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Poor-quality maternal diet during pregnancy, and subsequent gestational growth disturbances in the offspring, have been implicated in the

etiology of multiple neurodevelopmental disorders, including ADHD, schizophrenia, and autism. These disorders are characterized, in

part, by abnormalities in responses to reward and errors of executive function. Here, we demonstrate dissociable deficits in reward

processing and executive function in male and female mice, solely due to maternal malnutrition via high-fat or low-protein diets.

Gestational exposure to a high-fat diet delayed acquisition of a fixed ratio response, and decreased motivation as assessed by progressive

ratio. In contrast, offspring of a low-protein diet displayed no deficits in operant learning, but were more prone to assign salience to a cue

that predicts reward (sign-tracking) in a Pavlovian-conditioned approach task. In the 5-choice serial reaction time task (5-CSRTT),

gestational exposure to a high-fat diet promoted impulsivity, whereas exposure to a low-protein diet led to marked inattention. These

dissociable executive function deficits are known to be mediated by the medial prefrontal cortex (PFC), which displays markers of

epigenetic dysregulation in neurodevelopmental disorders. Following behavioral characterization, we assayed PFC gene expression using

a targeted PCR array and found that both maternal diets increased overall transcription in PFC. Cluster analysis of the relationships

between individual transcripts and behavioral outcomes revealed a cluster of primarily epigenetic modulators, whose overexpression was

linked to executive function deficits. The overexpression of four genes, DNA methyltransferase 1 (DNMT1), d-opioid receptor (OPRD1),

cannabinoid receptor 1 (CNR1), and catechol-o-methyltransferase (COMT), was strongly associated with overall poor performance.

All 5-CSRTT deficits were associated with DNMT1 upregulation, whereas impulsive behavior could be dissociated from inattention by

overexpression of OPRD1 or COMT, respectively, as well as a distinct cluster of epigenetic regulators. These data provide molecular

support for dissociable domains of executive function.
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INTRODUCTION

The risk of adult mental disorder is known to be influenced
by gestational exposure to adverse events, such as severe
stress or infection, and recent data also implicates the rising
importance of poor maternal nutrition and obesity
(Grissom and Reyes, 2012; Ornoy, 2011; Vesco et al,
2011). Poor maternal diet and excessive gestational weight
gain significantly increase the risk of children being born
either small for gestational age (SGA) or large for
gestational age (LGA), respectively, with each occurring in
B10% of pregnancies in the United States (Grissom and

Reyes, 2012; Ornoy, 2011). Both abnormal gestational
growth trajectories are biomarkers of later metabolic
(Ornoy, 2011) and neurodevelopmental pathology, includ-
ing schizophrenia, attention deficit/hyperactivity disorder
(ADHD), impulsivity associated with conduct disorders,
and autism (Krakowiak et al, 2012; Van Lieshout and
Boyle, 2011; Van Lieshout et al, 2011; Moore et al, 2012).
These neurodevelopmental disorders involve deficits in
medial prefrontal cortex (PFC)-mediated executive func-
tion, including attention, impulse control, and behavioral
flexibility (Bari and Robbins, 2013; Duncan, 2013; Floresco
and Jentsch, 2011).

Gestational growth in mice is sensitive to maternal diet, as
it is in humans. SGA and LGA can be modeled using maternal
diets deficient in protein or high in fat, respectively. We
have found that this maternal malnutrition alters the expres-
sion of genes related to dopamine and opioid function
in the PFC (Grissom and Reyes, 2012; Grissom et al, 2013;
Vucetic et al, 2010a, 2010b). Vulnerability of the developing
PFC also involves epigenetic dysregulation, specifically
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DNA methylation (Grayson and Guidotti, 2013). Both SGA
and LGA mice demonstrate decreased genome-wide DNA
methylation in PFC (Grissom and Reyes, 2012; Vucetic et al,
2010a). PFC from patients with schizophrenia and autism
have substantial alterations in DNA methylation and over-
express the DNA methyltransferase DNMT1 (Grayson and
Guidotti, 2013; Ladd-Acosta et al, 2013). Collectively, these
findings suggest that epigenetic dysregulation and aberrant
transcription in the PFC may be a crucial mechanism
linking gestational adversity to neurodevelopmental
disorders.

Behavioral deficits in executive function disorders can
occur independently, for eg, impulsivity in the absence of
inattention (Johnson et al, 2007; Kuntsi et al, 2013; Ben
Shalom et al, 2013), and are linked with opposing patterns
of prefrontal cortex activation (Pezze et al, 2014). In these
experiments, we use two models of gestational malnutrition,
resulting in SGA and LGA offspring, to demonstrate
dissociable deficits in behaviors related to motivation,
attention, and impulse control in both males and females,
as assessed by the 5-CSRTT. We were able to dissociate two
ADHD-relevant endophenotypes driven by gestational
malnutrition, namely stimulus salience-related inattention
in offspring of a maternal low-protein diet, vs motivation-
related impulsivity in offspring of a maternal high-fat diet.
Currently, neither specific etiologies nor molecular mechan-
isms have been linked to dissociable executive function
domains. We assessed PFC gene expression in animals after
behavioral testing was completed, and performed cluster
analyses between transcript expression and behavioral
performance. These analyses revealed that transcript
overabundance, particularly in the cluster enriched for
epigenetic function, were associated with poor performance
in the 5-CSRTT. However, specific deficits in attention or
impulse control were associated with the overexpression of
different sets of epigenetic regulators. These data indicate
that different executive function deficits (inattention vs
impulsivity) may be associated with specific transcriptional
profiles, triggered by divergent gestational nutrition and
growth patterns in utero.

MATERIALS AND METHODS

Animals and Behavioral Preparations

All animals were cared for according to the guidelines of the
University of Pennsylvania Institutional Animal Care and
Use Committee. The offspring used in behavioral testing
were (C57BL/6 J�DBA/2 J) F1 mice. Experimental timeline
schematic is seen in Figure 1. Maternal diets were given as
previously published (see Grissom and Reyes, 2012; Vucetic
et al, 2010a, 2010b; Whitaker et al, 2011 for information on
the maternal and offspring phenotypes). All diets from Test
Diet, Richmond, IN, USA; control: Test Diet 5755, 4.09 kcal/g
with 18% of total energy calories from protein, 22% from
fat, and 60% from carbohydrate; low protein: Test Diet
5769, 4.13 kcal/g with 8.5% of total energy calories from
protein, 22% from fat, and 69.5% from carbohydrate; high
fat: Test Diet 58G9, 5.21 kcal/g with 18% of total energy calories
from protein, 60% from fat, and 22% from carbohydrate).
Mean litter size (and SEM) did not differ between groups;
HF¼ 8.4 (0.65), LP¼ 7.7 (0.29), and CTL¼ 8.3 (0.42). Litters

are culled if the number of pups exceeds 10, but this is rare
and did not occur in these cohorts. Litter sex compositions
were not different between groups, with HF¼ 46% males:
53% females, LP¼ 45% males: 55% females, and CTL¼ 46%
males: 53% females. On p21, animals were weaned onto
ad libitum standard chow (Lab Diet 5001), and housed in
groups of 4–5. At 12–16 weeks, animals were moved to a
9 a–9 p-reversed light cycle to permit testing during the dark
period, and food restriction was begun (Young et al, 2009).
Male and female experiments were conducted sequentially
to avoid possible effects of opposite-sex odors in the
chamber on operant performance, with males tested first. In
some cases, planned comparisons (t-tests) were used to
analyze female data (Figures 1d and 2d) to examine whether
that pattern of responses observed in males were replicated
in females. At the start of experimentation, mean body
weights (and SEM) for male CTL¼ 37.9 (0.51), male
LP¼ 31.6 (0.55), male HF¼ 37.2 (1.24), female CTL¼ 22.3
(0.35), female LP¼ 18.7 (0.26), female HF¼ 20.8 (0.23). At
this adult baseline, male LP offspring were significantly
lighter than CTL males (F(2,45)¼ 17.5, po0.0001), and
both female HF and LP offspring were significantly lighter
than CTL females (F(2,47)¼ 37.3, po0.0001). To maintain
operant responding, all animals were food restricted to
80–95% of their free-feeding body weight for the duration of
experiments, as is standard for operant testing protocols.
The percent of body weight change from free-feeding
weights was not different between the groups. Animals were
tested in darkened nine-hole mouse operant chambers
(Lafayette Instruments, Lafayette, IN, USA) with peristaltic
pumps to deliver liquid reward (Yoohoo, Mott’s, Plano, TX,
USA). The five odd-numbered holes are depicted in Figures
1 and 2; even numbered holes were inactive throughout the
experiment. The holes are in the rear of the chamber, and
contain recessed lights and infrared beams, which register
nose pokes, whereas the liquid-delivery magazine is at the
front (Figure 1). There are also two infrared beams at the
front (B1 cm from the magazine) and back (B1 cm from
the holes), and a house light. Estrous cycling was con-
tinuously monitored via vaginal cytology. Cycle stage did
not exert an effect on operant performance on 5-CSRTT.
A two-way ANOVA performed on % correct performance
on the most difficult 5-CSRTT schedule (three maternal diet
conditions (CTL, LP, HF)� 3 cycle stages (estrous, meta-/
diestrous, proestrous) revealed no significant effect of the
estrous stage on % correct performance (F(2,83)¼ 1.59,
p¼ 0.21), and no significant interaction between maternal
diet and the estrous stage (F(4,83)¼ 0.84, p¼ 0.51). A one-
way ANOVA collapsing across maternal diet groups also
found no significant effect of the estrous stage on percent
correct performance (F(2,88)¼ 1.52, p¼ 0.12). This is con-
sistent with reports indicating that the estrous cycle and
female steroid hormones do not impact operant behavior
on simpler tasks (Gray et al, 1977; Hest and Haaren, 1989;
Kritzer et al, 2007; Roberts et al, 1998).

Pavlovian-Conditioned Approach (PCA)

PCA training ran 25 trials/day on days 1–14, the duration
needed for mice to demonstrate approach (Tomie et al,
2011). Each trial was preceded by a variable intertrial
interval (ITI) averaging 60 s. Following ITI, the center hole
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would light for 8 s. Following this, the cue would terminate
and Yoohoo would be delivered at the magazine (Figure 1b).
Beam breaks to the front and back of the chamber were
tracked automatically, and animal behavior was videoed.
For each of the 25 trials in the PCA, two human coders
assessed the number of approaches to the sign and the goal
(which was averaged across the 25 trials), the latency to first
contact the sign and the goal (averaged), and the number
of seconds spent in contact with the sign and the goal
(averaged). We also assessed these measures as beam breaks
in the chamber, averaged across trials as with the human
data. Thus, each measure was not binary (sign or goal) but
instead a numeric, continuous variable. The value for each
one of these measures, from each person and from the
computer, for every mouse was analyzed on an omnibus
correlation matrix, using Spearman correlations (nonpara-
metric, corrected for the number of comparisons). Two
human coders naive to condition were highly correlated
with each other on all measures of sign tracking (correla-
tion: 0.713–0.851, all po0.0001) and with automated beam
break data (correlation: 0.575–0.710, all po0.0001). The
beam break measurements are presented, as they provided
greater precision. PCA data were analyzed using ANOVA
and t-tests, and nonparametric tests when data did not
follow a normal distribution. Statistics were performed with
GraphPad Prism 6.0.

Fixed Ratio (FR) and Progressive Ratio (PR) Responding

After completion of PCA, animals were transitioned to FR1
(Figure 1c). The center hole was lit and the reinforcer could
be earned by a single nose poke. Responses per day and
days to criterion were logged for each animal, and analyzed
using repeated measures ANOVA. FR1 training continued
until all animals reached a criterion of 70 responses/30 min
(for males) or 50 responses/30 min (for females). A baseline
sex difference was observed with females showing an overall
lower level of performance (fewer overall responses),
which also resulted in an increased number of FR1 training
sessions in females. The PR schedule was as previously
described (Young et al, 2011) and was administered after all
animals acquired FR1, and analyzed with ANOVA. Follow-
ing PR, animals were transitioned to an FR1 where a
response at any hole was rewarded in preparation for
5-choice testing.

5-Choice Serial Reaction Time Test (5-CSRTT)

5-CSRTT was administered as previously described (Young
et al, 2009). Schematic of the task can be seen in Figure 2a.
Errors were punished by time out (house light on for 5 s, no
reinforcer, operanda inactive). Magazine entry was neces-
sary to initiate the next trial after correct and error trials,
thus 5-CSRTT was self-paced. After magazine entry, an ITI
passed, followed by one of the five odd-numbered holes
illuminating for a brief period of time. If an animal made a
response during the ITI, this was logged as a premature
trial, the trial was terminated, and the error was punished. If
an animal responded at the incorrect hole during the
stimulus or the 2-s-limited hold following the stimulus, this
was logged as an incorrect trial, the trial was terminated,
and was punished. If an animal failed to respond during the

stimulus, this was logged as an omitted trial and punished.
Only a response at the correct hole during the stimulus or
limited hold was reinforced. Performance measures (cor-
rect, premature, and incorrect responses, and omissions)
were reported as a percentage of the total number of trials
(the sum of correct, premature, incorrect, and omitted
trials) (McTighe et al, 2013; Scott and Taylor, 2014).

Animals were maintained on each schedule until criteria
were met for that schedule (420 responses, with 450%
correct, for two consecutive days). These criteria were
always exceeded in animals that acquired the behavior, and
the largest differences in group performance were seen at
early testing (Supplementary Figure 3), with incremental
performance improvements over training as is also seen in
humans performing continuous performance tasks under
reinforcement conditions (Bubnik et al, 2014). Time to
acquire 5-CSRTT was analyzed using w2-tests. Performance
data were taken from the day when an individual met
criteria for the given schedule and analyzed using ANOVA.
The task began with a fixed 5-s ITI, followed by lighting one
of the five stimulus holes for 10 s. As animals achieved criteria
with these settings, the stimulus duration was progressively
shortened and the ITI was made variable (Supplementary
Figures 4 and 5) in the following pattern: 10 and 5 s ITI; 8 s
stimulus and 5 s ITI; 4 s stimulus and 5 s ITI; 4 s stimulus
and 3–7 s ITI; 2 s stimulus and 3–7 s ITI.

Gene expression in Prefrontal Cortex

After completion of all operant training, male animals were
killed the following day between 10 a and 12 p. Females were
not analyzed, as these animals were needed for separate
experiments. Brains were placed in RNA later and stored
at � 20 1C. The PFC (consisting of anterior cingulate,
prelimbic, and infralimbic) was dissected from a 2-mm
coronal slice from bregma þ 2.3 to þ 0.3, and DNA and
RNA was extracted using Qiagen AllPrep DNA/RNA Mini
kit. Hundred mg/ml cDNA was synthesized using Applied
Biosystems High Capacity Reverse Transcriptase kit. Gene
expression was assayed using Taqman primers on custom
OpenArray real-time PCR plates assaying housekeeping
genes (GAPDH, ACTB) and 18 genes of interest (Figure 3).
Expression of housekeeping genes did not differ between
groups. Expression of targets was normalized to the geome-
tric mean of housekeeping genes and expressed as 2�DCt

(Schmittgen and Livak, 2008), then converted to z-scores,
which removes differences in expression levels between
genes to highlight differences in expression levels between
animals (Figure 3a and b), and were analyzed by ANOVA.
Pairwise Pearson correlations were calculated between each
animal’s performance at criterion or on the last testing day
for all behaviors, and the expression of each gene as 2�DCt

(Schmittgen and Livak, 2008) resulting in an omnibus
correlation matrix comparing behavioral performance to
gene expression (Figure 3a), including corrected p-values.
Full correlation matricies, both omnibus and separated by
maternal diet, can be seen in Supplementary Figures 7 and
8. Unsupervised hierarchical clustering of average linkage
between genes based on their pattern of correlation to
behavior was computed using Cluster 3.0 and JavaTreeview
(Eisen et al, 1998).
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Figure 1 Altered reward-related behavior profiles are dissociably induced by different forms of gestational malnutrition. (a) Mouse dams were provided
unbalanced diets (low protein, LP; high fat, HF) or a standard breeder diet (control, CTL) throughout gestation and lactation, at which point offspring were
weaned onto colony chow. Animals were then run on a series of operant tasks described below, and finally killed to examine gene expression in the
prefrontal cortex (PFC). (b) LP show increased approach to cues that predict reward in the Pavlovian-conditioned approach (PCA). The task was modified
for mouse nine-hole operant boxes. After a variable intertrial interval (ITI), the center hole was lit for 8 s, providing a cue or ‘sign’ predicting food delivery.
Following this, reinforcer was delivered at the magazine or ‘goal’ at the front of the chamber (yellow rectangle). Approach to the sign or goal during the cue
was assessed by infrared beam breaks at the front and rear of the chamber. Male and female LP were more likely to approach the sign before approaching
the goal (male: Mann–Whitney U¼ 65, p¼ 0.04; female: U¼ 50.5, p¼ 0.01), suggesting the sign held a greater incentive value and draws more attention in
these animals. (c) Offspring of a maternal high-fat diet have deficits in acquiring motivated behavior. Animals now had to nosepoke at the center hole once to
elicit a reinforcer (fixed ratio 1, FR1), as illustrated. Male and female HF made fewer responses over FR1 training (main effect of maternal diet; male:
F(2,45)¼ 4.2, p¼ 0.02; female: F(2,43)¼ 8.9, p¼ 0.0006). (d) HF offspring are less motivated to work for reinforcers on a progressive ratio (PR) schedule.
Once FR1 criteria were achieved, animals were required to perform progressively increasing numbers of nose pokes to the center hole to earn a reinforcer,
assessing motivation. HF males terminated responding in PR testing after fewer trials than controls (male: F(2,45)¼ 5.7, p¼ 0.006). When these groups were
directly compared in the females, similar deficits in motivation were seen: HF vs CTL (t(27)¼ 0.04). LP animals showed a nonsignificant tendency toward
reduced motivation. *pp0.05 vs the control group. n: male: CTL¼ 15, LP¼ 14, HF¼ 19, female: CTL¼ 14, LP¼ 15, HF¼ 17 in all figures. (b) Box-and-
whisker plots of the full response range, c and d depict mean±SEM. 5-CSRTT, 5-choice serial reaction time test.
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was lit indicated impulsivity and were punished by 5-s time out with house light illumination. Lack of response by trial end was logged as an omitted trial and
punished. (b) Task acquisition was impaired in both male low-protein (LP) and high-fat (HF) offspring (LP w2¼ 4.6, p¼ 0.03, HF w2¼ 5.5, p¼ 0.02). Animals
were trained on the first stage of 5-CSRTT (10 s stimulus, 5 s ITI) until each individual met advancement criterion (see Materials and Methods). (c and d)
Different forms of maternal malnutrition program dissociable executive function deficits. Performance data were collected for each animal from the day he
or she met advancement criterion. (c) Both maternal LP and HF diets lead male adult offspring to make fewer correct responses (F(2,45)¼ 4.9, p¼ 0.01),
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and female LP offspring were found to make more omission errors (t(27)¼ 2.1, p¼ 0.04), indicating inattention. *pp0.05 vs the control group. (b) A
survival curve, c and d depict mean±SEM. CTL, control.
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RESULTS

Offspring of a Maternal Low-Protein Diet Show
Increased Attention to Reward-Predicting Cues,
Whereas Offspring of Maternal High-Fat Diet Have
Decreased Motivation to Earn Reward

Offspring of maternal low-protein (LP), high-fat (HF), or
control (CTL) diets were weaned to standard chow at
postnatal day 21 and began operant testing in adulthood
(12–16 weeks old) (Figure 1a). PCA assesses the sensitivity
of animals to a stimulus that predicts imminent reward.
Increased approach to this stimulus or ‘sign-tracking’
discriminates animal populations prone to a constellation
of negative behaviors, including addiction, hyperactivity,
and inattention (Saunders and Robinson, 2013; Tomie et al,
2011). LP males and females more frequently approached
the lit hole, which predicted reward, than controls

(Figure 1b; Supplementary Figures 1 and 2), and there
were no differences in approach behavior across groups
when the stimulus was absent. Following PCA, animals
began training to respond at the center hole of the nine-hole
operant array at a FR1 schedule to prepare them for
future operant testing. Both male and female HF offspring
responded at lower levels and were delayed at meeting
criterion (Figure 1c), whereas LP offspring were not
significantly different than controls. Once the nose-poke
response was learned, PR performance was used to
assess motivation to work for reward by increasing the
number of responses needed to elicit a reinforcer (Young
et al, 2011). Both male and female HF offspring were less
motivated, seen as reduced breakpoints (Figure 1d).
Male and female LP offspring showed an intermediate
phenotype towards reduced motivation, although this was
not significant.

0.010 0.015 0.020
1

2

3

4

5 r =0.448
p=0.001

0.006 0.008 0.010 0.012 0.014
1

2

3

4

5 r =0.419
p=0.003

0.04 0.06 0.08 0.10
1

2

3

4

5

0.015 0.020 0.025
1

2

3

4

5 r =0.382
p=0.007

r =0.397
p=0.005

-0.45
-0.41 
-0.36 
-0.32 
-0.27 
-0.23 
-0.18 
-0.14 
-0.09 
-0.05 
0.00 
0.04 
0.09 
0.14 
0.18 
0.23 
0.27 
0.32 
0.36 
0.41 
0.45 

p values

0.05

0.05

r values
0.001
0.005

0.01

0.001
0.005
0.01

cluster 1 cluster 2

-0.5

0

0.5

Overall level of gene expression
 CNR1 

 OPRD1 

 COMT 

 HDAC2 
GADD45B 

 EHMT2 

 HDAC5 
 MECP2 

 DNMT1 

 SETD7 

 GAD1 

 DRD1 

 OPRK1 

 PDYN 

 DRD2 

 PENK 
 PPP1R1B 

 OPRM1 
-1.50
-1.00 
-0.50 
0.00 
0.50 
1.00 
1.50 

Maternal Diet

Control Low Protein High Fat

-0.26
-0.17 
-0.09 
0.00 
0.09 
0.17 
0.26 

 sign track 
 goal track 

 -1(fixed ratio) 
 -1(breakpoint) 

 -1(%correct) 

 react time 

 %omitted 
 %premature 

p=0.002
p=0.06

sign track 
goal track 

-1(fixed ratio)
-1(breakpoint)

-1(%correct)
reaction time 
%premature 

%omitted 

 C
N

R
1 

 D
N

M
T1

 
 O

P
R

D
1 

 C
O

M
T 

 H
D

A
C

2 
 G

A
D

D
45

B
 

 H
D

A
C

5 
 S

E
TD

7 
 E

H
M

T2
 

 M
E

C
P

2 
 G

A
D

1 
 D

R
D

1 
 O

P
R

K
1 

 P
D

Y
N

 
 D

R
D

2 
 P

E
N

K
 

 P
P

P
1R

1B
 

 O
P

R
M

1 

re
ac

tio
n 

tim
e 

to
 re

sp
on

d 
co

rr
ec

tly
 (1

0s
 s

tim
ul

us
 5

s 
IT

I)

CNR1 (2-ΔCT)

DNMT1 (2-ΔCT) OPRD1 (2-ΔCT)

COMT (2-ΔCT)at
te

nt
io

n
re

w
ar

d

Low Protein only

 0.00 
 0.20 
 0.39 
 0.59 

z-
sc

or
e 

of
 a

ll
 g

en
e 

ex
pr

es
io

n

 association with inattention

 significant  not significant  significant  not significant

association with impulsivity

High Fat only

 Control and:

 %premature 
 %omitted 

 C
N

R
1 

 D
N

M
T1

 

 O
P

R
D

1 

 C
O

M
T 

 H
D

A
C

2 

 G
A

D
D

45
B

 
 H

D
A

C
5 

 S
E

TD
7 

 E
H

M
T2

 

 M
E

C
P

2 

 C
N

R
1 

 D
N

M
T1

 

 O
P

R
D

1 

 C
O

M
T 

 H
D

A
C

2 

 G
A

D
D

45
B

 

 H
D

A
C

5 

 S
E

TD
7 

 E
H

M
T2

 
 M

E
C

P
2 

r values

r values

z score

Executive function deficits linked with maternal diet
NM Grissom et al

1358

Neuropsychopharmacology



Maternal Low Protein Drives Offspring Inattention,
Whereas Maternal High Fat Drives Offspring
Impulsivity

The rodent 5-CSRTT task is a translationally relevant rodent
behavioral task, similar to the continuous performance test,
which is useful in discriminating attention and impulsivity-
related endophenotypes in humans (Bari and Robbins,
2013; Young et al, 2009). The task is able to discriminate
impulsivity (via incorrect trials and premature trials) from
inattention (via omitted trials) (Figure 2a). Both LP and HF
males were delayed at acquiring 5-CSRTT, with the slowest
LP and HF needing 2–3� the training compared with the
slowest CTL (Figure 2b), whereas female LP were faster at
acquiring the task than controls (Supplementary Figure 4).
Therefore, performance was assessed for each animal based
on data from the day that animal met advancement criteria.
5-CSRTT has traditionally been employed in otherwise
normal, adult animals that can be fully trained prior to
acute adult pharmacological manipulations. However, this
approach, which calls for performance assessments after
months of 5-CSRTT training on the part of the animal, may
be confounded by neurodevelopmental insults such as those
employed here, or by genetic manipulations (Pennanen
et al, 2013), which will impact the ability of animals to
perform the task early in training, but which may be
recoverable by overtraining. Indeed, repeated exposure to
the continuous performance test with reinforcement in
humans leads to an amelioration of performance deficits in
patients with ADHD and a loss of the ability to distinguish
the vulnerable population (Bubnik et al, 2014). Therefore,
we focused our analyses on early performance deficits mea-
sured at a time when animals have acquired the task, but
have not had time to incrementally improve (Supplementary
Figure 3).

Both male and female LP and HF animals were impaired
at the 5-CSRTT when the task was relatively new, getting

fewer correct responses (Figure 2c and d; Supplementary
Figure 3) and making correct responses more slowly
(Supplementary Figures 4 and 5). However, the source of
errors was dissociably programmed in both sexes by
maternal diet. Male and female LP made high numbers of
inattentive errors (increased omissions). In contrast, HF
males made high numbers of incorrect and impulsive
premature responses, and HF females made high levels of
incorrect response errors. There were no differences in
premature response rates between groups in the females;
however, the rate of premature responding in CTL females
was comparable to HF males, suggesting that premature
response rates in females may have been at a ceiling at this
time point. The double dissociation in the attention pheno-
type was apparent in the earliest 5-CSRTT schedule (Figure 2c
and d; Supplementary Figure 3). However, as training con-
tinued, these deficits became less apparent (Supplementary
Figures 4 and 5), which is typically observed over the course
of the 5-CSRTT training (Bari and Robbins, 2013). The
exception was in performance on trials with a 1-s stimulus
duration, which was tested acutely on animals stably per-
forming at a 2-s stimulus duration, to prevent adaptation to
the shortened cue. Acute testing with a 1-s stimulus dura-
tion reproduced the inattention deficits seen in low-protein
male offspring during early training (Supplementary
Figure 6), and led to impulsive premature responses in
high-fat female offspring.

DNMT1, CNR1, COMT, OPRD1, and Transcriptional
Regulators in PFC are Linked to Executive Function
Errors and Dissociate Impulsivity from Inattention

After behavioral testing was completed, males were killed at
the time of the day when they would normally be tested,
without behavioral testing. Only male brains were examined
for two reasons: first, behavioral phenotypes were either

Figure 3 Gestational malnutrition increases transcription in medial prefrontal cortex, and overexpression of different epigenetic modifiers associate with
dissociable executive function deficits. (a) Levels of expression of 18 target genes expressed as a z-score normalized 2�DCT values in the medial prefrontal
cortex (PFC) of individual males (each column) after behavioral completion. Lowest levels of expression (blue) are most frequently found in control
offspring, whereas highest levels of expression (yellow) are found in low protein (LP), high fat (HF), or both LP and HF, although all groups show substantial
variability. (b) Gene expression values depicted in a are significantly higher in HF than control (CTL), and significantly higher in LP than either CTL or HF
(F(2,846)¼ 17.7, po0.0001). An animal’s overall level of gene expression in the PFC is strongly correlated with lower correct performance (inverse of
correct percentage and average gene expression z-score r¼ 0.421, p¼ 0.003) and tends to be associated with omitted, inattentive errors (omitted
percentage and average gene expression z-score r¼ 0.269, p¼ 0.06). (c) Cluster analysis of the correlations between expression of 18 target genes in PFC
with individual performance of behavioral tests indicate that the genes most strongly associated with executive function deficits are either directly related to
epigenetic function or cluster with epigenetic regulators. Certain behavioral indices were converted to their inverse (% correct, fixed ratio 1 (FR1),
breakpoint) if higher scores were associated with better performance, to better illustrate the direct relationship between poor performance and elevated
transcription. Two major gene clusters were defined. Cluster 1 containing all tested genes involved in epigenetic regulation, as well as cannabinoid receptor 1
(CNR1), d-opioid receptor (OPRD1), and catechol-o-methyltransferase (COMT). Cluster 2 contained dopamine receptors, other opioid receptor subtypes
and endogenous opioid precursors, the GABA precursor GAD1, and dopamine and cAMP-regulated neuronal phosphoprotein (DARPP-32/PPP1R1B).
Although few associations were found between members of cluster 2 and 5-choice serial reaction time test (5-CSRTT) performance, strong associations
with most or all indices of attention were found with cluster 1 (full correlation matrix in SI5). In addition, particular epigenetic cluster genes associated
strongly with only premature/impulsive errors (shaded blue) or omitted/inattentive errors (shaded orange) in 5-CSRTT. Three genes in cluster 2, dopamine
receptor 1 (DRD1), d-opioid receptor (OPRK1), and m-opioid receptor (OPRM1), were associated with correct responses, but with no other indices of
5-CSRTT performance. (d) Scatterplots and trendlines for the four strongest correlations in c, which were all related to reaction times in 5-CSRTT, related
to overexpression of DNA methyltransferase 1 (DNMT1), OPRD1, CNR1, and COMT. Notably, animals who had low expression of these genes
demonstrated quicker reaction times regardless of maternal diet, but maternal malnutrition drove overexpression and poor performance. (e) Correlations
were calculated as in c, individually comparing LP or HF with the control. Displayed are relationships between error type and epigenetic cluster expression,
sorted by decreasing correlation. When comparing LP and CTL offspring, only DNMT1 and the four genes previously found to be associated with
inattention in c were significantly associated with omitted trials. When comparing HF and CTL offspring, only DNMT1 and the three genes associated with
impulsivity were significantly associated with premature trials. *pp0.05 vs the control group, #pp0.05 vs HF. (b) Mean±SEM. (d) Scatterplot and linear
trendline. (a–c and e) Heat map data, with degree of expression or correlation indicated by a colorbar of z- or r-values located next to each figure. ITI,
intertrial interval.
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similar between males and females, or more severe in males,
and second, female animals were needed for separate
experiments. Normalized expression of 18 genes of interest,
including components of DA, opioid, and cannabinoid
signaling, as well as epigenetic regulators, was assessed in
the PFC of each animal (Figure 3). Genes of interest were
selected on the basis of previous differential expression in
HF or LP offspring (ie, dopamine- and opioid-related
signaling molecules, DNMT1, and MeCP2) (Grissom and
Reyes, 2012; Grissom et al, 2013; Vucetic et al, 2010a,
2010b), or a close mechanistic relationship with these
differentially expressed transcripts (ie, CNR1 to dopamine
and opioid signaling; histone-modifying enzymes to DNA
methylation machinery). Expression was converted to
z-scores to observe whether gene expression varied by
maternal diet. Correlations between expression of each gene
and key behavioral end points were calculated, and the
correlation matrix underwent hierarchical cluster analysis
of genes to determine functional groupings.

Levels of gene expression were clearly altered by maternal
diet. Compared with controls, exposure to LP or HF diet led
to net overexpression of all target genes (Figure 3a), with
LP also expressing more transcript on average than HF
(Figure 3b). Surprisingly, overall increases in gene expression
were associated with fewer correct responses and tended to
be linked with omission errors, indicating inattention, an
effect primarily driven by LP animals (Figure 3b). However,
considerable variability in overall levels of gene expression
was noted within groups (Figure 3a). Although it is not clear
whether gene expression was impacted by behavioral
training, we have previously observed upregulation in many
of these gene targets, including DNMT1, in naive offspring of
these maternal diet conditions in a pattern similar to that
observed here (Grissom and Reyes, 2012; Grissom et al, 2013;
Vucetic et al, 2010a, 2010b), and tissue was collected 24 h
following the last behavioral testing, in an effort to minimize
the effect of acute activity-dependent expression.

We then correlated individual expression levels with
behavioral measures, and performed hierarchical clustering
to understand the relationship between networks of
transcripts associated with executive function. We expected
genes to form two clusters generally dividing epigenetic
modifiers from genes involved in neurotransmission.
Genes did form two main clusters (Figure 3c). The first
was comprised primarily of epigenetic modifiers, but also
cannabinoid receptor 1 (CNR1), catechol-o-methyltransfer-
ase (COMT), and d-opioid receptor (OPRD1) (cluster 1),
whereas the other cluster was comprised of dopamine-,
opioid-, and GABA-related transcripts, but no epigenetic
regulators (cluster 2). The inclusion of CNR1, COMT, and
OPRD1 in the epigenetic cluster reflected similar patterns of
correlation between these genes and epigenetic regulators in
relationship to behavior. Indeed, PFC overexpression of
cluster-1 members was strongly associated with multiple
parameters of executive function. In contrast, genes in
cluster 2 were surprisingly not strongly related to most
indices of attention. In all cases, poor performance was
associated with overexpression of a target transcript and
never a decrease in expression. The full correlation matrix
can be seen in Supplementary Figure 7.

The strongest associations were seen between reaction
time and four members of cluster 1, DNA methyltransferase 1

(DNMT1), OPRD1, CNR1, and COMT. Reaction time
variability in the continuous performance test, the human
analog of 5-CSRTT, is the most frequently observed deficit
in neurodevelopmental disorders (Epstein et al, 2003;
Johnson et al, 2007; Kuntsi et al, 2013; Tuch et al, 2005).
Overexpression of each of these genes was associated with
elevated reaction time, as well as with decreased correct
responses (Figure 3c). Plotting reaction time against the
expression of these transcripts revealed a linear relationship
between expression and performance in all groups, with
particularly elevated expression in certain LP and HF
offspring corresponding with particularly poor performance
(Figure 3d).

Individual genes also defined specific types of executive
function errors (Figure 3c). Premature errors (highlighted
in dark blue) were specifically associated with overexpres-
sion of OPRD1 and a sub-cluster of transcriptional activa-
tors, including the DNA-damage regulator and putative
DNA demethylator GADD45B, and the histone methyl-
transferase Set9 (SETD7). Increased inattention (highlighted
in orange) was associated with COMT overexpression, as
well as overexpression of the DNA methyl-binding protein
MeCP2, and the histone deacetylase HDAC2 (at p¼ 0.06).
To further analyze the dissociation of these two constructs,
we conducted separate correlations of genes and behavior in
LP and control or HF and control separately (Figure 3e;
Supplementary Figure 8). DNMT1 was the only transcript
that associated with both risk of inattention and impulsivity.
In LP offspring, the associations between inattentive errors
and COMT, MeCP2, and HDAC2 expression remained, whereas
no significant relationships between premature responses
and gene expression were seen. Further, in the HF analysis,
the associations between premature responses and OPRD1,
GADD45B, and SETD7 remained significant, whereas no
relationship was found between gene expression and omitted
trials. Overall, deficits in executive function, which can be
seen at the behavioral level, appear to be associated with
dissociable changes at the molecular level.

DISCUSSION

PFC dysfunction is implicated in a number of mental
disorders, and is reflected in deficits in one or more aspects
of executive function. However, executive function is a
nonspecific term for a number of tasks involved in directing
behavior, such as sustained attention and impulse control,
and different psychiatric diagnoses can be associated with
dissociable executive function deficits (Johnson et al, 2007;
Kuntsi et al, 2013; Ben Shalom et al, 2013). Consequently, it
has been difficult to tease out the regulation of specific
deficits at the molecular level. The understanding of epigenetic
contributions to mental disorders is in its infancy, but it is
clear that PFC epigenetic function is compromised in major
psychiatric disorders (Grayson and Guidotti, 2013; Ladd-
Acosta et al, 2013). However, the effect of this epigenetic
dysregulation is largely unexplored. Here, dissociable
behavioral deficits were driven by exposing animals to
one of two unbalanced gestational diets, coupled with
specific patterns of abnormal gene expression in the PFC.
Developmental disorders involving PFC function have been
repeatedly linked with gestational adversity, and here we
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have demonstrated that specific forms of suboptimal maternal
nutrition can lead to specific kinds of PFC dysfunction.
We then examined transcriptional regulation in the PFC of
individual animals about which we had extensive behavioral
information. We found that the overexpression of specific
genes, as well as higher levels of mRNA generally, dissociate
different forms of executive dysfunction.

Behavioral deficits were apparent in early reward-related
behavior and later attention problems. Low-protein males
and females engaged in more sign tracking in a conditioned
approach paradigm, indicating increased attention to cues
predicting reward (Saunders and Robinson, 2013), as might
be expected in animals with elevated dopamine transmis-
sion (Saunders and Robinson, 2012), which we have
previously observed in LP offspring (Vucetic et al, 2010b).
This is the first demonstration that the susceptibility to
sign-tracking behavior can be programmed by in utero or
an early-life environment. When tested in the 5-CSRTT,
these animals were then found to be more inattentive.
Outbred rats prone to sign tracking exhibit similar deficits
in sustained attention (Paolone et al, 2013), which have
been related to both dopamine- and cholinergic-signaling
alterations. Collectively, these data suggest that increased
salience of cues (sign tracking) can increase inattention and
‘distractability’ (increased attention to irrelevant cues).
Gestational programming of the Pavlovian approach behavior
may indicate mechanisms for later pathology that involve
inappropriate attention to environmental cues, including
obesity and addiction (Saunders and Robinson, 2013),
which are elevated in SGA offspring (Grissom and Reyes,
2012). HF offspring displayed reduced motivation early in
operant training. These animals have increased sucrose
preference (Vucetic et al, 2010a), indicating a dissociation
between preference-related ‘liking’ vs effort-related ‘want-
ing’ (Berridge et al, 2010). Later, the 5-CSRTT revealed
impulsive behavior in these animals. Patients with ADHD
display impulsivity specifically under conditions of low
reward value (Slusarek et al, 2001), suggesting that HF mice
may be a useful model of impulsive behavior due to reduced
motivation to direct effort toward inhibiting responses. An
important caveat to note is that these maternal diets can
affect peripheral metabolism and food intake (Whitaker
et al, 2011), which could affect how the mice responded to
the food-restriction protocol. However, to the extent
possible, this confound was mitigated by keeping the extent
of the food restriction equivalent across all groups.

Gene expression in the PFC was linked with these dis-
sociable behavioral outcomes. First, high gene expression
across all target genes was related to poor executive
function performance. One reason for elevated transcription
may be related to disrupted epigenetic mechanisms in HF
and LP. The current data indicate that this overexpression is
indicative of substantial behavioral deficits, and further
suggest that epigenetic complexes involved in transcrip-
tional repression (EHMT2, MECP2, and HDAC2) vs activa-
tion (SETD7 and GADD45B) may be differentially involved
in inattention and impulsivity, respectively. However,
overexpression DNMT1, a key participant in DNA methyla-
tion, was linked with both inattentive and impulsive
deficits. Overexpression of DNMT1 in cortex is a hallmark
finding in psychosis (Grayson and Guidotti, 2013), and we
have previously observed this overexpression in the brain in

these mouse models of poor-quality maternal diet (Grissom
and Reyes, 2012). Interestingly, HF and LP offspring show
reductions in global DNA methylation in the PFC (Grissom
and Reyes, 2012; Vucetic et al, 2010a), indicating that
overexpressed DNMT1 may not necessarily be fully able to
participate in DNA methylation, leading to a hypomethy-
lated phenotype. In other words, overexpressed DNMT1
may represent a compensatory mechanism in response to
diminished activity of DNMT1. It is not clear from the
current data how transcript overexpression and behavioral
dysregulation are linked, but these observations with DNMT1
suggest that disruptions in epigenetic machinery, which
regulate both behavior and gene expression, may be at
fault rather than a simple causal relationship between
specific transcript overproduction and errors of executive
function.

Three nonepigenetic genes were linked with executive
function: CNR1, OPRD1, and COMT. All are implicated in
cognitive function, and our results indicate that they parti-
cipate in dissociable executive function domains. OPRD1,
although understudied relative to other opioid receptors,
has a role in forming action–outcome associations, emo-
tional responses, and impulsivity (Klenowski et al, 2014;
Olmstead et al, 2009). Polymorphisms in COMT have
repeatedly been linked with prefrontal cortical dysfunction
(Roffman et al, 2008). Cannabis use is thought to interact
with COMT in the development of schizophrenia (Costas
et al, 2011), and cannabinoid function in the PFC is
essential for emotional regulation and sustained attention
(Arguello and Jentsch, 2004; McLaughlin et al, 2014). This
evidence strongly indicates these three genes in mental
disorders associated with PFC dysfunction, and the current
data indicate that COMT and OPRD1, in particular, may
have opposing roles in mediating executive function. However,
it remains unknown why these genes would associate so
much more strongly with epigenetic modifiers than with the
remaining dopamine and opioid neurotransmission-related
transcripts. One possible reason why COMT clustered with
epigenetic genes may have to do with its catalytic activity as
a methyltransferase. Polymorphisms in COMT and MTHFR,
which is involved in one-carbon metabolism regulating the
availability of methyl groups to transfer to monoamines,
proteins, and DNA, interact to alter executive function in
schizophrenia (Roffman et al, 2008). It is noteworthy that
the gene most ubiquitously linked with deficits was DNMT1,
a DNA methyltransferase. Alterations in neuronal DNMT1
function have been observed not only in schizophrenia,
but also in dementia (Desplats et al, 2011; Mastroeni
et al, 2013), indicating that DNA methylation is of central
importance in regulating cognition. In addition, the expres-
sion of two histone methyltransferases (EHMT2 and
SETD7) dissociated inattention from impulsivity. Histone
methylation changes in the PFC and altered transcription
have previously been found in rats that showed abnormal
attention after adolescent cocaine exposure (Black et al,
2006). It is possible that methylation reactions reliant on
one-carbon metabolism may represent a common mechan-
ism of dysregulation of transcription and catecholamine
metabolism in PFC, impacting executive function. Examin-
ing epigenetic or transcriptional networks may elucidate
mechanisms of mental disorder that have escaped target
gene approaches.
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