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Abstract
Introduction—Prenatal alcohol exposure via maternal liquid diet consumption by C57BL/6 (B6)
mice causes conspicuous midline neural tube deficit (dysraphia) and disruption of genesis and
development of serotonin (5-HT) neurons in the raphe nuclei, together with brain growth retardation.
The current study tested the hypothesis that concurrent treatment with either an activity-dependent
neurotrophic factor (ADNF) agonist peptide [SALLRSIPA, (SAL)] or an activity-dependent
neurotrophic protein (ADNP) agonist peptide [NAPVSIPQ, (NAP)] would protect against these
alcohol-induced deficits in brain development.

Methods—Timed-pregnant B6 dams consumed alcohol from embryonic day 7 (E7, before the onset
of neurulation) until E15. Fetuses were obtained on E15 and brain sections processed for 5-HT
immunocytochemistry, for evaluation of morphologic development of the brainstem raphe and its 5-
HT neurons. Additional groups were treated either with SAL or NAP daily from E7 to E15 to assess
the potential protective effects of these peptides. Measures of incomplete occlusion of the ventral
canal and the frequency and extent of the openings in the rhombencephalon were obtained to assess
fetal dysraphia. Counts of 5-HT-immunostained neurons were also obtained in the rostral and caudal
raphe.

Results—Prenatal alcohol exposure resulted in abnormal openings along the midline and delayed
closure of ventral canal in the brainstem. This dysraphia was associated with reductions in the number
of 5-HT neurons both in the rostral raphe nuclei (that gives rise to ascending 5-HT projections) and
in the caudal raphe (that gives rise to the descending 5-HT projections). Concurrent treatment of the
alcohol-consuming dams with SAL prevented dysraphia and protected against the alcohol-induced
reductions in 5-HT neurons in both the rostral and caudal raphe. NAP was less effective in protecting
against dysraphia and did not protect against 5-HT loss in the rostral raphe, but did protect against
loss in the caudal raphe.

Conclusions—These findings further support the potential usefulness of these peptides for
therapeutic interventions in pregnancies at risk for alcohol-induced developmental deficits. Notably,
the ascending 5-HT projections of the rostral raphe have profound effects in regulating forebrain
development and function, and the descending 5-HT projections of the caudal raphe are critical for
regulating respiration. Protection of the rostral 5-HT-system may help prevent structural and
functional deficits linked to abnormal forebrain development, and protection of the caudal systems
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may also reduce the increased risk for sudden infant death syndrome associated with prenatal alcohol
exposure.
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Fetal Alcohol Syndrome; Dysraphia; Neurotrophic Factor; Neural Tube Defect; Activity-Dependent
Neuroprotective Peptide

Fetal alcohol syndrome (FAS) is the leading nongenetic cause of developmental disabilities in
the Western world, with an estimated incidence in the United States between 0.5 and 2.0 cases
per 1000 live births (Bertrand et al., 2005). FAS is diagnosed by the presence of craniofacial
dysmorphology, growth retardation, and evidence of central nervous system dysfunction
(Jones and Smith, 1973; Jones et al., 1973). However, it is estimated that there may be up to
10 times as many individuals with confirmed prenatal alcohol exposure who have significant
brain damage and cognitive/behavioral deficits, but who do not have the facial dysmorphology
or growth retardation needed to fulfill the diagnostic criteria for FAS (Aase et al., 1995; Barr
and Streissguth, 2001; Mattson et al., 1998; Roebuck et al., 1998; Sampson et al., 1997; Stratton
et al., 1996). The term fetal alcohol spectrum disorders (FASD) has been adopted as an umbrella
classification to convey the wide range of phenotypic effects resulting from prenatal alcohol
exposure, ranging from subtle effects on growth or neurobehavioral function to full-blown FAS
at the severe end of the spectrum (Bertrand et al., 2005; Manning and Hoyme, 2007).

Abnormal development of midline structures of the face and brain is a hallmark of FAS. These
include the characteristic features of facial dysmorphology (indistinct philtrum, narrow
palpebral fissures, short nose, and flattened mid-face) and the disproportionate reductions in
midline brain structures such as the corpus callosum, the anterior vermis of the cerebellum,
and the caudate nucleus (Bookstein et al., 2002a,b; Sowell et al., 2001; Swayze et al., 1997;
Zimmerberg and Scalzi, 1989). Profound structural abnormalities in midline brain regions have
also been modeled by heavy-binge alcohol exposure on gestational day 7 in mice (Sulik and
Johnston, 1983; Sulik et al., 1984). These outcomes suggest that alcohol may alter cellular
processes associated with neural tube fusion and early morphogenesis of the midline neuroaxis.
Under very high exposure circumstances, total dysraphia may result, i.e., the failure of the
neural tube to close or rupture of a closed neural tube (Gardener, 1973), as has been reported
in a mouse embryo culture model (Chen et al., 2005) and in human autopsy cases of fetuses
from the first trimester that failed to survive heavy prenatal alcohol exposure (Kovetskii,
1991).

Using a mouse model of prenatal alcohol exposure in which inbred C57BL/6 (B6) dams drink
alcohol in a chocolate-flavored liquid diet as their sole source of calories beginning on
gestational day 7 (just before the onset of neurulation), we have identified a midline neural
tube deficit that is evident microscopically in the fetal brain in either (or both) the floor or roof
plates (Zhou et al., 2003). In the brainstem, a delayed occlusion of ventral canal (fusion of 2
sides of the brainstem) was evident. This effect on embryonic brain development may best be
characterized as an incomplete dysraphia, because the neural tube and ventral canal eventually
did close with this alcohol exposure paradigm. Yet, adverse consequences are likely to result
from this midline abnormality, including mistimed formation and differentiation of midline
neurons and altered growth of fiber processes that cross the midline. Consistent with that, we
have shown a delayed formation of the rostral raphe nuclei in the brainstem and reduced
numbers and dystrophic morphogenesis of serotonin (5-HT) neurons in the dorsal and median
raphe in this model (Zhou et al., 2001, 2002). Deficits in development of the 5-HT system have
also been shown in rat models of prenatal exposure using liquid diets (Druse et al., 1991).
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Development of effective strategies of interventions (prevention and treatment) is an important
goal of current fetal alcohol research. Prevention of FASD would be assured by abstinence
from alcohol drinking during pregnancy. However, interventions intended to reduce at-risk
drinking during pregnancy are often unsuccessful in alcohol-dependent individuals or are
difficult to implement for individuals at greatest risk for an FASD outcome. Moreover,
effective treatment of children with FASD has not yet been identified (Kalberg and Buckley,
2007). One potential approach to reduce the incidence and life-long adverse consequences of
FASD is to develop a molecular intervention that could limit or prevent the effects of prenatal
alcohol exposure on the developing brain. Towards that goal, several agents targeting various
putative mechanisms of pathogenesis have been demonstrated to have some success in different
experimental animal models [(Chen et al., 2001; Ieraci and Herrera, 2006; Kim and Druse,
1996; Thomas et al., 2000, 1997; Wilkemeyer et al., 2002; for review see Goodlett et al.
(2005)].

One promising molecular intervention for alcohol-induced teratogenesis is a class of
neurotrophic factors that are regulated by vasoactive intestinal peptide in an activity-dependent
fashion. These trophic molecules known as activity-dependent neurotrophic factor (ADNF)
(Gozes and Brenneman, 1996; Gressens et al., 1999; Guo et al., 1999) and the structural and
immunological homologue, activity-dependent neuroprotective protein (ADNP) (Bassan et al.,
1999; Gozes et al., 1999) have been shown to prevent alcohol-induced growth deficits and
embryonic teratogenesis (Spong et al., 2001), including the total dysraphia produced in cultured
mouse embryos by high alcohol concentrations (Chen et al., 2005). ADNF and ADNP have
extremely potent neurotrophic (Brenneman and Gozes, 1996; Brenneman et al., 1997) or
neuroprotective actions (Gressens et al., 1997), with an efficacy in the femtomolar range
(Gozes and Brenneman, 1996). A functional peptide fragment of ADNF, SALLRSIPA (SAL),
a potent neurotrophic agent (Brenneman et al., 1998), ameliorated microencephaly in B6 fetal
mice induced by prenatal alcohol exposure via maternal liquid diet consumption (Zhou et al.,
2004). A functional peptide fragment of ADNP, NAPVSIPQ (NAP), which shares many
protective effects of SAL, has also been identified as a potent neuroprotectant (Gozes and
Brenneman, 2000; Zamostiano et al., 1999).

The goal of the current study was to test the hypothesis that the NAP and SAL peptides would
prevent alcohol-induced deficits in embryonic midline development in the brainstem
(dysraphia) and would prevent the alcohol-induced deficits in early development of 5-HT
neurons in the rostral and caudal raphe. Notably, the current study is the first to test whether
there is an alcohol-induced effect on development of 5-HT neurons in the caudal raphe.

MATERIALS AND METHODS
Testing NAP and SAL in C57BL/6 Mouse Liquid Diet Model

The protocols used in this study were reviewed and approved in advance by the Indiana
University School of Medicine Institutional Animal Care and Use Committee, and the use of
animals followed the Guide for the Care and Use of Laboratory Animals (National Academy
Press, 1996). C57BL/6 mice were obtained from Harlan, Inc. (Indianapolis, IN) and were
acclimated for at least 1 week prior to mating. The mice were maintained in the Indiana
University Laboratory Animal Research Center vivarium with ad lib chow and water at 22°C
room temperature, 30% humidity, on a reverse 12:12 light:dark cycle (lights off at 9:00 AM).
Only nulliparous females were used for mating. Females were placed with a male for 2 hours
and checked for a sperm plug immediately after the mating session. Positive sperm plug
detection was designated as embryonic day 0 (E0), hour 0. Within a breeding cohort, females
were mated in subgroups separated by 2 to 3 days. This facilitated contemporaneous pair-
feeding (below), which required a lag in gestation between the alcohol (ethanol)-consuming
dam and its matched pair-fed (PF) dam.
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Pregnant females were weighed daily and on the day before treatment were assigned pseudo
randomly (matched for weight) to 1 of 3 dietary treatment groups that started on E7: (i) free
access alcohol liquid diet (ALC) delivering 25% ethanol-derived calories (EDC) as the sole
source of nutrients; (ii) PF control, yoked individually (with a 2 to 3 day lag) to an ALC dam
and given free access to matched daily amounts of isocaloric liquid diet in which maltose–
dextrin was isocalorically substituted for ethanol; or (iii) ad libitum chow and water (Chow)
at all times during gestation.

The liquid diet was a fortified Sustacal formula adapted from the published protocols reported
by Middaugh and Ayers (1988). The diet contained 237 ml of chocolate-flavored Sustacal
(Mead Johnson, Evansville, IL), 1.44 g Vitamin Diet Fortification Mixture (ICN #904654),
and 1.2 g Salt Mixture XIV (ICN #902850). For the ethanol diet, 15.3 ml of 95% ethanol was
added to the fortified Sustacal formula, and water was then added to make 320 ml of diet
containing 1 Cal/ml (25% EDC; ethanol 4.54% v/v). For the isocaloric control diet, 20.2 g
maltose–dextrin (BioServ, San Diego, CA) was added to the fortified Sustacal formula with
water to bring it to 1 Cal/ml. On E6, 1 day before the diet manipulations began, all dams of the
ALC and PF groups were adapted to the liquid diet by giving the control diet (without ethanol)
as their sole source of calories. Each day between 8:00 AM and 9:00 AM, the dams were weighed,
the volume of liquid diet consumed during the previous 24 hours was recorded from 30-ml
graduated screw-cap tubes, and freshly prepared diet was provided.

For the alcohol-consuming dams, subgroups of randomly assigned dams were given either
saline vehicle injections (ALC; n = 9) or NAP (ALC + NAP; n = 9) or SAL (ALC + SAL; n
= 10). The daily dose of either NAP or SAL, freshly prepared in sterile saline, was 20 µg/0.2
ml/dam, a dose adopted from our previous study. The L-form NAP and SAL were synthesized
in the Molecular Biotechnology Facility, Indiana University School of Medicine (IN) and
tested for efficacy against cultured cells by Dr. D. Brenneman prior to use. The drugs were
administered once daily from E7 to E15 by intraperitoneal (IP) injection 30 minutes before the
beginning of the dark cycle, to allow for sufficient time for absorption prior to the onset of the
dark phase when the circadian patterns of feeding typically produced the highest blood alcohol
concentration (BAC) levels of the day. To assess the potential effects of NAP or SAL on normal
fetal brain development, some dams of the Chow group (n = 4) were randomly assigned to be
given NAP or SAL as described above.

All treatments were carried from E7 (approx. 168 hours postcoitus, PC) until E15 (approx. 360
hours PC). On the morning of E15 (over a 4-hour range), the dams were killed by CO2
inhalation followed by cervical dislocation, and all fetuses were then removed from uteri for
analysis. One fetus from each dam was used with 5 to 9 fetuses per group obtained for analysis
of brain stem morphology and immunocytochemistry of 5-HT neurons.

Blood Alcohol Concentrations
Maternal BACs were tested with 2 sets of 5 C57BL/6 dams given the 25% EDC diet (not used
for embryonic studies). In brief, pregnant mice were given the same feeding protocol as the
other experimental dams (ethanol diet provided on E7 at 9:00 AM) and 2 tail blood samples of
50-µl each were obtained (at 11:00 AM and 13:00 PM) on E8, E11, and E14. The blood samples
were collected in heparinized capillary tubes, centrifuged, and 5 µl plasma samples were
analyzed for alcohol concentration using the Analox Alcohol Analyzer (Lunenberg, MA),
calibrated using a 100 mg/dl ethanol standard.

Neural Tube Opening
An open neural tube was defined by incomplete formation of “neural tissue” (not non-neural
membrane) occurring at the floor or dorsal folds. The openings (underneath the wrapping
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membrane) were observed in whole embryos under a stereomicroscope, followed by
microscopic examination of tissue after sectioning as described previously (Zhou et al.,
2003). The brains were embedded in gelatin to avoid tearing of the dorsal or ventral plates.
The number of sections with openings (failure of ventral canal occlusion, designated “o”) was
counted through the entire collection of forebrain sections evaluated (n) for each brain. The
ratio (r) of sections containing openings along the neural tube axis was determined by the
formula r = o/n. The length (l) of the opening along the neural tube axis was determined by
multiplying the number of sections with openings (o) by the thickness of the section (average
fresh section) (h), as determined by a high-magnification lens: l = o × h (Zhou et al., 2003).

Immunocytochemistry
The immunocytochemistry for 5-HT was performed as previously described (Zhou et al.,
2001, 2002, 2005). Fetal brains obtained from the pregnant dams were immersed overnight in
freshly prepared 4% paraformaldehyde. A parallel system of processing pairs of brains together
was adopted, in which 2 fetal brains [an ALC, PF (or Chow), and ALC + NAP (or ALC + SAL]
were embedded together in a single gelatin block with careful rostrocaudal and dorsoventral
alignments. Using a vibratome, serial 50 µm coronal (or sagittal) sections were cut, each
containing a section of each of the 2 embedded brains. The two-brain sections were then
processed free-floating in the same vial and thus treated equally in all aspects of the
immunocytochemical processing. This practice eliminates the potential difference in amounts
of exposure time or concentration of antibodies available to the antigens, chromogen
development, or color reaction time, because pairs of sections (experimental and control group)
were processed together in the same conditions. The sections were incubated in Triton-X-100
in phosphate buffer overnight before incubation with anti-5-HT antibody (host rabbit; Incstar,
Stillwater, MN) overnight. The Sternberger peroxidase–antiperoxidase (PAP) indirect enzyme
method was used for staining. The PAP reaction was performed with 0.003% H202 and 0.05%
3′ 3-diaminobenzidine. The primary, secondary, and marker antibodies were diluted in
phosphate-buffered saline (PBS) containing 0.3% Triton X-100 and 1.5% normal sheep serum.
The primary antibody was incubated overnight; the second and third antibodies for 1 hour each.
Between antibody incubations, the sections were washed 5-minute rinses, 3 times in PBS. All
sections were Nissl-counterstained with methyl green to reveal background cells to identify
brain structures.

Counting the Number of 5-HT-Immunostained Neurons
The E15 fetal 5-HT neurons were counted through the rhombencephalon, which includes the
rostral raphe (future dorsal and median raphe, including the B9 group) and the caudal raphe
(descending) 5-HT neurons. The rostral and caudal raphe 5-HT neurons were clearly separated
at E15 and were divided at the fourth ventricle. The range of the rostral 5-HT neurons begins
at rostral border of the brainstem and ends in the upper border of the future fourth ventricle.
We have previously adopted and systemically compared 2 independent methods of counting
rostral 5-HT-immunostained (5-HT-im) neurons in the raphe nuclei (Sari and Zhou, 2004).
One method used the optical fractionator stereological methods (West, 1993; West et al.,
1991) analyzed with STEREO-INVESTIGATOR software (MicroBright-Field Inc., Williston, VT). The
second method was manual counting of the cells in serial sections under a 20× objective with
a Leica Orthoplan II microscope (Bannockburn, IL), using a grid-marked eye piece overlay of
the raphe region, with correction for overcounting bias because of split neurons in adjacent
sections using Abercrombie’s formula (Zhou et al., 2004). The 2 methods yielded similar
counts in the number of 5-HT-im neurons and had the same ratio of changes among treatment
groups. The preliminary counting of the 5-HT-im neurons in the caudal raphe using the 2
methods also showed similar findings.
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In the current study, the manual counting was used for the estimation of the 5-HT neurons
because the landmark vessels that mark the boundaries of the raphe had not been fully
established at this embryonic age. The tissue processing and counting were performed by 2
different persons. The identifying notation on the slides was masked prior to counting and the
person performing the counting was blind to treatment condition. The tissue shrinkage had
been estimated: the expected shrinkage of a 50 µm-thick section in the z-plane averages
approximately 14 µm; shrinkage over x–y direction was negligible. The penetration of 5-HT
immunostaining through the full thickness of the brain sections was verified using a 100×
objective. Cell counts were performed in every section of the raphe nuclei, with final counts
adjusted by the use of Abercrombie’s formula (Abercombie, 1946) using the fresh tissue
thickness in the formula. We chose to count neurons instead of nuclei because 5-HT staining
extends through the entire cells.

Statistical Analysis
For all the above measurements, 1 fetus (sex undetermined) was sampled from each dam for
analysis, with the exception of brain weight, for which an average of brain weights was obtained
for each whole litter. Treatment effects for parametric data were analyzed using One-way
analyses of variance (ANOVA) with treatment group as a between-subjects factor. Significant
treatment effects were followed up by Fisher’s Protected Least Significant Difference (PLSD)
tests for pair-wise comparisons. In all dependent measures of this study, there were no
significant differences between PF and Chow groups, but alcohol treatment effects were still
compared separately to the PF and the Chow groups in these follow-up comparisons. For the
measures of neural tube openings, any opening that was greater than 2 SDs from the control
value was considered significantly compromised for purposes of classifying affected cases.
The frequency of cases with significant neural tube openings in the brainstem region was
analyzed using Chi-squared analyses (ALC vs. each other group). The length (l) of the openings
and the ratio of sections having openings (r) were analyzed with ANOVA and follow-up PLSD
tests.

RESULTS
BACs and E15 Brain Weights

There were no significant differences in daily alcohol intake between the groups given vehicle
injections (mean ± SEM daily intake of 24.9 ± 1.4 g/kg/d) and those given SAL injections (22.2
± 1.1 g/kg/d) or NAP injections (27.2 ± 0.7 g/kg/d). However, the NAP group did have
significantly higher mean daily alcohol intake than the SAL group (p < 0.01). The BACs in
the separate group of dams given the ALCs ranged from 40 to 140 mg/dl over E8 to E14 were
consistent with our previous report (Zhou et al., 2003). Alcohol significantly reduced the brain
weight of the alcohol treatment group (31.6 ± 2.1 mg) when compared with that of Chow (41.2
± 1.3 mg) and PF (39.3 + 1.2 mg) (p < 0.01, respectively). NAP treatment protected against
the alcohol-induced reduction of brain weight in ALC ± NAP group (39.6 ± 0.8 mg, p < 0.01);
SAL treatment also protected against the alcohol-induced brain weight reductions, as observed
in our previous report (Zhou et al., 2004).

Dysraphia
Prenatal alcohol exposure via the liquid diet produced dysraphia, i.e., the presence of unclosed
segments of the rhombencephalic ventral canal at this embryonic age (E15). As shown in Fig
1 and Fig 2, there was clear evidence of opening in the midline of the ventral aspect of the
brainstem in fetuses of the ALC group because of an incomplete or delayed occlusion of the
ventral canal, perhaps best considered as a “partial dysraphia”. As shown in Table 1, the
incidence of affected cases was significantly higher in the ALC group than in the Chow group
(χ2 = 10.5, df = 1; p < 0.01) or the PF group (χ2 = 6.563, df = 1; p < 0.05); the significant
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reductions in the ALC + NAP group compared to the ALC group (χ2 = 7.778, df = 1; p < 0.01)
confirms that NAP treatment significantly protected against this measure of partial dysraphia.
Significant group differences were evident in the ratio of sections with ventral canal openings
[F(3,25) = 8.56, p < 0.001], because of the significantly higher ratio of the ALC group compared
with Chow, PF, and ALC + NAP groups. Significant group differences were also confirmed
in the lengths of these midline openings [F(3,25) = 14.72, p < 0.001], again because of the
significantly longer lengths in the ALC group compared with the other 3 groups (Table 1). This
partial dysraphia evident at E15 in the ALC group was similar to the observations made in our
previous report (Zhou et al., 2003), in which we also reported microencephaly and lateral
ventricle enlargement. In confirmation with our previous findings (Zhou et al., 2004), SAL
also effectively protected against the alcohol-induced dysraphia of the rhombencephalic
ventral canal (Fig 1 and Fig 2).

Serotonin Neurons
In the rostral raphe, the distribution pattern of 5-HT-im neurons was qualitatively similar across
groups, but there were on average 26 and 22% fewer immunolabeled neurons in the rostral
raphe (dorsal and median raphe) of ALC group compared to the PF or Chow control groups,
respectively (Fig 1 and Fig 3). This alcohol-induced reduction was similar to that reported in
our previous studies (Zhou et al., 2001,2002). As shown in Fig. 3, the differences between the
Chow and PF groups were not statistically significant. The SAL treatments (ALC + SAL)
resulted in significant increases in the number of rostral raphe 5-HT-im neurons relative to the
ALC group, to a level not statistically different from the PF group (though still significantly
lower than Chow controls). The NAP treatment effect (ALC + NAP) was not significant for
the rostral 5-HT-im neurons, i.e., the ALC + NAP group was not significantly different from
the ALC group and was also significantly reduced relative to both the PF and the Chow controls.
Separate analysis of dorsal and medial groups of the rostral raphe indicated that the effect of
peptide treatment was most prominent in the dorsal raphe nucleus (Table 2).

In the caudal raphe, there were on average 22 and 21% fewer 5-HT-im neurons in ALC groups
compared to the Chow and PF control groups, respectively (Fig 4 and Fig 5). Both the SAL
treatment (ALC + SAL) and the NAP treatment (ALC + NAP) significantly increased the
number of caudal raphe 5-HT neurons relative to the ALC group to levels not statistically
different from the Chow and PF control groups.

DISCUSSION
Neuroprotective Effects of SAL and NAP

The current study is the first to demonstrate that prenatal alcohol exposure induces deficits in
fetal 5-HT neurons in the caudal raphé, and that prenatal treatment with the neuroprotective
peptides SAL or NAP protects against alcohol-induced deficits in 5-HT neurons. Both SAL
and NAP fully protected against the reductions in 5-HT neurons in the caudal raphé; in the
rostral raphé SAL, but not NAP, provided significant protection against 5-HT neuronal loss.
Another novel finding of the current study is that NAP prevented the delayed closing of the
rhombencephalic ventral canal (the partial dysraphia evident in the alcohol–saline group) and
prevented the alcohol-induced reductions of fetal brain and body weights in this maternal liquid
diet model of prenatal alcohol exposure in B6 mice.

Prenatal Alcohol and Midline Deficit: Dysraphia and Its Sequelae in FAS
Our past studies have reported that offspring of pregnant C57BL/6 mice exposed to alcohol
via a liquid diet containing 25% EDCs present a profile of neurodevelopmental disorders
characterized by microencephaly, hydroencephaly, and compromised neural tube midline
development (Zhou et al., 2003, 2004). The current study further confirmed these previous
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observations, again demonstrating the alcohol-induced brain growth restriction and abnormal
neural tube fusion in the ventral canal, floor, and roof plates, together with ventricular
enlargement. Of particular interest, the maternal BACs produced in the B6 mouse dams ranged
between 40 and 140 mg/dl, consistent with our prior reports in which we reported reductions
in fetal brain and body weights, reduced volumes of specific brain regions, cortical thinning,
and compromised early midline brain development (Zhou et al., 2003). This liquid diet model
contrasts sharply with other experimental animal studies of fetal alcohol exposure that use high
concentrations of alcohol, typically given by IP injection or intragastric intubation to produce
very high peak BACs. Such binge models of heavy exposure during gastrulation or early
neurulation produce severe defects in embryonic development of ventromedial brain structures
derived from the anterior neural plate (Sulik and Johnston, 1983; Sulik et al., 1984). In addition,
severe neural tube defects (dysraphia) and anencephaly have also been demonstrated in C57BL/
6J mouse embryo cultures with binge-like exposure to high media concentrations of ethanol
(100 mM, about 460 mg/dl) for 6 hours on gestational day 8 (Chen et al., 2005). In contrast,
in this in utero model using liquid diet consumption, the midline abnormalities (partial
dysraphia and 5-HT neuron deficits) occur with maternal drinking that generates BAC profiles
that are much more clinically relevant.

Both SAL (Zhou et al., 2004) and NAP treatment (current study) attenuated alcohol-induced
brain weight reductions and the abnormal opening of the ventral aspect of the brainstem on
E15. SAL also protected against the deficits in 5-HT neuronal development; the alcohol-
exposed group had fewer 5-HT-im neurons than controls and this effect was significantly
attenuated by the concurrent SAL treatment. It is known that the floor plate/midline tissue
receives the morphogen sonic hedgehog (shh) from the notochord, and it produces shh (Ericson
et al., 1995). Shh triggers the production of fibroblast growth factor (FGF) in the floor plate
and in midline tissue. FGF is essential for regulating dorsoventral pattern development and for
specification of 5-HT and dopamine neuronal development (Hynes and Rosenthal, 1999;
Rubenstein, 1998; Ye et al., 1998). It is possible that alcohol interferes with this Shh-FGF
morphogenetic regulation.

The sequelae of effects of abnormal midline embryonic development is increasingly recognized
as being related to the phenotypic features of FAS. The facial phenotype (indistinct philtrium
and narrow nose) is consistent with facial midline deficits (Dociu et al., 1976; Francesconi and
Fortunato, 1969), and midline brain structures are particularly vulnerable, e.g., the corpus
callosum (Bookstein et al., 2002a,b; Sowell et al., 2001), cerebrum (Coulter et al., 1993),
caudate (Mattson et al., 1996), and cavum septi pellucida/cavum vergae (Swayze et al.,
1997). Frank neural tube defects and dysraphia have been reported from autopsy cases of first
trimester fetuses, known to have heavy prenatal exposure (Kovetskii, 1991). Although the cells
that contribute to the midline formation appear vulnerable to alcohol, the cause of the specific
midline deficits is unclear. The midline tissue may be prone to suffering a combination of
effects of alcohol exposure including neural apoptosis, abnormal migration, and delay in timely
neurogenesis, which together may lead to thinning and rupture along the neural tube. In many
of the cases, the alcohol-induced neural tube rupture or impaired fusion may be repaired by
the inherent ongoing robust growth of the developing embryo. However, these transient effects
on midline development are likely to have adverse consequences on the developmental cascade
of early brain development, e.g., because of altered timing of morphogenetic processes
regulating differentiation of specific neurons (e.g., raphe neurons) and growth of processes
(e.g., crossing of commissural fibers).

Possible Mechanism of SAL and NAP Protection
The mechanisms by which these neurotrophic peptides protect against alcohol-induced
dysraphia and reduction of 5-HT neurons are unknown. However, candidate mechanisms are
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suggested by the known actions of ADNP on embryonic development. ADNP is expressed at
the time of neural tube closure in the mouse; it can be detected at beginning of neurulation and
increases with active neural tube formation and pattern formation from E9.5 to E12; it is then
sustained throughout embryonic development. In ADNP-knockout mice, the cranial neural
tube fails to close, resulting in death at E8.5 to 9.0. The deduced protein structure of ADNP
contains 9 zinc fingers, a proline-rich region, a nuclear bipartite localization signal, and a
homeobox domain profile, consistent with a transcription factor function (Zamostiano et al.,
2001). These suggest that ADNP has a key function in regulating morphogenesis during
neurulation, and alcohol treatment may affect neurulation processes normally regulated by
ADNP.

The expression of Oct4, a gene associated with germ-line maintenance, was augmented in the
ADNP-knockout embryos. In contrast, the expression of Pax6, a gene crucial for neural tube
patterning, was abolished in the brain primordial tissue (Pinhasov et al., 2003). Thus, ADNP
may act through regulation of Pax6 and Oct4 during morphogenesis as part of the mechanism
of action of ADNP on neural tube development. It has been reported that Pax6 is a major
transcription factor that is reduced by alcohol exposure during early development in Xenopus,
leading to growth retardation (Peng et al., 2004). It is likely that NAP helps to reinstate the
development through maintaining crucial functions of homeodomain genes such as Pax6 and
Oct4 in the rhombencephalon, where neural patterning was otherwise disrupted by the alcohol
exposure. The alcohol-induced deficiency of the ventral canal closure in rhombencephalone
was protected by NAP and SAL treatment. Whether NAP and SAL protection of 5-HT neurons
reflects a direct protection of emerging 5-HT neurons or is a downstream consequence of
protecting the earlier processes of neurulation is unknown and remains to be investigated.

Another potential mechanism of action of these peptides may be the attenuation of alcohol-
induced excitotoxicity, which may contribute to the reduction of cells death frequently
observed in the midline neural tube. Known cellular actions of ADNF/ADNP include increased
expression of nuclear factor kappaB (Glazner et al., 1999, 2000; Gozes et al., 1997) and heat
shock protein-60 (Glazner et al., 2000; Zamostiano et al., 1999). ADNF/ADNP is known to
reduce the production of reactive oxygen species and diminish of oxidative stress (Glazner et
al., 1999). The neurotrophic peptides have been found to protect the developing mouse brain
against excitotoxicity through activation of protein kinase C and mitogen-associated protein
kinase (Gressens, 1999). Cell death and growth abnormalities elicited by alcohol exposure
during development are believed to be associated, in part, with severe oxidative damage and
generation of reactive oxygen species. Also, a combination treatment of the 2 peptides together
was found to attenuate alcohol-induced decreases in glutathione (Spong et al., 2001) which
protects against neurotoxicity. In summary, the ADNF or ADNP is a potent neurotrophic as
well as neuroprotective agent functionally, particularly in early development. The timing of
the NAP and SAL treatment at neurulation would have the potential to affect neural tube
formation, particularly the vulnerable process of neural tube closure at midline. As the birth
and survival of 5-HT neurons depend on the fusion of 2 hemispheres of rhombencephalon (for
gene expression and midline trophic factors), the timely closure of ventral canal in the
rhombencephalon (altered by alcohol or NAP/SAL treatment) would contribute to the
neurogenesis or maturation of the 5-HT neurons in the raphe.

In considering potential mechanisms of the neuroprotective effects of NAP and SAL, the
important caveat noted was that the potential effects of peptide treatments on the daily profiles
of BACs were not evaluated. Even though the average daily alcohol consumption did not differ
significantly between saline and peptide-treated dams, it may still be possible that the peptides
could have altered the pattern of liquid diet consumption or even the pharmocokinetics of
alcohol in such a way that BAC profiles were not equivalent. Consequently, in the absence of
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a full empirical characterization of maternal BACs, the possibility that these peptides alter
maternal BAC profiles in this model cannot yet be excluded.

Implications
The current study is the first to demonstrate protection against prenatal alcohol-induced deficits
in 5-HT neuron development in the rostral raphe afforded by SAL, and confirmed that
prevention of dysraphia by this peptide was accompanied by protection of the 5-HT neurons.
The 5-HT neurons in the rostral raphe send widespread ascending projections to nearly the
entire forebrain. During development, 5-HT from these early-arising 5-HT projections has been
implicated as a trophic signal that regulates early growth and differentiation of the forebrain
(Lauder, 1990; Whitaker-Azmitia et al., 1996). In the mature brain, 5-HT mediates wide range
of function ranging from sleep, feeding, and sexual behavior. If these alcohol-induced deficits
in the rostral 5-HT system persist to maturity, they may be associated with anxiety, disturbance
of sleep and circadian regulation, aggression, depression, or drug abuse.

One important new finding was that alcohol also disrupted the development of the caudal raphe,
which contains 5-HT neurons that give rise to descending 5-HT projections to the
metencephalon, myelencephalon, and spinal cord that regulate respiration, heart rate, sleep,
spinal segmental locomotion, and pain perception. A deficit in 5-HT signaling in pontine
regions has been implicated in sudden infant death syndrome (SIDS) (Kinney et al., 2003,
2005; Panigrahy et al., 2000). Infants exposed to alcohol prenatally have an increased risk for
SIDS that has been linked to altered 5-HT function during early development (Alm et al.,
1999; Burd and Wilson, 2004; Iyasu et al., 2002; Mitic and Greschner, 2002).

In summary, alcohol-induced deficits in the early development of 5-HT neurons are implicated
as an early event in the pathogenic cascade that leads to brain growth deficits and functional
abnormalities, and possibly increased risk for SIDS. These serotonergic neuronal deficits in
early brain development are likely targets for therapeutic interventions. The current study
demonstrates that SAL and, to a lesser extent, NAP, effectively protect against the alcohol-
induced dysraphia and reduction on 5-HT neurons. The protection against alcohol-induced
deficits in development of the embryonic 5-HT system may either be independent of or
correlated with protective actions of these peptides identified in other neural systems or cellular
processes that are essential for normal embryonic brain development (Parnell et al., 2007;
Pascual and Guerri, 2007; Spong et al., 2001; Toso et al., 2006). The protection against prenatal
alcohol-induced damage to fetal development, now consistently reported in several studies,
underscores the therapeutic potential of these peptides and encourages development of these
peptides as potential interventions for pregnancies at risk for FASD.
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Fig. 1.
Effects of alcohol exposure and neurotrophic peptide treatment on brainstem neural tube
opening and on serotonin (5-HT) neurons. Alcohol exposure increased the incidence of the
incomplete ventral canal occlusion (dysraphia) when compared with the Chow control (stars;
C and D vs. A and B). Deficits in the formation of 5-HT neurons typically accompanied the
dysraphia (C and D). Neurotrophic peptide, SAL, protected against the dysraphia and the
reduction of 5-HT neurons (arrows; E and F). SAL, activity-dependent neurotrophic factor
agonist peptide (SALLRSIPA).
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Fig. 2.
Alcohol exposure caused increased incidence of dysraphia (star; B) in the brainstem. The
serotonin (5-HT) neurons (arrows) were born after the occlusion of the ventral canal (fusion
of 2 rhombencephalon hemispheres, arrowheads) and formation of raphe. The newborn 5-HT
neurons send processes toward the midline, probably seeking neurotrophic support (A). SAL
treatment ameliorated the dysraphia (C). SAL, activity-dependent neurotrophic factor agonist
peptide (SALLRSIPA).
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Fig. 3.
Effect of alcohol exposure and NAP and SAL treatment on the number of serotonin (5-HT)-
immunostained (5-HT-im) neurons in the rostral raphe. The 5-HT-im neurons were counted
in dorsal raphe and median raphe, and B9 group. Alcohol reduced the number of 5-HT-im
neurons in the rostral raphe; treatment with SAL significantly protected against the alcohol
induced reduction of 5-HT-im neurons (*significantly different from comparison group, p <
0.05; **significantly different from comparison group, p<0.01). SAL, activity-dependent
neurotrophic factor agonist peptide (SALLRSIPA); NAP, activity-dependent neurotrophic
protein agonist peptide (NAPVSIPQ).
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Fig. 4.
The effect of alcohol exposure and SAL and NAP treatment on the caudal raphe. Alcohol
exposure (B) reduced the number of serotonin (5-HT)-immunostained (5-HT-im) neurons
(arrows) in caudal raphe when compared with those of Chow control (A). The SAL (ALC +
SAL, C) and NAP (ALC + NAP, D) protected against the alcohol-induced reduction of 5-HT-
im neurons (see number of 5-HT-im neurons in Fig. 5). ALC, alcohol liquid diet; SAL, activity-
dependent neurotrophic factor agonist peptide (SALLRSIPA); NAP, activity-dependent
neurotrophic protein agonist peptide (NAPVSIPQ).
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Fig. 5.
Effect of alcohol exposure and NAP and SAL treatment on the number of serotonin (5-HT)-
immunostained (5-HT-im) neurons in the caudal raphe. The alcohol treatment significantly
reduced the number of 5-HT neurons relative to pair-fed (PF) and Chow controls.
Administration of either peptide to the alcohol liquid diet (ALC) group prevented these alcohol-
induced deficits, confirmed by the significant increase in the number of 5-HT neurons relative
to the vehicle-injected ALC group to a level not different from PF and Chow controls.
(*significantly greater than the ALC group, but not different from each other). ALC, alcohol
liquid diet; SAL, activity-dependent neurotrophic factor agonist peptide (SALLRSIPA); NAP,
activity-dependent neurotrophic protein agonist peptide (NAPVSIPQ).
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Table 1
Effect of Alcohol and NAP Treatments on Neural Tube Openings in Brainstem

Prenatal treatments

Measures of dysraphia Chow PF ALC ALC + NAP

Proportion of affected cases 1/7 3/8 7/7* 2/7

Ratio of sections with
openingsa

0.03 ± 0.03 0.08 ± 0.03 0.29 ± 0.06** 0.05 ± 0.04

Length of openingsb 14 ± 14 µm 44 ± 15 µm 143 ± 17 µm*** 21 ± 15 µm

PF, pair-fed; ALC, alcohol liquid diet; SAL, activity-dependent neurotrophic factor agonist peptide (SALLRSIPA); NAP, activity-dependent neurotrophic
protein agonist peptide (NAPVSIPQ).

*
Significantly higher than Chow (p < 0.01), PF (p < 0.05) or ALC + NAP (p < 0.01) groups, Chi-squared test.

a
Mean ± SEM, ALC group significantly greater than all other groups

**
p < 0.001.

b
Mean ± SEM, ALC group significantly greater than all other groups

***
p < 0.001.
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