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Ethanol Consumption during Early Pregnancy Alters the
Disposition of Tangentially Migrating GABAergic
Interneurons in the Fetal Cortex
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'Department of Physiology, Dartmouth Medical School, Lebanon, New Hampshire 03756, 2Department of Genetic and Behavioral Neuroscience, Gunma
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Consumption of alcohol (ethanol) during pregnancy can lead to developmental defects in the offspring, the most devastating being the
constellation of symptoms collectively referred to as fetal alcohol syndrome (FAS). In the brain, a hallmark of FAS is abnormal cerebral
cortical morphology consistent with insult during corticogenesis. Here, we report that exposure to a relatively low level of ethanol in utero
(average maternal and fetal blood alcohol level of 25 mg/dl) promotes premature tangential migration into the cortical anlage of primor-
dial GABAergic interneurons, including those originating in the medial ganglionic eminence (MGE). This ethanol-induced effect was
evident in vivo at embryonic day 14.5 (E14.5) in GAD67 knock-in and BAC-Lhx6 embryos, as well as in vitro in isotypic telencephalic slice
cocultures obtained from E14.5 embryos exposed to ethanol in utero. Analysis of heterotypic cocultures indicated that both cell-intrinsic
and -extrinsic factors contribute to the aberrant migratory profile of MGE-derived cells. In this light, we provide evidence for an inter-
action between ethanol exposure in utero and the embryonic GABAergic system. Exposure to ethanol in utero elevated the ambient level
of GABA and increased the sensitivity to GABA of MGE-derived cells. Our results uncovered for the first time an effect of ethanol
consumption during pregnancy on the embryonic development of GABAergic cortical interneurons. We propose that ethanol exerts its
effect on the tangential migration of GABAergic interneurons extrinsically by modulating extracellular levels of GABA and intrinsically by
altering GABA , receptor function.
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Introduction

Examination of postmortem brains of fetal alcohol syndrome
(FAS) patients reveals defects in gross brain morphology attrib-
uted to disrupted developmental processes, notably cell growth,
differentiation and migration. Abnormal development of the
neocortex has been implicated in the pathoetiology of neurobe-
havioral abnormalities, such as deficits in learning and memory
(for review, see Berger-Sweeney and Hohmann, 1997; Copp and
Harding, 1999; Gleeson and Walsh, 2000).

Prenatal ethanol exposure initially increases the number of
cells in the marginal zone and cortical plate that is followed by
enhanced cell death. This sequence of events has been postulated
to yield a net diminution of cortical cells and a thinner cortex at
later stages of development (Miller 1986, 1996). Other studies
attribute decreased cortical cell number to defective cellular mi-
gration, including that of the GABAergic cortical interneurons
(Moore et al., 1998; Bailey et al., 2004), the majority of which
originate in the medial ganglionic eminence (MGE) and migrate
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tangentially into the cortical anlage (Anderson et al., 1997, 1999,
2001; Tamamaki et al., 1997; Lavdas et al., 1999; Jimenez et al.,
2002). Indeed, the GABAergic system plays an important role
from the earliest stages of corticogenesis, influencing key devel-
opmental processes such as proliferation, neuronal differentia-
tion, and migration (Behar etal., 1994, 1996, 2000; LoTurco etal.,
1995; Maric et al., 2001; Ben-Yaakov and Golan, 2003; Manent et
al., 2005; Cuzon et al., 2006; Heck et al., 2006; Heng et al., 2007)
(for review, see Owens and Kriegstein, 2002).

The GABAergic system is a key target of ethanol action in the
brain (for review, see Weiner and Valenzuela, 2006). Ethanol has
been shown to influence GABAergic synaptic transmission pre-
synaptically by increasing the release of GABA (Roberto et al.,
2003; Carta et al., 2004; Hayward et al., 2004) (for review, see
Siggins et al., 2005) and postsynaptically by enhancing GABA
receptor function in a cell type- and subunit composition-
dependent manner (Aguayo, 1990; Nishio and Narahashi, 1990;
Wafford et al., 1990, 1991; Nakahiro et al., 1991; Sapp and Yeh,
1998; Tatebayashi et al., 1998; Mori et al., 2000). Chronic ethanol
exposure has also been shown to alter expression of certain
GABA , receptor subunits at synaptic and extrasynaptic sites (De-
vaud et al., 1995, 1997; Grobin et al., 2000a,b; Papadeas et al.,
2001).

The above considerations, together, led us to hypothesize that
exposure to ethanol during fetal development may affect the tan-
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gential migration of primordial GABAergic interneurons from
the MGE to the developing neocortex. The disposition of tangen-
tially migrating MGE-derived cells was analyzed in vivo using the
GADG67-GFP (Aneo) and bacterial artificial chromosome (BAC)-
Lhx6-GFP transgenic mouse lines (Gong et al., 2003; Tamamaki
etal., 2003). Experiments in vitro examined tangential migration
in a telencephalic slice coculture system (Cuzon et al., 2006). We
found that ethanol exposure in utero enhanced tangential migra-
tion, notably that of GABAergic cells derived from the MGE.
Whole-cell patch-clamp recording of MGE-derived cells revealed
that ethanol exposure in utero elevated ambient GABA and in-
creased sensitivity to GABA. Thus, both cell-extrinsic and
-intrinsic mechanisms contribute to the ethanol-induced effect
on tangential migration.

Materials and Methods

All procedures involving animals were performed in accordance with the
National Institutes of Health Guide for the Care and Use of Laboratory
Animals and approved by the Dartmouth Medical School Institutional
Animal Care and Use Committee. Mice of similar age (8 —10 weeks) and
weight (21.0 = 0.71 g) were housed in rooms with controlled lighting
(10:00 A.M. light/10:00 P.M. dark) and given mouse chow and water ad
libitum until alcohol treatment began. In vivo experiments used two
transgenic mouse lines. One of these transgenic mouse lines was created
by the National Institute of Neurological Disorders and Stroke GENSAT
BAC Transgenics Project (Gong et al., 2003) using a BAC vector in which
the expression of enhanced green fluorescent protein (eGFP) is under the
control of the entire transcription unit and associated regulatory domain
for the Lhx6 gene. Because cells arising from the MGE uniquely express
Lhx6 (Lavdas et al., 1999), the BAC-Lhx6 mouse facilitated analysis of the
migration of MGE-derived cells in real time. The other transgenic mouse
line was the GAD67-GFP (Aneo), referred to hereafter as GAD67-GFP
knock-in, that expresses eGFP under the regulation of the endogenous
GADG67 promoter (Tamamaki etal., 2003). Because GAD67 encodes a key
enzyme in the biosynthesis of GABA and is specifically expressed in
GABAergic cells, the GAD67-GFP knock-in mouse allowed for the anal-
ysis of all primordial GABAergic cells including those from the MGE
(Tanaka et al., 2006). In vitro experiments involving slice cocultures used
transgenic mice expressing GFP under the control of a 3-actin/cytomegalo-
virus (CMV) promoter/enhancer, referred to hereafter as GFP B-actin mice
(Okabe et al., 1997). The GAD67-knock-in and the GFP B-actin mice are of
C57BL/6 background. The BAC-Lhx6 mouse line, originally obtained from
GENSAT of Swiss-Webster background, was backcrossed into a C57BL/6
background and all mice used were of the F5 generation or later.

Chronic treatment with ethanol. After detection of vaginal plug [em-
bryonic day 0.5 (E0.5)], pregnant dams were individually housed and
assigned to one of three groups: ethanol fed, pair fed (PF), or ad libitum.
Mice were maintained on a liquid diet (Research Diets, New Brunswick,
NJ) supplemented with ethanol [1 or 2% (w/v); ethanol fed] or an isoca-
loric control diet containing maltose and dextrins (PF and ad libitum).
Dams in the ethanol-fed and ad libitum groups were given their respec-
tive liquid diets ad libitum, whereas dams in the PF group received similar
amounts of food consumed on the previous day by their ethanol-fed
counterparts. All mice received water ad libitum. Fresh liquid food was
replenished daily in graduated feeding tubes between 3:00 and 5:00 P.M.,
when the amount of liquid food consumed and the weight of the dam
were also measured. Mice were maintained on their respective diets until
being killed by CO, asphyxiation (E14.5).

BAL. Timed pregnant dams were bled via the tail vein on the morning
before being killed during the dark cycle between 3:00-5:00 A.M., when
the blood alcohol level (BAL) tends to be highest (Miller, 1992). Trunk
blood from pregnant dams and blood/amniotic fluid from embryos were
also collected at the time of killing (8:00 A.M.). The alcohol content was
assayed using an Analox Instruments (Lunenburg, MA) GM7 series an-
alyzer. Ethanol is oxidized by the enzyme alcohol oxidase, in the presence
of molecular oxygen, to acetaldehyde and hydrogen peroxide. A Clark-
type amperometric oxygen electrode monitored the rate of oxygen con-
sumption, which is directly proportional to alcohol concentration.
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Preparation of isotypic and heterotypic slice cocultures. Telencephalic
slice cocultures were prepared from E14.5 embryos obtained from the
mating of GFP transgenic mice under the control of B-actin/CMV/en-
hancer sequence and wild-type C57BL/6] mice as described previously by
Cuzon et al. (2006). Briefly, 250 wm coronal slices from the anterior half
of the cerebral hemisphere were obtained using a vibroslicer (World
Precision Instruments, Sarasota, FL). Only slices in which the medial and
lateral ganglionic eminences were clearly demarcated by the ganglionic
sulcus were used. The MGE from GFP-expressing embryos were micro-
dissected, minced, and a small piece was transplanted onto the MGE of a
slice obtained from a wild-type embryo. Isotypic slice cocultures were
those in which the GFP-expressing MGE (GFP+/MGE) explants and
wild-type host slice were derived from the same treatment group. Het-
erotypic slice cocultures consisted of explants and host slice pairings
from different treatment groups. The cocultures were maintained for up
to 2 d in vitro (DIV) in a humidified 5% CO, atmosphere at 37°C in
medium containing DMEM/F12 (1:1; Invitrogen, Grand Island, NY),
D-glucose (6 mg/ml), 10% fetal calf serum (Hyclone, Logan, UT),
L-glutamine (2 mu; Sigma, St. Louis, MO), and penicillin/streptomycin
(Cellgro, Herndon, VA). In some experiments, bicuculline methiodide
(20 pm; Sigma), an antibody raised against GABA (rabbit anti-GABA; 1
pg/ml or 1:1000; Sigma), or ethanol (25 mg/dl) was added to the culture
medium.

Immunohistochemistry. Brains isolated from E14.5 embryos were
immerse-fixed in either 4% paraformaldehyde (PFA) or in 0.1% glutar-
aldehyde in 4% PFA, cryoprotected in 30% sucrose, sectioned on a cry-
ostat (20 wm) along the coronal plane and mounted directly onto
gelatin-coated slides. Sections stained with an antibody against bro-
modeoxyuridine (BrdU) were preincubated in 2N HCI for 30 min at
37°C. Sections were blocked in 10% normal goat serum/0.01% Triton
X-100 in PBS. Dilutions of primary antibodies were as follows: mouse
anti-GFP at 1:1000 (Invitrogen) and rabbit anti-GABA at 1:1000
(Sigma). Secondary antibodies used were Alexa-Fluor 488, Alexa Fluor
568, and Alexa Fluor 555 (Invitrogen) diluted 1:800 in PBS. Sections were
counterstained with 4,6,diamidino-2-phenylindole (DAPI) (Sigma) and
coverslipped in FluroSave Reagent (Calbiochem, La Jolla, CA).

Slice cocultures were routinely fixed and immunostained with anti-
body against GFP as detailed previously (Cuzon et al., 2006). For both
cryosections and slice cocultures, the cortex beyond the corticostriate
juncture was divided into 100 pwm consecutive cortical bins and the num-
ber of migrating GFP+/MGE cells in each cortical bin was normalized to
the number of GFP+/MGE cells located before the corticostriate junc-
ture (CSJ) to derive at a “crossing index” (Cuzon et al., 2006). Crossing
index was compared between different treatment groups within cortical
bins using one-way ANOVA and the Holm-Sidak method. Data were
presented as mean * SEM.

Time-lapse video microscopy. The migration of individual GFP+/MGE
cells was monitored using time-lapse videomicroscopy (Cuzon et al.,
2006). Embryonic slice cocultures (1-2 DIV), were transferred to a
custom-made mini-incubator on the stage of an upright microscope
(BX61WIL; Olympus, Center Valley, PA) equipped with a spinning disc
confocal disc scanning unit (Olympus), maintained in a humidified at-
mosphere saturated with 95% oxygen/5% carbon dioxide at 37°C.
GFP+/MGE cells were visualized within slice cocultures using a xenon
light source. A set of images was collected at 5 min intervals at a series of
depths through the thickness of the slice (z-series) to compensate for cells
that migrated out of a given plane of focus. Each set of z-series images was
flattened to produce a single image that was used to determine the rate of
migration of GFP+/MGE cells before the CS] and in the neocortex. The
rate of migration of GFP+/MGE cells was compared between the control
and ethanol-exposed treatment groups using Student’s ¢ test. Data were
presented as the mean rate = SEM.

Electrophysiology. Embryonic slices were transferred to a recording
chamber, stabilized by an overlying platinum ring strung with plastic
string mesh, and maintained at 32-34°C on a heated stage fit onto an
upright microscope (BX51WI; Olympus, Melville, NY). Slices were per-
fused at a rate of 0.5 ml/min with oxygenated artificial CSF (aCSF) con-
taining (in mm) 124 NaCl, 5 KCl, 2 MgCl,, 2 CaCl,, 0.01 glycine, 1.25
NaH,PO,, 26 NaHCO,, and 10 glucose. The slices were not perfused in
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the set of experiments assessing ambient GABA
to minimize wash-out of endogenous GABA,
and a constant gentle stream of 95% oxygen/5%
CO, was applied over the surface of the static
aCSF.

GFP+/MGE cells were identified under fluo-
rescence illumination and under Hoffman
modulation optics (Modulation Optics, Green-
vale, NY) using a 40X water-immersion objec-
tive (3 mm working distance; Olympus). Real-
time images were captured using an analog
video camera attached to a video frame grabber
(Integral Technologies, Indianapolis, IN) and
displayed on a computer monitor, which aided
the navigation and placement of the drug and C

recording pipettes. Patch pipettes were pulled 0.24-
from glass capillaries (1.5 mm outer diameter;

0.86 mm inner diameter) (Sutter Instruments,

Novato, CA) to a resistance of 8—10 M{). Re- — 0.201
cording pipettes were filled with an internal so- (@)

lution composed of (in mm) 140 KCl, 1.8 CaCl,, : 0.16
1 MgClL,, and 5 HEPES, supplemented with € 2
Mg?" ATP. Recordings were made using an 320,04
AxoPatch 200A amplifier (Molecular Devices, o i
Foster City, CA). Membrane currents of MGE- ; ‘
derived cells were monitored at a holding po- 0.021
tential of —65 mV under whole-cell patch- )
clamp conditions, and filtered at 5 kHz,

digitized using Clampex v9.0 and analyzed with

Clampfit v9.0 (Molecular Devices). Statistical 0
analysis was performed using SigmaStat 3.0
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GABA (0.1-500 um) and bicuculline methio- 4145, €, The body and brain weight were significantly increased with ethanol exposure (Student’s t test; *p << 0.05) without
dide (20 um) were dissolved in external solu-jiteringthe brain to body weight ratio (Student’s ttest; p = 0.96) as measured in the BAC-Lhx6 embryos (control, n = 8; ethanal,
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ing concentrations with aCSF immediately significantly different between dams and embryos at time of killing within treatment groups (Student’s ttest; GAD67,n = 3,p =
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ing regulated pulses of pressure (=3 psi; Pico-

spritzer; General Valve, Fairfield, NJ) within 10

pm of the soma of the cell under study. The timing and duration of the
pressure pulses were controlled by a digital timing unit (Pulse train 1831;
World Precision Instruments). One of the barrels of the multibarrel as-
sembly was routinely filled with aCSF, which was applied between drug
applications to clear drugs from the vicinity of the cell. This also served as
vehicle control and to control for mechanical artifacts attributable to
bulk flow.

Results
In this study, we analyzed the effect of in utero ethanol exposure
on the migration of MGE-derived cells both i1 vitro (Cuzon et al.,
2006) and in vivo. The experiments were complemented by the
use of the GAD67-GFP knock-in mouse line (Tamamaki et al.,
2003), which facilitated analysis of putative GABAergic neurons
in general, and the BAC-Lhx6 mouse line (Gong et al., 2003),
which permitted analysis of those derived from the MGE.
Pregnant dams were initially fed a liquid diet containing 1%
ethanol (w/v) in an attempt to establish an effective, physiologi-
cally relevant level of gestational ethanol consumption. Treat-
ment with 1% ethanol yielded inconsistent BAL, undetectable in
50f12 casesand 12.7 = 1.1 mg/dl when detectable (7 of 12 cases).
In addition, the 1% ethanol-treated groups were indistinguish-
able from both pair-fed and ad libitum control groups when pa-

rameters used to assess tangential migration were examined (e.g.,
crossing index and distribution within the developing neocortex)
(supplemental Fig. 1, available at www.jneurosci.org as supple-
mental material). Therefore, unless noted otherwise, further re-
sults reported in the present study were derived from experi-
ments in which pregnant dams were fed liquid diet containing
2% ethanol. Because there was no significant difference in cross-
ing index between pair-fed and ad libitum control groups; the
data derived from these two groups were pooled and referred to
hereafter as “control.”

Consumption of 2% ethanol during pregnancy did not affect
litter size (control, 7.10 * 2.02; ethanol-treatment, 7.50 * 2.07;
Student’s t test; p = 0.69), in contrast to treatment with higher
ethanol concentrations, which have been reported to decrease
litter size and body and brain weight (Sanchis et al., 1986). The
size of the head and brain was notably greater in ethanol-treated
embryos (Fig. 1 A, B), as were body weight and brain weight (Fig.
1C). However the ratio of brain weight to body weight was unal-
tered (Fig. 1C).

Blood alcohol level of pregnant dams measured between 5 and
7 h into the dark cycle before being killing (E13.5) and in trunk
blood collected at the time of killing did not differ (data not
shown). In addition, as illustrated in Figure 1 D, BAL did no differ
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Asterisks denote a significant difference from control (Student’s ¢ test; p << 0.01).

between dams and embryos at time of killing nor between dams
of the transgenic mouse lines used in this study.

Number and density of GABAergic cells in the neocortex

at E14.5

We first determined whether ethanol exposure altered the num-
ber and/or distribution of GABA-immunopositive cells within
the embryonic neocortex. The density of GABA-immunopositive
cells in E14.5 cryosections obtained from brains of control (Fig.
2A1I) and ethanol-treated (Fig. 2A2) embryos was calculated in
terms of location within (1) cortical bins that reflected distance
from the CSJ and (2) the embryonic cortical layers. As summa-
rized in Figure 2, B and C, such analyses revealed significant
increases in GABA-immunopositive cells in the ethanol-treated
group in both distance from the CS]J (Fig. 2B) and throughout the
marginal zone—cortical plate (MZ—CP), intermediate (IZ), and
subventricular—ventricular zones (SVZ-VZ) (Fig. 2C).

A comparison of the disposition of putative GABAergic cells
within the neocortical anlage of E14.5 GAD67-GFP knock-in em-
bryos with and without exposure to ethanol in utero corroborated
the above findings (Fig. 3A, B). With ethanol exposure, the num-
ber of GAD67-GEFP cells increased significantly in each cortical
layer (Fig. 3C) without affecting the ratio of total GAD67-GFP
cells between the cortical layers (Fig. 3D). These results suggest
that the increase in the number of putative GABAergic cells re-
sulting from ethanol exposure in utero is not specific for any given
layer of the embryonic neocortex.

Given the observed overall increase in GABAergic cells, we
then assessed whether ethanol exposure in utero increased cell
proliferation and/or migration. To assess cell proliferation, preg-
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nant dams at E14.5 were injected intraperi-
toneally with BrdU 45 min before being
killed. Cryosections from fixed brains were
immunoprocessed using an antibody
against BrdU and counterstained with
DAPI (Fig. 4A,B). Ethanol exposure de-
creased the BrdU labeling index in all pro-
liferating zones, including the MGE, sug-
gesting decreased proliferative activity at
the time of BrdU injection (control: 0.40 =
0.051; ethanol: 0.27 * 0.055; Student’s ¢

H Control

test; p < 0.05). Because, at E14.5, the ma-

Ethanol jority of migrating primordial GABAergic

Cortical Layer

Ethanol consumption during pregnancy increases the number of GABA-immunoreactive cells in the neocortex. A,
Representative GABA-immunoreactive E14.5 telencephalic sections obtained from control (n = 10) and ethanol exposed in utero
(n = 7) wild-type littermates of BAC-Lhx6 litters. Note that immunostaining for GABA is clearly evident in the cells in the
marginal, intermediate, and subventricular zones of the neocortex. Scale bar, 100 wm. B, C, Ethanol exposure increased the
density of GABA-immunopositive cells throughout the extent of the neocortex as seen in cortical bins (B) and in layer density (C).

% cortical interneurons in the rodent arise
from the MGE (Anderson et al., 1997,
1999, 2001; Tamamaki et al., 1997; Lavdas
* et al., 1999; Jimenez et al., 2002) the de-
creased BrdU labeling index in the region
likely reflects the proliferative status of this
subset of MGE-derived cells.

To assess the rate of cell migration from
the MGE into the neocortex, individual
GFP+/MGE cells proximal and distal to
the CSJ were tracked in isotypic slice cocul-
tures by real-time videomicroscopy and
the distance traveled over time calculated
(Fig. 4C). The GFP+/MGE cells from
ethanol-treated slice cocultures migrated sig-
nificantly faster than those of their control
counterparts (Fig. 4D). Notably, there was
no significant difference in the migration rate
before and after the CSJ in either the control
or ethanol-treated groups (Fig. 4D) (Stu-
dent’s t test; control, p = 0.96; ethanol treated, p = 0.95). Thus,
exposure to ethanol in utero increased the rate of migration of MGE-
derived cells consistently throughout their migratory path.

IZ 'SVZ-VZ

Tangential migration of MGE-derived cells

We asked whether MGE-derived cells contributed to the increase
in GABAergic neurons in the embryonic neocortex observed af-
ter ethanol exposure in utero. Counts of GFP+/MGE cells in
cryosections from brains of E14.5 BAC-Lhx6 embryos (Fig. 5A)
revealed that exposure to ethanol in utero increased the number
of MGE-derived cells in the SVZ-VZ, 1Z, and CP-MZ (Fig. 5B)
without altering the percentage of total GFP+/MGE cells within
each cortical layer (Fig. 5C). The increased number of GFP+/
MGE cells accounted for the increase in crossing index as illus-
trated in Figure 5D. The observation that the distribution of
GFP+/MGE cells within cortical layers is unaltered suggests that
the tangential migratory routes are not affected by in utero etha-
nol exposure.

Using NeuN-immunoreactivity as a marker for neuronal dif-
ferentiation (Fig. 6 A, B), ethanol exposure in utero resulted in an
increase in the ratio of GFP+/MGE cells that were NeuN-
immunopositive, concomitant with a decrease in the ratio of
NeuN-immunonegative GFP+/MGE cells in the neocortex of
BAC-Lhx6 E14.5 embryos (Fig. 6C). This is consistent with the
notion that ethanol exposure in utero drives MGE-derived cells
toward differentiation.

Extrinsic and intrinsic mechanisms
The interplay between environmentally derived (extrinsic) and
cell-autonomous (intrinsic) factors have been implicated in a
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Figure3. A, B, Representative sections from E14.5 GAD67-GFP knock-in control (4; n = 22)

and ethanol-treated (B; n = 18) embryos. A2 and B2 are enlargements of the neocortexin A7
and B1, respectively. €, Exposure to ethanol in utero increased the number of GAD67-GFP cells
throughout the cortical layers (Student's t test; MZ—CP, p << 0.001; 1Z, p = 0.003; SVZ-VZ,p <
0.001). D, However, the ratio between the cortical layers is unaltered (Student's t test; MZ—CP,
p = 0.26; 1Z, p = 0.12; SVZ-VZ, p = 0.92). Data are expressed as mean density = SEM.
Asterisks denote a significant difference from control (Student’s ¢ test, p << 0.005).

host of regulatory processes critical for neuronal differentiation
and maturation (for review, see Komuro and Rakic, 1998;
Nguyen et al., 2001; Ben-Ari, 2002; Flames and Marin, 2005;
Heng et al., 2007). In this light, we determined crossing index in
isotypic and heterotypic slice cocultures, the latter consisting of
(1) GFP+/MGE explants from in utero ethanol-exposed embryos
placed onto control slices or (2) control GFP+/MGE explants
placed onto slices from in utero ethanol-exposed embryos (Fig.
7A). Figure 7B illustrates that, within the first 300 wm neocortical
segment distal to the CS]J, the crossing indices in isotypic slice
cocultures from in utero ethanol-treated embryos and both types
of heterotypic slice cocultures were significantly higher than
those in control slice cocultures. These observations are in line
with the notion that ethanol affects both cell-intrinsic and
-extrinsic factors that lead to increased cortical entry of MGE-
derived cells. Our previous report that ambient GABA, via acti-
vation of GABA , receptors, facilitates tangential migration (Cu-
zon etal., 2006), led us to test the hypothesis that ethanol interacts
in utero with the embryonic GABAergic system to manifest its
intrinsic and extrinsic influences on migration from the MGE
into the developing neocortex.

Cuzon et al. @ Ethanol Consumption and Tangential Migration

Extrinsic mechanisms: ambient GABA

Isotypic slice cocultures were maintained in the absence or pres-
ence of ethanol, ethanol plus bicuculline (20 um), or ethanol plus
an antibody raised against GABA (1:1000). The concentration of
ethanol (25 mg/dl) was adjusted to simulate the BAL in the am-
niotic fluid of ethanol-treated embryos (Fig. 1 D). Ethanol expo-
sure increased the crossing index in the slice cocultures, an effect
that was prevented by bicuculline to block GABA , receptor acti-
vation, or an antibody to sequester ambient GABA (Fig. 8). Ad-
dition of 2 uM GABA, mimicking the ambient level measured in
ethanol-exposed slices (Fig. 9G), increased the number of MGE-
derived cells in the neocortex to a level similar to that measured in
the ethanol-exposed treatment group. This suggests that an in-
teraction between ethanol and ambient GABA in the extracellular
milieu may underlie an extrinsic mechanism that regulates tan-
gential migration of MGE-derived cells.

Ethanol exposure in utero elevated the level of ambient GABA
that tonically activated a GABA receptor-mediated current in
MGE-derived cells. As reported previously (Cuzon et al., 2006),
this tonic current could be revealed in individual tangentially
migrating cells by blocking GABA , receptor activation with focal
application of a saturating concentration of bicuculline. In the
present study, the same concentration of bicuculline (20 um)
uncovered significantly larger outward currents in GFP+/MGE
cells recorded in acute slices from E14.5 BAC-Lhx6 embryos in
the in utero exposed group than control (Fig. 9). The bicuculline-
induced current monitored in each cell was fit to the GABA
concentration-response curve derived from the same cell to esti-
mate the concentration of ambient GABA (Fig. 9F). As summa-
rized in Figure 9G, the concentration of ambient GABA in the
MGE-CS] region and the IZ of the neocortex of in utero ethanol-
exposed embryos reached 2.60 * 0.40 uMm, which was signifi-
cantly higher than that estimated to be present in the MGE-CS]
region and 1Z of the neocortex of control embryos (0.43 = 0.11
M) in this and a previous study (Cuzon et al., 2006). Impor-
tantly, a tonic current was detected in GFP+/MGE cells located
in the MGE—-CS]J area of acute slices from E14.5 ethanol-exposed
embryos that was not evident in the MGE—-CSJ area of control,
ethanol-naive embryos (Fig. 9F) (Cuzon et al., 2006). This find-
ing, although consistent with the demonstration of an elevated
ambient GABA, prompted an additional series of experiments to
examine the possibility that in utero ethanol exposure altered the
properties of GABA , receptors, including those expressed in cells
in the MGE.

Intrinsic mechanisms: receptivity to GABA

We first monitored the peak amplitude of whole-cell current
responses to a set concentration of GABA in GFP+/MGE cells
located in the MGE—CS]J region and IZ of the neocortex of acute
slices from control and ethanol-exposed E14.5 BAC-Lhx6 em-
bryos. Whole-cell membrane capacitance in tangentially migrat-
ing GFP+/MGE cells recorded in the MGE—CSJ area (control,
0.141 * 0.02 pF; ethanol, 0.166 = 0.03 pF) and the IZ of the
neocortex (control, 0.154 * 0.04 pF; ethanol, 0.145 %= 0.02 pF)
were not significantly different (data not shown). In control
slices, focal application of GABA (100 um) elicited current re-
sponses in the IZ of the neocortex (148.85 % 19.66 pA) that were
much more robust than those monitored in the MGE—-CS] region
of the same slice (25.25 * 4.16 pA) (Fig. 10A). We previously
postulated that this reflects MGE-derived cells maturing and ac-
quiring increased responsiveness to GABA as they migrate from
the MGE to the neocortex (Cuzon et al., 2006). However, in slices
from embryos exposed to ethanol in utero, the same concentra-
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GABA was significantly different for cells
recorded in the MGE of control (160.05 =
0.09 um) versus in utero ethanol-exposed
embryonic slices (13.87 = 0.08 um), as
were those determined for cells in the IZ
(control, 49.32 * 0.06 uM; in utero ethanol
exposure, 11.54 * 0.04 um). Overall, in
GFP+/MGE cells in the MGE, in utero eth-
anol exposure shifted the ECs, leftward
and increased the apparent efficacy to ap-
proximate that estimated in the I1Z. These
results, together, suggest that in utero ex-
posure to ethanol results in upregulated
expression of GABA, receptors of either
the same or different isoforms, or both.
Thus, aside from extrinsically modifying
the ambient level of GABA, in utero etha-
nol exposure intrinsically altered GABA
receptor function.

Discussion

The basic premise underlying this study is
that cortical malformations associated
with ethanol exposure in utero manifest
themselves early by compromising the de-
velopmental profile of neuronal popula-
tions during corticogenesis. In this light,
we tested the hypothesis that exposure to
ethanol in utero disrupts the embryonic de-
velopment of GABAergic cortical inter-
neurons. Clearly, the most severe outcome
of excessive gestational ethanol consump-
tion is FAS. However, we report here that
chronic consumption of a relatively low
level of ethanol (2% w/v), resulting in BAL
(25 mg/dl, corresponding to 5.4 mMm etha-
nol) three times lower than that considered
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Figure 4.

Asterisks indicate a significant difference from control (Student’s ¢ test; p << 0.005).

tion of GABA elicited robust current responses even in GFP+/
MGE cells in the MGE-CS]J region (156.20 = 10.72 pA). These
GABA-activated current responses were significantly larger than
monitored in control slices (Student’s  test, p < 0.001) and were
comparable in peak amplitude to those recorded in the I1Z of
either control (148.85 * 19.66 pA) or ethanol-exposed slices
(138.06 = 12.64 pA).

Concentration-response profiles were then determined with
incremental concentrations of GABA (0.1-500 um) for GFP+
cells in the MGE—CSJ and IZ of acute BAC-Lhx6 slices from E14.5
control and in utero ethanol-exposed embryos. In Figure 10 B, the
peak current amplitude monitored in each GFP+ cell was nor-
malized to that obtained from GFP+/MGE cells in the MGE
region of control slices and plotted semilogarithmically as a func-
tion of GABA concentration. The apparent affinity (EC,,) to

Exposure to ethanol in utero increases cell differentiation. 4, B, Representative 20-.m-thick cryosections of E14.5
brains stained with an antibody against BrdU obtained from control (4) and ethanol-exposed (B) wild-type embryos. Scale bar,
100 m. €, Individual cells were monitored in still images taken every 5 min for 12 hin isotypic slice cocultures in which an MGE
explant from a GFP B-actin embryo was transplanted onto the MGE of a wild-type littermate. Arrowheads show an example of
migrating MGE-derived cells. D, Cells monitored in slices from in utero ethanol exposed embryos (n = 142; before (SJ, 37.52 =
1.56 wm/h; after CSJ, 37.65 == 1.08 wm/hr) migrated faster than those from control slices (n = 288; before (SJ, 16.52 = 0.57
um/h; after CSJ, 16.58 = 0.77 wm/hr) both before and after the CSJ (ethanol, n = 142). Data are expressed as mean == SEM.

as being intoxicated in the USA (80 mg/dl,
corresponding to 17 mMm ethanol), can af-
fect the development of GABAergic corti-
cal interneurons. The major findings are
(1) that exposure to moderate levels of eth-
anol in utero increases the number of em-
bryonic cortical GABAergic neurons, and
(2) that this can be accounted for by en-
hanced tangential migration and cortical
entry of MGE-derived cells. We propose
that ethanol exposure in utero invokes both
cell-intrinsic and -extrinsic mechanisms, specifically, by interact-
ing with the GABAergic system in changing the ambient level of
GABA (extrinsic) as well as GABA, receptor properties
(intrinsic).

Ethanol exposure in utero increases GABAergic cells in the
embryonic neocortex

At E14.5, MGE-derived cells contribute prominently to the tan-
gentially migrating wave of the subpopulation of cortex-bound
GABAergic interneurons that postnatally express somatostatin-
and parvalbumin-immunoreactivity (Xu et al., 2004). Other sub-
populations arise from the lateral and caudal ganglionic emi-
nences (Anderson et al., 2001; Nery et al., 2002, 2003; Xu et al.,
2004; Butt et al., 2005). Although our study focused on migration
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Figure 5.  Exposure to ethanol in utero increases the number of MGE-derived cells in the
neocortex without altering the ratio in Bac-Lhx6 mice. A-D, Representative cryosections from
E14.5 Bac-Lhx6 embryos obtained from control (A7; n = 17) or ethanol-treated (A2; n = 23)
embryos. GFP -+ /MGE cells were counted within the cortical layers (B, €) and within 100-m-
wide cortical bins to reflect the distance from the CSJ (D) of cryosections obtained from control
(black bars) and ethanol-treated (gray bars) embryos. Ethanol exposure significantly increased
the number of GFP-immunopositive cells throughout the extent of the neocortex (B, D; Stu-
dent's t test; p << 0.01). However, the ratio of GFP-positive cells was not altered (C; Student's ¢
test; VZ-SVZ,p = 0.89; 1Z, p = 0.35; (P-MZ, p = 0.41). Data are expressed as mean == SEM.
Asterisks denote a significant difference from control.

from the MGE under conditions of in utero ethanol exposure, the
results also demonstrated a clear-cut increase in the number and
density of GABA-immunopositive cells in wild-type and GFP-
immunopositive cells in GAD67-GFP knock-in and BAC-Lhx6
transgenic mice. Thus, the ethanol-induced effect uncovered
here likely applies to cells of other extracortical origins destined
to become GABAergic cortical interneurons.

In utero ethanol exposure decreased cell proliferation in the
MGE, pushed MGE-derived cells toward differentiation, and in-
creased their rate of migration. These factors contribute to the
increase in GABAergic cells in the embryonic neocortex. In utero
ethanol exposure elevated ambient GABA and promoted func-
tional expression of GABA , receptors displaying a higher appar-
ent affinity for GABA. Because GABA is depolarizing at embry-
onic and early postnatal ages (Owens et al., 1996; Howard et al.,
2007), an enhanced GABA-induced depolarization would favor
suppressed cellular proliferation, enhanced differentiation, and
altered migration (Behar et al., 1994, 1996, 2000; LoTurco et al.,
1995; Cancedda et al., 2007).

The increase in the number and density of MGE-derived cells
in the embryonic neocortex after in utero ethanol exposure was
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not accompanied by abnormal cellular distribution or cortical
patterning. This suggests that ethanol exposure in utero does not
interfere with cues that regulate cortical lamination nor is it se-
lective in altering the development of subpopulations of
GABAergic cortical interneurons. In fact, earlier studies demon-
strated that normal cortical patterning prevails in the adult and
postnatal rat cortex exposed to ethanol in utero (Miller 1986,
1993). However, the same studies by Miller and colleagues re-
ported an overall loss of cortical neurons postnatally. A recent
report also indicated decreased number of GABAergic cells in the
adult guinea pig and rat cortices (Moore et al., 1998; Bailey et al.,
2004), an effect that could be attributed to ethanol inducing ap-
optosis (Bhave and Hoffman, 1997; Cartwright et al., 1998;
Cheema et al., 2000; Dikranian et al., 2005). The discrepant re-
sults could be reconciled by hypothesizing cell death occurring in the
immature cortex later than E14.5, including early postnatal ages, that
is exacerbated by gestational ethanol. If so, then an accelerated ush-
ering of supernumerary GABAergic interneurons into the cortical
anlage may lead to their premature demise, resulting in a net de-
crease when examined at postnatal ages. Alternatively, GABAergic
interneurons that are improperly integrated into the synaptic cir-
cuitry may be subject to death and elimination. These hypotheses
await experimental testing in future studies.

Ethanol exposure in utero enhances tangential migration by
invoking extrinsic and intrinsic GABAergic mechanisms

The results of the present study indicate that ethanol exposure in
utero influences tangential migration by (1) raising the ambient
level of GABA, which we defined as being an extrinsic factor, and
(2) altering the receptivity to GABA of migrating GABAergic
interneurons, which we considered to be intrinsic. Two lines of
evidence prompted us to test the hypothesis that ethanol interacts
in utero with the embryonic GABAergic system. First, GABAergic
transmission has long been implicated in ethanol action in the
brain (for review, see Hanchar et al., 2004; Paul, 2006; Mody et al.,
2007; Santhakumar etal., 2007); evidence is quite compelling that
ethanol targets presynaptic, postsynaptic, and extrasynaptic
GABAergic mechanisms to exert its effects that range from acute
intoxication to longer-term development of tolerance and de-
pendence (Aguayo, 1990; Nishio and Narahashi, 1990; Devaud et
al., 1995, 1997; Tatebayashi et al., 1998; Grobin et al., 2000a,b;
Roberto et al., 2003; Hayward et al., 2004). Second, GABA affects
avariety of tropic and trophic processes during development that
is seemingly unrelated to its role in mediating synaptic transmis-
sion and regulating neuronal excitability in the adult brain (for
review, see Ben-Ari, 2002; Owens and Kriegstein, 2002; Heng et
al., 2007); we and others have demonstrated that GABA, by way
of GABA, receptors, regulates migration of embryonic cortical
neurons, including that of GABAergic interneurons (Behar et al.,
1994, 1996, 2000; Cuzon et al., 2006).

Ethanol enhances tangential migration by elevating ambient
GABA in utero

In many brain regions examined to date, ambient levels of
GABA and/or glutamate have been demonstrated and impli-
cated in maintaining a baseline level of activity that regulates
neuronal excitability and circuit function (Ge et al., 2006;
Kirmse and Kirischuk, 2006; Herman and Jahr, 2007; LeMeur
et al., 2007). With specific regard to GABA, the prevailing
thought is that synaptic spillover results in the ambient extra-
cellular accumulation of GABA, which tonically activates
high-affinity, slowly desensitizing extra-synaptic GABA, re-
ceptor isoforms with cell-type specific pharmacological prop-
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synaptogenesis (Laurie et al., 1992;
Poulter et al., 1992, 1993; Fritschy et al.,
1994). For example, as development
progresses, the expression of the «l
subunit increases, and «l subunit-
containing GABA, receptor isoforms ex-
hibiting fast deactivation and desensiti-
zation kinetics become predominant at
mature synapses (Fritschy et al., 1994;
Gingrich et al., 1995; Bianchi et al,
2002). Activation of the GABA , receptor
itself has been implicated in accelerating
this progression (Poulter et al., 1997).

In the present study, the electrophysiolog-
ical data suggest that prenatal ethanol expo-
sure promoted the expression and/or activa-
tion of higher affinity GABA, receptors in
MGE-derived cells, and that this may con-
tribute to enhanced migration in utero. A ca-
veat here is that bicuculline did not com-
pletely arrest in utero ethanol-enhanced

C 0.8 B Control tangential migration. It is likely that activa-
0.7 " Ethanol tion of GABA,, receptors is not the only un-

0.6 derlying mechanism, considering the pleio-
005 * tropic effects of ethanol and the myriad
"g 0.4 regulators of cell cycle, migration, and cell
(1 Y type specification that ethanol may influence
0.2 in utero (for review, see Marin and Ruben-

0.1 stein, 2001; Guillemot, 2007; Nakajima,

' 2007). In any event, because subunit combi-
GFP 0n|y GFP + NeuN—' nations dictate GABA, receptor properties

Figure 6.

mean = SEM. Asterisks indicate a significant difference from control.

erties (Nusser and Mody, 2002; Fritschy and Brunig, 2003;
Caraiscos et al., 2004). In the rodent embryonic neocortex,
despite the fact that few, if any, functional GABAergic syn-
apses or synaptic specializations are present on the tangen-
tially migrating, immature GABAergic interneurons, ambient
GABA is present at submicromolar concentrations (~0.5 uM)
that tonically activate bicuculline-sensitive GABA, receptors
in MGE-derived cells and sustains tangential migration (Cu-
zon et al., 2006).

In the MGE and neocortex of embryos exposed to ethanol in
utero, the ambient level of GABA was elevated and reached mi-
cromolar range (~2.5 uM). A priori, an elevated ambient GABA
could become manifest as the result of enhanced GABA release
(Roberto et al., 2003; Hayward et al., 2004), increase in GABA-
releasing subpopulation of cells, or both. It is noteworthy that the
elevated ambient GABA tonically activated MGE-derived cells to
a greater extent, and that GABA in this concentration range en-
hanced tangential migration to the same degree as exposure to
2% ethanol in utero.

In utero ethanol exposure augments GABA responsiveness of
MGE-derived cells

The expression of GABA , receptor subunits is dynamic during
the developmental stages of migration, differentiation, and

Exposure to ethanol in utero increases the differentiation of MGE-derived cells in BAC-Lhx6 mice. A, B, Cryosections
of control (n = 8) and ethanol-treated embryos (n = 9) immunostained for NeuN (A7, BT) and GFP (42, B2). A3 and B3 are
overlays of control and ethanol-treated sections, respectively. Scale bar, 100 pem. Arrows are examples of double-labeled cells. €,
The ratio of GFP-immunopositive cells that were colabeled with NeuN was increased with ethanol treatment (control, 0.28 =
0.04; ethanol, 0.43 == 0.03; Student's t test, p << 0.05), whereas the ratio of cell GFP-immunopositive-only cells were decreased
with in utero ethanol exposure (control, 0.72 = 0.04; ethanol, 0.57 == 0.03; Student’s ¢ test, p << 0.05). Data are expressed as

(for review, see Verdoorn et al., 1990; Liid-
dens and Wisden, 1991; Rudolph et al,
2001), and because certain GABA, receptor
isoforms are selectively sensitive to ethanol
(for review, see Aguayo et al., 2002; Boehm et
al., 2004; Hanchar et al., 2004; Paul, 2006;
Lovinger and Homanics, 2007; Santhakumar
et al., 2007), it would be important to deter-
mine which GABA, receptors subunits are
differentially expressed with prenatal ethanol exposure. Profiling of
GABA, receptor subunit mRNAs («1-5, B1-3, y1-3, 8) in E14.5
brains of control and ethanol-exposed embryos suggests differential
expression of GABA, receptor subunit cadres in both MGE and
neocortex (our unpublished data). This preliminary finding is being
extended in ongoing studies to analyze differential expression of
GABA , receptors specifically in MGE-derived cells with and without
ethanol exposure.
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Both cell-intrinsic and -extrinsic factors contribute to the effect of increased tangential migration of MGE-derived
cells seen after exposure to ethanol in utero. A, Table depicting the heterotypic slice cocultures obtained from GFP B-actin
embryos used in this experiment. B, Crossing indices of slice cocultures obtained from control, ethanol, and mixed cocultures.
Data are expressed as mean == SEM. Asterisks indicate a significant difference (ANOVA, p << 0.05).
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The GABAergic system contributes extrinsic mechanisms that are altered with ethanol exposure in utero. Crossing
index of isotypic slice cocultures obtained from GFP B-actin embryos demonstrates that blocking the GABA, receptor with
bicuculline (Bicu) or sequestering ambient GABA with a GABA-specific antibody blocks the effect of ethanol. Addition of 2
GABA, similar to the ambient level of GABA observed in ethanol-exposed embryos increases the crossing index to levels that are
indistinguishable from that of ethanol-treated slice cocultures. Data are expressed as mean == SEM. Asterisks denote a significant
difference (***different from control, ethanol + Bicu, ethanol + GABA; **different from control and ethanol + Bicu only;
ANOVA and Holm-Sidak Method, p << 0.05). EtOH, Ethanol.
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Figure 9.  Prenatal ethanol exposure increases ambient GABA. A-D, Application of 20 wm bicuculline (Bicu) to GFP+/MGE 580:373-383.

cells recorded from the MGE (4, €) and the IZ (B, D) of control and in utero ethanol-exposed acute BAC-Lhx6 slices, respectively. E,
Mean bicuculline-induced outward current from cells recorded from the neocortex (cortex; 14.87 == 2.02 pA; n = 16) of control
and the MGE (n = 22) and neocortex (n = 21) of in utero ethanol-exposed slices (MGE, 31.55 == 4.5 pA; neocortex, 35.70 = 2.35
pA; ANOVA, *p << 0.05). F, Example of a GABA concentration—response curve (black circles and regression line) obtained from a
GFP-+/MGE cell in the neocortex of an in utero ethanol-exposed slice and the bicuculline-induced current (gray circle) used to
calculate the concentration of ambient GABA. G, Calculations based on bicuculline-induced outward current recorded from cellsin
the cortex of control (0.43 = 0.11 um) and the MGE (2.47 = 0.24 um) and neocortex (2.73 == 0.57 um) of in utero ethanol-
exposed slices reveal a significant difference in ambient GABA concentration (ANOVA, *p << 0.01).
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Figure 10.  GFP+/MGE cells recorded in slices obtained from BAC-Lhx6 in utero ethanol-

exposed embryos are more sensitive to GABA than those recorded within control slices. A-D,
Responses to application of 100 v GABA to GFP + /MGE cells recorded from the MGE (4, B) and
neocortex (C, D) of control and in utero ethanol exposed acute BAC-Lhx6 slices, respectively. E,
Average response of GFP+/MGE cells recorded within the MGE and the IZ of the neocortex in
slices from control and in utero ethanol-exposed E14.5 embryos (control MGE, 25.25 == 4.16 pA;
control cortex, 148.85 == 19.66 pA; ethanol MGE, 156.20 == 10.72 pA; ethanol cortex, 138.06 ==
12.64 pA; ANOVA, p << 0.001). Data are expressed as mean amplitude == SEM. Asterisks denote
asignificant difference from control MGE ( p << 0.001). F, GABA concentration—response curves
for GFP+/MGE cells recorded in the MGE and IZ of the neocortex of acute slices obtained from
control and in utero ethanol-treated E14.5 BAC-Lhx6 embryos normalized to the max amplitude
of cells recorded in the MGE of control slices.
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