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In utero exposure to alcohol alters
reactivity of cerebral arterioles

Sergio G Cananzi1 and William G Mayhan2

Abstract

Our goal was to examine whether in utero exposure to alcohol impaired reactivity of cerebral arterioles during devel-

opment. We fed Sprague–Dawley dams a liquid diet with or without alcohol (3% ethanol) for the duration of pregnancy

(21–23 days). Around 4–6 weeks after birth, we examined reactivity of cerebral arterioles to eNOS- (ADP) and nNOS-

dependent (NMDA) agonists in the offspring. We found that in utero exposure to alcohol attenuated responses of

cerebral arterioles to ADP and NMDA, but not to nitroglycerin in rats exposed to alcohol in utero. L-NMMA reduced

responses to agonists in control rats, but not in rats exposed to alcohol in utero. Treatment of dams with apocynin for

the duration of pregnancy rescued the impairment in reactivity to ADP and NMDA in the offspring. Protein expression of

NOX-2 and NOX-4 was increased in alcohol rats compared to control rats. We also found an increase in superoxide

levels in the cortex of rats exposed to alcohol in utero. Our findings suggest that in utero exposure to alcohol impairs

eNOS and nNOS reactivity of cerebral arterioles via a chronic increase in oxidative stress.
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Introduction

Alcohol is one of the most commonly used chemical
substances and exposure to alcohol in utero in
humans causes fetal developmental abnormalities of
the brain.1,2 These negative effects are defined as fetal
alcohol spectrum disorders (FASD). These disorders
comprise several alcohol-related abnormalities includ-
ing fetal alcohol syndrome (FAS), partial fetal alcohol
syndrome (pFAS), alcohol-related birth defects
(ARBD) and alcohol-related neurodevelopmental
disorder (ARND)1. While the prevalence of FASD is
difficult to estimate, it is thought that 1% of children in
the USA have some form of FASD.1 This is concerning
since abnormalities caused by FASD last a lifetime and
no treatment is available for these deficits.

In the brain, deficits produced by in utero exposure
to alcohol are either structural or functional, and lead
to cognitive decline, hyperactivity, and an increased
incidence of epilepsy.2 In the past, the focus of FASD
research has been on neuronal development, hippocam-
pal morphology, and inflammation.3–5 In contrast, the
cerebral microcirculation and its contribution to FASD
have received very little attention. Although some stu-
dies have shown that in utero exposure to alcohol in the

second trimester can impair changes in cerebral blood
flow in response to hypoxia in fetal sheep,6,7 no studies
have examined cellular mechanisms that account for
this impairment. Additionally, no studies have exam-
ined whether in utero exposure to alcohol can impair
reactivity of cerebral resistance arterioles (i.e. vessels
that directly control cerebral blood flow) to agonists
of eNOS and nNOS. Thus, our first goal was to deter-
mine the effect of in utero exposure to alcohol on
reactivity of cerebral arterioles during development.

Oxidative stress has been shown to increase neuronal
damage and death in several brain structures in FASD.
Investigators have reported that exposure to alcohol in
utero increases markers of oxidative stress, including
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damage to lipids, proteins, DNA, and alterations of
endogenous antioxidants in hippocampus, striatum,
hypothalamus, cerebellum, and cerebral cortex of
mice and rats.8–11 Oxidative stress has also been
shown to increase damage and loss of Purkinje cells
and cerebellar granule neurons after exposure to alco-
hol in utero.11,12 It is then reasonable to suggest that
oxidative stress may be linked to brain damage in
FASD. Additionally, chronic oxidative stress may
impair the cerebral vasculature and exacerbate
damage linked to in utero exposure to alcohol. Thus,
our second goal was to examine the role of oxidative
stress in altered reactivity of cerebral arterioles by in
utero exposure to alcohol.

Materials and methods

Experimental diets

All experimental procedures were reviewed and
approved by the Institutional Animal Care and Use
Committee at Louisiana State University Health
Sciences Center-Shreveport and are in accordance
with the National Institutes of Health guidelines. The
manuscript was written in compliance with the
ARRIVE guidelines. We used virgin adult male (16
weeks old, 300 g) and female (16 weeks old, 250 g)
Sprague–Dawley rats. A pair of male and female rats
was allowed to mate overnight. Females were then
housed singly and assigned randomly to one of four
groups: control liquid diet, 3% alcohol liquid diet, con-
trolþapocynin liquid diet, or 3% alcoholþapocynin
liquid diet. Apocynin was added to the liquid diet in
order to examine a role for oxidative stress in impaired
responses of cerebral arterioles in rats exposed to alco-
hol in utero. Apocynin is an inhibitor of NADPH oxi-
dase, preventing the assembly of NADPH oxidase by
blocking the translocation of p47-phox and p67-phox
to the membrane.16,17 Pregnant dams were fed one of
these diets for the entire gestation period (21–23 days).
Liquid diets were prepared daily. The control dams
were fed a liquid diet that contains 1.0 kcal/ml of
which 35% are derived from fat, 47% from carbohy-
drates, and 18% from protein. For the 3% alcohol
groups, we fed the dams a liquid diet that contains
1.0 kcal/ml of which 35% are derived from fat, 18%
from protein, 29% from carbohydrate, and 18% from
alcohol. The total daily volume of diet fed to the con-
trol animals was based upon the daily consumption of
diet by the alcohol animals. The alcohol diet resulted in
a blood alcohol concentration of 13.6� 1mM in dams.
This is equivalent to a BAC of 0.07% in humans. The
liquid diets fed to the dams were replaced by a normal
chow/water diet after the birth of the pups. Rats were
weaned at three weeks of age and placed in cages with

rats of the same sex. Both male and female rats were
used for the experiments described. For the con-
trolþapocynin and alcoholþapocynin groups, we
added apocynin (10mg/kg/day) to the liquid diets fed
to the dams for the duration of pregnancy (21–23 days).

Preparation of animals

The rats (offspring) were prepared for studies at 4–6
weeks of age. The experimenter was blinded to the
groups. On the day of the experiment, the rats were
anesthetized with thiobutabarbital sodium (Inactin,
100mg/kg body weight, intraperitoneally), and a
tracheotomy was performed. The rats were ventilated
mechanically with room air and supplemental oxygen.
A catheter was placed into a femoral vein for injection
of supplemental anesthesia (10–30mg/kg) as necessary,
and a femoral artery was cannulated to measure arterial
blood pressure and to obtain a blood sample for blood
gases.

Cerebral arteriolar diameter

A craniotomy was prepared over the left parietal cortex
to visualize the microcirculation of the cerebrum. The
cranial window was suffused with artificial cerebro-
spinal fluid (2ml/min) that was bubbled continuously
with 95% nitrogen and 5% carbon dioxide. Artificial
cerebrospinal fluid contained (in mmol/l): 124NaCl,
2.5KCl, 2.0MgSO4, 1.25KH2PO4, 26NaHCO3, 10
glucose, 2.5CaCl2. Temperature of the suffusate was
maintained at 37� 1 �C. The cranial window was con-
nected via a three-way valve to an infusion pump,
which allowed for infusion of agonists and antagonists
into the suffusate. This method maintained a constant
temperature, pH, PCO2, and PO2 of the suffusate
during infusion of drugs. Arterial blood gases were
monitored and maintained within normal limits
throughout the experiment period. Diameter of cere-
bral arterioles was measured using a video image-
shearing device. The cranial window was superfused
with artificial cerebral spinal fluid for 30min prior to
testing responses of cerebral arterioles to the agonists.

Responses of cerebral arterioles were examined
during superfusion of agonists that presumably pro-
duce dilation dependent on the release of nitric oxide
via activation of eNOS: ADP (10 and 100 mM); or
nNOS: NMDA (30 and 100 mM). We also examined
responses of cerebral arterioles to nitroglycerin (1.0
and 10 mM), which dilates cerebral arterioles independ-
ent of NOS. Diameter of arterioles was measured
before, and at 1-min intervals for 5min during applica-
tion of agonists. Baseline diameter of cerebral arterioles
returned to control levels (before application of agon-
ists) within 2–3min after application of agonists was
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stopped. To determine the role of nitric oxide in ADP
and NMDA-induced dilation of cerebral arterioles, we
suffused the cranial window with NG-monomethyl-L-
arginine (L-NMMA; 10 mM). Thus, after initially mea-
suring responses of cerebral arterioles to the agonists,
we started a continuous suffusion with L-NMMA. One
hour after starting suffusion with L-NMMA, we
retested responses of cerebral arterioles to the agonists.

Superoxide levels

We measured superoxide anion levels using lucigenin-
enhanced chemiluminescence. After transcardially per-
fusion of the heart with cold normal saline, the brain
was removed and immersed in a modified Krebs-
HEPES buffer containing (in mmol/l): 118NaCl,
4.7KCl, 1.3CaCl2, 1.2MgCl2, 1.2KH2PO2,
25NaHCO3, 10 HEPES, and 5 glucose (pH7.4).
Tissue samples were weighed from the parietal cortex
and were placed in polypropylene tubes containing
5 mmol/l lucigenin, and then they were read in a
Berthold Sirius luminometer, which reports relative
light units emitted integrated over 30-s intervals for
5min. Data were corrected for background activity
and normalized to tissue weight. In these studies, we
measured superoxide anion levels under basal condi-
tions and during exposure to NADPH (10 and
100 mM) for 5min. Thus, we examined baseline super-
oxide levels and levels of superoxide during exposure to
a substrate of NADPH oxidase.

Western blot analysis

Brains were extracted and cleaned with PBS. Parietal
cortex or cerebral microvessels from both hemispheres
were isolated and stored at �80 �C. Frozen tissue sam-
ples (parietal cortex or cerebral microvessels isolated
from brain tissue) were homogenized in 20% (weight/
volume) ice-cold buffer that contained 10mM Tris-HCl
(pH7.4),1% sodium dodecyl sulfate,1mM sodium van-
adate, 10 mg/ml aprotinin, 10 mg/ml eupeptin, and 1mM
phenylmethylsulfonylfluoride. Next, samples were cen-
trifuged at 12,000� g for 20min at 4 �C, and protein
concentration in the supernatant was determined by the
Bradford method (Bio-Rad, Richmond, CA) with
bovine serum albumin as the standard. SDS-PAGE
was performed on a 10% gel on which 5 mg of total
protein/well was loaded. After SDS-PAGE, the protein
was transferred onto a polyvinylidenedifluoride mem-
brane. Immunoblotting analysis was performed using
goat anti-gp91-phox (NOX-2) (Santa Cruz, CA),
mouse anti-eNOS (BD Transduction Laboratories),
and mouse anti-nNOS (Santa Cruz, CA), rabbit anti-
SOD-1 (Santa Cruz, CA), goat anti-SOD-2 (Santa
Cruz, CA), and goat anti NOX-4 (Santa Cruz, CA).

Goat anti-mouse immunoglobulin G, donkey anti-
goat immunoglobin G, and goat anti-rabbit immuno-
globin G were used as the secondary antibodies. An
enhanced chemiluminescence substrate (Pierce) was
applied to the membrane, followed by an exposure
within an EpiChemi II Darkroom (UVP BioImaging,
Upland, CA, USA) for visualization with the Worklab
digital imaging system. Kodak 1D software was used to
quantify the signal. The expression of eNOS, nNOS,
SOD-1, SOD-2, NOX-2, and NOX-4 was calculated
as the ratio of intensity of the band of the protein of
interest relative to the intensity of the GAPDH band
detected on the same blots.

Statistical analysis

Two-way ANOVA was used to compare findings
between groups of rats. Bonferroni correction was
used to test for significance between groups of rats.
No difference was observed between male and female
rats, and thus all data were pooled. Values are
mean�SEM. A p-value of 0.05 or less was considered
to be significant.

Results

Responses to agonists

Baseline diameter of cerebral arterioles, mean arterial
pressure, and body weight were similar in all groups at
4–6 weeks of age (Table 1).

Application of ADP, NMDA, and nitroglycerin
produced dose-related dilation of cerebral arterioles in
4–6-week-old rats (Figure 1(a) to (c)). However, the
magnitude of vasodilation in response to ADP and
NMDA, but not to nitroglycerin, was reduced in rats
exposed to alcohol in utero.

Effect of apocynin

First, treatment of dams with apocynin had no effect on
the responses of control rats. Second, treatment of the
dams with apocynin for the entire duration of preg-
nancy rescued impaired responses of cerebral arterioles
to ADP and NMDA (Figure 2). Treatment with apoc-
ynin did not influence responses to nitroglycerin
(Figure 2).

Effect of L-NMMA

Baseline diameter of cerebral arterioles before and after
L-NMMA application is found in Table 2. L-NMMA
reduced baseline diameter in control rats, control
ratsþ apocynin, and in rats exposed to alcohol in uter-
oþ apocynin, but had no effect on baseline diameter of
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rats exposed to alcohol in utero at 4–6 weeks of age
(Table 2). We found that L-NMMA reduced responses
to ADP and NMDA in control rats, control
ratsþ apocynin, and rats exposed to alcohol in uter-
oþ apocynin (Figure 3). Additionally, L-NMMA
reduced responses of cerebral arterioles to 100 mM
ADP in alcohol animals. L-NMMA had no effect on
responses of cerebral arterioles to nitroglycerin.

Superoxide

We found that superoxide levels from cortex tissue were
increased in rats exposed to alcohol in utero under
basal conditions (Figure 4). After stimulation with
NADPH, we found a significant increase in the ability
to produce superoxide in animals exposed to alcohol in
utero (Figure 4).

Expression of eNOS, nNOS, NOX-2, NOX-4, SOD-1,
and SOD-2

We did not observe a significant difference in the
expression of eNOS in microvessels or nNOS in the
parietal cortex tissue after exposure to alcohol in
utero in 4–6-week-old rats (Figure 5(a) and (b)).
However, we found that in utero exposure to alcohol
significantly increased the expression of NOX-2 in cere-
bral microvessels (Figure 5(c)). Additionally, we found
an increase in NOX-4 expression in cortex tissue
(Figure 5(d)). SOD-1 and SOD-2 expression levels
were unchanged in cortex tissue (Figure 5(e) and (f)).

Discussion

There are several new findings from this study. First,
exposure to alcohol in utero impairs dilation of cerebral
arterioles in response to agonists that act via eNOS and
nNOS in young (4–6-week-old) rats. Second, treatment
of the dams with apocynin rescued the impaired

reactivity linked to exposure to alcohol in utero.
Third, L-NMMA reduced responses of cerebral arteri-
oles to ADP and NMDA in all groups except rats
exposed to alcohol in utero. Fourth, superoxide levels
are increased at baseline and after stimulation with
NADPH in rats exposed to alcohol in utero. Fifth, in

Figure 1. Responses of cerebral arterioles to ADP (a), NMDA

(b), and nitroglycerin (c) in 4–6-week-old control rats (n¼ 8) and

rats exposed to alcohol in utero (n¼ 7). Values are means� SE.

*p< 0.05 versus responses in control rats.

Table 1. Baseline parameters of 4–6-week-old rats.

Control

(8)

3% EtOH

(7)

Controlþ

Apocynin

(8)

3% EtOHþ

Apocynin

(7)

Baseline

Diameter

(Microns)

42� 1 42� 1 36� 3 43� 4

Mean Arterial

Pressure

(mmHg)

95� 5 102� 5 105� 7 101� 5

Body Weight

(g)

149� 11 157� 6 166� 6 153� 21

Note: Values are means� SE. N for each group is given in parentheses.

Cananzi and Mayhan 335



utero exposure to alcohol upregulates the expression of
NOX-2 and NOX-4 in microvessels and tissue from the
parietal cortex, respectively, but in utero exposure does
not alter the expression of eNOS, nNOS, SOD-1, or
SOD-2. Based on these findings, we suggest that
impaired NOS-dependent dilation of cerebral arterioles
in animals exposed to alcohol in utero is related to
increased levels of superoxide, presumably via NOX-
2- and NOX-4-dependent mechanisms.

Consideration of methods

We used ADP as our eNOS-dependent agonist,
NMDA as our nNOS-dependent agonist, and nitrogly-
cerin as our NOS-independent agonist. ADP binds to
the P2Y12 G protein-coupled receptor, NMDA opens
NMDA receptors to allow the inward passage of Ca2þ

ions, while nitroglycerin releases free nitric oxide fol-
lowing enzymatic action by dehydrogenases.13–15 ADP
appears to dilate cerebral arterioles through a pathway
involving eNOS.18–21 While some22 have suggested that
dilation of cerebral arterioles in mice in response to
ADP may be related to the release of endothelium-
derived hyperpolarizing factor (EDHF) through activa-
tion of potassium channels, others23–27 have suggested
that potassium channel activation does not have a sig-
nificant role in dilation of cerebral arterioles to ADP in
rats and rabbits. In the case of NMDA, it has been
shown that NMDA dilates cerebral arterioles through
a pathway involving nNOS.25,28–31 Thus, it appears that
ADP and NMDA are appropriate agonists to examine
eNOS- and nNOS-dependent dilation in cerebral
arterioles.

We used L-NMMA to determine a role for NO in
responses to ADP and NMDA. L-NMMA is a non-
specific inhibitor of all isoforms of NOS. We used
L-NMMA to examine if the responses to ADP and
NMDA in our groups were specifically NOS-
dependent. We and several others have used
L-NMMA extensively to test specificity of

Figure 2. Responses of cerebral arterioles to ADP (a), NMDA

(b), and nitroglycerin (c) in control rats (n¼ 8), rats exposed to

alcohol in utero (n¼ 7), control ratsþapocynin (n¼ 8), and rats

exposed to alcohol in uteroþ apocynin (n¼ 7). Values are

means� SE. *p< 0.05 versus responses in control rats. #p< 0.05

versus responses in 3% EtOH rats.

Table 2. Baseline diameters of cerebral arterioles before and

after application of L-NMMA.

Control

(8)

3% EtOH

(7)

Controlþ

Apocynin

(7)

3% EtOHþ

Apocynin

(4)

Diameter

Before

L-NMMA (Microns)

43� 2 45� 3 45� 3 59� 6

Diameter

After

L-NMMA (Microns)

30� 4* 46� 6 34� 2* 44� 3*

Note: Values are means� SE.N for each group is given in parentheses.

*p< 0.05 versus baseline diameter before L-NMMA application.
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Figure 3. Responses of cerebral arterioles to ADP (a), NMDA (b), and nitroglycerin (c) in control rats (n¼ 8), rats exposed to

alcohol in utero (n¼ 7), control ratsþ apocynin (n¼ 7) and rats exposed to alcohol in uteroþ apocynin (n¼ 4) before and during

suffusion of L-NMMA (10mM). Values are means� SE. *p< 0.05 versus response before L-NMMA.

Figure 4. Superoxide levels at baseline and during stimulation with NADPH (10 and 100mM) in control rats (n¼ 24), rats exposed

to alcohol in utero (n¼ 24), control ratsþapocynin (n¼ 24), and rats exposed to alcoholþapocynin (n¼ 24). Values are

means� SE.*p< 0.05 versus responses in control rats. #p< 0.05 versus responses in rats exposed to alcohol in utero.
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NOS-dependent agonists.32–36 We found decreased
responses to ADP and NMDA in control rats, con-
trolþapocynin rats, and rats exposed to alcohol in uter-
oþ apocynin following application of L-NMMA. Rats

exposed to alcohol in utero did not display a similar
attenuation in responses to ADP and NMDA following
L-NMMA, except for 100 mM ADP. This is likely due
to already reduced responses to agonists in this group.

Figure 5. The effect of in utero exposure to alcohol on the expression of eNOS (a), nNOS (b), NOX-2 (c), NOX-4 (d), SOD-1 (e),

and SOD-2 (f). (Top) Representative Western blot in parietal cortex or cerebral arterioles (Cont¼control, n¼ 4; EtOH¼ rats

exposed to alcohol in utero, n¼ 4, ContþA¼ controlþapocynin, n¼ 4; EtOHþA¼ rats exposed to alcohol in uteroþ apocynin, n¼ 4).

(Bottom) Quantified data from the Western blots. Values are mean� SE. *p< 0.05 versus responses in control rats. #p< 0.05 versus

responses in 3% EtOH rats.
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Additionally, we found that L-NMMA reduced cere-
bral arteriolar baseline diameter in control rats, con-
trolþapocynin rats, and rats exposed to alcohol in
uteroþ apocynin. We did not observe this effect in
rats exposed to alcohol in utero. Because eNOS- and
nNOS-dependent responses are impaired in rats
exposed to alcohol in utero, an inhibitor of NOS like
L-NMMA likely has very little effect on reducing base-
line diameter of cerebral arterioles.

We used apocynin to determine a role of NADPH
oxidase in impaired responses of cerebral arterioles in
rats exposed to alcohol in utero. Apocynin is a nonspe-
cific inhibitor of NADPH oxidase, preventing the
assembly of NADPH oxidase by blocking the trans-
location of p47-phox and p67-phox to the mem-
brane.16,17 Treatment of dams with apocynin in utero
reduced the production of superoxide in the parietal
cortex of rats exposed to alcohol. This suggests that
the increase in oxidative stress observed in rats exposed
to alcohol in utero may be linked to activation of
NADPH oxidase. To further explore the effect of alco-
hol exposure and superoxide, we examined whether
apocynin would reduce the impairment observed in
rats exposed to alcohol in utero to ADP and NMDA.
We found that apocynin alleviated impaired eNOS-
and nNOS-dependent reactivity of cerebral arterioles
in rats exposed to alcohol in utero. It appears that apoc-
ynin is a fitting inhibitor of NADPH oxidase and
improves responses to eNOS and nNOS agonists, in
addition to reducing superoxide levels in animals
exposed to alcohol in utero. Alternatively, there is
some evidence by Heumuller et al.37 that apocynin
may act as an antioxidant rather than an inhibitor of
NADPH oxidase in endothelial and smooth muscle
cells. It has been suggested that apocynin is a prodrug
that is activated by myeloperoxidase and forms the
dimer diapocynin in leukocytes. Endothelial and
smooth muscle cells fail to form diapocynin and fail to
activate the less effective monomer apocynin. Instead, in
vascular smooth muscle, redox-sensitive p38-mitogen-
activated kinase (Akt) and extracellular signal-regulated
kinase 1/2 is inhibited by apocynin, suggesting an alter-
native antioxidant pathway catalyzed by apocynin that
does not involve NADPH oxidase.37

We measured the levels of superoxide using luci-
genin-enhanced chemiluminescence. We found that in
utero exposure to alcohol increased basal levels of
superoxide in parietal cortex tissue in 4–6-week-old
rats and after NADPH, which was used to stimulate
NADPH oxidase activity. This suggests an increased
production of superoxide in these animals that may
contribute to increased oxidative stress in rats exposed
to alcohol in utero.

We used both male and female rats in our studies. In
the past we have shown that 3-month-old rats that were

chronically fed alcohol with a liquid diet showed sex-
related differences in responses of cerebral arterioles to
acetylcholine, ADP, kainate, and NMDA.38 In the pre-
sent study, we did not observe sex-related differences in
eNOS or nNOS-dependent responses of cerebral arteri-
oles in control rats or in rats exposed to alcohol in
utero. Nevertheless, we did not expect any differences
at 4–6 weeks of age due to rats not reaching puberty
until 6–8 weeks of age.39

Consideration of previous studies

Very few studies have examined the effect of in utero
exposure to alcohol on vascular function. One study
used thoracic aortas harvested from 25-week-old rats
exposed to alcohol in utero.40 They observed that
responses to carbamylcholine chloride, an endothe-
lium-dependent agonist, were impaired in adult rats
that had been exposed to alcohol in utero, while relax-
ation to an NO donor (sodium nitroprusside) was simi-
lar between control rats and rats exposed to alcohol in
utero. Our studies expand this concept by exploring the
effect of agonists of eNOS and nNOS on cerebral
arterioles of rats exposed to alcohol in utero and mech-
anisms that may involve the action of superoxide and
NADPH oxidase.

Other studies have examined the effect of in utero
exposure to alcohol on large cerebral arteries in sheep.
One study by Mayock et al.41 found that in utero
exposure to alcohol impaired the increase in cerebral
blood flow in response to hypoxia. Another study
from this group42 using the same model found that
responses of cerebral arterioles to adenosine were not
affected. Additionally, they found no changes in cere-
bral microvessel density in this model.41 In the pre-
sent study, we found impaired responses of cerebral
arterioles to agonist of eNOS and nNOS in rats
exposed to alcohol in utero. Our studies extend
beyond those of Mayock et al. by examining proteins
involved in vasodilation and inhibition of those
responses through mechanisms involving the effect of
oxidative stress.

Investigators have examined the influence of in utero
exposure to alcohol on oxidative stress in brain.
Previous studies have found increased expression of
p22phox, p27phox, NOX activator 1 (NOXA1), and
NOX organizer 1 (NOXO1) in mouse embryos follow-
ing exposure to alcohol.43 In the present study, we
found increased expression of NOX-2 and NOX-4 in
rats exposed to alcohol in utero. Other studies found
that use of antioxidants, including vitamin C, E, and
beta-carotene, protected against alcohol induced cell
loss,44 reduced ROS production and NF-kappa B acti-
vation,45 and protected against ethanol combined with
ischemia in embryonic rat hippocampal cultures.46
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Additionally, protein expression of NOX-2 and NOX-4
remained elevated in rats exposed to alcohol and apoc-
ynin in utero. It is possible that alcohol exposure in
utero would induce overexpression of proteins that
have an important role in the production of superoxide,
but the presence of apocynin, which prevents the
assembly of the NADPH oxidase complex, would
reduce the production of superoxide and rescue the
impairment in reactivity observed in cerebral arterioles
in response to agonists of NOS. Nonetheless, SOD-1
and SOD-2 protein expression were not altered, sug-
gesting that antioxidant pathways are not affected in
cerebral arterioles.

In summary, we examined the effects of in utero
exposure to alcohol on eNOS- and nNOS-dependent
reactivity of cerebral arterioles, superoxide levels, and
expression of key enzymes responsible for oxidative
stress. We found that in utero exposure to alcohol
impaired responses of cerebral arterioles to eNOS and
nNOS-dependent agonists in 4–6-week-old rats. In add-
ition, we found expression of proteins involved in endo-
thelial vasodilation and oxidative stress to be altered by
in utero exposure alcohol. Further, we found that treat-
ment of dams with apocynin prevented impaired
reactivity in cerebral arterioles in rats exposed to
alcohol in utero. Based on these findings, we suggest
that in utero exposure to alcohol impairs eNOS- and
nNOS-dependent pathways by mechanisms that result
in an increase in oxidative stress. We speculate that
impaired responses of cerebral arterioles to activation
of essential vasodilator pathways following in utero
exposure to alcohol may have an important role in
the pathogenesis of cognitive and structural brain aber-
rancies. The loss of vasodilator capacity would impair
changes in cerebral blood flow after an increase in
nutritional demand and result in a scenario of poor
brain oxygenation and nutrition. This may produce
an ischemic cerebral environment that may exacerbate
brain dysfunction.
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