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Abstract

The sensitivity of prenatally malnourished rats to the ultrasonic vocalization (USV) suppressant
effect of diazepam (a non-specific benzodiazepine (BZ) receptor agonist) was investigated. Male
offspring of dams provided with a protein deficient diet (6% casein) for 5 weeks prior to mating and
throughout pregnancy were compared to the offspring of mothers provided with a diet of adequate
protein content (25% casein). At postnatal day 7 or 11, pups were injected with vehicle or one of five
doses of DZ (0.03, 0.1, 0.3, 1 or 3mg/kg) 30min after removal from their dam. Thirty minutes later
they were subjected to 2min of cooling on a 20 degrees C surface and their USVs were quantified.
DZ dose-dependently suppressed USV at both ages. At P7, the USV suppressant effect of DZ was
the same for both groups. However, by P11 the prenatally malnourished rats showed significantly
greater suppression of USV by 0.03 and 0.1mg/kg DZ than well-nourished controls. These
differences were not related to degree of temperature loss or body weight. Thus, differential
sensitivity to BZ receptor agonists develops in the second postnatal week in prenatally malnourished
rats. This reflects either an altered program of development of the GABAergic system, or adaptive,
compensatory changes in the GABAergic system in response to more extensive functional
disturbances in the developing brain.
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INTRODUCTION

Behavioral assessments of the response to benzodiazepines, positive allosteric modulators of
the GABA receptor, have revealed significant alterations in sensitivity to these compounds
in prenatally protein malnourished adult and juvenile rats. For example, prenatally
malnourished rats display reduced sensitivity to the amnestic effect of systemic application of
a moderate dose (5.6 mg/kg, i.p.) of the non-specific benzodiazepine (BZ) receptor agonist
chlordiazepoxide (CDP) at both postnatal day 30 (P30) and P90 [34]. In adult prenatally
malnourished subjects, direct application of CDP into the medial septum also results in lower

=Phone: (617) 638-4182; Fax: (617) 638-5890, E-MAIL: jtonkiss@bu.edu.

Publisher's Disclaimer: This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to our customers
we are providing this early version of the manuscript. The manuscript will undergo copyediting, typesetting, and review of the resulting
proof before it is published in its final citable form. Please note that during the production process errors may be discovered which could
affect the content, and all legal disclaimers that apply to the journal pertain.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Tonkiss and Galler

Page 2

sensitivity to its amnestic effects compared with well-nourished controls [36]. It has been
demonstrated recently, however, that neither the direct GABA a receptor agonist muscimol nor
the a1-subunit specific BZ receptor agonist CL218,872 differentiate between the two
nutritional groups in Morris water maze performance in adulthood [33] suggesting that there
is no lasting global dysfunction of the GABA receptor, rather there is a difference in the way
in which a subset of the GABA, receptors (i.e., those containing a2, a3 or a5 subunits) are
modulated by BZs.

Many properties can be ascribed to BZs (e.g., they can produce anxiolytic, sedative, muscle
relaxant, and anticonvulsant effects). To examine the behavioral sensitivity of prenatally
malnourished rats to a different property of CDP, an operant drug discrimination paradigm was
utilized [27]. Prenatally malnourished adult rats proved to have an increased behavioral
sensitivity to the discriminative stimulus properties of CDP. Thus, the direction of the change
in sensitivity to CDP induced by prenatal malnutrition is dependent upon the property of the
drug that is studied.

Prenatally malnourished rats are fostered at birth to well-nourished dams, such that they receive
adequate nutrition postnatally. Given the documented changes in the sensitivity to BZs in
juvenile and adult rats, the question arises as to whether the prenatal development of the
GABAergic system is particularly vulnerable to the prenatal insult (i.e., is subject to a
pathological developmental disturbance) such that the greatest effect will be most evident close
to the end of the insult (i.e., birth), with the impact perhaps becoming reduced postnatally as
adaptive, compensatory responses occur in the CNS. A second possibility is that although the
GABAergic system is impacted by the prenatal insult it is not expressed until later in the
postnatal period. In other words the developmental program is disrupted. A third possibility is
that there is a change in the way the GABAergic system is modulated during postnatal
development. Conceptually, this could constitute one of the adaptive mechanisms that serve
to compensate for developmental disturbances originating in other neurotransmitter systems.
In the latter case, one might expect to observe greater behavioral dissociations between
prenatally malnourished and well-nourished animals as they mature.

Taking advantage of the dose-dependent USV suppressing effects of the BZs [12,21,26,37]
the present investigation examined the anxiolytic effect of diazepam (DZ) in prenatally
malnourished and well-nourished pups. Two postnatal ages (P7 and P11) were studied to assess
the possible postnatal development of altered sensitivity to BZs following prenatal protein
restriction.

MATERIALS AND METHODS

All studies described below were carried out in an AAALAC approved animal facility and had
been approved by the Boston University Medical School/Boston Medical Center Institutional
Animal Care and Use Committee (approval #01-057).

Housing Conditions

The animal quarters were maintained at a temperature of 22.8°C (x 1.7) and at 45-55%
humidity. A reverse 12h dark (8:00-20:00)/12h light (20:00-8:00) cycle accommodated
behavioral observations during the active waking period of the rat. Red fluorescent lighting
during the dark portion of the cycle provided continuous dim illumination.

Nutritional Treatment

Five weeks prior to mating, nulliparous female rats (Sprague-Dawley VAF plus; Charles River
Laboratories, Kingston, MA) were obtained and allowed ad lib access to one of two isocaloric
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diets (Teklad, Madison, WI). The diets were formulated to be of adequate protein (25% casein)
or low protein (6% casein) content (detailed description given in [20]). Males obtained from
the same source were acclimated to the experimental diets of the females for one week prior
to mating. Each male was mated with 2 females receiving the same dietary treatment, over a
period of 7 days. The presence of sperm in a vaginal smear determined whether mating had
occurred. One week prior to the projected delivery date, the females were individually caged
in polycarbonate breeding cages (51cm x 41cm x 21cm; Lab Products Inc., Maywood, NJ).
Following parturition, litters were culled to 8 pups (6 males and 2 females) and fostered to
well-nourished mothers who had given birth no more than 24h previously. Pups born to dams
provided with the 6% casein diet and cross-fostered to lactating dams given the 25% casein
diet were assigned the abbreviation “6/25” (prenatally malnourished). Pups born to dams
provided with the 25% casein diet and fostered to other lactating dams fed the 25% casein diet
were assigned the abbreviation “25/25” (controls). A more detailed description of the
nutritional, mating, and fostering procedures is given in a previous paper [31]. All rats were
weighed at birth (P0) and on the day of behavioral testing, using an electronic balance (Ohaus,
GT 4000). The animals remained in their littermate groups throughout except when removed
briefly for behavioral testing.

A total of 276 pups were employed in this study. Two cohorts of prenatally malnourished and
well-nourished litters were raised. Cohort 1 consisted of twelve 25/25 litters and twelve 6/25
litters, and these were the source of subjects tested at postnatal day 7. Cohort 2 consisted of
eleven naive 25/25 and eleven naive 6/25 litters, and these were the source of subjects tested
at postnatal day 11. In each cohort, six male pups from each litter were allocated to one of six
DZ dose groups (0, 0.03, 0.1, 0.3, 1 or 3 mg/kg). No more than one pup per litter per dose was
tested (though each litter was represented across all of the doses) and each pup was tested only
once. Two 25/25 litters were excluded from analysis at P7, and two 25/25 litters and one 6/25
litter of P11 were excluded from analysis at P11, because of an unusually low rate of USV
(<25 USV in 2 min) emitted by their vehicle injected controls. Male subjects were selected for
consistency with earlier studies which focused on the behavioral sensitivity of juvenile and
adult prenatally malnourished rats to drugs acting on the GABA receptor complex [27,33,
34,36] and upon neurophysiological studies focused on inhibitory GABAergic
neurotransmission at both the systems [4-9] and the cellular level [15,24].

Diazepam (Sigma Chemicals, St Louis, MO) was suspended in vehicle (85% distilled water,
14% polyethylene glycol and 1% Tween 80) and administered in a volume of 1mli/100g by
subcutaneous injection at one of six doses (0, 0.03, 0.1, 0.3, 1 and 3mg/kg) 30min prior to
testing.

Separation & Cooling Procedure

The procedure was similar to that described previously [32]. Briefly, the mother was removed
from her litter and placed in a temporary holding cage in the colony room. The litter was kept
intact in the home cage and brought into the test room and placed on a pad (T/Pad TP-220,
Gaymar Industries, NY) through which water was circulated using a pump (Gaymar T/Pump),
maintaining a surface temperature of 33°C. Thirty minutes later a single male pup was selected,
weighed, and its core body temperature taken using a Thermalert Model TH-8 temperature
monitor. A very fine (0.41mm diameter), Teflon-sealed thermocouple microprobe (Type
IT-21, Physitemp, NJ) was first lubricated with petroleum jelly and then inserted 1cm into the
rectum. A stable reading was obtained within 5 s. The pup was then injected with one of the
five doses of DZ, an identifying mark was placed upon the base of the tail using a non-toxic
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marker and the pup was returned to the huddle of the litter. Thirty minutes later the temperature
was retaken to determine the effect of DZ on body temperature and the pup was then placed
directly onto a metal pan, the surface of which was maintained at 20°C by resting it on a water
bath. The pan was located within a sound attenuated enclosure (Model 1101 Research Chest,
Grason-Stadler Co., W. Concord, MA) to prevent other rats from hearing the USVs. Both the
pan temperature and the temperature under the litter huddle were constantly assessed using the
Physitemp temperature monitor connected to electronic surface probes. An ultrasonic
microphone suspended 10 cm above the pan was connected to a bat detector (Pettersson
Elektronik AB, Sweden; Model D940) located outside the chamber. Over the next two minutes,
pup calls (in the 20-80 kHz range) were detected with the bat detector and the signal, with a
frequency division setting of 1:10, was recorded on audiotape for later analysis (using a Sony
TC-WEA435 stereo cassette deck). Immediately after testing, the rectal temperature of the pup
was measured again to determine the additional loss of body temperature with cooling. The
pup was then placed back into the huddle of littermates. At carefully spaced intervals the five
remaining male pups were injected with the other doses of DZ and tested using the same
procedure as described above. Each litter was tested to completion prior to testing of another
litter but the order was randomized between nutritional groups. Also, within a litter the order
of injection was randomized across drug doses but was matched between nutritional groups.
After testing the litter was returned to the colony room to be reunited with their mother.

Analysis of Vocalizations

Each signal from the audiotape was used as an input for the CoolEdit2000 program (Syntrillium
software, Scottsdale, AZ) running on an IBM PC. A digital recording was made and visualized
in a spectral view (sound frequency in Hz on the ordinate and time on the abscissa). Call rate
(number of USVs) was quantified for the 2-min recording time from this visual record for all
calls in the range of 30-50 kHz.

Data analysis and Statistics

RESULTS

Body weight was compared between groups taking litter as the unit for analysis (i.e., litter
means were used). At birth, a one-way ANOVA was applied, and at postnatal days 7 and 11,
a 2-way ANOVA (Nutrition x Age) was utilized. Initial analysis taking DZ dose as a factor
showed no inadvertent body weight bias across any DZ dose. Thus, for clarity, only the
Nutrition x Age ANOVA is reported. At each age, basal body temperature was analyzed using
one-way ANOVAs (Nutrition), again taking litter as the unit for analysis (i.e., litter means were
used). The degree of loss of body temperature from the basal temperature was analyzed using
a 3-way ANOVA (Nutrition x Dose x Phase [following DZ or vehicle injection, and after
additional cooling]. Phase was a within subjects factor). The basal rate of USV emission after
vehicle injection was compared between nutritional groups (for each age, separately) using 1-
way ANOVAs (Nutrition). Following DZ injection, the USV rate was expressed as a
percentage of the rate exhibited by the vehicle injected pup from the same litter. These data
were analyzed separately for P7 and P11 using 2-way ANOVAs (Nutrition x Dose).

Body Weight

The mean birth weight of all male pups tested at P7 and P11 was significantly less for 6/25
litters (M=5.51+012g, n=23) than for 25/25 litters (M=6.53 + 0.10g, n=23), F(1,44)=44.36,
p<0.001. The weight difference between groups was also evident at testing (P7: M=16.0 £ 0.7g
vs M=19.7 + 0.6g; P11: M=25.9 + 1.0g vs M=28.2 +0.8g for 6/25 and 25/25 litters,
respectively), as indicated by a significant effect of Nutrition (F(1,42)=14.95, p<0.001). As
expected, the pups weighed more as they matured, Age (F(1,42)=141.92, p<0.001) but there
was no significant Nutrition x Age interaction.
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Effect of DZ dose and Cooling on Body Temperature

P7: At P7 the 6/25 pups expressed significantly cooler basal body temperatures (F(1,20)=4.61,
p<0.05) than the 25/25 pups (Figure 1 —upper left panel, baseline). Body temperature decreased
after drug injection and after cooling (Figure 1 — upper right panels) in all groups. A significant
effect of Phase (F(1,120)=775.90, p<0.001) indicated a greater loss of body temperature with
cooling (M =-2.20°C) than with the vehicle or DZ injection alone (M =—0.56°C). A significant
effect of Dose (F(5,120)=3.10, p<0.02) indicated a dose dependent reduction of body
temperature (Figure 1, upper panels). Post hoc analyses (Tukey) revealed that those pups
receiving 0.3 mg/kg (M= -1.78°C), 1 mg/kg (M= —-1.78°C) and 3 mg/kg (M= —1.77°C) doses
of DZ had significantly (p<0.05) lower body temperatures than those pups receiving the vehicle
injection (M =—1.19°C). There was no significant effect of Nutrition, nor was there a Nutrition
x Phase interaction. Similarly, no significant Dose x Nutrition or Dose x Nutrition x Phase
interactions were indicated by ANOVA.

P11: At P11 the 6/25 pups tended to be slightly warmer than the 25/25 pups (F(1,17)=3.81,
p=0.068) but the difference failed to achieve statistical significance (Figure 1 —lower left panel,
baseline). A significant effect of Phase (F(1,105)=430.14, p<0.001) indicated a greater loss of
body temperature with cooling (M = —1.04°C) than with the vehicle or DZ injection alone (M
=-0.18°C). A significant effect of Dose (F(5,102)=4.37, p<0.002) indicated a dose dependent
reduction of body temperature (Figure 2, lower right panels). Post hoc analyses (Tukey)
revealed that those pups receiving 1 mg/kg (M= -1.06) and 3 mg/kg (M= —0.89°C) doses of
DZ had significantly (p<0.05) lower body temperatures than those pups receiving the vehicle
injection (M =-0.45°C). There was no significant effect of Nutrition, nor was there a Nutrition
X Phase interaction. Similarly, no significant Dose x Nutrition or Dose x Nutrition x Phase
interactions were indicated by ANOVA.

Modulation of USV by DZ

P7: At P7 there was no difference between 6/25 and 25/25 pups in the rate of emission of USV
over the 2 min test period (F(1,20)=0.82, ns) following a vehicle injection (Figure 2 — upper

left panel, VEH). USV data obtained following DZ injection were expressed as a percentage
of the rate exhibited by the littermate that had been injected with the vehicle solution (Figure
2, upper right panel). After DZ injection there was a significant effect of Dose (F(4,100)=7.62,
p<0.001) which indicated a dose-dependent suppression of USV production. Post hoc analyses
(Tukey) revealed that the 3 mg/kg dose suppressed USV emission significantly more than the
0.03 mg/kg dose of DZ (p<0.05). However, there was no significant effect of Nutrition and no
Nutrition x Dose interaction. Thus, DZ modulated USV equally in the two nutritional groups
at this age.

P11: There was no baseline difference between 6/25 and 25/25 pups in the rate of emission of
USV over the 2 min test period (F(1,17) <0.01, ns) following a vehicle injection (Figure 2 —
lower left panel, VEH). USV data obtained following DZ injection were expressed as a
percentage change from the rate exhibited by the littermate that had been injected with the
vehicle solution (Figure 2 lower right panel). ANOVA carried out on these data indicated a
significant effect of Dose (F(4, 85)=11.41, p<0.001), and Nutrition (F(1, 85)=9.54, p<0.01)
and a significant Nutrition x Dose interaction (F(4, 85)=3.95, p<0.01). It can be seen from
Figure 2 (lower right panel) that DZ dose-dependently reduced the rate of USV but that the
6/25 pups showed much greater suppression of USV at the lower doses than the 25/25 pups.
Post hoc analyses (Tukey) revealed that the two nutritional groups were significantly different
(p<0.05) at DZ doses of 0.03 and 0.1 mg/kg. A supplementary series of analyses (not reported
here) in which the data was analyzed taking body weight and body temperature as covariates
did not alter this pattern of findings. It is worth noting that the drug response in the 6/25 group
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was very similar at both P7 and P11 while the 25/25 pups appeared to become less sensitive
to the two lower doses at the older age (values around 100% of the vehicle value).

DISCUSSION

The present study established that a difference between prenatally malnourished and well-
nourished male pups in their sensitivity to the USV suppressant effect of DZ develops as the
rats mature. This occurs at a time when the pups are being raised under conditions of adequate
nutrition, rather than being present at a time closer to the nutritional insult. Scrutiny of Figure
2 suggests it may be that the dose-response relationship to DZ changes with age in the well-
nourished control group rather than the modification occurring in the prenatally malnourished
group. In other words, there may be an important developmental change taking place in the
well-nourished rats that is either delayed or impaired following prenatal malnutrition. Before
proceeding with the discussion further it should be noted that this study only employed male
subjects. For this reason, it is prudent to limit the following discussion to consideration of the
effects of prenatal malnutrition on this gender. Female prenatally malnourished subjects may
well differ in their later behavioral response to drugs compared to males [e.g., 30]. To begin
to interpret the findings of the present study, the critical impact of subunit composition on the
pharmacological properties of the GABA receptor, as well as the developmental changes that
normally take place in the GABAergic system during the early postnatal period of the rat, must
be appreciated.

The GABA, receptor complex consists of 5 subunits assembled together from a subset of at
least 6 known subunit classes [38] each possessing numerous isoforms (al-a6, B1-p3, y1—3,
d, €, 0). In large part, BZ pharmacology (and other properties of the GABAA receptor) is
determined by the GABA receptor subunit composition. Receptors on the GABAA receptor
complex that recognize the classical BZs (called “diazepam-sensitive™) contain al, 02, a3 or
a5 subunits while those that do not recognize these agents (called “diazepam-insensitive™)
contain either the o4 or a6 subunit. Further, among the diazepam-sensitive receptors, those
that contain the a1 subunit are said to be high affinity, whereas those that contain a2, a3 or
a5 are considered to have lower affinity. Thus, different populations of GABA receptors with
different pharmacological properties (e.g., relative binding affinity for ligands acting upon
those receptors) can be generated by altering the level of expression of different GABAA
subunits, especially among a subunits.

During normal development of the rat brain, significant changes take place in the expression
of the individual GABA receptor subunits. Alpha 1 and a5 subunits have generally low levels
of expression at birth and increase as the rat matures, while o2 and a.3 subunits exhibit high
levels of expression at birth and decline as the rat matures [10,17,22,25], although there are
regional variations in this pattern. For example, expression of a1 subunit decreases rather than
increases in the ventromedial nucleus [17]. Given the critical importance of GABA receptor
subunit composition to the properties of the receptor complex and the fact that the expression
of the various subunits change as the rat matures, it is possible that differences in the
developmental pattern of subunit expression may underlie the present findings. There is
evidence that prenatal protein malnutrition does indeed alter GABA subunit gene expression.
This manifests itself in a region-specific [29] and developmentally-specific [28] manner. Of
most relevance to the present findings, it was found that a3 subunit expression in the
hippocampal formation was greater in prenatally malnourished rats at postnatal day 15 (the
earliest age examined) than in controls, while a5 expression was reduced. In that a3 expression
usually declines while a5 expression increases during the postnatal period, it is likely that
prenatal malnutrition slows or prevents these developmental changes from taking place.
Although it is not known which brain structures are critically involved in the suppression of
USV by BZ agonists, the fact that prenatally malnourished pups exhibit higher a3 subunit
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expression levels than controls may be important in light of the recent development of drugs
having a high degree of subunit specificity. As mentioned earlier, classic BZ drugs have
numerous behavioral effects not all of which are desirable in the clinical population. Hence,
subunit specific drugs are under development in an attempt to limit their range of action. Recent
evidence shows that agents with highly selective action on GABAA receptors bearing a.3
subunits possess powerful anxiolytic effects without sedation [3,16,18,23], which has
encouraged the synthesis and characterization of several more a3-selective compounds (e.g.,
[13]) as potential therapeutic, anxiolytic agents. Thus, if prenatal malnutrition were to have led
to greater expression of a3 subunits at P11 than is developmentally appropriate, this may have
resulted in a greater sensitivity to the anxiolytic effect of DZ. This would be consistent with
their apparent lack of change in sensitivity to DZ between P7 and P11 (see Figure 2). In turn,
it seems reasonable to propose that a developmental change (perhaps a decline in a.3 expression
with an increase in a1 expression) was taking place in the well-nourished rats leading to an
apparent lack of sensitivity to the USV suppressing effects of DZ at the 0.03 and 0.1 mg/kg
doses.

Other questions raised by the present findings are: what (if any) is the biological significance
of an altered development of the GABAergic system following prenatal malnutrition and, are
there any other factors contributing to this pattern? Our previous study [32] identified
significant differences in the ultrasonic call characteristics of prenatally malnourished pups (as
detected by sonographic analysis) over this same developmental period (postnatal day 7 — 11).
Specifically, prenatally malnourished pups exhibited a significantly higher mean sound
frequency for their USV calls (irrespective of sub-type) at postnatal day 7. Constant sound
frequency vocalizations were also of longer duration. Prenatally malnourished pups also
emitted a smaller variety of calls over the age range studied, with fewer ascending frequency
vocalizations and either significantly fewer (P9) or greater (P11) descending frequency calls.
While it might be controversial to suggest that the type of USV may influence the behavior of
the mother, it is an established fact that prenatally malnourished rats are groomed more than
controls by their foster dam over the first 10 days of life [20]. Experience of high levels of
maternal licking and grooming over the first 8—10 days of life has been associated with changes
in central BZ receptors [11] and a life-long reduction in stress response and anxiety-related
behaviors in normal rat populations [14]. Thus, it is possible that the greater levels of licking
and grooming experienced by the prenatally malnourished pups (whether it is due to their USV
characteristics or some other feature) may exert an epigenetic influence on the development
of the GABAergic system (e.g., subunit expression) leading to reduced anxiety in classic
anxiety tests such as the elevated plus maze [1] and the elevated T-maze, later in life [2]. It
should be noted, however, that prenatally malnourished rats do not always exhibit evidence of
low anxiety and indeed demonstrate heightened physiological responsiveness in some stressful
test situations (e.g., [19,35]).

In summary, the present study demonstrated that an age dependent difference in sensitivity to
the USV suppressant effects of DZ developed following prenatal malnutrition. Whether this
altered program of development of the GABA system is a direct result of the nutritional
insufficiency, a result of epigenetic programming mediated by the mother, or constitutes
adaptive, compensatory responses of the GABA system, simply cannot be determined from
the present study. These important questions must therefore await the results of further
research.
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FIGURE 1.

Mean body temperature of prenatally malnourished (6/25, open bars) and well-nourished
(25/25, solid bars) rat pups 30 min after removal from the mother and confinement in a warmed
cage (Baseline); 30 min after an injection of diazepam at one of five doses (DZ); and, 2 min
after additional cooling on a 20°C surface (DZ & Cooling) at (a) Postnatal day 7 (25/25 group,
n=10; 6/25 group, n=12 for each DZ dose group), or (b) Postnatal day 11 (25/25 group, n=9;
6/25 group, n=10 for each DZ dose group). Vertical bars represent the SEM. *6/25 significantly
less than 25/25, p<0.05 (Tukey)
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FIGURE 2.

Left panels - Mean number of ultrasonic vocalizations (USV) emitted by prenatally
malnourished (6/25, open bars) and well-nourished (25/25, solid bars) pups over a 2 min period
of cooling on a 20°C surface 30 min after an injection of vehicle (VEH). Right panels — Mean
USV rate following five doses of diazepam (DZ) expressed as a percentage of the vehicle
control pup for the same litter (a) Postnatal day 7 (25/25 group, n=10; 6/25 group, n=12 for
each DZ dose group), or (b) Postnatal day 11 (25/25 group, n=9; 6/25 group, n=10 for each
DZ dose group). Vertical bars represent the SEM. *6/25 significantly less than 25/25, p<0.05
(Tukey).
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