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development and adult health.

Maternal environment

affects brain development

and mental health

The idea that environment during early
life affects health and wellbeing later in
life is now widely recognized as the con-
cept known as developmental origins of
health and disease (DoHAD). Prenatal
obesity has long-lasting consequences
on the health of offspring (1). In addition,
both human and rodent studies have
shown that maternal obesity is associ-
ated with neurodevelopmental and psy-
chiatric disorders in offspring, includ-
ing attention-deficit disorder, cognitive
delay, and autism (2, 3).

The main region of the brain that
regulates energy balance is the hypothal-
amus. Previous work showed that mater-
nal obesity and maternal high-fat diet
(HFD) consumption impairs the hypo-
thalamic melanocortin circuitry in mice
(4). However, feeding behavior is also
modulated by cognitive, appetitive, and
emotional drives. In particular, dopa-
mine (DA) within the mesocorticolimbic
DA (MCL-DA) system regulates feeding
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The mechanism by which maternal obesity influences fetal brain
development and behavior is not well understood. In this issue of the JCI,
Lippert et al. showed that feeding maternal mice a high-fat diet (HFD)
during lactation attenuated the activity of dopamine (DA) midbrain neurons
and altered the DA-related behavioral phenotype seen in the offspring.

The authors further suggested that the altered excitatory and inhibitory
balance between D1 medium spiny neurons (MSN) and D2 MSN mediates
this behavioral phenotype. These mechanisms may provide strategies

for preventing the negative effects of maternal obesity on offspring

as well (5). Dopaminergic neurons in the
ventral tegmental area (VTA) and sub-
stantial nigra (SN) pars compacta are a
major source of DA in the dorsal and ven-
tral striatum, where DA binds to recep-
tors located on striatal medium spiny
neurons (MSNs). Notably, foods rich in
sugar and fat stimulate DA release in
the nucleus accumbens (NAc) that proj-
ects from the VTA (6). In the developing
brain, inflammation caused by mater-
nal obesity impairs the DA circuit and
increases the risk for developing mental
health disorders in offspring (7, 8). Thus,
it is a reasonable hypothesis that mater-
nal nutritional status may have a great
influence on DA circuitry and function as
well as behavior of the offspring.

In this issue of the JCI, Lippert et al.
(9) used a time-restricted dietary manip-
ulation during lactation in mice (4). They
chose this model because the lactation
period in rodents corresponds to the
third trimester of pregnancy in humans,
in which neurogenesis, synaptogenesis,
and myelination within limbic structures
occur (10, 11).
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How does maternal HFD feeding
alter dopaminergic circuitry?
First, Lippert et al. (9) dissected the VTA
and SN tissue from adult offspring and
performed mRNA sequencing to exam-
ine changes in the dopaminergic system.
Gene Ontology (GO) analysis and subse-
quent GO term clustering of the overlap-
ping transcriptional changes between the
VTA and SN revealed that maternal HFD
altered gene expression related to neuro-
nal development, ion channel expression,
and locomotor behavior.

Next, the researchers investigated the
morphology of the SN dopaminergic neu-
rons by immunohistochemistry. They found
impaired DA neuronal projections in the SN
pars reticulata and the NAc without major
alterations in DA neuron numbers in the off-
spring of mothers exposed to HFD during
lactation. To study the firing properties of
DA neurons in the SN, they performed per-
forated patch-clamp experiments. A small-
er population of pacemaking neurons and
a larger population of silent neurons were
found in those mice. In addition, DA release
in the NAc, which was evoked by electrical
and chemogenic (DREADD) stimulation of
the midbrain, was reduced (9).

These altered responses in the DA
neurons resulted in DA-related behavioral
changes in offspring of mothers exposed to
HFD during lactation. While the aforemen-
tioned results were observed in both males
and females, experiments
revealed a distinct sexual dimorphism
associated with elevations in DA-related
behaviors, i.e., increased locomotion in
males and increased intake of palatable
food and sucrose in females (9). This sex
difference in the DA-related behavioral
phenotype is consistent with human data

behavioral

in that a male dominance is common in
ADHD and a female dominance is com-
mon with overweight or obesity (12).

DA receptors (DRs) are G-coupled
receptors associated with the G . pro-
tein for the D1 family (DRD1) and with
the Gi protein for the D2 family (DRD2)
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Figure 1. HFD induces alterations in the midbrain dopaminergic circuitry with behavioral outcome. (A and B) Lippert et al. (9) showed that feeding
maternal mice an HFD during lactation reduced DA midbrain neuronal activity and altered offspring behavior. D1 MSNs showed increased activity, while D2
MSNs displayed decreased neuronal projections in the GP and VP.

(13). These DRs form two distinct popula-
tions, DRD1 and DRD2 MSNs in striatum
and NAc, and receive input from the DA
neurons of the midbrain (13). Finally, Lip-
pert et al. assessed the electrophysiologi-
cal properties of D1 MSNs of striatum and
the downstream circuitry of D1 and D2
MSNs. Consistent with increased loco-
motion in response to novelty, the excit-
ability of D1 MSNs increased in the dorsal
striatum of male offspring from mothers
exposed to HFD. Moreover, D2 MSNs
displayed a robust decrease in neuronal
projections in the downstream globus pal-
lidus (GP) and ventral pallidum (VP) as
well as an increased rate of spontaneous
activity and response to a stimulus in the
presence of decreased D2 MSN projec-
tions (ref. 9 and Figure 1).

Although Lippert et al. (9) revealed
long-lasting effects on the DA circuity
in the offspring of mothers exposed to
HFD during lactation, the mechanisms by
which nutrients and/or lipid species spe-
cifically regulate this DA circuitry remain
unknown. Triglyceride (TG) and long-
chain fatty acid are elevated in obesity (14).
Two interesting papers published recently
answered some of these questions. Ber-
land et al. showed that dietary TG can be

metabolized within the MCL system and
can modulate DA-associated behaviors
by gating the activity of D2 MSNs through
a mechanism that involves the action of
the lipoprotein lipase (15). Ducrocq et al.
found that mice deficient in n-3 polyun-
saturated fatty acid (PUFA) during devel-
opment resulted in motivational deficits at
adulthood by increasing the inhibition of
D2 MSNs onto D1 MSNs in NAc (16). Thus,
TG and/or imbalance of n-3/n-6 PUFA
may mediate reward-related behaviors of
offspring whose mothers were exposed to
HFD during pregnancy. Moreover, it was
shown that the hypothalamic melanocor-
tin circuitry has an organizational role in
the development of midbrain DA system
excitability during lactation (17). Whether
the melanocortin system is linked to the
DA circuitry described by Lippert et al. (9)
has yet to be determined.
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