001; KO n = 50, P = 0.8075). Black bars in F and G indicate linear migration distances from 0′ to 60’.
The asterisks indicate the location of the cell nuclei. (H–J) Optical density analysis of immunofluorescence in the leading process of GnRH neurons (dotted lines
in H and I) showed reduced CXCR4 expression (green) in cells from DBN1 KO mice compared to cells from WT controls. The insets in H and I show a lower
magnification, merged image of cells in double labeled for GnRH (yellow) and CXCR4 (green). (K and L) Modified Boyden chamber assays showed that DG
granule cells obtained from DBN1 KO mice respond to HGF but do not respond to SDF. Representative images of each group are shown in K (TUJ1, green;
GFAP, red; Dapi, blue). Data are shown in histograms (L) (unpaired t test, N = 3 [pairs of litters], n = 4 [20× fields per treatment group/genotype], *P < 0.05, ns,
not significant). (Scale bars, [A–C] 10 μm and [K] 50 μm.)
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correlation between SDF-1/CXCR4 signaling and drebrin in
migrating neurons.
Pharmacological blockade of drebrin mimics DBN1 KO. BTP2 is a cell-
permeable pyrazole that has been implicated as a blocker of
Stim1 and Orai1-coupled Ca2+ release-activated Ca2+ (CRAC)
channel-mediated store-operated Ca2+ entry [SOCE, (35)].
However, Mercer et al. (36) reported that BTP2 acts on CRAC
channels by inhibiting drebrin, confirmed via BTP affinity
probes, pull-down assays, and protein mass spectroscopic anal-
yses. Thus, a series of experiments was performed in which BTP2
was applied to GnRH neurons maintained in bilateral and uni-
lateral explants from WT mice and GnRH neuronal migration
rate was measured and values compared to control periods
(Fig. 4). In the presence of endogenous SDF-1 (bilateral ex-
plant), application of BTP2 significantly reduced GnRH neuro-
nal migration rate compared to the serum-free media (SFM)
control period (33% reduction, Fig. 4A). These bilateral explants
from WT mice (Fig. 4A) were stained for CXCR4 and GnRH
(Fig. 4E). CXCR4 staining appeared attenuated in the leading
processes of BTP2-treated GnRH neurons (black arrows) com-
pared to WT littermates (white arrows) and similar to that de-
tected in explants generated from DBN1 KO mice (Fig. 3I). To
ensure that the action of BTP2 was not via CRAC channel–
regulated Ca2+ influx, Synta66 (a CRAC channel–specific
blocker) (37) was applied before BTP2. Synta66 treatment at-
tenuated the rate of GnRH neuronal migration. However, upon
application of BTP2, a further reduction (−22%) in GnRH
neuronal migration rate occurred (Fig. 4B). Notably, a decrease
in cell migration rate was not detected when BTP2 was omitted
during the third period, following Synta66 treatment during the
second period (SFM first period = 14.14 ± 0.66, Synta66 second
period = 10.83 ± 0.76, Synta66 third period = 13.46 ± 0.76, N =
3, n = 60), indicating that the decreased migration rate with
BTP2 treatment in the third period was not due to residual
Synta66 effects (i.e., blockade of CRAC channels). Thus, the
change in GnRH neuronal migration rate after application of
BTP2 is consistent with BTP2-inhibiting drebrin.
Specificity of drebrin/CXCR4 functional interaction. To further verify
that the BTP2 was specifically blocking the drebrin interaction
with CXCR4, two other receptors known to modulate GnRH
neuronal migration when activated, were examined in the pres-
ence of BTP2: GABAAR (17) and GPR37 (38). Inhibition of
GABAAR and activation of GPR37 have been shown to increase

the GnRH neuronal migration rate. Both the GABAAR inhibi-
tor picrotoxin (PIC) and the GPR37 agonist TX-14 increased the
migration rate in the presence of BTP2 (Fig. 4 C and D). Next, a
series of experiments was performed in unilateral explants from
WT mice (Fig. 5). BTP2 treatment blocked the increase seen in
the cell migration rate upon the addition of SDF-1 (Fig. 5 A and
B) but not upon addition of TX-14 (Fig. 5C). CRAC channel
blockers should impair signaling of GPCRs that work via acti-
vation of phospholipase C (PLC) (39, 40). GPR37 has been
proposed to act via this pathway (41). Thus, in two independent
experimental groups, the PLC blocker, U73122, or Synta66 was
applied to explants, followed by the GPR37 agonist TX-14. In
contrast to BTP2 application, no significant increase in the neu-
ronal migration rate was detected in either group after TX-14
application, proving that the signaling pathway downstream of
GPR37 1) activates PLC and 2) is sensitive to Synta66 (PLC in-
hibition; SFM = 13.47 ± 0.63, U73122 = 15.69 ± 1.337, TX-14 =
12.33 ± 0.95, N = 3, n = 59, P = 0.28; Synta66, see Fig. 5D).
Together, these data are consistent with the action of BTP2 being
independent of CRAC channel–regulated Ca2+ influx and support
the specificity of BTP2 at blocking drebrin and, subsequently, the
function of SDF-1/CXCR4 signaling. The increase in GnRH
neuronal migration via SDF-1 stimulation was also shown to be
dependent on activation of G protein–coupled inward rectifier K+

(GIRK) channels (17). However, no further increase of the mi-
gration rate was observed in either DBN1 KO (Fig. 3E) or BTP2-
pretreated (Fig. 5B) unilateral explants with exogenous applica-
tion of SDF-1, suggesting that GIRK activation via SDF-1 could
not override the loss of drebrin to produce cell movement. A set of
BTP2 experiments was then performed on cultured DG granule
cells using modified Boyden chamber assays. Application of BTP2
did not alter the HGF chemokine effect; however, it abolished the
effect of SDF-1 (Fig. 5 E and F), similar to that observed in DG
granule cells derived from DBN1 KO mice (Fig. 3L).

Inhibiting Drebrin Interrupts Capturing of EB1 at Cortical Actin Mesh.
EB1 is a microtubule plus-end protein that guides microtubule
plus ends into cortical actin to facilitate neuronal migration (42).
Using a similar experiment-informed approach to determine
docking, we predicted EB1 to use a posthelix extension to latch
itself onto a hydrophobic pit created by drebrin residues 404
through 424 which intersects drebrin’s polyproline (PP) and
blue-box disordered (BB) domains (Fig. 6A). Hydrophobic

Fig. 4. Pharmacological blockade of drebrin attenuated GnRH migration in bilateral explants with endogenous SDF-1. (A) In bilateral explants, the drebrin
inhibitor BTP2 decreased GnRH migration rate (N = 4, n = 95, *P < 0.0001, paired t test). (B) BTP2 decreased GnRH migration rate after treatment with the
CRAC channel–specific blocker Synta66 (Syn) application (N = 3, n = 53, *P < 0.0001, #P = 0.0093, paired t test). (C and D) BTP2 application did not block the
increase in migration rate associated with blockade of GABAAR via PIC (17) or GPR37 activation via TX-14 (38). (C) N = 3, n = 64, *P < 0.0001, #P = 0.0114; (D)
N = 3, n = 35, *P = 0.0453, #P = 0.0070, paired t test. (E) Immunocytochemistry showed that in both BTP2-treated and control explants, drebrin (red) is
expressed in a similar pattern in the GnRH cell soma and leading process, being found along the cortical actin. However, in BTP2-treated explants, GnRH
neurons showed attenuated CXCR4 expression (green, black arrows) in the leading processes compared to cells in control explants (white arrow heads). (Scale
bar, 10 μm.)
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binding was predicted at the interface where drebrin’s P405,
G415, P417, L421, and M422 binds to EB1’s T8, F105, N14,
W110, and S7, respectively. PRODIGY predicted that EB1 es-
tablishes charged–apolar (25%), polar–apolar (25%), and
apolar–apolar (15%) bonds with drebrin’s PP–BB domains.
Additionally, EB1 bound to an artificial drebrin mutant (P405A,
G415A, P417A, L421A, and M422A) had an unfavorable bind-
ing free energy (ΔGdrebrin(mut)/EB1 = −10.5 kcal · mol−1) com-
pared to WT drebrin (ΔGdrebrin(wt)/EB1 = −11.2 kcal · mol−1). To
address whether disruption of drebrin affects the anchoring of
EB1 to cortical actin regions in migrating neurons, stimulated
emission depletion (STED) microscopy was performed to ex-
amine changes in EB1/drebrin localization in GnRH cells after
application of BTP2 (Fig. 6B). In cells not exposed to BTP2,
numerous EB1 puncta (1.47/μm) were detected along the dre-
brin/cortical actin interface. In contrast, significantly fewer EB1

puncta (0.94/μm) were detected along the drebrin/cortical actin
interface in cells treated with BTP2 (P < 0.05, Fig. 6C). Blocking
CXCR4 via AMD3100 also caused a decrease in EB1 puncta
along the drebrin/cortical actin interface (0.72/μm, P < 0.05,
Fig. 6 D and E), indicating proper anchoring of EB1 via drebrin
required a functioning SDF-1/CXCR4 pathway. Furthermore, in
GnRH neurons derived from DBN1 KO mice, a similar trend
was observed (N = 2, n = 4), with fewer EB1/actin puncta de-
tected compare to the WT group (Fig. 6 D and E). Notably, the
number of EB1/drebrin puncta was similar between control and
nocodazole (a microtubule depolymerizing drug)-treated neu-
rons (control = 1.813/μm, Noc = 1.478/μm, P > 0.05).

CXCR4 Interacts with Drebrin to Facilitate Neuronal Migration. A
model (schematic diagram depicting the interaction between
CXCR4, drebrin, actin filaments, EB1, and microtubules

Fig. 5. Specificity of drebrin/CXCR4 interaction. (A and B) Histograms show that pretreatment of BTP2 (B) eliminated the increase in migration rate asso-
ciated with exogenous application of SDF-1 (A, N = 3, n = 55, *P = 0.0119; B, N = 3, n = 55, P = 0.9445 [BTP2 to SFM], P = 0.8782 [SDF-1 to BTP2], paired t test).
(C) BTP2 application did not block the increase in migration rate associated with activation of GPR37 via TX-14 (N = 3, n = 38, *P = 0.0041, paired t test). (D) In
contrast, the CRAC channel blocker, Synta66 (Syn), decreased the GnRH migration rate (*P = 0.0001) and blocked the increase in migration rate normally
associated with activation of GPR37 via TX-14 (N = 3, n = 63, P = 0.3973, paired t test). (E and F) Comparison of DG granule cell response to HGF or SDF in the
presence of BTP. DG granule cells showed an increase in migration to both HGF and SDF (E, Top). BTP treatment blocked the chemokine effect of SDF but had
no effect on granule cells exposed to HGF (E, Bottom). Representative images of each group are shown in E (TUJ1, green; GFAP, red; DAPI, blue). Data are
shown in histogram (F) (unpaired t test, N = 3 [pairs of litters], n = 4 [20× fields per treatment group/genotype], *P < 0.05, ns, not significant). (Scale bar in E,
50 μm.)
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[generated using Biorender, https://biorender.com/]) is shown in
Fig. 7. Upon SDF-1 binding to CXCR4, the G protein complex is
released from the C terminus of CXCR4, exposing binding epi-
topes on its ICL1, ICL2, ICL3, and C terminus. CXCR4 then
binds with actin-binding protein drebrin, and the latter guides
the insertion of microtubule plus ends into cortical actin through
interactions with the microtubule plus-end–binding protein EB1.
This insertion activates nucleokinesis, promoting neuronal
migration.

Discussion
This study investigated how a chemokine receptor, after being
activated by its ligand, interacts with cytoskeletal components

and promotes neuronal migration. Specifically, we show that
after SDF-1 activation, CXCR4 directly interacts with the actin-
binding protein drebrin. Drebrin then guides the microtubule
plus-end binding protein EB1 to the actin cortex mesh, estab-
lishing the dynamic force needed for cell movement. Taken to-
gether, these interactions control chemokine-directed cell
migration. These results indicate drebrin as a downstream cy-
toskeletal effector of SDF-1/CXCR4 signaling in developing
neurons, connecting cytoskeleton components to extracellular
signals that ensure neurons arrive at the correct position to es-
tablish appropriate CNS connections.
Bioinformatic modeling predicted binding sites between dre-

brin and crystallized CXCR4. These predictions were confirmed

Fig. 6. Drebrin/EB1 interaction in migrating neurons. (A) Bioinformatic modeling revealed EB1’s posthelix extension latches onto a hydrophobic pit created
between drebrin PP and BB domains (residues 404 to 424). (B and C) BTP treatment decreased DB/EB1 puncta in GnRH cells. Representative STED microscopy
images show drebrin (red) and EB1 (green) colocalized in puncta (white arrows) in the leading processes of a GnRH neuron (blue). Higher magnification of
boxed images (Left) are shown in the right panel. (Scale, 10 μm.) (C) Quantification of drebrin/EB1 colocalized puncta in GnRH cells in control and BTP2-
treated explants. Significantly less puncta per micrometer were detected in cells from the BTP2-treated group (N = 3, n = 10, *P < 0.05, unpaired t test). (D)
Either inhibition of CXCR4 receptor or knockout of drebrin results in decreased EB1 puncta in migrating GnRH neurons. High magnification of representative
STED microscopy shows the interactive puncta (white arrows) between drebrin (red) and EB1 (green) in the leading processes of control and AMD3100-
treated GnRH neurons (Left) and puncta (white arrows) between actin (magenta) and EB1 (green) in GnRH neurons from WT and DBN1 KO mice (Right). (E)
Quantification of drebrin/EB1 and actin/EB1 in GnRH cells. Less puncta per micrometer were seen in the AMD3100-treated group (unpaired t test, N = 3, n = 9,
*P < 0.05). A similar trend was observed in the DBN1 KO actin/EB1 puncta compared to the WT control group (N = 2, n = 4).
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via co-IP. If CXCR4 and drebrin interact during development,
one would expect an overlap in phenotypes with either system
compromised. Two different point mutations in drebrin have
been observed in breast cancer patients (43), but no mutations in
drebrin have yet been associated with a neurological disorder,
although protein levels are attenuated in patients with Alz-
heimer’s disease, Down syndrome (44), and bipolar disorders
(45). At least nine mutations in the CXCR4 gene have been
found to cause Warts, Hypogammaglobulinemia, Immunodefi-
ciency, and Myelokathexis (WHIM) syndrome, a condition
characterized by impaired immune function and recurrent bac-
terial and viral infections. WHIM syndrome is a rare disorder
and represents a Mendelian condition caused by a mutation of
the CXCR4 gene (heterozygous) and it is a gain of function.
Recently, Galli et al. (46) evaluated aspects of neurological
function in six WHIM patients and found cerebellar malforma-
tion and mild neuromotor and psychopathological dysfunction.
Although the data from human patients are limited, using mouse
models, one can compare the phenotypes of drebrin and CXCR4
KOs, with caveats, of course (i.e., deletion of the gene for
CXCR4 or SDF-1 results in embryonic/perinatal lethality due to
heart failure while DBN1 KO mice are viable). However, the
development of the hippocampus has been examined in both
these mutants, while the development of the GnRH system has
been examined in CXCR4 mutants.
In CXCR4 KO mice, reports indicate that the morphology of

the hippocampal DG is dramatically altered (47). Gene expres-
sion markers for DG granule neurons and bromodeoxyuridine
(BrdU) labeling of dividing cells revealed an underlying defect in
the stream of postmitotic cells and secondary DG progenitor
cells that migrate toward and form the DG. In the absence of
CXCR4, the DG was reduced, and neurons appeared to differ-
entiate prematurely before reaching their target (47). In fact, the
migratory stream of homozygote CXCR4 mutant mice were
reported to have a 31% reduction in BrdU-positive cells as
compared with WT littermates. Thus, progenitor cells fail to
reach the forming DG in sufficient numbers, which remained
underpopulated and immature. Our results examining DBN1 KO
mice showed an ∼36% reduction in DG neurons, similar to those
reported for CXCR4 mutants. Furthermore, modified Boyden
chamber assays showed that disruption of drebrin impacted the
stimulating effect of SDF, but not HGF, on hippocampal granule
cell migration, consistent with a specific interaction between

drebrin and CXCR4. In addition, we found that in the DG of
DBN1 KO mice, immunostaining for GFAP increased ∼30%. It
is known that astrocytes undergo hypertrophic morphological
changes coupled with enhanced GFAP expression during astro-
gliosis associated with cell damage in the brain (48–51). Whether
the increase in GFAP was due to an increase in astrocytes and/or
astrocytes becoming more GFAP immunoreactive due to astro-
gliosis remains unclear.
With respect to the GnRH system, CXCR4 KO mouse em-

bryos had fewer GnRH cells at E13 (reduced 57% compared to
controls), with most present in nasal regions (52). In DBN1 KO
mice, we found a 34% reduction in the total number of GnRH
cells at E12.5, and as in CXCR4 mutants, the largest number of
cells was detected in nasal regions. Notably, in E14.5 CXCR4 KO
mice, the last stage examined due to embryonic death at E16.5,
the total number of GnRH neurons in CXCR4 KO was still re-
duced by 48% (16), but the total number was more than that
detected at E13 (52). We found that the total number of GnRH
neurons in DBN1 KO mice was similar to control mice by PN4.
However, at both PN4 and in adults, the GnRH neurons resided
more rostrally in the DBN1 KO mice, with 55% more GnRH
cells present in rostral areas compared to controls. Thus, de-
pletion of drebrin delayed GnRH cell development and de-
creased GnRH neuronal migration, similar to that reported for
the system in the CXCR4 KO mice.
To directly study the interaction between CXCR4 and drebrin

in migrating neurons, we exploited the fact that migration of
primary GnRH neurons occurs in nasal explants, and in this
system, the level of SDF-1 can be manipulated, both endoge-
nously and exogenously (17). Functional analysis using explants
from DBN1 KO mice and pharmacological manipulations in
explants from WT mice confirmed that the SDF-1/CXCR4
pathway that modulates neuronal migration is dependent on
drebrin. Morphological analysis of migrating GnRH cells in
DBN1 KO mice and BTP2-treated explants indicated that
CXCR4 expression in the leading processes was decreased
compared to controls. In addition, computational and morpho-
logical analysis was performed on the coupling of the CXCR4/
drebrin complex to microtubules via end-binding proteins. Actin-
binding proteins guide microtubule plus-ends into cortical actin
mesh to generate actin-microtubule contraction, and microtu-
bule insertion at the leading process promotes neuronal migra-
tion. (6–8). The mechanism of the drebrin-based actin–microtubule

Fig. 7. Schematic diagram of the interaction between CXCR4, drebrin, actin, EB1, and microtubules during SDF-1–induced neuronal migration. Upon SDF-1
binding to CXCR4, the G protein complex is released from the C terminus of CXCR4, exposing drebrin binding sites. CXCR4 then binds with this actin-binding
protein, which guides the insertion of microtubule plus-ends into cortical actin via the microtubule plus-end–binding protein EB1. This process then initiates
nucleokinesis and subsequently neuronal movement. Inhibition of drebrin (via BTP2) prevents SDF-1 signaling via this pathway and results in slower cell
movement. Pharmacological manipulations used in this study are listed in the diagram for reference.
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contact has been shown to require the microtubule plus-end
binding protein EB3 (25). In migrating GnRH neurons, the
capturing of microtubule plus-ends is via EB1 (31). No structural
modeling has been performed on the potential for a drebrin/EB
interaction. Thus, we used bioinformatic modeling and found
that rapid actin dynamics could be regulated by a direct inter-
action of the N-terminal domain of actin with drebrin and that
insertion of EB1 between the BB and PP domains of drebrin
would be stabilized by the hydrophobic pit. These bioinformatic
predictions were then confirmed via immunocytochemistry. Us-
ing STED microscopy, drebrin was seen robustly expressed along
the cortical actin in migrating neurons in control cells, while cells
treated with a drebrin inhibitor showed significantly reduced
interactive puncta between EB1 and drebrin in the leading
process. These data are consistent with drebrin guiding the mi-
crotubule plus-ends into the cortical actin to promote neuronal
migration. Consistent with this, EB1 was less expressed in mi-
grating cells in DBN1 KO mice (SI Appendix, Fig. S4). Notably,
the expression pattern of drebrin did not appear to change after
pharmacological inhibition (Fig. 4), suggesting that drebrin
maintained its association with actin helices along the cortical
actin mesh. Characterization of the action of BTP2 on drebrin
may provide a better understanding of the mechanisms involved
in drebrin/actin binding. Phosphorylation of S142 in drebrin has
been shown to be important for coupling actin helices, followed
by EB3 insertion between the BB and PP domain (53). Whether
these sites remain essential when CXCR4 is bound to drebrin
remains to be investigated.
To our knowledge, no previous study has reported a protein,

outside F-actin and EBs, that has been identified to bind to
embryonic drebrin (drebrin E) in migrating neurons. In astro-
cytes, drebrin E was shown to link connexin 43 (Cx43) and the
cytoplasmic actin mesh at gap junctions (54–56). Depletion of
drebrin with small interfering RNA (siRNA) resulted in im-
paired cell–cell coupling, internalization of gap junctions, and
targeting of Cx43 to a degradative pathway (54). Enhanced
astrogliosis has been reported in mice in which Cx43 was de-
pleted in astrocytes (51). Thus, the increase in GFAP reactivity
(a sign of astrogliosis) seen in the DBN1 KO hippocampus in our
study may be due to decreased Cx43 in this cell subtype. Several
scaffolding proteins have been reported to directly bind to the
adult form of drebrin (drebrin A) and influence its binding to
actin in dendritic spines, including profilin (57), mDia2 formin
(58), and homer2 (27, 59, 60). An interaction was also reported
for the transcriptional regulator Spikar (spine and karyoplasm
protein, gene name ZMYDN8) and drebrin in the dendritic
spines of rat hippocampal neurons (26, 61).
Drebrin A (706 amino acid [aa] length) differs from E (660 aa

length) in that it contains a neuron-specific Ins2 insert (46 amino
acids) prior to the start of its C-terminal PP domain (62, 63).
However, no clear functional differences have been described
between these two isoforms. Studies have shown that proteins
associated with dendritic spines bind to drebrin A at different
regions: profilin at the C-terminal PP domain (57), formin in an
unspecified region that spans residues 300 to 700 (58), Spikar/
ZMYDN8 at the N-terminal ADFH domain (residues ∼1 to
135), and Homer 2/cupidin using a conserved type-1 homer
binding motif (HBM1) that lies within the C-terminal BB do-
mains (27, 60). Multiple studies have shown that drebrin E uses
its N terminus to bind to Cx43 (54, 56) and its C terminus to bind
to EB3 (53, 62). In T cells, drebrin E binds to CXCR4 (18) using
the highly ordered N-terminal ADFH, CC, and Hel domains
(residues 1 to 366). In the present study, bioinformatic prediction
supports drebrin E binding to CXCR4 using its N-terminal
ADFH, CC, and Hel domains (residues 90 to 290), and EB1,
the paralog of EB3, with its C-terminal PP and BB domains
(residues 404 to 424) in migrating neurons. Clearly, drebrin is a
large, flexible intracellular protein with evolutionarily conserved

structural domains in vertebrates. These protein domains give
drebrin the ability to bind to a wide variety of molecules, ac-
cessory or effector proteins that can then be linked to cytoskeletal
changes.
In sum, using different developing CNS systems, we show a

mechanism whereby drebrin acts as an important connector
between chemokine signals and actin/microtubule dynamics
during neuronal migration. Specifically, we show that CXCR4,
upon activation by its ligand SDF-1, binds directly with drebrin at
the cortical actin mesh and drebrin via end-binding protein EB1
to microtubules. This mechanism brings insight into how an ex-
tracellular signal can convert into an intracellular force via direct
binding and facilitate cellular movement.

Materials and Methods
Animals. Mouse lines used in this study: NIH Swiss and DBN1 KO mice
(Dr. Avery August, Cornell University). All procedures were performed in
accordance with National Institute of Neurological Disorders and Stroke
(NINDS) ACUC animal ethics guidelines. E12.5 NIH Swiss, E12.5 WT, and DBN1
KO mouse littermates were isolated from timed-mated Swiss or DBN1 het-
erozygous females, washed in phosphate-buffered saline (PBS), and fixed in
4% formaldehyde (1 h), then transferred into 30% sucrose (4 °C overnight).
Embryos were then rinsed with PBS, embedded in O.C.T. compound (Thermo
Fisher) and stored at −80 °C until sectioning. Serial sections (14 μm, para-
sagittal plane) were cut on a Leica CM3050 cryostat and mounted onto
SuperFrost-charged slides (Daigger) and stored at −80 °C until immunos-
taining. PN4 and adult (>PN45) WT and DBN1 KO animals were euthanized,
brains were removed, postfixed, cryoprotected, embedded in O.C.T com-
pound, and frozen and stored at −80 °C. Another group of adult WT and
DBN1 KO animals were perfused, brains were removed, postfixed, cry-
oprotected, embedded in O.C.T compound, and frozen and stored at −80 °C.
PN4 and adult brains were coronally cryosectioned (20 μm) into series and
stored at −80 °C until use. WT and DBN1 KO PN4 DG were collected and
lysed for modified Boyden chamber assays. Explants were generated as
previously described (34, 64). Briefly, timed-mated NIH Swiss or DBN1 het-
erozygous female mice were euthanized and E11.5 embryos collected. Nasal
pit(s) with or without nasal midline cartilage were isolated and cultured at
37 °C with 5% CO2 in SFM (34). At 3 d in vitro (DIV), the explants were
treated with SFM containing fluorodeoxyuridine (FUDR, Sigma, 8 × 10−5 M)
to inhibit mitosis of nonneural tissue (fibroblasts, etc.). Explants at 4DIV were
either used for migration assays or STED puncta analysis or fixed in 4%
formaldehyde for further immunostaining.

Immunocytochemistry. Primary antibodies used were: rabbit polyclonal anti-
GnRH [SW-1, 1:5,000 for explants, 1:15,000 in vivo, (65)], mouse monoclonal
anti-GnRH/SMI (FID3C5, Dr. Karande, 1:4,000), chicken anti-GnRH (Aves,
1:100), rabbit polyclonal anti-drebrin (Abcam, 1:800), goat polyclonal anti-
CXCR4 N terminus (Abcam, 1:1,000), rat anti-EB1 (Abcam, 1:750), biotin
conjugated NeuN (Chemicon, 1:500), rabbit polyclonal anti-GFAP (Immunos-
tar, 1:9), rabbit polyclonal anti-Sox2 (Chemicon, 1:1,000), and chicken
anti-beta-tubulin III (Aves, 1:700). Tissue from DBN1 KO mice was used to
verify the specificity of the drebrin antibody (SI Appendix, Fig. S5). In
mammals, two drebrin isoforms have been identified: drebrin A and drebrin
E (66). The drebrin antibody listed above recognizes both forms. However, in
adult neurons, drebrin A is primarily localized at dendritic spines, whereas
drebrin E is localized in developing tissue around the cell body and leading
processes of migrating cells (67, 68). Explants, GnRH cells, or mouse tissue
sections were stained using either immunofluorescence or chromogens (SI
Appendix, Supplemental Methods). Pictures were taken using Nikon Eclipse
E800 upright microscope for chromogen staining. Fluorescent images were
taken on a Nikon Eclipse TE200 spinning disk microscope (Yogawa, Nikon)
equipped with an EMCCD ImageM digital camera (Hamamatsu) with iVision
software (BioVision) or a Leica STED 3X microscope (NINDS imaging facility).
Images were further processed/analyzed using NIH ImageJ software
(W. Rasband, NIH, Bethesda).

Co-IP and Western Blot. Primary antibodies used in co-IP and Western blot
were as follows: rabbit anti-drebrin (Abcam, 20 μg/mL on beads), goat anti-
CXCR4 (Abcam, 20 μg/mL on beads), mouse anti-drebin (Abcam, 1:1,000 on
blot), chicken anti-CXCR4 (Sigma, 1:2,000 on blot), rabbit anti-CCKA (Incstar,
1:1,000 on blot), and goat anti-GAPDH (Sigma, 1:2,000 on blot). Refer to SI
Appendix, Supplemental Methods for detailed procedures.
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Analysis of GnRH Neurons and Hippocampi in WT and DBN1 KO Animals. The
total number and distribution of immunostained GnRH neurons in E12.5,
PN4, and adult brains were analyzed. Anatomical regions for GnRH distri-
bution were determined by animal age—E12.5: nose (N), nasal forebrain
junction, and brain; PN4 and Adult: anterior to OVLT, OVLT region, and
caudal to OVLT. Cell bodies were counted using a bright-field microscope
(Nikon E800) and results compared using Prism (total cell number, unpaired
t test, P < 0.05 and cell distribution χ2, P < 0.001). NeuN (neurons)- and GFAP
(astrocytes)-immunostained PN4 and adult hippocampi were imaged and
exported into ImageJ for analysis. Relative density of NeuN or GFAP
immunostaining within the DG was measured and compared using Prism
(unpaired t test, P < 0.05). Sox2-positive cells were counted and plotted
between WT and KO animals.

Modified Boyden Chamber Assays. The DG was dissected from both WT and
DBN1 KO PN4 animals. Suspension of DG granule cells were obtained by
papain treatment (Worthington) for 40 min at 37 °C and with continuous
shaking. Briefly, collected DG were cut into small pieces, incubated with
papain solution with DNase, and triturated via fetal bovine serum (FBS)-
coated 1,000-μL pipette. Cell mixture was separated via a 65 to 35% Percoll
gradient (Sigma) to rid interneurons, glial cells, epithelial cells, and red
blood cells. Final suspension contained at least 70% DG granule cells.
Modified Boyden chambers (Transwell inserts, Falcon) with 8-μm pores were
placed in a standard 24-well plate (Falcon), coated with Poly-L-Lysine (Invi-
trogen) for 10 min at room temperature and rinsed with dH2O. Granule cells
(2 × 105) in Neurobasal media (Invitrogen) supplemented with B27 (Gibco)
and Glutamax (Invitrogen) were added to the top chambers. Media con-
taining different attractants (HGF: 25 ng/mL, Sigma; SDF-1: 5 μg/mL, Sigma)
were placed in the bottom chambers. To block drebrin, BTP2 (5 μM, Milli-
pore) was placed in both top and bottom chambers. The final volume was as
follows: top chamber, 200 μL and bottom chamber, 800 μL. Plates were
placed in a humidified incubator with 5% CO2 at 37 °C for 24 h. After in-
cubation period, Transwell inserts were washed, and the upper chamber
cells were gently removed via a damp cotton swab. The membranes were
separated from the chamber, fixed in 4% formaldehyde, and processed for
immunofluorescent staining. Pictures were taken on a Nikon Eclipse E800
upright microscope with a 20× objective, and TUJ1-positive cells were
counted using ImageJ and compared between groups using Prism software.

Migration Assays. Drugs used in migration assays were as follows: BTP2
(Drebrin blocker, Millipore, 5 μM), SDF-1 (CXCR4 ligand, Sigma, 5 μg/mL), PIC
(antagonist of GABAAR, Tocris, 0.1 mM), TX-14A (GPR37 agonist, Tocris,
1 μM), U73122 (PLC blocker, Enzo Life Sciences, 2.5 μM), and Synta66 (CRAC
channel blocker, Sigma, 10 μM). Migration assays were performed on an
inverted Nikon TE 2000 microscope (extra-long working distance 20× ob-
jective) equipped with differential interference contrast (DIC) optics, a
z-stage (Ludl), and an ICCD camera (Retiga). Explants were placed in a
chamber (5% CO2, 37 °C, Live cell, Pathology Devices, Inc). Movement of
GnRH cells from NIH swiss mice was monitored for 2 or 3 h, with treatment
periods being for 1 h each, with the first 1 h being the control period (SFM
only). Movement of GnRH cells from WT and DBN1 KO littermates was
monitored for a single 1 h SFM period only. Five z-stage images (5 μm apart)
were taken every 1 min for 60 min and were compiled into a movie. Linear
distance was calculated from the x and y coordinates of each cell between
the first and last frame and migration rate for each 1 h period calculated as
the distance traveled over time (micrometers per hour).

EB1 Insertion Puncta Analysis. Control, BTP2-treated, and AMD3100 (Sigma,
25 μg/mL)-treated, as well as explants from DBN1 KO mice were immuno-
fluorescently stained for GnRH, EB1, drebrin (WT), or phalloidin conjugated
with Alexa 555 (Invitrogen, explants derived from DBN1 KO mice). Images
were acquired via STED microscopy. For GnRH (405 nm), a 442 nm depletion
laser was used; for EB1 (488 nm), a 592-nm depletion laser was used; for

drebrin or phalloidin (555 nm), a 660-nm depletion laser was used. Images
were imported into ImageJ, and each cell’s nuclear center was determined.
From the cell center, a 10-μm area toward the leading process was drawn,
and colocalized puncta between EB1 and drebrin or EB1 and phalloidin were
counted within this area. The total number of puncta in control and treated
groups were analyzed using unpaired t test, P < 0.05. Nocodazole (micro-
tubule polymerization inhibitor, Sigma, 1 μM) treated explants were also
stained for GnRH, EB1, and drebrin and EB1/drebrin puncta plotted.

Structural Modeling. CXCR4 structure was extracted directly from its resolved
crystal (Protein Data Bank: 3ODU). Drebrin E and EB1 structures were gen-
erated using I-TASSER (69, 70) from their FASTA sequences and resolved
using PyMOL v2.3.2 molecular graphics software. Docking of crystallized
CXCR4/drebrin and drebrin/EB1 were generated by SwarmDock (71) and
confirmed by PatchDock (72). Residues predicted to interact at the interface
were predicted by PIMA (73) and PRODIGY (74). Refer to SI Appendix,
Supplemental Methods for detailed procedures.

Statistics.
In vivo statistics. For each age point, at least n = 3 WT/KO littermate-paired
animals were stained and GnRH cells counted. Student’s unpaired t test was
used to compare the GnRH numbers, and χ2 analysis was performed to ex-
amine the distribution of cells between genotypes. Subsequent unpaired
t tests identified regions with the greatest difference. For hippocampal
analysis, three representative NeuN-, GFAP-, or Sox2-stained sections were
selected from each animal (n = at least 3 animals/genotype). For NeuN, three
regions of interest were imaged on each section and density readings
obtained. For GFAP, the entire DG was imaged and density readings
obtained. Density readings were analyzed using Student’s unpaired t test in
Prism 8. For Sox2, numbers of Sox2 positive cells along SGZ were counted
and compared (unpaired t test) in Prism.
In vitro statistics. For migration assays, at least three explants (N) and 35 cells
(n) were used for each treatment group and a paired Student’s t test (same
cell recorded and analyzed pre- and posttreatment, P < 0.05) performed on
migration rates. From previous work (17), cells with migration rates above
22.23 μm/h and below 3.83 μm/h during the SFM period were omitted due to
probability of reversing speed independent of treatment. For STED puncta
analysis, at least 10 cells from 3 explants (3 to 4 cells/explant) were imaged,
except for actin/EB1 localization in GnRH cells from DBN1 KO mice where
N = 2, and statistics were not performed (Fig. 6E). Comparison of control and
treated groups in all other experiments was performed via unpaired t test,
P < 0.05. For modified Boyden chamber assays, seven animals per group
were collected, cells mixed and plated, and experimental groups designated.
This procedure was repeated three times (N) for each experiment. After
staining, four 20× views were randomly selected on the stained poly-
carbonate membrane and pictures taken. The average cell numbers within
each group were calculated and compared via Student’s unpaired t test
(P < 0.05).

Data Availability. All study data are included in the article and SI Appendix.
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