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GABA Stimulates Chemotaxis and Chemokinesis of Embryonic
Cortical Neurons via Calcium-Dependent Mechanisms
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During rat cortical development, when neurons migrate from
the ventricular zone to the cortical plate, GABA localizes within
the target destinations of migratory neurons. At this time, cells
in germinal zones and along migratory pathways express GABA
receptor subunit transcripts, implying that in vivo, GABA may
be a chemoattractant. We used an in vitro strategy to study
putative chemotropic effects of GABA on embryonic rat cortical
cells.

GABA stimulated neuronal migration in vitro at embryonic
day 15 (E15). From E16 onward, two concentration ranges (fm
and um) induced motility. Femtomolar GABA primarily stimu-
lated chemotaxis (migration along a chemical gradient),
whereas micromolar GABA predominantly initiated chemokine-
sis (increased random movement). These effects were mim-
icked by structural analogs of GABA with relative specificity at
GABA,, (muscimol), GABAg (R-baclofen), and GABA (trans- or
cis-4-aminocrotonic acid) receptors. Antagonists of GABAg
(saclofen) and GABA( (picrotoxin) receptors partially inhibited

responses to both femto- and micromolar GABA; however, only
responses to femtomolar GABA were partially blocked by bicu-
culline, a well established antagonist of GABA at GABA, re-
ceptors. Hence, chemotactic responses to femtomolar GABA
seem to involve all three classes of GABA receptor proteins,
whereas chemokinetic responses to micromolar GABA invoive
GABAg and GABA_ receptor proteins.

GABA-induced motility was blocked by loading the cells with
the Ca®*-chelating molecule bis(2-aminophenoxy)ethane-
N,N,N',N'-tetra-acetic acid, suggesting that intracellular Ca®™*
mediates GABA-induced cell movement. Optical recordings of
cells loaded with Ca?" indicator dye revealed that both femto-
and micromolar GABA evoked increases in intracellular Ca®*.
Thus, GABA-stimulated increases in intracellular Ca?* may
mediate both chemotactic and chemokinetic responses in em-
bryonic cortical cells.

Key words: migration; development; cerebral cortex; GABA
receptor; calcium; rat

During development of the mammalian cerebral cortex, neuronal
progenitors proliferate within ventricular regions and then mi-
grate to the cortical plate, where they differentiate and organize
into layers. Neuronal migratory pathways are more complex than
initially believed. Rakic (1988) proposed that neuron migration is
strictly radial, occurring along fibers of radial glial cells stretching
from the ventricular zone to the pial surface. However, recent
studies on clonally related neurons indicate that clones derived
from single progenitors exhibit a widespread tangential dispersion
across the cortex, suggesting that some neurons migrate along
routes that are not strictly aligned with radial glial fibers (Austin
and Cepko, 1990; Walsh and Cepko, 1992). In fact, neurons in
acutely prepared slice preparations of postnatal ferret cortex have
been observed to move orthogonally, along nonradial pathways
that are perpendicular to the axis of glial processes (O’Rourke et
al., 1992, 1995). These results indicate that during corticogenesis,
neurons may move in both radial and nonradial pathways. One
possible mechanism that could influence nerve cell movement
along these pathways involves concentration gradients of mole-
cules released locally, which act as chemoattractants.

Potential chemoattractants should be present in appropriate
locations and presumably should be released by cells. One mole-
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cule that meets these criteria is GABA, which is expressed in the
marginal zone and subplate of the embryonic neocortex (Van
Eden et al.,, 1989; Meinecke and Rakic, 1992; Schwartz and
Meinecke, 1992; Ma and Barker, 1995) when neuronal migration
occurs (Bayer et al., 1991; Jacobson, 1991; Meinecke and Rakic,
1992). GABA has been shown to be released from growth cones
fractionated from embryonic cortical tissue (Gordon-Weeks et al.,
1984; Taylor et al., 1990). GABA released in the vicinity of
premigratory and/or migrating neurons could provide chemo-
tropic signals that influence their motility. Since GABA can be
detected by immunocytochemistry in cells and processes that
compose the target destinations of migrating cortical neurons, it
would be valuable to determine whether GABA exerts chemo-
tropic effects on neurons acutely dissociated from the developing
neocortex.

Chemotropic effects have been characterized in vitro using a
microchemotaxis assay (Falk et al., 1980) to quantitate cell mo-
tility in response to femtomolar to micromolar concentrations of
attractants (Harvath et al. 1980; Stracke et al., 1989; Armstrong et
al., 1990; Yao et al., 1990; Grant et al., 1992; Hendey et al., 1992;
Rot et al., 1992; Shure et al,, 1992; Geiser et al., 1993; Higash-
iyama et al., 1993; Reinisch et al., 1993; Behar et al., 1994a). In
vitro, femtomolar to micromolar GABA induces embryonic spinal
neurons to migrate (Behar et al., 1994a). We have quantified
chemotropic responses of embryonic cortical neurons to GABA
and found that femtomolar GABA primarily induces chemotaxis
(gradient-directed migration) and pico- and micromolar GABA
predominantly elicit chemokinesis (gradient-independent random
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motility). The pharmacology of these effects and their suppression
by loading cells with bis(2-aminophenoxy)ethane-N,N,N',N'-
tetra-acetic acid (BAPTA-AM), which clamps intracellular Ca”*
(CaZ™) at low levels, implicate several different classes of GABA
receptors coupled to signal transduction pathways involving Ca**.

MATERIALS AND METHODS

Preparation of cells. Cortical cells from embryonic Sprague—Dawley rat
pups at embryonic day 14 (E14) to E21 were analyzed. Embryonic age
was determined by appearance of a vaginal plug (day 1) and measure-
ment of crown-rump length (Schaffner et al., 1993). Dams were killed
with CO,, and embryos were removed by Caesarean section. Cortices
from littermates were removed, cleaned of meninges, minced, pooled,
and incubated with gentle rocking at 37°C for 15-45 min in Earle’s
balanced salt solution (EBSS) containing 20 U/ml papain (Worthington
Biochemical, Freehold, NJ), 0.005% DNase (Boehringer Mannheim,
Indianapolis, IN), 0.5 mM EDTA, and 1 mM L-Cys. Tissue was triturated
through a 10 ml pipet, spun at 300 X g for 5 min, and resuspended in
EBSS containing 1 mg/ml bovine serum albumin (BSA; Sigma, St. Louis,
MO) and 1 mg/ml ovomucoid trypsin inhibitor (Sigma). The cell suspen-
sion was layered over 5 ml of EBSS containing 10 mg/ml each of BSA and
trypsin inhibitor and centrifuged at room temperature at 80 X g for 7 min.
Cells were resuspended in EBSS at a concentration of 10¢ cells/ml for the
migration studies.

Cell migration. Chemotropic responses to GABA (Sigma) or GABAmi-
metics [muscimol (Sigma), R-baclofen (Research Biochemicals, Natick,
MA), and trans- or cis-4-aminocrotonic acid (TACA, CACA; Tocris
Cookson, Bristol, UK)] were assessed using a microchemotaxis chamber
(Neuroprobe, Cabin John, MD). Details of the microchemotaxis assay
are described elsewhere (Behar et al., 1994a). Chemoattractants used in
the assay were diluted in EBSS. Briefly, the lower wells of the chemotaxis
chamber were each filled with 26 ul of attractant. The attractants were
covered with a polycarbonate filter containing randomly spaced 8 pm
pores (precoated with 30 pg/ml poly-D-lysine, molecular weight >
300,000; Sigma). The upper portion of the 48-well chamber was placed
over the filier, and each well was filled with 50 ul of the cell suspension
containing 10° cells/ml in EBSS (50,000 cells). Studies involving pharma-
cological modulation of agonist-induced migration were conducted on
E17 or E18 cells. In these assays, chemoattractants (500 fm or 5 um
GABA, muscimol, or baclofen; 10 uM TACA or CACA, final concentra-
tions) were mixed with potential antagonists (final concentrations, 5-50
uM 2-hydroxysaclofen, 5-50 uM picrotoxin, or 10-100 uM bicuculline
methobromide). In some experiments, the calcium-chelating molecule
BAPTA-AM (10 um final concentration) was added to cells before
placing them in chambers opposite 500 fM or 5 uM GABA. After an 18 hr
incubation at 37°C in humidified air with 5% CO,, migrated cells on the
lower side of the filter were fixed in 4% paraformaldehyde (PF) with 0.1%
glutaraldehyde and stained in 0.1% cresyl violet. The membranes were
mounted with the migrated cell side up onto 2 in. X 3 in. glass slides,
allowed to air dry, and then covered with immersion oil.

Migrated cells were counted using oil immersion 25X or 40X Zeiss
Planapo objectives on a Zeiss photomicroscope (Thornwood, NY). Each
chemoattractant condition was run in triplicate wells. Five to ten fields of
stained cells were counted for each well, and the average number of
migrated cells/mm? for each chemoattractant condition was calculated. In
every assay, spontaneous random motility was quantitated by studying
cells in buffer only. Spontaneous migration ranged between 0 and 6
cells/mm?. Migratory responses of =50 cells/mm” were arbitrarily consid-
ered significant, since this was ~10-fold greater than spontaneous rates.
Illustrations are representative plots from individual experiments per-
formed according to the protocol outlined above. Migrations of each
experimental condition were repeated in a minimum of three separate
trials.

It should be noted that the number of cells that migrated in response
to different GABA concentrations varied among experimental trials.
However, within each experiment, migratory responses (cellsymm?) to
these GABA concentrations were always significant compared with con-
trol levels of spontaneous motility [p < 0.01, ANOVA followed by
Fisher’s protected least significant difference (PLSD) test]. The observed
variability in maximum levels of migration between experiments may be
a reflection of perturbations to cells that undoubtedly occur during their
dissociation and suspension and of the complexities in the physiological
responses under study. Despite these inherent variabilities in the results,
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highly reproducible patterns in cellular motility and migration induced by
GABA were observed.

Chemotaxis (the directed migration of cells toward regions of higher
concentrations of a chemical attractant) was measured by placing the
attractant in the bottom wells, whereas cells in the upper wells were
suspended in buffer only. Under these conditions, concentration gradi-
ents of attractants can be sustained for long periods of time. Using
radioimmunoassay, Armstrong et al. (1990) reported that even in the
absence of cells, a lower-to-upper well concentration gradient of 2:1 was
detectable 16 hr after chamber assembly. For characterization of
gradient-dependency in the chemotropic responses to GABA, E15, E16,
or E18 cells were incubated in chemotaxis chambers for 18 hr at 37°C and
then fixed, stained, and counted as described previously. Chemotaxis was
distinguished from chemokinesis (stimulation of increased random cell
motility) by placing the same concentration of chemoattractant in both
the upper and lower wells of the chamber, thereby eliminating a chemical
gradient (GABA, 5 X 107" or 5 x 107® m). The number of cells
migrating under these conditions was considered a measure of
chemokinesis.

Characterization of migrated cells by immunocytochemistry. In some
assays, migrated cells were characterized by immunolabeling with anti-
neurofilament antibody (anti-NF; a gift from Dr. C. Gibbs, NINDS, NTH,
Bethesda, MD), anti-glial fibrillary acidic protein (anti-GFAP; Sigma),
anti-GABA (Incstar, Stillwater, MN), or anti-glutamic acid decarboxylase
(anti-GAD67; a gift from Dr. A. Lernmark, University of Washington
School of Medicine, Seattle, WA) at the end of the incubation period. For
immunofluorescent labeling, migrated cells were fixed for 30 min in 4%
PF with 0.1% glutaraldehyde, washed, and incubated overnight at 4°C in
mouse anti-NF (tissue culture supernatant at 1:8) or in mouse anti-GFAP
(1:300). The cells were washed three times and incubated 1 hr at 21°C in
fluorescein isothiocyanate (FITC)-conjugated secondary antibodies
[FITC goat anti-mouse IgM or FITC rat anti-mouse IgG (1:40); Jackson
Immunoresearch, West Grove, PA]. After immunolabeling, nuclei of all
cells were identified by incubating them for 5 min in propidium iodide (50
wmg/ml, Sigma), which intercalates into double-stranded DNA and fluo-
resces a brilliant orange using the FITC filters. Membranes were
mounted with the cell side up onto slides and covered with coverslips.
PBS (pH 7.4) was used for all washes, and PBS with 0.25% Triton X-100
was used as the antibody diluent.

The total number of migrated cells within a field was determined by
counting the number of propidium iodide-labeled nuclei. The number of
immunolabeled cells was then counted in the same field, and the per-
centage of cells expressing NF or GFAP was calculated. A total of 15
fields was counted in three replicate wells, and the average percentage of
immunolabeled cells was determined. Labeled cells were examined on a
Zeiss photomicroscope equipped with epifluorescence and appropriate
filters for the visualization of FITC, using 25X and 40X Zeiss Planapo
objectives. In some studies, migrated cells were analyzed for neurofila-
ment, GABA, or GAD expression after fixation and cresyl violet staining.
After the incubation in cresyl violet, migrated cells were rinsed in buffer
and then incubated for 2 hr at room temperature in primary antibody
(anti-NF and tissue culture supernatant, 1:8; anti-GABA, 1:2000; anti-
GAD, 1:100) in PBS with 0.1% Triton X-100. The cells were washed three
times and incubated in appropriate peroxidase-conjugated second anti-
bodies (1:40, Jackson Immunoresearch) for 1 hr at room temperature.
Immunoreaction product was visualized using a diaminobenzidine sub-
strate. Cresyl violet staining enabled the visualization of total cells,
whereas the immunostaining appeared as a brown immunoreaction prod-
uct that accumulated in the soma and neurites. Cells were counted under
bright field using a 25X Zeiss Planapo objective.

Immunocytochemistry of tissue sections. Timed pregnant rats at E15,
E17, and E20 were anesthetized with sodium pentobarbital (40 mg/kg
body weight, i.p.). The embryos were surgically removed from the moth-
ers and were then perfused through the heart with 4% PF in PBS, pH 7.0.
The embryos were post-fixed in the same fixative for 4 hr at 4°C and were
then equilibrated at 4°C in 30% sucrose. Twelve micrometer coronal
sections were cut through the middle of the forebrain using a cryostat,
and the sections were mounted onto poly-L-lysine-coated slides. The
immunostaining procedure was performed using indirect immunofluores-
cence as described previously (Behar et al., 1993). Briefly, sections were
rinsed in three changes of PBS, incubated overnight at 4°C in polyclonal
antiserum to GABA (1:300, Eugene Tech, Allendale, NY), and then
rinsed three times in PBS. The sections were incubated for 45 min at
room temperature in rhodamine-conjugated secondary antibodies at the
final dilution of 1:50 and then rinsed in PBS. Sections were overlayed with
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a mixture of glycerol and PBS (3:1), coverslips were applied, and the
sections were examined under a Zeiss Axiophot photomicroscope. To
identify the cytoarchitectural features of immunostained sections, cover-
slips were removed from some slides after fluorescence signals were
photographed, and the tissue was stained with 0.2% cresyl violet.

[Ca**] recording. Dissociated E17 cells were placed in poly-D-lysine-
coated 35 mm tissue culture dishes with glass coverslip bottoms (MatTek
Corporation, Ashland, MA) and allowed to adhere at 37°C for at least 90
min. The cells were loaded with the calcium indicator dye Fura-2 by
exposure to 4 uM Fura-2 AM (Molecular Probes, Eugene, OR) in
standard bath solution [(in mM) NaCl 145, HEPES 10, KC1 5.4, CaCl, 1.8,
MgCl, 0.8; titrated to pH 7.4 with NaOH and osmolarity-adjusted to 330
mOsm with sucrose] for 30 min and then washed and maintained for 45
min for ester hydrolysis at 37°C. Cells were perfused with (37°C) standard
bath solution or a solution containing GABAergic ligands at ~1 ml/min.
Digital video imaging fluorescence microscopy was used for measuring
the fluorescence of a chosen field of cells (at 40X using a Nikon inverted
microscope), and images using excitation wavelengths of 340 and 380 nm
were captured and stored. The ratio of fluorescence at the two exciting
wavelengths was calculated for each pixel within a cell boundary after the
experiment, and the mean ratio was recorded. Calibration of the ratio
into calcium level was carried out by adding ionomycin to the dish and
recording images in zero calcium medium (no calcium, 10 mmM EGTA)
and in normal medium (1.8 mMm calcium). The calcium concentration is
estimated from:

[Ca2+] = KD F()/Fw * [R - Rmin]/[Rmax - R] >

where K, is the Fura—-Ca®" binding constant (~220 nm) and R is a ratio
of fluorescence at two wavelengths. F/F., is the ratio of fluorescence at
380 nm with zero calcium and 1.8 mm Ca™.

In each experiment, a few cells (~3%) exhibited spontaneous fluctu-
ations in Ca2*. However, within each experiment, the incidences of
agonist-evoked CaZ" signals were always significant compared with spon-
taneous events (p < 0.01, ANOVA followed by Fisher’s PLSD test and
Scheffe’s S test).

RESULTS

GABAergic neurons are widely distributed in the
embryonic neocortex

At E15, GABA-immunoreactive (G-IR) cell bodies and processes
horizontally arrayed with respect to the pia were clearly evident in
the primordial plexiform layer, which becomes layer 1; however,
the neuroepithelium was unlabeled (Fig. 1). At E15, GABA expres-
sion by Cajal-Retzius cells in the rat, which compose layer 1, has
been reported recently (Imamoto et al., 1994). By E17, G-IR neurons
had become widely distributed throughout the cerebral wall. Most
immunoreactive cells were concentrated in the formative layer 1, the
cortical subplate, the lower part of the intermediate zone, and the
upper subventricular zone. Within the subventricular zone, GABA
immunoreactivity was particularly prominent in cells and pro-
cesses running parallel to the ventricular surface. At E20, the
neuroepithelivm had become thinner, whereas the cortical plate
and subplate had dramatically increased in relative thickness. A
large number of G-IR cells, many with processes now running
perpendicular to the ventricular surface, was located within the
cortical plate, subplate, and lamina I, whereas the number of
G-IR cells in the subventricular and lower intermediate zone had
decreased. Abundant immunolabeled processes and a few immu-
nopositive cells were evident in the neuroepithelium and subven-
tricular zone. These results are consistent with previous immuno-
cytochemical studies on the distribution of G-IR cells and
processes in the embryonic rat cortex (Lauder et al.,, 1986; Van
Eden et al., 1989; Cobas et al., 1991).

Neuronal migration induced by GABA in vitro is age-
and dose-dependent

Cells derived from E14 cortices did not migrate in response to any
concentration of GABA (10~ to 107° m). However, at E15 both
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GABA and the GABAmimetics induced cell motility at significant
levels above spontaneous rates. Immunolabeling of the migrated
cells revealed that 95 + 3.0% expressed neurofilament protein
and, hence, were considered neurons. By E18, ~5% of the re-
sponding cells expressed GFAP. The total number of responding
cells ranged between 1.1 and 18% of the initial starting population
per well (50,000 cells).

At E15, three discrete concentration ranges of GABA evoked
cellular migration, two of which were considered significant (>50
cells/mm?; Fig, 2). At this age, both picomolar (50 pM to 5 nm) and
micromolar (500 nM to 5 uMm) concentrations of GABA consis-
tently induced significant migration. A detectable but variable
small number of cells also responded to femtomolar GABA
(5-500 fm). Significant levels of migration at picomolar GABA
concentrations were only observed at E15. From E16 onward,
only two GABA concentration ranges (fM and uMm) evoked signif-
icant motility (Fig. 2). The number of cells responding to femto-
molar levels of GABA increased at E16 such that at this age, the
low concentration range (5-500 fm) stimulated more cells to
migrate than the high concentration range (500 nM to 5 um).
Thereafter, both low (5-500 fm) and high (50 nm to 5 um) ranges
of GABA stimulated similar numbers of cells to migrate (Fig. 2).

To confirm the specificity of the chemotropic effects, E19 cells
were placed in wells opposite 500 fM or 5 um GABA that had been
preabsorbed with specific anti-GABA antiserum (1/100) before
being placed in the bottom wells of the chamber. Preabsorbtion of
GABA with the specific antibody blocked the migration induced
at each concentration (92 and 74%, respectively), demonstrating
the specificity of the GABA motility signals (data not shown).

In some studies, responding cells that adhered to the underside
of the membrane after migration were immunolabeled with anti-
GABA antisera. Immunolabeling demonstrated that 13.1 + 0.7%
of the initial E17 starting population was G-IR. However, 78 +
3.6% of the cells responding to micromolar GABA were G-IR,
whereas only 11.5 = 6.6% of the cells stimulated by femtomolar
GABA were G-IR. Thus, the population that migrated in re-
sponse to micromolar GABA was enriched in GABAergic cells.
To determine whether these G-IR cells were capable of synthe-
sizing GABA, they were immunostained with antibody directed
against the 67 kDa form of GAD, the enzyme that synthesizes
GABA from glutamate and is expressed by embryonic neurons
(Behar et al., 1993, 1994b). Of the cells migrating at micromolar
GABA, 67.3 = 19.5% were GAD™, suggesting that most if not all
of the micromolar-migrated population were capable of synthe-
sizing the molecule.

Femtomolar GABA primarily induces chemotaxis, and
micromolar GABA predominantly

stimulates chemokinesis

We characterized the migratory responses in terms of directed
movement (chemotaxis) and random motility (chemokinesis) on
cells isolated from E15, E16, and E18 cortices. At each of these
ages, femtomolar levels of GABA induced significantly more
gradient-dependent chemotaxis than gradient-independent che-
mokinesis (Fig. 3). In contrast, the higher GABA concentrations
(500 pm at E15 and 5 um at E15-E18) were predominantly
chemokinetic (Fig. 3).

GABAmimetics at GABA, and GABA receptors
stimulate cell migration and motility

We examined the structure activity requirements for the chemo-
tropic effects of GABA by comparing migratory responses of E18
cells to GABA and two GABAmimetics. Agonists at both



Behar et al. » GABA-Induced Cortical Cell Migration

J. Neurosci., March 1, 1996, 76(5):1808-1818 1811

Figure 1.

Developmental expression of GABA immunoreactivity in the neocortex of embryonic rats. Photomicrographs of coronal sections through the

dorsomedial region of the neocortex of E15, EI7, and E20 embryos showing age-dependent expression of GABA immunoreactivity. A pair of adjacent
sections stained for GABA immunoreactivity (right) and for cresyl violet (left) is presented in each panel. At E13, a few immunofiuorescent cell bodies
(arrows) and processes (arrowheads) scatter in the primordial plexiform layer (PL). By E17, immunolabeled cells and many processes running parallel to
the ventricular surface are concentrated within three distinct layers: the formative lamina I (7), the outer part of the subcortical plate (SP), and the lower
intermediate (iz)/subventricular zone. At E20, G-IR cells in the lower intermediate/subventricular zone are dramatically reduced, whereas abundant
immunoreactive cells and many processes running perpendicular to the ventricular surface are seen in the lamina I, the cortical plate (CP) and the

subcortical plate (SP). Scale bar, 50 pum.

GABA  (muscimol) and GABAy (R-baclofen) receptors in well
differentiated CNS tissues (Sivilotti and Nistri, 1991; Bowery,
1993) mimicked the chemotropic actions of GABA (Fig. 4). The
effective concentrations of the GABAmimetics closely paralleled
the effective concentrations of GABA. Two concentration ranges
of each agonist (50-500 fm and 50 nMm to 50 um) stimulated
significant migration (Fig. 4). Since both muscimol and
R-baclofen mimicked the effects of GABA, we attempted to
inhibit GABA-induced migration using antagonists at different
GABA receptors (Sivilotti and Nistri, 1991).

In competition assays, 5 um 2-hydroxysaclofen, an antagonist of
GABA at well differentiated GABAy receptors in adults (Kerr
and Ong, 1992; Bowery, 1993), reduced the number of cells
migrating to 500 fm and 5 pm GABA by 67 and 84%, respectively
(Fig. 5). Similarly, 5 pm picrotoxin, an antagonist of GABA at

GABA , and GABA_ receptors, also blocked motility responses
to both 500 fm and 5 um GABA by 70 and 33%, respectively. In
contrast, 10 uM bicuculline, an antagonist of GABA at GABA
(but not GABAR or GABA ) receptors, reduced migration to 500
v GABA (by only 44%). Migration to 5 umM GABA was either
unaffected in the presence of 10—100 um bicuculline or even
increased slightly (Fig. 5). These latter results indicate that che-
mokinetic responses to 5 uM GABA are completely resistant to
bicuculline, suggesting that they do not involve GABA , receptors.
The antagonists alone did not stimulate motility (data not shown).

GABA receptor agonists also stimulate motility

Recent pharmacological and molecular biological experiments
have revealed a third class of GABA receptors, the GABA.
receptors, which have been initially characterized as coupled to



1812 J. Neurosci., March 1, 1996, 16(5):1608—1818

200

1507

100

507

Migration (cells/mm?2)

E15

10-15 10-13 10-11 10 107 105

E16

0 e B e
1015 10-13 1011 109 107 105

Behar et al. « GABA-Induced Cortical Cell Migration

3507 E19

2507

150

507

0- T |:;: ™
10-15 10-13 1011 109 107 105

1007 E20

0 G
1015 1013 1011 109 107 10

E17 -
160 207, E3
200
1201
150 |2
g0 100+
407 50
Figure 2. The migratory responses induced by 0 AN (ia e
GABA exhibit complex and distinctive concentration 10-15 10-13 10-11 10 107 105 10-15 1013 1011 10 107 105
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periments. At E15, cells migrate over three distinc- 120
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Darker shading, 5 fm to 5 pm GABA; no shading, 50
pM to 5 nM GABA; lighter shading, 5 nM to 5 uM
GABA.

bicuculline-insensitive, picrotoxin-sensitive Cl~ channels (Shi-
mada et al, 1992; Feigenspan et al., 1993; Qian and Dowling,
1993; Jackel et al., 1994; Lukasiewicz et al., 1994). Since chemo-
kinetic responses to micromolar GABA were entirely bicuculline-
resistant but were partly picrotoxin-sensitive, we studied the ef-
fects of GABA_. receptor ligands CACA and TACA (Shimada et
al., 1992; Feigenspan et al., 1993; Qian and Dowling, 1993;
Lukasiewicz et al., 1994) on cellular migration. Micromolar con-
centrations of CACA and TACA (1-100 pMm) stimulated maximal
migratory responses in cortical cells; the optimal concentrations
were 10 pum for CACA and 1 pm for TACA (Fig. 6.4). The level
of migratory responses to the GABA( receptor ligands was at
least 50% of that induced by 5 um GABA, suggesting that the
chemokinetic effects of GABA are mediated via GABA.. recep-
tors in a sizable subpopulation of cells. Characterization of the
migratory response of E17 cells to CACA and TACA indicated
that the ligands predominantly stimulate chemokinesis, rather
than chemotaxis (data not shown). Picomolar to femtomolar

10-15 1013 10-11

E18

L T
10

105
[GABA] (M)

T
107

concentrations of TACA also directed migration, but femtomolar
to picomolar CACA failed to stimulate cell movement (Fig. 6.A4).

Motility induced by micromolar levels of TACA and CACA was
blocked significantly by picrotoxin (74 and 95% inhibition, respec-
tively; Fig. 6B), but not at all by either bicuculline (Fig. 68) or
saclofen (50 um; data not shown), suggesting that the picrotoxin-
sensitive, bicuculline-insensitive motility responses to GABA are
most likely mediated via GABA . receptor proteins. Interestingly,
motility responses to micromolar TACA and CACA were poten-
tiated in the presence of bicuculline (Fig. 6B), suggesting that
GABA , receptor activation may actually retard or arrest chemo-
kinesis in a subpopulation of cells. Whereas picrotoxin and
saclofen each partially inhibited chemokinesis to GABA (Figs. 5,
6C), significant levels of motility were completely attenuated in
the combined presence of the two antagonists (Fig. 6C). Taken
together, these results indicate that the chemokinetic effects of
GABA involve both GABAp and GABA. receptor proteins.
Migration to femtomolar TACA was partially inhibited by both of
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Figure 3. GABA induces chemotaxis and chemokinesis. Chemotaxis (tex-
tured bars, directed migration) was distinguished from chemokinesis (black
bars, random motility) by placing the same concentration of chemoattrac-
tant in both the upper and lower wells of the chamber, thereby eliminating
a gradient of GABA across the membrane. The number of cells migrating
without a gradient was considered a measure of chemokinesis. Cells
exhibit predominantly chemotactic (gradient-dependent) responses to
femtomolar GABA; maximum migratory responses occur in the presence
of a gradient. Both picomolar (5 X 107! M) and micromolar (5 X 107 m)
concentrations of GABA stimulate predominantly chemokinetic re-
sponses in cells. The same or a greater number of cells migrate in the
absence of a gradient as in the presence of one.

the GABA, receptor antagonists bicuculline and picrotoxin (40
and 60% respectively; Fig. 6B), suggesting that femtomolar
TACA may stimulate migration via GABA, receptor proteins
(Lukasiewicz et al., 1994).

Since migration and motility are believed to involve Ca®*-
dependent mechanisms (Hinrichsen, 1993), we manipulated in-
tracellular Ca®"* by loading cells with BAPTA-AM, which clamps
cells at low nanomolar levels of cytosolic Ca>*. BAPTA-loaded
cells did not migrate to GABA (Fig. 7), indicating that cytosolic
Ca?* elevation is involved in GABA-induced motility.

Both femto- and micromolar GABA stimulate
intracellular Ca®* increases in embryonic cortical cells

To determine whether GABA modulates the Ca2* concentration
in the starting population of cells, we used digital videomicroscopy
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to record changes in CaZ* levels in E17 cortical cells loaded with
Ca®" indicator dye and exposed to GABA. Acutely adhered cells
were recorded before, during, and after sequential applications of
500 fm and 10 um GABA. We found that ~50% of the cells
recorded in five separate trials responded to one and/or the other
concentration of GABA. Three classes of responding cells were
observed. Most of the responsive cells (31.2 + 6.2%) responded
only to micromolar GABA, exhibiting a transient three- to five-
fold increase in CaZ* (Fig. 8C). Few cells (7.5 + 0.8%) responded
to only femtomolar GABA, which at the peak of response evoked
a two- to fourfold increase in CaZ* compared with the resting
level (Fig. 8B). Another population of cells (11.8 + 1.4%) re-
sponded to both femto- and micromolar GABA (Fig. 84). Two
patterns of responses to femtomolar GABA were observed. Some
cells showed relatively rapid, intense, and transient rises in Ca?*
immediately after exposure to femtomolar GABA, whereas others
demonstrated delayed (2-3 min) and sustained modest Ca*
signals that lasted several minutes but also extinguished during the
exposure period (Fig. 84).

In a second set of studies, 504 E17 cells were recorded in seven
separate experiments after sequential exposure to 10 um R-baclofen
and 10 uM CACA, to determine whether individual cells respond to
both ligands. Of these, 9.3 = 1.7% increased Ca2* only in response
to baclofen (Fig. 9C). Typically, two- to fourfold increases in CaZ*
induced by baclofen were delayed 2-3 min after ligand exposure,
suggesting that second-messenger-mediated signaling mechanisms
may be involved in the responses. Some cells (12.6 = 1.9%) re-
sponded only to CACA (Fig. 94), whereas a subpopulation (8.3 =
1.3%) responded to both the GABAg and the GABA. receptor
agonists (Fig. 9B). CaZ" signals evoked by baclofen were complex
and varied. In some cells, initial CaZ* transients elicited during
baclofen exposure were followed by spontaneous elevations in CaZ*
during the subsequent wash and blunted CaZ" signals in a second
exposure (Fig. 9B). Other cells only demonstrated increased Ca2"
during the first application of the ligand (Fig. 9C). Notably, the
relative number of cells responding to either micromolar CACA
and/or micromolar baclofen combined (30.2%) was similar to the
percentage of total cells that exhibited elevations of Ca* in response
to micromolar GABA (43.0%).

DISCUSSION

GABAergic cells and fibers are present in the
embryonic rat cortex when cells migrate to GABA

in vitro

The earliest GABAergic elements in the rat neocortex detectable by
immunocytochemistry consist of scattered cells and processes within
the primordial plexiform layer at E14 (Van Eden et al., 1989; Cobas
et al,, 1991). We found no evidence of migration or motility in vitro
using dissociates of E14 cortex; however, at least two, and possibly
three, populations moved in response to GABA at E15. These cells
may correspond to neurons migrating in vivo toward GABAergic
neurons in the primordial plexiform layer (Fig. 1). At E17, neurons
destined for the cortical plate migrate away from the ventricular and
subventricular zones and begin to laminate (Jacobson, 1991). At this
age, we found GABAergic cells and fibers parallel to the subven-
tricular and marginal zones, as well as a scattering of elements
between the subplate and emerging cortical plate border (Fig. 1).
Thus, GABA could provide postmitotic neurons within the prolifer-
ative zones with a source of chemotropic signals. By E20, GABA
immunoreactivity is concentrated in cells and processes at the target
destinations for migratory neurons, suggesting that at later embry-
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effects of GABA. Micromolar and femtomolar concentra-
tions of GABA (filled circles), muscimol (open triangles), and
R-baclofen (quartered squares) stimulate maximum migratory
responses in E18 cells.

onic ages, GABA influences the migration of cells entering or orga-
nizing within the cortical plate.

A small percentage of the responding cells were GFAP™, indi-
cating that GABA also influences astrocyte migration. In similar
in vitro studies, embryonic astrocytes responded to gradients of
chemoattractants (Armstrong et al., 1990).

GABA mediates chemotactic and chemokinetic

signals in discrete subpopulations of cells via
Ca2*-dependent mechanisms

At all ages, femtomolar GABA stimulated more cells to mi-
grate in the presence of a concentration gradient (chemotaxis)
than in the absence of one, whereas responses to micromolar
GABA were greater in the absence of a gradient and, hence,
were more chemokinetic than chemotactic. Inmunohistochem-
istry of cells after in vitro migration revealed that discrete
populations of cells responded to each GABA concentration,
explaining the multimodal nature of the dose-response rela-
tionship. Few cells responding to femtomolar GABA were
themselves GABA™, indicating that in vivo GABA probably
directs the migration of these cells via intercellular (paracrine)
mechanisms. In contrast, most cells that migrated to micromo-
lar GABA were GAD;; and GABA™", raising the possibility
that in these cells, GABA stimulates motility via an autocrine
(automotility) mechanism.

Migration at both GABA concentrations was effectively elimi-
nated by loading cells with BAPTA-AM, indicating that cytosolic
levels of Ca®" are important in the signaling mechanisms associ-
ated with GABA-stimulated locomotion in vitro. Optical record-
ings of adherent cells labeled with Fura-2 revealed that exposure
to femto- or micromolar GABA results in increased Ca2" in a
minority of cells. Interestingly, three subpopulations of responsive
cells were recorded, which responded to femto- and/or micromo-
lar GABA. These may reflect different stages of radial and tan-
gential migration of embryonic neurons in the developing cortex.
Alternatively, some cells that exhibit GABA-stimulated increases
of Ca2" may be mitotic or postmigratory cells.

The mechanisms associated with GABA-induced elevations in
cytosolic Ca*" and the source(s) of Ca®" contributing to the
signal remain to be resolved. Cytosolic calcium is believed to be an
important second-messenger mediating cellular movement in
neuronal and non-neuronal systems (Dillon et al., 1988; Hinrich-
sen, 1993). Taken together, the results imply that GABA-
stimulated increases in Ca’' mediate receptor-coupled signal
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transduction pathways, resulting in embryonic cortical cell
movement.

Multiple GABA receptor classes mediate migration

and motility

GABA is a fast-acting neurotransmitter in the mature CNS,
mediating signals usually considered to be inhibitory (Sivilotti and
Nistri, 1991). In mature neurons, GABA , receptor subunit pro-
teins form Cl™ channels activated by muscimol, competitively
inhibited by bicuculline, and noncompetitively inhibited by picro-
toxin (Sivilotti and Nistri, 1991). GABAj receptors activate K*
and modulate voltage-dependent Ca>* channels. GABAy recep-
tors are bicuculline- and picrotoxin-insensitive, activated by ba-
clofen, and antagonized by 2-hydroxysaclofen (Sivilotti and Nistri,
1991; Kerr and Ong, 1992; Bowery, 1993). GABAj receptors
couple to G-proteins and activate intracellular second-messenger
pathways. GABA. receptors are picrotoxin-sensitive, are not
blocked by bicuculline or saclofen, and fail to be activated by
baclofen (Qian and Dowling, 1993). Conformationally restricted
analogs of GABA, such as TACA or CACA, activate GABA,
receptor-coupled CI™ channels (Feigenspan et al., 1993; Qian and
Dowling, 1993; Lukasiewicz et al., 1994).
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Figure 5. Antagonists at GABA,, and GABAg receptors alter GABA-
induced migration. Chemotaxis of E18 cells to 500 fm GABA is partially
blocked by the GABA,, antagonists bicuculline and picrotoxin and by the
GABAg antagonist 2-hydroxysaclofen. Chemokinesis to 5 um GABA is
partially blocked by 5 uM picrotoxin or saclofen but not at all by 10-100
pM bicuculline. See figure for drugs and designations.
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Figure 6. The GABA agonists TACA and CACA mimic the chemoki-
netic effects of micromolar GABA. A, Micromolar levels of CACA (open
circles) (107% to 107* M) or TACA (filled squares) (107° to 107 M)
stimulate significant motility responses at E17. Cells demonstrate the
greatest response to micromolar concentrations, as well as detectable
movement at 10~® M. Only TACA stimulates significant responses at lower
(107"3 to 107 '2 M) concentrations. B, Micromolar CACA- and TACA-
induced responses in E17 cells are not blocked (but enhanced) by 50 pm
bicuculline and are inhibited by 10 uM picrotoxin, consistent with GABA -
type receptor involvement. Responses to femtomolar TACA are partially
blocked by these antagonists. C, Motility induced by 5 um GABA is
partially blocked by saclofen (5 um) and picrotoxin (10 pm) alone and
completely blocked in the presence of both (saclofen and picrotoxin; 5 um
each).

Chemotaxis to femtomolar GABA was mimicked by the
GABA , agonist muscimol and was partially inhibited by bicucul-
line, an antagonist at GABA , receptors. Cells in the ventricular
zone of the cortex express transcripts encoding three GABA,
receptor subunit proteins (a4, 81, and y1) (Ma and Barker, 1995)
during the embryonic period studied for migration (E15-E21).
Although the pharmacology of femtomolar GABA-induced mi-
gration suggests the involvement of GABA, subunit proteins,
femtomolar GABA has not been reported to activate Cl~ chan-
nels. Instead, when GABA , receptor subunit proteins form funec-
tional C1™ ion channels, submicromolar to micromolar GABA is
consistently required for activation. Therefore, the relationship, if
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Figure 7. BAPTA blocks GABA-induced chemotropic effects. Migration
of E17 cells to 500 fM or 5 uMm GABA is almost entirely blocked in the
presence of 10 um BAPTA-AM. Black bars, control (attractant only);
shaded bars, GABA with 10 pM BAPTA-AM.

any, between these GABA, receptor subunit proteins and
GABA-induced chemotaxis and CaZ" signals remains to be
clucidated.

GABAg-like receptors also seem to mediate neuronal move-
ment. R-baclofen, a GABAg receptor agonist, mimicked the
effects of GABA at both femto- and micromolar concentra-
tions, and these effects were substantially inhibited by 2-
hydroxysaclofen, a specific antagonist of GABAj receptors.
These results imply that GABA-like receptors mediate both
chemotactic and chemokinetic signals of GABA in subsets of
cortical neurons during the final week of gestation. Binding
studies on neonatal rat brain sections provide evidence that
GABAg receptors are expressed in vivo within the developing
neocortex. By birth (the earliest age examined), GABAj re-
ceptors seem to be widely distributed throughout the inner and
middle two-thirds of the cortex, regions consistent with the
location of migratory cells (Turgeon and Albin, 1994).

Functional GABA-like receptors may also mediate neuron
motility. Micromolar GABA-induced chemokinesis was entirely
resistant to bicuculline but was partially sensitive to picrotoxin.
The GABA_. ligands TACA and CACA stimulated random move-
ment in subpopulations of embryonic cortical neurons that was
picrotoxin-sensitive. Thus, the pharmacology of GABA-induced
chemokinesis in a subpopulation of cells resembles that of re-
cently described, picrotoxin-sensitive, bicuculline-resistant
GABA_ receptors (Cutting et al., 1991; Shimada et al., 1992; Qian
and Dowling, 1993). The transient expression of picrotoxin-
sensitive, bicuculline-resistant GABA-like receptors in the post-
natal hippocampus has been reported recently (Strata and Cheru-
bini, 1994). A similar transient expression of GABA-like
receptors, which mediate motility in neurons, may occur within
the developing embryonic neocortex.

Although micromolar muscimol mimicked the chemokinetic
effects of micromolar GABA, thus implying the involvement of
GABA ,-like receptors, micromolar GABA-induced motility was
entirely resistant to bicuculline, a well established antagonist of
GABA ,/Cl™ channels in adults. Thus, it is unlikely that GABA ,
receptors mediate the chemokinetic effects of micromolar GABA.
Instead, the TACA- and CACA-activated GABA -like receptors
involved in chemokinesis may be muscimol-sensitive. Further-
more, TACA- and CACA-induced motility was significantly en-
hanced by bicuculline. These GABA analogs may also activate the
bicuculline-sensitive C1~ channels. Thus, the latter may serve to
modulate the extent of random motility induced by GABAR and
GABA-like receptors.

Optical recordings of Fura-2-labeled cells demonstrated that mi-
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Figure 8. Femtomolar and micromolar GABA stimulates increases in cytoplasmic Ca®*. Digital videomicroscopic recordings of acutely adherent E17
cells loaded with Ca®* indicator dye (Fura-2) were made to reveal and compare Ca2™ responses at chemoattractant concentrations. Cells were
sequentially exposed to 500 fm then 10 um GABA. Two cells in a field (4) respond to both femtomolar and micromolar GABA. (4) One cell (O)
demonstrates a delayed, twofold rise in CaZ* during exposure to femtomolar GABA that relaxes during exposure. Another cell in the field (A) exhibits
a more rapid, transient increase in Ca2* during exposure to femtomolar GABA. In both cells, CaZ ™ recovers to baseline levels during the subsequent wash;
10 um GABA triggers transient Ca”* responses in both cells. B, The cell responds only to femtomolar GABA and exhibits a delayed, transient increase
in Ca?" during exposure. C, The cell responds transiently to micromolar GABA only, whereas the cell in D fails to respond to either concentration of
GABA. In five separate trials, 165 cells were examined. The cells depicted in A, C, and D were recorded in a single experiment; the cell in B was recorded
in a separate trial. A, 7.8% of the starting population exhibited the pattern of response to femtomolar GABA, which is depicted by cell O; 4.0% of the
starting population exhibited the pattern of response to femtomolar GABA, which is depicted by cell A. B, 7.5% of the cells only responded to femtomolar
GABA; 31.2% of the cells responded to micromolar GABA only (C); and 49.5% of the cells were unresponsive to GABA (D). Unshaded lanes, Perfusion
with standard bath solution; shaded lanes, perfusion with GABA.

cromolar concentrations of baclofen and CACA elevate Ca2*, sug-
gesting that chemokinesis is mediated via both GABAg and GABA-
receptors. These receptors seem to be segregated among discrete
subsets of cells. In the Ca®'-imaging experiments, one subset re-
sponded to baclofen only, a second subset responded to CACA only,
and a third small subset responded to both baclofen and CACA.

cortex migrate in vifro to wide-ranging although discrete concentra-
tions of GABA. Pharmacological antagonism of these effects strongly
suggests that specific receptors mediate motility. Embryonic cortical
neurons express GABA receptors, which trigger Ca®* transients, and
GABA-mediated motility is CaZ " -dependent, suggesting that Ca®"
is an important signaling mechanism associated with GABA-

The GABAmimetics used in our studies are traditionally
used to discriminate among classically described GABA recep-
tors in mature neurons and glia. Experiments to identify the
receptor proteins and associated signal transduction pathways
of the migratory cells will help to further characterize the
embryonic receptors that mediate the motility signals of
GABA.

In summary, neurons acutely isolated from the developing rodent

stimulated locomotion. The presence of GABA in the developing
cortex, coupled with the observation that embryonic neurons express
GABA receptors during developmental stages in which migration
occurs, suggests that in vivo, GABA functions as a chemoattractant
and that chemotropic effects of the molecule help determine the
ultimate position of neurons in the cerebral cortex. The transient,
concomitant expression of GABA and its receptors has also been
demonstrated during similar stages of telencephalic development in
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Figure 9. Micromolar CACA and baclofen increase cytoplasmic Ca®".
Digital videomicroscopic recordings of acutely adherent E17 cells exposed
to 10 uM CACA then 10 pM baclofen reveals the cellular distributions of
Cal™ responses to the two ligands. One cell (4) responds, with a several
minute delay, to CACA only. The rise in Ca" is maintained during
exposure but recovers quickly during the subsequent wash. B, The cell
responds with variable delays to both CACA and baclofen, with the latter
relaxing to baseline levels during exposure, followed by a spontaneous
elevation in Ca2* during the subsequent wash. C, The cell responds with
a several minute delay only to baclofen, and the response relaxes within
minutes during washout. Baclofen does not trigger another response when
applied 10 min later. 4, 12.6% of the cells responded to CACA only; B,
8.3% responded to both baclofen and CACA; C, 9.3% responded to
baclofen only. Unshaded lanes, Perfusion with standard bath solution;
shaded lanes, perfusion with GABAmimetic.

primates (Meinecke and Rakic, 1992; Schwartz and Meinecke, 1992).
Hence, GABA-modulated regulation of cell motility may be gener-
alized across mammalian species.
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