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Abstract
Rat pups, in isolation, produce ultrasonic vocalizations (USVs). These USVs have been used as a
diagnostic tool for developmental toxicity. We have shown that neonatal ethanol (ETOH) exposure
produces deficits in this behavior. The current study was designed to examine whether agmatine
(AG), which binds to imidazoline receptors and modulates n-methyl-d-aspartate receptors
(NMDAR), could reduce these deficits. In addition, this study examined critical periods for ETOH’s
effects on USVs by administering ETOH during either the 1st or 2nd postnatal week. Neonatal rats
received intragastric intubations of either ETOH (6g/kg/day), ETOH and AG (6g/kg/day and 20 mg/
kg/day), AG (20mg/kg/day), or maltose on postnatal days (PND) 1–7 or 8–14. A non-intubated
control was also included. Subjects were tested on PND 15. Neonatal ETOH exposure significantly
increased the latency to vocalize for females and reduced the rate of USVs in both males and females
exposed to ETOH on PND 1–7. Agmatine reduced these deficits, in female but not male pups.
Subjects exposed to ETOH on PND 8–14 showed no evidence of abnormal USVs. These findings
suggest that there may be gender differences in response to AG following neonatal ETOH exposure
and also provide further support that the first neonatal week is a particularly sensitive time for the
developmentally toxic effects of ETOH in rodents.
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Introduction
Prenatal ethanol exposure is associated with a variety of serious and often permanent
detrimental effects for the exposed offspring. These children, who can be classified under the
umbrella term of Fetal Alcohol Spectrum Disorder (FASD), suffer from a variety of cognitive
and behavioral deficits [39,51]. It is estimated that FASD, one of the leading preventable causes
of mental retardation affects approximately 9.1 per 1000 live births in the U.S. and Canada
[54,71]. Annually, FASD costs approximately 3.4 billion dollars [38], making the
consequences of FASD a serious socioeconomic concern as well as a significant health issue
for the individual and their family.
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Hyperactivity, attention deficits, and poor psychosocial functioning are often reported in
clinical populations with histories of chronic prenatal alcohol exposure [31,48,53,59]. Ethanol-
induced psychosocial deficits have been observed as early as infancy including nursing and
feeding difficulties, as well as increased irritability [11] with the potential to interrupt normal
maternal care-giving behavior and bonding [31].

Rodent models of fetal ethanol (ETOH) exposure demonstrate many similar types of deficits
including suckling deficits and increased arousal [5,6,37,44]. These rodent models typically
use one of two ETOH exposure paradigms. The prenatal model, which involves administration
of ETOH to the pregnant dam, is often used as a model for 1st and 2nd trimester effects in
reference to human pregnancy. The 2nd exposure paradigm involves ETOH administration
directly to the neonatal rat. The underlying rationale for this exposure model stems from
differences in when birth occurs across species relative to CNS development. The “brain
growth spurt,” a period characterized by rapid CNS growth and proliferation, occurs during
the third trimester of human pregnancy and this same period extends into the first two weeks
of neonatal life in the rat [14]. Thus, this provides the rationale for using neonatal ETOH
exposure in rodents as a model for the human 3rd trimester exposure, at least in terms of CNS
development.

Using this neonatal exposure model, we have reported ETOH related deficits in ultrasonic
vocalizations (USVs) in neonatal rats [5,8]. Infant rats in stressful situations, such as isolation,
produce USVs [2,9,10,45]. These USVs elicit maternal attention, promote pup grooming and
retrieval, and suppress biting and cannibalism by the dam [9,45]. Neonatal ETOH exposure
disrupts the normal response to isolation as measured by an increased latency to vocalize and
a reduction in the number of vocalizations during isolation [5,8]. The current study was
designed to further examine the effect of neonatal ETOH exposure on USVs by focusing on
ETOH exposure during either the first or second neonatal week. In addition, this study was
designed to examine whether the addition of agmatine (AG) as a potential neuroprotective
agent could reduce ETOH induced deficits in USVs.

AG is an endogenous amine that has received considerable interest in recent years due to its
neuroprotective effects following a variety of models for CNS and spinal cord injuries [24,
25,77]. AG acts via a variety of mechanisms including binding to imidazoline and
noradrenergic receptors [49] and suppressing nitric oxide production [17]. Of particular interest
for the current study are AG’s potential neuroprotective effects. These properties have been
attributed, in part, to its ability to reduce glutamate release [16], and/or block the polyamine
modulatory site on the n-methyl-d-aspartate receptor (NMDAR), which could reduce some of
the excitotoxic effects of ETOH withdrawal [23].

Polyamines, including spermine and spermidine play an important role in CNS development
[57,58] as well as acting as NMDAR modulators [52]. Increased polyamine levels potentiate
NMDAR activity. Polyamine levels are increased during CNS development, as well as during
CNS damage [3,52,57], and ETOH withdrawal [22]. Polyamine overactivity has been
previously implicated in damage associated with ETOH exposure in both adult [34,55,56] and
developing organisms [35,55] and AG has been shown to reduce cell death during ETOH
withdrawal in organotypic hippocampal cultures [22]. Recently, we have reported that a single
oral administration of AG on postnatal day (PND) 8 reduced balance deficits in adolescent rats
that had been exposed to ETOH on PND 1–8 [34]. The current study examined whether chronic
AG treatment could also reduce deficits in isolation induced ultrasonic vocalizations following
neonatal ETOH exposure in vivo and whether there were differences in sensitivity to ETOH
and/or AG if exposure was during the first or second postnatal week. An additional question
addressed in this study was whether there were sex differences in response to AG treatment.
Previous studies have suggested females may be more sensitive to polyamine manipulations
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[7] with some brain regions showing a higher expression of NMDARs containing NR2B
subunits, a receptor subtype known to be particularly sensitive to polyamines during ETOH
WD [13].

2. Methods
2.1 Mating procedure

Parent animals were Sprague-Dawley rats, obtained from Harlan Labs (Indianapolis, IN) that
were bred in the University of Kentucky Psychology Department Animal Facility. Pregnant
dams were individually housed in plastic cages in a temperature and humidity controlled
nursery maintained on a 12-h light/dark cycle. As parturition approached, females were
checked twice daily with the date of birth designated postnatal day (PND) 0. The day of birth
was marked as postnatal day (PND) 0. Twenty-four hours following birth, litters were culled
to 10 pups, maintaining equal numbers of males and females in each litter when possible. Litters
of less than 6 pups were excluded from the study. Fourteen litters were treated on PND 1–7;
and 15 litters were treated on PND 8–14.

2.2 Neonatal Drug Administration
On PND 1, one male and one female pup from each litter were randomly assigned to each
treatment condition to preclude possible litter effects [1]. Using a split litter design, the
treatment groups included: ETOH (6g/kg/day), isocaloric maltose, agmatine (AG) (20mg/kg/
day), or ETOH and AG (ETOH/AG) (6g/kg/day and 20 mg/kg/day). A non-intubated control
(NTC) group was also included. A litter received treatments either on PND 1–7 or PND 8–14.
This split litter design is routinely used in a number of laboratories including ours [21,64] and
there are no apparent alterations in maternal behaviors directed toward drug exposed pups
(Goodlett personal communication and personal observations).

Drugs were added to a milk-based diet prepared in the laboratory and designed to nutritionally
mimic rat milk [68]. Litters were intubated twice daily at 1000 and 1400 h. The liquid diets
not containing ETOH were made isocaloric with the ETOH diet by the addition of maltose.
Each morning, the dams were separated from the pups for approximately 15 min and held in
a separate holding cage until intubations were completed. While away from the dam, pups were
kept in the home cage on a heating pad to help maintain their body temperature and were
weighed and marked with a non-toxic marker on their back for identification. Pups received
intubations using a syringe connected to a piece of PE-10 polyethylene tubing (Clay Adams).
The feeding tube was dipped in corn oil to ease esophageal passage. The intubation volume
was 0.0278 ml/g body weight. NTCs were also weighed daily, but not intubated.

2.3 USV Testing
The USVs were recorded with the aid of an ultrasonic bat detector (Ultra Sound Advice Model
#S-25), set at 40.5 kHz with a condenser microphone (SM-1) set 21.5 cm above the test cage
floor. The U-30 Ultrasound Advice Bat Detector has a tuning accuracy of ± 0.1kHz, and
frequency range of ± 3.0 kHz. The output was recorded on a SONY #WMD8C Cassette
Recorder with low noise cassette tapes. Testing was conducted on PND 15. Previous pilot data
suggested no evidence of withdrawal symptoms (i.e., tremor, wet dog shakes) at the time of
behavioral testing for pups from either exposure period.

On PND15, the dam was removed, placed in a holding cage and returned to the cage rack. Pups
were individually tested in a clean plastic cage similar to the home cage (21cm × 11cm) with
wood bedding. Each pup was placed in the lower right hand quadrant of the test chamber for
a six min test session. Body weights were recorded at the conclusion of testing. Pups from the
test litter, when not undergoing individual testing, were kept on a heating pad in their home
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cage on a table that was located in the opposite side of the test room (10’ × 16’). Small muffin
fans were used to generate white noise (measured at 70dB), which masked extraneous
environment or litter generated noise. Once all of the subjects in a litter were tested, the dam
was returned to the litter. Audiotape recordings were subsequently manually scored by two
independent experimenters, blind to treatment condition with an accepted reliability between
scorers of 90%. The average of their scores was taken as the dependent variable. Dependent
variables included: latency until the first vocalization and the number of vocalizations/min
across the 6 min testing period. The number of subjects per treatment condition and sex are
presented in the graphs and range from 7 – 12.

2.4 Statistical Analyses
All analyses were performed using a General Linear Model ANOVA (univariate or for repeated
measures with Greenhouse-Geisser corrections on Mauchley’s sphericity as warranted). The
General Linear Model uses least squares to estimate the mean and standard errors reported
throughout this manuscript and a probability level of .05 or less was considered statistically
significant. The data were initially examined using a 5 × 2 × 2 × 6 design with neonatal
treatment, exposure period and sex as grouping factors and minute (block) as the repeated
measure where warranted. If exposure period interacted with neonatal treatment and/or sex,
additional ANOVAs were conducted for each exposure period independently. Furthermore,
since a key question addressed in this study was whether AG would reduce ETOH-related
deficits, the data were also examined using a 2 × 2 × 2 factorial design with ETOH, AG and
sex as grouping variables for each exposure period in order to directly assess the ETOH × AG
interaction. For these 2 × 2 analyses, the maltose and NTC control groups were pooled since
an initial t-test and Levene’s test of homogeneity of variance showed no differences between
them following either exposure period.

3. Results
3.1 Latency to the first USV

The overall univariate 5 × 2 × 2 design yielded a significant neonatal drug treatment by exposure
period by sex interaction, F(4,176)= 2.56, p=.04. To better understand this interaction, analyses
were conducted separately for each of the exposure periods. The ANOVA on the latency to
the first USV for pups that received drug treatment on PND 1–7 revealed a significant neonatal
treatment by sex interaction, F(4,87)= 4.16, p=.004, while neonatal drug treatment had no
effect on animals exposed to drug on PND 8–14.

PND 1–7 latency to the first USV - Effects of AG vs ETOH—Analysis of the data for
pups exposed during PND 1–7 revealed an ETOH × AG × sex interaction, F(1,89)= 4.43, p=.
04. To further understand this interaction, univariate analyses were conducted for each sex. As
shown in Figure 1a, female ETOH exposed pups took longer to vocalize relative to controls
and this deficit was ameliorated by the addition of AG during ETOH exposure [ETOH × AG
interaction, F(1,41)= 12.61, p=.001]. AG administration alone had no impact on latency to
USV. In contrast, males exposed on PND 1–7 were unaffected by ETOH although there was
a trend for the ETOH exposed males to display longer latencies than controls [main effect of
ETOH, F(1,48)= 3.09, p=.08] (See Figure 1a). AG alone or in combination with ETOH had
no effect on the latency to USV for males.

PND 8–14 latency to the first USV—As stated above, there were no differences in the
latency to first vocalization due to neonatal treatment condition for subjects treated on PND
8–14 (See Figure 1b).
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3.2 Number of USVs
Analysis of the number of USVs in 1 min blocks was initially analyzed by a 5 × 2 × 2 × 6
factorial design (with neonatal drug treatment, exposure period, sex and 1 min block as factors).
This ANOVA yielded a neonatal drug treatment by exposure period interaction, F(4,176)=
2.89, p=03. There was also a main effect of sex, F(1,176)= 5.38, p=.02, with males vocalizing
more than females. Examination of each exposure period separately revealed a main effect of
neonatal treatment for the number of USVS for offspring exposed to drugs on PND 1–7, F
(4,87)= 3.80, p=.007, but not on PND 8–14 (See Figure 2b).

PND 1–7 Number of USVs – Effects of AG vs ETOH—Neonatal ETOH exposure on
PND 1–7 reduced the number of USVs, as shown by a main effect of ETOH, F(1,89)= 10.69,
p=.002, although there was no ETOH × AG interaction. Additional ANOVAs were conducted
for each sex, since sex differences were observed for the latency to first USV and due to the a
priori hypothesis that females would be more sensitive to AG. Neonatal ETOH exposure
reduced the number of USVs for females and AG eliminated this deficit as shown by an ETOH
× AG interaction, F(1,41)= 4.60, p=.05. Males treated neonatally with ETOH also vocalized
less than control males but co-administration of AG did not improve outcome. The ANOVA
for males showed a main effect of ETOH exposure, F(1,48)= 4.76, p=.03 but no ETOH × AG
interaction. AG administration alone had no effect on the number of vocalizations for either
sex (See Figure 2a).

PND 8–14 Rate of USVs—Neonatal drug treatment on PND 8–14 had no effect on the
number of USVs. Further analyses to investigate the a priori hypothesis also failed to reveal
any significant effect of neonatal drug treatment on the rate of USVs for either sex (See Figure
2b).

3.3 Body Weights
Body weights were measured on PND 15 after completion of testing. Due to experimenter
error, the body weight was not recorded for 26 subjects (16 from PND 1–7 subjects and 10
from PND 8–14). The missing data were distributed across neonatal treatment conditions. The
ANOVA on the remaining subjects showed that rats intubated on PND 8–14 weighed more
than those intubated on PND 1–7. The 5 × 2 × 2 ANOVA yielded a main effect of exposure
period, F(1,150)= 5.23, p=.02. There was no main effect of neonatal treatment, nor any
significant interactions. To remain consistent with previous analyses, the data were also
analyzed separately as a function of exposure period. While this weight analysis demonstrated
no significant effect of neonatal drug treatment on body weight in the animals in the later
exposure group, this was not the case for animals exposed to drugs on PND 1–7, F(4,71)= 3.52,
p=.01. Tukey post hoc comparisons revealed that the only groups that were statistically
different from each other were the ETOH groups and the non-intubated controls. No other
groups differed from each other and there was no main effect or interaction with sex.

Correlational Analyses Between Body Weight and USV Measures—Since the
ETOH exposed offspring weighed less than the non intubated controls when exposure occurred
on PND 1–7, correlational analyses were conducted between PND 15 body weight and the
USV measures (latency and total number of USVs). Analyses were conducted two ways;
collapsing across treatment condition, and separately for each treatment group. No significant
correlations between body weight and USV outcomes were observed in either analysis.
Correlations were not conducted on data from animals exposed on PND 8–14, since these
animals demonstrated no USV deficits.
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4. Discussion
This study provides further support that there are clear temporal windows of vulnerability
following ETOH exposure during the “brain growth spurt”. Both male and female rat pups
exposed to ETOH during the first postnatal week displayed fewer vocalizations than controls
while pups exposed on PND 8–14 were not impaired. Thus, the first neonatal week is clearly
a more sensitive period for ETOH’s effects on the USV response to isolation than the second.
These findings are similar to other results from our laboratory examining activity levels [26]
and motor coordination on a balance task [34], suggesting this sensitivity to ETOH during the
first neonatal week generalizes to a variety of behaviors. An additional intriguing finding from
the current study was that AG reduced these deficits although this effect was only apparent for
female offspring.

As stated in the Introduction, an underlying hypothesis for the current work was that blocking
or reducing polyamine effects, particularly during ETOH withdrawal, could reduce ETOH’s
effects on the developing brain. Increased polyamine levels result in increased NMDAR
activity and NMDAR activity has been widely implicated as a contributor to the neurotoxic
and behavioral deficits associated with prenatal/neonatal ETOH exposure [46,47,61–63]. The
NR2B subunit of the NMDAR is particularly sensitive to alcohol’s effects [75] and to
polyamine potentiation [70]. This receptor subtype is prominent during early development and
as the CNS matures, they are replaced by other subunits [66,67]. Therefore, periods of
development where NR2B subunits are more highly expressed, such as during the early
neonatal period, could result in the increased vulnerability to ETOH and to polyamines [20,
22,43,52,62,70] and consequently result in greater functional impairments. This could also
help explain the neuroprotective effects of AG observed in this study since AG can block
polyamine activity [23]. However, it does not explain why AG’s neuroprotective effects were
observed only in female ETOH exposed offspring.

There are a number of hypotheses that might explain these sex differences. First, as stated
earlier in this paper, there is evidence that there are sex differences in hippocampal NR2B
subunit expression in response to and particularly in recovery from chronic ETOH exposure
and withdrawal with females showing a more persistent up-regulation than males [13]. Thus,
AG administration following ETOH exposure could result in sex differences in outcome as a
consequence although this likely also depends on factors not yet well understood (e.g. timing
of treatment, CNS region, etc). In addition, recent in vitro work suggests that organotypic
hippocampal cultures taken from female neonatal rats are more sensitive to polyamine
challenge than those taken from males [7,50]. If female brains are more sensitive to polyamines,
drugs that reduce polyamine activity may have a greater effect for females relative to males.
Sex differences in pharmacokinetics and/or sensitivity to polyamines have also been reported
although this literature is also somewhat ambiguous [19,27,42,60]. Clearly, further work is
needed to determine if there are sex differences in the interaction between polyamines, response
to AG and ethanol and/or ethanol withdrawal.

Neither the sex differences nor agmatine effects can be explained by differences in blood
alcohol concentrations (BAC). Previous results from our laboratory have shown no differences
in BACs as a function of sex or agmatine treatment. There was also no evidence of differences
in BACs as a consequence of whether ETOH exposure was on PND 1–7 or PND 8–14 [34].

Animals exposed to ETOH on PND 1–7 weighed less than non-intubated controls although
they did not weigh less than intubated controls or agmatine (alone) treated pups. Despite these
weight differences, it is still unlikely that the deficits in USVs were due to weight differences
alone since body weights of ETOH+AG females did not differ from the ETOH females yet
their USV response resembled controls. Furthermore, there were no significant correlations
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between body weight and USV behaviors providing further support that the behavioral
outcomes observed were the result of ETOH exposure and not body weight differences per se.

AG has been shown to be protective in other models of CNS injury/damage including
glucocorticoid induced cell death [78], ischemia [25], spinal cord injury [15], glutamate
induced cell death [65], ETOH withdrawal in an organotypic hippocampal cell culture model
[23], and now in vivo neonatal ETOH exposure. It is also important to note that AG
administered alone had no effects on behavior which suggests that this agent might be more
useful than typical NMDAR antagonists that have a variety of adverse side effects.

AG does have other non-NMDAR mediated mechanisms of action. It is certainly possible that
AG’s ability to reduce ETOH’s effects in the current study may be mediated by some of these
other mechanisms as well, although other studies using more specific polyamine antagonists
and/or NR2B antagonists such as eliprodil [62] and ifenprodil [40] provide additional support
for the role of polyamines or at the very least, the involvement of the NR2B receptor subtype
in ethanol’s behavioral teratogenic effects.

AG was given chronically with daily ETOH exposure in the current study. The rationale for
this administration schedule was to reduce the cell damage/death following the daily
withdrawal associated with chronic intermittent ETOH administration. It is possible that this
chronic AG regime itself resulted in neuroadaptations that may have reduced the effectiveness
of AG (at least for males) and that acute administration of AG may be more beneficial if given
during a single (the last) ethanol withdrawal. This does appear to be the case at least in a
cerebellar-dependent balance paradigm [34]. Research is currently underway to further
examine this hypothesis.

Isolation-induced USVs have been used to study stress responses, anxiolytics, as well as to
assess the effects of a variety of teratogens including drugs of abuse [5,30,31,74]. During the
first neonatal week, environmental temperature plays a key role in the emission of isolation
induced USVs [10]. During the second neonatal week, significant developmental changes
occur. At this age, social factors and social cues play an increasingly important role in USV
emission relative to environmental temperature [28]. Prenatal alcohol exposure can impair
thermoregulatory response to an extended thermal challenge (1–4 hrs) in younger pups (PND
5 or PND 10) but not older preweanlings (PND 15 or PND 20) [79]. It is not known whether
3rd trimester ETOH has an effect on thermoregulatory response. However, based on the
postnatal age and developmental maturity of the pups tested (PND 15) and the role that social
cues play at this age, it is unlikely that this ETOH related deficit is simply related to a
thermoregulatory deficit.

The underlying pathways and neurotransmitters that play a role in USVs are complex and not
well understood [12,29,72,73]. The periaqueductal gray (PAG) has received some attention
for its role in the production and control of isolation-induced USVs in the developing rat pup
[69]. Both in vivo and in vitro studies have shown that ETOH withdrawal results in PAG
hyperexcitability [36,76] although it is not known whether this also occurs following neonatal
ETOH exposure or whether it plays a role in the USV related deficits observed. However, it is
known that the PAG receives inputs from a number of limbic structures, which are known to
be damaged by neonatal ETOH exposure [32] and thus one or more aspects of this circuitry
could be playing a role in the observed behavioral deficits.

ETOH induced deficits in USVs can have potential long-term effects on learning and social
behaviors as a consequence of altered maternal/infant interactions [4,33,41]. The current
findings provide some intriguing insight into a possible underlying mechanism for the
damaging effects of ethanol on the developing brain and demonstrate the potential efficacy of
AG to attenuate such damage, at least in females.
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Figure 1.
Figure 1a. Mean latency (+ S.E.M.) of first vocalization for male and female pups treated on
PND 1–7 and tested on PND 15. N’s per treatment cell are presented on each bar (with the two
control groups pooled). ETOH exposed females displayed longer latencies to first vocalization
and this was eliminated by the addition of AG (* represents groups that differ from controls,
p < .05).
Figure 1b. Mean latency (+ S.E.M.) of first vocalization for male and female pups treated on
PND 8 –14 and tested on PND 15. N’s per treatment cell are presented on each bar (with the
two control groups pooled). No significant differences in latency to USV were observed.
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Figure 2.
Figure 2a. Mean vocalization rate (+ S.E.M.) for the 6-min test session for male and female
pups treated on PND 1–7 and tested on PND 15. N’s ranged from 7–13 per treatment condition.
AG in combination with ETOH did not improve performance for males but eliminated the
deficit in ETOH exposed females (* represents groups that differ from controls, p < .05).
Figure 2b. Mean vocalization rate (+ S.E.M.) for the 6-min test session for male and female
pups treated on PND 8 –14 and tested on PND 15. N’s ranged from 9–12 per treatment
condition. No significant difference in rate of USVs was observed.
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