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ABSTRACT

Neonatal ethanol (EtOH) exposure is associated with central nervous system dysfunction and neurotoxicity
in rats. Increases in polyamine levels have been implicated as one underlying mechanism for some of EtOH’s
effects on the developing brain. In this study we addressed whether the inhibition of polyamine biosynthesis
by a-difluoromethylornithine (DFMO) could reduce behavioral deficits induced by early EtOH exposure. Male
and female rat pups received ethanol (6 g/kg/day EtOH i.g.), or isocaloric maltose (control) from postnatal
days (PND) 1-8. On PND 8, animals were injected with either saline or DFMO (500 mg/kg, s.c.) immediately
following the final neonatal treatment. Subjects were tested for isolation-induced ultrasonic vocalizations
(USV) on PND 16; spontaneous activity in an open field apparatus on PND 20 and 21; and balance on PND 31.
Animals exposed to EtOH neonatally displayed an increased latency to the first USV and reduced frequencies
of USV, hyperactivity and preference for the center of the open field and poorer balance relative to controls.
DFMO minimized these deficits in latency to the first USV and balance. These data provide further support
that polyamines play a role in some of the functional deficits associated with EtOH exposure during early

development and that reducing polyamine activity can improve outcome.

© 2008 Elsevier Inc. All rights reserved.

1. Introduction

Prenatal EtOH exposure disrupts central nervous system (CNS)
development, leading to long-lasting cognitive and behavioral altera-
tions (Mattson and Riley, 1998; Roebuck et al., 1998). EtOH disrupts
CNS development via a variety of mechanisms, including alterations in
gene expression, cell adhesion molecule interactions, and neuro-
trophic support (Goodlett and Horn, 2001; West et al., 1994).

One likely mechanism that contributes to fetal EtOH effects is
NMDA receptor-mediated excitotoxicity, which occurs during periods
of EtOH withdrawal (Hoffman and Tabakoff, 1994; Thomas and Riley,
1998). Consistent with this hypothesis, blocking NMDA receptors with
the noncompetitive antagonist MK-801, during withdrawal, attenuates
some of the adverse effects of EtOH on behavioral and brain de-
velopment in both in vivo rat models of early developmental EtOH
exposure (Thomas et al., 1997) and in vitro organotypic hippocampal
cultures (Prendergast et al., 2000). Moreover, the beneficial effects of
MK-801 are time-dependent (Thomas et al., 2001), indicating that
NMDA receptor blockade is only effective during the withdrawal phase.
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NMDA receptors comprise an assembly of subunits (an NR1 subunit
plus at least one type of NR2 subunit) with a number of modulatory sites,
including modulatory polyamine binding sites, which are in high levels on
the NR2B subunit (Williams, 1994; Williams et al., 1994). Eliprodil inhibits
NMDA receptor activity by interacting allosterically with the polyamine
modulatory site on the NR2B NMDA receptor and if administered during
EtOH withdrawal, reduces the severity of learning deficits associated with
developmental EtOH exposure (Thomas et al, 2004a). There has been
interest in the potential role of polyamines in the deleterious effects of EtOH
for some time (Sessa et al., 1987; Shibley et al., 1995). Recent in vitro studies
provide further support for the role of polyamines in EtOH withdrawal-
induced neurotoxicity, since not only polyamine binding site antagonists,
but also polyamine synthesis inhibitors protect against EtOH withdrawal-
induced neurotoxicity (Gibson et al, 2003; Littleton et al, 2001).
Accordingly, polyamines and glutamate (GLU) are released during EtOH
withdrawal (Gibson et al., 2003), providing additional evidence for a role of
polyamines in EtOH withdrawal-induced neurotoxicity. However, this is
the first study, to the best of our knowledge, that has addressed whether
inhibition of polyamine biosynthesis could reduce behavioral deficits
induced by early EtOH exposure. In this study, we examined whether
the administration of DFMO, which inhibits ornithine decarboxylase
(ODC), the rate-limiting step in the synthesis of polyamines, reduces short
and more long-term deficits induced by EtOH exposure from PND 1-8.
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2. Materials and methods
2.1. Animals

Male and female Sprague-Dawley rats were bred in the Psychology
Department Animal Facility at the University of Kentucky. Birth was
considered postnatal day (PND) 0. On PND 1, litters were weighed and
randomly culled to 10 pups, keeping 5 males and 5 females whenever
possible. The animals were maintained on a 12-h light/dark cycle
(lights on at 7:00 a.m.) with ad libitum access to water and standard
laboratory rat chow in a nursery that was temperature and humidity
controlled. All experimental procedures were conducted between
9:00 and 16:00 h. All protocols were approved by the Institutional
Animal Care and Use Committee at the University of Kentucky and are
in compliance with the National Institutes of Health Guide for Care
and Use of Laboratory Animals.

2.2. Neonatal drug administration

On PND 1, rat pups were randomly assigned to each of the six
treatment groups (when possible) in such a way that each litter con-
tributed no more than one animal for each treatment group to preclude
potential litter effects (Abbey and Howard, 1973). From PND 1 to PND 8,
one male and one female from each litter were given 3 g/kg EtOH (in a
milk formula (West et al., 1984)) or isocaloric maltose (isocaloric con-
trol group, milk formula plus maltose) by gavage (0.0278 ml/g bw, bid,
at 10:00 and 14:00) with polyethylene PE-10 tubing (Clay Adams), as
previously described (Goodlett et al., 1998) resulting in 6 g/kg/day of
EtOH. A non-intubated control group was also included. This neonatal
EtOH exposure model is used to study a period of CNS development that
overlaps the 3rd trimester “brain growth spurt” observed in human
pregnancy (Dobbing and Sands, 1979).

On PND 8, offspring were also injected with either 0.9% NaCl (saline,
5ml/kg, s.c.) or DFMO (500 mg/kg, s.c.)immediately after the last gavage.
DFMO was administered immediately after the last gavage because a
single injection of 500 mg/kg DFMO markedly reduces polyamine levels
in neonatal rat brain for at least 24 h (Slotkin et al., 1982) and thus
polyamines would be suppressed during withdrawal at times that
have previously been shown to be the most responsive to blockade of
GLU or NMDAR during EtOH withdrawal (Thomas et al., 2001, 2004a).
This dose has also been shown to reduce the severity of EtOH
withdrawal behaviors (Davidson and Wilce, 1998). DFMO was adminis-
tered only on a single day because of concern regarding the important
role that polyamines play in CNS development and because repea-
ted injections of DFMO itself can cause reductions in cerebellar size
(Schweitzer et al., 1989; Sparapani et al., 1996). This resulted in six
treatments groups: Intubated Control/Saline, Intubated Control/DFMO,
Intubated EtOH /Saline, Intubated EtOH /DFMO and Non-intubated
Control/Saline and Non-intubated Control/ DFMO. The ns for each treat-
ment condition are presented in the data figures. Approximately 16-20
dams and their litters were used for this series of studies.

2.3. Isolation-induced Ultrasonic Vocalization (USV) testing

USVs were examined according to published procedures (Barron and
Gilbertson, 2005).In brief, an ultrasonic bat detector (Ultra Sound Advice
Model #S-25, UK-http://www.ultrasoundadvice.co.uk) set at 40 kHz
with a condenser microphone (SM-1) set 21.5 cm above the test cage
floor was used. The output was recorded on a SONY #WM-D8C Cassette
Recorder using low noise cassette tapes. Testing was conducted on PND
16 since pilot data from our laboratory has shown that this age is
sensitive to neonatal EtOH's effects on isolation induced USVs.

On PND 15, each pup was briefly removed from the litter and tail-
marked in random order (for neonatal treatment condition and sex)
with a permanent marker to keep the experimenter blind to treatment
condition. On PND 16, the dam was removed from the home cage, placed

in a holding cage and returned to the cage rack. The litter was
maintained with conspecifics in the home cage placed on a heating
pad. White noise was generated via small fans to mask extraneous
environmental noises or noises from other littermates. Each pup was
individually tested by placing the pup in the lower right corner of
the test cage (21 cmx11 cm) with clean pine bedding for a 6 min test
session. At the conclusion of testing, the pup was removed from the
test chamber and weighed. Once all of the subjects in the litter were
tested, the dam was returned to the litter. Audiotapes were subsequently
played back and the latency to the first vocalization and the number
of USVs were recorded. Two experimenters blind to treatment condi-
tion scored the USVs and the reliability across experimenters was at
least 90%.

2.4. Open field

Beginning on PND 20, animals were individually tested in a round
open field apparatus (55 cm in diameter) between the hours of 1000
and 1400 h during the light cycle. Pre-weanling animals were used in
this study because previous reports have shown that neonatal EtOH
exposure induces hyperactivity at this age (Gilbertson and Barron,
2005; Kelly et al., 1987; Melcer et al., 1994). Pups were separated from
their dam and put on heating pads in their home cage until all pups in
the litter were tested. Each subject was individually placed in a holding
cage and brought into the test room for 10 min habituation prior to
placement in the open field. Locomotor activity was measured by a
Polytracker Video Imaging System (San Diego Instruments) interfaced
with an IBM computer for 20 min daily for two consecutive days (PND
20 and 21). Testing was conducted in a darkened room with fans to
provide white noise. The dependent variables recorded included total
distance traveled, and the percent of distance traveled and percent of
time spent in the center (31.8 cm in diameter) of the open field. The
open field apparatus was cleaned with isopropyl alcohol before and
after each subject. Body weights were taken one day prior to testing
(PND 19). After open-field testing, offspring were weaned on PND 21
and housed with 1-2 same sex conspecifics.

2.5. Balance test

The balance apparatus consisted of a single elevated dowel rod (120 cm
long, 1.85 cm diameter), with a darkened escape box (21x10x17 cm) on
one end. The rod was raised (60 cm) above the ground, which was well
padded in case of falls. The balance test was conducted on PND 31 and
animals received three trials. Each animal was habituated to both the
testing room and escape box for 1 min each on PND 31. This age was also
chosen based on previous findings from our lab (Lewis et al., 2007a).
During the first trial, the animal was placed gently on the rod, 10 cm from
the escape box. Upon successfully reaching the escape box, the animal was
allowed to remain in the box for 10 s, and was then returned to its home
cage. If the animal did not successfully reach the escape box (either fell or
more often swung from the rod), it was retrieved and placed in the escape
box for 10 s, before being returned to the home cage. If the subject
successfully traversed the rod, the distance on the next trial was increased
by 13 cm. Each trial was separated by a 30 s intertrial interval. Subjects that
were unsuccessful were retested at the same distance on the rod. The
dowel rod and the escape box were cleaned with 30% isopropyl alcohol
before and after each rat occupied it. The dependent measure was the
distance successfully achieved on each trial (if an animal fell on any trial,
the last successfully completed distance was recorded for that trial). Body
weights were recorded on the day before testing (PND 30).

2.6. Blood ethanol assay
Pups from 14 additional litters were intubated twice daily on PND

1-8 for measurement of blood EtOH concentrations (BECs) to assess
whether DFMO had effects on EtOH metabolism. Blood was collected
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after the second EtOH intubation on PND 8 by making a 1 mm cut at
the tip of the subject's tail and collecting 20 pl of blood. The BEC curve
was established by collecting samples at 30, 60, 120, 240, 480 and
600 min (and 24 h) following EtOH administration. In order to reduce
stress, each subject was only sampled three times with one male and
one female represented in each time point. These subjects were not
used for further behavioral study. Plasma was separated and frozen
at -70 °F. BECs were assayed using an Analox AM 1 Analyzer (Analox
Instruments).

2.7. Statistical analysis

The data were analyzed using ANOVA followed by post hoc
analyses (Newman-Keuls test or F test for simple effect analyses)
with between group factors including neonatal treatment group, sex,
and repeated measures as warranted. In addition, to better directly
examine the interaction of EtOH and DFMO, additional ANOVAs were
conducted using EtOH and DFMO as grouping factors. For these
analyses, the intubated control and the nonintubated control groups
were combined into a single control group as separate ANOVAs did
not reveal any differences between these control groups in any of
the behavioral measures or in body weight. For ease of presenta-
tion, the data was collapsed across sex since there was no main effect
or interaction with sex. There was some variation in ns across ex-
periments due to experimenter error, equipment failure or computer
malfunction although this was equally distributed across treatment
condition. The n/treatment group in each experiment is presented
in its respective figure with the ns for controls representing the pooled
control group.

3. Results
3.1. Isolation-induced USVs

Fig. 1A shows the effects of DFMO and neonatal EtOH exposure on
the latency to the first vocalization. Statistical analysis (two-way

ANOVA) revealed that the EtOH exposed offspring took longer to
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Fig. 1. DFMO minimized the increase in latency to the first vocalization as a result of
neonatal ethanol (EtOH) exposure when offspring were tested at PND 16 (A), but had no
effect on the EtOH -related decrease in the number of USVs (B). Data presented are
mean (collapsed across sex)+SEM. The control group represents the pooled nontreated
and intubated controls since these groups did not differ from each other and this pooled
control was used in the 2x2 factorial design. The ns per treatment condition are
presented in the parentheses above each bar. *differs from all other treatment groups;
#differs from controls (ps<0.05).
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Fig. 2. Neonatal EtOH increased the total distance traveled in the open field on PND 20-
21. Data presented are mean (collapsed across sex)+SEM. The control group represents
the pooled nontreated and intubated controls since these groups did not differ from
each other and this pooled control was used in the 2x2 factorial design. The ns per
treatment condition are presented in the parentheses alongside the figure legends.
*differs from EtOH subjects (p<0.05).

vocalize and the administration of DFMO minimized this effect (sig-
nificant EtOH x DFMO interaction: F(1,98)=4.20, p<0.05).

Fig. 1B shows the effect of DFMO and neonatal EtOH exposure
on the frequency of USVs. Statistical analysis (two-way ANOVA with
repeated measures) revealed a main effect of EtOH [F(1,98)=13.05,
p<0.05] although there was no interaction with DFMO. Thus, neona-
tal EtOH exposure reduced the frequency of USVs across the test
session relative to controls and DFMO did not eliminate this deficit.

3.2. Open field
Fig. 2 shows the effect of neonatal DFMO and EtOH exposure on

locomotor activity. The 2x2 ANOVA revealed a main effect of neona-
tal EtOH exposure [F(1,93)=26.15, p<0.001] and day [F(1,93)=15.05,
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Fig. 3. Neonatal EtOH exposure increased the percent of distance traveled (A) and time
spent (B) in the center 50% of the open field on PND 20-21. Data presented are mean+
SEM. The control group represents the pooled nontreated and intubated controls since
these groups did not differ from each other and this control was used in the 2x2
factorial design. The ns per treatment condition are presented in the parentheses
alongside the figure legends in Fig. 2.
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Fig. 4. DFMO on PND 8 reduced the deleterious effect of neonatal EtOH exposure on the
total distance achieved in the balance test at PND 31. Data presented are mean
(collapsed across sex)+SEM. The control group represents the pooled nontreated and
intubated controls since these groups did not differ from each other and this pooled
control was used in the 2x2 factorial design. The ns per treatment condition are
presented in the parentheses alongside the figure legends. *differs from all other
treatment groups.

p<0.001]. Animals exposed to neonatal EtOH were more active (i.e.
increased distance traveled) on both days of testing relative to animals
treated with DFMO alone or controls. The addition of DFMO to the
EtOH exposed group did not reduce this hyperactivity. The main effect
of day was due to a reduction in locomotor activity across the two days
of testing (habituation). This was displayed by all treatment groups.
Fig. 3 shows the effect of neonatal DFMO and EtOH exposure on the
percent distance traveled and time in the center of the open field.
Animals treated with EtOH neonatally traveled proportionally more
distance (Fig 3a) and spent proportionally more time in the center
(Fig. 3b) of the open field relative to control animals. DFMO did not
alter or eliminate this EtOH effect. The ANOVA revealed a main effect
of EtOH for distance traveled [F(1,93)=13.16, p<0.001] and the
amount of time spent in the center [F(1,93)=8.93; p<0.005].

3.3. Balance test

Fig. 4 shows the effect of neonatal DFMO and EtOH exposure on per-
formance on the single dowel task. Statistical analysis (three-way ANOVA)
revealed a significant EtOH by DFMO by trial interaction [F(2,250)=3.45,
p<0.05]. Post hoc analyses revealed that neonatal EtOH exposure impaired
performance as measured by a reduction in the distance successfully tra-
versed across trials compared to controls [F(2,250)=14.49, p<0.01]. DFMO
administration on PND 8 minimized this effect of EtOH exposure by
the third trial [F(1,125)=5.70, p<0.05; univariate two-way ANOVA
followed by Student-Newman-Keuls test].

3.4. Body weights

Statistical analysis of body weight during neonatal treatment (i.e. from
PND 1 to 8) with a three-way ANOVA, with neonatal treatment, DFMO
and gender as fixed factors and day as a repeated measure (within-sub-
ject factor) revealed a significant neonatal treatment by day interaction [F
(14,854)=39.70, p<0.001]. DFMO was included as a factor (although
DFMO was not administered until after pups were weighed on PND 8) to
ensure that there were no unintended baseline differences in body weight
in subjects designated to receive DFMO. Subsequent univariate ANOVAs
showed that pups exposed to EtOH weighed less than controls from PND 2
onwards and the controls did not differ from each other (see Fig 5). In
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Fig. 5. Neonatal EtOH administration was associated with reduced body weights relative
to controls beginning on PND 2 and continuing through PND 8. Data presented are mean
(collapsed across sex)+SEM. The control group represents the pooled nontreated and
intubated controls since these groups did not differ from each other and this pooled
control was used in the 2x2 factorial design. The ns per treatment condition are
presented in the parentheses alongside the figure legends. The EtOH group differed
from controls from PND 2 through PND 8 (ps<0.05).

addition, statistical analysis revealed that males weighed more than
females regardless of neonatal treatment [F(1,122)=5.16, p<0.05].

The body weights recorded prior to or after behavioral testing are
presented in Table 1. There were no differences between the non-
treated and intubated/SAL control groups nor the DFMO controls (non-
treated and intubated) across any of the ages examined, so the data
were collapsed for the control groups (as was done for the behavioral
analyses).

Body weights assessed on the day of USV testing (PND 16) revealed a
main effect of both EtOH [F(1,87)=50.65, p<0.0001 ] and DFMO [F(1,87)=
4,25, p<0.05] (see Table 1). These data indicate that neonatal treatment
with EtOH or with DFMO resulted in reductions in body weight relative
to non exposed offspring. There was no EtOH x DFMO interaction.

Body weights recorded on the day before open-field testing (PND 19)
revealed a main effect of neonatal EtOH exposure [F(1,89)=59.89,
p<0.0001] and sex [F(1,89)=7.79, p<0.01] (see Table 1). The EtOH
exposed offspring still had reduced weights relative to controls.
Additionally, as predicted, males weighed more than females.

Finally, this pattern was consistent when body weights were recorded
the day before testing on the single dowel test (PND 30). The ANOVA
showed with a main effect of both neonatal EtOH exposure [F(1,125)=
34.51, p<0.0001] and sex [F(1,125)=28.96, p<0.0001] (see Table 1). Thus,
neonatal EtOH exposure produced a persistent reduction in body weight
relative to controls.

3.5. Blood ethanol levels

Blood EtOH concentrations (BECs) measured on PND 8 are presen-
ted in Fig. 6. The addition of DFMO did not alter BEC pharmacokinetics

Table 1
Mean body weight (in g)+S.E.M. as a function of neonatal treatment (PND 1-8) and sex
Group PND 16 PND 19 PND 30

Male Female Male Female Male Female
Control/SAL  41.5+12 40.2+11 54.6+13 51.5%12 104.9+24 94.6+2.2
Control/ 386+1.5 381+13 53.2%15 502+14 103.8+2.6 93.9+23
DFMO
EtOH/SAL 33.4+2.0% 324+15% 464+1.7% 413+17%* 93.2+3.2% 84.4+2.7*

EtOH/DFMO 30.7+1.7* 31.2+1.6%* 44.4+18* 413+17* 93.543.0%* 80.4+3.3*

SAL is Saline. Ns are presented in Figs. 1-4. *p<0.05 relative to same-aged controls.
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Fig. 6. Blood EtOH levels did not differ between DFMO-treated and saline control rats
following EtOH intubation. EtOH (3 g/kg) was administered twice daily from PND 1-8.
Blood levels were assayed on PND 8.

at any of the time points examined. The ANOVA on these data revealed
no EtOHxDFMO interaction.

4. Discussion

In this study we showed that neonatal exposure to EtOH from PND
1 to 8 produced significant behavioral alterations in young rats, some
of which were reduced or minimized by the administration of DFMO
on PND 8. The PND 1 to 8 is a period of brain development marked by
high sensitivity to EtOH (Thomas et al., 1997), to NMDA receptor-
mediated excitotoxicity (Ikonomidou et al., 2000), and to polyamines
(Slotkin et al., 2003). This is also a period that occurs postnatally in the
rat, but overlaps a portion of the third trimester of human pregnancy
in terms of CNS development (Dobbing and Sands, 1979). The findings
from this study also showed that there were no differences in blood
EtOH concentrations as a consequence of DFMO treatment ruling out
this alternative interpretation for DFMO's effects. The behavioral
impairments associated with neonatal EtOH exposure observed in the
current study included increased latency to the first USV and reduced
frequency of USVs at PND 16; increased locomotion and preference for
the center of an open field at PND 20-21 and poorer performance in a
balance paradigm at PND 31. The administration of DFMO eliminated
the EtOH-related increase in latency to the first USV at PND 16 and
improved balance performance on PND 31.

DFMO blocks ODC, the rate limiting step for polyamine biosynth-
esis. DFMO is a fairly small lipid soluble molecule that crosses the blood
brain barrier and inactivates ODC molecules semi-permanently. While
it reduces the capacity for polyamine synthesis quickly (Slotkin et al.,
1982), it does not really alter “resting” levels of polyamines. DFMO has
a significant effect when polyamine synthesis by ODC is increased such
as during chronic ethanol exposure or during ethanol withdrawal
(Davidson and Wilce, 1998) and the blunted response lasts until new
ODC can be synthesized (maybe several days), providing “protection”
during EtOH withdrawal. These results provide support for the role of
polyamines in some of the behavioral teratogenic effects of neonatal
EtOH exposure.

There is a considerable body of evidence suggesting that polya-
mines play a major role in EtOH withdrawal-induced neurotoxicity.
Data from in vitro studies have shown that polyamine synthesis is
increased during EtOH withdrawal and that inhibition of polyamine
biosynthesis via DFMO decreased hippocampal neuronal death caused
by EtOH withdrawal (Gibson et al., 2003) and reduced EtOH-induced
protein carbonylation (Mello et al., 2007). In vivo studies have shown
that chronic EtOH exposure increased hippocampal ODC activity and

this increase was positively correlated with physical indicators of
dependence. DFMO (at the same dose used in the current study)
significantly reduced these physical withdrawal signs (Davidson and
Wilce, 1998) however it should be noted that we did not examine
physical withdrawal signs in the current study.

The protective action of DFMO in the current study suggests that
inhibition of polyamine synthesis may also reduce the damage asso-
ciated with neonatal EtOH exposure and/or withdrawal in vivo. Of
particular note, functional improvements were observed with only
a single injection of DFMO on PND 8. A number of studies clearly
suggest that the cerebellum is more sensitive to EtOH during the first
postnatal week relative to the 2nd (Lewis et al., 2007a; Thomas et al.,
1998; Goodlett et al., 1996) and the fact that DFMO was able to reduce
these deficits even when administered on PND 8 is extremely inte-
resting. It is important to note, however, that chronic DFMO has its
own deleterious effects on the developing brain (Slotkin et al., 2000;
Bartolome et al., 1985).

The cerebellum plays a key role in balance and coordination. The
cerebellum also appears to be particularly sensitive to prenatal/neonatal
EtOH exposure. In clinical studies, balance and coordination deficits
have been reported in children exposed to EtOH prenatally (Kyllerman
et al., 1985; Streissguth et al., 1980) and these findings have been sub-
stantiated by functional and structural imaging studies in which deficits
have been observed in children with FAS (Riley and McGee, 2005; Riley
et al., 2004; Roebuck et al., 1998). Rodent models have also shown
that rat cerebellum appears particularly sensitive to 3rd trimester EtOH
exposure with both behavioral and neuroanatomical deficits repor-
ted (Goodlett et al., 1991; Green et al., 2000; Klintsova et al., 1998, 2000;
Thomas and Riley, 1998).

In rats, the first neonatal week appears to be particularly sensitive to
EtOH's effects and this coincides with high expression of cerebellar
NR2B subunits (Zhong et al., 1995). As stated in the introduction, the
NR2B subunit displays twice the sensitivity to EtOH as other subunits
(NR2C or NR2D) (Allgaier, 2002; Kuner et al., 1993; Masood et al., 1994;
Mirshahi and Woodward, 1995; Sucher et al, 1996) and the NR2B
subtype is also particularly sensitive to polyamine manipulations
(Williams et al., 1994). Thus, EtOH exposure on PND 1-8 may have its
effect on cerebellar function and structure, at least in part, due to the
higher proportion of NR2B subtypes and their greater sensitivity to EtOH
and to polyamines. Reducing polyamine levels via DFMO and hence
reducing NMDAR activity during EtOH withdrawal could help explain
the improved balance performance by EtOH/DFMO exposed offspring.
This dose of DFMO also has been shown to reduce the severity of EtOH
withdrawal behaviors (Davidson and Wilce, 1998). Additional support
for our hypothesis includes findings that show that agmatine, which can
block the polyamine site on the NMDAR (Lewis et al., 2007a) and CP
101,606 and eliprodil, both of which are NR2BR antagonists (Lewis et al.,
2007b; Thomas et al., 2004a) also reduce behavioral deficits including
balance following neonatal EtOH exposure.

The effects of DFMO on reducing EtOH's effects on isolation induced
ultrasonic vocalizations are more complex. DFMO eliminated the EtOH-
related deficit in latency to USV but had no effect on the frequency of
USVs. Isolation induced USVs have been studied to assess anxiolytic
agents, i.e. used as a model of stress (lijima and Chaki, 2005) and have
frequently been used to study the role of environmental factors and/or
neurotoxicants that influence this species-adaptive response (Adams
et al,, 1983; Branchi et al., 2001). Many neurotransmitters/neurochem-
icals appear to play a role in USVs, including benzodiazepines (Carden
and Hofer, 1990a; Insel et al., 1986), opioids (Carden and Hofer, 1991,
1990b), serotonin (Albinsson et al., 1994a,b; Hard and Engel, 1988;
Winslow and Insel, 1991), dopamine (Dastur et al., 1999) and
corticotropin releasing factor (Hennessy et al., 1992; Insel and Harbaugh,
1989). Isolation induced USVs elicit a variety of forms of maternal
attention (Brouette-Lahlou et al,, 1992; Fernandez et al, 1983) and
disruption in the normal response to isolation could have significant
consequences for maternal/infant interactions. We have previously
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suggested that this deficit displayed by EtOH exposed offspring could
have long-term consequences for the offspring (Barron and Gilbertson,
2005; Barron et al,, 2000) and it is well known that impairments in
maternal/offspring relationships have long-term effects on social
behaviors, neuroendocrine development (Liu et al., 1997; Moore et al.,
1997) and learning (Barbazanges et al.,, 1996; Levy et al., 2003). While
DFMO did not eliminate EtOH-induced deficits, it did at least ameliorate
the delayed latency to USV.

Neonatal EtOH exposure was also associated with hyperactivity and
DFMO administered on PND 8 did not eliminate this deficit. Hyper-
activity following neonatal EtOH exposure is a frequently reported
developmental effect of EtOH on behavior (Gilbertson and Barron, 2005;
Saglam et al., 2006; Slawecki et al., 2004; Thomas et al., 2001). While the
specific mechanisms by which EtOH causes hyperactivity are also not
well understood, it has been argued that these deficits, at least in rodent
models, may be due to hippocampal abnormalities resulting in perse-
veration and habituation deficits associated with prenatal/neonatal
EtOH exposure (Riley et al., 1986).

In addition to hyperactivity, the EtOH-exposed offspring displayed an
increased preference for the center of the open field, as measured by
increased distance traveled and increased proportion of time spent in
the center of the chamber relative to control animals. Rats typically
display thigmotaxis and spend more time near the perimeter walls of a
test chamber rather than entering or crossing into the center. Increased
time spent in the center could simply be another indicator of hyper-
activity or could be a reduction in the normal species-typical thigmo-
taxic response displayed by rats when placed in a novel open-field
which might be interpreted as reduced anxiety about entering the
center of the chamber. We have previously shown that a similar pattern
in males treated with EtOH from PND 1 to 7 who also traveled greater
distance in the center than controls on PND 19-21 in a traditional square
open-field chamber (Gilbertson and Barron, 2005), but again, this
paradigm does not allow us to determine if these changes in behavior
are due to hyperactivity with a failure to inhibit entries into the center or
some change in anxiety response to the open-field.

Clearly, DFMO did not reduce or eliminate all of the effects of neonatal
EtOH exposure reported in this series of studies. This was not surprising
since prenatal and neonatal EtOH exposure can cause a wide range of
effects on CNS and neurotransmitter systems (Goodlett and Horn, 2001;
Goodlett et al,, 2005; Guerri, 1998, 2002). It is extremely unlikely that all of
the functional deficits displayed by offspring exposed to EtOH are
mediated by NMDAR and polyamine overactivity. Other studies in which
reductions or elimination of functional deficits following early EtOH
exposure provide further support for this argument as well. For example,
neonatal choline supplement reduced the effects of neonatal EtOH
exposure on activity and spatial learning (Thomas et al., 2004b) but had
little or no effect on balance impairments (Thomas et al., 2004c).

Neonatal EtOH exposure was associated with reduced body weights
and this persisted through PND 30. It is unlikely that this reduction in
body weight alone contributed to the deficits observed in the current
study since the DFMO/EtOH offspring had similar body weights yet
performance was improved on balance and latency to the first USV. Still,
EtOH did produce a persistent reduction in body weight. DEMO alone
may also have exerted a mild effect on body weight with a slight but
statistically significant reduction in body weight in offspring on PND 16
that was no longer observed by PND 19 (the next time that pups were
weighed). Previous studies have documented that more chronic neo-
natal DFMO treatment can reduce body weight (Slotkin et al., 1982;
Slotkin and Bartolome, 1986) but the single injection used in this study
produced a transient effect at best.

In summary, DFMO administered following chronic neonatal EtOH
exposure reversed some of the behavioral consequences of neonatal
EtOH exposure in our rodent model. These findings suggest that
compounds that reduce polyamine levels during EtOH withdrawal
eliminate some of the deficits associated with neonatal EtOH exposure.
It is important to note that this approach is somewhat complicated

considering the important role that polyamines play in CNS develop-
ment (Jasper et al., 1982; Slotkin and Bartolome, 1986) and it may be
that the timing of polyamine suppression in relation to EtOH
withdrawal is critical. Clearly, further work is needed to assess this
potential treatment approach.

DFMO is currently used clinically as an antineoplastic therapy (due to
the role of polyamines in cell growth) (Casero et al., 2005; Huang et al.,
2005) and is also used in treatment of some forms of trypanosomiasis
(sleeping sickness) (Chappuis et al., 2005; McCann et al., 1981) although
chronic administration of DFMO can have adverse side effects (Nie et al.,
2005). Additional studies are clearly needed to gauge the potential
usefulness of DFMO and other polyaminergic agents in reducing fetal
alcohol effects.

Acknowledgements

MAR is recipient of a CNPq (200016/2005-9) fellowship. Work
supported by NIH grants to SB (AA-014032) and to JML (AA-12600;
AA-01388).

References

Abbey H, Howard E. Statistical procedure in developmental studies on species with
multiple offspring. Dev Psychobiol 1973;6:329-35.

Adams J, Miller DR, Nelson CJ. Ultrasonic vocalizations as diagnostic tools in studies of
developmental toxicity: an investigation of the effects of prenatal treatment with
methylmercuric chloride. Neurobehav Toxicol Teratol 1983;5:29-34.

Albinsson A, Bjork A, Svartengren J, Klint T, Andersson G. Preclinical pharmacology of
FG5893: a potential anxiolytic drug with high affinity for both 5-HT1A and 5-HT2A
receptors. Eur ] Pharmacol 1994a;261:285-94.

Albinsson A, Palazidou E, Stephenson ], Andersson G. Involvement of the 5-HT2 receptor
in the 5-HT receptor-mediated stimulation of prolactin release. Eur ] Pharmacol
1994b;251:157-61.

Allgaier C. Ethanol sensitivity of NMDA receptors. Neurochem Int 2002;41:377-82.

Barbazanges A, Vallee M, Mayo W, Day ], Simon H, Le Moal M, et al. Early and later
adoptions have different long-term effects on male rat offspring. ] Neurosci
1996;16:7783-90.

Barron S, Gilbertson R. Neonatal ethanol exposure but not neonatal cocaine selectively
reduces specific isolation-induced vocalization waveforms in rats. Behav Genet
2005;35:93-102.

Barron S, Segar TM, Yahr JS, Baseheart BJ, Willford JA. The effects of neonatal ethanol
and/or cocaine exposure on isolation-induced ultrasonic vocalizations. Pharmacol
Biochem Behav 2000;67:1-9.

Bartolome ]V, Schweitzer L, Slotkin TA, Nadler JV. Impaired,development of cerebellar
cortex in rats treated postnatally with a-difluoromethylornithine. Neuroscience
1985;15:203-13.

Branchi I, Santucci D, Alleva E. Ultrasonic vocalisation emitted by infant rodents: a tool
for assessment of neurobehavioural development. Behav Brain Res 2001;125:49-56.

Brouette-Lahlou I, Vernet-Maury E, Vigouroux M. Role of pups' ultrasonic calls in a
particular maternal behavior in Wistar rat: pups' anogenital licking. Behav Brain
Res 1992;50:147-54.

Carden SE, Hofer MA. The effects of opioid and benzodiazepine antagonists on dam-
induced reductions in rat pup isolation distress. Dev Psychobiol 1990a;23:797-808.

Carden SE, Hofer MA. Isolation-induced vocalization in Wistar rat pups is not increased
by naltrexone. Physiol Behav 1991;49:1279-82.

Carden SE, Hofer MA. Socially mediated reduction of isolation distress in rat pups is
blocked by naltrexone but not by Ro 15-1788. Behav Neurosci 1990b;104:457-63.

Casero Jr RA, Frydman B, Stewart TM, Woster PM. Significance of targeting polyamine
metabolism as an antineoplastic strategy: unique targets for polyamine analogues.
Proc West Pharmacol Soc 2005;48:24-30.

Chappuis F, Udayraj N, Stietenroth K, Meussen A, Bovier PA. Eflornithine is safer than
melarsoprol for the treatment of second-stage Trypanosoma brucei gambiense
human African trypanosomiasis. Clin Infect Dis 2005;41:748-51.

Dastur FN, McGregor IS, Brown RE. Dopaminergic modulation of rat pup ultrasonic
vocalizations. Eur ] Pharmacol 1999;382:53-67.

Davidson M, Wilce P. Chronic ethanol treatment leads to increased ornithine
decarboxylase activity: implications for a role of polyamines in ethanol dependence
and withdrawal. Alcohol Clin Exp Res 1998;22:1205-11.

Dobbing ], Sands ]. Comparative aspects of the brain growth spurt. Early Hum Dev
1979;3:79-83.

Fernandez K, Caul WF, Haenlein M, Vorhees CV. Effects of prenatal alcohol on homing
behavior, maternal responding and open-field activity in rats. Neurobehav Toxicol
Teratol 1983;5:351-6.

Gibson DA, Harris BR, Prendergast MA, Hart SR, Blanchard JA, Holley RC, et al.
Polyamines contribute to ethanol withdrawal-induced neurotoxicity in rat
hippocampal slice cultures through interactions with the NMDA receptor. Alcohol
Clin Exp Res 2003;27:1099-106.

Gilbertson RJ, Barron S. Neonatal ethanol and nicotine exposure causes locomotor activity
changes in preweanling animals. Pharmacol Biochem Behav 2005;81:54-64.



50 M.A. Rubin et al. / Pharmacology, Biochemistry and Behavior 92 (2009) 44-50

Goodlett CR, Horn KH. Mechanisms of alcohol-induced damage to the developing
nervous system. Alcohol Res Health 2001;25:175-84.

Goodlett CR, Horn KH, Zhou FC. Alcohol teratogenesis: mechanisms of damage and
strategies for intervention. Exp Biol Med (Maywood) 2005;230:394-406.

Goodlett CR, Lundahl KR. Temporal determinants of neonatal alcohol-induced
cerebellar damage and motor performance deficits. Pharmacol Biochem Behav
1996;55(4):531-40.

Goodlett CR, Pearlman AD, Lundahl KR. Binge neonatal alcohol intubations induce dose-
dependent loss of Purkinje cells. Neurotoxicol Teratol. 1998;20:285-92.

Goodlett CR, Thomas ]D, West JR. Long-term deficits in cerebellar growth and rotarod
performance of rats following “binge-like” alcohol exposure during the neonatal
brain growth spurt. Neurotoxicol Teratol 1991;13:69-74.

Green JT, Rogers RF, Goodlett CR, Steinmetz JE. Impairment in eyeblink classical conditioning
in adult rats exposed to ethanol as neonates. Alcohol Clin Exp Res 2000;24:438-47.
Guerri C. Mechanisms involved in central nervous system dysfunctions induced by

prenatal ethanol exposure. Neurotox Res 2002;4:327-35.

Guerri C. Neuroanatomical and neurophysiological mechanisms involved in central
nervous system dysfunctions induced by prenatal alcohol exposure. Alcohol Clin
Exp Res 1998;22:304-12.

Hard E, Engel ]. Effects of 8-OH-DPAT on ultrasonic vocalization and audiogenic
immobility reaction in pre-weanling rats. Neuropharmacology 1988;27:981-6.
Hennessy MB, O'Neil DR, Becker LA, Jenkins R, Williams MT, Davis HN. Effects of
centrally administered corticotropin-releasing factor (CRF) and alpha-helical CRF
on the vocalizations of isolated guinea pig pups. Pharmacol Biochem Behav

1992;43:37-43.

Hoffman PL, Tabakoff B. The role of the NMDA receptor in ethanol withdrawal. Exs
1994;71:61-70.

Huang Y, Pledgie A, Casero Jr RA, Davidson NE. Molecular mechanisms of polyamine
analogs in cancer cells. Anticancer Drugs 2005;16:229-41.

lijima M, Chaki S. Separation-induced ultrasonic vocalization in rat pups: further
pharmacological characterization. Pharmacol Biochem Behav 2005;82:652-7.

Ikonomidou C, Bittigau P, Ishimaru MJ, Wozniak DF, Koch C, Genz K, et al. Ethanol-
induced apoptotic neurodegeneration and fetal alcohol syndrome. Science
2000;287:1056-60.

Insel TR, Harbaugh CR. Central administration of corticotropin releasing factor alters rat
pup isolation calls. Pharmacol Biochem Behav 1989;32:197-201.

Insel TR, Hill JL, Mayor RB. Rat pup ultrasonic isolation calls: possible mediation by the
benzodiazepine receptor complex. Pharmacol Biochem Behav 1986;24:1263-7.
Jasper TW, Luttge WG, Benton TB, Garnica AD. Polyamines in the developing mouse

brain. Dev Neurosci 1982;5:233-42.

Kelly SJ, Hulsether SA, West JR. Alterations in sensorimotor development: relationship
to postnatal alcohol exposure. Neurotoxicol Teratol 1987;9:243-51.

Klintsova AY, Cowell RM, Swain RA, Napper RM, Goodlett CR, Greenough WT.
Therapeutic effects of complex motor training on motor performance deficits
induced by neonatal binge-like alcohol exposure in rats. I. Behavioral results. Brain
Res 1998;800:48-61.

Klintsova AY, Goodlett CR, Greenough WT. Therapeutic motor training ameliorates
cerebellar effects of postnatal binge alcohol. Neurotoxicol Teratol 2000;22:125-32.

Kuner T, Schoepfer R, Korpi ER. Ethanol inhibits glutamate-induced currents in
heteromeric NMDA receptor subtypes. Neuroreport 1993;5:297-300.

Kyllerman M, Aronson M, Sabel KG, Karlberg E, Sandin B, Olegard R. Children of
alcoholic mothers. Growth and motor performance compared to matched controls.
Acta Paediatr Scand 1985;74:20-6.

Levy F, Melo Al, Galef Jr BG, Madden M, Fleming AS. Complete maternal deprivation
affects social, but not spatial, learning in adult rats. Dev Psychobiol 2003;43:177-91.

Lewis B, Wellmann KW, Barron S. Agmatine reduces balance deficits in a rat model of
third trimester binge-like ethanol exposure. Pharmacol, Biochem Behavior,
2007a;88:114-21.

Lewis B, Wellman KA, Barron S. Balance deficits associated with neonatal ethanol
exposure are attentuated by the NMDA Antagonist CP-101,606. Alcoholism. Clin
Experim Res 2007b;31:149A.

Littleton JM, Lovinger D, Liljequist S, Ticku R, Matsumoto I, Barron S. Role of polyamines
and NMDA receptors in ethanol dependence and withdrawal. Alcohol Clin Exp Res
2001;25:132S-6S.

Liu D, Diorio J, Tannenbaum B, Caldji C, Francis D, Freedman A, et al. Maternal care,
hippocampal glucocorticoid receptors, and hypothalamic-pituitary-adrenal
responses to stress. Science 1997;277:1659-62.

Masood K, Wu C, Brauneis U, Weight FF. Differential ethanol sensitivity of recombinant
N-methyl-p-aspartate receptor subunits. Mol Pharmacol 1994;45:324-9.

Mattson SN, Riley EP. A review of the neurobehavioral deficits in children with fetal alcohol
syndrome or prenatal exposure to alcohol. Alcohol-Clin Exp Res 1998;22:279-94.

McCann PP, Bacchi CJ, Clarkson Jr AB, Seed JR, Nathan HC, Amole BO, et al. Further studies
on difluoromethylornithine in African trypanosomes. Med Biol 1981;59:434-40.

Melcer T, Gonzalez D, Barron S, Riley EP. Hyperactivity in preweanling rats following
postnatal alcohol exposure. Alcohol 1994;11:41-5.

Mello CF, Rubin MA, Sultana R, Barron S, Littleton JM, Butterfield DA. Difluoromethy-
lornithine (DFMO) prevents protein oxidation induced by neonatal ethanol
exposure in the hippocampus of young rats. Alcohol-Clin Exp Res 2007;31:887-94.

Mirshahi T, Woodward JJ. Ethanol sensitivity of heteromeric NMDA receptors: effects of
subunit assembly, glycine and NMDAR1Mg(2+)-insensitive mutants. Neurophar-
macology 1995;34:347-55.

Moore CL, Wong L, Daum MC, Leclair OU. Mother-infant interactions in two strains of
rats: implications for dissociating mechanism and function of a maternal pattern.
Dev Psychobiol 1997;30:301-12.

Nie L, Feng W, Diaz R, Gratton MA, Doyle K], Yamoah EN. Functional consequences of
polyamine synthesis inhibition by L-alpha-difluoromethylornithine (DFMO): cellular
mechanisms for DFMO-mediated ototoxicity. ] Biol Chem 2005;280:15097-102.

Prendergast MA, Harris BR, Blanchard JA, Mayer S, Gibson DA, Littleton JM. In vitro
effects of ethanol withdrawal and spermidine on viability of hippocampus from
male and female rat. Alcohol-Clin Exp Res 2000;24:1855-61.

Riley EP, Barron S, Driscoll CD, Hamlin RT. The effects of physostigmine on open-field
behavior in rats exposed to alcohol prenatally. Alcohol Clin Exp Res 1986;10:50-3.

Riley EP, McGee CL. Fetal alcohol spectrum disorders: an overview with emphasis on
changes in brain and behavior. Exp Biol Med (Maywood) 2005;230:357-65.

Riley EP, McGee CL, Sowell ER. Teratogenic effects of alcohol: a decade of brain imaging.
Am ] Med Genet C Semin Med Genet 2004;127:35-41.

Roebuck TM, Simmons RW, Mattson SN, Riley EP. Prenatal exposure to alcohol affects
the ability to maintain postural balance. Alcohol-Clin Exp Res 1998;22:252-8.
Saglam E, Kayir H, Celik T, Uzbay T. Effects of escitalopram on ethanol withdrawal

syndrome in rats. Prog Neuropsychopharmacol Biol Psychiatry 2006;30:1027-32.

Schweitzer L, Robbins A, Slotkin TA. Dendritic development of Purkinje and granule
cells in the cerebellar cortex of rats treated postnatally with alpha-difluoromethy-
lornithine. ] Neuropathol Exp Neurol 1989;48:11-22.

Sessa A, Desiderio MA, Perin A. Ethanol and polyamine metabolism in adult and fetal
tissues: possible implication in fetus damage. Adv Alcohol Subst Abuse 1987;6:73-85.

Shibley Jr IA, Gavigan MD, Pennington SN. Ethanol's effect on tissue polyamines and ornithine
decarboxylase activity: a concise review. Alcohol Clin Exp Res 1995;19:209-15.

Slawecki CJ, Thomas JD, Riley EP, Ehlers CL. Neurophysiologic consequences of neonatal
ethanol exposure in the rat. Alcohol 2004;34:187-96.

Slotkin TA, Bartolome J. Role of ornithine decarboxylase and the polyamines in nervous
system development: a review. Brain Res Bull 1986;17:307-20.

Slotkin TA, Freibaum BD, Tate CA, Thillai I, Ferguson SA, Cada AM, et al. Long-lasting CNS
effects of a short-term chemical knockout of ornithine decarboxylase during
development: nicotinic cholinergic receptor upregulation and subtle macromole-
cular changes in adulthood. Brain Res 2003;981:118-25.

Slotkin TA, Ferguson SA, Cada AM, McCook EC, Seidler FJ. Neonatal polyamine depletion
by alpha-difluoromethylornithine: effects on adenylyl cyclase cell signaling are
separable from effects on brain region growth. Brain Res 2000;887:16-22.

Slotkin TA, Seidler FJ, Trepanier PA, Whitmore WL, Lerea L, Barnes GA, et al. Ornithine
decarboxylase and polyamines in tissues of the neonatal rat: effects of alpha-
difluoromethylornithine, a specific, irreversible inhibitor of ornithine decarbox-
ylase. ] Pharmacol Exp Ther 1982;222:741-5.

Sparapani M, Virgili M, Caprini M, Facchinetti F, Ciani E, Contestabile A. Effects of
gestational or neonatal treatment with alpha-difluoromethylornithine on ornithine
decarboxylase and polyamines in developing rat brain and on adult rat
neurochemistry. Exp Brain Res 1996;108:433-40.

Streissguth AP, Landesman-Dwyer S, Martin JC, Smith DW. Teratogenic effects of alcohol
in humans and laboratory animals. Science 1980;209:353-61.

Sucher NJ, Awobuluyi M, Choi YB, Lipton SA. NMDA receptors: from genes to channels.
Trends Pharmacol Sci 1996;17:348-55.

Thomas JD, Fleming And SL, Riley EP. MK-801 can exacerbate or attenuate behavioral
alterations associated with neonatal alcohol exposure in the rat, depending on the
timing of administration. Alcohol Clin Exp Res 2001;25:764-73.

Thomas ]D, Garcia GG, Dominguez HD, Riley EP. Administration of eliprodil during
ethanol withdrawal in the neonatal rat attenuates ethanol-induced learning
deficits. Psychopharmacology (Berl) 2004a;175:189-95.

Thomas ]D, Garrison M, O'Neill TM. Perinatal choline supplementation attenuates
behavioral alterations associated with neonatal alcohol exposure in rats. Neurotox-
icol Teratol 2004b;26:35-45.

Thomas ]D, Goodlett CR, West JR. Alcohol-induced Purkinje cell loss depends on
developmental timing of alcohol exposure and correlates with motor performance.
Dev Brain Res 1998;105:159-66.

Thomas JD, O'Neill TM, Dominguez HD. Perinatal choline supplementation does not
mitigate motor coordination deficits associated with neonatal alcohol exposure in
rats. Neurotoxicol Teratol 2004c¢;26:223-9.

Thomas ]D, Riley EP. Fetal alcohol syndrome: does alcohol withdrawal play a role?
Alcohol Health Res World 1998;22:47-53.

Thomas ]D, Weinert SP, Sharif S, Riley EP. MK-801 administration during ethanol
withdrawal in neonatal rat pups attenuates ethanol-induced behavioral deficits.
Alcohol Clin Exp Res 1997;21:1218-25.

West JR, Hamre KM, Pierce DR. Delay in brain growth induced by alcohol in artificially
reared rat pups. Alcohol 1984;1:213-22.

West JR, Chen WJ, Pantazis NJ. Fetal alcohol syndrome: the vulnerability of the developing
brain and possible mechanisms of damage. Metab Brain Dis 1994;9:291-322.

Williams K. Modulation of the N-methyl-p-aspartate receptor by polyamines: molecular
pharmacology and mechanisms of action. Biochem Soc Trans 1994;22:884-7.

Williams K, Zappia AM, Pritchett DB, Shen YM, Molinoff PB. Sensitivity of the N-methyl-
Dp-aspartate receptor to polyamines is controlled by NR2 subunits. Mol Pharmacol
1994;45:803-9.

Winslow T, Insel TR. Serotonergic modulation of the rat pup ultrasonic isolation call:
studies with 5HT1 and 5HT2 subtype-selective agonists and antagonists.
Psychopharmacology (Berl) 1991;105:513-20.

Zhong ], Carrozza DP, Williams K, Pritchett DB, Molinoff PB. Expression of mRNAs
encoding subunits of the NMDA receptor in developing rat brain. ] Neurochem
1995;64:531-9.



	Difluoromethylornithine (DFMO) reduces deficits in isolation-induced ultrasonic vocalizations a.....
	Introduction
	Materials and methods
	Animals
	Neonatal drug administration
	Isolation-induced Ultrasonic Vocalization (USV) testing
	Open field
	Balance test
	Blood ethanol assay
	Statistical analysis

	Results
	Isolation-induced USVs
	Open field
	Balance test
	Body weights
	Blood ethanol levels

	Discussion
	Acknowledgements
	References




