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Abstract
Fetal alcohol syndrome is a leading cause of mental retardation, but mechanisms of alcohol-
associated brain damage remain elusive. Chronic alcohol exposure attenuates fetal and neonatal
hypoxic cerebral vasodilation in sheep. We therefore hypothesized that alcohol could alter
development of cerebrovascular responses to adenosine, a putative mediator of hypoxic cerebral
vasodilation. The objective of this study was to examine the effect of earlier fetal alcohol exposure
on later reactivity to adenosine in fetal sheep cerebral arterioles. Penetrating intracerebral arterioles
were harvested from the brains of third trimester fetal sheep previously exposed in the second
trimester to maternal alcohol “binges” (1.5g/kg IV over 90 minutes, 5 days/week for 4 weeks) or
same-volume saline infusions. Arterioles were cannulated with a micropipette system and luminally
pressurized. Fetal alcohol exposure did not affect spontaneous myogenic tone, but enhanced the
dilator response of penetrating arterioles to extraluminal acidosis (pH 6.8). Alcohol exposure also
resulted in an increase in maximal vessel response to CGS-21680, an adenosine A2A receptor agonist,
but did not alter the concentration-dependent response curves to adenosine. Our results suggest that
earlier alcohol exposure does not impair the subsequent responsiveness of fetal cerebral arterioles to
vasodilator agents. Thus, alteration in cerebral vascular response to hypoxia in fetal sheep may not
be attributed to changes in vascular reactivity to adenosine.
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1. Introduction
Alcohol is detrimental to the developing brain, and remains the leading cause of mental
retardation in developed countries (Abel, 1997; Warren et al., 1988). The mechanisms by which
in utero alcohol exposure adversely affects fetal brain development and function are largely
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unknown. Most studies of fetal alcohol syndrome have focused on alcohol’s direct or indirect
toxic effects on developing nerves and brain structures. However, chronic alcohol exposure
has well known adverse effects on brain blood vessels (Daft et al., 1986; Turcotte et al.,
2002; Vorbrodt et al., 2001). Because of the overall importance of cerebrovascular regulation
in brain function and development (Iadecola, 2004; Pearce, 2006), the deleterious vascular
effects of alcohol may contribute to the wide range of neuropathology reported in individuals
exposed to alcohol prenatally.

Few studies have examined the cerebrovascular effects of fetal alcohol exposure. We have
developed a sheep model of binge fetal alcohol exposure and previously reported that early
fetal alcohol exposure is associated with later attenuation of cerebral blood flow (CBF)
responses to hypoxia in both fetuses (Mayock et al., 2007) and newborns (Gleason et al.,
1997). Cerebrovascular hypoxic vasodilation is believed to be mediated, in part, by adenosine
(Blood et al., 2003; Morii et al., 1987; Pearce, 2006). Its actions are mediated by specific cell
surface receptors coupled to G-proteins, including A1, A2A, A2B and A3 subtypes (Fredholm
et al., 2001). Brain extracellular adenosine levels are normally low, with a measured
concentration of approximately 50 nM (Latini et al., 2001). With increased tissue metabolic
activity, hypoxia or ischemia, adenosine concentrations can increase over 100 fold (Latini et
al., 2001), leading to cerebral vasodilation by activating adenosine receptors that are primarily
of the A2A subtype (Ngai et al., 2001).

We therefore hypothesized that alcohol exposure may alter adenosine reactivity in fetal cerebral
vessels. In the present study, we evaluated the reactivity of fetal sheep cerebral arterioles to
adenosine and to CGS-21680, an adenosine A2A receptor agonist. Concentration-dependent
responses of arterioles isolated from third trimester fetal sheep which had been exposed to
alcohol in the second trimester were determined and compared with responses from fetal sheep
exposed to saline infusion.

2. Results
Maternal Infusions

Maternal blood alcohol levels, both pre- and post- infusion, were similar on days 2 and 5 of
infusion and over the four weeks of the maternal infusion protocol and, therefore, were
averaged. Maternal blood alcohol levels averaged 201 ± 6 mg/dL after the 1.5 hour alcohol
infusion. (Table I) Maternal blood glucose levels decreased significantly after alcohol infusion.
No changes in maternal blood glucose levels were noted in saline-control animals. Maternal
blood lactate levels decreased in the saline-control ewes, (Table I) whereas they did not change
significantly after alcohol infusion.

Fetal Cerebral Arteriole Studies
We studied 10 penetrating cerebral arterioles from saline-control fetuses and 9 arterioles from
alcohol-exposed fetuses. When the circulating bath temperature was raised to normal fetal
temperature (40°C) and vessels were pressurized to 40 mmHg, viable vessels contracted
spontaneously to ~65% of passive (maximally dilated) diameter. Arterioles developed similar
myogenic resting tone in both groups (Table II). However, vessel response to acidotic buffer
(pH 6.8) was greater in the fetuses exposed to alcohol vs. saline (Table II). Arterioles from
both groups exhibited robust responses to adenosine and to CGS-21680. However, the
maximum vasodilator response to CGS-21680 was significantly greater in the alcohol exposed
group (Table II and Figure 1).
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3. Discussion
This paper provides the first report on the vasomotor properties of penetrating cerebral
arterioles in the fetal sheep and specifically reports on the effects of prior alcohol exposure.
We found that exposure to maternal alcohol binges during midgestation does not alter the
ability of late gestation fetal arterioles to develop myogenic tone in vitro, nor the reactivity of
these arterioles to adenosine. However, alcohol exposed arterioles reacted differently to a
selective A2A adenosine receptor agonist and to H+ compared to control vessels.

We chose a 2nd trimester binge alcohol model for several reasons. First, binge drinking is more
clinically relevant than continuous alcohol exposure (Caetano et al., 2006). For reference, the
amount of alcohol needed to bring human alcohol blood level to 200 mg/dL – as in our sheep
– is 7 ounces of hard liquor or 7 beers consumed over a 90 minute period. The legal limit in
the United States for blood alcohol content while driving is 80 mg/dL. Second, the 2nd trimester
may be a particularly vulnerable time for brain injury since alcohol-induced neuronal loss in
rats is reportedly the greatest with prenatal alcohol exposure during the 2nd trimester (Miller
et al., 1990). In sheep, the brain growth spurt also occurs in the second trimester (Dobbing et
al., 1979). Taken together, the most vulnerable period with respect to brain growth in the
developing fetal sheep brain is thus likely to be in the 2nd trimester.

The penetrating cerebral arterioles are considered important contributors to cerebral vascular
resistance in vivo (Dacey et al., 1982; Faraci et al., 1990). We used the pressure myograph
technique, which is considered more physiologic than vessel strips or rings (Dunn et al.,
1994; Mulvany et al., 1990), and allows us to investigate the vasomotor responses of cerebral
arterioles in isolation from the possible confounding influences of metabolic and humoral
factors. This methodology has been utilized extensively to study the role of various vasoactive
agents and metabolites on cerebral arteriolar reactivity in rodents (Coyne et al., 2002; Dacey
et al., 1982; Ngai et al., 2001). Although no comparable data is available in fetal sheep
penetrating arterioles, cerebral arterioles in this study developed levels of myogenic tone
similar to isolated adult vessels from rodents (Coyne et al., 2002; Dacey et al., 1982; Ngai et
al., 2001). Additionally, the response of fetal sheep intracerebral arterioles to extraluminal pH
decrease (Table II) is comparable to the pH reactivity of pial arterioles in vivo (Lindauer U et
al., 2003) and rat arterioles in vitro (Ngai et al., 2001). Marked responsivity to extracellular
pH changes, which underlies cerebral CO2 reactivity, is a characteristic of cerebral vessels
(Lindauer et al., 2003). The mechanism by which extraluminal H+ dilates cerebral vessels
remains unclear, but recent evidence suggests that nitric oxide or potassium channels may be
involved (Lindauer et al., 2003). In the present study, fetal alcohol exposure significantly
enhanced the dilation response of sheep cerebral arterioles to a decrease in extraluminal pH.
Further studies are needed to determine how fetal alcohol exposure may alter cerebral vessel
sensitivity to pH changes.

In this study, adenosine dilated fetal sheep penetrating arterioles in a concentration-dependent
manner, with –log EC50 values that are similar to those reported in rat intracerebral arterioles
(Ngai et al., 2001). In control arterioles, adenosine, which is capable of activating A2A and
A2B adenosine receptors (Fredholm et al., 2001), induced a greater maximal dilation than the
A2A receptor specific agonist, CGS-21680. The greater efficacy of adenosine (vs. CGS-21680)
has been observed in rat cerebral arterioles (Ngai et al., 2001), and suggests that A2B receptors
may participate in adenosine-induced dilation in cerebral arterioles (Ngai et al., 2001). On the
other hand, alcohol exposure appeared to have selectively enhanced the efficacy of CGS-21680
in eliciting dilation of fetal cerebral arterioles without affecting the maximal response to
adenosine. The differential effect of fetal alcohol on A2A receptor function is difficult to
explain, but because both A2A and A2B receptors may participate in the dilation response to
adenosine, one possible explanation is that the enhanced efficacy of A2A receptor activation
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may be offset by a down-regulation in adenosine-A2B receptor expression. Indeed, there is
precedent for pathological stimuli to modulate adenosine receptor expression and selectively
enhance or reduce specific receptor subtypes. For example, hypoxia has been shown to
downregulate the expression of A2A receptors in human endothelial and smooth muscle cells
while increasing expression of A2B receptors (Feoktistov et al., 2004). Further studies will be
needed to investigate the pharmacological and molecular mechanisms involved.

We previously demonstrated that fetal alcohol exposure attenuates the vascular response of the
cerebral vasculature to hypoxia (Gleason et al., 1997; Mayock et al., 2007). Because
cerebrovascular hypoxic vasodilation is mediated, in part, by adenosine (Blood et al., 2003;
Morii et al., 1987; Pearce, 2006), we hypothesized that alcohol exposure might affect
vasodilatory responses of cerebral vessels to adenosine. Instead, the present findings reveal
that alcohol exposure did not alter the response of fetal sheep cerebral arterioles to endogenous
vasoactive mediators, including adenosine. It is possible, however, that chronic alcohol
exposure may alter other putative vasodilator mechanisms, such as nitric oxide (Blood et al.,
2003; Endres et al., 2004), leading to alteration of cerebral blood flow responses to hypoxia.

In summary, we have demonstrated that fetal alcohol exposure during the second trimester
does not alter cerebral arteriolar reactivity to adenosine later in gestation. However, alcohol
exposure does alter vessel responses to acidosis and to a selective A2A adenosine receptor
agonist. Further studies are needed to clarify the role of various adenosine receptor subtypes
in this response.

4. Experimental Procedure
All experimental protocols were approved by the University of Washington and University of
Idaho Animal Care and Use Committees. Mixed breed fetal sheep were obtained from time
dated pregnancies. Full term gestation is 150 days.

Maternal Infusion Protocol
Pregnant sheep were randomized to receive daily (Monday through Friday) intravenous
infusions of either alcohol (n = 8) or saline (n = 9) from 60 to 90 days gestation. Ewes were
bred, housed and received IV alcohol or saline infusions at the animal research facilities of the
University of Idaho, Department of Animal and Veterinary Science, Center for Reproductive
Biology in Moscow, Idaho. A jugular venous catheter was placed percutaneously under
xylazine (0.1 mg/kg IM) and local lidocaine anesthesia on day 60 of gestation for the duration
of the infusion protocol. Catheter patency was maintained by heparin flush (100 Units/mL).
Alcohol (1.5 grams pure ethanol/kg ewe weight, 33% v/v solution) or the equivalent volume
of normal saline was infused over 1.5 hours. Once the daily infusion protocol was complete,
the jugular catheter was removed.

Maternal blood levels of glucose, lactate and alcohol were measured before and after infusion
on the second and last days of each infusion week. Samples were obtained during all four weeks
of infusion. Blood samples were immediately deproteinized, centrifuged, and the supernatant
decanted, frozen, and shipped on dry ice to the University of Washington, where they were
stored at −20°C until assayed. Blood glucose, lactate, and alcohol concentrations were
measured enzymatically by glucose oxidase, lactate dehydrogenase, and alcohol
dehydrogenase oxidation utilizing standard assay kits (Sigma Diagnostics, St. Louis, MO or
Diagnostic Chemical Limited, Oxford, CN).
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Fetal Vessel Preparation
Fetal penetrating cerebral arterioles were obtained for study on days 125–128 gestation. The
ewe was deeply anesthetized with pentobarbital after a 16-gauge venous catheter was placed
percutaneously in a maternal jugular vein for fluid administration. The trachea was intubated
and the ewe was mechanically ventilated. The uterus was exposed through a midline incision.
Cesarean delivery of the fetus was accomplished and an overdose of pentobarbital was injected
into the umbilical vein. The fetus then underwent immediate decapitation and removal of the
brain. A wedge of cerebral cortex ~4 mm thick at the base of the brain extending from the
Circle of Willis to the lateral cerebral artery and containing the middle cerebral artery was
dissected bilaterally. The pia mater and attached penetrating intracerebral arterioles were
separated from the parenchyma. Intracerebral arterioles (1–2 mm in length and 80–250 μm in
diameter) were excised and placed in a temperature-controlled vessel chamber on the stage of
an inverted microscope. The vessel was cannulated at both ends with concentric micropipettes
consisting of a perfusion pipette within a holding pipette (Ngai et al., 2001; Ngai et al.,
1993). After cannulation, the vessel was pressurized to 40 mmHg and perfused intraluminally
at a rate of 2 μL/min with buffered salt solution (pH 7.4) containing 1% bovine serum albumin.
The vessel bath contained MOPS-buffered salt solution (pH 7.4) replaced with fresh buffer at
1 mL/min. The composition of the 3-(N-morpholino)-propanesulfonic acid (MOPS) buffered
saline solution was as follows (in mM): 144.0 NaCl, 3.0 KCl, 2.5 CaCl2, 1.5 MgSO4, 5.0
glucose, 2.0 pyruvate, 0.02 EDTA, 2.0 MOPS, and 1.2 NaH2PO4, pH 7.4. Adenosine,
CGS-21680, and MOPS were obtained from Sigma (St. Louis, MO).

After measurement of passive internal vessel diameter with a video micrometer, the bath
temperature was raised to 40°C (normal fetal sheep temperature). Viable vessels gradually
develop spontaneous myogenic tone and constrict to a stable baseline diameter of ≤68% of
passive diameter. Vessel reactivity was assessed by replacing the bath fluid with acidic (pH
6.8) buffer. Viable vessels dilated to ≥115% of baseline diameter. Vessels not meeting viability
criteria were discarded.

We analyzed the responses of vessels to adenosine and to the A2A receptor-specific agonist
CGS-21680. Adenosine (1mM) and CGS-21680 (0.1mM) were dissolved directly into the
MOPS-buffered salt solution at pH 7.4. Serial subsequent dilutions were made with MOPS.
Adenosine test range was 10−8 to10−4 M/L and CGS-21680 test range was 10−11 to 10−5 M/
L. Concentration response curves were constructed by changing the bath solution in 10-fold
concentration increments by means of a perfusion pump at 1 mL/min. Vessel diameter was
recorded at 6 minutes after each solution change. After the response to the highest agonist
concentration (0.1 mM for adenosine and 0.01 mM for CGS-21680) were determined, the bath
conditions were restored to baseline. The experiment was discontinued if vessel diameter did
not recover to ± 10% of control within 20 minutes after washout.

Statistical Evaluation
All data are expressed as means ± SEM. Dilator responses are expressed as a percentage of
resting tone (diameter measured after the development of steady spontaneous tone). We utilized
GraphPad Prism™ (GraphPad Software, San Diego, CA) to enter and analyze data. This
program analyzes sigmoidal dose-response (variable slope) best-fit values using a 4-parameter
(top, bottom, logEC50 and slope) logistic (‘Hill’) equation and the F-test. Using two-tailed
Student’s t-test, we compared parameters for vessels from alcohol-exposed versus saline-
control fetal sheep brains. A p value <0.05 was considered significant. Vessels were excluded
when the logEC50 95% confidence interval was not defined or was greater than 2 standard
deviations away from the mean logEC50 confidence interval.
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Figure 1. Cerebral Arteriolar Dilatory Response to Adenosine Agonists
Top: Vessel response to adenosine.
Bottom: Vessel response to CGS-21680.
Saline-control fetuses: Solid curve with closed symbols. Alcohol-exposed fetuses: Dashed
curve with open symbols. Standard error flags are shown. Resting tone is similar in both groups
of vessels. Values are means ± SEM.
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Table I
Maternal Metabolic Measurements During Saline or Alcohol Infusion

Saline Alcohol

Preinfusion Postinfusion Preinfusion Postinfusion

Glucose (mg/dL) 36.7± 1.2 38.3 ± 0.8 41.2 ± 1.6 29.9 ± 1.7 **

Lactate (mg/dL) 11.6 ± 1.8 7.2 ± 0.6* 11.4 ± 0.7 15.1 ± 1.7

Alcohol(mg/dL) 0 ± 0 0 ± 0 2 ± 1 201 ± 6 ***

Maternal blood concentrations before and following infusion between 60 and 90 days gestation. Values are averages from the four weeks of infusion and
presented as mean ± SEM.

*
p = 0.049,

**
p = 0.0014,

***
p < 0.0001 compared to preinfusion values.
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Table II
Fetal Cerebral Arteriole Diameter and Reactivity

Saline-Exposed Alcohol-Exposed

N 10 9

Passive Diameter (μm) 142 ± 16 157 ± 10

Dilation to pH 6.8 a 26 ± 3 % 35 ± 3 % *

Resting Tone (% passive diameter) 65 ± 2 % 67 ± 2 %

Maximal Adenosine Dilation a 52 ± 7% 51 ± 5%

Adenosine LogEC50 −6.35 ± 0.19 −6.48 ± 0.14

Maximal CGS-21680 Dilation a 32 ± 5% 53 ± 8% *

CGS-21680 LogEC50 −7.71 ± 0.17 −7.56 ± 0.74

Values presented as mean ± SEM.

a
Dilation responses expressed as % of resting diameter (diameter measured after the development of steady spontaneous tone).

**
p < 0.05 versus saline-exposed vessels.
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