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Abstract

Fetal alcohol syndrome includes brain damage from aberrant synaptogenesis, altered cell—cell signaling and blunted plasticity in
surviving neurons. Distortion of neurotrophic GABA signals by ethanol-mediated allosteric modulation of GABA receptor (GABA R)
activity during brain maturation may play a role. In this regard, early postnatal binge-like ethanol treatment on postnatal days (PDs) 4-9
acutely inhibits whole cell GABA R CI current and subsequently blunts GABA R function in medial septum/diagonal band (MS/DB)
neurons and cerebellar Purkinje celBef. Brain Res. 130 (2001) 25-40Brain Res. 810 (1998) 100-113Brain Res. 832 (1999)
124-135]. In light of these functional changes, we hypothesized that ethanol treatment also would decrease levels of proteins important
for assembly of GABAergic synapses in maturing brain. To test this relationship, binge-like ethanol intubation was administered to rat
pups on PDs 4-9 producing peak blood ethanol concentrations in the range of-8(5g/dl. GABAergic synaptic proteins were
measured in brain tissue on PDs 13-14 when GABA R currents in individual MS/DB neurons are reduced, but those of cerebellar
Purkinje neurons are not yet alterebéey. Brain Res. 130 (2001) 25-40Brain Res. 810 (1998) 100—113Brain Res. 832 (1999)
124-135]. Surprisingly, ethanol did not decrease protein levels of GABALFB2 subunits, GALR, or gephyrin in MS/DB at this time
when whole cell recordings indicate GABA R function is impaired in acutely dissociated individual neurons. However, in cerebellum
where ethanol treated Purkinje cell GABA R function remains normal on PDs 1Br&th[Res. 832 (1999) 124—-135], reduced levels of
several GABAergic synaptic proteins including: GAD , GABA & subunit, CIC-2 a voltage-gated Cl channel, synaptotagmin a
synaptic vesicle protein, and N-cadherin, a synapse associated cell adhesion molecule, were found. These results indicate that binge-like
ethanol exposure differentially decreases GABAergic synaptic proteins in some brain areas in a pattern that does not parallel reductions in
GABA R function of individual neurons that survive this ethanol insult.
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Theme: Neural basis of behaviour

Topic: Drugs of abuse: alcohol, barbiturates, and benzodiazepines

Keywords: Fetal alcohol syndrome; Western blot; Adhesion molecule; GABA receptor subunit; Development

1. Introduction (ARND) [51]. Many indices of brain injury including
cognitive impairment and motor incoordination observed
The fetal alcohol syndrome (FAS) results from ethanol in humans are convincingly modeled in animals [7,16,61].
consumption during pregnancy and is a leading cause of This work suggests that neurons surviving the initial
birth defects including brain damage and dysfunction ethanol insult may exhibit lasting impairment in the form
known as ‘alcohol-related neurodevelopmental disorder’ of aberrant connectivity, altered cell-cell signaling and
blunted plasticity [7,24,61]. The molecular mechanism(s)
*Corresponding author. Tel.#1-979-845-2888; fax:+1-979-845- by which ethanol distorts neurongl development are not
0699. well understood, but one target is the GABA receptor
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GABA in adult brain and are positively modulated by 2. Materials and methods

many central nervous system (CNS) depressants including

ethanol [5,54]. In immature brain, activation of GABA Rs 2.1. Experimental animals and postnatal alcohol

depolarizes cells and can increase intracellular’'Ca
through voltage-sensitive channels, to influence neuronal
differentiation, migration, neurite formation and synap-
togenesis [4,10,33]. GABA acting primarily through
GABA Rs increases neurite growth and synaptogenesis as
well as the expression of GABA Rs in cultured cerebellar
granule cells [9]. Synaptogenesis in the CNS is paralleled
by a transition from GABA R excitation to inhibition as
differential expression of Cl channels and transporters
causes a hyperpolarizing shift of the Cl reversal potential
[13,20,50,57]. GABA R subunit expression also shifts as
receptors increasingly becoming synaptic transducers
[19,37]. Ethanol modulation of excitatory GABA Rs
during development could inhibit trophic influences of
GABA and disrupt neuronal circuit formation. Consistent
with this view are several recent reports which indicate
that perinatal ethanol exposure can modify GABA R level
and function in developing brain with long-lasting conse-
guences [1-3,26—28,31].

In this regard, ethanol has been shown to directly inhibit
early postnatal GABA Rs on medial septum/diagonal

treatment

Timed-pregnant Sprague—Dawley rats (Harlan) were
maintained under standard conditions (Z22—28/12 h

light/dark cycle; ad lib standard rat chow and water). All
care and handling was in accord with policies of Texas

A&M University Laboratory Animal Care Committee.

Early postnatal binge-like ethanol treatment was adminis-

tered to rat pups as previously reported [26]. Two days
after birth (PD 2) litters were culled to eight pups. Over
PDs 4-9 one half of the pups (ethanol) were administered
ethanol-containing milk [62] in two doses 2 h apart via

manual oral-gastric intubation (totakdb®8eg/kg/day at

11.0%, v/v, ethanol). This group also received a third
feeding of milk ‘alone’ 2 h later. Blood ethanol con-
centrations (BECs) were measured on PD 6, 90 min after
the second ethanol dose. The other half of the pups
(control) were intubated three times without milk and had

tail blood samples taken on the same schedule as ethanol

animals to control for stress.

band (MS/DB) and cerebellar Purkinje neurons [27,28], an 2.2. Protein measurements

action which could blunt GABAergic trophic actions.
Repeated binge-like ethanol exposure of rat pups modeling
human third trimester FAS [61] delays subsequent up-
regulation of GABA, R chloride currents in these neurons
[26—28]. The present study tested the hypothesis that
functional reductions in GABA R currents measured in
individual CNS neurons would predict a decrease in
proteins involved in GABAergic synapse formation after
postnatal ethanol exposure. To test this idea, levels of the
al andB2 GABA,R subunit were measured, since these
peptides along with thg2 subunit are thought to form a
majority of GABA, Rs across the maturing CNS including
those on MS/DB and Purkinje neurons [19,37,41,63].
Gephyrin, a tubulin binding protein, also was studied since

Western blot analysis was carried out using a standard
protocol as previously reported [23] with minor modi-
fications. In general, each experiment compared pooled
brain tissue from a litter of four ethanol and four control
pups and was independently replicated 4-9 times. Brain
regions including MS/DB, cerebellum, cerebral cortex,
hippocampus and brain stem were dissected on ice and
each region was pooled by treatment. A crude membrane
preparation was prepared in lysis buffer [1% sodium

dodecyl sulfate (SDS) with protease and phosphatase

inhibitors] and |29 of protein was separated on 10—
12.5% (w/v) SDS polyacrylamide mini-gels (Bio-Rad)
with the exception of CIC-2 and ChAT which required 40

it participates in anchoring postsynaptic strychnine-sensi- ng. Proteins were transferred to nitrocellulose membranes

tive glycine and GABA Rs [17,36], while CIC-2, a
voltage-gated Cl channel, was included because it is
highly expressed in MS/DB and Purkinje neurons and
plays a role in regulating Cl gradients involved in
GABA,R excitatory responses [55]. Finally, synaptotag-
min, the synaptic vesicle SNARE complex protein [18],
N-cadherin, a transmembrane cell adhesion molecule pres-
ent during synapse formation [11,29] awnd/B-catenins
which bind intracellularly to N-cadherin [11,60,64], were
examined as general markers of synaptic development. The
results indicate that postnatal day (PD) 4-9 binge-like
ethanol exposure differentially decreases GABAergic
synaptic proteins across brain regions on PDs 13-14.
These changes likely reflect significant cell damage and
neuronal loss in a particular brain area rather than impaired
GABA,R function in individual neurons that survive the
ethanol insult.

duction Lab., mAb, 1:2,000), GAP

(Hybond ECL, Amersham Pharmacia) and blocked over-

night with 5% non-fat dry milk solution. Primary anti-
bodies for GABAxR subunit (Santa Cruz, pAb,
1:1,000), GABA B subunit (Santa Cruz, pAb,
1:2,000), gephyrin (Transduction Lab., mAb, 1:250), N-
cadherin (Transduction Lab., mAb, 1:104308jenin
(Transduction Lab., mAb, 1:500), synaptotagmin (Trans-
(Transduction Lab.,
mAb, 1:250), CIC-2 (Chemicon, pAb, 1:400), ChAT
(Chemicon, pAb, 1:1000) were incubated with membranes
at@2or 3 h. Membranes were washed and incubated
with secondary antibodies conjugated to horseradish per-
oxidase (Sigma, anti-goat 1g@, fd2, ChAT; anti-
mouse 1IgG for gephyrin, N-cadhegtenin, synap-
totagmincGAD ; anti-rabbit 19G for CIC-ZGatdt2L
h. Proteins were detected by enhanced chemiluminescence.

Scans were analyzed for density using one-dimensional
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(1-D) software (Un-Scan-it 5.1, Silk Scientific) and in-
cluded a step wedge (Stouffer) to insure linearity.

2.3. Satistics

179

changes in protein for receptor subunits or the GABA
synthetic enzyme, GAD

The relationship between whole cell GABA R function
and subunit level also was examined in cerebellum. Early

postnatal ethanol treatment on PDs 4-9 causes well

Protein levels and pup body weights were analyzed
using either a one sample or independent Studdriest
(GraphPad Prism 3), respectively. The number of in-

dependent experiments (control vs. ethanol) is denoted as

‘n’. Values are reported as the mea®.E.M. of the optical
density normalized to the appropriate control for each
independent experiment. Statistical significance was de-
fined asP<0.05 for a two-tailed test.

documented loss of cerebellar Purkinje cells by PD 10

[21,40,59]. However, GABA R function on surviving

Purkinje neurons is not significantly blunted on PDs 12—
16, although receptor activity is retidedy PDs

25-35 [28]. Fig. 2A shows immunoblots for proteins likely

involved in formation of GABAergic synapses. PD 13-14
cerebellum had a significantly reduced level of GABA R

ol subunit ¢16%) after postnatal ethanol exposure, but

B2 subunit was unchanged (Fig. 2B). A 33% reduction in

PD 13-14 cerebellar GAD
with the known loss of GABAergic cerebellar Purkinje

3. Resaults

level (Fig. 2B) was consistent

cells at this time [21,40]. Other markers associated with

3.1. Postnatal ethanol exposure

formation of GABAergic synapses also were examined and

similarly exhibited ethanol-induced reductions. CIC-2, a

The mean BEC 90 min after ethanol intubation on PD 6
was 302.56.3 mg/dl across the litters used in these
experiments. This value is within the range of previous
studies where binge-like ethanol treatment was adminis-
tered to rat pups using either manual intubation or auto-
mated infusion methods (BE€299+5 to 342+5 mg/dl
[26—-28]). The mean body weight for pups during the PD
4-9 intubation period more than doubled (controls: PD
4=10.3+0.1 g, PD 16-23.3+0.3 g; ethanol: PD 4
10.5+0.1 g, PD 16-21.3+0.2 g), although the gain for
controls was slightly larger than for ethanol anima®s<(
0.05).

voltage-gated Cl channel which participates in regulation
of depolarizing ClI based signaling [55] was decreased
32% in PD 13-14 cerebellum (Fig. 2B). The synaptic
vesicle protein, synaptotagmin [18], was reduced 27% by
ethanol, while the adhesion molecule, N-cadherin which is

associated with forming synapses and synaptic plasticity

[11,29] was reduced by 11%. Finally, the intracellular
anchoring/signaling partners of N-cadheatenin and

B-catenin [11,60,64], were differentially affected by etha-
nol with-catenin being reduced by 21% (Fig. 2B), but
B-catenin showing no change (data not shown). Thus early
postnatal ethanol treatment significantly reduced several

GABAergic pre- and postsynaptic markers in the cere-

3.2. Effects on proteins associated with GABAergic
synapses

bellum on PDs 13-14, although whole cell GABA R
function on surviving Purkinje neurons was not blunted at

this time [28].

Previously we found ethanol treatment on PDs 4-9
caused a significant reduction in whole cell currents when
300 M GABA, a concentration near the maximum, was
applied to acutely isolated MS/DB neurons on PDs 11-16
several days after ethanol treatment [26,27]. This reduced
level of current suggested that fewer functional GABA Rs
were present on the cell surface of ethanol treated neurons.
Fig. 1A shows immunoblots for GABA Rxl and B2

Additional measurements of GABA/#2 subunits,
GAD , gephyrin, CIC-2, synaptotagmin, N-cadherin,
catenin g@ndatenin were also made in brain stem,
hippocampus, cerebral cortex, as well as MS/DB, to
determine whether other brain areas showed the same
pattern of change as was found for the cerebellum. The
only other ethanol-induced changes found (see Fig. 3) were

a reduction of CIC-2 in the cerebral cortex By87%

subunit protein in samples of MS/DB tissue collected on P<(.05) and a reduction in GA[) arnw-catenin in brain

PDs 13-14, a time when receptor function is reduced in
individual neurons. Although there was a trend towards
lower levels of 32 subunit, neither subunit was signifi-

cantly reduced in MS/DB samples (Fig. 1B). Levels of
GADg, and ChAT were also measured (Fig. 1A), since
GABAergic and cholinergic neurons represent a significant
proportion of cells in MS/DB that may be impaired after

perinatal ethanol exposure [30,32,43-45,58]. However,
neither GAD,,
treatment (Fig. 1B) suggesting that a significant loss of
these cells is unlikely. Thus in the MS/DB the previously
observed significant reduction in GABA R function at the
cellular level [26,27] was not paralleled by equivalent

stem 3%y and ~25%, respectively R<0.05). Surpris-
ingly, no changes were found in gephyrin,, GARA R
subunit protein, orBitatenin in any of the five brain
areas tested on PDs 13-14. Overall, these findings suggest
a relatively selective action of ethanol to reduce GABAer-
gic synaptic proteins in the cerebellum on PDs 13-14.

nor ChAT was reduced after ethanol 4. Discussion

The primary finding of this report is that blunted cellular
level GABA R function after an early postnatal ethanol
insult [26—28] is not paralleled by tissue level decreases in



180

MS/DB

A

ol
c E

T S —
ChAT

G E

70kp — S S

o

1.25 -

MS/DB

S-H. Hsiao et al. / Developmental Brain Research 138 (2002) 177-185

B2
C E
- o
GAD,,
C E

Normalized
Optical Density
5 2 3 8

0.00
al

B2

ChAT GAD,,

Fig. 1. Postnatal ethanol does not reduce GABA R subuditof 32), GAD,, or ChAT levels in MS/DB. (A) Representative immunoblots are shown for
MS/DB samples prepared from PD 13-14 animals after control (C) or ethanol (E) treatment on PDs 4-9. (B) Data resulting from quantitation of
immunoblots are summarized as optical density normalized to values of the control. Control and ethanol blots were run simultaneously for each of 5-9
experiments as described in Materials and methods. No significant changes were detected.

proteins associated with GABAergic synapses on PDs
13-14. The assumption had been that ethanol arrests
developmentally programmed up-regulation of GABA Rs
during synaptogenesis. Whole cell GABA R-mediated Cl
current and receptor subunit polypeptides were expected to
show parallel decreases after ethanol relative to controls,
because controls would continue their progressive increase
with ongoing synaptogenesis. However, blunted receptor
function in MS/DB neurons was not paralleled by de-
creases in GABA R subunits or synapse-related peptides.
In fact, the opposite condition was observed in cerebellum.
GABA,R function is unchanged in Purkinje cells on PDs
13-14 after ethanol [28], while six of the GABAergic
synapse-related peptides were significantly decreased at
this time. Reduced levels of GABA R1 subunit, GALR, ,
CIC-2, synaptotagmin, N-cadherin amdcatenin in cere-
bellum (Fig. 2) likely reflect the substantial cell damage

occurring there which includes a le20-50% of
Purkinje cells on PD 10 after early postnatal ethanol
treatment [21,40]. On the other hand, the MS/DB probably
does not suffer major cell loss after moderate early
postnatal ethanol exposure. Moderate ethanol exposure or
PDs 4-9 producing peak BE830afg/dl does not
decrease the number of MS/DB cholinergic or GABAergic
neurons [32,43,44], or altgr GAD or ChAT peptide levels
(Fig. 1). However, more severe ethanol treatment (peak
BEC-560 mg/dl on PD 7) can cause substantial
neuronal degeneration in septum on PD 8 [30], as can
exposure very early in gestation [52]. Thus the primary

conclusion from the present work is that changes in

GABA R subunit or synapse-related peptides found here

in the cerebellum likely reflects significant neuronal loss
rather than a selective functional arrest of programmed

GABAergic synaptogenesis.
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Fig. 2. Postnatal ethanol reduces GABA R subunit, GAR, ,

CIC-2, synaptotagmin (synapto), N-cadherin (N-cad) exadtenin &-cat) levels in

cerebellum. (A) Representative immunoblots are shown for cerebellar samples prepared from PD 13-14 animals after control (C) or ethanoh{E) treatme
on PDs 4-9. (B) Data resulting from quantitation of immunoblots are summarized as optical density normalized to values of the control. Control and
ethanol blots were run simultaneously for each of 5-9 experiments as described in Materials and methods. GABAbRNIit 32) did not change.

* P<0.05 for ethanol compared to control.

Why GABAergic synaptic peptide markers do not
change in MS/DB when GABA R currents are blunted by
postnatal ethanol in individual MS/DB neurons [26,27] is
not immediately clear. A similar lack of parallel change in
GABA,R peptides and function was found in the
amygdala after chronic ethanol treatment in adult animals
where increased GABA R-mediated® Tl uptake in
synaptoneurosomes was associated with decresabezhd
ad subunit peptide levels [47]. However, GABA R
subunit level and function were correlated after gestational
ethanol exposure in guinea pig, where increases were
found in a1l and B2 subunits as well a§ H-muscimol
binding sites in cerebral cortex of adult offspring [3]. One
reason receptor function in neurons and subunit levels in
tissue may not correlate is the relative insensitivity of
immunoblots which average peptide levels from all cells

within a brain area which potentially diminishes neuronal
level changes. In this regard, subtle changes in receptor
peptides in neurons may be masked because glial cells also
express a significant population of functional GABA Rs
[8,12]. Glia also may be up-regulated by postnatal ethanol
treatment related tissue injury [22] which could further
mask a decrease in neuronal receptor subunits. It is also

possible that receptor subunits in MS/DB neurons are

differentially regulated such that total GABA R number
and function decrease without changing levelsg#.
Although, the predominant composition of GABA Rs in

MS/DB neurons is thought to switch during synap-
togenesis fs@1332y2 at birth toalp2y2 in the adult
[37,63], relatively abundant messagkl/ 68, p2/3

anid?2 is present in adult MS/DB [15]. A reduction in
other subunits besidaad2 could be responsible for
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Fig. 3. Postnatal ethanol reduces GAD andderatenin &-cat) levels in brain stem and cerebral cortex. (A) Representative immunoblots are shown for
brain stem or cerebral cortical samples prepared from PD 13-14 animals after control (C) or ethanol (E) treatment on PDs 4-9. (B) Data resulting from
quantitation of immunoblots are summarized as optical density normalized to values of the control. Control and ethanol blots were run simdtianeousl
each of 4—6 experiments as described in Materials and methdels:0t05 for ethanol compared to control.

blunted whole cell GABA R currents. Altered receptor
trafficking also might explain the mismatch between
function and peptide level. An increased fraction of
GABA,Rs might be retained in an internalized pool after
postnatal ethanol so that they would not participate func-

cerebellum, supporting both loss of neurons and fewer
synaptic interconnections among remaining cells, it is
surprising that whole cell GABA R-currents in surviving
Purkinje cells are not decreased [28]. Equally surprising is
that other markers were not decreased. Neithgr GABA R

tionally but still contribute to peptide measures. Recycling B2 subunit nor gephyrin, a tubulin-binding protein im-

of receptors between the plasma membrane surface and an

endosomal pool via a clathrin-dependent endocytotic path-
way likely plays an important role in regulating functional
receptor populations [14,34,35]. Removal of surface re-
ceptors to endosomes would blunt whole cell GABA
current without altering subunit peptide levels. Alternative-
ly, ethanol-induced differences in the phosphorylation state
of GABA ,Rs could also modify their recycling or function
without changing subunit protein levels [39,46,48].

Since postnatal ethanol reduces multiple GABAergic
synaptic peptides such as GABA &1 subunit, synap-
totagmin, GAL,, CIC-2, N-cadherin ang-catenin in the

portant for clustering of somg GABA Rs at the postsynap-
tic density [17,36], were decreased by ethanol in any of the
five brain areas studied. However, a lack of GABAergic
input to isolated cultured hippocampal pyramidal or spinal
cord neurons does not prevent formation of gephyrin-
GABA R clusters [38,49], suggesting that membrane
clustering of GABA Rs may occur without feedback from
activation of cell surface GABA Rs. The lack of change in
cerebellar GABARsubunit and gephyrin also might
reflect increased glial contributions as damage associated
with Purkinje cells loss is repaired. Ethanol did reduce
CIC-2 expression both in cerebral cortex and cerebellum.
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