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Abstract
Background—Prenatal alcohol exposure can contribute to a wide range of neurodevelopmental
impairments in children and adults including behavioral and neuropsychiatric disorders. In rhesus
monkeys we examined whether moderate level prenatal alcohol exposure would alter acoustic
startle responses and prepulse inhibition of the acoustic startle (PPI). PPI is a highly quantifiable
measure of inhibitory neural processes or sensorimotor gating associated with neuropsychiatric
disorders.

Methods—Acoustic startle and PPI of the acoustic startle was tested in 37 adult rhesus monkeys
(Macaca mulatta) from four experimental conditions: (a) moderate level prenatal alcohol-exposed,
(b) prenatally-stressed, (c) moderate level prenatal alcohol-exposed + prenatally-stressed, and (d)
sucrose controls.

Results—Prenatal alcohol-exposed monkeys showed a higher magnitude of acoustic startle
response and disrupted PPI compared with monkeys not exposed to alcohol prenatally. Monkeys
in all conditions showed higher HPA-axis responses after undergoing the startle procedure, but
HPA responses were unrelated to startle response magnitude, latency, or PPI.

Conclusion—Finding altered PPI in monkeys prenatally exposed to a moderate dose of alcohol
suggests that reduced sensorimotor gating is one effect of prenatal alcohol exposure. Because
reduced sensorimotor gating is observed in many neuropsychiatric disorders, sensorimotor gating
deficits could be an aspect of the co-morbidity between FASD and mental health conditions.
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INTRODUCTION
Moderate level prenatal alcohol exposure is associated with adverse developmental effects
on cognitive and behavioral function (Riley and McGee, 2005). There is a high prevalence
of prenatal alcohol exposure; over 50% of women in the U.S. of childbearing age report
using alcohol in the previous month, and many fetuses are exposed to alcohol before
pregnancy is detected (Rasmussen et al., 2009). The term fetal alcohol spectrum disorder
(FASD) is used to describe a range of impairments related to prenatal alcohol exposure
including not just fetal alcohol syndrome (FAS) (Mattson et al., 1998) but also “alcohol-
related birth defects (ARBD)” and “alcohol-related neurodevelopmental disorder (ARND)”.
ARND includes conditions in which children prenatally exposed to alcohol show
neurobehavioral problems including reduced inhibitory control, impulsivity, attention
deficits, problems in regulation of arousal, and impaired information processing without the
full-blown FAS syndrome (see Mattson et al., 2011, for a review).

Individuals with FASD are also at high risk for mental health conditions (O’Connor and
Kasari, 2000; Streissguth et al., 2004). For example, Mattson and Riley (2000) found that
90% of prenatally alcohol-exposed children had clinically significant scores on several
externalizing domains, including social problems, attention problems and aggressive
behavior. Prenatal alcohol-exposed children are also at risk for major depressive disorder of
childhood (O’Connor and Kasari, 2000), ADHD (Herman et al., 2008), conduct disorder
(Fryer et al., 2007), substance abuse problems (Baer et al., 2003) and elevated risk for
suicide (Baldwin, 2007).

The underlying neural mechanisms of mental health conditions in FASD are not well
understood, and this hinders development of selective and effective treatment. One useful
way to study possible neural mechanisms underlying mental health problems in prenatal
alcohol-exposed individuals is with the acoustic startle response and pre-pulse inhibition
(PPI) of acoustic startle. Prepulse inhibition (PPI) of acoustic startle refers to the reduction
in response to a high intensity stimulus when that stimulus is shortly preceded by a
detectible but lower intensity stimulus, the prepulse (Graham, 1975). PPI of the acoustic
startle response functions as a measure of sensorimotor gating or the inhibitory neural
processes involved in filtering information. Thus, the weak prepulse stimulus activates
inhibitory neural processes that reduce or inhibit the motor (startle) response to the intense
stimulus (Graham 1975). PPI of startle shows close similarity between humans and
experimental animals (Swerdlow et al., 1999), and also shows test-retest reliability
indicating that it may have trait-like characteristics (Cadenhead et al., 1999).

In humans PPI deficits are found in several neuropsychiatric conditions including anxiety
disorder, major depressive disorder, schizophrenia, Tourette’s syndrome, obsessive-
compulsive disorder, Huntington’s disease, as well as in children of alcoholics (Braff et al.,
2001; Grillon et al., 2005; Ludewig et al., 2003; Sutherland Owens et al., 2011; Swerdlow et
al., 1995; Swerdlow and Geyer, 1998). Because of such associations in humans, PPI has
been used in animal studies to examine neural and genetic underpinnings of
neuropsychiatric disorders.

It is not known, however, whether PPI deficits are found in individuals with FASD. We
found only one study of PPI in prenatal alcohol-exposed rats. The pregnant dams consumed
a large dose of alcohol throughout pregnancy (12.36 g/kg/day) and the offspring were
developmentally delayed, showed increased reactivity to the acoustic startle stimulus, but
they did not show a disruption of PPI (Potter and Berntson, 1987). A study of early postnatal
alcohol administration in rats (5.25 g/kg PD 4-9) also failed to find disrupted PPI (Woolfrey
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et al., 2005). No studies to date have examined PPI as a function of prenatal alcohol
exposure in nonhuman primates.

Primary PPI–regulatory circuits include projections from the ventral temporal lobe
(particularly the ventral hippocampus) to the nucleus accumbens and medial prefrontal
cortex via the fornix (Swerdlow et al., 2001). Human neuroimaging studies have shown that
PPI is modulated by the cortico-striatal-pallido-thalamic circuitry (Hazlett et al., 2001;
Kumari et al., 2003). Moreover, the dopamine (DA) system plays a key role, with activation
of dopamine D2 receptors, particularly in the ventral striatum, blocking PPI in rats (Peng et
al., 1990). Co-activation of D2 receptors with D1 and D3 receptors disrupts PPI in the rat;
however D2 receptor activation is also sufficient to disrupt PPI (Weber et al., 2010). DA
receptor antagonists have been shown to enhance PPI (Swerdlow, 2006). Given current
knowledge of PPI regulatory circuits, examining PPI in a nonhuman primate model of
prenatal alcohol exposure could contribute to understanding the neural systems underlying
neuropsychiatric disorders associated with FASD.

Only a few prior studies have characterized either acoustic startle or PPI of startle in
nonhuman primates, but many parameters of both startle and PPI appear to be similar to
both humans and rodents. For example, one study that measured startle without physical
restraint of the animals found that startle magnitude habituated with repeated exposures,
even though ACTH and cortisol increased above baseline following the startle procedure
(Parker et al., 2010). Habituation of startle has also been found in other primate studies
(Linn and Javitt, 2000; Parr et al., 2002; Winslow et al., 2002).

Two other primate laboratories have demonstrated PPI of startle magnitude and a decrease
in latency with increasing interval of the prepulse stimulus (Linn and Javitt, 2000; Winslow
et al., 2002). Using eye-blink EMG in chair- and head-restrained capuchins (Cebus apella),
Linn and Javitt (2000) showed that dosing with phencyclidine (PCP) prior to the startle
procedure produced no change in startle to a stimulus by itself, but there was a significant
decrease in PPI compared to both saline and baseline. These findings were replicated in
crab-eating macaques (Macaca fascicularis) (Javitt and Lindsley, 2001). The disruption of
PPI by PCP was reversed by administering clozapine (Linn et al., 2003). These findings
bolster the use of startle and PPI in nonhuman primates as an animal model of sensory
gating phenomena applicable to humans.

There are two studies of the effects of early experience on startle or PPI in nonhuman
primates. First, nursery-rearing, considered to be an early life stressor, compared with
mother rearing induced higher motor startle responses (recorded from a platform under the
animal’s feet) in chair-restrained rhesus monkeys (Parr et al., 2002). However, the nursery-
reared animals showed lower cardiac acceleration to the startle stimulus, a finding
interpreted as autonomic blunting. Second, maternal exposure to moderate bacterial
infection during pregnancy disrupted PPI in infant rhesus monkeys measured without
restraint in the same apparatus that we report here (Willette et al., 2011).

The rhesus monkeys in the present study are part of a longitudinal experiment that
independently manipulated prenatal alcohol and prenatal stress exposure. Previous findings
from this study that are relevant to PPI include prenatal alcohol-induced impairments in
neonatal orienting (an early indicator of sensory gating) (Schneider et al., 1997), higher
cortisol and ACTH response to a stressor (separation from the mother for weaning)
(Schneider et al., 2004), increased tactile sensitivity to repeated stimulation (an animal
model of ‘sensory defensiveness’, conceptualized as an aspect of impaired sensory gating)
(Schneider et al., 2008) and lower striatal dopamine D2 receptor availability that depended
on the gestational timing of alcohol exposure (Schneider et al., 2005). In prenatally-stressed
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animals we have found reduced neonatal orienting, higher D2 receptor availability in
striatum, and blunted HPA responses to stress (Roberts et al., 2004; Schneider et al., 2004).

We tested the hypothesis that moderate prenatal alcohol exposure would disrupt PPI of
acoustic startle in adult rhesus monkeys. Given the importance of stress responsivity in
startle and PPI of startle, the higher stress responsivity of the prenatally alcohol-exposed
animals (Schneider et al., 2004) may also predispose them to disrupted PPI. However, in
rhesus monkeys Parr et al. (2002) observed a disconnect between an autonomic measure of
startle (cardiac acceleration) and motor startle, with blunted autonomic responses apparently
associated with higher magnitude of motor startle. In addition, because we have found
blunted HPA-axis responses as a function of prenatal stress, (Schneider et al., 2004) and
because early life stress in humans is also associated with blunted HPA responses (Gunnar
et al., 2006) we tested the hypothesis that prenatal stress will also disrupt PPI of acoustic
startle.

METHODS
Maternal Alcohol and Stress Treatments

As described previously (Schneider et al., 1997) healthy adult female rhesus monkeys in the
breeding colony were screened for two weeks for daily voluntary consumption of a 0.6 g/kg
of a 6% volume/volume (v/v) alcohol solution sweetened with NutraSweet (300 mg/100 ml)
(Equal Sweetener, Merisant US, Inc., Chicago, IL). Before breeding, blood samples were
obtained 60 min after consumption of 0.6g/kg alcohol, which produced average blood
alcohol concentrations of 20 to 50 mg/dl. This dosage is comparable to an average-size
woman consuming two drinks daily. Females that reliably consumed alcohol were randomly
assigned to the control group or one of three experimental groups prior to breeding: alcohol
only, prenatal stress only, or alcohol + stress. In the alcohol conditions mothers voluntarily
consumed the alcohol solution daily at 1600 hours. Blood samples were not collected during
pregnancy because a goal of the experiment was to unconfound prenatal alcohol and
prenatal stress. The control mothers consumed a sucrose solution that was designed to be
approximately equivolemic and equicaloric (8g/100 ml water) to the alcohol solution. The
stress treatment was administered five times per week at approximately 1530 hours during
mid-to-late gestation (Day 90 through Day 145 post-conception). This gestational period
was chosen to avoid the risks of either early fetal loss (miscarriage) or early parturition
(prematurity), as well as to cover the period of the brain growth spurt and the time during
which previous studies had shown hippocampal damage from exposure to glucocorticoids
(see Schneider et al., 1998). The treatment involved transfer of the pregnant female to a
transport cage and taking her to a darkened room where three noise bursts (1300 Hz, 115 dB
intensity at 1 m) were randomly administered over a 10-min period.

All females were housed individually and identically, undisturbed except for necessary
routine animal husbandry. These studies were conducted in accordance with the Institutional
Animal Care and Use Committee.

Subjects
The offspring subjects in this study were 37 rhesus monkeys (Macaca mulatta) that resulted
from one of the 4 pregnancy conditions described above. There were 13 controls (10 F, 3
M), 10 prenatal alcohol offspring (7 F, 3 M), 6 prenatal-stressed offspring (1 F, 5 M), and 8
alcohol + stress offspring (3 F, 5 M). The study initially had 41 monkeys. At the time of this
assessment 39 animals were available for testing. Data from the startle procedure were lost
for 2 animals due to computer malfunction.
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The rearing conditions and previous testing of these subjects were described in detail
elsewhere (Schneider et al., 1997). Briefly, all infant monkeys were housed with their
mothers in individual cages during the first 6 months of life except for brief weekly
separations for neurobehavioral testing during the first month of life. At 6 months of age,
they were separated permanently from their mothers and reared in mixed-sex peer groups
consisting of 5-6 monkeys from similar prenatal conditions. At 30 months of age they were
removed from their social groups and individually housed for 3 days for assessments,
followed by pair-housing with same-sex peers. They were maintained on a diet of Purina
Monkey Chow supplemented 3 times weekly with fresh fruit. Housing conditions were 8
hours dark and 16 hours light and temperature (21 ± 0.5 degree C) was controlled. They
were approximately 13 years old at the time of this study.

PPI testing apparatus and procedure
Startle testing was conducted in a custom built system designed at our laboratory
specifically for use with rhesus monkeys without the need for physical restraint. The PPI
testing took place in a sound-attenuated, dimly lit, and ventilated chamber in a cage
measuring 46cm x 61cm x 46cm. The size of the cage allows for normal movement, walking
and sitting.

The startle apparatus uses a 6-channel AMTI MC3A-6-1000 force transducer that has a
single cylindrical strain element that outputs forces in all three dimensions (X, Y and Z).
The transducer is center mounted underneath the aluminum splash-guard and cage. Signals
from the transducer are amplified by an AMTI DSA-6 amplifier and collected by computer
with a 1 ms sample rate. The transducer, splash-guard, and cage are mounted to a heavy
metal table.

The startle procedure consisted of the following events. First, a monkey was placed in the
startle cage for a 15-minute acclimation period with a 65-dB background masking noise.
The initial sequence consisted of a blank trial (one minute with no event) followed by two
presentations of the startle stimulus at each of two-decibel levels (white noise at 105 dB and
115 dB). The 4 initial startle trials were to acclimate the animal to the startle stimulus to
reduce variability in the startle response, a standard procedure in startle research (Alsene et
al., 2010). The remainder of the experiment consisted of 3 blocks of 10 trials each. The 40
ms white noise startle probe was presented at one of two intensities (105 and 115 dB),
preceded at 45, 120 or 500 ms by a 20 ms white noise prepulse stimulus at 80 dB, or by no
pre-pulse stimulus (startle stimulus only). In addition, each block included a presentation of
the pre-pulse stimulus by itself, and a “blank” trial during which no event occurred. Hence,
each block consisted of 8 startle stimulus presentations, six with pre-pulse and 2 without and
2 time periods with no startle stimulus (the “blank” and the prepulse-only).

HPA measures—Approximately 1 week prior to startle testing (baseline) and immediately
following the startle procedure (post-startle) a blood draw was taken between 10:50 hr and
11:00am hr and assayed for both cortisol and adrenocorticotrophic hormone (ACTH).
Samples (1 ml) were collected by femoral venipuncture into ethylenediamine tetra-acetic
acid (EDTA) treated vacutainers within 2 to 3 min of room entry by experimenters.
Following centrifuging, plasma was harvested and stored at −70 degrees C until assay.

Cortisol radioimmunoassay (RIA). Rhesus serum cortisol levels were measured using an
antibody coated I125 RIA kit, Cat. CA-1549 from DiaSorin, Stillwater, MN, in the Assay
Services Unit of the National Primate Research Center (NPRC), University of Wisconsin-
Madison. The kit protocol was modified to extend the range of the standard curve 2 points
higher by pipetting 20 mL and 25 mL of the highest standard vial. The interassay coefficient
of variation for eight assays (32 quality control tubes) was 9.43% and the mean intra-assay
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coefficient of variation was 3.44%. RIA tubes were counted in a TmAnalytic gamma
counter model 1290. RIA data reduction was computed by weighted least squares regression
analysis (Rodbard and Lewald, 1970).

ACTH—Rhesus serum ACTH levels were measured using an in-house WRPRC assay.
Standards were purchased from Bachem Corporation, Torrance, CA; primary and secondary
antibodies were purchased from IgG Corporation, Nashville, TN; and the I-125 trace and
precipitating solution was purchased from Diagnostic Products Corporation, Los Angeles,
CA. The interassay coefficient of variation for six assays (36 quality control tubes) was
21.17% and the mean intra-assay coefficient of variation was 6.77%.

Startle data processing
The 2 seconds prior to and following each trial event were analyzed using Matlab (Version
7.0.5.338, The Mathworks, 2007). First the data series was centered by removing the mean
of the entire interval and was rectified by taking absolute values. Graphical tracings of the
centered data of each trial were visually examined for motion artifacts. A total of 44 trials
with movement were removed from analysis, or 3.4 percent of total trials. Seventeen
monkeys (45%) had at least one trial with motion. Only 3 monkeys had 5 or more motion
trials removed from analysis, and one monkey had 11 trials removed. There was no
association between presence of trials with motion and prenatal exposure condition.

The baseline response for each trial was defined as the mean of the 3 highest values on each
dimension in a 300 ms window ending 100 ms prior to the trial event. The startle onset was
defined by the initial time point at which the response value exceeded the baseline by 2
standard deviations for 15 ms. The latency to startle was then the median post-event time
point across the 3 dimensions recorded by the apparatus.

The startle magnitude in each dimension was the mean of the 3 highest values in a 300ms
window following the startle onset. The final startle magnitude was then calculated as the
median of the 3 dimensions post-onset minus the median of the 3 dimensions during
baseline. The median magnitudes and latencies were then calculated across blocks and the
two-decibel values for the available trials, yielding 4 values each of startle magnitude and
latency (startle-only, 45 ms prepulse, 120 ms prepulse, and 500 ms prepulse).

Statistical analysis of startle magnitude scores—The percentage PPI (ratio of the
pre-pulse startle magnitudes to the startle only magnitudes) yielded data that severely
violated homogeneity of variance (ratio of largest to smallest standard deviation > 10).
Therefore the startle magnitudes were analyzed with startle-only included as a level of the
pre-pulse factor in a 2 (Prenatal Alcohol exposure or not) x 2 (Prenatal stress exposure or
not) x 4 (Pre-pulse interval: none, 45, 120, and 500 ms) analysis of variance with repeated
measures on the Prepulse variable. We also tested the orthogonal trend components on the 3
pre-pulse trial types (45, 120 and 500 ms). Hunyh-Feldt adjusted p-levels are reported to
account for any violations of sphericity in the repeated measures factor. The latency data
were analyzed in the same way. The magnitudes and latencies of the 4 initial startle-only
trials that preceded the main PPI procedure were analyzed in a 2 (Prenatal Alcohol exposure
or not) x 2 (Prenatal stress exposure or not) x 4 (Trials) ANOVA with repeated measures on
trials to test for possible differences in habituation as a function of treatment.

ACTH and cortisol—The ACTH values were log(10) transformed to stabilize the
variances and reduce skew. Both ACTH and cortisol were analyzed in a 2 (Prenatal Alcohol
exposure or not) x 2 (Prenatal stress exposure or not) x 2 (time: baseline and post-startle)
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analysis of variance with repeated measures on the Time variable. For all analyses the main
effects of sex of animal were examined and are reported where significant.

RESULTS
Initial Startle-Only Trials

The first 4 trials showed significant habituation of startle magnitude, as is normally found:
trials main effect, F (3, 87) = 5.18, p < .003. There was no change in startle latency over
trials, F (3, 87) = 1.62, p = .190. These results are presented in Figure 1 and establish that
startle can be reliably measured without restraint in the rhesus monkey. There were no
treatment effects for either startle magnitude or latency on the first 4 trials, and no main
effects of sex of animal (all ps > .10).

PPI results: Startle magnitude
PPI was disrupted by prenatal alcohol exposure as shown by significant effects of alcohol
exposure, F (1, 33) = 4.76, p = 0.036, and an interaction of Prenatal Alcohol x Prepulse
interval, F (3, 99) = 3.10, p = .03 (see Figure 2 and, for comparison with other studies, Table
1 presents the percentage PPI versus baseline). The effect of prepulse interval was also
significant, as expected (no prepulse, 45, 120, and 500 ms), F (3, 99) = 18.50, p < 0.001.
Over all groups, startle magnitude decreased at the longer prepulse intervals (mean startle
magnitude with no prepulse, 45, 120, and 500 ms = 3.14, 3.75, 2.81 and 1.96, respectively).
The prenatal alcohol conditions (prenatal alcohol-only and prenatal alcohol + prenatal stress
groups) had higher startle magnitude across all trials (M = 3.75, se = .53) compared with
monkeys not exposed to alcohol during gestation (Control and Prenatal-stress groups, M =
2.08, se = .51). However, the pattern of startle magnitudes across prepulse intervals was
altered by prenatal alcohol exposure; the Alcohol and Alcohol + Stress conditions showed
startle facilitation at the 45 ms prepulse interval, whereas this did not occur for the Control
and Stress-only conditions. The Prepulse interval quadratic trend x Alcohol interaction was
significant, F (1, 33) = 6.43, p = .016. There were no significant effects involving Prenatal
Stress (Fs < 1).

PPI results: Startle Latency
The latencies showed a significant effect of prepulse interval, F (3,99) = 39.51, p < .001,
with a shorter latencies at longer prepulse intervals (see Figure 3). The prepulse latency
means were 82, 72, and 46% of the mean latency to the startle pulse alone, a considerable
decline. There was a tendency for a longer latency to startle for the prenatal stress conditions
(prenatal stress only and prenatal alcohol + stress) (M = 125.70, SE = 7.59) compared to no
stress conditions (control and prenatal alcohol-only) (M = 107.67, SE = 5.92), but it did not
reach significance, F (1, 33) = 3.44, p = 0.07. There was no significant main effect for
alcohol exposure, F (1, 33) = 1.77, p = 0.19, and no significant interactions, all p’s > .15).

Relationships among startle parameters
The first 4 startle-only trials correlated .80 (p < .01) with the startle-only trials embedded in
the PPI procedures, indicating high reliability of our procedure. Similarly, startle magnitudes
for the three PPI intervals (45, 120 and 500 ms) correlated highly with startle-only
magnitude, r’s = .81, .91, .90, respectively. Latency of the first 4 startle-only trials correlated
significantly with latency for the embedded startle-only trials, r = .45, p < .01.

HPA responses
There was a significant increase from baseline to post-startle for both log-ACTH, F (1, 34) =
128.49, p < .001, and cortisol, F (1, 35) = 228.10, p < .001. For ACTH, there was also a
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significant Prenatal Stress x Time interaction, F (1, 34) = 4.38, p = .044, indicating that the
animals in the Prenatal Stress conditions (Prenatal Stress only, Prenatal Alcohol + Stress)
showed a blunted ACTH response compared to the no stress conditions (Control, Prenatal
Alcohol only) (see Figure 4). The main effect of sex showed that female animals had higher
ACTH overall (Ms = 71.9, 50.2, SE = 5.01, 5.70, for females and males respectively), F (1,
34) = 8.04, p < .01). For cortisol, there was a trend toward a lower response in the Prenatal
Stress conditions compared to the No Prenatal Stress conditions (Ms = 38.73, 35.73, SE =
1.56, 1.88, respectively), but it did not reach significance, F (1, 35) = 2.98, p = .093. The
main effect of sex was nonsignificant for cortisol (p > .10).

There were significant correlations between baseline and post-test startle for cortisol and
ACTH, as expected (see Table 2). Interestingly, as seen in the lower part of Table 2, startle
magnitude and startle latency were uncorrelated with ACTH and cortisol measures.

DISCUSSION
This is the first study to our knowledge of PPI in nonhuman primates exposed prenatally to
moderate level alcohol and/or stress. There were two important findings: 1) moderate level
prenatal alcohol exposure increased startle magnitude and disrupted PPI, and 2) undergoing
the startle procedure elevated HPA axis responses (plasma cortisol and ACTH) compared
with baseline, but the HPA responses were unrelated to startle parameters.

The first finding, that moderate level prenatal alcohol exposure increased startle magnitude
and disrupted PPI, suggests that one important effect of prenatal alcohol may be disruption
of fundamental sensory gating mechanisms in the brain. Our finding of increased magnitude
of startle in the prenatal alcohol conditions concurs in part with rodent findings of increased
startle as a function of prenatal alcohol-exposure. There was, however, no apparent
disruption of PPI in the prenatal alcohol-exposed rat offspring compared with controls
(Potter and Berntson, 1987), whereas we found disrupted PPI. Other animal studies have
shown that adverse prenatal conditions can reduce PPI. Restricted uteroplacental blood flow
during midgestation disrupted PPI in guinea pigs (Rehn et al., 2004) and prenatal exposure
to infectious agents produced lasting deficits in PPI in rats (Fortier et al., 2007).

The facilitation of startle magnitude at the 45 ms prepulse interval in prenatal alcohol-
exposed monkeys in the present study may reflect altered sensorimotor gating. Because the
two sounds (prepulse, startle stimulus) occur close together in the 45 ms condition, the
prepulse may have activated a summation process in prenatal alcohol-exposed monkeys but
not in non-prenatally alcohol-exposed monkeys (Wynn et al., 2000). It appears that
inhibitory neural processes were activated in the 500 ms prepulse interval whereas
summation was activated in the 45 ms prepulse interval for the alcohol-exposed animals. In
other words, a substantial gap between the prepulse and the startle onset was necessary to
activate inhibitory processes in the prenatal alcohol-exposed conditions.

Although PPI has not been evaluated in individuals with FASD, the impaired inhibitory
control reported in such individuals (including inattention, impulsivity, and hyperactivity, as
well as the high incidence of alcohol use problems) has often been thought to be related to
disruptions of inhibitory mechanisms in the brain. Because PPI deficiency is considered to
reflect difficulty filtering out rapidly presented information, resulting in sensory flooding or
“sensory overload”, our findings are consistent with that interpretation. It is also interesting
that children exposed to alcohol during pregnancy, compared with typically-developing
peers, are three times more likely to be classified as having clinically significant sensory
processing problems (Jirikowic, et al., 2008). Sensory processing disorder is characterized
by atypical (usually exaggerated) responses to non-noxious sensory stimulation (Ayres,
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1972). Further research could clarify whether sensory processing problems in children with
FASD could result from a sensory summation process as described above. Thus, our
findings in monkeys provide experimental evidence relevant to the literature in humans
suggesting that prenatal alcohol exposure may induce long-term impairments in inhibitory
neural circuits.

While the brain mechanisms mediating PPI are highly complex, current research indicates
that PPI is regulated by a network of midbrain and brainstem mechanisms involving the
ventral hippocampus, amygdala, and projections to ventral striatum (nucleus accumbens)
and medial prefrontal cortex (PFC) (Swerdlow et al., 2001). Interestingly, these neural
regions that regulate PPI are areas that have been shown to be particularly vulnerable to
prenatal alcohol exposure (see Lebel et al., 2011 for a review).

Our second finding is that overall, the monkeys showed a significant increase from baseline
to post-startle condition for ACTH and cortisol but that it was unrelated to startle magnitude
or PPI. This finding is similar to that reported by Parr and colleagues (2002) who found a
disconnect between autonomic (cardiac) and motor startle. In the present study, the prenatal
stress conditions (prenatal stress-only, prenatal stress + alcohol) yielded animals with
blunted post-startle ACTH compared with the no prenatal stress conditions (control, prenatal
alcohol-only). Other studies have shown that exposure to adversity during sensitive periods
in development can reprogram the fetal HPA axis (Gunnar and Vazquez, 2006).

In summary, our finding of disrupted PPI in adult monkeys from prenatal alcohol-exposed
pregnancies, even at a moderate dose, underscores the potential role of prenatal alcohol
exposure on the development of inhibitory circuits. Our findings not only raise questions
about whether reduced sensorimotor gating could contribute to mental health problems in
individuals with FASD but also suggest that neural circuits vulnerable to prenatal alcohol
exposure, such as those involving the hippocampus, amygdala, striatum, and PFC, which
underlie PPI, could be critical for some of the most deleterious neuropsychiatric disorders
related to prenatal alcohol exposure. For example, Grillon and colleagues (2000) argued that
reduced PPI is a risk factor for alcoholism and Cloninger (1987) reported that lack of
inhibitory control is associated with certain types of alcoholism. If prenatal alcohol-exposed
individuals with sensorimotor gating dysregulation can be identified early in life, targeted
and effective intervention may be possible.
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Fig. 1.
Mean startle magnitudes (top panel) and latencies (bottom panel) for the first four trials with
a separate curve for each prenatal treatment group. Bars are +/− 1 se of the mean.
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Fig. 2.
Mean startle magnitudes as a function of prepulse intervals (none, 45, 120 and 500ms) with
a separate curve for each prenatal treatment group. Bars are +/− 1 se of the mean.
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Fig. 3.
Mean startle latencies as a function of prepulse intervals (none, 45, 120 and 500 ms) with a
separate curve for each prenatal treatment group. Bars are +/− 1 se of the mean.
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Fig.4.
Mean plasma ACTH (pg/ml) at baseline (1 week before startle testing) and after startle
testing (immediately following the 45 min startle session) as a function of prenatal treatment
group. Bars are +/− 1 se of the mean. ACTH, adrenocorticotrophic hormone.
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Table 1

Mean percentage pre-pulse inhibition vs baseline

Pre-pulse
Interval Control Prenatal

Stress
Alcohol-

Only

Prenatal
Stress

+ Alcohol

45 ms −11 (13) −34 (42) −48 (24) −99 (53)

120 ms 19 (10) 54 (13) 10 (11) −20 (21)

500 ms 40 (6) 61 (2) 22 (9) 22 (11)

Note: Percentage pre-pulse inhibition calculated as 100 * {1 – (prepulse startle magnitude / no pre-pulse startle magnitude)}. Standard errors are
given in parentheses.
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Table 2

Correlations Among HPA-Axis Measures and Startle Variables

Baseline
Cortisol

Log Baseline
ACTH

Post PPI
Cortisol

Post PPI
Log ACTH

Log baseline ACTH 0.44**

Post PPI Cortisol 0.35* 0.30

Post PPI Log ACTH 0.19 0.58*** 0.39*

Startle Magnitude −0.09 −0.17 0.11 0.17

Startle Latency 0.20 0.25 0.24 0.19

*
p<.05,

**
p <.01,

***
p<.001
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