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Abstract

Intrauterine growth restriction and premature delivery decrease circulating levels of the
neurotrophic hormone leptin and increase the risk of adult psychiatric disease. In mouse models,
neonatal leptin replacement normalizes brain growth and improves the neurodevelopmental
outcomes of growth restricted mice, but leptin supplementation of well-grown mice decreases
adult locomotor activity. We hypothesized isolated neonatal leptin deficiency is sufficient to
reduce adult brain volumes and program behavioral outcomes, including hyperactivity. C57BI/6
pups were randomized to daily injections of saline or PEG-leptin antagonist (LX, 12.5 mg/kg)
from postnatal day 4 to 14. After 4 months, fear conditioning and open field testing were
performed followed by carotid radiotelemetry for the measurement of baseline activity and blood
pressure. Neonatal LX did not significantly increase cue-based fear or blood pressure, but
increased adult locomotor activity during assessment in both the open field (beam breaks: control
930440, LX 1099442, P<0.01) and the home cage (radiotelemetry counts: control 4.5+0.3, LX
5.6%0.3, P=0.02). Follow-up MRI revealed significant reductions in adult frontal cortex volumes
following neonatal LX administration (control 45.1+0.4 mm?3, LX 43.8+0.4 mm3, P=0.04). This
was associated with a significant increase in cerebral cortex leptin receptor mRNA expression. In
conclusion, isolated neonatal leptin deficiency increases cerebral cortex leptin receptor expression
and reduces frontal cortex volumes in association with increased adult locomotor activity. We
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speculate neonatal leptin deficiency may contribute to the adverse neurodevelopmental outcomes
associated with perinatal growth restriction, and postnatal leptin therapy may be protective.
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1. INTRODUCTION

Individuals with a history of low birth weight as a result of intrauterine growth restriction
(IUGR) or prematurity are at increased risks of adult psychiatric disease [1-3]. While the
origins of adult disease are multifactorial, IUGR and prematurity are both associated with
suboptimal nutritional delivery and impaired brain growth during the formative phases of
development [2, 4, 5]. Global nutritional interventions can improve neurodevelopmental
outcomes, but accelerated neonatal growth may increase adiposity and obesity-related
morbidities [6-8]. Targeted interventions that support brain growth without excessive
somatic growth may thus optimize long-term neurologic and metabolic outcomes.

Leptin, a critical component of adult metabolic and cardiovascular regulation, is
neurotrophic factor during perinatal development [9, 10]. As a product of the mature
adipocyte that readily crosses the placenta, circulating leptin levels correlate with adiposity
and are significantly reduced in both IUGR and premature infants [11, 12]. In mice and
humans with mutations in the leptin gene, exogenous leptin administration improves brain
growth in newborns as well as in adults[10, 13].

To further clarify the programming effects of leptin, a number of animal models have been
employed. In IUGR piglets, neonatal leptin administration elicits neurotrophic effects [14].
Because of their delayed developmental trajectory, neonatal rats and mice are utilized to
further model the critical third trimester of human development. In these studies, neonatal
growth restriction decreases circulating leptin, impairs neurodevelopment, and elicits adult
hypertension [15, 17], while neonatal leptin supplementation normalizes blood pressure and
brain growth [17]. Likewise, leptin null mice have decreased adult brain weights and
impaired hypothalamic projections that improve with neonatal leptin therapy [9, 10]. The
fact that neonatal leptin administration elicits neurotrophic effects in leptin deficient mice
does not provide a causal link between neonatal leptin deficiency and the programmed adult
phenotypes. To clarify the importance of neonatal leptin exposure, we tested the hypothesis
that isolated neonatal leptin deficiency is sufficient to reduce brain growth and program
adult behavior in the absence of neonatal growth restriction.

2. METHODS
2.1. Animal Model

All procedures were approved by the University of lowa Animal Care and Use Committee
and comply with the guidelines of the Animal Welfare Act, National Institutes of Health
guidelines on the care and use of laboratory animals. C57BL/6J mice delivered naturally and
offspring were weighed within 24h of delivery. To avoid the confounding effects of

Behav Brain Res. Author manuscript; available in PMC 2015 April 15.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Dexter et al.

Page 3

perinatal growth restriction, mice with birth weights below the 101" percentile were
excluded, and all litters were culled to 6 pups to facilitate postnatal growth [17]. To assess
the programming effects of neonatal pegylated super murine leptin antagonist (LX)
exposure, pups within each litter were randomized to daily intraperitoneal injections of
either LX (12.5 mg/kg from day 4 to 14) or vehicle alone (10 ml/kg of normal saline) [18,
19]. Pup weights were obtained daily from day 4 to 14 and again on weaning day 21. Adult
phenotypes, including body weight and feed intake, were evaluated beginning at an attained
age of 4 to 6 months. To verify LX’s biologic activity, feed intake and body weight were
recorded over a 5 day baseline period for 6 adult control mice. Those 6 mice were then
randomized to 5 daily injections of either LX (12.5 mg/kg/d) or saline alone (10 ml/kg/d)
and feed intake / body weight were again recorded.

2.2 Behavioral Phenotypes

Behavioral phenotypes were first assessed during a fear conditioning protocol, as previously
described [17]. On the first day, mice were trained to associate a tone (80 dB, 20 sec) with a
co-terminated electric foot-shock (0.5 mA, 1 sec) a total of 5 times at 2 minute intervals. The
time spent in a characteristic “freezing” posture was digitally captured and recorded. The
following day, cue conditioned fear was assessed by recording freezing during 3 minutes of
baseline, 3 minutes of representation of the learned auditory cue, and 4 minutes of recovery.
The following week, open field testing was performed [17]. Mice were placed into a 40.6
cm by 40.6 cm brightly illuminated field containing an invisible laser beam grid. The
frequency of beam breaks was utilized to measure the duration and intensity of locomotor
activity.

2.3 Tail cuff blood pressure

Following the behavioral testing, blood pressures and heart rates were recorded by indirect
tail-cuff apparatus (BP 2000; Visitech Systems, Apex, NC). Thirty cycles were completed
daily for 5 days, as previously detailed [17].

2.4 Brain Morphology

Prior to the planned radiotelemetry studies, MRI was completed with a 4.7 Tesla Varian
Unity/INOVA system (Varian Inc., Palo Alto, CA) [17]. Anesthesia was provided by
isoflurane with titration based upon respiratory status and pedal reflexes. T1 and T2-
weighted images were acquired in axial, sagittal, and coronal planes. MRI acquisition and
processing were completed by investigators blinded to group assignment.

2.5 Radiotelemetry

At 7-8 months of age, radiotelemetry catheters (PA-C10; Data Sciences International) were
implanted in the left carotid artery of male mice [20]. All telemetry implants were performed
using isoflurane titrated based upon respiratory status and pedal reflexes. Local anesthesia
was provided with 0.5% bupivacaine application along the surgical incision and analgesia
was provided with subcutaneous flunixin (2.5 mg/kg once or twice daily for 24 h). Aftera 7
d recovery period, arterial pressures, heart rate and relative locomotor activity were sampled
for 10 sec every 5 min for 60 h (encompassing 3 dark cycles and 2 light cycles). During the
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subsequent light cycle, blood pressure and heart rate were recorded before and after mice
were transferred to a metabolic cage (Hatteras Instruments) that restricts movement and
evokes a psychological stress response [21]. Following the telemetry studies, mice were
euthanized by removal of the heart during isoflurane anesthesia.

2.6 Leptin Receptor Expression

Given the effects of estrus cycling on blood pressure, female mice were utilized for gene
expression analysis, rather than radiotelemetry. Under isoflurane anesthesia titrated to
respiratory status, the brain was excised, then segmented into cerebral cortex and midbrain
segments, as previously described [22]. The “midbrain” segment included the thalamus and
hypothalamus. Quantitative real-time RT-PCR (qPCR) utilized the TagMan reagent and
instrumentation systems (Applied Biosystems, Foster City, CA). Tagman gene expression
assay primer/probe sets for mouse leptin receptor (Lepr; assay ID = Mm00440181_m1) and
GAPDH were purchased from Applied Biosystems (Foster City, CA).

2.7 Data Analysis

All values are presented as mean + standard error of the mean. Each group was comprised of
mice from at least 8 separate litters. Whenever phenotypes were obtained from a single sex
(radiotelemetry and RT-PCR), data were compared by unpaired two-tailed Student’s t test.
All other data were compared by 2-way ANOVA, factoring for sex and LX administration.
Post hoc analysis (Holm-Sidak method) was performed if statistically significant differences
were detected. A value of P<0.05 was considered significant. All analyses were performed
using SigmaPlot 12.0 (Systat Software Inc.).

3. RESULTS
3.1 Feed Intake

To verify biologic activity, LX was administered to a cohort of adult control mice.
Consistent with antagonism of leptin-mediated anorexia, LX administration acutely
increased the feed intake of the adult mice whether compared to baseline feed intake or the
effect seen when littermate controls received only saline (both P=0.02, Figure 1A). While
saline administration had no effect on body weight, LX induced a modest weight gain of
0.19+/-0.09 g/d (P=0.09 versus baseline and P=0.20 versus saline, Figure 1B). Although it
was not possible to measure feed intake of the breastfed newborn pups, daily LX
administration from day 4 to day 14 did not significantly alter pup weight. Likewise,
neonatal LX administration did not significantly influence adult weight or feed intake (Table
1).

3.2 Adult Phenotypes

Figure 2 summarizes the sequence of the adult investigations. LX-exposed mice did not
have significant alterations in fear-related freezing during training to associate the auditory
cue and aversive stimulus (Figure 3A). Unpaired cue-elicit freezing was readily apparent the
following day, especially among LX-exposed mice (ANOVA P=0.17 vs. control mice,
Figure 3B). To further assess the effects of neonatal leptin deficiency on anxiety and
locomotor activity, open field testing was performed. Both adult male and female LX-
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exposed mice had significantly increased locomotor activity whether measured as duration
or distance of movement (Figure 4). Since the increase in open field activity may reflect a
hyperactivity response to psychological stress, we proceeded to investigate locomotor
activity and blood pressure by radiotelemetry.

Consistent with the results of open field testing, neonatal LX exposure increased the
locomotor activity of adult male mice allowed to roam freely in their home cage (LX-
exposed: 5.6+0.3, control: 4.5+0.3, P=0.02, Figure 5A). LX exposure did not significantly
alter adult blood pressures or heart rates whether the mice remained in their home cage or
were placed within a stress-inducing metabolic chamber (Figure 5). Likewise, LX did not
significantly alter blood pressure or heart rate when male and female mice were placed
within the stress-evoking tail cuff apparatus (Table 2). On volumetric MRI, neonatal LX
administrations led to selective reductions in adult frontal cortex volumes and male
hippocampal volumes (Table 3). This was associated with a significant LX-induced increase
in leptin receptor expression within the cerebral cortex (Figure 6).

4. DISCUSSION

The sequelae of perinatal growth restriction include a higher incidence of psychiatric
illnesses, including attention-deficit/hyperactivity disorder [1, 2, 23]. Among the nutritional
deficiencies that may mechanistically link undernutrition and adult disease, leptin has
substantial theoretical support. Our current study is the first to show that isolated neonatal
leptin deficiency increases murine locomotor activity in association with a loss of frontal
lobe volume and an increase in cerebral cortex leptin receptor expression. Our studies thus
complement corollary investigations showing exogenous leptin administration reduces adult
locomotor activity, increases regional brain volumes and decreases leptin receptor
expression within the brain [17, 24-26], solidifying the importance of perinatal leptin
signaling in neurodevelopment and behavioral regulation.

We utilized a battery of tests to assess both baseline activity and anxiety or fear-related
behavior. Intriguingly, LX increased overall open field activity and locomotor activity
within the home cage, but did not significantly alter the expression of either fear or anxiety.
The regulation of locomotor activity is complex with important contributions of the
dopaminergic, noradrenergic and serotonergic systems and prominent involvement of the
frontal cortex [27]. In this context, the reduction in adult frontal cortex volume following
neonatal LX exposure is intriguing. While we did not attempt to assay additional aspects of
the human attention-deficit hyperactivity disorder, the association between attention deficit
disorder and a loss of the frontal lobe volume is noteworthy, albeit controversial [28, 29]. Of
concern, preterm infants not only have reduced brain volumes, they also have a significant
reduction in frontal lobe white matter growth during childhood [30].

Leptin’s role in fetal and infant neuronal development makes it an attractive candidate to
reverse the deleterious neurocognitive and behavioral phenotypes associated with
prematurity and intrauterine growth restriction. A recent post-hoc evaluation of data from a
nutritional intervention trial showed strong correlations between breast milk intake, brain
volumes and intelligence [31]. Breast milk contains a number of trophic factors, including
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leptin, which are not present in infant formulas. In our prior studies, neonatal leptin
administration had robust effects on adult brain volumes, while complementary
investigations have shown effects of adult leptin administration on frontal lobe development
[13, 17]. Further linking leptin deficiency and locomotor activity are studies by Walsh and
colleagues showing an association between leptin or leptin receptor genetic variants and
physical activity [32]. The pegylated leptin antagonist utilized in the current investigations
allowed potent, sustained central leptin deficiency that, just as importantly, is reversible
within days of LX discontinuation [19], implicating postnatal days 4-14 as a critical window
of leptin-modulated developmental susceptibility.

Our study also identified some pertinent negatives, including a lack of neonatal LX-induced
alterations in body weight, adult feed intake or adult blood pressure. The contrast between
the lack of neonatal LX effect on weight gain and the prominent adult LX effect on acute
feed intake suggests that the neonatal mouse has a developmentally attenuated anorexigenic
response to leptin receptor stimulation. This is consistent with a number of investigations
showing neonatal leptin or neonatal LX do not acutely alter pup growth despite an induction
in hypothalamic activation [17, 33], presumably because leptin exposure during that phase
of neurodevelopment is acting as trophic factor stimulating development of the pathway that
will eventually become leptin-responsive [9]. The lack of interaction between neonatal LX
and adult feed intake contrasts with studies performed in rats, but in those studies, the
predisposition of neonatal LX mice to relative hyperphagia was only seen after the rats were
advanced to a hypercaloric diet [34], suggesting neonatal LX inhibits the modulation of feed
intake that should occur during provision of a hypercaloric diet. While we noted that adult
LX administration led to a significant increase in feed intake, verifying the biologic potency
of the preparation, there was not a significant effect of adult LX administration on daily
weight gain. While the lack a statistically significant effect of acute LX administration on
adult weight may be attributable to our limited sample size and lack of long-term follow-up,
it could also be attributable to unmeasured changes in resting energy expenditure or
voluntary locomotor activity.

The absence of an adult metabolic phenotype in our study is consistent with our data
showing no significant effect of neonatal LX on midbrain leptin receptor expression. In
contrast, we identified an increase in leptin receptor expression within the cerebral cortex
samples. With reports of leptin-induced improvements in frontal lobe volume even among
adults [13], this raises the possibility of therapeutic leptin administration in select patient
populations, including those with a history of low birth weight. While we did not detect a
hemodynamic phenotype in LX-exposed mice, individuals with a history of growth
restriction are at heightened risk of cardiovascular disease [35], and this could be
exacerbated by leptin either at times of increased adiposity or during trials of exogenous
leptin administration.

Our results support and extend earlier observations demonstrating a critical impact of
neonatal leptin on the behavioral and structural phenotypes of mice. This model translates
most directly to the premature population who must undergo critical phases of
neurodevelopment without the benefit of transplacental leptin and IUGR infants that may
lack sufficient endogenous leptin production. Future studies are necessary to determine if
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postnatal leptin supplementation can improve the behavioral outcomes of premature or
intrauterine growth restriction infants.
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Figure 1.

Food intake was recorded for control adult mice at baseline, then again after 5 daily
injections of either LX (open bar, 12.5 mg/kg ip, N=3) or vehicle alone (solid bar, 10 ml/kg
normal saline, N=3). As an inhibitor of the anorexigenic response to leptin, LX increased
food intake (A) without statistically significantly effects on body weight (B). *P<0.05 versus
baseline and versus saline.
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Figure 2.
After receiving LX or saline injections from postnatal days 4 to 14, the mice underwent a

series of investigations, beginning with fear conditioning and open field testing at 4-6
months and culminating in carotid radiotelemetry (males) or gene expression analysis
(females). While the sequence of investigations was consistent, not all studies were
performed in all mice.
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Control male (gray bars, N=12) and LX-exposed male (white bars, N=12) as well as control
female (cross-hatched gray bars, N=17) and LX-exposed female mice (cross-hatched white
bars, N=18) underwent fear conditioning. On the first day of the protocol, mice were trained
to associate a cue (tone) and context (conditioning chamber) with a stressor (foot shock),
and fear-related freezing was recorded (A). The following day, the same mice were placed

in a different context and cue-based fear was assessed as a test of hippocampal and

amygdala function (B).
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Figure 4.

Open field testing was completed for adult control male (gray bars, N=11) and LX-exposed
male (white bars, N=12) as well as control female (cross-hatched gray bars, N=16) and LX-
exposed female mice (cross-hatched white bars, N=15). Beam breaks were recorded while
the mice explored a 40.6 cm x 40.6 cm open field for 30 minutes. Based on the frequency of
beam breaks, movements were automatically subdivided into “small” and “large” velocity.
Both male and female LX mice were significantly more active than their control
counterparts as measured by both duration of movement (A) and distance moved (B).
*P<0.05 versus control
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Figure 5.

For adult male mice only, carotid telemeters were placed following the behavioral studies.
Baseline telemetry was performed followed by cage switch to elicit psychological stress.
Compared to control mice (solid symbols, N=16), LX-exposed mice (open symbols, N=15)
again had increased levels of activity (A) without alteration in mean blood pressure (B) or
heart rate (C) even when placed in the stress-evoking environment (D).

Behav Brain Res. Author manuscript; available in PMC 2015 April 15.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Dexter et al.

A

Relative Expresson (ACt)

—
N

-
w

—_
N

—
—

-
o

[(e]

Page 16

& Control| B
OoLX *

¢ 8

oocdo @
*

ObR Expression
(fold-change vs. control)
]

Cerebral Cortex Midbrain Cerebral Cortex Midbrain

Figure 6.
Leptin receptor mMRNA expression was assessed in samples of adult female cerebral cortex

and midbrain, including hypothalamus. Results were compared for control (open rhombus,
N=7) and LX-exposed mice (round symbols, N= 9) after normalization by sample-specific
GAPDH expression. LX mice had a significant increase in cerebral cortex leptin receptor
MRNA, as shown by a lower dCT (A) and higher relative expression versus saline-treated
controls (B). Cerebral cortex leptin receptor expression for one mouse (solid rhombus) was a
statistical outlier. The horizontal bars denote the group’s mean value. *P<0.05
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Table 1

Neonatal LX administration did not alter longitudinal body weights or adult food intake.

Control, M LX, M Control, F LX, F

N 18 17 21 20

Weight, 4d (g) 2.4+4/-0.3 2.8+/-0.4 3.04/-0.5 3.0+/-0.4
Weight, 14d (g) 6.6+/-02  6.9+/-0.3  56+-04  58+-0.3
Weight, adult (g) 31.3+/-05 31.3+/-0.8 23.1+/-0.6 24.3+/-0.8

Food Intake (g/kg/d) 112+/-4 116+/-5 126+/-5 122+/-4
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Table 2

Systolic blood pressure (SBP) and heart rate (HR) were measured while mice were restrained in a tail cuff
apparatus.

Control, M LX, M Control, F LX, F
N 14 14 24 23
SBP, mmHg 114+/-3 112+/-1 114+/-2 114+/-2
HR, bpm 641+/-15 629+/-10  644+/-11  654+/-13
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Brain and brainstem volumetric MRI was performed on adult mice. LX mice had significant reductions in the

frontal cortex with additional reduction seen in male hippocampal volumes.

Control, M LX, M Control, F LX, F
N 9 10 12 12
Total Volume 431+/-3 423+/-2 451+/-7 456+/-5
Frontal Cortex 46.7+/-04  4574+/-0.3" 43.5+/-0.6 41.9+/-0.8"
Cerebral Cortex, NOS ~ 99.1+/-0.8 g7 04/—05"  101.8+/-14  103.7+/-12
Brainstem 78.2+/-0.6 77.4+/-0.7 95.8+/-1.7 97.7+/-1.2
Cerebellum 52.2+/-0.4 51.7+/-0.3 50.7+/-1.1 52.2+/-0.8
Basal Ganglia 34.8+/-0.3 34.2+/-0.2 33.2+/-0.8 34.5+/-0.6
Olfactory System 32.1+4/-0.2 31.74/-0.3 28.0+/-1.4 24.1+/-1.7
White Matter Tracts 28.9+/-0.2 28.4+/-0.2 30.1+/-0.8 32.3+/-0.8
Hippocampus 25.0+/-02  9434/-01%*  27.1+/-05 28.1+/-0.6
Thalamus 18.8+/-0.1 18.5+/-0.1 19.4+/-0.3 19.9+/-0.3
Hypothalamus 9.41+/-0.09  9.23+/-0.11  15.06+/-0.35 14.85+/-0.36
Ventricles 2.75+/-0.03  2.72+/-0.03 3.25+/-0.12 3.59+/-0.13
Pituitary 1.64+/-0.03  1.58+/-0.03 2.04+/-0.07 2.05+/-0.08
Amygdala 0.95+/-0.03  0.91+/-0.02 1.05+/-0.05 1.11+/-0.03
*
P<0.05 and

*%

P<0.01 versus control;

NOS: not otherwise specified; volumes are expressed in mm3
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