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Abstract. Ethanol-induced cerebellar hypoplasia is asso-
ciated with inhibition of insulin-stimulated survival sig-
naling. The present work explores the mechanisms of im-
paired insulin signaling in a rat model of fetal alcohol
syndrome. Real-time quantitative RT-PCR demonstrated
reduced expression of the insulin gene in cerebella of
ethanol-exposed pups. Although receptor expression was
unaffected, insulin and insulin-like growth factor (IGF-I)
receptor tyrosine kinase (RTK) activities were reduced by
ethanol exposure, and these abnormalities were associ-
ated with increased PTP1b activity. In addition, glucose

transporter molecule expression and steady-state levels
of ATP were reduced in ethanol-exposed cerebellar tis-
sue. Cultured cerebellar granule neurons from ethanol-
exposed pups had reduced expression of genes encoding
insulin, IGF-II, and the IGF-I and IGF-II receptors, and
impaired insulin- and IGF-I-stimulated glucose uptake
and ATP production. The results demonstrate that ethanol
inhibits insulin-mediated actions in the developing brain
by reducing local insulin production and insulin RTK ac-
tivation, leading to inhibition of glucose transport and
ATP production.
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Ethanol exposure during development is one of the lead-
ing causes of mental retardation in Europe and North
America. Heavy gestational exposure to ethanol can
cause fetal alcohol syndrome (FAS), which encompasses
a broad array of neurological and systemic lesions in-
cluding central nervous system (CNS) malformations
such as microencephaly, reduced cerebral white matter
volume, ventriculomegaly, cerebellar hypoplasia, and
disorders of neuronal migration [1]. Experimental mod-
els of FAS have demonstrated that the accompanying
CNS abnormalities are associated with impaired neu-
ronal survival, growth, synaptogenesis, maturation, neu-
rotransmitter function, and intracellular adhesion [2-7].
However, even shorter durations and lower levels of
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ethanol exposure can be neurotoxic during development
and substantially reduce the populations of CNS neurons
[2].

Previous experiments demonstrated that neuronal loss
following ethanol exposure was mediated by apoptosis
[8-10] or mitochondrial dysfunction [10—-13], and subse-
quent studies correlated these adverse effects of ethanol
with inhibition of growth-factor-stimulated survival sig-
naling [9-12]. In the developing CNS, insulin and in-
sulin-like growth factor type 1 (IGF-1) receptors are
abundantly expressed [14-16], and the corresponding
growth-factor-stimulated responses are critical mediators
of neuronal growth, viability, energy metabolism, and
synapse formation. Since insulin and IGF-1 signaling
pathways are important targets of ethanol toxicity in the
immature nervous system [9, 10, 17, 18], neuronal loss
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associated with microencephaly in ethanol-exposed fe-
tuses may be caused by ethanol inhibition of insulin/IGF-
1-stimulated survival mechanisms.

The stimulatory effects of insulin and IGF-1 are mediated
through complex pathways, beginning with ligand bind-
ing and activation of intrinsic receptor tyrosine kinases
(RTKs) [19, 20], which phosphorylate specific cytosolic
molecules, including two of their major substrates, the in-
sulin receptor substrate types 1 (IRS-1) and 2 (IRS-2)
[21, 22]. Tyrosyl-phosphorylated IRS-1 (PY-IRS-1)
transmits intracellular signals that mediate growth, meta-
bolic functions, and viability by interacting with down-
stream src homology 2 (SH2)-containing molecules
through specific motifs located in the C-terminal region
of IRS-1 [21, 22]. The 7Y VNI motif of IRS-1 binds to
the growth-factor-receptor-bound protein 2 (Grb2)
adapter molecule [23, 24]. The '"8°YIDL motif binds to
Syp protein tyrosine phosphatase, and the 613YMPM
and *?YMKM motifs bind to the p85 subunit of phos-
phatidylinositol-3 kinase (PI3 kinase) [25]. Binding of
PY-IRS-1 to p85 stimulates glucose transport [26] and in-
hibits apoptosis by activating Akt/protein kinase B [27,
28] or inhibiting glycogen synthase kinase-3 (GSK-3)
[29]. Akt kinase inhibits apoptosis by phosphorylating
GSK-33[29, 30] and BAD [31], rendering them inactive.
Low levels of Akt kinase and high levels of GSK-3p ac-
tivity or activated BAD are associated with increased
neuronal death [32-34]. BAD inactivates anti-apoptotic
Bcl family proteins, rendering the mitochondrial mem-
brane more susceptible to pro-apoptotic molecules that
promote membrane permeabilization, cytochrome c re-
lease, and caspase activation [35]. Perturbations in mito-
chondrial membrane permeability increase cellular free
radicals that cause mitochondrial DNA damage, mito-
chondrial dysfunction, and pro-apoptosis cascade activa-
tion [36, 37].

Our previous studies showed that ethanol profoundly in-
hibits insulin-stimulated survival and mitochondrial
function in cultured neuronal cells [10, 11], and that
chronic gestational exposure to ethanol inhibits insulin-
stimulated tyrosine phosphorylation of the insulin recep-
tor and IRS-1, as well as downstream signaling through
PI3 kinase and Akt [38, 39]. Impaired insulin-stimulated
neuronal survival was found to be associated with in-
creased levels and function of phosphatase and tensin ho-
molog deleted in chromosome 10 (PTEN) [38, 39], which
dephosphorylates and negatively regulates PI3 kinase
function [40], The present work extends our previous in-
vestigations by examining: (i) CNS growth factor pro-
duction; (ii) insulin and IGF-1 RTK activities; (iii) the ac-
tivity and expression of protein tyrosine phosphatases
that negatively regulate insulin and IGF-1 receptor tyro-
sine phosphorylation; (iv) glucose transporter gene ex-
pression, and (v) growth-factor-stimulated glucose up-
take and ATP production. The objective was to character-
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ize potential targets of ethanol neurotoxicity that are
likely to contribute to the impaired insulin-stimulated
neuronal viability in the developing brain.

Materials and methods

In vivo model of chronic ethanol exposure

Pregnant Long-Evans rats were fed an ethanol-containing
(35.4% of the caloric content) or isocaloric control liquid
diet (BioServ, Frenchtown, N. J.) beginning on gestation
day 6 and continuing throughout pregnancy. Using this
protocol, the serum ethanol concentrations in the dams
ranged from 35 to 45 mM, which is comparable to the
levels observed in human alcoholics [41]. Rats were mon-
itored daily to ensure equivalent caloric consumption and
maintenance of body weight. Typically, in the ethanol-fed
group, the litter sizes were reduced by 20%, and pup
mean body weight was reduced by 10—15%. Studies were
conducted with cerebella harvested at birth to evaluate
the effects of ethanol in the early postnatal period and
prior to the occurrence of any major compensatory de-
velopmental responses. Cerebellar tissue was studied be-
cause it represents a major in vivo target of ethanol neu-
rotoxicity [2, 42]. Fresh cerebellar tissue was snap frozen
in a dry ice-methanol bath and then stored at —80°C for
use in mRNA and protein studies, and assays of kinase or
phosphatase activity.

Real-time quantitative RT-PCR assays

For the real-time quantitative RT-PCR studies, total RNA
was isolated from cerebellar tissue homogenized in TRI-
zol reagent (Invitrogen, Carlsbad, Calif.) according to the
manufacturers protocol. Prior to use, RNA samples were
examined by agarose gel electrophoresis to demonstrate
clear bands corresponding to ribosomal RNA and ab-
sence of degradation. Samples containing 2 pg RNA
were reverse transcribed using the AMV First Strand
cDNA synthesis kit (Roche, Basel, Switzerland) and ran-
dom oligodeoxynucleotide primers. Highly conserved re-
gions of 18S ribosomal RNA and specific mRNAs corre-
sponding to genes of interest were isolated from rat cere-
bellar tissue by RT-PCR. The complementary (c) DNAs
were cloned into the PCRII vector (Invitrogen, Carlsbad,
Calif.) and used to generate standard curves for deter-
mining transcript abundance (see below). Clone authen-
ticity was demonstrated by DNA sequencing. Control
studies included real-time quantitative PCR analysis of:
(i) template-free reactions; (ii) RNA that had not been re-
verse transcribed; (iii) RNA samples that were pre-treated
with DNAse I; (iv) samples treated with RNAse A prior
to the reverse transcriptase reaction, and (v) genomic
DNA.

PCR amplifications were performed using 25-pl reaction
volumes containing 20 ng of RT product, 0.4 M each of
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Table 1. Primer pairs sequences for real-time quantitative RT-PCR
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Primer Sequence (5" — 3) Position Amplicon
(mRNA) size (bp)

18S For GGA CAC GGA CAG GAT TGA CA 1278 50
Rev ACC CAC GGA ATC GAG AAA GA 1327

Insulin For TTC TAC ACA CCC AAG TCC CGT C 145 135
Rev ATC CAC AAT GCC ACG CTT CTG C 279

Insulin receptor For TGA CAA TGA GGA ATG TGG GGA C 875 129
Rev GGG CAA ACT TTC TGA CAA TGA CTG 1003

IGF-1 For GAC CAA GGG GCT TTT ACT TCA AC 65 127
Rev TTT GTA GGC TTC AGC GGA GCA C 191

IGF-I Receptor For GAA GTC TGC GGT GGT GAT AAA GG 2138 113
Rev TCT GGG CAC AAA GAT GGA GTT G 2250

IGF-II For CCA AGA AGA AAG GAA GGG GAC C 763 95
Rev GGC GGC TAT TGT TGT TCA CAG C 857

IGF-II receptor For TTG CTA TTG ACC TTA GTC CCT TGG 1066 91
Rev AGA GTG AGA CCT TTG TGT CCC CAC 1156

IRS-1 For GAT ACC GAT GGC TTC TCA GAC G 604 134
Rev TCG TTC TCA TAA TAC TCC AGG CG 737

IRS-2 For CAA CAT TGA CTT TGG TGA AGG GG 255 109
Rev TGA AGC AGG ACT ACT GGC TGA GAG 363

IRS-4 For ACC TGA AGA TAA GGG GTC GTCTGC 2409 132
Rev TGT GTG GGG TTT AGT GGT CTG G 2540

GLUT-1 For CGC TTC CTG CTC ATC AAT CG 842 115
Rev GCC GAC CCT CTT CTTTCATCT C 956

GLUT=2 For TGT TTT GGG TGT TCC TCT GGA TG 240 100
Rev TGG TGT CGT ATG TGC TGG TGT G 339

GLUT-3 For AAG AGC GGT TGG AAG ACCTAC C 224 126
Rev CAA AGC GGT TGA CAA AGA GTC C 349

GLUT-4 For TTG GGT TTG GAG TCT ATG CTG G 753 109
Rev TCT CAG GAC AGA AGG GCAACAG 861

PTP-S For CAG AGG CTA AAT GAA ACT GAA CGG 1060 183
Rev CAA CTT GTG AGG CAA TCT ACA GGG 1242

PTP-1 For CAA CCG AGG AGG AAC AAA AGG 1297 129
Rev CAG TCT GTC AGT GAA AAC ATA CCC G 1425

PP1 For CGG CGA GTT TGA CAATGC TG 1080 257
Rev TGG CTG GAT GGT TTT ACA GTG C 1336

PP2A For CAG TAA AGG GAC CAT TCG CTT ATG 1022 106
Rev AAA AAA CGA CCT GTT GCT GGG 1127

IGF-I, insulin-like growth factor type I; IGF-II, insulin-like growth factor type II; IRS, insulin receptor substrate; GLUT, glucose trans-
porter; PTP-S, protein tyrosine phosphatase, non-receptor type 2; PTP-1, protein tyrosine phosphatase, non-receptor type 1; PP1, protein

phosphatase 1; PP2, protein phosphatase 2.

the forward and reverse primers (table 1), and SYBR
Green | PCR reagent (Qiagen, Valencia, Calif.). The am-
plified signals were detected continuously with the Bio-
Rad iCycler and the iQ Multi-Color Real Time PCR De-
tection System (Hercules, Calif.). The following real-
time PCR amplification protocol was used: (i) initial
denaturation at 95°C for 10 min; (ii) a 3-segment ampli-
fication and quantification program consisting of 40 cy-
cles of 95°C for 155, 55-65°C for 45 s, and 72°C for
30s; and (iii) a sustained cooling step down to 4°C. An-
nealing temperatures were optimized using the iCycler
temperature gradient program. In preliminary studies,
SYBR Green-labeled PCR products were evaluated by

agarose gel electrophoresis, and the authenticity of each
amplicon was verified by nucleic acid sequencing. In ad-
dition, immediately after the amplifications, the iCycler
Melt Curve program was run to verify the presence of a
single peak and absence of primer-dimers in each tem-
plate-containing reaction.

The data obtained by real-time quantitative RT-PCR were
used to calculate relative expression level of each mRNA
transcript examined. To accomplish this, serial dilutions
of known quantities of purified recombinant plasmid
DNA containing the specific target sequences were used
as standards in the PCR reactions, and the equations of
the regression lines relating cycle threshold (C, values) to
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nanograms of DNA were used to calculate mRNA tran-
script abundance in the samples. To correct for small dif-
ferences in template loading, the nanograms ratios of spe-
cific mRNA to 18S were calculated, thereby providing
normalized indices of relative transcript abundance that
were used to make inter-group comparisons [38]. The
18S RNA content was used as the denominator because
the levels were highly abundant and essentially invariant,
whereas housekeeping genes were modulated with dis-
ease state. Between-group statistical comparisons were
made using the calculated mRNA/18S ratios.

Western blot analysis and immunoprecipitation studies
For Western blot analysis, rat pup cerebella were individ-
ually Polytron homogenized in radio-immunoprecipita-
tion assay (RIPA) buffer (50 mM Tris-HCL, pH 7.5, 1%
NP-40, 0.25% sodium deoxycholate, 150 mM NaCl,
1 mM EDTA, 2 mM EGTA) containing protease and
phosphatase inhibitors (I mM NaF, 1 mM Na,P,0,, 2 mM
Na3VO4, 1| mM phenylmethylsulfonyl fluoride, 1 pg/ml
each of aprotinin, pepstatin A, and leupeptin) [43]. For
immunoprecipitation, homogenates were prepared in Tri-
ton lysis buffer (50 mM Tris-HCI, pH 7.5, 10 mM EDTA,
1% Triton X-100) containing protease and phosphatase
inhibitors as indicated. Cellular debris was pelleted by
centrifuging the samples at 14,000 g for 15 min at 4°C,
and the resulting supernatant fractions were used in the
studies. Protein concentration was measured with the
Bicinchoninic Acid (BCA) assay (Pierce, Rockford, I11.).
Aliquots containing 60 pg protein were used for Western
blot analysis [17, 44, 45], and 100- or 250-pg samples
were used for immunoprecipitation/Western im-
munoblotting or kinase assays [11, 17]. Immunoreactiv-
ity was detected with horseradish-peroxidase-conjugated
secondary antibody and SuperSignal enhanced chemilu-
minescence reagents (Pierce). Immunoreactivity was re-
vealed and quantified using the Kodak Digital Science
Imaging Station (DuPont-NEN Life Sciences Products,
Boston, Mass.).

RTK assays

Insulin or IGF-I receptor molecules were immunoprecip-
itated from individual 100-pg protein samples using rab-
bit polyclonal antibodies (I pg/ml) and protein A
sepharose (Amersham-Pharmacia, Arlington Heights,
I11.) [43]. RTK activity was measured in the immune pre-
cipitates using a non-isotopic assay (Chemicon Interna-
tional, Temecula, Calif.) according to the manufacturer‘s
protocol with small modifications. Briefly, tyrosine phos-
phorylation of the biotinylated synthetic peptide substrate
captured onto streptavidin-coated wells was detected
with horseradish-peroxidase-conjugated anti-phospho-
tyrosine and SuperSignal West Pico Chemiluminescent
substrate (Pierce). Luminescence was measured in a Top-
Count machine (Packard Instrument Co., Meriden,
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Conn.). The immunoprecipitants captured onto protein A
were subjected to Western blotting with densitometry to
normalize the levels of tyrosine kinase activity to the re-
ceptor protein content in the reactions.

Assays of phosphatase gene expression and
phosphatase activity

RNA was reverse transcribed using random primers, and
mRNA transcripts corresponding to protein tyrosine
phosphatase, type 1 (PTP-1b), protein tyrosine phos-
phatase, type 2 (TCPTP/PTP-S), protein phosphatase 1
(PP1), and protein phosphatase 2 (PP2) were measured
by real-time quantitative RT-PCR using gene-specific
primers (table 1). The nanogram quantities of mRNA
were normalized to 18S ribosomal RNA measured in the
same samples. PTP1b/PTP-S, PP1, and PP2A activities
were measured using specific peptide substrates and a
malachite-green-based assay. PTP1b and PTP-S utilize
the same substrate, and therefore their activities could not
be distinguished. Briefly, fresh frozen cerebellar tissue
was Polytron (Glen Mills, Clifton, N. J.) homogenized in
5 vol buffer containing 40 mM Tris-HCI, pH 7.4, 2 mM
EDTA, 50 mM NaF, 1% NP-40, 1 mM Na,P,0,, and pro-
tease inhibitors as indicated above. The samples were
centrifuged at 14,000 g for 15 min at 4°C, and the super-
natants were used directly in the phosphatase assays. Pro-
tein concentrations were determined using the BCA as-
say. Assays of PTP-1b/PTP-S activity were performed in
50-pl reactions containing 150 M synthetic peptide sub-
strate (Asp Ala Asp Glu pTyr Leu Ile Pro Gln Gln Gly)
(Biomol Research Laboratories, Plymouth Meeting, Pa.),
25 mM HEPES, pH 7.2, 1 mM DTT, 1 mM EDTA, and
0.1% NP-40. The dephosphorylation reactions were initi-
ated by adding cerebellar protein extract (10 g). Replicate
assays were performed in the presence of a Ser/Thr phos-
phatase inhibitor cocktail to verify specificity of the re-
sults.

PP2A activity was assayed in 50-pl reactions containing
100 pM threonine phosphopeptide (Lys Arg pThr Ile Arg
Arg) (Upstate Biotechnology, Grand Island, N. Y.),
50 mM Tris-HCL pH 7.5, 1 mM DTT, and 0.1 mM EGTA.
PHI-1 (1 M; Upstate, Charlottesville, Va.) was added to
inhibit PP1 activity. PP1 activity was measured under the
same conditions, but in the presence of 2 nM okadaic acid
(Calbiochem, Carlsbad, Calif.), which inhibits PP2A.
The dephosphorylation reactions were initiated by adding
500 pg cerebellar protein homogenate. All phosphatase
assay incubations were carried out at 22 °C for 30 min and
terminated by adding 100 1 Biomol Green reagent (Bio-
mol Research Laboratories, Pa.). Absorbances were mea-
sured at 620 nm using a SpectraCount machine (Packard
Instrument Co.). Phosphate release was determined from
a standard curve relating ODg,,,, to nmol PO,. The ex-
perimental data were expressed as nmol phosphate re-
leased/pg protein.
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Analysis of gene expression in cerebellar granule
neuron cultures

In vitro experiments were used to examine gene expres-
sion in cerebellar neurons isolated from control and
ethanol-exposed pups. These studies were used to deter-
mine the degree to which ethanol-associated alterations
in gene expression occurred in neurons, as opposed to
other cell types present in the tissue homogenates. Pri-
mary neuronal cultures were generated with cerebellar
tissue harvested from postnatal day 1 control and ethanol-
exposed pups [46]. Fluorescence-activated cell sorting
demonstrated that greater than 95% of cells isolated from
control and ethanol-exposed pup cerebella were neuronal
as evidenced by immunoreactivity with antibodies to
HuC/HuD neuron-specific RNA-binding protein [47]
(Molecular Probes, Eugene, Ore.) (data not shown). Cul-
tures were maintained for 2 days in Dulbecco’s modified
Eagle‘s medium (DMEM) supplemented with 5% fetal
calf serum, 4 mM glutamine, 10 mM non-essential amino
acid mixture (Gibco-BRL, Grand Island, N. Y.), 25 mM
KCI, and 9 g/l glucose, after which the cells were har-
vested for quantitative real-time RT-PCR analysis of gene
expression.

Cell culture models for examining the effects of
short-term ethanol on insulin/IGF-1 stimulated
neuronal gene expression and function

To investigate the direct effects of ethanol on insulin-
stimulated functions, primary cerebellar granule neuron
cultures were seeded into 12- or 24-well plates. After
5 days in culture, the cells were treated with 6 pM cyto-
sine arabinoside to inhibit DNA synthesis. The cultures
were then exposed to 50 mM ethanol or nothing for
2 days using sealed humidified chambers [17, 44], after
which they were serum-starved for 12 h, then stimulated
with 50 nM insulin or 25 nM IGF-1 in the presence or ab-
sence of 50 mM ethanol. The studies were focused on ex-
amining the effects of ethanol on insulin- and IGF-1-
stimulated glucose uptake. Parallel 96-well microcultures
in which 5 x 10* viable cells (determined by Trypan Blue
exclusion) were seeded per well were used to measure in-
sulin- and IGF-I-stimulated ATP using the ATPLite assay
(Packard Instrument Co.).

Glucose uptake assay

Primary cerebellar neuron cultures seeded in 12-well
plates were treated with nothing or 50 mM ethanol for 2
days in sealed chambers [48, 49], after which they were
serum-starved overnight. The cells were then washed
with serum-free medium and incubated with pre-warmed
depletion medium [DMEM containing 4 mM glutamine,
25 mM KCl, and 9 g/ glucose, 0.5% bovine serum albu-
min (BSA), and 25 mM HEPES] for 3 h at 37°C. After
rinsing once in glucose-free DMEM, the cultures were in-
cubated for 20 min at 37°C with glucose-free DMEM
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supplemented with no growth factor, 50 nM insulin or
25 nM IGF-I, after which they were transferred to a 37°C
shaking water bath and incubated for 10 min further with
50 pM 2-deoxyglucose, 0.5 pCi/ml *H-2-deoxyglucose
+ 25 pM cytochalasin B or vehicle [50-52]. The cultures
were chilled on ice, and after three rinses with ice-cold
PBS, the cells were lysed with 500 pl/well 0.1% Triton X-
100 in PBS. To measure 3H 2-deoxyglucose uptake,
450 pl of each lysate was transferred to vials containing
4.5 ml of aqueous scintillation fluid, and the samples
were counted in a Beckman Scintillation Counter. The re-
maining 50 pl of sample was used to measure protein
concentration using the BCA assay. Glucose uptake lev-
els were normalized to protein concentration and ex-
pressed as pmol/mg protein per minute.

ATP assays

ATP levels were measured directly in cultured cells or in
snap-frozen cerebellar homogenates using the ATPLite as-
say system (Perkin-Elmer, Boston, Mass.). Cultured cells
were lysed by replacing the medium with 100 pl H,O and
adding 50 pl of ATP lysis solution (provided with the kit).
The lysates were serially diluted and 50 pl ATP substrate
was added per 150 pl lysate. Snap-frozen cerebellar tissue
samples were Polytron homogenized in three volumes
of PBS containing 20 mM glycine, 50 mM MgSO,, and
4 mM EDTA. Aliquots 100 pl were transferred to 96-well
black plates and serially diluted in water, maintaining
final volumes of 100 pl per well. ATPLite lysis buffer
(50 pm) was added to each diluted sample. The plates
were covered with adhesive plastic sheets and agitated at
700 rpm for 5 min at room temperature. Then, 50 pl of
ATPLite substrate was added to each sample, and the
sealed plates covered with aluminum foil were agitated for
an additional 5 min (700 rpm at room temperature). Lu-
minescence was measured in a TopCount machine
(Packard Instrument Co), and ATP relative light unit val-
ues were normalized to protein concentration.

Source of reagents

Polyclonal antibodies to the insulin or IGF-I receptor
were purchased from Santa Cruz (Santa Cruz, Calif.). In-
sulin (humulin) was purchased from Eli Lilly & Co. (In-
dianapolis, Ind.). Recombinant IGF-I, 2-deoxyglucose
and cytochalasin B were purchased from Sigma-Aldrich,
(St. Louis, Mo.). 3H-2-deoxyglucose was purchased from
New England Nuclear (Boston, Mass.). All other reagents
were purchased from Calbiochem or Sigma-Aldrich.
GLUT4 rabbit polyclonal antibody was generously pro-
vided by Dr. R. Bradley (Joslin Diabetes Center, Boston,
Mass.).

Statistical analysis
Inter-group comparisons were made with the Student t
test or analysis of variance and the Fisher least signifi-
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cance post hoc significance test using the Number
Cruncher Statistical System (Dr. J. L. Hintze, Kaysville,
Utah).

Results

General comments regarding quantitative RT-PCR
studies

The use of real-time quantitative RT-PCR enabled all
samples to be analyzed simultaneously and with suffi-
cient replicates to demonstrate consistency of results.
With the techniques employed, the quality of the cDNA
templates generated from brain tissue was judged to be
excellent based on the similar 18S C, values and consis-
tent 28S:18S ratios obtained for both the control and
ethanol-exposed brains. In addition, the 28S:18S ratios
were uniformly comparable to the values obtained for
RNA isolated from primary neuronal cultures or cell
lines. Typically, with cDNA prepared from 10 ng of total
RNA, the 18S Ct values ranged from 8 to 10, and the cal-
culated 28S:18S ng ratios ranged from 2.0 to 2.2 as pre-
viously reported for brain tissue using Northern blot or
slot blot analysis [53, 54]. The use of real-time quantita-
tive RT-PCR was ideally suited for rigorous analysis of
gene expression in brain tissue because the amplicons
were small (mainly <150 bp), thereby circumventing any
potential problems related to partial RNA degradation,
e.g. nicking, which may increase with oxidative stress or
sample processing. The specificity of the amplified prod-
ucts was verified by direct nucleic acid sequencing. Con-
trol studies in which cDNA templates were excluded,
RNA was not reverse transcribed, the RNA samples were
pre-treated with RNAse A prior to the RT step, or ge-
nomic DNA was used in the reactions had no detectable
amplified products by real-time PCR analysis and
agarose gel electrophoresis. Treatment of the RNA sam-
ples with DNAse I prior to the RT step had no effect on
the detection levels of amplified gene products.

Effects of chronic gestational exposure to ethanol

on growth factor receptor, growth factor, and insulin
receptor substrate gene expression in cerebellar
tissue

Real-time quantitative RT-PCR studies detected mRNA
transcripts corresponding to genes for insulin, IGF-I, and
IGF-II receptors, insulin, IGF-I, and IGF-II polypeptides,
and IRS-1, IRS-2, and IRS-4 in both control and ethanol-
exposed cerebella (fig. 1). The nanogram quantities of
each specific mRNA transcript detected were normalized
to the 18S RNA levels measured in the same samples, and
results from 8 to 12 animals per group were analyzed sta-
tistically. In control cerebella, insulin and IGF-I receptor
mRNA levels were similar, and 15- to 20-fold higher than
the levels of IGF-II receptor (figs. 1 A—C). Chronic gesta-
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tional exposure to ethanol had no significant effect on the
levels of insulin or IGF-I receptor expression, but it was
associated with significantly increased levels of IGF-II
receptor expression (figs. 1A—C). Among the growth fac-
tors, IGF-II mRNA transcripts were most abundant, fol-
lowed by IGF-I, and then insulin (figs. 1D—F). Chronic
gestational exposure to ethanol resulted in significantly
reduced levels of insulin polypeptide gene expression
(fig. 1D), and significantly increased levels of IGF-II
gene expression (fig. 1F), but no significant alteration in
IGF-I expression (fig. 1E). Among the IRS genes, in con-
trol brains, IRS-2 and IRS-4 mRNA transcripts were sim-
ilarly abundant, and both were three- to four-fold higher
than IRS-1. In the ethanol-exposed group, IRS-4 expres-
sion was relatively reduced and similar to IRS-1, whereas
IRS-2 expression was four- to five-fold higher than IRS-
1 or IRS-4. There were no statistically significant differ-
ences observed with respect to the mean levels of the IRS
transcripts measured in control and ethanol-exposed
cerebella (figs. |G—H).

Effects of chronic gestational exposure to ethanol on
growth factor receptor, growth factor polypeptide,
and insulin receptor substrate gene expression in
isolated cerebellar granule neurons

To examine the effects of gestational exposure to ethanol
on gene expression in isolated neuronal cells, short-term
(2 days) primary cultures were generated from cerebella
of control and ethanol-exposed pups. The real-time quan-
titative RT-PCR studies demonstrated some differences in
the relative mRNA levels of growth factor receptor,
growth factor, and IRS gene expression between the cere-
bellar tissue samples and the corresponding neuronal cul-
tures generated from cerebella (fig. 2). In control sam-
ples, insulin receptor expression was approximately
threefold lower in the cultures, whereas IGF-I receptor
expression was similar, and IGF-II receptor expression
was slightly increased (twofold). With regard to the
growth factors, insulin gene expression was approxi-
mately tenfold lower, and IGF-I expression was nearly
100-fold lower in the cultures compared with the tissue
samples. In contrast, IGF-II gene expression was slightly
higher (threefold) in the cultured neurons. IRS-1 expres-
sion was nearly fourfold higher and IRS-4 expression was
approximately threefold lower in the cultured control
neurons compared with control cerebellar tissue. In con-
trast, IRS-2 expression was similar in the neuronal cul-
tures and cerebellar tissues.

The real-time quantitative RT-PCR studies demonstrated
that in control neurons, IGF-I receptor expression was
most abundant, followed by insulin receptor, and then IGF-
II receptor, whereas in the ethanol-exposed neurons, IGF-I
and insulin receptors were similarly abundant, and both
were more highly expressed (five- to sixfold) than IGF-II
receptors. Inter-group comparisons demonstrated that



CMLS, Cell. Mol. Life Sci.

Vol. 62, 2005

B so;
E 404
2
) 530
] £ 20
% 10
&
£ o
D« os- E «
20.8 P=0 i 28
= ]
a3 201
8967 2
= ™ 154
% 041 =
=] o6 104
< 024 < s
Z 3"
£ ol ‘ E o
Insulin
_ﬂ.\ e
G -fa 8q H -2 304
B .25
o 61 o
3= 2 "3 201
™ m
& 4] % £ is]
@ / @
o0 o0
= = 104
< 21 <
2 2
E 0 E o

IRS-1

IGF-1

IRS-2

Research Article 1137

.ﬂA
c |2
x
2
©
o
o
»
=
Z
&
]
Fu™ o40-
A 240
%2004
-g 160+
m
5 120+
(= =]
=1
P
Z a0
(a4
E o 2
IGF-II
I % 2, M Control
% Ethanol
5]
=
=
w2
]
Py
Z
=
£

IRS-4

Figure 1. Effects of chronic gestational exposure to ethanol on cerebellar expression of insulin receptor (R) (4), IGF-IR (B), IGF-IIR (C),
insulin (D), IGF-I (E), IGF-II (F) polypeptide genes, and IRS-1 (G), IRS-2 (H), and IRS-4 (/) in an in vivo model of FAS. RNA was ex-
tracted from postnatal day 1 rat pup cerebellar tissue and reverse transcribed using random primers. The mRNA transcripts were measured
using gene-specific primers (table 1) and real-time quantitative RT-PCR. The nanogram quantities of mRNA were normalized to 18S ri-
bosomal RNA measured in the same samples. Graphs depict the mean + SE of results. Data were analyzed statistically using Student t tests.
Significant p values (including trends) are indicated over the bar graphs. Solid bars, control; hatched bars, ethanol exposed.

ethanol-exposed neuronal cells had significantly reduced
levels of both IGF-I and IGF-II receptors, but similar lev-
els of insulin receptor relative to control neurons (figs.
2A—C). With regard to the growth factors, in both control
and ethanol-exposed neurons, IGF-II was more abundantly
expressed than IGF-I, which was more abundant than in-
sulin (figs. 2D-F). The ethanol-exposed neuronal cultures
had significantly reduced mean levels of insulin and IGF-
I gene expression, but no significant alteration in the mean
level of IGF-I expression (figs. 2D-F). Corresponding
with the results obtained using cerebellar tissue, no signif-
icant inter-group differences were observed with respect to
the levels of IRS-1, IRS-2, or IRS-4 in the control and
ethanol-exposed cerebellar neurons (figs 2G-1I).

Effects of gestational ethanol exposure on insulin

and IGF-I RTK activities

Although there were no significant differences in the
mRNA levels of insulin and IGF-I receptors in control
and ethanol-exposed cerebella, and the levels of insulin
receptor gene expression were similar in control and
ethanol-exposed cerebellar neurons, previous studies

demonstrated that ethanol treatment inhibits growth-fac-
tor-stimulated insulin receptor tyrosine phosphorylation
[38]. Therefore, further studies were done to determine if
chronic ethanol exposure constitutively inhibits insulin
and IGF-I RTK activities. RTK activities were measured
in immunoprecipitates using a non-isotopic lumines-
cence-based detection assay. The studies demonstrated
significantly reduced levels of both insulin- and IGF-I
RTK activities in cerebella from ethanol-exposed relative
to control pups (figs. 3A, B). Since the results were nor-
malized to insulin and IGF-I receptor protein levels in the
immunoprecipitates (as detected by Western blot analysis
with densitometry), the reduced levels of tyrosine kinase
activity measured in the ethanol-exposed samples were
not attributable to ethanol inhibition of growth factor re-
ceptor expression.

Ethanol inhibition of receptor tyrosine kinase
activity is associated with increased protein tyrosine
phosphatase activity

Since insulin and IGF-I receptor expression were not sig-
nificantly reduced in the ethanol-exposed cerebellar tis-
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Figure 2. Expression of insulin receptor (R) (4), IGF-IR (B), IGF-IIR (C), insulin (D), IGF-I (E), IGF-II (F) polypeptide genes, and IRS-
1 (G), IRS-2 (H), and IRS-4 (/) in primary neuronal cultures generated from the cerebella of control and ethanol-exposed postnatal day 1
pups. RNA was reverse transcribed using random primers, and mRNA transcripts were measured using gene-specific primers (table 1) and
real-time quantitative RT-PCR. The nanogram quantities of mRNA were normalized to 18S ribosomal RNA measured in the same samples.
Graphs depict the mean + SE of results. Data were analyzed statistically using Student t tests. Significant p values (including trends) are
indicated over the bar graphs. Solid bars, control; hatched bars, ethanol exposed.
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Figure 3. Measurement of insulin receptor (INR-TK) (4) and IGF-
I receptor (IGF-1R-TK) (B) tyrosine kinase activities in control and
ethanol-exposed cerebellar tissue isolated from postnatal day 1 rat
pups. Insulin or IGF-I receptor immunoprecipitates (from 100 pg
protein homogenates) were analyzed for tyrosine kinase activity us-
ing biotinylated synthetic peptide substrates that were captured onto
streptavidin-coated surfaces. Tyrosine phosphorylation of the sub-
strates was detected with horseradish-peroxidase-conjugated anti-
phosphotyrosine and enhanced luminescence reagents. Lumines-
cence relative light units (RLU) were measured in a TopCount ma-
chine. The results were normalized to receptor protein expression
detected by Western blot analysis of the immune precipitates. Data
were analyzed statistically using Student t tests. Significant p val-
ues are indicated over the bar graphs. Solid bars, control; hatched
bars, ethanol exposed.

sues, the mechanism by which insulin and IGF-I RTK ac-
tivities were reduced by ethanol were likely functional in
nature. Previous studies demonstrated that ethanol inhibi-
tion of insulin signaling downstream through P13 kinase-
Akt was mediated by increased expression and activation
of PTEN phosphatase [38, 39]. Therefore, further studies
were performed to determine if increased phosphatase
gene expression or activity could account for reduced sig-
naling through the insulin and IGF-I receptors. PTP1b
and PTP-S/TCPTP negatively regulate insulin sensitivity
by dephosphorylating the insulin or IGF-I receptor [55,
56], and could account for ethanol-associated reductions
in the corresponding RTK activities. PP1 and PP2A were
also studied because of their broad roles in regulating cell
growth. Real-time quantitative RT-PCR assays demon-
strated no significant differences between the control and
ethanol-exposed cerebellar tissue samples with respect to
the mRNA levels of PP1, PP2A, PTP-1b, and PTP-S/
TCPTP (figs. 4A-D). However, enzymatic studies
demonstrated slightly higher but not significantly differ-
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Figure 4. Effects of chronic gestational exposure to ethanol on phosphatase gene expression (4—D) and phosphatase activity (E—G) in the
brain. RNA was extracted from postnatal day 1 rat pup cerebellar tissue, reverse transcribed using random primers, and mRNA transcripts
corresponding to PP1 (4), PP2A (B), PTP-1b (C), and PTP-S/TCPTP (D) were measured by real-time quantitative RT-PCR using gene spe-
cific primers (table 1). The nanogram quantities of mRNA were normalized to 18S ribosomal RNA measured in the same samples. PP1
(E), PP2A (F), and PTP1b/PTP-S (G) activities were measured in cerebellar protein extracts using specific synthetic peptide substrates and
a malachite-green-based assay (see Material and methods). PTP1b and PTP-S utilize the same substrate and cannot be distinguished with
the methods employed. Data were analyzed statistically using Student t tests. Significant p values are indicated over the bar graphs. Solid

bars, control; hatched bars, ethanol exposed.

ent levels of PP1 and PP2A activities in the ethanol-ex-
posed group relative to control groups (figs. 4E, F), and
significantly increased levels of PTP1b/PTP-S activity in
the ethanol-exposed relative to control cerebella (fig.
4G). PTP1b and PTP-S activities were measured together
because these enzymes utilize the same substrate.

Gestational exposure to ethanol inhibits glucose
transporter gene expression and ATP production in
the brain

Since we observed reduced local growth factor produc-
tion and impaired RTK activities, further studies were
conducted to characterize the effects of ethanol on glu-
cose transporter molecule expression, glucose uptake,
and ATP production. Using real-time quantitative RT-
PCR, GLUTI, GLUT2, GLUT3, and GLUT4 mRNA
transcripts were found to be similarly abundant in control
cerebella, i.e., there was no differential pattern of GLUT
gene expression in normal early postnatal cerebellar tis-
sue (figs. SA-D). In contrast, chronic gestational expo-
sure to ethanol resulted in significantly reduced levels of
GLUT2 and GLUTH4, significantly increased levels of
GLUT]1, and unaltered GLUT3 mRNA expression (figs.
5A-D). Western blot analysis with densitometry further
demonstrated that the significantly reduced mean level of
GLUT4 mRNA was associated with a correspondingly
reduced mean level of GLUT4 protein in the ethanol-ex-

posed group (fig. 5E). In contrast, S-actin expression lev-
els were similar in the control and ethanol-exposed sam-
ples (data not shown). ATP levels were measured in cere-
bellar homogenates using a luminescence-based assay
(ATPLite). The studies demonstrated significantly re-
duced (fivefold) levels of ATP in ethanol-exposed relative
to control cerebellar tissue (fig. SF).

Ethanol inhibits glucose uptake and ATP production
in neuronal cells

To determine the effects of ethanol on glucose uptake and
ATP production, control and ethanol-exposed cerebellar
granule neuron cultures were serum starved for 12 h, then
stimulated with 50 nM insulin, 25 nM IGF-I, or nothing
(vehicle) for 2 h. Glucose uptake was measured using a
3H-deoxyglucose assay, and ATP levels were measured
using the ATPLite assay. Control cells had mean glucose
uptake values of ~34 pmol/mg per minute, and slightly
higher uptake levels following insulin (44 pmol/mg per
minute) or IGF-I (~38 pmol/mg per minute) stimulation.
Neuronal cultures generated from ethanol-exposed cere-
bella had significantly reduced basal and insulin- or IGF-
I stimulated levels of glucose uptake relative to corre-
sponding control cultures (fig. 6A). In control cerebellar
neuron cultures, the basal levels of ATP were relatively
high, and ATP production was increased more effectively
by IGF-1 than insulin stimulation (fig. 6B). In the
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Figure 5. Effects of chronic gestational exposure to ethanol on glu-
cose transporter (GLUT) gene expression and ATP levels in cere-
bellar tissue. RNA extracted from postnatal day 1 rat pup cerebella
was reverse transcribed using random primers, and mRNA tran-
scripts corresponding to GLUTI (4), GLUT2 (B), GLUT3 (C), and
GLUT4 (D) were measured by real-time quantitative RT-PCR using
gene-specific primers (table 1). The nanogram quantities of mRNA
were normalized to 18S ribosomal RNA measured in the same
samples. GLUT4 protein levels were measured by Western blot
analysis and with densitometric quantification (£). ATP levels were
measured in cerebellar homogenates using the ATPLite lumines-
cence assay (F). Luminescence counts per second (CPS) were mea-
sured in a TopCount machine. Data were analyzed statistically us-
ing Student t tests. Significant p values are indicated over the bar
graphs. Solid bars, control; hatched bars, ethanol exposed.

ethanol-exposed cultures, ATP levels were consistently
lower than in the control, and growth factor stimulation
resulted in either no detectable or only modestly in-
creased ATP production, resulting in levels that were still
significantly lower than control (fig. 6B).

Discussion

Effects of chronic gestational exposure to ethanol

on in vivo expression of genes required for insulin
and IGF signaling

In previous studies, we demonstrated that chronic gesta-
tional exposure to ethanol results in cerebellar hypoplasia
with neuronal loss due to increased apoptosis [38]. Those
mutagenic effects of ethanol were accompanied by re-
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Figure 6. Short-term ethanol exposure inhibits glucose uptake and
ATP production in CNS neurons. Primary neuronal cultures were
generated from control (normal) cerebella of postnatal day 1 pups.
After 5 days in culture, the cells were exposed to S0 mM ethanol or
nothing for 48 h in sealed chambers that were equilibrated with hu-
midified air (74% nitrogen, 21% oxygen, 5% CO,). Ethanol was
added to the reservoir tray to allow for vaporization. The cells were
serum starved overnight, then stimulated with nothing (basal con-
ditions), 50 nM insulin, or 25 nM IGF-I for 30 min. Glucose uptake
(4) was measured using ‘H-2-deoxyglucose (see Material and
methods), and ATP levels (B) were measured using the ATPLite lu-
minescence assay. Luminescence counts per second (CPS) were
measured in a TopCount machine. Data were analyzed statistically
using ANOVA and the Fisher post hoc test. Significant p values are
indicated over the bar graphs. Solid bars, control; hatched bars,
ethanol exposed.

duced levels of tyrosine-phosphorylated insulin receptor,
tyrosine-phosphorylated IRS-1, and p85 associated IRS-
1, i.e., IRS-1-associated PI3 kinase activity [38]. The cur-
rent studies focused on characterizing the mechanisms
and functional consequences of impaired insulin signal-
ing, and explored some of the effects of ethanol on IGF-I
and IGF-II signaling pathways. Corresponding with the
results of previous investigations using Western blot
analysis, insulin receptor mRNA expression was found to
be similar in the control and ethanol-exposed cerebellar
tissue as demonstrated by real-time quantitative RT-PCR.
Similarly, IGF-I receptor gene expression levels in cere-
bellar tissue were not reduced by chronic gestational ex-
posure to ethanol. In contrast, IGF-II receptor expression
was significantly increased in the ethanol-exposed cere-
bella, perhaps reflecting a compensatory response to im-
paired insulin signaling, or a shift in the resultant cell pop-
ulation following neurotoxic death of cerebellar neurons.
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The experimental approach of transiently culturing
isolated cerebellar granule neurons enabled us to deter-
mine the effects of chronic gestational exposure to
ethanol on gene expression in neuronal cells and mini-
mize contributions from other structures and cell types
since greater than 95% of the isolated cells were charac-
terized as Hu' neurons. The in vitro experiments demon-
strated significantly reduced levels of IGF-I and IGF-II
receptor expression in neuronal cells isolated from
ethanol-exposed brains. This suggests that the IGF-I-
and IGF-II-receptor-bearing neurons may represent vul-
nerable targets of ethanol neurotoxicity. Moreover, the
similar levels of IGF-I and IGF-II receptors detected in
brain tissue may reflect increased expression of these
genes in non-neuronal cells such as glial and vascular
cells. The lower levels of insulin receptor gene expres-
sion detected in vitro compared with in vivo suggest that
insulin receptors are more abundantly expressed in non-
neuronal compared with neuronal cells in the early post-
natal cerebellum. Future studies will determine if the
ethanol-associated reductions in neuronal IGF-I and
IGF-II receptor transcripts reflect down-regulation of
those genes, or progressive loss of cells with these phe-
notypes.

The real-time quantitative RT-PCR studies demonstrated
expression of insulin, IGF-I, and IGF-II polypeptide
mRNA transcripts in cerebellar tissue, and the analysis of
neuronal cultures established that CNS neurons express
mRNA transcripts corresponding to each of these growth
factors. Although previous studies demonstrated IGF-I
and IGF-II expression in the brain [57, 58], whether neu-
ronal cells could express the insulin polypeptide gene re-
mained questionable until now. The major obstacle was in
determining if the insulin immunoreactivity reflected
transport of insulin from the blood or endogenously pro-
duced molecules in the CNS. The detection of insulin
polypeptide mRNA transcripts in both the brain and iso-
lated cerebellar neurons indicates that insulin is in fact lo-
cally produced, although it does not exclude a role for ex-
ogenous insulin regulation of CNS functions.

The real-time quantitative RT-PCR studies demonstrated
more abundant expression of insulin and IGF-I in cere-
bellar tissue compared with cultured cerebellar neurons,
and higher levels of IGF-II mRNA in the isolated neu-
rons compared with the tissue extracts. This suggests
that insulin and IGF-I are predominantly expressed in
cells other than granule neurons, whereas IGF-II is abun-
dantly expressed in cerebellar granule neurons. The ef-
fects of ethanol on insulin gene expression were paral-
leled in the in vivo and in vitro systems, indicating that
insulin gene expression, regardless of the source within
the CNS, is impaired or inhibited by chronic gestational
exposure to ethanol. In contrast, IGF-1 expression in
both neurons and non-neuronal cells appears to be some-
what resistant to the toxic effects of ethanol. The appar-
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ently contradictory results observed with respect to IGF-
IT and IGF-II receptor expression in the brain and in cul-
tured neuronal cells could be explained in part by an
ethanol-induced shift in brain cell populations, i.e.,
ethanol exposure may result in increased proportions of
IGF-II- and IGF-II receptor-positive non-neuronal cells
in the brain. In both control and ethanol-exposed brains
and in cultured neuronal cells, IGF-II mRNA transcripts
were most abundant, followed by IGF-I, while insulin
was expressed at four- or fivefold lower levels than IGF-
I. This suggests that in the postnatal developing cerebel-
lum, IGF-II has a broad role in mediating intracellular
signaling related to growth and differentiation, whereas
insulin and IGF-1 may have more specific and perhaps
more tightly regulated functions at this stage of develop-
ment (see below).

In previous studies, the roles of insulin and IGF-I signal-
ing in relation to CNS growth, development, and function
were divulged in part by the analysis of transgenic and
knockout mouse models. Targeted gene mutation studies
demonstrated that IGF-I and IGF-II stimulate prenatal
brain growth, whereas only IGF-I stimulates postnatal
brain growth [59]. During fetal development, insulin-
stimulated signaling via its own receptor appears to be
uncoupled and instead, the insulin receptor is activated by
IGF-II [59]. Therefore, using the targeted mutation ap-
proach, IGF-II was demonstrated to be a bi-functional
ligand capable of activating both insulin and IGF-I sig-
naling mechanisms in the immature brain, although IGF-
IT is not as effective as insulin for mediating growth,
energy metabolism, glucose homeostasis, survival, and
cognition [59]. On the other hand, the findings of signif-
icantly reduced levels of insulin and increased levels of
IGF-II gene expression, vis-a-vis cerebellar hypoplasia
and impaired viability of cerebellar neurons in the
ethanol-exposed group [38], highlight the importance of
local insulin gene expression and further suggest that
IGF-II, although strikingly up-regulated, cannot com-
pletely supplant the role of insulin-stimulated signaling in
the developing brain.

The detection of IRS-1, IRS-2, and IRS-4 mRNA tran-
scripts in cerebellar tissue indicates that each of these iso-
forms of IRS is expressed in the developing CNS. The
analysis of IRS gene expression in isolated cerebellar
neurons provided additional information about the mole-
cules that mediate insulin and IGF signaling in neuronal
cells during development. The similarly high levels of
IRS-2 mRNA expression in cerebellar tissue and neurons
indicate that this isoform of IRS is abundantly expressed
in various cell types within the developing CNS. The sim-
ilarly high levels of IRS-1 and IRS-2 in isolated neuronal
cells suggest that developing neurons utilize signaling
transmitted through each of these molecules. In contrast,
the lower levels of IRS-4 in isolated neuronal cells com-
pared with cerebellar tissue suggest that IRS-4 signaling
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may be more important in non-neuronal cells in the de-
veloping cerebellum. These interpretations correspond
with the previous observations that genetic depletion of
IRS-1 results in retarded somatic growth with substantial
reductions in the masses of skeletal muscle, heart, and
liver, and relatively small reductions in brain weight [60],
whereas genetic depletion of IRS-2 impairs neuronal pro-
liferation and brain growth during development [61, 62],
and genetic depletion of IRS-3 or IRS-4 produces no ob-
vious phenotype [63]. IRS gene expression was not sig-
nificantly different between the control and ethanol-ex-
posed groups.

Since all of the results were normalized to 18S RNA tran-
scripts, which were similarly abundant in the control and
ethanol group samples, the differences noted above could
not be attributed to global cell loss. Given the fact that
chronic gestational exposure to ethanol results in signifi-
cantly increased apoptosis in the brain, potential explana-
tions for the severe muting of growth factor and growth
factor receptor expression levels in the cultured neurons
derived from ethanol-exposed pups include: (i) the phe-
notype of the population may have shifted due to selective
loss of insulin/IGF-II-responsive neurons, and (ii) the
corresponding genes may have been down-regulated
in response to injury. In this regard, one of the more
interesting findings was that the relative deficiencies
in growth factor and growth factor receptor gene expres-
sion produced by gestational exposure to ethanol were
worse in the cultured cells than in the brains. This sug-
gests that considerable degrees of ethanol-mediated neu-
rotoxicity leading to impaired insulin and IGF survival
signaling occur in CNS neurons rather than non-neuronal
elements.

Effects of ethanol on insulin and IGF-I RTK
activities

Previous studies demonstrated ethanol inhibition of in-
sulin receptor tyrosine phosphorylation, vis-a-vis intact
insulin receptor protein expression [38]. That work was
extended by measuring insulin and IGF-I RTK activities
in cerebellar tissue and determining the degree to which
ethanol impairs the functional activation of these recep-
tors. RTK activity was measured in immunoprecipitates,
and the levels were normalized to the insulin or IGF-I re-
ceptor protein levels detected by Western blot analysis of
the corresponding immunoprecipitates. The studies
demonstrated significantly reduced levels of insulin and
IGF-I RTK activities in ethanol-exposed cerebella, indi-
cating that signaling through both receptors is impaired
by ethanol, despite adequate levels of receptor expres-
sion. These observations are consistent with previous in
vitro experimental results obtained using neuronal cell
lines and primary CNS neuronal cultures [11, 18, 38, 64,
65]. Ethanol inhibition of signaling through the insulin
receptor would likely have a negative impact on energy

Ethanol impairs insulin signaling

metabolism and neuronal viability, whereas impaired
signaling through the IGF-I receptor would likely have
major inhibitory effects on brain growth [59]. The find-
ings of reduced local growth factor production and im-
paired RTK activation are reminiscent of type 1 diabetes
mellitus.

The mechanism by which ethanol inhibits insulin and
IGF-I RTK activities was explored by investigating the
potential role of increased phosphatase expression and
phosphatase activity as negative regulators of signaling.
Previous studies demonstrated that ethanol inhibition of
insulin signaling downstream through PI3 kinase-Akt
was mediated by increased expression and activation of
PTEN phosphatase [38, 39]. PTP1b negatively regulates
insulin sensitivity by dephosphorylating the insulin or
IGF-I receptor. Since PTP1b is negatively regulated by
Akt [66], which was inhibited by chronic gestational ex-
posure to ethanol [38], further studies were conducted to
determine if PTP1b expression and activity were in-
creased in ethanol-exposed cerebellar tissue. Increased
PTP1b expression and phosphatase activity could ac-
count for ethanol-associated reductions in insulin and
IGF-I RTK activities. PTP-S/TCPTP is another negative
regulator of insulin and IGF-I RTK, including in neural
cells [55, 56], and we were interested to examine this with
respect to the mRNA levels. PP1, which is ubiquitously
expressed and regulates many functions, including glyco-
gen metabolism and cell cycle progression [67], and
PP2A, an inhibitor of src family kinases and therefore an
inhibitor of growth [68, 69], were investigated because
ethanol impairs both growth and survival in the develop-
ing CNS, and PP2A has an important role in negatively
regulating the phosphorylation of neuronal cytoskeletal
proteins, particularly tau [70] and neurofilament [71],
which mediate the formation and stabilization of cell
processes required for transport, connectivity, and plas-
ticity.

The studies demonstrated significantly increased levels
of PTP1b/TCPTP-PTP-S activity in ethanol-exposed rel-
ative to control cerebellar tissue, although there were no
significant differences with respect to the mRNA levels
of PTP1b, PTP-S, PP1, or PP2A. Since PTP1b and
TCPTP are negative regulators of insulin and IGF-I
RTKs, their increased activity could account for the con-
stitutively reduced activation of insulin and IGF-I RTKs
observed in the ethanol-exposed samples. The finding of
increased PTP1b activity in ethanol-exposed brains is of
further interest because in previous studies, we demon-
strated that ethanol inhibition of insulin signaling down-
stream through PI3 kinase-Akt was mediated by in-
creased activation of PTEN [38, 39], Together, these ob-
servations suggest that increased phosphatase activity
may represent a general mechanism by which ethanol im-
pairs insulin- and IGF-stimulated signaling in the devel-
oping brain.
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Gestational exposure to ethanol inhibits glucose
transporter gene expression, glucose transport, and
ATP production

Potential consequences of impaired insulin and IGF-I sig-
naling include inhibition of insulin-responsive gene ex-
pression and reduced cellular functions such as prolifera-
tion, neurite outgrowth, glucose utilization, phospholipid
metabolism, and amino acid transport. In previous stud-
ies, we demonstrated significantly reduced levels of an
important insulin-responsive gene, glyceraldehydes-3-
phosphate dehydrogenase [72], in the ethanol-exposed
cerebella [38], suggesting that CNS glucose utilization
and energy metabolism were impaired by ethanol. In ad-
dition to regulating glucose utilization, insulin can stimu-
late glucose uptake. Glucose uptake is mediated by glu-
cose transporter molecules termed GLUTs [73], and pre-
vious studies demonstrated that chronic gestational
exposure to ethanol inhibits expression and function of
GLUT molecules in the brain [74—76]. Correspondingly,
the present work demonstrated significantly reduced lev-
els of GLUT2 and GLUT4 gene expression, as well as re-
duced levels of ATP in cerebellar tissue from ethanol-ex-
posed pups. Additional experiments conducted to deter-
mine if impairments in glucose uptake and ATP
production represent early neurotoxic effects of ethanol
revealed significantly reduced basal and insulin- or IGF-
I-stimulated glucose uptake and ATP levels in cultured
cerebellar granule neurons that had been exposed to
ethanol for just 48 h. Therefore, ethanol-mediated abnor-
malities in neuronal energy balance occur following
acute ethanol exposure and probably represent a very
early lesion. Together, these observations link ethanol-
impaired insulin signaling to deficiencies in uptake and
utilization of glucose in the developing brain.
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