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Abstract

Premature delivery is often complicated by neonatal growth restriction and neurodevelopmental
impairment. Because global over-nutrition increases the risk of adult metabolic syndrome, we
sought a targeted intervention. Premature delivery and perinatal growth restriction decrease
circulating levels of the neurotrophic hormone leptin. We hypothesized leptin supplementation
would normalize the outcomes of mice with incipient neonatal growth restriction. Pups were
fostered into litters of 6 or 12 to elicit divergent growth patterns. Pups in each litter received
injections of saline or leptin from day 4-14. At 4 months, mice underwent tail cuff blood pressure
measurement, behavioral testing and MRI. Mice fostered in litters of 12 had decreased weanling
weights and leptin levels. Neonatal leptin administration normalized plasma leptin levels without
influencing neonatal growth. Leptin replacement also normalized the hypertension, stress-linked
immobility, conditioned fear, and amygdala enlargement seen in neonatal growth restricted male
mice. In control males, neonatal leptin administration led to hypothalamic enlargement, without
overt neurocardiovascular alterations. Female mice were less susceptible to the effects of neonatal
growth restriction or leptin supplementation. In conclusion, the effects of neonatal leptin
administration are modulated by concurrent growth and gender. In growth restricted male mice,
physiologic leptin replacement improves adult neurocardiovascular outcomes.

INTRODUCTION

With advances in obstetric and neonatal care, an increasing percentage of premature infants
survive to hospital discharge (1). Unfortunately, premature infants do not maintain the
intrauterine growth rates of the reference fetus. Once infants reach 36 weeks postmenstrual
age, 89% weigh less than the 10t percentile (2). This postnatal growth restriction (GR) is
associated with an increased incidence of neurodevelopmental impairment, anxiety
disorders, and hypertension with male infants at disproportionate risk for such complications
(1, 3-5). While nutritional interventions may improve neurodevelopmental outcomes,
accelerated neonatal growth may increase the risk of type 2 diabetes mellitus and obesity (6—
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8). Targeted interventions to support brain growth without excessive somatic growth may
thus optimize long-term neurologic, metabolic and cardiovascular outcomes.

Recent studies have demonstrated premature delivery and perinatal GR dramatically
decrease circulating levels of the neurotrophic factor leptin (9—-11). Leptin, the product of the
obesity (ob) gene, is produced by adipocytes to signal satiety and suppress appetite. Leptin
levels fall dramatically during fasting or undernutrition, a response that is accentuated as
adiposity declines. Beginning in the third trimester of human fetal development,
transplacental leptin exposure exerts critical neurotrophic effects (11-12).

Because rodents are born with neurodevelopmental immaturity, the developmental role of
leptin has been modeled in neonatal mice and rats. In these studies, neonatal GR leads to
circulating leptin deficiency, impaired hypothalamic development, and adult leptin
resistance (13-16). Further studies have shown that mice genetically deficient for leptin (ob/
ob mice) have impaired hypothalamic projections and decreased adult brain weights (17,
18). In leptin deficient mice, neonatal leptin replacement increases adult brain weight,
myelination, and dendritic arborization (17, 18). We developed an isogenic GR model to test
the hypothesis that neonatal leptin replacement will improve the neurodevelopmental and
cardiovascular outcomes of neonatal GR mice.

Animal Model

All animal procedures were approved by the University of lowa Animal Care and Use
Committee. C57BL/6J mice were bred from initial stock (Jackson Laboratories, Bar Harbor,
ME). Utilizing an original breeding colony of 334 mice, we determined the natural
distribution of birth weights and demonstrated a strong inverse relationship between litter
size and pup growth (8). To isolate the effects of neonatal GR, only mice with birth weights
above the 10t percentile for our colony (=1.56g) were retained. These appropriate birth
weight mice were cross-fostered into litters of 6 or 12 pups from day of life 1 to 21 to obtain
control mice and neonatal GR mice, respectively. A total of 12 litters were utilized for these
studies.

From postnatal days 4-14, half of the pups within each litter were randomized to daily
intraperitoneal injections of leptin (80 ng/g) while the other half received vehicle (10 ml/kg
of normal saline) (19). On day 10, during the critical phase of leptin-dependent
hypothalamic development (14, 17), three litters of pups were isolated from their dam for 1
hour, immediately prior to the scheduled saline or leptin injection. Isoflurane anesthesia was
induced, plasma was collected by cardiac puncture, and leptin levels were assessed by
enzyme immunoassay, as previously described (20). The remaining pups were weaned on
day 20. Adult phenotypes were evaluated beginning at 4 months.

Adult Phenotypes

Tail cuff systolic blood pressure (SBP) and heart rate were measured 30 times daily over 5
consecutive days, as previously described (20). At least one week after the hemodynamic
measurements, mice were placed into a 40.6cm by 40.6¢cm brightly illuminated open field.
Open field testing was utilized to assess overall locomotor activity. Measuring the relative
avoidance of the 25.4cm by 25.4cm central region (thigmotaxis) further screened for the
presence of unconditioned anxiety.

Mice then underwent fear conditioning. On the training day, mice were placed in a fear
conditioning chamber (MED Associates, St. Albans, VT). After 3 minutes, they were
presented with a tone (80 dB, 20 sec) that co-terminated with an electric foot-shock (0.5
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mA, 1 sec) a total of 5 times at 2 minute intervals. The time spent in a characteristic posture
(“freezing”) was recorded by automated video tracking software whenever the only
movement was respiration. The following day, cue conditioned fear was assessed by placing
the mice in a novel context. The amount of time spent freezing was continuously recorded
for 10 minutes, including 3 minutes of baseline, 3 minutes of representation of the learned
auditory cue (tone), and 4 minutes of recovery. This fear conditioning protocol measures
memory of an aversive experience (freezing during the tone) as well as the persistence of the
fear-related response (post-tone freezing).

Adult Morphology

After the cardiovascular and behavioral phenotypes were assessed, MRI was completed with
a 4.7 Tesla Varian Unity/INOVA system (Varian Inc., Palo Alto, CA). T1-weighted images
were acquired in axial, sagittal, and coronal planes using a fast spin-echo pulse sequence
with TR/TE = 600/12 ms, and echo train length of 2. Additionally, a more T2-weighted scan
with TR/TE = 1600/48 ms and echo train length of 8 was acquired. Following acquisition,
MR data were transferred to the Psychiatry lowa Neuroimaging Consortium image
processing laboratory for post-processing with the BRAINS2 software package (21). The
skull stripped T2 images were registered to the MAP2006.t2avg.nii.gz image from the
MBAT Atlas created by Mouse BIRN using a non-rigid affine transformation. MRI
acquisition and processing were completed by investigators blinded to group assignment. At
the completion of the studies, weight and length were recorded and isoflurane anesthesia
was induced for organ measurement. Lengths were not obtained for the first 10 males (4
control-saline, 4 GR-saline, 1 control-leptin, and 1 GR-leptin).

Data Analysis

RESULTS

All values are presented as mean + SE. Each group was comprised of mice from at least 5
separate litters. The effect of litter size or leptin administration on pup weight from day 4 to
14 was assessed by 2 way repeat measures ANOVA. Absolute MRI volumes were compared
by two-tailed Student’s t-tests. All other data were compared by 2-way ANOVA, factoring
for neonatal GR and leptin administration. Post hoc analysis (Holm-Sidak method) was
performed if statistically significant differences were detected. When ANOVA identified a
significant interaction between neonatal GR and leptin, data were compared by unpaired
two-tailed Student’s t-tests. A value of P<0.05 was considered significant. Figure legends
provide the ANOVA F-statistics and degrees of freedom, followed by the results of post-hoc
testing. All analyses were performed using SigmaStat 3.0 (SPSS Inc., Chicago, IL).

Animal Model

Mice fostered in litters of 12 pups developed neonatal GR and decreased plasma leptin
levels (Figure 1). While leptin administration did not significantly alter neonatal growth
(Figure 1A), the daily leptin injections increased circulating leptin levels in GR mice (Figure
1B, P<0.001). At 4 months, we began to assess the effects of neonatal leptin
supplementation on adult neurocardiovascular outcomes.

Adult Phenotypes

Among male mice, tail cuff SBP was influenced by an interaction between neonatal growth
and neonatal leptin administration (Figure 2A). Post-hoc testing showed neonatal GR
increased the SBP of mice that had not received concurrent leptin supplementation.
Although neonatal growth or leptin administration did not significantly alter female SBP
(P=0.88 and P=0.08, respectively), neonatal leptin administration significantly decreased
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adult female heart rates (Figure 2B). Because tail cuff measurements are obtained within an
unfamiliar stress-evoking environment, we proceeded to investigate anxiety-related
behavioral phenotypes.

Mice were first placed within a brightly illuminated open field. Among male mice, neonatal
GR led to an overall reduction in open field activity (P<0.01), and post-hoc testing identified
a significant reduction in saline-treated but not leptin-treated mice (Figure 3A). Although the
same mice tended to avoid movement into the center of the open field (Figure 3B), this did
not approach statistical significance (P=0.17). No significant alterations in open field
movement were observed in female mice. Since the overall reduction in open field activity
may reflect either sedentary behavior or anxiety-related immobility, we further assessed
murine activity with a fear conditioning protocol that assesses baseline activity and fear-
related freezing.

During fear conditioning, neonatal GR or leptin administration did not significantly alter
baseline activity, the acute response to electrical stimulation or the conditioned response to
the paired tone (Figure 4). A significant interaction between neonatal GR and neonatal leptin
administration influenced freezing time in the immediate post-tone recovery phase. For male
mice (Figure 4C), neonatal GR significantly increased post-tone freezing and neonatal leptin
administration decreased this response. Although leptin tended to increase the post-tone
freezing of control mice, this did not reach statistical significance (P=0.09). For female mice
(Figure 4D), neonatal leptin administration tended to decrease post-tone freezing behavior,
but this was not statistically significant (ANOVA P=0.06). Although ANOVA did not
identify an overall effect of GR or leptin among females, it is noteworthy that neonatal
leptin decreased the freezing of GR female mice, both during training (Figure 4B, final tone,
P<0.05 versus control-leptin) and during the post-tone recovery phase (Figure 4C, P<0.05
versus control-leptin). Because cue-based fear conditioning involves the same brain regions
(amygdala and hippocampus) implicated in human post-traumatic stress disorder (PTSD)
(22), we next investigated the effects of neonatal GR and leptin administration on regional
brain volumes in male mice.

Adult Morphology

When normalized to body weight, relative brain volume was significantly increased by
neonatal GR (“brain sparing”) (Figure 5A). Neonatal leptin increased relative hypothalamic
volumes, specifically for control mice (Figures 5B). Adult male amygdala volumes were
dramatically increased in GR mice that did not receive neonatal leptin supplementation,
whether amygdala volumes were normalized to body weight or compared in absolute terms
(Figures 5C and Table 1, respectively). Compared to leptin-treated controls (that had relative
hypothalamic enlargement), leptin-treated GR mice had increased basal ganglia volumes and
decreased cerebral cortex and hypothalamic volumes (Table 1). In female mice, neonatal GR
led to an absolute increase in brain stem volumes (Table 1). Since female GR-saline mice
did not have significant alterations in fear conditioning or brain volumes, MRIs were not
obtained on leptin-exposed females. These data are consistent with a “brain-sparing” effect
of neonatal GR, a trophic effect of neonatal leptin on hypothalamic development (23), and a
potential relationship between programmed susceptibility to fear and adult amygdala
volumes. To better define the tissue-specific effects of neonatal GR and neonatal leptin,
organ weights were obtained.

Overall, neonatal GR decreased the adult weights of male and female mice (Figure 6A), but
no significant pair-wise differences were identified on post hoc testing. For male mice,
neonatal leptin supplementation increased (normalized) the length of GR mice (Figure 6B).
For female mice, neonatal GR led to increased brain weight to body weight ratios (Figure
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6C). As expected from our prior studies (20), neonatal GR decreased adult white adipose
(Figure 6D) and brown adipose (Figure 6E).

DISCUSSION

The sequelae of prematurity include both neurocognitive impairment and a higher incidence
of psychiatric illness (1, 24, 25). Compared to females, premature males have both a
survival and a developmental disadvantage. The etiologies of these sexually dimorphic
outcomes are unknown, but may relate to sex-specific developmental trajectories (1, 4, 26,
27). Our previous studies showed that catch-up growth normalized markers of anxiety and
hypertension in males but not in females, suggesting gender-specific windows of
developmental susceptibility or reversibility exist, with males have a relative delay in
neuromaturation (8).

Our current studies are the first to show that neonatal leptin replacement improves the
behavioral outcomes and blood pressures of neonatal GR male mice. Phenotypic and
morphologic correction after leptin supplementation demonstrates the potential protective
effects of targeted neonatal interventions. Our data further support a series of studies in
which both the dosage and timing of leptin administration are key determinants of the
regimen’s acute and long-term effects (19, 28, 29). The administration of exogenous leptin
(80 to 250 ng/g/d) to leptin-replete animals induces adult leptin resistance, inactivity and
obesity, while leptin administration to GR offspring elicits protective effects (28, 29, 30).
Consistent with those studies, we noted altered regional brain volumes and trends towards
higher blood pressures and heightened anxiety in well-nourished mice that received neonatal
leptin. Interestingly, the dose of leptin we utilized (80 ng/g/d) did not increase the pre-
injection leptin levels of control mice. This may have been due to a down regulation of
endogenous leptin production.

In addition to the dose of leptin, the timing of administration influences short and long-term
responses. Leptin administration beyond the critical window of neurodevelopmental
plasticity does not elicit persistent neurotrophic effects, while normalization of circulating
leptin levels during the establishment of the leptin-dependent anorexigenic pathway
permanently influences adult brain structure and function (17). Furthermore, when the same
dose of leptin (80 ng/g/d) is administered to the lactating dam rather than the pup,
diametrical results are noted, with decreased rather than heightened anxiety-like behavior in
the exogenous leptin-exposed adult mice (19, 31). Further studies are necessary to clarify the
optimal dose, route and timing of leptin supplementation for at-risk populations.

We utilized two tests that assess both baseline activity and anxiety or fear-related behavior.
Intriguingly, neonatal GR led to decreased open field activity without altering baseline
testing during fear conditioning. It is important to note our open field testing protocol
measured horizontal beam breaks over 30 minutes while fear conditioning measured all
movement beyond respiration over 3 minutes. Overall, mice were moving horizontally 37%
of the time they were in the open field, and had movements beyond respiration 87% of the
time they were in the fear conditioning chamber. We speculate the open field measurements
are a better marker of general activity, while baseline movement during fear conditioning
assesses exploratory behavior.

Our prior studies have shown neonatal catch up growth normalizes neurobehavioral and
cardiovascular phenotypes in IUGR male, but not female mice (8). Those studies
emphasized the importance of the perinatal environment in the resetting of adult disease
susceptibility and suggested a delayed window of vulnerability among male mice (26, 32).
The present study supports and extends our earlier observations in demonstrating the
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protective effects of neonatal leptin and detrimental effects of neonatal GR on the
cardiovascular, behavioral and growth phenotypes of male mice. Our hemodynamic data
highlight the sexually dimorphic and interdependent effects of neonatal GR and leptin
administration. In leptin treated females, the finding of relative bradycardia suggests the
presence of alterations in central hemodynamic regulation that require further investigation,
including assessment of baroreceptor sensitivity by radiotelemetry.

Beyond improved cardiovascular regulation, leptin treatment rescued the behavioral
alterations seen in our novel model. Neonatal GR led to a constellation of phenotypes in
male mice that are reminiscent of human PTSD, including anxiety, fearfulness, and
hypertension. Consistent with our MRI and fear conditioning results, elegant studies have
demonstrated a correlation between amygdala volumes and freezing to conditioned stimuli
(33). Similarly, clinical studies have shown increased amygdala volumes in patients with
autism, a disorder with marked male-dominated sexual dimorphism (32, 34, 35). The
etiology of this amygdala overgrowth requires further investigation, with alterations in
glucocorticoid signaling among the factors thought to influence amygdala development (36).

Leptin treatment decreased post-tone freezing in male and female mice, showing that a
targeted intervention can reverse the programming effects of GR. The unique finding of
increased post-tone freezing in our baseline studies is not the expected outcome in classic
fear conditioning models (22). Fear conditioning studies generally assess the acute response
to the conditioned stimulus (freezing during the tone). We speculate the failure of the GR
male mice to resolve their fearful response immediately after the tone terminated may
predict the risk for chronic stress-associated disorders. The mechanism for this has not been
elucidated, but may be due to hypothalamic pituitary adrenal (HPA) axis dysregulation.
Because fear conditioning and PTSD involve acquisition and retention of fearful memories,
respond to the same therapies, and depend on the same anatomic substrates (amygdala and
hippocampus), fear conditioning is widely used to model PTSD (33). As in PTSD, fear
conditioning in our model was also associated with adverse cardiovascular endpoints (37).

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 IUGR. A recent post-hoc evaluation of data from a nutritional intervention
trial showed strong correlations between breast milk intake, brain volumes and intelligence
that was isolated to males (38). Breast milk contains a number of trophic factors, including
leptin, which are not present in infant formulas. In our studies, neonatal leptin administration
had robust effects on adult brain volumes.

Importantly, leptin supplementation offered neurodevelopmental protection without
metabolic compromise as evidenced by a sustained decrease in adiposity for GR mice. The
observed decrease in length of GR male mice is consistent with short stature in premature or
IUGR infants. Our studies show that leptin supplementation can preemptively normalize
linear growth. This effect on linear growth may reflect the hormone’s effects on
hypothalamic development (12). The lack of an acute effect on pup growth is consistent with
studies showing that during the critical neonatal window, leptin triggers the development of
leptin-sensitive circuits. It is not until day 14 that these circuits have the capacity to alter
orexic behavior (17).

Our studies demonstrate that leptin supplementation can block the programming of
behavioral phenotypes in mice. Exogenous leptin administration has been shown to elicit
neurotrophic effects for IUGR piglets and genetically leptin-deficient humans (39, 40). Our
results translate most directly to the premature population who must undergo critical phases
of neurodevelopment without the benefit of transplacental leptin. Future studies are
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cessary to determine if neonatal leptin can improve the behavioral and cardiovascular

outcomes of premature or IUGR infants.
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Figure 1.

Male and female pups were cross-fostered into litters of 6 (circles) or 12 (triangles). From
day 4 to 14, half the pups in each litter received leptin (80 ng/g/d, open symbols or bars),
while littermates received an equal volume of normal saline (10 ml/kg/d, solid symbols or
bars). While mice fostered in litters of 12 had decreased neonatal weights (F(1,740)=52,
*P<0.001), leptin administration did not acutely influence pup weight (F(1,720)=1.4,
P=0.24) (A). Plasma leptin levels were influenced by an interaction between litter size and
leptin (B; F(1,7)=67, *P<0.001 versus litters of 6 and tP<0.001 versus saline).
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Figure 2.

Tail cuff systolic blood pressures (SBP, A) and heart rates (HR, B) were measured in adult
mice that received neonatal injections of saline or leptin (m: control-saline, n=8 male, 10
female; o: GR-saline, n=15 male, 8 female; @: control-leptin, n=14 male, 9 female; B: GR-
leptin, n=14 male, 6 female). Male SBP was influenced by a significant interaction between
neonatal GR and leptin administration (A; F(1,47)=4.2, *P<0.05 versus control-saline and
GR-leptin mice). In female controls, neonatal leptin administration tended to increase adult
SBP (A; F(1,29)=3.2, P=0.08) and significantly decreased adult HR (B; F(1,29)=4.4,
tP<0.05 versus control-saline).
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Figure 3.

At least one week after the tail cuff measurements, adult mice that received neonatal saline
or leptin were placed within an open field (m: control-saline, n=8 male, 10 female;os: GR-
saline, n=14 male, 8 female; @: control-leptin, n=12 male, 9 female; B: GR-leptin, n=15
male, 6 female). Video tracking software recorded movement throughout the 1648 cm? of
open space (A), including movements exploring the central 645 cm? (B). Neonatal growth
restriction decreased the activity of adult males (A; F(1,45)=7.0, *P<0.05 versus control-
saline).
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Figure 4.

Adult mice that received neonatal saline or leptin underwent fear conditioning (m: control-
saline, n=9 male, 10 female; o: GR-saline, n=15 male, 8 female; &: control-leptin, n=14
male, 9 female; B: GR-leptin, n=15 male, 6 female). On the initial training day, male (A)
and female mice (B) were presented with a repetitive tone that co-terminated with a mild
electrical stimulus, and fearful behavior (freezing) was digitally captured. The following
day, male (C) and female mice (D) were presented with an unpaired cue (tone) in a novel
context. The post-cue freezing of male mice was influenced by a significant interaction
between neonatal growth and leptin administration (C; F(1,49)=11, *P<0.05 versus control-
saline, TP<0.01 versus GR-saline, $P<0.05 versus control-leptin). In female mice, neonatal
leptin administration tended to decrease overall post-tone freezing (D; F(1,29)=3.8, P=0.06).
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Figure 5.

Magnetic resonance imaging was performed to assess male mice for neonatal GR or leptin-
induced alterations in regional brain volumes (m: control-saline, n=15; o: GR-saline, n=12;
@: control-leptin, n=8; B: GR-leptin, n=6). Compared to control mice, GR mice had
increased brain volume to body weight ratios (A; F(1,37)=26, **P<0.01 versus
corresponding control). Although neonatal leptin administration also increased relative brain
volumes (A; F(1,37)=7.3, P=0.01), no significant pair-wise differences were present (P=0.06
for control-leptin versus control-saline and P=0.07 for GR-leptin versus GR-saline). Relative
hypothalamic volumes were significantly increased by neonatal leptin supplementation (B;
F(1,37)=5.1, TP=0.02 for control-leptin versus control-saline). Neonatal GR significantly
increased relative amygdala volumes (C; F(1,37)=14, **P<0.001 GR-saline versus control-
saline, P=0.11 GR-leptin versus control-leptin).
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Figure 6.

At study completion, male and female GR mice weighed significantly less than their control
counterparts (A; males: F(1,28)=7.7, P=0.01; females: F(1,27)=4.9, P<0.05), but post-hoc
testing did not isolate significant differences within subgroups of saline-treated or leptin-
treated mice (m: control-saline, n=7 male, 8 female; o: GR-saline, n=9 male, 8 female; @&:
control-leptin, n=7 male, 9 female; B: GR-leptin, n=9 male, 6 female ). Neonatal GR
deceased adult male length (B; F(1,18)=4.3, *P<0.05 versus control-saline). Furthermore,
neonatal leptin administration increased the length of adult male mice (B, F(1,18)=7.9,
tP<0.01 versus GR-saline). In female mice, neonatal GR increased relative brain weights
(C, F(1,27)=8.1, *P<0.05 versus control-leptin). In male mice, neonatal GR decreased white
adipose tissue (D, F(1,28)=7.6, *P<0.05 GR-saline versus control-saline and P=0.18 GR-
leptin versus control-leptin) and brown adipose tissue (E, F(1,28)=6.0, P=0.28 GR-saline
versus control-saline and *P<0.05 GR-leptin versus control-leptin).
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