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Exposure to a high fat diet (HFD) during gestation stimulates neurogenesis and
expression of hypothalamic orexigenic neuropeptides that affect consummatory and
emotional behaviors. With recent studies showing a HFD to increase inflammation,
this report investigated the neuroinflammatory chemokine, CXCL12, and compared the
effects of prenatal CXCL12 injection to those of prenatal HFD exposure, first, by testing
whether the HFD affects circulating CXCL12 in the dam and the CXCL12 system in
the offspring brain, and then by examining whether prenatal exposure to CXCL12 itself
mimics the effects of a HFD on hypothalamic neuropeptides and emotional behaviors.
Our results showed that prenatal exposure to a HFD significantly increased circulating
levels of CXCL12 in the dam, and that daily injections of CXCL12 induced a similar
increase in CXCL12 levels as the HFD. In addition, prenatal HFD exposure significantly
increased the expression of CXCL12 and its receptors, CXCR4 and CXCR7, in the
hypothalamic paraventricular nucleus (PVN) of the offspring. Finally, the results revealed
strong similarities in the effects of prenatal HFD and CXCL12 administration, which
both stimulated neurogenesis and enkephalin (ENK) expression in the PVN, while having
inconsistent or no effect in other regions of the hypothalamus, and also increased anxiety
as measured by several behavioral tests. These results focus attention specifically on the
CXCL12 chemokine system in the PVN of the offspring as being possibly involved in the
stimulatory effects of prenatal HFD exposure on ENK-expressing neurons in the PVN and
their associated changes in emotional behavior.
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INTRODUCTION

It is currently understood that continued ingestion of a diet rich in fat causes inflammatory
responses that lead to chronic disease (Fritsche, 2015; Walker and Harrison, 2015; Welty et al,,
2016). In adult animals, ingestion of a high-fat diet (HFD) as well as fatty acid exposure are both
found to increase classical inflammatory mediators in the periphery and brain (Milanski et al., 2009;
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CXCL12 as compared to control offspring. *o < 0.05 vs. control.

FIGURE 6 | Prenatal HFD and CXCL12 similarly increase locomotor activity in a novel environment. Prenatal exposure to a HFD or CXCL12 at 2 or 8 pg
compared to control significantly increases locomotor activity as measured by (A) ambulatory distance; (B) ambulatory time; (C) ambulatory counts (number of
infrared beam breaks); and (D) ambulatory episodes. (E) A decrease in resting time was found in the prenatal HFD and 8 g CXCL12 offspring but not the 2 g

the responsiveness of the offspring’s brain to an inflammatory
mediator has yet to be described. Our results confirm the
stimulatory effect of prenatal HFD exposure on ENK in the
PVN and also on OX and MCH in the PFLH, and they are
consistent with evidence that NPY in the ARC is unaffected
or reduced by a HFD. Using a parallel paradigm to test the
effects of CXCL12 itself, we demonstrate here that peripheral
injection of CXCL12 during the same period as HFD exposure
in pregnancy similarly stimulates ENK in the PVN at both doses
and both ages, while stimulating OX and MCH in the PFLH

only at one dose and one postnatal age and having no effect
on NPY in the ARC. This evidence focuses greater attention on
this chemokine system in the PVN, where it may be related to
the stimulatory effect of prenatal HFD exposure on ENK. Once
again, these results are similar to our previous study, showing
that intracerebroventricular injection of CXCL12 in adult rats
stimulates ENK in the PVN, while having no effect on the
other neuropeptides in other hypothalamic areas (Poon et al.,
2016). The possibility that this effect of CXCL12 is mediated
by the receptor, CXCR4, is supported by the evidence that this
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FIGURE 7 | Prenatal HFD and CXCL12 similarly reduce
novelty-seeking. Prenatal exposure to a HFD or CXCL12 at 2 or 8 png
caused a significant decrease in the time spent in the quadrant with a novel
object as compared to control offspring. *p < 0.05 vs. control.

receptor is concentrated in the same hypothalamic region as ENK
(Poon et al., 2016) and is consistent with other studies showing
activation of this receptor to produce functional changes in
neuropeptides and neurotransmitters (Guyon et al., 2005, 2008;
Callewaere et al., 2006). The finding that both OX and MCH
expression in the PFLH are unaffected by prenatal treatment with
CXCL12, except at one dose (2 Lg) and one age (P30), suggests
a minor role for this chemokine in the PFLH, similar to prior
studies showing the firing of MCH neurons to differ in response
to CXCL12 treatment at different doses (Guyon et al., 2005).
These findings are consistent with the possibility that prenatal
exposure to a HFD functions through the CXCL12 chemokine
system in the PVN to produce its stimulatory effect on ENK in
the offspring.

Prenatal HFD and CXCL12 Increase
Neurogenesis in PVN of Offspring

With prior studies from this lab revealing prenatal exposure to
a HFD to increase the proliferation of hypothalamic peptide
neurons in both embryos and early prenatal offspring (Chang
et al., 2008), this study tested whether prenatal exposure to
CXCL12 is similar in inducing this effect. The findings show
prenatal CXCL12 to increase the number of proliferative neurons
in the PVN of offspring at P15 similar to that induced by
prenatal HFD exposure, with these neurons likely to have a
variety of neuropeptide phenotypes including ENK. In light of
multiple studies demonstrating a role for CXCL12 in controlling
neuronal development (Nagasawa et al., 1996; Ma et al., 1998;

Mithal et al., 2012), the increase in neurons induced by prenatal
exposure to this chemokine suggests that it may be involved in
the neurogenesis effects in the hypothalamus induced by prenatal
exposure to a HFD.

Prenatal HFD or CXCL12 Similarly Alter

Emotional Behaviors in Offspring

With prenatal HFD exposure known to increase anxiety-like
behaviors in offspring (Bilbo and Tsang, 2010; Sullivan et al.,
2010), and ENK in the PVN specifically shown to be a positive
factor in inducing anxiety (Bilkei-Gorzo et al., 2008; Csabafi
etal., 2011; Melo et al., 2014), this study tested whether prenatal
CXCL12 administration has similar behavioral effects as the
HED. The results demonstrate that offspring exposed to a HFD
or CXCL12 during the peak period of hypothalamic development
exhibit very similar behavioral changes, namely, an increase in
locomotor activity in a novel open field, a decrease in novelty-
seeking, and a decrease in time spent in the open arms of an
elevated plus maze. These behaviors suggest that CXCL12 mimics
the increase in anxiety induced by prenatal HFD exposure, an
effect correlated with maternal obesity and HFD exposure (Bilbo
and Tsang, 2010; Sullivan et al., 2010) and possibly attributed
to the increase in ENK levels in the PVN. Together with the
evidence that a HFD increases circulating CXCL12 levels in
the dam and the expression of CXCL12, CXCR4, and CXCR7
specifically in the PVN of the offspring, these findings indicate
that CXCL12 may have a role in the behavioral effects of the HFD
and focus attention on the PVN, a central structure involved in
the integration of the behavioral responses. While measurements
of the stress-related peptide CRE which is densely expressed in
the PVN, failed to reveal any change in response to CXCL12, a
possible involvement of ENK together with this chemokine in
the behavioral effects of prenatal HFD exposure is supported by
the findings that CXCR4 receptors and ENK both exist in high
concentrations in the PVN and are strongly stimulated by a HFD
(Poon et al., 2016) and that ENK itself which was stimulated by
CXCL12 is known to be a key component in stress responses
(Konig et al., 1996; Bilkei-Gorzo et al., 2004, 2008; Melo et al.,
2014). Whereas, chronic inflammation or HFD intake is shown
to increase caloric intake and contribute to later-life obesity in
adult animals (Dahlgren et al., 2001; Williams et al., 2011), these
changes were not evident here in P50 offspring given short-term
access to the HFD for only 7 days. This shows that the similar
changes in emotional behavior induced by prenatal exposure
to a HFD or CXCL12 can occur in the absence of changes in
consummatory behavior or body weight.

Prenatal CXCL12 Mimics Certain Aspects
of Prenatal HFD Exposure in Offspring

A major question in the field of ingestive behavior is how the
immune system and the consumption of a HFD during gestation
affect the developing brain and the physiological and neural
systems in offspring. As described above, the immune system,
consisting of hundreds of cytokines and chemokines (Cameron
and Kelvin, 2003), is markedly affected by HFD exposure in
both adult and embryonic animals (Bilbo and Tsang, 2010;
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FIGURE 8 | Prenatal HFD and CXCL12 similarly increase anxiety-like behavior. (A) In an elevated plus maze, prenatal exposure to a HFD or CXCL12 at 2 g,
but not 8 g, caused a significant decrease in time spent in the open arms and increase in time spent in the closed arms as compared to control offspring. (B) No
differences in locomotor activity were found as measured by the number of entries into the open arms, closed arms, or total. *p < 0.05 vs. control.
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Reynolds et al., 2014), and it in turn affects the development
of neuronal systems in the brain as well as multiple other
organs (Boulanger, 2009; Deverman and Patterson, 2009). The
current findings, in addition to providing further support for this,
focus attention on a specific inflammatory mediator, CXCL12,
and its role in altering a particular subset of peptide neurons
and specific emotional behaviors in the offspring. With full or
conditional knockout of this system found to be lethal or to
cause severely abnormal development (Nagasawa et al.,, 1996;
Ma et al, 1998; Mithal et al, 2012), further manipulations
of this chemokine system to understand its essential role in
mediating the effects of prenatal HFD exposure, and perhaps
explain why the PVN is selectively activated by the CXCL12
system and the PFLH is differentially responsive, must await the
commercial availability of effective antagonists and antibodies
for in vivo use against CXCLI2 or its receptors. While other
chemokines such as CCL2 may be involved and have also been
shown to stimulate the neuropeptides highly responsive to a
HFD (Poon et al., 2014; Segovia et al., 2014; Chang et al., 2016),
the function of these chemokines clearly differs from that of
CXCL12 as they are not necessary for survival of the offspring
(Kuziel et al., 1997; Lu et al., 1998). Together, the results reported
here, showing a HED to elevate circulating CXCL12 in the dam
and increase levels of CXCL12 and its receptors in the PVN
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