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Introduction
Globally, rates of obesity and overweight far surpass underweight,
with the prevalence of obesity in females exceeding that of males
in all adult age categories (1). The etiology of obesity and associ-
ated metabolic disorders is multifold, including contributions of
genetic, epigenetic, and environmental factors. Recent discoveries
implicate metabolic perturbations in the maternal environment and
during the perinatal period in the development of not only metabol-
ic but also numerous other diseases, including neuropsychiatric dis-
orders, such as attention-deficit/hyperactivity disorder (ADHD),
autism, and cognitive impairment (2-5). Of increasing relevance is
that rates of maternal obesity and overnutrition have continued to
rise at alarming rates (>20% in some Western cultures; ref. 6). Fur-
thermore, independently of prepregnancy BMI status, 47% of wom-
en in Western cultures, from over 1 million cases studied, gained
significantly more than the recommended amount of body weight
during pregnancy, while only 25% gained less weight than recom-
mended (7). The negative impact that overnutrition during this criti-
cal developmental period of the offspring has on brain development
is not well understood at the molecular level.

Proper brain formation and function are directly influenced by
the maternal perinatal environment in both humans and in rodents.
Alterations in certain aspects of maternal physiology, including
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The maternal perinatal environment modulates brain formation, and altered maternal nutrition has been linked to the
development of metabolic and psychiatric disorders in the offspring. Here, we showed that maternal high-fat diet (HFD)
feeding during lactation in mice elicits long-lasting changes in gene expression in the offspring’s dopaminergic circuitry.
This translated into silencing of dopaminergic midbrain neurons, reduced connectivity to their downstream targets, and
reduced stimulus-evoked dopamine (DA) release in the striatum. Despite the attenuated activity of DA midbrain neurons,
offspring from mothers exposed to HFD feeding exhibited a sexually dimorphic expression of DA-related phenotypes, i.e.,
hyperlocomotion in males and increased intake of palatable food and sucrose in females. These phenotypes arose from
concomitantly increased spontaneous activity of D1 medium spiny neurons (MSNs) and profoundly decreased D2 MSN
projections. Overall, we have unraveled a fundamental restructuring of dopaminergic circuitries upon time-restricted altered
maternal nutrition to induce persistent behavioral changes in the offspring.

stress and nutrition, have been implicated as key players in neg-
atively affecting offspring brain formation (8). Previous work in
rodents has shown that maternal obesity and maternal high-fat diet
(HFD) consumption are linked to changes to the critical metabolic
circuitries in the brain, specifically within the hypothalamus, result-
ing in obesity and metabolic dysfunction (refs. 9, 10; reviewed in ref.
11). Here agouti-related peptide (AgRP) and proopiomelanocortin-
expressing (POMC-expressing) neurons in the arcuate nucleus of
the hypothalamus make up critical metabolism-regulatory neuron
populations, which adapt a plethora of physiological responses to
the energy state of the organism. Specifically, we showed in a previ-
ous study that feeding mice an HFD during lactation compromises
projection formation of POMC neurons to its intrahypothalamic
projection sites, thereby predisposing the offspring to obesity and
alterations in glucose metabolism. Interestingly, mutations in genes
interfering with proper projection formation of melanocortin neu-
rons have also been recently linked to rare cases of monogenic obe-
sity in humans (12). Collectively, these findings highlight the notion
that the same pathways deregulated as a consequence of altered
maternal metabolism at the same time serve as the target for muta-
tions in rare genetic disease.

However, in humans, many of the correlative deficits in
behavior in children of mothers exposed to metabolic disturbanc-
es during pregnancy (i.e., as seen in ADHD and cognitive impair-
ment) are closely linked to the dysfunctionality of dopaminergic
neurocircuits (4, 13-15). Previous work has shown an effect of
maternal prepregnancy obesity on aspects of dopamine (DA) sys-
tem function and gene expression (16-19), but how specifically
maternal gestational weight gain affects DA circuits via studies
in rodent models as well as the global disturbances to brain struc-
ture, function, and overall behavior has not been characterized.
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Figure 1. Maternal HFD alters metabolic profile and causes changes to dopaminergic circuitry. (A and B) Body weight at P21in (A) male control diet-exposed
(CC, n = 49) and HFD-exposed mice during lactation (CH, n = 31) and (B) female CC (n = 47) and CH (n = 43) offspring with or without HFD exposure during the
lactation period. (C and D) Body weight in (C) CC versus CH males and (D) females through adulthood (n = 10-34/diet/sex/genotype/time point). (E) Body fat in
CC versus CH males and females. (F) Strategy for midbrain dissection of VTA and SN tissue and subsequent RNA-sequencing pipeline (n = 5-6 mice per diet/
sex/brain region). (G) Volcano plots depicting significantly regulated genes in the male SN and female SN. (H) Volcano plots depicting significantly regulated
genes in the male VTA and female VTA. Significance after correction for multiple testing plotted as log,; of the O value versus fold change over CC control group
(full description of analysis pipeline in Methods section). (1) Significantly affected genes in males and females and overlapping genes. (J) Heatmap of top 100
overlapping genes shows high similarity between sexes of the same diet groups and dissimilarities between diet groups. (K) GO analysis of top hits in molecular
function, cellular component, and biological function. (L) Tree map clustering GO terms based on common themes; square size indicates the absolute log of the

Pvalue (larger = more significant). *P < 0.05, and ****P < 0.0001, 2-sided Student’s t test (A, B, and E [female]), Welch’s t test

(E [male], due to differences in

variances), or mixed-effects analysis with repeated measures (C and D) and also with Bonferroni’s post hoc analysis.
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In the present study, we employed a time-restricted dietary
manipulation of mice during lactation, as this, from a neuro-
developmental aspect, most closely correlates to the processes
affecting the third trimester of pregnancy in humans, such as the
continued neurogenesis, increase in synaptogenesis, and drastic
uptick in myelination within limbic structures that occur during
this period in both rodents and humans (20-24). Previously, it was
shown that this developmental time period is the most affected
by maternal diet with regard to metabolic outcomes and hypotha-
lamic function in the offspring (9, 25), but it had not been studied
in the context of dopaminergic function. Furthermore, studies in
humans have shown that elevated gestational weight gain alone,
independently of prepregnancy weight status, is sufficient to drive
the risk of developmental disorders (13-15). Therefore, it is crit-
ically important to understand the role of the maternal diet and
altered maternal metabolism in this period of brain formation. We
show that maternal HFD exposure during lactation is sufficient
to elicit distinct changes in gene expression in key dopaminer-
gic circuits of the offspring, specifically genes affecting neuronal
development, ion channel expression, and locomotor behavior.
Functionally, this translates into disturbed firing and silencing in
a large proportion of DA midbrain neurons, reduced functional
connectivity to their downstream target sites, and reduced stimu-
lus-evoked DA release in the striatum. Strikingly, despite reduced
DA neuron activity, their reduced connectivity, and decreased
DA release in their target sites, offspring from mothers exposed
to HFD feeding during lactation exhibited elevation in DA-related
behaviors, namely hyperlocomotion in males and increased intake
of palatable food and sucrose in females. These phenotypes result
from concomitant direct changes in downstream medium spiny
neurons (MSNs). Here, D1 MSNs increase rates of spontaneous
activity and response to a stimulus in the presence of decreased
D2 MSN projections. Overall, we have uncovered a fundamental
and permanent restructuring of basal ganglia circuitry in response
to HFD insult during early postnatal development.

Results
Maternal HFD permanently reprograms the mRNA profile of midbrain
DA neurons. In order to study the effect of maternal diet on brain
development, we used a previously developed maternal dietary
manipulation paradigm to expose WT animals to an HFD during
the lactation period (9). Briefly, the mothers were maintained on
a standardized control diet from 4 weeks of age and were paired
with males at 11 weeks of age; upon birth of the litter, mothers
were switched to HFD or maintained on the control diet for the
duration of the lactation period. At P21, all offspring were weaned
onto the control diet for the duration of the experiment, ensuring
that the dietary manipulation occurred only during the lactation
period. Using this model, we showed an increased body weight in
offspring of mothers receiving HFD during lactation (referred to
as CH) versus those only receiving control diet (referred to as CC;
Figure 1, A and B) as well as throughout the life span (Figure 1, C
and D). This increased body weight was in part due to an accumu-
lation of body fat in both males and females (Figure 1E).

After establishing that the modified model successfully reca-
pitulated the previously reported metabolic phenotype associat-
ed with maternal HFD exposure during lactation, we moved into

RESEARCH ARTICLE

specifically focusing on potential changes in the dopaminergic
system of these animals. To do this, the dopaminergic midbrain,
specifically the ventral tegmental area (VTA) and substantia nigra
(SN), were dissected from adult offspring (6 months of age) and
subjected to mRNA-sequencing (Figure 1F and Supplemental
Methods; supplemental material available online with this arti-
cle; https://doi.org/10.1172/JCI134412DS1). After correction for
multiple testing, a robust number of genes remained changed in
adulthood in offspring of mothers receiving HFD exposure during
lactation. Specifically, in male CC versus CH animals, 818 and 711
genes were significantly altered in the SN and VTA, respectively
(Figure 1, G-I). In females, 1647 and 383 genes were significant-
ly affected in SN and VTA tissue (Figure 1, G-I). In the SN, 446
affected genes were found to overlap between sexes, with 123
overlapping in the VTA (Figure 1I). Analysis of the top 100 most
significant overlapping genes in this region showed high similarity
within sex and dissimilarity between maternal dietary manipu-
lation groups (Figure 1J). Gene Ontology (GO) analysis and sub-
sequent GO term clustering of the overlapping transcriptional
changes uncovered the affected biological functions comprising in
large part neuron development, ion transport, regulation of mem-
brane potential, DA metabolism, locomotion, and behavior (Fig-
ure 1, Kand L). Additional GO term analysis and clustering of VTA
samples displayed a distinct transcriptional profile highlighting
ion transmembrane transport and chemical synaptic transmission
but showing no enrichment of development-related genes (Sup-
plemental Figure 1, A and B). Collectively, these data show that
maternal HFD exposure during lactation fundamentally affects
the midbrain transcriptome in the adult offspring.

Neuron development is altered in DA neurons and subsequent
neuronal projections. As the most significantly affected cluster
of genes in the SN samples pertain to neuron development, we
focused on investigating the morphology of the SN dopaminergic
neuron. Eight-week-old WT CC and CH offspring were analyzed
viaimmunohistochemistry for DA neuron projections from the SN
in both male and female animals. Using immunohistochemical
analysis of tyrosine hydroxylase (TH), the rate-limiting enzyme
in DA synthesis, as a marker of DA neurons, a significant reduc-
tion in the density of TH* signal within the SN pars reticulata (CC
1.000 £ 0.1241vs. CH 0.3772 £ 0.1186, P = 0.0032; Figure 2, A-C,
and G, and Supplemental Figure 2C) as well as a reduction in the
density of the labeled nigrostriatal tract neuronal fibers was noted
(CC1.000 + 0.1563 vs. CH 0.4408 *+ 0.2359, P = 0.0189; Figure
2, D-F, and H, and Supplemental Figure 2C). Further analysis of
the NuAcc core showed a significant reduction in TH staining in
males and females, and analysis of the VTA showed no differ-
ence between diet groups (Supplemental Figure 2, A, B, and D).
An additional assessment of the number of TH-, calbindin-, or
Aldhlal-labeled DA neuron cell bodies in unilateral sections of the
VTA and SN showed no difference in total number of labeled neu-
rons in various rostral to caudal regions of the dopaminergic mid-
brain (Supplemental Figure 2, E-G). Thus, maternal HFD feeding
during lactation impairs DA neuron projection development with-
out major alterations in DA neuron numbers.

Maternal HFD changes the firing properties of midbrain DA neu-
rons. We next aimed to compare the firing properties of midbrain
DA neurons in offspring of mothers exposed to CD or HFD during
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Figure 2. Maternal HFD negatively affects neuron development in the midbrain SN dopaminergic circuitry. (A) Reference for midbrain substructure
anatomical location. Labeling of DA neurons in the SN and VTA using TH as a marker followed by binarization of the signal for analysis in (B) CC and (C) CH
offspring. (D) Reference for nigrostriatal tract anatomical location. Additional IHC labeling in the nigrostriatal tract of (E) CC and (F) CH offspring. Quanti-
fication of the intensity of staining in the (G) SN pars reticulata (white oval in B) and corresponding (H) nigrostriatal tract (white box in E; n = 6-9 per diet
group). Scale bars: 500 um. *P < 0.05, and **P < 0.01, 2-sided Student’s t test. RMC, red magnocellular nucleus; PBP, parabrachial pigmented nucleus; PIF,
parainterfascicular nucleus; ml, medial lemniscus; 3n, oculomotor nerve; cp, cerebral peduncle; SNCD, substantia nigra, compact part; SNR, substantia
nigra, reticular part; SNL, substantia nigra, lateral part; f, fornix; ns, nigrostriatal tract; mfb, medial forebrain bundle; EP, entopeduncular nucleus; opt,

optic tract; sox, supraoptic decussation.

lactation. To this end, we performed perforated patch-clamp
recordings from 14- to 17-week-old CC and CH offspring. DA neu-
rons in the SN were identified by their characteristic electrophys-
iological phenotype (e.g., large “sag” potential upon hyperpolar-
ization, broad action potentials [refs. 26-29 and Figure 3, A and B],
and/or by their tdTomato fluorescence, as described in Methods).
The firing patterns of DA neurons were classified into 3 catego-
ries: pacemaking, nonpacemaking, and silent (Figure 3B and Sup-
plemental Figure 3, H and I; see Methods). In DA neurons of CH
offspring, we found a smaller proportion of pacemaking neurons
(Figure 3C; CC 64% [22/34], CH 44% [20/45]) and a significant
larger proportion of silent neurons than in CC offspring (Figure 3,
C and D, Supplemental Figure 3I, and Supplemental Table 1; CC
5.9% [2/34], CH 24.4% [11/45], P = 0.0338, 2-sided Fisher exact
test). In addition, the latency for the first action potential during
a depolarizing current step was significantly shorter in DA neu-
rons of CH offspring (Figure 3, E and F, Supplemental Figure 3],
and Supplemental Table 1; CC 0.21 + 0.026 s, n = 11, CH 0.15 *
0.032 s, n = 33; P = 0.02, 2-tailed Mann-Whitney U test). In line
with this, we observed a tendency toward a lower spike threshold
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in CH offspring (Supplemental Figure 3D; CC -43.6 £ 0.93 mV,
n=11; CH-46.7 + 0.71 mV, n = 28, P = 0.08, 2-tailed Mann-Whit-
ney U test). All other parameters measured were not different
between dietary groups (Supplemental Figure 3, A-C and E-G,
and Supplemental Table 1). The differences noted were consistent
across sexes, with a reduction in pacemaking neurons, increase in
the percentage of silent neurons, and decreased latency to fire in
both male and female SN neurons (Supplemental Figure 3, H-]).
To further characterize the midbrain neurons, we performed simi-
lar analysis of lateral VTA (IVTA) neurons, which would constitute
neurons signaling within the mesoaccumbal circuit. No change in
basal firing properties of these neurons was noted (Supplemental
Figure 4, A-H, and Supplemental Table 2). Interestingly however,
upon increasing current injection, neurons from CH animals, both
males and females, showed an increase in mean action potential
frequency (Supplemental Figure 4, I-K, and Supplemental Table
2). Taken together, consistent with the transcriptomic analysis,
these data show that maternal HFD exposure during lactation
impairs the characteristic firing properties of a large number of DA
neurons in adulthood.
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Figure 3. Electrophysiological properties of DA neurons in the SN are changed due to maternal HFD consumption. (A) Representative trace of DA neuron
located in the SN pars compacta (left). Post hoc analysis of recorded neuron (right) shows colocalization of biocytin (recorded neuron; magenta) and the
DAT (green). Scale bar: 20 um. (B) Electrophysiological traces of defined DA neurons in the SN. (C) Distribution of DA neuronal firing types: pacemaking
(solid), nonpacemaking (hatched), silent (white) neurons (CC [black] n = 34, CH [gray] n = 45). (D) Percentage (y axis) and total number (in parentheses) of
silent neurons recorded. (E) Representative traces of latency to fire in CC and CH animals. (F) Quantification of latency to fire from all recorded neurons.

*P < 0.05, 2-sided Fisher exact test (D) or 2-tailed Mann-Whitney U test (F).

Evoked DA release in the ventral striatum is reduced in CH off-
spring. To study the consequences resulting from the observed
alterations in firing properties of the midbrain DA neurons in the
presence of decreased TH-labeled DA neuronal projections, we
used fast scan cyclic voltammetry (FSCV) to assess evoked DA
transients in the striatum in age-matched animals to the electro-
physiological studies shown in Figure 3. We recently established a
model of long-term monitoring of spontaneous and chemogenet-
ically stimulated DA release specifically in the NuAcc core, which
is one target region of IVTA neurons (30, 31). With the increased
AP frequency upon current injection of IVTA neurons, we applied
this FSCV stimulation protocol to the dietary manipulation mod-
el to analyze potential changes within the mesolimbic pathway
(Figure 4, A and B). In CH animals, DA release in the NuAcc core,
which was evoked by electrical stimulation of the midbrain, was
reduced (highest stimulation parameter: CC 60.597 * 11.419 nA
vs. CH 24.053 + 5.769 nA, P < 0.0001; Figure 4, C-E). Post hoc
analysis of the background current size, an indicator of electrode
sensitivity (32), showed no differences between groups (Sup-
plemental Figure 5). Collectively, these experiments support a
decreased stimulus-evoked DA release in midbrain dopaminergic
neuron target sites.

To further substantiate this notion, we employed a model of
chemogenetic DA neuron stimulation. Here, we crossed mice
allowing for Cre-dependent expression of the modified muscarinic

receptor hM3DGq with those expressing the Cre recombinase in DA
transporter-expressing (DAT-expressing) dopaminergic midbrain
neurons (hM3D, >*" 7). This allowed us then to use FSCV to exam-
ine the effect of dietary manipulation in the mothers on the rate of
spontaneous DA transients following chemogenetic stimulation.
As shown previously, we found that chemogenetic activation of DA
neurons upon treatment with clozapine-n-oxide (CNO) promoted a
clear increase in the rate of DA transients in CC animals, but not in
CH animals (Figure 4, F and G, total number DA transients CC_ |
19.4 £ 7011, CH,_,, 23375 + 11445, CC [hM3D,, *** "] 224.429
* 62.429, CH [hM3D, **" 7] 5.750 +5.750, P, = 0.0272, P,
= 0.0129, P, ... ioniet x reatmeny = 0-0103). The data support that the
altered firing properties and reduced TH labeling in projections of
the DA midbrain neurons translate into a reduced capacity of DA
neurons to release DA at downstream targets in the striatum.
Maternal HFD exposure results in increased locomotive behav-
ior in male offspring. Given the drastic changes in the functional
responses of DA neurons shown above, we assessed the resulting
behavioral consequences in CC and CH animals with regard to
DA-related behaviors. First, we investigated the well-character-
ized DA-associated features of locomotion in an open field test
(OFT). Interestingly, here only males, and not females, displayed
an enhanced locomotor response to novelty (Figure 5, A-D, and
Supplemental Figure 6A). Specifically, significant increases in
ambulatory episodes, jumping, rearing, and stereotypic behaviors
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Figure 4. Reduced electrically and chemogenetically stimulated DA release in the ventral striatum detected with FSCV. (A) Representative schematic of
placements for the stimulating and recording electrodes. (B) Experimental timeline. (C) Exact recording electrode placements determined by histological
analysis. (D) Representative traces of the peak current detected in the CC (left) versus CH (right). (E) Peak current in CC (circles, n = 9) versus CH (squares,
n =11) animals in response to increasing electrical stimulation. (F) Chemogenetically evoked DA transients in response to CNO application in the presence
or absence of hM3D,, expression. On the left are data from CC animals, and on the right are data from CH animals (n = 4-8 animals per diet/genotype).
White circles depict CNO-stimulated transients detected over time. (G) Quantification of total DA transients detected throughout the duration of the study
(n = 4-8 animals per diet/genotype). *P < 0.05, **P < 0.01, and ****P < 0.0001, 3-way ANOVA (F) or 2-way ANOVA (E with repeated measures and G).

were detected (Figure 5, E, F, I, and ]). In females, only vertical
behavior was significantly different, with no other alteration in
ambulatory episodes, jumping, or stereotypic behaviors (Figure 5,
G, H, K, and L). This hyperlocomotive response in males was due
to exposure to a novel environment, as repeated exposure to the
chamber over subsequent days displayed no decipherable differ-
ence between dietary groups after day 1 (Figure 5, U and W). This
behavior was also independent of an anxiety-related phenotype in
the male CH animals, as proportional center distance traveled in
the OFT throughout the test and time spent in the center during
the first 5 minutes were unaltered between groups (5 minutes: P =
0.9629; Supplemental Figure 6, B and C).

To probe whether the dysfunction of the dopaminergic cir-
cuitry had an earlier onset before alterations in normal behavior,
we used hM3D **" ¢ and hM3D P*" "T littermate controls with
and without HFD exposure during lactation to assess DA-medi-
ated behavior upon chemogenetic stimulation of DA neurons. At
2 months of age, all animals were acclimated to daily injections,
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subjected to the OFT immediately after receiving an intraperito-
neal CNO injection, and tracked for 120 minutes. In all Cre™ con-
trol groups, no increase in locomotor behavior was noted upon the
application of CNO. In both CC and CH hMSDGqDAT TG animals,
a significant increase in locomotion was seen in response to DA
neuron stimulation, with vertical behavior and ambulatory epi-
sodes being increased (Figure 5, M, N, Q, and R). However, in CH
hM3D P" "¢ animals, a prolonged increase in locomotor-related
behaviors was observed during the second hour following chemo-
genetic DA activation in comparison with CC hM3D,, PA* ¢ con-
trols (Figure 5, N and R). In females, while CNO treatment of CC
and CH hM3D_, P*" ¢ did elicit a slight but significant increase in
locomotor-related behaviors, no differences due to HFD exposure
were uncovered in both the initial phase and the second hour of
behavioral assessment (Figure 5, O, P, S, and T).

As a further test of both novelty-induced locomotion and
increased induction of DA-related signaling in HFD-exposed oft-
spring, we performed the elevated zero maze (EZM) after application
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of CNO. Anoverallincrease due toboth dietary exposure andhM3D
expression in males was noted (P, =0.0023; P, = 0.0009; Fig-
ure 5V). In support of the OF T data, CH hM3D,, """ males exposed
to the novel EZM apparatus showed a significant increase in locomo-
tor movement compared with CChM3D,, **""" controls (P=0.0204;
Figure 5V). Furthermore, upon application of CNO, CH DAT™®
animals significantly increased locomotor movement compared with
CC hM3D GqDAT 6 controls (P = 0.0413; Figure 5V). In females, while
the presence of the hM3D  receptor did lead to an overall increase
in locomotor movement (Pgenotype =0.0003), no effect was shown due
to the diet (P, = 0.2132; Figure 5X). These animals did not display
any alteration in time spent in the open or closed arms of the EZM,
further supporting the sexual dimorphism of the behavior as well as
no obvious anxiety-related phenotype (Supplemental Figure 6, D-G).
Collectively, despite a distinct reduction in DA-neuron firing, DA
projections, and both electrically and chemogenetically evoked DA
release, male CH offspring exhibit clear evidence of increased
DA-dependent locomotion.

Consummatory behavior is altered in female CH offspring. The
dopaminergic circuitry not only controls locomotor responses
but also critically regulates behavior related to consumption of
sucrose and palatable food. Thus, we first assessed responses to a
sucrose solution in CC and CH offspring. At baseline, CH animals
showed normal levels of water consumption that did not differ
from those of CC counterparts (Figure 6, A and C). When given
free access to both a 4% sucrose solution and water, all animals
showed an increase over baseline of fluid consumption (Figure
6, B, D, E, and G). All animals increased their total consumption
of fluid, specifically increasing sucrose intake (Figure 6, E-H). In
contrast to the locomotor phenotypes described above, however,
CH females consumed significantly more fluid, driven by a signif-
icant increase in sucrose solution as compared with CC controls
(cc,,, 2.008 + 0.578 mL, CH,_ 1.212+0.351, CC,, 3.208 *
0.933mL, CH,, _ 7.7521.215mL, P, . =0.0001,P, =0.0561,

nteraction (et x sonution) = 0-0072, Figure 6, D and H). This increase in
sucrose consumption reflected a difference in preference between
the groups: high preferers in the CH group showed a significantly
increased preference for the sucrose solution that was not seen in
the CH male group (Figure 6, I-L).

Further assessment of reward-related consummatory behav-
ior was performed by challenging WT CC and CH animals with
an HFD in adulthood. Eight-week-old CC and CH animals were
either maintained on the control diet or given ad libitum access
to a 60% HFD. In males, HFD-fed animals in both the CC and
CH groups showed significant increases in body weight, but no
differences in body weight or body fat percentage were detect-
ed between the 2 groups (Figure 6, M and N). In contrast, CH
females showed a profound increase in body weight and body fat
percentage in comparison with CC HFD controls (Figure 6, O and
P). Collectively, while male CH offspring exhibit a clear increase
in DA-evoked locomotor responses, female CH offspring exhibit
increased sucrose consumption, increased sucrose preference,
and an increased response to HFD feeding in adulthood.

Striatal targets of dopaminergic circuitry are altered by maternal
HFD consumption. Given the dichotomy of overall decreased DA
neuronal function, connectivity, and release, but relative increas-
es in DA-mediated behaviors, we assessed potential changes
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occurring in receptive target regions of the dopaminergic mid-
brain. To this end, we first measured gene expression changes
via mRNA-sequencing in the dorsal and ventral striatum where
the D1 and D2 MSNs reside and receive input from the DA neu-
rons of the midbrain. Given the sexually dimorphic phenotypes in
behavior, we assessed genetic profiles that were either common
or unique to male or female after correction for multiple testing.
In males, a total of 320 genes in the dorsal striatum and 298 genes
in the ventral striatum were significantly altered between CC and
CH offspring (Figure 7, A-C). In contrast, 823 and 672 genes were
found to be significantly changed in the female striatum between
CC and CH offspring (Figure 7, A-C). Given that in females there
was an approximate 4-fold increase in the total number of genes
affected (Figure 7, A-C), we analyzed the function of these regu-
lated genes in each sex individually by performing a GO analysis.
Further comparison of these GO terms between males and females
resulted in a high similarity between sexes of the GO terms affect-
ed and percentages of genes in each data set involved (Figure 7D).
Therefore, despite the relative difference in total genes affected,
the resulting outcomes show similar effects proportionally at the
level of the GO term. Assessing the biological function of these
GO terms, the majority of terms are linked with neuronal signaling
and development (Figure 7D).

Since the striatum comprises primarily D1 and D2 MSNs, we
compared our genetic changes in the dorsal and ventral striatum
to a publicly available data set of mRNAs specifically expressed in
D1 and D2 MSNs (33). This analysis revealed that D1 MSN-specif-
ic transcripts were enriched in the differentially expressed genes
from the striatal samples in both male and female CH compared
with CC offspring as compared with D2 MSN markers (73/224
[33%] vs. 17/102 [17%]; Supplemental Methods). These results
indicate a predominant change in gene expression of D1 MSNs in
the CH-exposed animals.

Excitability and connectivity of striatal neurons are deregulated
in CH animals. Given the predominant transcriptional changes in
D1 MSNs of CH offspring, we assessed the electrophysiological
properties of D1 MSNs of striatum. To do this, we crossed mice
expressing the Cre recombinase under control of the DRDIla
promoter (DRD1a®¢) with mice allowing for Cre-dependent
expression of TdTomato (Rosa26-TdTomato?f), which were
then exposed to the same dietary manipulation during lactation
as that described above. This allowed for specific monitoring of
D1R-expressing MSNs, which make up the direct pathway and
are known to stimulate locomotion (Figure 8, A and B). In accor-
dance with the analysis of overlapping GO terms (Figure 7D), in
both males and females, we measured a significantly depolarized
resting membrane potential of D1 MSNs of CH offspring (Figure
8, C and D, and Supplemental Table 3; CC -82.2 +2.95mV, n =
20; CH -68.9 + 4.03, n = 22; P = 0.02, 2-tailed Mann-Whitney U
test). In line with this, we found that a significant proportion of
D1 MSNs of CH offspring were spontaneously active (Figure 8E;
CC5% [1/20], CH 31.8% [7/22]; P = 0.0471, Fisher exact test). In
addition, we measured a reduction of the single spike after hyper-
polarization in D1 MSN of CH offspring (Supplemental Figure 7C
and Supplemental Table 3; CC 16.3 +1.23 mV, n=13; CH 13.2
0.72mV, n=16; P=0.03, 2-tailed Mann-Whitney U test). Interest-
ingly, in support of the sexually dimorphic phenotypes with regard
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Figure 5. CH male offspring, and not females, exhibit hyperlocomotive
behavior. (A-D) Representative tracking of animals in the OFT in a (A)

CC male (n = 32), (B) CH male (n = 24), (C) CC female (n = 31), and (D) CH
female (n = 31). Quantification of ambulatory episodes (E), jump counts
(F), rearing events (1), and stereotypic behaviors (J) in CC (circles) versus
CH (squares) males at 6 months of age. Quantification of ambulatory epi-
sodes (G), jump counts (H), rearing events (K), and stereotypic behaviors
(L) in CC (circles) versus CH (squares) females at 6 months of age. (M-T)
Chemogenetic activation of young animals at 8 to 10 weeks of age tracked
over time after CNO injection at t = 0’ followed by AUC analysis of the
second hour (n = 9-15 per diet/genotype/sex, combination of at least 2
different experimental rounds). Vertical counts in males over time (M) and
in the second hour (N). Vertical counts in females over time (0) and in the
second hour (P). Ambulatory episodes in males over time (Q) and in the
second hour (R). Ambulatory episodes in females over time (S) and in the
second hour (T). Locomotive behavior in 6-month-old CC versus CH males
(U) and females (W) with repeated daily exposure to the OFT. EZM total
distance traveled in male (V) and female (X) animals (n = 7-15 per diet/sex/
genotype; results indicate a combination of at least 2 separate experi-
ments). *P < 0.05, **P < 0.01, and ***P < 0.001, Student’s t test (E-L) as
well as a mixed effects analysis (M, 0, @, and S) or 2-way ANOVA (N, P, R,
T,V, X, U, and W with repeated measures).

to locomotor behavior, in males, we detected a selective increase
in excitability as measured by a series of depolarizing current steps
in D1 MSNs in the dorsal striatum of CH compared with CC mice
(Figure 8, F and G, and Supplemental Table 3; P = 0.0009, F test).
This finding was not seen in females (Figure 8, H and I; P= 0.9323,
F test). Analysis of the ventral striatal NuAcc neurons showed no
difference in any parameter measured (Supplemental Figure 7
and Supplemental Table 4). Thus, the increased excitability of D1
MSNs in dorsal striatum of male CH offspring is consistent with
their increased locomotion in response to novelty.

Finally, we aimed at investigating the downstream circuitry
wiringof D1and D2 MSNsin CC and CH offspring. Thus, to visual-
ize projections of D2 MSNs and to complement the models where
D1 MSNs are visualized via Tomato expression (DRD1a™M), we
crossed R26-TdTomato?! mice with mice that express the Cre
recombinase under control of the Adora2a promoter specifical-
ly in postsynaptic D2 MSNs (Adora2a®®) resulting in Adora2a™™
mice. Then we performed whole brain imaging of the neuronal
connectivity of these 2 neuronal populations upon dietary manip-
ulation of the mothers during lactation. We measured no detect-
able differences in signal intensity between DRD1a™" CC and
CH animals in the striatum, globus pallidus, and SN (Figure 8, J
and K). Strikingly, however, Adora2a™ CH animals displayed a
robust decrease in neuronal projections in the globus pallidus and
ventral pallidum (Figure 8, L and M).

Previous studies in the field show that DIR activation, either
pharmacologically or optogenetically, increases stereotyp-
ic behavior and overall locomotion (34-36). In order to assess
whole animal behavioral changes as a response to the alteration
in D1 MSN-firing properties, a cohort of CH males and females
were exposed to the novel OFT chamber coupled with injection
of a DIR agonist, SKF38393, or saline. In CH male animals that
were naive to the OFT chamber, the novelty of the chamber envi-
ronment led to an increase in stereotypic movements, as shown
previously in Figure 5, and this was to the same magnitude as that
shown by the animals receiving SKF38393 injection coupled with
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the novel environment (Supplemental Figure 8A). However, when
animals were previously exposed to the chamber, in order to elim-
inate the novelty response, only the animals receiving SKF38393
showed significantly elevated stereotypic movement (repeated
exposure: CH + SAL vs. CH + SKF38393 P = 0.0048; P, .= =
0.0049, P, = 0.0434; Supplemental Figure 8A). In females, this
difference was not noted (Supplemental Figure 8B). Collectively,
this decrease in D2 MSN innervation of the inhibitory indirect
pathway in the presence of an increased excitability of D1 MSNs
in the direct pathway may jointly operate to mediate the increased
expression of DA-related behaviors in response to maternal diet
manipulation during lactation despite an attenuated excitability
and DA release of dopaminergic midbrain neurons.

Discussion

Altered maternal metabolism during pregnancy represents an
important determinant for a plethora of diseases in the offspring
including metabolic disorders, such as obesity, type 2 diabetes
mellitus, and hypertension, and also an increased risk for neu-
ropsychiatric disorders. While the molecular basis underlying
this effect of “metabolic imprinting” has been widely investi-
gated with respect to the role of epigenetic alterations of gene
expression, an alternative model assigns alterations in neuro-
nal development of key neurocircuits during critical periods of
development a potential role in this process. We have previous-
ly demonstrated that feeding female mice an HFD selectively
during lactation is sufficient to alter metabolic regulation in the
offspring in the long term, predisposing them for obesity and
altered glucose homeostasis (9). Mechanistically, we demon-
strated that impairment of projection formation of key feeding
regulatory POMC neurons during this period at least in part
explains this phenomenon (9). Interestingly, it has been revealed
recently that reduced POMC neuron expression of neuropilin-2
(the receptor for semaphorin-3) impairs POMC neuron projec-
tions similarly to what was observed in our dietary manipulation
model (12). Mutations in semaphorin-3 and its signaling compo-
nents result in obesity in zebrafish and mice as well as human
carriers of semaphorin-3 mutations. Thus, altered neuronal
projection formation during critical developmental periods pro-
vides a unifying mechanism for metabolic disorders occurring as
a consequence of maternal programming as well as cases of rare
monogenic obesity (12). Of note, projection formation, refine-
ment, and maturation not only of melanocortin neurons but also
of dopaminergic neurons in mice occurs during lactation, while
in humans, it takes place during the last trimester of pregnancy
(reviewed in refs. 37-39). Thus, altered neuronal development
as a consequence of alterations in maternal metabolism like-
ly has wider implications than those demonstrated for the key
homeostatic hypothalamic melanocortin circuitry. Another can-
didate circuitry is represented here in dopaminergic midbrain
neurons, which exhibit profound control over reward-associat-
ed feeding behavior largely viewed as a key regulator of hedonic
feeding via mesolimbic circuitry in addition to the well-docu-
mented role of the nigrostriatal dopaminergic circuitry in the
regulation of locomotor behavior (ref. 40; reviewed in refs. 41,
42). In accordance with this, obesity-associated alterations of
dopaminergic neurons contribute to obesity development, and
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Figure 6. CH female offspring, and not males, exhibit increased consumption and body weight in response to palatable substances. Baseline water intake in CC
and CH (A) males (n = 11vs. 16) and (C) females (1 = 13 vs. 25) shows no difference between genotypes. Change in fluid intake in the presence of 4% sucrose and
water in CC and CH (E) males and (G) females. Total fluid intake of water and 4% sucrose solution combined in CC and CH (B) males and (D) females as compared
with water baseline. Contribution of water intake and 4% sucrose intake in CC and CH (F) males and (H) females. Breakdown of preference for 4% sucrose into
high (>80%), low (>80%), and no preference for sucrose groups in CC and CH (I) males and (K) females. Sucrose preference in CC and CH (J) males and (L) females
in the high preferring group. Body weight gain on HFD or control diet in CC and CH (M) males (n = 7-34 per time point/diet) and (0) females (n = 7-32 per time
point/diet). Body fat percentage on HFD in CC and CH (N) males (n = 7 vs. 9) and (P) females (n = 8 vs. 7). *P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001,
2-sided Student’s t test (A-E, G, J, L, and N-P), 2-way ANOVA with Bonferroni's post hoc analysis (F and H), or mixed effects analysis (M and 0).

altered DA action has been identified in humans suffering from Here, our results provide clear evidence that maternal HFD
obesity and metabolic disorders (43-48). Moreover, dopaminer-  feeding during the restricted, key developmental period of lac-
gic midbrain neurons are likely effectors of signaling by the food  tation has profound and long-lasting effects on the dopaminer-
intake-suppressing hormone leptin (49-52). gic circuitry in offspring. Previous studies have proposed a link
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Figure 7. RNA-sequencing of dorsal and ventral striatum reveals changes relating to signaling and neuron development. (A) Volcano plots depicting sig-
nificantly regulated genes in the male and female dorsal striatum (data collected from n = 5-6 samples per sex/diet exposure). (B) Volcano plots depicting
significantly regulated genes in the male and female ventral striatum. Significance after correction for multiple testing plotted as log,; of the O value ver-
sus fold change over CC control group. (C) Significantly affected genes in males and females and overlapping genes. (D) GO term analysis of all significantly
affected genes in the dorsal striatum, with overlap between sexes plotted as a percentage of all genes in respective sex group.

between a maternal HFD and alterations to the DA system but
focused primarily at the level of maternal prepregnancy obesity
(17-19, 53). Using a combination of ex vivo and in vivo techniques,
we reveal a broad range of alterations in this circuitry at multiple
levels, including cell-intrinsic changes in firing and projections of
midbrain DA neurons, but also affecting the excitability and wir-
ing of postsynaptic D1 and D2 MSNs.

At the level of the midbrain DA neurons, we determined that
the number of DA neurons is not affected by maternal HFD feed-
ing during lactation, indicating that impaired neurogenesis or
neuronal loss is not the causative factor for changes in DA release
events and behavior. This notion is also consistent with the fact
that the cell fate of dopaminergic neurons is determined during
the mid to late embryonic phase in mice (reviewed in ref. 54), a
period before the onset of the dietary manipulation in our model.
Nevertheless, the detected changes in firing properties are con-
sistent with the profound transcriptional changes detected in the
VTA/SN of CH compared with CC mice falling in the GO term
categories of regulation of ion transport and regulation of mem-
brane potential (Figure 1). Moreover, the reduced projection
formation of midbrain DA neurons coincides with the dietary
manipulation and the refinement of DA projections postnatally
through synaptic pruning events as well as the transcriptional
changes of genes in the GO term cluster neuron development.
These alterations translate into a profound reduction of func-

tional DA release in DA neuron target regions. Thus, maternal
HFD feeding leads to a marked reduction of stimulus-evoked DA
release. It is remarkable that in light of this dramatic reduction of
DA neuron activity and DA release, the observed sexually dimor-
phic phenotypes are relatively mild. Nevertheless, this notion
is consistent with the observation that clinically relevant alter-
ations in locomotion manifest only in Parkinson’s disease, when
approximately 60% of DA neurons are lost (55). Given the strong
impairment of DA neuron functionality revealed in our study, it
will be interesting to further investigate whether the develop-
mental effect of altered maternal metabolism may predispose
for an earlier onset of this disease.

Interestingly, despite similar changes in midbrain DA neurons
identified by mRNA-sequencing, functional electrophysiologic
studies, and DA neuron projection imaging, we uncovered a dis-
tinct sexual dimorphism in behavioral manifestations of changes
in this circuitry. Specifically, these changes manifested in males
in relation to novelty and locomotion and females with regard to
reward. Recent studies in humans have shown a link between the
maternal environment and sexually dimorphic-related risks of
neuropsychiatric disorders in adulthood (56). Also, in rodents, sex-
ual dimorphisms related to metabolic outcomes in offspring have
been identified (reviewed in ref. 57). This further correlates with
the hypothesis that similar maternal environments can have dras-
tically different effects on the development of the offspring. Inter-
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Figure 8. Electrophysiological consequences in response to maternal HFD
in D1 MSNs and changes to neuron development in D2 MSNs pinpoint
overall imbalance in dorsal striatum circuitry. (A) Representative electro-
physiological trace and current clamp of D1 MSN. (B) Left: representative
image of a D1 MSN in white. Scale bar: 50 um. Right: accompanying imag-
es showing dsred labeling of TdTomato signal (top), DAT staining (middle)
and the overlay of the 2 (bottom). Scale bar: 20 um. (C) Recording from CC
and CH D1 MSNs at baseline showing decreased membrane potential and
increased spontaneous firing in CH D1 MSNs. (D) Membrane potential in
CC (n = 20) versus CH (n = 22) D1 MSNs. (E) Percentage of spontaneously
firing D1 MSNs. (F) Comparison of 2 different current injections in CC and
CH males. (G) Quantification of mean AP frequency with increasing current
injection in CC versus CH males. (H) Comparison of 2 different current
injections in CC and CH females. (I) Quantification of mean AP frequency
with increasing current injection in CC versus CH females. (J) Whole brain
imaging in CC versus CH animals using the DRD1™". (K) Quantification of
staining in J in CC (n = 4) versus CH (n = 3) animals. SN, substantia nigra;
Str, striatum; GPex, external globus pallidus; GPin, internal globus pallidus.
(L) Whole brain imaging in CC versus CH animals using Adora2a™". (M)
Quantification of staining in L in CC (n = 3) versus CH animals (n = 3). GP,
globus pallidus; VP, ventral pallidum. Analysis of current injection was
performed using a sigmoidal Boltzmann fit for both data sets to determine
curve fit. *P < 0.05, and ****P < 0.001, Fisher exact test (D), F test (E), or
2-way ANOVA with Bonferroni’s post hoc analysis (K and M).

estingly, with regard to neurological disease, sexual dimorphisms
exist where, for example, in humans, male dominance is noted in
cases of ADHD and female dominance is noted in overweight and
obesity (1, 58, 59). Of note, we have recently shown that ablation
of the obesity-associated FTO gene from postsynaptic DA neurons
also manifests with increased locomotion in response to novelty
in male but not female mice (60). Further research is necessary to
understand how the maternal metabolic environment can result in
sexually dimorphic outcomes based on the broad effects on brain
development and function.

Irrespective of the sex-dependent manifestation of alterations
in DA-controlled behaviors as a consequence of altered maternal
metabolism during lactation, it is intriguing that the behavioral
changes, i.e., hyperlocomotion and increased sucrose/HFD pref-
erence, represent indicators of excessive dopaminergic action in
target regions despite the robust reduction of DA neuron firing,
projection, and DA release. Here, we identify a clear increase in fir-
ing and excitability of postsynaptic D1 MSNs as well as a reduction
in projections of D2 MSNs in the inhibitory indirect pathway. Inter-
estingly, in human studies of obesity risk (determined by parental
body weight status), high-risk individuals displayed higher activity
of striatal function (61), further supporting our finding of increased
resting membrane potential of D1 MSNs. Furthermore, hyperac-
tivation of D1 MSNs and/or suppression of D2 circuitry has been
shown to be linked with autistic-like behaviors (62). Thus, in light
of the reduced DA input, these changes are apparently sufficient to
account for the observed behavioral effects.

In addition, we and others have shown that key metabolic
circuits in the hypothalamus are affected by maternal diet as well
as the influence of metabolic hormones on hypothalamic devel-
opment (9, 63). Interestingly, these neuronal populations, namely
POMC and AgRP neurons of the arcuate nucleus, send projections
to the midbrain DA neurons, which express the necessary recep-
tors for peptides released from these neurons and which have
been shown to play a functional role in the adult animal (refs. 64,
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65, and reviewed in ref. 66). The function of these hypothalam-
ic networks on dopaminergic neurons in development are not
yet fully described. However, intriguing work by Dietrich et al.
(67) suggests a direct interaction between hypothalamic circuits
in development and the midbrain circuitry with regard to AgRP
neuron ablation in the postnatal phase and resulting changes to
DA-related behaviors and VTA firing properties. While we cannot
directly rule out the initial influence of these known changes to
key hypothalamic metabolic circuits on overall development and
function of the midbrain in our model, this could provide an inter-
esting avenue of research for understanding the relationship of
hypothalamic and dopaminergic circuits in development.

In conclusion, we have unraveled the broad-based conse-
quences of altered maternal metabolism specifically during lac-
tation in mice on key components of the dopaminergic circuit,
encompassing those affecting midbrain DA neurons and their
projections as well as the downstream MSNs of the dorsal and
ventral striatum. This is consistent with human studies on gesta-
tional weight gain and the manifestation of diseases associated
with altered dopaminergic transmission, including obesity and
neuropsychiatric disorders. Further defining the key mecha-
nisms resulting in these changes may hold promise for develop-
ing novel therapies and interventional strategies for preventing
the negative impact of maternal dietary choices on brain devel-
opment and function.

Methods

Animal models. WT C57BL6/N (Charles River Labs) female mice as
well as Rosa26-LSL-hM3D,, (68) or Rosa26-LSL-TdTomato (Jackson
Laboratory, strain 007905) female mice maintained on a C57BL6/N
background were placed on a control diet containing 13% calories from
fat, D12450-(B) mod (ssniff Diet), at 4 weeks of age for 7 weeks, after
which they were paired with WT, DAT-Cre-expressing (69), DRD1a-
Cre-expressing (MMRRC 030778-UCD), or Adora2a-Cre-expressing
(MMRRC 036158-UCD) males (also backcrossed onto a C57BL6/N
background) according to the specific experiment. At birth of the
pups, a subset of the mothers was switched to an HFD containing 60%
calories from fat, EF D12492-(I) mod (ssniff Diet), and the remaining
animals were maintained on the matched control diet, EF D12450B
mod (LS ssniff Diet). Furthermore, at birth, litter sizes were adjusted,
with small litters being supplemented with pups from large litters to
ensure no statistical difference in litter size between groups (see Sup-
plemental Table 5). At weaning, all offspring were maintained on the
control diet for the duration of the study unless otherwise noted. For
the HFD challenge in adulthood, animals were placed on HFD at 8
weeks of age. All animals were group housed in a temperature-con-
trolled facility with a 12-hour light/12-hour dark cycle.

RNA extraction, sequencing, and analysis. Animals were sacrificed via
rapid decapitation at 6 months of age and processed as described previ-
ously (64). Tissue biopsies using a 0.8-uM inner diameter tissue punch
(Fine Science Tools) were taken from 2-mm brain slices corresponding
to the dopaminergic midbrain (-1.0 mm to +1.0 mm interaural) or the
striatum (+4.0 mmto +6.0 mm interaural), as described previously (70).
Bilateral micropunches were taken of the VTA, SN, and dorsal and ven-
tral striatum and were rapidly frozen on dry ice and stored at-80°C until
further processing. RNA extraction was performed by first homogeniz-
ing samples in 1 mL Trizol LS (Life Technologies) at 3000 rpm using
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a handheld homogenizer (IKA T 10 Basic ULTRA TURRAX disperser,
Level 3). The sample was supplemented with 50 pL glycogen (Ambion)
and vortexed thoroughly. RNA was then extracted with the addition of
200 uL chloroform (MilliporeSigma), vortexed, allowed to separate for
5 minutes at room temperature (RT), and spun at 12,200 g at 4°C for
10 minutes. The aqueous upper layer was then carefully removed, and
the RNA was precipitated with equivalent amounts of cold isopropanol
by inverting the tubes and placing on ice for a minimum of 15 minutes.
The samples were then centrifuged at 12,200 g at 4°C for 15 minutes.
The supernatant was then removed, and samples were washed once
with cold 80% ethanol and centrifuged for 15 minutes at 7500 g at 4°C.
The supernatant was removed, and samples were allowed to air-dry
for more than 5 minutes. The RNA pellet was resuspended in 30 pL
of Nuclease-Free water (MilliporeSigma). DNase I, DNase buffer, and
SUPERase-in were added to the samples for a total volume of 37.7 uL
and incubated at 37°C for 30 minutes. The samples were then vortexed,
and RNA content was measured using the Qubit RNA High Sensitivity
Assay Kit (Thermo Fisher Scientific).

RNA-sequencing of samples was performed at the Cologne Center
for Genomics using the Illumina TruSeq mRNA stranded protocol and
the HiSeq 4000 sequencer with a PE75 read length run. Subsequent
data analysis was performed as follows: the RNA-sequencing pipeline
uses the GRCm38 assembly of the mouse genome and gene sets from
Ensembl release 91 (71). We quantified the gene expression of each sam-
ple by (a) aligning the RNA-sequencing reads to the mm10 reference
genome using hisat 2.1.0 (72) and (b) transcript assembly and quantifi-
cation using the cufflinks 2.2.1 suite (73). Differentially expressed genes
and isoforms between the experimental groups were calculated using
cuffdiff. The data discussed in this publication were deposited in NCBI’s
Gene Expression Omnibus database (74) (GEO GSE147469). Overlap
analysis for D1 and D2 markers used a publicly available data set (33)
in comparison with the differentially expressed genes in the dorsal and
ventral striatum. GO analysis was performed using the Generic Gene
Ontology Term Finder (http://go.princeton.edu/cgi-bin/GOTermFind-
er); subsequent clustering analysis of GO Terms was performed using
the REVIGO platform (http://revigo.irb.hr; ref. 75) allowing for medium
similarity (0.7). Subsequent figures were generated using R.

Immunohistochemistry. Animals at 8 weeks of age were deeply
anesthetized, and tissue fixation was performed via transcardial per-
fusion, first with sterile PBS (pH 7.5), followed by a 4% paraformalde-
hyde (PFA) solution in a borate buffer (pH 9.5). Brains were dissected
and post fixed for 4 hours in 4% PFA/borax followed by 20% sucrose
in PBS at 4°C. After more than 48 hours, brains were frozen and stored
at -80°C until further processing.

Brain tissue was sliced at 30 uM using a freezing sledge micro-
tome (Leica) and collected in a cryopreservant solution comprising
40% glycerol, 60% ethylene glycol, and 10% PBS stored at -20°C.

Samples were then processed as follows: 3 x 10 minutes wash in
KPBS (0.2 M), 10 minutes in 0.03% glycine, 5 minutes in KPBS (0.2
M), and 10 minutes in 0.03% SDS. Samples were then incubated for 60
minutes at RT in 0.25% Triton X-100 + 3% normal donkey serum. Slices
were then incubated overnight at 4°C in sheep anti-TH (1:5000, catalog
AB1542, MilliporeSigma), mouse anti-calbindin (1:500, Swant, catalog
C300), or rabbit anti-Aldhlal (1:1000, catalog ab23375, Abcam) in Sig-
nal Stain. Slices were then washed with 0.2 M KPBS and incubated for
1hour at RT in the appropriate secondary antibody (1:500 dilution; TH
experiments: donkey anti-sheep 594 [catalog A11016, Thermo Fish-
Volume 130 Number 7
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er Scientific], Aldhlal experiments: donkey anti-rabbit-647 [catalog
A31573, Thermo Fisher Scientific], Calbindin: donkey anti-mouse 488
[catalog A21202, Thermo Fisher Scientific]). All information contained
within the parentheses refers to 1:400 dilutions of all secondary anti-
bodies listed with respective primary antibody targets. After washing
with 0.2 M KPBS, slices were mounted on to Superfrost Gold Plus slides
(Thermo Fisher Scientific) and coverslipped after the addition of Pro-
Long Anti-Fade Gold Mounting Media plus DAPI (Life Technologies).

Subsequent images were acquired using a confocal Leica TCS
SP-8-X microscope equipped with a x20 objective. Image analysis
was performed using FIJI (NIH) by standardizing the threshold across
samples and quantifying the integrated density of binarized images
(SN and VTA) or by quantifying the total intensity of signal (NuAcc
Core). Neuronal number quantification was also performed using FIJI.

Statistics. Immunohistochemistry data were analyzed using FIJI
(Image]J 1.52p, NIH). OFT data were analyzed using Med Activity
software (Med Associates Inc.). All statistical analysis was performed
using GraphPad Prism 8 (GraphPad Software). All data are presented
as one of the following: box-and-whisker plots overlaid with all indi-
vidual data points and bars depicting minimum and maximum, bar
graphs shown as mean + SEM overlaid with individual data points, and
data assessing response over time. Data are shown as mean + SEM.
Significance was defined as P < 0.05.

Study approval. All animal experiments were performed in accor-
dance with protocols approved by the local governmental authorities
(Bezirksregierung Koln). Voltammetry experiments were conducted
under the Animal (Scientific Procedures) Act 1986, United Kingdom,
and the Local Ethical Review Committee at the University of Oxford.
Voltammetry experiments were approved by the UK Home Office as
well as the Oxford Animal Welfare and Ethical Review Board.
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