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H I G H L I G H T S

• Developmental nicotine exposure elicits multigenerational nicotine preference.

• Developmental nicotine exposure causes multigenerational hyperactivity/risk-taking.

• Developmental nicotine exposure causes multigenerational rhythmometric aberrations.

• Developmental nicotine exposure causes multigenerational corticostriatal anomalies.

• Developmental nicotine exposure produces multigenerational DNA methylome deficits.
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A B S T R A C T

Maternal smoking during pregnancy, a form of developmental nicotine exposure (DNE), is associated with in-
creased nicotine use and neurodevelopmental disorders such as ADHD in children. Here, we characterize the
behavioral, rhythmometric, neuropharmacological, and epigenetic consequences of DNE in the F1 (first) and F2
(second) generation adolescent offspring of mice exposed to nicotine prior to and throughout breeding. We
assessed the effects of passive oral methylphenidate (MPH) administration and voluntary nicotine consumption
on home cage activity rhythms and activity and risk-taking behaviors in the open field. Results imply a multi-
generational predisposition to nicotine consumption in DNE mice and demonstrate ADHD-like diurnal and
nocturnal hyperactivity and anomalies in the rhythmicity of home cage activity that are reversibly rescued by
MPH and modulated by voluntary nicotine consumption. DNE mice are hyperactive in the open field and display
increased risk-taking behaviors that are normalized by MPH. Pharmacological characterization of nicotinic and
dopaminergic systems in striatum and frontal cortex reveals altered expression and dysfunction of nicotinic
acetylcholine receptors (nAChRs), hypersensitivity to nicotine-induced nAChR-mediated dopamine release, and
impaired dopamine transporter (DAT) function in DNE mice. Global DNA methylation assays indicate DNA
methylome deficits in striatum and frontal cortex of DNE mice. Collectively, our data demonstrate that DNE
enhances nicotine preference, elicits hyperactivity and risk-taking behaviors, perturbs the rhythmicity of ac-
tivity, alters nAChR expression and function, impairs DAT function, and causes DNA hypomethylation in
striatum and frontal cortex of both first and second-generation adolescent offspring. These findings recapitulate
multiple domains of ADHD symptomatology.
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1. Introduction

Approximately 10% of women in the U.S. report smoking during
pregnancy, which is associated with numerous fetal consequences in-
cluding premature birth, low birth weight, and Sudden Infant Death
Syndrome (SIDS) (Centers for Disease Control and Prevention, 2011;
Salihu and Wilson, 2007; Knopik et al., 2016a). Developmental nicotine
exposure (DNE) via maternal smoking during pregnancy is also asso-
ciated with neurodevelopmental disorders such as conduct disorder
(CD), substance use disorders (SUDs), and attention-deficit/hyper-
activity disorder (ADHD) (Ernst et al., 2001; Linnet et al., 2003; Button
et al., 2007; Knopik, 2009; Centers for Disease Control and Prevention,
2011; Knopik et al., 2016b; He et al., 2017; Huang et al., 2018; Marceau
et al., 2018). Importantly, children of maternal smokers are more likely
to smoke, initiate smoking earlier, and smoke more (Cornelius et al.,
2000; Ernst et al., 2001; Buka et al., 2003; Agrawal et al., 2010; Centers
for Disease Control and Prevention, 2011). Similarly, studies in mice
have shown hyperactivity (Ajarem and Ahmad, 1998; Pauly et al.,
2004; Paz et al., 2007; Heath et al., 2010; Zhu et al., 2012), reduced
nicotine sensitivity (Pauly et al., 2004), and increased nicotine self-
administration (Chistyakov et al., 2010) in adolescent DNE offspring.

Approximately 10% of children in the U.S. are diagnosed with
ADHD (National Survey of Children's Health, 2011–2012), a neurode-
velopmental disorder characterized by inattention, impulsivity, and
hyperactivity (American Psychiatric Association, 2013). In addition,
ADHD patients exhibit diurnal and nocturnal hyperactivity and sleep
disturbances, increased amplitude of rest-wake activity rhythms, phase-
delayed rest-wake activity rhythms (late chronotype or eveningness),
phase-delayed cortisol and melatonin rhythms, and arrhythmicity of
the biological clock proteins BMAL1 and PER2 (Baird et al., 2012; Van
Veen et al., 2010; Imeraj et al., 2012; Bijlenga et al., 2013; Snitselaar
et al., 2017). Psychostimulant treatment of ADHD patients attenuates
hyperactivity and exerts phase-shifting effects on circadian rest-activity
rhythms (Snitselaar et al., 2017). Analogous to the children of maternal
smokers, adolescent ADHD patients are more likely to smoke (Kollins
et al., 2005), initiate smoking earlier (Milberger et al., 1997; Elkins
et al., 2018) and are more likely to escalate to daily smoking (Lambert
and Hartsough, 1998; Rhodes et al., 2016). Moreover, nicotine-depen-
dent adolescent ADHD patients experience exacerbated withdrawal
symptoms (Gray et al., 2010; Bidwell et al., 2018). The self-medication
hypothesis of the co-morbidity of ADHD and smoking suggests that the
increased risk for nicotine dependence in ADHD patients is mediated by
a therapeutic effect of nicotine (Amsterdam et al., 2018). Consistent
with this hypothesis, nicotine and other nicotinic compounds have
clinical efficacy in treating inattention, impulsivity, and hyperactivity
in ADHD patients (Gehricke et al., 2009). In addition, research has
identified an association between smoking and late chronotype such as
that observed in ADHD patients (Wittmann et al., 2006). Interestingly,
nicotine phase-advances the firing rhythms of suprachiasmatic nucleus
(SCN) neurons that control the circadian clock (Logan et al., 2014) and
that appear to be phase-delayed in ADHD patients exhibiting a late
chronotype (Baird et al., 2012; Bijlenga et al., 2013).

Expression of nAChRs during fetal development is spatiotemporally
regulated and is an integral mediator of differentiation and synapto-
genesis in the developing brain (Hellstrom-Lindahl et al., 1998; Cairns
and Wonnacott, 1988; Agulhon et al., 1999; Falk et al., 2005; Abreu-
Villaca et al., 2011). In utero nicotine exposure atemporally stimulates
nAChRs and prematurely induces neuronal differentiation, leading to
neuronal loss and impaired neurodevelopment in nAChR-expressing
circuits such as the corticostriatothalamic dopamine (DA) network
(Slotkin et al., 1987; Slotkin, 2002; Smith et al., 2010). Similarly, DNE
results in immature prefrontal cortical development and reduced ni-
cotinic acetylcholine receptor (nAChR) currents (Bailey et al., 2014).
Prenatal nicotine exposure decreases DA release and turnover and
tyrosine hydroxylase (TH) immunoreactivity in the prefrontal cortex
and neofrontal cortex of F1 offspring mice (Muneoka et al., 1999;

Alkam et al., 2017). Analogous to findings in the frontal cortex, deficits
in striatal TH, DA, and brain-derived neurotrophic factor (BDNF) con-
tent are elicited by gestational nicotine exposure (Yochum et al., 2014).
Many of the aforementioned DNE-induced brain changes mirror those
observed in children with ADHD (Heath and Picciotto, 2009). For in-
stance, impaired corticostriatothalamic DA signaling, which can result
from DNE (Heath and Picciotto, 2009; Yochum et al., 2014), is im-
plicated in ADHD (Del Campo et al., 2011) and is targeted by psy-
chostimulant treatments for ADHD such as methylphenidate (MPH)
(Volkow et al., 2001).

Contemporary research suggests a role for epigenetic changes in the
neuropathology of ADHD. For instance, DNA methylation levels at birth
are negatively correlated with symptom severity in children diagnosed
with ADHD (van Mil et al., 2014). Perturbed DNA methylation patterns
may represent a mechanistic basis for developmental deficits in pre-
natal nicotine-exposed children (for a review, see Knopik et al., 2018).
Therein, maternal smoking during pregnancy is linked to persistent
global and gene-specific DNA methylome aberrations in ADHD-relevant
offspring brain regions such as the dorsolateral prefrontal cortex, as
well as in fetal cord blood, that are associated with impaired neuronal
differentiation and altered neuronal structure and synaptogenesis
(Guerrero-Preston et al., 2010; Joubert et al., 2012; Richmond et al.,
2015; Jung et al., 2016; Chatterton et al., 2017). Similarly, studies have
shown persistent DNA methylome alterations in the placenta and chil-
dren of maternal smokers that are enriched in pathways implicated in
ADHD such as the processes of neuronal differentiation, development,
and proliferation as well as synaptogenesis (Maccani and Maccani,
2015; Joubert et al., 2016).

Despite contemporary findings that DNE is associated with ADHD
and impacts behavior, neurochemistry, and the epigenome, whether
any such consequences of DNE are transmitted to subsequent genera-
tions remains largely unexplored. To address this void in the literature,
the present study characterized the multigenerational effects of DNE on
ADHD-relevant outcome measures including locomotor activity, risk-
taking behaviors, nicotine consumption, nAChR expression and func-
tion in striatum and frontal cortex, and DNA methylation in striatum
and frontal cortex. In addition, the multigenerational impacts of DNE
on the rhythmicity of home cage activity, behavioral responses to me-
thylphenidate treatment, and behavioral effects of nicotine consump-
tion were evaluated to provide a more comprehensive profile of ADHD-
relevant phenotypes and to better assess the construct validity and
ADHD specificity of our DNE mouse model of ADHD.

2. Materials & methods

2.1. Reagents

(-)-Nicotine bitartrate, nicotine freebase, acetylcholine (ACh) io-
dide, diisopropyl fluorophosphate (DFP), NaCl, KCl, CaCl2, MgSO4,
glucose, sucrose, HEPES, tetrodotoxin, polyethelenimine, bovine serum
albumin (BSA), and cytisine were purchased from Sigma-Aldrich
Chemical Co (St. Louis, MO). The radioisotopes [3H]-dopamine (7,8-3H
at 20–40 Ci/mmol), carrier-free 86RbCl (initial specific activity
13.6–18.5 Ci/μg), and [125I]-epibatidine (2200 Ci/mmol) were pur-
chased from Perkin Elmer (Waltham, MA). α-Conotoxin MII (α-CtxMII)
was generously provided by J. Michael McIntosh, University of Utah,
Salt Lake City, UT.

2.2. Animals

All experimental and housing conditions were reviewed and pre-
approved by the Institutional Animal Care and Utilization Committee at
the University of Colorado, Boulder, and conform to the guidelines for
animal care and use established by the NIH and the Guide for the Care
and Use of Laboratory Animals (8th Ed.). Mice were maintained on a
standard 12 h light/dark cycle (lights on at 7:00 a.m.) and were
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provided food (Envigo Teklad 2914 irradiated rodent diet, Harlan,
Madison, WI) and water ad libitum. Thirty days prior to mating with
drug-naïve males, female C57BL/6J (inbred strain) breeders received
0.2% saccharin (Veh) or 0.2% saccharin and nicotine (200 μg/mL)
(DNE progeny) in place of water. Solutions were replaced twice weekly.
Vehicle or nicotine treatment of breeders continued until weaning of
offspring at PND 21, after which water was provided to all offspring as
the sole fluid source. Randomly selected F1 female DNE offspring were
subsequently mated with drug-naïve male sires to obtain F2 generation
maternal germline nicotine-exposed offspring (Fig. 1). Female F1 DNE
mice used for breeding of F2 generation progeny were naïve to both
behavioral testing and direct (post-weaning) exposure to nicotine. Pilot
experiments indicated no differences between F1 and F2 generation
adolescent offspring of mice exposed to saccharin or plain water ve-
hicle, and we thus elected to test only F1 developmental vehicle-ex-
posed mice as DNE-naïve controls. Since drug-naïve male sires of F1
DNE mice were able to consume nicotine once co-housed with pre-
treated females, this paradigm constitutes parental rather than ex-
clusively maternal nicotine exposure. However, transmission of DNE-
induced phenotypes from F1 to F2 generation offspring occurs ex-
clusively via the F1 maternal germline/lineage. There were no group
differences in litter size or pup survival rates. Behavioral testing was
conducted beginning at PND 35 (early adolescence), and all molecular
experiments utilized tissue collected at PND 45 (adolescence). All mice
were bred in the same on-site animal facility. Both sexes of offspring
were tested in all behavioral and molecular experiments. To control for
between-litter and between-breeder variability within each group, a
minimum of 15 total litters from a minimum of 12 total breeder pairs
were behaviorally tested for each group.

For both passive oral methylphenidate (MPH) administration and
the four-bottle choice test (four-bottle choice test), solutions were
provided in Pyrex test tubes (9820, 18 mm×150mm, Fisher
Scientific) fitted with rubber septa (Suba-Seal septa 29; Sigma Aldrich)
containing a standard 6.5 cm stainless steel sipper tube. To permit
concurrent top-down activity monitoring, MPH or nicotine bottles were
loaded into equidistant holes drilled in the sides of standard poly-
carbonate home cages, and food was placed directly in the cage bottom.
Separate cohorts of mice were utilized for MPH treatment, four-bottle
choice test testing, and EZM testing. MPH treatment and four-bottle
choice test testing were conducted using a within-subjects design.
[125I]-Epibatidine binding, [3H ]-dopamine ([3H ]-DA) release, and
86Rb+ efflux assays were conducted using samples from a separate
cohort of mice that were naïve to behavioral testing. [3H ]-DA uptake
assays were performed using an additional separate cohort of mice that
were naïve to behavioral testing.

2.3. Passive oral methylphenidate administration

To mimic treatment regimens in human ADHD patients, D,L-me-
thylphenidate hydrochloride (MPH) (Sigma Aldrich, St. Louis, MO) was
diluted in water to a concentration of 10 μg/mL and provided as the
sole source of fluids during the dark (active) phase, while water was
provided as the exclusive source of fluids during the light (inactive)
phase. The 10 μg/mL MPH concentration used was selected based on
average daily fluid consumption for all mice (4.23mL/day) and the

therapeutically-relevant dose range of 0.75–2mg/kg/day, which pre-
vious research has translated from humans to mice (Balcioglu et al.,
2009; Zhu et al., 2012, 2017).

2.4. Four-bottle choice test for nicotine intake and preference

The four-bottle choice test was conducted as previously described
(Li et al., 2007) and adapted to enable concurrent home cage activity
monitoring. We concurrently assessed nicotine intake and preference at
0, 25, 50, 100 μg/mL nicotine concentrations over two continuous four-
day intervals. Bottles containing water or 25, 50, 100 μg/mL nicotine
were weighed prior to and following days 1–4 of voluntary nicotine
consumption and days 5–8 of voluntary nicotine consumption and were
rotated daily to control for position bias. Daily nicotine consumption
(mg/kg/day) served as the outcome measure for voluntary nicotine
intake, and preference ratios (volume consumed from each bottle di-
vided by the total daily fluid consumed) were calculated as the outcome
measure for nicotine preference.

2.5. Passive home cage activity monitoring

Home cage locomotor activity of singly-housed mice was con-
tinuously monitored during each experimental stage, including a 3d
baseline period, throughout MPH treatment and four-bottle choice test
testing, over 4d following the conclusion of MPH treatment, and for a
24 h nicotine withdrawal period using cage top-mounted infrared mo-
tion sensors and VitalView Data Acquisition software (Starr Life
Sciences Corporation, Oakmont, PA). Activity counts per day (separated
by active and inactive phase) served as the dependent variable for
passive home cage activity monitoring. In addition to summary mea-
sures of activity, rhythmometric analyses were performed to probe for
potential ADHD-like alterations in the home cage activity rhythms of
DNE mice. A detailed description of the rhythmometric analyses and
parameters of rhythm is provided in the supplement (Fig. S3).

2.6. Open field testing

Locomotor activity and anxiety-like/risk-taking behaviors were as-
sessed in 15-min open field trials conducted at baseline, immediately
following MPH administration or the four-bottle choice test, following
24 h post-four-bottle choice test nicotine withdrawal, and 4d after the
conclusion of MPH administration. Open field experiments were con-
ducted in a 40× 40 cm opaque plexiglass arena. Data were collected
and processed using Activity Monitor (Med Associates Inc., Fairfax, VT).
The center of the open field was defined as the inner 30× 30 cm area,
and the periphery as the residual 10×10 cm area. Total distance
moved in the open field served as the outcome measure for locomotor
activity in a novel environment. Since there were group differences in
total distance moved, percent distance moved in the center of the open
field was reported as the primary outcome measure for anxiety-like/
risk-taking behaviors. An increase in percent distance moved in the
center of the open field was interpreted as an increase in risk-taking
behaviors, while a decrease in percent distance moved in the center of
the open field was interpreted as a decrease in risk-taking behaviors.
For all mice tested in the open field, measures of percent time spent in

Fig. 1. Procedural Schematic for breeding and be-
havioral testing. Female C57BL/6J breeders were
exposed to 0.2% saccharin (Veh) or 0.2% saccharin
and nicotine (200 μg/mL) in drinking water for 30
days prior to mating with drug-naïve males. Veh or

nicotine treatment of breeders continued until weaning of offspring at PND 21, after which water was provided to all offspring as the sole fluid source. Randomly
selected F1 female developmental nicotine-exposed offspring were subsequently mated with drug-naïve male sires to obtain F2 generation maternal germline
nicotine-exposed offspring. PND: post-natal day; Veh: 0.2% aqueous saccharin; nicotine: 200 μg/mL aqueous nicotine; F1 Veh: first-generation parental Veh-exposed
offspring; F1 NIC: first-generation parental nicotine-exposed offspring; F2 NIC: second-generation parental nicotine-exposed offspring; four-bottle choice test: four-
bottle choice test for voluntary oral nicotine intake and preference; MPH: passive oral methylphenidate treatment.
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the center of the open field were highly consistent with those for per-
cent distance moved in the center of the open field (data not shown, but
are available upon request).

2.7. Elevated zero maze

The elevated zero maze (EZM) was utilized in conjunction with the
open field to assess anxiety-like/risk-taking behaviors at baseline in a
separate cohort of mice. All mice were placed in the same open sector to
begin each five-minute experiment. Data were collected using a
ZeroMaze Test Chamber (AccuScan Instruments, Inc., Columbus, OH),
which consisted of a narrow circular corridor with a diameter of
40.5 cm, a corridor width of 10 cm, and a base height of 70.5 cm above
floor-level. The EZM apparatus contained two oppositely-positioned
closed-corridor sections with clear walls extending to a height of
30.5 cm above the circular corridor, along with two oppositely-posi-
tioned open-corridor sections which lacked walls. Percent time spent in
the open area (open-corridor sections) of the EZM was calculated as a
measure of anxiety-like/risk-taking behaviors. An increase in percent
time spent in the open area of the EZM was interpreted as an increase in
risk-taking behaviors, while a decrease in percent time spent in the
open area was interpreted as a decrease in risk-taking behaviors.

2.8. Tissue preparation for functional assays and radioligand binding

Tissue preparation was conducted as previously described (Marks
et al., 2010). Briefly, at PND 45, whole brains were removed following
cervical dislocation and decapitation and each bilateral frontal cortex
or bilateral striata was dissected in a chilled glass dish. Following dis-
section, samples were transferred to chilled, isotonic (0.32M), buffered
(5mM HEPES, pH 7.5) sucrose solution and homogenized using a glass-
Teflon homogenizer. Samples were then centrifuged at 12,000×g for
10min. The resulting crude synaptosomal pellet was resuspended and
immediately assayed for function, and residual crude synaptosomes
were stored at −20 °C for subsequent membrane binding assays. To
prepare membranes for radioligand binding, samples were resuspended
in chilled hypotonic buffer (NaCl, 14mM; KCl, 0.15mM; CaCl2,
0.2 mM, MgSO4, 0.1mM; HEPES, 2.5mM, pH 7.5), incubated for
10min at 22 °C, centrifuged at 20,000×g at 4 °C for 20min, washed by
cyclical re-suspension and centrifugation, and stored in buffer at
−20 °C until assaying.

2.9. [125I]-epibatidine binding to membrane homogenates

[125I]-Epibatidine binding to membrane homogenates was mea-
sured to quantify nAChR expression in striatal and frontal cortical sy-
naptosomal membranes as previously described. (Marks et al., 2004;
Whiteaker et al., 2000). Briefly, washed, frozen membrane pellets were
resuspended in hypotonic buffer and centrifuged at 20,000×g for
20min. Resulting pellets were then resuspended in chilled water to a
volume adjusted such that less than 10% of the [125I]-epibatidine was
protein-bound. Samples containing 30 μL of binding buffer containing
200pM [125I]-epibatidine were then incubated for 3 h at room tem-
perature in 96-well polystyrene plates (with 1mM nicotine added for
non-specific binding), and subsequently diluted with 200 μL chilled
wash buffer. Dilute samples were then filtered through glass fiber filters
(top-MFS type B; bottom- Gelman A/E, Gelman, Ann Arbor, MI) treated
with 0.5% polyethelenimine under a 0.2atm vacuum using an Inotech
Cell Harvester (Inotech Systems, Rockville, MD) and then washed five
times with chilled wash buffer. For quantification of cytisine-resistant
binding in striatal and cortical synaptosomes, 50 nM cytisine was added
to block [125I]-epibatidine binding to cytisine-sensitive (α4β2-con-
taining, α4β2*-containing) nAChR binding sites (Grady et al., 2009;
Marks et al., 2007). To isolate α-CtxMII-resistant binding sites in striatal
synaptosomes, α-CtxMII (50 nM) was applied to block [125I]-epibati-
dine binding to α-CtxMII-sensitive (α6β2-containing, α6β2* nAChR)

binding sites as previously described (Grady et al., 2007, 2010;
Salminen et al., 2004, 2007). Radioactivity was subsequently measured
(at 80% efficiency) using a Packard Cobra Auto Gamma Counter
(Packard Instruments, Downers Grove, IL), and total protein con-
centration was measured via a Bicinchonicic Acid (BCA) assay (Pierce,
Thermo Scientific, Watham, MA).

2.10. Synaptosomal DA release

[3H]-DA release from crude striatal synaptosomes was assayed as
previously described. (Grady et al., 2007, 2010; Salminen et al., 2004,
2007). Briefly, synaptosomes were suspended in uptake buffer (NaCl,
128mM; KCl, 2.4 mM; CaCl2, 3.2 mM; KH2PO4, 1.2mM; MgSO4,
1.2 mM; HEPES, 25mM (pH 7.5); glucose, 10 mM; ascorbic acid, 1mM;
pargyline, 0.01mM) and incubated at 37 °C for 10min prior to the
addition of 100 nM [3H]-DA (1 μCi per 0.20 mL synaptosomes), fol-
lowed by an additional 5-min incubation at 37 °C. All subsequent
procedures were conducted at room temperature. Synaptosomal ali-
quots of 80 μL were loaded onto glass fiber filters and superfused with
uptake buffer to which was added 0.1% bovine serum albumin, 1 μM
nomifensine, and 1 μM atropine at a flow rate of 0.7 mL/min for 10 min
prior to fraction collection. To inhibit α6β2* nAChRs, a fraction of
synaptosomal aliquots were exposed to α-CtxMII (50 nM) for the con-
cluding 5 min of buffer superfusion. Following superfusion, DA release
was stimulated via 20-s pulses of nicotine (0.01–30 μM), and fractions
were collected into 96-well plates (Gilson FC204 fraction collector;
Gilson, Inc., Middleton, WI) in 10-s intervals. Following addition of
0.15 mL OptiPhase SuperMix scintillation cocktail (Perkin-Elmer,
Waltham MA), radioactivity was quantified using a 1450 Microbeta
Trilux scintillation counter (Perkin-Elmer Life Sciences, Waltham, MA),
with instrument efficiency of 40%. To isolate fractions of α6β2*
nAChRs (MII-sensitive) and non-α6 containing (MII-resistant) nAChRs,
the difference between α-CtxMII resistant DA release and total DA re-
lease was calculated.

2.11. Synaptosomal 86Rubidium+ efflux

Agonist-stimulated 86Rubidium+ (86Rb+) efflux from crude frontal
cortical synaptosomes was assayed as previously described (Marks
et al., 1999, 2004, 2007, 2010). Briefly, crude synaptosomes were re-
suspended in uptake buffer (NaCl, 140mM; KCl, 1.5 mM, CaCl2, 2 mM;
MgSO4, 1mM; HEPES, 25mM; glucose, 20mM; pH 7.5) containing
4 μCi 86RbCl and incubated for 30min at 22 °C. To inhibit acet-
ylcholinesterase, 10 μM diisopropyl fluorophosphate was added five
minutes prior to the conclusion of incubation. Samples were subse-
quently filtered using 6mm glass fiber filters (Type A/E, Gelman, Ann
Arbor, MI) and were then washed with perfusion buffer [NaCl, 135mM;
CsCl, 5 mM; KCl, 1.5mM; CaCl2, 2 mM; MgSO4, 1mM; HEPES, 25mM;
glucose, 20 mM; tetrodotoxin, 50 nM; atropine 1 μM; bovine serum al-
bumin (fraction V), 0.1%; pH 7.5]. Following washout, samples were
exposed to increasing ACh concentrations (0.1, 0.3, 1, 3, 10, 30, 100,
300, and 1000 μM) for 5 s to evoke nAChR-mediated 86Rb+ efflux. To
continuously measure 86Rb+ efflux, sample effluents were propelled
through a 200 μL flow-through Cherenkov cell in a β -RAM Radio-
activity HPLC Detector (IN/US Systems, Inc., Tampa, FL). Remaining
synaptosomal preparations were stored in buffer at −20 °C for com-
plementary [125I]-epibatidine binding assays.

2.12. [3H]-dopamine uptake

Striatal and frontal cortical synaptosomes were prepared and as-
sayed as previously described (Grady et al., 1992). Briefly, synapto-
somal preparations were resuspended in uptake buffer (128mM NaCl,
2.4 mM KCl, 3.2 mM CaCl2, 1.2mM KH2PO4, 1.2mM MgSO4, 25mM
pH 7.0 HEPES, 10mM glucose, 1 mM ascorbic acid, and 0.01mM
pargyline) and loaded onto 96 well plates (50μL/well) in quadruplicate,
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and 100 μL uptake buffer and either 0.05 (approximate Km for DAT-
mediated DA uptake) or 1.0 μM (approximately 20× Km for DAT-
mediated DA uptake) [3H]-DA (30–55 Ci/mmol with necessary volume
of unlabeled DA to attain target concentration) was subsequently added
to each well (Drenan et al., 2010). To isolate DA transporter (DAT)-
mediated [3H]-DA uptake, fluoxetine (200 nM) and desipramine
(100 nM) were applied to block [3H]-DA uptake via the serotonin
transporter and norepinephrine transporter, respectively. Plate-loaded
samples were incubated at 22 °C for 5min (Jin et al., 2017). Nomi-
fensine (500 μM) was used for blanks. Reactions were terminated via
pass-filtration through an Inotech Cell Harvester (LabLogic Systems,
Brandon, FL) onto dual-layer, uptake buffer-saturated sheets of GFA/E
glass fiber filter (Gelman Sciences, Ann Arbor, MI) and GF/B glass fiber
filter (Micro Filtration Systems, Dublin, CA) and samples were washed
4× in chilled uptake buffer. Following addition of 150 μL Ecoscint XR
scintillation cocktail to each well (National Diagnostics, Atlanta, GA),
radioactivity was quantified using a Wallac 1450 Microbeta scintilla-
tion counter (Perkin Elmer Life Sciences), with input counts measured
by addition of 2 μL DA mix to separate wells. [3H]-DA uptake (fmol/μg)
was calculated by subtraction of blank CPM from sample CPM to yield
CPM/fmol, and the resulting data were normalized to total protein
concentration using a BCA assay (Pierce, Thermo Scientific, Watham,
MA).

2.13. 5-methylcytosine global DNA methylation ELISA

Global 5-methylcytosine (5-mC) content in frontal cortex and
striatum was quantified via enzyme-linked immunosorbent assay
(ELISA) (Zymo Research Corp., Irvine, CA). Brains were collected fol-
lowing cervical dislocation at PND 45, and bilateral striata and frontal
cortices were obtained by dissection on ice immediately following
cervical dislocation and decapitation. Dissected samples were stored at
−80 °C until assaying. 5-mC ELISAs were conducted in accordance with
the manufacturer's protocol.

2.14. Statistical analyses

All datasets were screened for outliers using the ROUT test
(Q=1%), and confirmed outliers were excluded from subsequent
analyses where appropriate. The number of outliers for each analysis is
listed in the supplement (Table S1). A maximum of three outliers were
excluded per group for each dataset. All data were initially analyzed by
multifactoral ANOVA to determine if there were effects of sex, breeder,
litter, season, or testing chamber. No main effects of or interactions
with these factors were detected for any measure, so data were col-
lapsed accordingly and further analyzed using the appropriate ANOVA
or non-parametric test to assess the effects of DNE on outcome mea-
sures. Statistical analyses and data visualization were conducted using
R (https://cran.r-project.org), SPSS (IBM Analytics, Armonk, NY),
GraphPad Prism 7.04 (GraphPad Software, La Jolla, California, USA),
and SigmaPlot Version 12 (Systat Software, Inc., San Jose, CA).

Baseline home cage locomotor activity data were analyzed by two-
way repeated measures ANOVA with group (F1 Vehn=61, F1 NICn=63,
or F2 NICn=73) and phase (active or inactive) as factors. Datasets for
total distance moved and percent distance moved in the center of the
open field were analyzed by one-way ANOVA with group (F1 Vehn=59,
F1 NICn=52, or F2 NICn=71) as the sole factor. Data for percent time
spent in the open arms of the elevated zero maze were analyzed by one-
way ANOVA with group (F1 Vehn=43, F1 NICn=17, or F2 NICn=31) as
the sole factor. Where appropriate, Bonferroni's multiple comparisons
post-hoc test was applied.

Data for NIC consumption in the four-bottle choice test were ana-
lyzed by one-way ANOVA with group (F1 Vehn=38, F1 NICn=33, or F2
NICn=46) as the sole factor. Similarly, data for MPH consumption were
analyzed by one-way ANOVA with group (F1 Vehn=28, F1 NICn=24, or
F2 NICn=31) as the sole factor. Where appropriate for each analysis,

Bonferroni's multiple comparisons post-hoc test was applied.
To determine whether any behavioral effects of MPH or nicotine

covaried with individual drug intake, home cage and open field data for
MPH-treated and four-bottle choice-tested mice were transformed to
percentage differences from baseline. These values were analyzed by
three-way (home cage activity data) or two-way (open field and
rhythmometric data) repeated measures ANCOVA with either MPH or
nicotine intake as a covariate. Results indicated that the effects of MPH
and nicotine on home cage activity, total distance moved in the open
field, percent distance moved in the center of the open field, MESOR
estimates, global amplitude estimates, and orthophase estimates did not
significantly co-vary with individual MPH or nicotine intake (Table S2),
indicating that the behavioral effects of either drug were not dose-de-
pendent. Therefore, unprocessed (non-transformed) behavioral datasets
for MPH-treated and four-bottle choice-tested mice were analyzed by
the appropriate repeated measures ANOVA.

Home cage activity data for MPH-treated mice were analyzed by
three-way repeated measures ANOVA with the factors group (F1
Vehn=28, F1 NICn=24, or F2 NICn=31), phase (active or inactive phase),
and experimental stage (BL, MPH, or post-MPH). Total distance moved
and percent distance moved in the center of the open field for MPH-
treated mice were analyzed by two-way repeated measures ANOVA
with the factors group (F1 Vehn=28, F1 NICn=24, or F2 NICn=31) and
experimental stage (BL, MPH, or post-MPH). Where appropriate,
Bonferroni's multiple comparisons post-hoc test was applied.

Home cage activity data for four-bottle choice-tested mice were
analyzed by three-way repeated measures ANOVA with the factors
group (F1 Vehn=30, F1 NICn=32, or F2 NICn=33), phase (active or in-
active phase), and experimental stage (BL, NIC1, NIC2, or WD). Total
distance moved and percent distance moved in the center of the open
field were analyzed by two-way repeated measures ANOVA with the
factors group (F1 Vehn=30, F1 NICn=24, or F2 NICn=35) and experi-
mental stage (BL, NIC1, NIC2, or WD). Where appropriate, Bonferroni's
multiple comparisons post-hoc test was applied.

Baseline rhythmometric datasets (MESOR, global amplitude, and
orthophase) were analyzed by one-way ANOVA with group (F1
Vehn=61, F1 NICn=63, or F2 NICn=73) as the sole factor. MESOR, global
amplitude, and orthophase estimates for MPH-treated mice were ana-
lyzed by two-way repeated measures ANOVA with the factors group (F1
Vehn=28, F1 NICn=24, or F2 NICn=31) and experimental stage (BL,
MPH, or post-MPH). MESOR, global amplitude, and orthophase esti-
mates for four-bottle choice-tested mice were analyzed by two-way
repeated measures ANOVA with the factors group (F1 Vehn=30, F1
NICn=32, or F2 NICn=33) and experimental stage (BL, NIC1, NIC2, or
WD). Where appropriate, Bonferroni's multiple comparisons post-hoc
test was applied.

Data for striatal nAChR binding were analyzed by one-way ANOVA
with group (F1 Vehn=12, F1 NICn=13, or F2 NICn=13) as the sole factor.
Similarly, data for frontal cortical nAChR binding analyzed by one-way
ANOVA with group (F1 Vehn=12, F1 NICn=12, or F2 NICn=11) as the
sole factor. Datasets for DAT-mediated [3H]-DA uptake were also ana-
lyzed by one-way ANOVA with group (F1 Vehn=4, F1 NICn=9, or F2
NICn=8) as the sole factor. Where appropriate for each analysis, Holm-
Sidak's multiple comparisons post-hoc test was applied.

The impact of DNE on the concentration-response curve for nico-
tine-evoked [3H]-DA release was calculated via least-squares non-linear
regression using the Michaelis-Menten equation:

R = (Rmax)*[nicotine] / (EC50 + [nicotine])

Where R is nicotine-stimulated DA release at each nicotine concentra-
tion tested, Rmax is the estimated maximal DA release, and EC50 is the
estimated nicotine concentration ([nicotine]) eliciting half-maximal DA
release (Grady et al., 2007, 2010; Salminen et al., 2004, 2007). Datasets
for nAChR-mediated [3H]-DA release were analyzed by one-way
ANOVA with group (F1 Vehn=18, F1 NICn=21, or F2 NICn=14) as the
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sole factor, and, where appropriate, Holm-Sidak's multiple comparisons
post-hoc test was applied.

The effect of DNE on ACh concentration ([Ach])–response relations
measured by 86Rb+ efflux was quantitated via least squares non-linear
regression using a biphasic [agonist]-response model:

RACh = (RHS ∗ [ACh])/(ECHS + [ACh]) + (RLS ∗ [ACh])/
(ECLS + [ACh])

Where RACh is ACh-evoked 86Rb+ efflux at each ACh concentration
tested, RHS and RLS are the estimated maximal rates of 86Rb+ efflux
with higher and lower sensitivity to ACh stimulation, and ECHS and
ECLS are the estimated ACh concentrations eliciting half-maximal
86Rb+ efflux with higher and lower sensitivity to ACh stimulation, re-
spectively (Marks et al., 1999, 2004, 2007, 2010, 2012). Datasets for
frontal cortical nAChR-mediated 86Rb+ efflux were analyzed by one-
way ANOVA with group (F1 Vehn=12, F1 NICn=12, or F2 NICn=11) as
the sole factor, and, where appropriate, Holm-Sidak's multiple com-
parisons post-hoc test was applied.

Datasets for 5-mC abundance were analyzed by one-way ANOVA
with group (F1 Vehn(FCX)=19; n(STR)=21, F1 NICn(FCX)=19; n(STR)=19, or F2
NICn(FCX)=16; n(STR)=20) as the sole factor, and, where appropriate,
Holm-Sidak's multiple comparisons post-hoc test was applied.

3. Results

3.1. Impact of DNE on activity and risk-taking behaviors in F1 and F2
adolescent mice

The experimental procedures for the breeding of mice and the
schedule of behavioral testing are depicted in Fig. 1 and detailed in the
methods section. Briefly, F0 dams received either nicotine (200 μg/mL
in 0.2% saccharin) or vehicle (0.2% saccharin) as the sole fluid source
beginning 30 days prior to mating and continuing until the weaning of
pups. F1 NIC mice were thereby exposed to vehicle and nicotine from
conception until weaning, while F1 Veh mice were exposed to vehicle
alone from conception until weaning. F2 NIC mice are the progeny of
female F1 NIC mice mated with drug-naïve male sires. Aside from the
oocytes from which they were conceived, F2 NIC mice were devoid of
direct exposure to nicotine. All behavioral testing commenced at PND
35 (early adolescence), and all in-vitro assays utilized tissue obtained at
PND 45 (adolescence).

The effect of DNE on baseline locomotor activity was assessed in a
familiar (home cage) and novel (open field) environment. Baseline
home cage locomotor activity data were analyzed by two-way ANOVA
with group (F1 Vehn=61, F1 NICn=63, or F2 NICn=73) and phase (active
or inactive) as factors. Where appropriate, Bonferroni's multiple com-
parisons post-hoc test was applied. Main effects of group
(F2,385= 42.56; p= 1e−13) and phase (F1,385= 1624; p=1e−15) and
a significant group× phase interaction (F2,385= 9.84; p= 0.00007)
were detected for baseline home cage activity. F1 NIC and F2 NIC mice
were more active in both the active phase (p= 1e−14 and p=2e−12,
respectively) (Fig. 2A) and the inactive phase (p= 0.0091 and
p=0.0088, respectively) (Fig. 2B) compared to F1 Veh mice.

Datasets for total distance moved and percent distance moved in the
center of the open field were analyzed by one-way ANOVA with group
(F1 Vehn=59, F1 NICn=52, or F2 NICn=71) as the sole factor. Data for
percent time spent in the open arms of the elevated zero maze were
analyzed by one-way ANOVA with group (F1 Vehn=43, F1 NICn=17, or
F2 NICn=31) as the sole factor. Where appropriate for either analysis,
Bonferroni's multiple comparisons post-hoc test was applied. There
were main effects of group on total distance moved and percent dis-
tance moved in the center of the open field (F2,179= 11.96,
p=0.00001 and F2,179= 16.0, p= 4.04e−7, respectively). F1 NIC and
F2 NIC mice moved a greater total distance in the open field
(p=0.0039 and p=0.00001, respectively) (Fig. 2C) and moved a

greater percent distance in the center (p=0.0007 and p= 3.56e−7,
respectively) (Fig. 2D) compared to F1 Veh mice. Since distance moved
in the center of the open field is thought to measure anxiety-like/risk-
taking behaviors, a separate cohort of mice was evaluated for risk-
taking behaviors in the elevated zero maze (EZM). A main effect of
group was detected for percent time spent in the open quadrants of the
EZM (F2,87= 14.5; p= 3.65e−6). F1 NIC and F2 NIC mice spent a
greater percent time in the open quadrants of the EZM compared to F1
Veh mice (p=0.00001 and p= 0.0012, respectively) (Fig. S1), in-
dicating increased risk-taking in DNE mice.

3.2. Impact of DNE on voluntary nicotine intake and preference in F1 and
F2 adolescent mice

The impact of DNE on voluntary oral nicotine intake and preference
in adolescent mice was assessed using the four-bottle choice test.
Nicotine consumption data were analyzed by one-way ANOVA with
group (F1 Vehn=38, F1 NICn=33, or F2 NICn=46) as the sole factor, and,
where appropriate, Bonferroni's multiple comparisons post-hoc test was
applied. ANOVA indicated a main effect of group (F2,126= 25.61;
p=4.63e−10) on average daily nicotine intake (Fig. 3A). Both F1 NIC
and F2 NIC mice consumed more nicotine than F1 Veh (p= 2.58e−10

and p= 2.05e−5, respectively), and F1 NIC mice consumed more ni-
cotine than F2 NIC (p=0.031). In addition, a main effect of nicotine
concentration (F3,410= 210.4; p= 3.42e−29) and a significant group x
nicotine concentration interaction (F6,410= 53.48; p=1.42e−48) were
detected for nicotine preference ratios (Fig. 3B). F2 NIC mice consumed
more 25μg/mL nicotine than F1 Veh and F1 NIC (p= 3.59−6 and
p=0.0014, respectively), while F1 NIC and F2 NIC mice consumed
more 50μg/mL nicotine than F1 Veh (p=0.00009 and p= 0.026, re-
spectively). F1 NIC mice consumed more 100μg/mL nicotine than F1
Veh and F2 NIC (p=0.00007 and p=0.00027, respectively). F1 Veh
mice consumed more plain water (0μg/mL) than F1 NIC and F2 NIC
mice (p=1.92e−15 and p= 9.0e−14, respectively), and F2 NIC mice
consumed more plain water than F1 NIC (p=0.030). These data in-
dicate that DNE leads to increased voluntary nicotine intake and pre-
ference for at least two generations. However, the manner in which F1
NIC and F2 NIC achieved higher nicotine intake varied based on nico-
tine concentration. Namely, F1 NIC mice exhibited essentially equal
preference across all three nicotine concentrations provided, while F2
NIC mice preferred the lowest concentration tested (25μg/mL) and
showed a F1 Veh-like aversion to the highest (100μg/mL) concentra-
tion.

3.3. Methylphenidate responsiveness of hyperactivity and risk-taking
behaviors in DNE mice

To determine whether MPH could reduce or reverse the hyper-
activity and risk-taking behaviors in DNE mice, home cage and open
field activity were assessed before, during, and after four consecutive
days of passive oral MPH treatment that was administered exclusively
in the active phase (Fig. 4A). MPH consumption (mg/kg/day) data were
analyzed by one-way ANOVA with group (F1 Vehn=28, F1 NICn=24, or
F2 NICn=31) as the sole factor, and, where appropriate, Bonferroni's
multiple comparisons post-hoc test was applied. As shown in Fig. S2,
there was a main effect of group on daily MPH consumption
(F2,80= 3.28; p=0.043). Interestingly, F1 Veh mice consumed more
MPH per day compared to F1 NIC and F2 NIC mice (p=0.049 and
p=0.046, respectively).

For MPH-treated mice, home cage activity data were analyzed by
three-way repeated measures ANOVA with the factors group (F1
Vehn=28, F1 NICn=24, or F2 NICn=31), phase (active or inactive phase),
and experimental stage (BL, MPH, or post-MPH). Where appropriate,
Bonferroni's multiple comparisons post-hoc test was applied. Main ef-
fects of group (F2,157= 9.84; p=0.00009), phase (F1,157= 4.56;
p=0.036), and experimental stage (F2,314= 24.18; p= 0.000005) as
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well as a significant group x experimental stage interaction
(F4,314= 31.48; p= 3e−21), phase x experimental stage interaction
(F2,314= 9.89; p=0.00009), and group x phase x experimental stage
interaction (F4,314= 8.92; p=0.000001) were detected. F1 NIC and F2
NIC mice were less active in the active phase during MPH treatment
compared to BL (p= 1e−6 and p=2e−9), while F1 Veh mice were
more active in the active phase during MPH treatment compared to BL
(p=0.032) and compared to F1 NIC and F2 NIC mice (p=0.015 and
p=0.002, respectively) (Fig. 4B). The effects of MPH treatment were
rapidly reversed, as F1 NIC and F2 NIC mice were more active in the
active phase during the four days following cessation of MPH treatment
(post-MPH) compared to F1 Veh (p=5e−6 and p=0.00008, respec-
tively). Results for inactive phase HC activity (Fig. 4C) were compar-
able to those for the active phase. F1 NIC and F2 NIC mice were less
active in the inactive phase during MPH treatment compared to BL
(p=2e−11 and p= 3e−11, respectively), while F1 Veh mice were more
active in the inactive phase during MPH treatment compared to BL
(p=0.013) and compared to DNE mice (p=0.0014 and p=0.0081,
respectively). The effects of MPH treatment on inactive phase HC ac-
tivity were also rapidly reversed, as F1 NIC and F2 NIC mice were more

active in the inactive phase during post-MPH compared to F1 Veh
(p= 4e−7 and p= 6e−6, respectively).

MPH treatment also affected activity (total distance moved) and
risk-taking behaviors (percent distance moved in the center) in the open
field. Total distance moved and percent distance moved in the center of
the open field for MPH and post-MPH were analyzed by two-way re-
peated measures ANOVA with the factors group (F1 Vehn=28, F1
NICn=24, or F2 NICn=31) and experimental stage (BL, MPH, or post-
MPH). Where appropriate, Bonferroni's multiple comparisons post-hoc
test was applied. A main effect of experimental stage (F2,157= 7.14;
p=0.001) and a significant group x experimental stage interaction
(F4,157= 10.84; p=8e−8) were detected for total distance moved in
the OF (Fig. 4D). There was no effect of MPH treatment on total dis-
tance moved in the OF for DNE mice, while F1 Veh mice moved a
greater total distance in the OF immediately following MPH treatment
compared to BL (p=8e−11) and compared to F1 NIC and F2 NIC mice
(p= 0.004 and p= 0.005, respectively). There were no group differ-
ences in total distance moved in the OF following post-MPH. A main
effect of experimental stage (F2,157= 5.08; p= 0.007) and a significant
group x experimental stage interaction (F4,157= 8.15, p= 5e−6) were

Fig. 2. Adolescent DNE mice exhibit home cage hyper-
activity during the active and inactive phases as well as
hyperactivity and increased risk-taking in the open field.
Baseline (BL) data for home cage activity and open
field behavior. (A) Active phase home cage activity
(nF1Veh= 61, nF1NIC= 63, and nF2NIC= 73). F1 NIC
and F2 NIC mice were more active than F1 Veh
during the active phase at baseline (p= 1e−14 and
p= 2e−12, respectively). (B) Inactive phase home cage
activity (nF1Veh= 61, nF1NIC= 63, and nF2NIC= 73).
F1 NIC and F2 NIC mice were more active than F1
Veh during the inactive phase at baseline
(p=0.0091 and p= 0.0088, respectively). (C) Total
distance moved (cm) in a 15-min open field (open field)
trial (nF1Veh= 59, nF1NIC= 63, and nF2NIC= 71). F1
NIC and F2 NIC mice moved a greater total distance
in the open field compared to F1 Veh (p= 0.0039
and p=0.00001, respectively). (D) Percent distance
moved in the center of the open field (nF1Veh= 59,
nF1NIC= 63, and nF2NIC= 71). F1 NIC and F2 NIC
mice moved a greater percent of total distance in the
center of the open field compared to Veh (p= 0.0007
and p= 3.56e−7, respectively). All data are
mean ± S.E.M. **p < 0.01; ***p < 0.001;
****p < 0.0001.

Fig. 3. Adolescent DNE mice display increased volun-
tary nicotine intake and increased nicotine preference.
(A) Voluntary nicotine intake (mg/kg/day) in the four-
bottle choice test (FBCT) (nF1Veh= 38, nF1NIC= 33,
and nF2NIC= 46). F1 NIC and F2 NIC mice consume
more nicotine than F1 Veh (p= 2.58e−10 and
p= 2.05e−5, respectively), and F1 NIC mice con-
sume more nicotine than F2 NIC (p= 0.031). (B)
Nicotine preference ratios for the four-bottle choice test
(nF1Veh= 38, nF1NIC= 33, and nF2NIC= 46). F2 NIC
mice consume more 25μg/mL nicotine than F1 Veh
and F1 NIC (p= 3.59−6 and p=0.0014, respec-
tively). F1 NIC and F2 NIC mice consume more 50μg/
mL nicotine than F1 Veh (p= 0.00009 and
p= 0.026, respectively). F1 NIC mice consume more

100μg/mL nicotine than F1 Veh and F2 NIC (p= 0.00007 and p=0.00027). F1 Veh mice consume more plain water (0μg/mL) than F1 NIC and F2 NIC mice
(p=1.92e−15 and p= 9.0e−14, respectively), and F2 NIC mice consume more plain water than F1 NIC (p = 0.030). All data are mean ± S.E.M. *p < 0.05;
***p < 0.001; ****p < 0.0001.
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detected for percent distance moved in the center of the OF (Fig. 4E). F1
NIC and F2 NIC mice moved a lesser percent distance in the center of
the OF immediately following MPH treatment compared to BL
(p=0.002 and p= 0.00003, respectively), while F1 Veh mice moved a
greater percent distance in the center of the OF immediately following
MPH compared to BL (p=0.024) and compared to F1 NIC and F2 NIC
mice (p= 0.004 and p= 0.0009, respectively). F1 NIC and F2 NIC
mice moved a greater percent distance in the center of the OF following
post-MPH compared to F1 Veh (p=0.032 and p= 0.009, respec-
tively).

3.4. Effects of voluntary nicotine consumption in the four-bottle choice test
on activity and risk-taking behaviors

The prevalent use of tobacco products by individuals with ADHD is
thought to constitute self-medication (Amsterdam et al., 2018). Con-
sequently, the impacts of voluntary nicotine consumption on home cage
activity as well as activity and risk-taking behaviors in the open field
were evaluated at baseline, in response to the four-bottle choice test,
and over a 24 h nicotine withdrawal period (Fig. 5A). For four-bottle
choice-tested mice, home cage activity data were analyzed by three-
way repeated measures ANOVA with the factors group (F1 Vehn=30, F1
NICn=32, or F2 NICn=33), phase (active or inactive phase), and ex-
perimental stage (BL, NIC1, NIC2, or WD). Where appropriate, Bon-
ferroni's multiple comparisons post-hoc test was applied. Main effects of
group (F2,128= 5.42; p=0.006), phase (F1,363= 5.55; p=0.021), and
experimental stage (F3,384= 10.36; p=0.000003) as well as a sig-
nificant group x experimental stage interaction (F6,384= 2.83;
p=0.13), phase x experimental stage interaction (F3,384= 18.91;
p=8e−11), and group x phase x experimental stage interaction

(F3,384= 4.95; p=0.003) were detected. For active phase home age
activity (Fig. 5B) during the first four days of the FBCT (NIC 1)
(p= 0.00009 and p=0.004, respectively), second four days of the
FBCT (NIC 2) (p= 0.003 and p=0.03, respectively) and during
withdrawal (p= 1.12e−11 and p= 1.2e−7, respectively), F1 NIC and
F2 NIC mice were less active compared to BL but remained more active
than F1 Veh (p=0.016 and p= 0.015, respectively). In contrast, the
FBCT had no effect on active phase HC activity in F1 Veh mice during
NIC1 or WD, while activity was increased in F1 Veh mice during NIC2
compared to BL (p= 0.002). For inactive phase HC activity (Fig. 5C),
F1 NIC and F2 NIC mice were less active in the inactive phase during
NIC1 (p=6e−6 and p= 3e−7, respectively), NIC2 (p=2e-6 and
p=1e−6, respectively) and WD (p= 2e−6 and p=0.0008, respec-
tively) compared to BL. In addition, F1 NIC and F2 NIC mice were more
active than F1 Veh during WD (p= 0.004 and p= 6e−7, respectively),
and F1 Veh mice were less active during WD compared to BL
(p= 0.004).

The four-bottle choice test also impacted activity and risk-taking
behaviors in the open field. Total distance moved and percent distance
moved in the center of the open field were analyzed by two-way re-
peated measures ANOVA with the factors group (F1 Vehn=30, F1
NICn=24, or F2 NICn=35) and experimental stage (BL, NIC1, NIC2, or
WD). Where appropriate, Bonferroni's multiple comparisons post-hoc
test was applied. Main effects of group (F2,90= 19.05; p=1e−7) and
experimental stage (F2,180= 59.28, p=1e−15) and a significant group
x experimental stage interaction (F4,180= 2.70; p=0.03) were de-
tected for total distance moved in the OF (Fig. 5D). F2 NIC mice moved
a greater total distance in the OF compared to F1 NIC and F1 Veh mice
immediately following the FBCT (p= 1e−6 and p= 0.0009, respec-
tively) and after a 24 h post-FBCT NIC WD period (p=0.00004 and

Fig. 4. Passive oral MPH treatment normalizes home
cage and open field activity and risk-taking behaviors in
adolescent DNE mice. (A) Procedural timeline for MPH
treatment and behavioral testing. Home cage activity
(nF1Veh= 28, nF1NIC= 24, and nF2NIC= 31) was re-
corded for 3 days before (baseline, BL), 4 days during
(MPH), and 4 days after (post-MPH) passive oral
methylphenidate treatment. Open field behaviors
(nF1Veh= 28, nF1NIC= 24, and nF2NIC= 31) were
tested before (baseline), immediately following
(MPH), and 4d after (post-MPH) MPH treatment. (B)
Active phase HC activity. F1 NIC and F2 NIC mice were
less active in the active phase during MPH treatment
compared to BL (p= 1e−6 and p= 2e−9) while F1
Veh mice were more active in the active phase during
MPH treatment compared to BL (p= 0.032) and
compared to F1 NIC and F2 NIC mice (p= 0.015 and
p= 0.002, respectively). F1 NIC and F2 NIC mice
were more active in the active phase during over four
days following cessation of MPH treatment (post-
MPH) compared to F1 Veh (p=5e−6 and
p= 0.00008, respectively). (C) Inactive phase HC ac-
tivity. F1 NIC and F2 NIC mice were less active in the
inactive phase during MPH treatment compared to BL
(p=2e−11 and p= 3e−11, respectively), while F1
Veh mice were more active in the inactive phase
during MPH treatment compared to BL (p= 0.013)
and compared to DNE mice (p= 0.0014 and
p= 0.0081, respectively). F1 NIC and F2 NIC mice
were more active in the inactive phase during post-
MPH compared to F1 Veh (p= 4e−7 and p= 6e−6,

respectively). (D) Total distance moved in the OF. F1 Veh mice moved a greater total distance in the OF immediately following MPH treatment compared to BL
(p=8e−11) and compared to F1 NIC and F2 NIC mice (p= 0.004 and p= 0.005, respectively). (E) Percent distance moved in the center of the OF. F1 NIC and F2 NIC
mice moved a lesser percent distance in the center of the OF immediately following MPH treatment compared to BL (p = 0.002 and p = 0.00003, respectively), while
F1 Veh mice moved a greater percent distance in the center of the OF immediately following MPH compared to BL (p = 0.024) and compared to F1 NIC and F2 NIC
mice (p = 0.004 and p= 0.0009, respectively). F1 NIC and F2 NIC mice moved a greater percent distance in the center of the OF following post-MPH compared to F1
Veh (p = 0.032 and p = 0.009, respectively). All data are mean ± S.E.M. *p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001. Floating asterisks indicate
between-group differences. Solid lines with asterisks indicate within-group differences for DNE mice (above) and F1 Veh mice (below).
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p=0.00002, respectively). F1 Veh, F1 NIC, and F2 NIC mice all moved
a greater total distance in the OF immediately following voluntary NIC
compared to BL (p=1e−6, p= 0.0001, and p=7e−16, respectively),
but this effect persisted through 24 h NIC WD only in F2 NIC mice
(p=0.0009). Main effects of group (F2,90= 25.34; p=2e−8) and ex-
perimental stage (F2,180= 19.47; p=2e−7) and a significant group x
experimental stage interaction (F4,180= 7.53; p= 0.00001) were also
detected for percent distance moved in the center of the OF (Fig. 5E). F2
NIC mice moved a greater percent distance in the center of the OF
immediately following the FBCT compared to BL (p= 0.005) and after
24 h NIC WD compared to F1 Veh and F1 NIC (p=0.0006 and
p=3e−6, respectively). F1 NIC mice moved a lesser percent distance in
the center of the OF after 24 h NIC WD compared to BL (p= 7e−8) and
compared to F1 Veh and F2 NIC (p=0.002 and p= 3e−6, respec-
tively).

3.5. Rhythmometric analyses of home cage activity in DNE mice at baseline
and in response to MPH and nicotine

ADHD patients exhibit a discrete profile of circadian anomalies in-
cluding increased MESOR and amplitude and phase-delay of rest-wake
activity rhythms (Baird et al., 2012; Van Veen et al., 2010; Imeraj et al.,
2012; Bijlenga et al., 2013; Snitselaar et al., 2017), each of which ex-
hibit MPH-responsiveness and are positively correlated with nicotine
use (Snitselaar et al., 2017; Wittmann et al., 2006). To further evaluate
the construct validity of our ADHD model, rhythmometric analyses
were performed to evaluate potential DNE-induced ADHD-like pertur-
bations in the rhythmicity of home cage activity and responsiveness to

MPH treatment and nicotine consumption. Analyses revealed near-24 h
fundamental periods (circadian rhythms) of home cage activity ac-
companied by multiple underlying harmonics of shorter periods (ul-
tradian rhythms) (data not shown, but are available upon request).
There were no significant within-group or between-group differences in
the duration of the fundamental period at baseline or during MPH or
four-bottle choice test testing (data not shown, but are available upon
request). Given the absence of prior research exploring differences in
the ultradian rhythmicity of activity in ADHD patients, we elected to
focus this report on global parameter estimates which describe the
composite home cage activity rhythms, namely the MESOR (midline of
rhythm), global amplitude (0.5× peak – trough), and orthophase (la-
tency to peak), since these parameters are the most comparable to
available measures of activity rhythms in humans. A detailed descrip-
tion of rhythmometric procedures and a schematic depicting the global
parameters used to characterize home cage activity rhythms are pro-
vided in the supplement (Fig. S3). Representative curve fits for each
experimental stage of home cage activity monitoring are provided in
the supplement (Fig. S4).

We first compared global measures of rhythmicity at baseline to
elucidate potential ADHD-like changes in the home cage activity
rhythms of DNE mice. Baseline rhythmometric datasets (MESOR, global
amplitude, and orthophase) were analyzed by one-way ANOVA with
group (F1 Vehn=61, F1 NICn=63, or F2 NICn=73) as the sole factor, and,
where appropriate, Bonferroni's multiple comparisons post-hoc test was
applied. There was a main effect of group (F2,193= 27.07; p=4e−11)
on MESOR estimates at baseline (Fig. 6A). F1 NIC and F2 NIC mice had
increased MESOR estimates at baseline compared to F1 Veh

Fig. 5. Adolescent DNE mice exhibit differential beha-
vioral responses to voluntary nicotine intake and with-
drawal. (A) Procedural timeline for nicotine adminis-
tration in the four-bottle choice test and behavioral
testing. Home cage activity (nF1Veh= 30, nF1NIC= 32,
and nF2NIC= 33) was recorded over 3d before
(baseline, BL), over two continuous 4d intervals
during (NIC1 and NIC2), and over 24 h after (with-
drawal, WD) voluntary nicotine intake in the four-
bottle choice test (FBCT). Open field behavior
(nF1Veh= 30, nF1NIC= 24, and nF2NIC= 35) was
tested before (BL), immediately following (nicotine,
NIC), and 24 h after (WD) voluntary nicotine intake.
(B) Active phase HC activity. F1 NIC and F2 NIC mice
were more active than F1 Veh during NIC1
(p=0.016 and p= 0.015, respectively) and were
more active at BL compared to NIC1 (p= 0.00009
and p=0.004, respectively), NIC2 (p= 0.003 and
p= 0.03, respectively), and WD (p=1e−11 and
p= 1e−7, respectively). F1 Veh mice were more ac-
tive during NIC2 compared to BL (p= 0.002). (C)
Inactive phase HC activity. F1 NIC and F2 NIC mice
were more active than F1 Veh during WD (p=0.004
and p= 6e−7, respectively) and were less active
during NIC1 (p=6e−6 and p= 3e−7, respectively),
NIC2 (p=2e−6 and 1e−6, respectively) and WD
(p=2e−6 and p=0.0008, respectively) compared
to BL. F1 Veh mice were less active during WD
compared to BL (p= 0.004). (D) Total distance moved
(cm) in a 15-min open field (OF) trial. F2 NIC mice
moved a greater total distance in the OF compared to
F1 NIC and F1 Veh mice immediately following the

FBCT (p= 0.000001 and p= 0.0009, respectively) and after a 24 h post-FBCT NIC WD period (p= 0.00004 and p= 0.00002, respectively). F1 Veh, F1 NIC, and F2
NIC mice all moved a greater total distance in the OF immediately following voluntary NIC compared to BL (p= 1e−6, p= 0.0001, and p= 7e−16, respectively), but
this effect persisted through 24 h NIC WD only in F2 NIC mice (p= 0.0009). (E) Percent distance moved in the center of the OF. F2 NIC mice moved a greater percent
distance in the center of the OF immediately following the FBCT compared to BL (p= 0.005) and after 24 h NIC WD compared to F1 Veh and F1 NIC (p=0.0006 and
p=3e−6, respectively). F1 NIC mice moved a lesser percent distance in the center of the OF after 24 h NIC WD compared to BL (p=7e−8) and compared to F1 Veh
and F2 NIC (p=0.002 and p= 3e−6, respectively). All data are mean ± S.E.M. *p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001. Floating asterisks
indicate between-group differences. For panels B–D, solid lines with asterisks indicate within-group differences for DNE mice (above) and F1 Veh mice (below). For
panel E, solid lines with asterisks indicate within-group differences for F2 NIC mice (above) and F1 NIC mice (below).
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Fig. 6. Adolescent DNE mice show ADHD-like deficits in rhythmicity of activity that are normalized by methylphenidate and partially normalized by nicotine. (A–C) MESOR,
global amplitude, and orthophase of home cage activity rhythms at baseline (nF1Veh= 61, nF1NIC= 63, and nF2NIC= 73), (D–F) MESOR, global amplitude, and
orthophase estimates for mice that underwent (J–L) passive oral MPH treatment (nF1Veh= 28, nF1NIC= 24, and nF2NIC= 31), and (G–I) four-bottle choice test testing
(nF1Veh= 30, nF1NIC= 32, and nF2NIC= 33). (A) MESOR estimates at BL. F1 NIC and F2 NIC mice had increased MESOR estimates at BL compared to F1 Veh
(p=5e−10 and p= 2e−8, respectively). (B) Global amplitude estimates at BL. F1 NIC and F2 NIC mice had increased global amplitude estimates at BL compared to F1
Veh mice (p=0.00003 and 5e−8, respectively). (C) Orthophase estimates at BL. F1 NIC and F2 NIC mice had delayed orthophase estimates at BL compared to F1 Veh
(p=0.0003 and p= 0.006, respectively). (D) MESOR estimates for MPH treatment. F1 NIC and F2 NIC mice had decreased MESOR values during MPH treatment
compared to BL (p= 3e−11 and p= 1e−12, respectively). F1 Veh mice had increased MESOR estimates during MPH compared to BL (p= 0.033) and compared to F1
NIC and F2 NIC (p=0.005 and p= 0.003, respectively). F1 NIC and F2 NIC mice had increased MESOR estimates compared to F1 Veh during post-MPH (p= 5e−8

and p=7e−7, respectively). (E) Global amplitude estimates for MPH treatment. F1 NIC and F2 NIC mice had decreased global amplitude estimates during MPH
compared to BL (p=0.00009 and p= 1e−7). F1 Veh mice had increased global amplitude estimates during MPH compared to BL (p= 0.042) and compared to F1
NIC and F2 NIC (p=0.002 and p= 0.004, respectively). F1 NIC and F2 NIC mice had increased global amplitude estimates compared to F1 Veh during post-MPH
(p=0.0004 and p= 0.00003, respectively). (F) Orthophase estimates for MPH treatment. F1 NIC and F2 NIC mice had advanced orthophase estimates during MPH
compared to BL (p= 0.009 and p= 0.0007, respectively). F1 Veh mice had delayed orthophase estimates during MPH compared to BL (p=0.046) and compared to
F1 NIC and F2 NIC (p=0.008 and p= 0.003, respectively). There were no group differences in orthophase estimates during post-MPH. (G) MESOR estimates for the
FBCT. F1 NIC and F2 NIC mice decreased MESOR estimates compared to BL during NIC1 (p=0.0001 and p= 0.0008, respectively), NIC2 (p= 0.0002 and
p= 0.0003, respectively), and WD (p= 1e−16 and p=1e−15, respectively). F1 NIC and F2 NIC mice had increased MESOR estimates compared to F1 Veh during
NIC1 (p=0.0003 and p= 0.000002, respectively) but not NIC2 or WD. F1 Veh mice had decreased MESOR estimates during WD compared to BL (p= 0.0005). (H)
Global amplitude estimates for the FBCT. F1 NIC and F2 NIC mice had decreased global amplitude estimates during WD compared to BL (p=0.02 and p= 0.01,
respectively) and had increased global amplitude estimates compared to F1 Veh during NIC1 (p= 0.0004 and p= 0.00002) but not NIC2 or WD. F1 Veh mice had
increased global amplitude estimates during NIC2 compared to BL (p= 0.00008). (I) Orthophase estimates for the FBCT. F1 NIC and F2 NIC mice had advanced
orthophase estimates for NIC1 (p = 0.007 and p = 0.002, respectively), NIC2 (p = 0.0001 and p = 0.0003, respectively), and WD (p = 0.006 and p = 0.009,
respectively) compared to BL, while F1 Veh mice did not differ from BL at any stage of FBCT testing. *p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001. For
panels D–I, floating asterisks indicate between-group differences, while solid lines with asterisks indicate within-group differences for DNE mice (above) and F1 Veh
mice (below). MESOR: midline estimating statistic of rhythm (measure of central tendency); global amplitude: difference between peak and trough (measure of the
magnitude of change over a given cycle); orthophase: clock time at peak (maximum value) of activity counts (measure of latency to peak activity).
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(p= 5.4e−10 and p=2.3e−8, respectively). Similarly, there was a
main effect of group (F2,193= 18.87; p=4e−8) on global amplitude
estimates at baseline (Fig. 6B). F1 NIC and F2 NIC mice had increased
global amplitude estimates at baseline compared to F1 Veh mice
(p=0.00003 and 6e−8, respectively). There was also a main effect of
group (F2,193= 7.31; p=0.0009) on orthophase estimates at baseline
(Fig. 6C). F1 NIC and F2 NIC mice had delayed orthophase estimates
(increased latency to peak activity) at baseline compared to F1 Veh
(p=0.0003 and p=0.006, respectively).

Considering that MPH exerts a normalizing effect on circadian rest-
wake activity rhythms in ADHD patients (Snitselaar et al., 2017), the
effects of MPH on the rhythmicity of home cage activity were evaluated
to assess the treatment responsivity of ADHD-like rhythmometric
anomalies in DNE mice. MESOR, global amplitude, and orthophase
estimates for MPH-treated mice were analyzed by two-way repeated
measures ANOVA with the factors group (F1 Vehn=28, F1 NICn=24, or
F2 NICn=31) and experimental stage (BL, MPH, or post-MPH). Where
appropriate, Bonferroni's multiple comparisons post-hoc test was ap-
plied. Main effects of group (F2,80= 8.45; p= 0.0004) and experi-
mental stage (F2,160= 33.07; p= 9e−13) and a significant group x ex-
perimental stage interaction (F4,160= 17.81; p= 4e−12) were detected
for MESOR in MPH-treated mice (Fig. 6D). F1 NIC and F2 NIC mice had
decreased MESOR values during MPH compared to BL (p=3e−11 and
p=1e−12, respectively). In contrast, F1 Veh mice had increased
MESOR estimates during MPH compared to BL (p=0.033) and com-
pared to F1 NIC and F2 NIC (p= 0.005 and p=0.003, respectively). F1
NIC and F2 NIC mice had increased MESOR estimates compared to F1
Veh during post-MPH (p=5e−8 and p=7e−7, respectively). MPH
treatment also affected global amplitude. Main effects of MPH treat-
ment were detected for both group (F2,80= 5.38; p=0.006) and ex-
perimental stage (F2,160= 22.15; p= 3e−9), and there was a sig-
nificant group x experimental stage interaction (F4,160= 8.87;
p=2e−6) (Fig. 6E). F1 NIC and F2 NIC mice had decreased global
amplitude estimates during MPH compared to BL (p= 0.00009 and
p=1e−7). F1 Veh mice had increased global amplitude estimates
during MPH compared to BL (p= 0.042) and compared to F1 NIC and
F2 NIC (p= 0.002 and p=0.004, respectively). During post-MPH, F1
NIC and F2 NIC mice had increased global amplitude estimates com-
pared to F1 Veh (p= 0.0004 and p= 0.00003, respectively). A main
effect of experimental stage (F2,160= 3.68; p=0.027) and a significant
group x experimental stage interaction (F4,160= 5.08; p=0.007) were
detected for orthophase in MPH-treated mice (Fig. 6F). F1 NIC and F2
NIC mice had advanced orthophase estimates during MPH compared to
BL (p= 0.009 and p=0.0007, respectively). Conversely, F1 Veh mice
had delayed orthophase estimates during MPH compared to BL
(p=0.046) and compared to F1 NIC and F2 NIC (p= 0.008 and
p=0.003, respectively). There were no group differences in ortho-
phase estimates during post-MPH.

Nicotine use is positively correlated with the magnitude of circadian
anomalies in ADHD (Wittmann et al., 2006) and ADHD patients report
exaggerated withdrawal symptoms (Gray et al., 2010; Bidwell et al.,
2018). Thus, we evaluated the effects of voluntary nicotine consump-
tion and withdrawal on the rhythmicity of home cage activity in DNE
mice. MESOR, global amplitude, and orthophase estimates for four-
bottle choice-tested mice were analyzed by two-way repeated measures
ANOVA with the factors group (F1 Vehn=30, F1 NICn=32, or F2
NICn=33) and experimental stage (BL, NIC1, NIC2, or WD). Where ap-
propriate, Bonferroni's multiple comparisons post-hoc test was applied.
Main effects of group (F2,100= 24.03; p= 3e−9) and experimental
stage (F3,300= 27.47; p=1e−15) and a significant group x experi-
mental stage interaction (F6,300= 4.83; p=0.0001) were detected for
MESOR in FBCT-tested mice (Fig. 6G). F1 NIC and F2 NIC mice had
decreased MESOR estimates compared to BL during NIC1 (p= 0.0001
and p=0.0008, respectively), NIC2 (p=0.0002 and p=0.0003, re-
spectively), and WD (p= 1e-16 and p= 1e−15, respectively). F1 NIC
and F2 NIC mice also had increased MESOR estimates compared to F1

Veh during NIC1 (p=0.0003 and p= 0.000002, respectively) but not
NIC2 or WD. F1 Veh mice had decreased MESOR estimates during WD
compared to BL (p=0.0005). The FBCT also impacted global ampli-
tude. Main effects of group (F2,100= 10.11; p=0.0001) and experi-
mental stage (F3,300= 11.44; p=4e−7) and a significant group x ex-
perimental stage interaction (F6,300= 3.83; p= 0.001) were detected
(Fig. 6H). F1 NIC and F2 NIC mice had decreased global amplitude
estimates during WD compared to BL (p=0.02 and p= 0.01, respec-
tively) and had increased global amplitude estimates compared to F1
Veh during NIC1 (p= 0.0004 and p=0.00002) but not NIC2 or WD.
F1 Veh mice had increased global amplitude estimates during NIC2
compared to BL (p=0.00008). A main effect of experimental stage
(F3,300= 7.79; p=0.00005) and a significant group x experimental
stage interaction (F6,300= 2.25; p= 0.04) were detected for ortho-
phase in FBCT-tested mice (Fig. 6I). F1 NIC and F2 NIC mice had ad-
vanced orthophase estimates for NIC1 (p= 0.007 and p=0.002, re-
spectively), NIC2 (p=0.0001 and p=0.0003, respectively), and WD
(p= 0.006 and p= 0.009, respectively) compared to BL, while F1 Veh
mice did not differ from baseline at any stage of FBCT testing.

It should be noted that neither MPH or nicotine intake covaried with
any of the behaviors assessed (Table S2), indicating that the observed
within- and between-group behavioral differences in drug responsivity
are not driven by variations in drug intake.

3.6. Impacts of DNE on nAChR binding and nicotine-induced DA release in
striatum

The impacts of DNE on striatal nAChR expression were evaluated by
assaying subtype-selective nAChR binding. Data for striatal nAChR
binding were analyzed by one-way ANOVA with group (F1 Vehn=12, F1
NICn=13, or F2 NICn=13) as the sole factor, and, where appropriate,
Holm-Sidak's multiple comparisons post-hoc test was applied. A main
effect of group was detected for cytisine-resistant (non-α4β2* nAChR)
[125I]-epibatidine binding in striatum (F2, 34= 3.29; p= 0.049). F2
NIC mice had increased cytisine-resistant [125I]-epibatidine binding in
striatum compared to F1 Veh (p=0.047) (Fig. 7A, left). There was no
main effect of group on cytisine-sensitive (α4β2* nAChR) [125I]-epi-
batidine binding in striatum (Fig. 7A, right). Similarly, there was no
main effect of group on α-conotoxinMII-resistant (non-α6β2* nAChR)
[125I]-epibatidine binding in striatum (Fig. 7B, left). A main effect of
group was detected for α-conotoxinMII-sensitive (α6β2* nAChR) [125I]-
epibatidine binding in striatum (F2,33= 5.095; p=0.012). F1 NIC mice
had decreased α-conotoxinMII-sensitive [125I]-epibatidine binding
compared to F1 Veh and F2 NIC (p=0.026 and p= 0.008, respec-
tively) (Fig. 7B, right).

The effects of DNE on subtype-selective nAChR-mediated nicotine-
induced striatal DA release were characterized by assaying α-CtxMII-
resistant (non-α6β2* nAChR-mediated) and α-CtxMII-sensitive (α6β2*
nAChR-mediated) nicotine-induced DA release in striatum. Data for
nAChR-mediated DA release were analyzed by one-way ANOVA with
group (F1 Vehn=18, F1 NICn=21, or F2 NICn=14) as the sole factor, and,
where appropriate, Holm-Sidak's multiple comparisons post-hoc test
was applied. ANOVA revealed main effects of group for maximal ni-
cotine-induced DA release (Rmax) and nicotine EC50 (F2,50= 11.4;
p= 0.00008 and F2,50= 6.47; p=0.003, respectively) for the α-
CtxMII-resistant fraction. F1 NIC and F2 NIC mice had increased α-
CtxMII-resistant DA Rmax (p=0.00006 and p=0.008, respectively)
(Fig. 7C, left) and decreased nicotine EC50 (p= 0.029 and p=0.002,
respectively) estimates compared to F1 Veh (Fig. 7C, right). There was
also a main effect of group on α-CtxMII-sensitive striatal nicotine-in-
duced DA Rmax (F2,50= 6.45; p=0.003). Similar to results for the α-
CtxMII-resistant component, F1 NIC and F2 NIC mice had increased DA
Rmax (p= 0.00001 and p=0.006, respectively) estimates compared to
F1 Veh (Fig. 7D, left). F2 NIC mice had increased nicotine EC50 esti-
mates compared to F1 Veh (p=0.038) for α-CtxMII-sensitive nicotine-
induced striatal DA release (Fig. 7D, right). Concentration-response
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curves used to derive Rmax and EC50 estimates are provided in the
supplement (Fig. S5).

3.7. Effects of DNE on nAChR binding and function in frontal cortex

The impacts of DNE on nAChR expression and function in frontal
cortex were evaluated by assaying subtype-selective nAChR binding
and ACh-evoked 86Rb+ efflux for components with high and low sen-
sitivity to ACh stimulation. Datasets for nAChR binding and nAChR-
mediated 86Rb+ efflux were analyzed by one-way ANOVA with group
(F1 Vehn=12, F1 NICn=12, or F2 NICn=11) as the sole factor, and, where
appropriate, Holm-Sidak's multiple comparisons post-hoc test was ap-
plied. A main effect of group was detected for cytisine-resistant (non-
α4β2* nAChR) [125I]-epibatidine binding in frontal cortex
(F2,26= 3.57; p= 0.043). F2 NIC mice had decreased cytisine-resistant
[125I]-epibatidine binding in frontal cortex compared to F1 Veh
(p=0.027) (Fig. 8A, left). In addition, the Kruskal-Wallis test detected
a significant median difference among groups (H = 7.23; p = 0.027)
for cytisine-sensitive (α4β2* nAChR) [125I]-epibatidine binding in
frontal cortex. F2 NIC mice had decreased mean rank cytisine-sensitive
[125I]-epibatidine binding in frontal cortex compared to F1 Veh
(p=0.025) (Fig. 8A, right). There was no main effect of group on high
ACh sensitivity cortical 86Rb+ efflux Rmax (Fig. 8B, left), but a main
effect of group (F2,32= 16.36; p=0.00001) was detected for low ACh
sensitivity cortical 86Rb+ efflux Rmax (Fig. 8B, right). F1 NIC and F2 NIC
mice had decreased low ACh sensitivity 86Rb+ efflux Rmax estimates
compared to F1 Veh (p=0.002 and p= 0.0001, respectively). Main
effects of group on ACh EC50 estimates were detected for both high
(Fig. 8C, left) and low (Fig. 8C, right) ACh sensitivity cortical 86Rb+

efflux (F2,32= 36.15; p= 4.85e−9 and F2,32= 15.87; p=0.00001,
respectively). F2 NIC mice had increased ACh EC50 estimates for the
high ACh sensitivity component compared to F1 Veh and F1 NIC
(p=6.43e−7 and p=9.69e−9, respectively), while F1 Veh mice had
increased ACh EC50 estimates for the low ACh sensitivity component
compared to both F1 NIC and F2 NIC (p=0.0001 and p=0.00006,
respectively). A main effect of group (F2,32= 39.4; p= 2.34e−9) was
detected for ratios of high versus low ACh sensitivity cortical 86Rb+

efflux Rmax (Fig. 8D). F1 NIC and F2 NIC mice had increased ratios of
high versus low ACh sensitivity Rmax fractions compared to F1 Veh
(p= 0.004 and p= 1.32e−9, respectively), and F2 NIC mice had in-
creased ratios of high versus low ACh sensitivity Rmax fractions com-
pared to F1 NIC (p=0.00002). Concentration-response curves used to
derive Rmax and EC50 estimates are provided in the supplement (Fig.
S5).

3.8. Impacts of DNE on dopamine transporter (DAT) function in striatum
and frontal cortex

The effects of DNE on DAT-mediated DA uptake in striatum and
frontal cortex were assessed by measuring DAT-specific [3H]-DA uptake
at two concentrations of [3H]-DA, 0.05 μM (low concentration, ap-
proximate Km for DAT-mediated maximal DA uptake) and 1.0 μM (high
concentration, approximately 20× Km for DAT-mediated maximal DA
uptake). Data for DAT-mediated DA uptake were analyzed by one-way
ANOVA with group (F1 Vehn(FCX)=4 n(STR)=4, F1 NICn(FCX)=9; n(STR)=8,
or F2 NICn(FCX)=8; n(STR)=7) as the sole factor, and, where appropriate,
Holm-Sidak's multiple comparisons post-hoc test was applied. Main
effects of group were detected for [3H]-DA uptake at both 0.05 μM [3H]-
DA (Fig. 9A, left) and 1.0 μM [3H]-DA (Fig. 9A, right) in striatum
(F2,15= 7.75; p= 0.005 and F2,15= 17.42; p=0.0001, respectively).
F1 NIC and F2 NIC mice had decreased [3H]-DA uptake compared to F1
Veh at both 0.05 μM [3H]-DA (p= 0.0038 and p= 0.0083, respec-
tively) and 1.0 μM [3H]-DA (p= 0.0002 and p=0.0001, respectively).
In frontal cortex, there was also a main effect of group (F2,17= 6.67;
p=0.007) on [3H]-DA uptake at 0.05 μM [3H]-DA (Fig. 9B, left). F1
NIC and F2 NIC mice exhibited reduced [3H]-DA uptake compared to
F1 Veh (p= 0.004 and p=0.029, respectively). There was no main
effect of group on [3H] DA uptake at 1.0 μM [3H]-DA (Fig. 9B, right) in
frontal cortex. Lastly, the ratios of 1.0 μM [3H]-DA uptake vs. 0.05 μM
[3H]-DA uptake were calculated for both striatum (Fig. 9C, left) and
frontal cortex (Fig. 9C, right) to provide crude estimates of potential
changes in DAT Km (Grady et al., 2007). A main effect of group was
detected for the DA uptake ratio in frontal cortex (F2,17= 27.15;
p=5.1e−6). F1 NIC mice had a greater [3H]-DA uptake ratio in frontal

Fig. 7. Adolescent DNE mice have altered nAChR
binding and nicotine-induced DA release in striatum.
Nicotinic acetylcholine receptor (nAChR) binding
(top) and nicotine-induced DA release (bottom). (A)
(Left) Cytisine-resistant (non-α4β2* nAChR) and
(Right) cytisine-sensitive (α4β2* nAChR) [125I]-epiba-
tidine binding in striatum (nF1Veh= 12, nF1NIC= 13,
and nF2NIC= 13). F2 NIC mice had increased cyti-
sine-resistant [125I]-epibatidine binding in striatum
compared to F1 Veh (p= 0.047). (B) (Left) α-
conotoxinMII-resistant (non-α6β2* nAChR) and (Right)
α-conotoxinMII-sensitive (α6β2* nAChR) [125I]-epiba-
tidine binding in striatum (nF1Veh= 12, nF1NIC= 13,
and nF2NIC= 13). F1 NIC mice had decreased α-
conotoxinMII-sensitive [125I]-epibatidine binding in
striatum compared to F1 Veh (p= 0.026) and F2 NIC
(p=0.008). (C) (Left) nicotine-induced DA Rmax

(maximal nicotine-induced DA release) and (Right) ni-
cotine EC50 (nicotine concentration eliciting half-max-
imal DA release) for α-conotoxinMII-resistant nicotine-
induced striatal DA release (nF1Veh= 18, nF1NIC= 21,
and nF2NIC= 14). F1 NIC and F2 NIC mice had in-
creased α-conotoxinMII-resistant increased DA Rmax

(p=0.000061 and p= 0.0087, respectively) and
decreased nicotine EC50 (p= 0.029 and p= 0.0022,
respectively) estimates compared to F1 Veh for α-

conotoxinMII-resistant nicotine-induced striatal DA release. (D) (Left) nicotine-induced DA Rmax and (Right) nicotine EC50 for α-conotoxinMII-sensitive nicotine-induced
striatal DA release (nF1Veh= 18, nF1NIC= 21, and nF2NIC= 14). F1 NIC and F2 NIC mice had increased DA Rmax (p= 0.00001 and p=0.0066, respectively) estimates
compared to F1 Veh for α-conotoxinMII-sensitive nicotine-induced striatal DA release, and F2 NIC mice had increased nicotine EC50 estimates compared to F1 Veh
(p = 0.038). All data are mean ± S.E.M. *p < 0.05; **p < 0.01; ***p < 0.0001; ****p < 0.0001.
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cortex compared to F1 Veh (p= 0.00005) and F2 NIC (p= 0.00002)
mice, indicating a potential shift in Km for F1 NIC mice. There was no
main effect of group on the ratio of [3H]-DA uptake in striatum.

3.9. Effects of DNE on the global DNA methylome in striatum and frontal
cortex

Studies have shown that nicotine exposure alters DNA methylation.
Therefore, the impact of DNE on global DNA methylation in striatum
and frontal cortex was quantified using an enzyme-linked im-
munosorbent assay (ELISA) to measure 5-methylcytosine (5-mC)
abundance. Datasets for frontal cortical and striatal 5-mC abundance
were analyzed by one-way ANOVA with group (F1 Vehn(FCX)=19;

n(STR)=21, F1 NICn(FCX)=19; n(STR)=19, or F2 NICn(FCX)=16; n(STR)=20) as
the sole factor, and, where appropriate, Holm-Sidak's multiple com-
parisons post-hoc test was applied. ANOVA revealed main effects of
DNE on percent 5-mC content in striatum and frontal cortex

(F2,57= 7.57; p= 0.0012 and F2,53= 8.15; p=0.0009, respectively).
In both F1 NIC and F2 NIC mice, there were reductions in the percen-
tage of 5-mC in striatum (p= 0.0103 and p=0.0010, respectively)
(Fig. 10A) and frontal cortex (p=0.0020 and p=0.0020, respectively)
(Fig. 10B) compared to F1 Veh mice. These data indicate global DNA
hypomethylation in striatum and frontal cortex of DNE mice.

4. Discussion

Previous studies in humans indicate that in utero/prenatal nicotine
exposure increases the risk for ADHD in children (Ernst et al., 2001;
Linnet et al., 2003; Centers for Disease Control and Prevention, 2011;
Knopik et al., 2016b; He et al., 2017; Huang et al., 2018; Marceau et al.,
2018). Here, we evaluated the validity of DNE in mice as a model for
ADHD-like offspring behavioral phenotypes and associated neuro-
chemical and epigenetic perturbations, and we also assessed the po-
tential multigenerational impacts of DNE on these outcome measures.

Fig. 8. Adolescent DNE mice show altered nAChR
binding and function in frontal cortex. Nicotinic acet-
ylcholine receptor (nAChR) binding and function in
frontal cortex. (A) (Left) cytisine-resistant and (Right)
cytisine-sensitive [125I]-epibatidine binding in frontal
cortex (nF1Veh= 12, nF1NIC= 12, and nF2NIC= 11).
F2 NIC mice had decreased cytisine-resistant [125I]-
epibatidine binding in frontal cortex compared to F1
Veh (p=0.027). In addition, F2 NIC mice had de-
creased mean rank cytisine-sensitive [125I]-epibati-
dine binding in frontal cortex compared to F1 Veh
(p=0.025). (B) (Left) High ACh sensitivity and (Right)
low ACh sensitivity 86Rb+ efflux Rmax in frontal cortex
(nF1Veh= 12, nF1NIC= 12, and nF2NIC= 11). F1 NIC
and F2 NIC mice had decreased low ACh sensitivity
86Rb+ efflux Rmax estimates compared to F1 Veh
(p=0.002 and p=0.0001, respectively). (C) (Left)
High ACh sensitivity and (Right) low ACh sensitivity ACh
EC50 in frontal cortex (nF1Veh= 12, nF1NIC= 12, and
nF2NIC= 11). F2 NIC mice had increased ACh EC50

estimates for high ACh sensitivity cortical 86Rb+ ef-
flux compared to F1 Veh and F1 (p=6.43e−7 and
p= 9.69e−9, respectively), while F1 Veh mice had
increased ACh EC50 estimates for low ACh sensitivity
cortical 86Rb+ efflux compared to both F1 NIC and
F2 NIC (p=0.0001 and p= 0.00006, respectively).
(D) Ratios of high ACh sensitivity versus low ACh sen-

sitivity 86Rb+ efflux Rmax (nF1Veh= 12, nF1NIC= 12, and nF2NIC= 11). F1 NIC and F2 NIC mice had increased ratios of high versus low ACh sensitivity cortical 86Rb+

efflux Rmax estimates compared to F1 Veh (p=0.004 and p= 1.32e−9, respectively), and F2 NIC mice had increased ratios of high versus low ACh sensitivity cortical
86Rb+ efflux Rmax estimates compared to F1 NIC (p = 0.00002). All data are mean ± S.E.M. *p < 0.05; **p < 0.01; ***p < 0.0001; ****p < 0.0001.

Fig. 9. Adolescent DNE mice have impaired DAT function in striatum and frontal cortex. DAT-mediated [3H]-DA uptake in striatum and frontal cortex (A) [3H]-DA uptake
at low (left) and high (right) [3H]-DA concentrations in striatum (nF1Veh= 4, nF1NIC= 8, and nF2NIC= 7). F1 NIC and F2 NIC mice had decreased [3H]-DA uptake at both
0.05 μM [3H]-DA (p= 0.0038 and p=0.0083, respectively) and 1.0 μM [3H]-DA (p=0.0002 and p= 0.0001, respectively). (B) [3H]-DA uptake at low (left) and high
(right) [3H]-dopamine concentration in frontal cortex (nF1Veh= 4, nF1NIC= 9, and nF2NIC= 7). F1 NIC and F2 NIC mice had lower [3H]-DA uptake at low (p=0.004
and p=0.029, respectively) but not high [3H]-DA concentration in frontal cortex compared to F1 Veh. (C) Ratios of high vs. low concentration [3H]-DA uptake in
striatum (left) and frontal cortex (right). F1 NIC mice had increased high vs. low concentration [3H]-DA uptake ratios in frontal cortex compared to F1 Veh
(p = 0.000054) and F2 NIC (p = 0.000018) mice. All data are mean ± S.E.M. *p < 0.05; **p < 0.01; ***p < 0.0001; ****p < 0.0001.
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ADHD is characterized in part by diurnal and nocturnal hyperactivity,
sleep disruptions, eveningness, and impulsivity (Van Veen et al., 2010;
Baird et al., 2012; Imeraj et al., 2012; American Psychiatric Association,
2013; Bijlenga et al., 2013; Snitselaar et al., 2017). Accordingly, we
assessed activity in a familiar (home cage) environment as well as ac-
tivity and risk-taking behaviors in a novel (open field) environment as
proxies for these symptoms. Results indicated that DNE confers multi-
generational context-independent hyperactivity and increased risk-
taking behaviors. Rhythmometric analyses revealed increases in the
midline (MESOR) and the magnitude of daily variation (global ampli-
tude) of home cage activity rhythms in DNE mice that recapitulate
findings in ADHD patients (Baird et al., 2012), along with modestly
increased latency to peak activity (delayed orthophase) in DNE mice
that resembles findings of phase-delayed rest-wake activity rhythms
(eveningness) in ADHD patients (Bijlenga et al., 2013). These findings
demonstrate ADHD-like anomalies in the rhythmicity of activity that
are transmitted to at least the F2 generation.

In light of the associations of both DNE and ADHD with increased
nicotine use in adolescents (Cornelius et al., 2000; Buka et al., 2003;
Elkins et al., 2018; Rhodes et al., 2016; Kollins et al., 2005; Milberger
et al., 1997; Lambert and Hartsough, 1998), we assessed voluntary
nicotine consumption and preference in adolescent DNE mice. Results
demonstrate a predisposition to voluntary nicotine consumption in both
F1 NIC and F2 NIC mice, wherein both generations consumed more
nicotine than F1 Veh mice. These findings support previous research
demonstrating increased nicotine self-administration in F1 DNE mice
(Chistyakov et al., 2010). Interestingly, F1 NIC mice consumed ap-
proximately equal volumes of each nicotine concentration, indicating
an indifference to the various nicotine solutions, while the volume of
nicotine consumed by F2 NIC mice was greatest for the 25 μg/mL
concentration and least for the 100 μg/mL concentration. This ob-
servation suggests that despite the analogous increases in nicotine
consumption in F1 NIC and F2 NIC mice, there appear to be genera-
tional differences in sensitivity to nicotine that mimic and extend pre-
vious findings in F1 DNE mice (Pauly et al., 2004). The increased ni-
cotine consumption in DNE mice is consistent with the increased risk
for nicotine use and dependence in DNE adolescents and ADHD patients
(Cornelius et al., 2000; Buka et al., 2003; Gehricke et al., 2009; Elkins
et al., 2018; Rhodes et al., 2016; Kollins et al., 2005; Milberger et al.,
1997; Lambert and Hartsough, 1998). Furthermore, the phase-delay of
home cage activity rhythms at baseline and increased nicotine intake in
DNE mice parallels the association of eveningness and smoking
(Wittmann et al., 2006). In addition, the increased global amplitude of
home cage activity rhythms in DNE mice mirrors the increased in am-
plitude of rest-wake activity rhythms in ADHD patients. Collectively,
the aforementioned results warrant future studies to evaluate the risks
for nicotine use and ADHD in the children and the grandchildren of
parental smokers.

MPH is an effective treatment for adolescent ADHD patients that
mitigates hyperactivity and exerts phase-shifting and MESOR/ampli-
tude-attenuating effects on circadian rest-activity rhythms (Castells

et al., 2011; Baird et al., 2012; Storebø et al., 2015; Rezaei et al., 2016;
Snitselaar et al., 2017). home cage activity rhythms and open field
behavior were thus evaluated during and after passive oral MPH ad-
ministration to determine the MPH responsivity of ADHD-like hyper-
activity, aberrant rhythmicity of home cage activity, and risk-taking
behaviors in adolescent DNE mice. Results indicated a therapeutic-like
effect of MPH on active and inactive phase home cage hyperactivity and
risk-taking behaviors in DNE mice. Similarly, MPH attenuated de-
creased MESOR and global amplitude of home cage activity rhythms,
and elicited an orthophase-advance in DNE mice, consistent with the
MESOR/amplitude-attenuating and phase-shifting effects of psychosti-
mulants such as MPH on circadian rest-activity rhythms in ADHD pa-
tients (Snitselaar et al., 2017). Conversely, MPH increased home cage
and open field activity, risk-taking behaviors, MESOR, global ampli-
tude, and latency to peak activity in F1 Veh mice, consistent with a
stimulant-like effect. Interestingly, F1 Veh mice consumed more MPH
than DNE mice. In further support of a therapeutic-like effect of MPH,
DNE mice displayed negative correlations between daily MPH con-
sumption and active phase home cage activity, inactive phase home
cage activity, and risk-taking behaviors, while each of these correla-
tions was positive for F1 Veh mice, consistent with a stimulant-like
effect (Fig. S3). Taken together, these findings demonstrate discrete
therapeutic-like effects of MPH on hyperactivity, anomalous circadian
rhythmicity of activity, and risk-taking behaviors in DNE mice which
mimic those produced by MPH in ADHD patients (Castells et al., 2011;
Baird et al., 2012; Storebø et al., 2015; Rezaei et al., 2016; Snitselaar
et al., 2017) and in other animal models of ADHD (Volkow et al., 2001;
Balcioglu et al., 2009; Zhu et al., 2012, 2017). In aggregate, the ther-
apeutic effects of MPH in DNE mice support the construct validity and
ADHD specificity of our ADHD mouse model.

Per the self-medication hypothesis of nicotine use in ADHD, a
therapeutic effect of nicotine may mediate the increased risk for nico-
tine dependence in ADHD patients (Gehricke et al., 2009; Amsterdam
et al., 2018). home cage activity rhythms and open field behavior were
therefore assessed during voluntary nicotine consumption and with-
drawal. Consistent with observations in ADHD patients, data indicated
a therapeutic-like effect of voluntary nicotine consumption on home
cage hyperactivity in the active and inactive phases as well as MESOR
and orthophase estimates in DNE mice. In contrast, voluntary nicotine
consumption induced active phase home cage hyperactivity and in-
creased MESOR and global amplitude of home cage activity rhythms in
F1 Veh mice. In accordance with a therapeutic-like effect of nicotine in
ADHD, there were negative correlations between voluntary nicotine
consumption and active phase home cage activity during voluntary
nicotine intake in DNE mice, while this correlation was positive for F1
Veh mice (data not shown). During withdrawal, F1 NIC mice exhibited
a decrease in risk-taking behaviors, which may be reminiscent of the
exacerbated withdrawal symptoms reported by nicotine-dependent
ADHD patients (Gray et al., 2010; Bidwell et al., 2018). Taken together,
these findings support the purported therapeutic effect of nicotine on
ADHD symptoms, thereby providing further support for the construct

Fig. 10. Adolescent DNE mice exhibit global DNA hy-
pomethylation in striatum and frontal cortex. Percent
DNA methylation in striatum and frontal cortex,
measured by enzyme-linked immunosorbent assay
(ELISA). (A) Percent 5-methylcytosine content in
striatum (nF1Veh= 19, nF1NIC= 19, and nF2NIC= 16).
F1 NIC and F2 NIC mice had decreased striatal 5-
methylcytosine content (p=0.0103 and p= 0.0010,
respectively) compared to F1 Veh mice. (B) Percent 5-
methylcytosine content in frontal cortex (nF1Veh= 21,
nF1NIC= 19, and nF2NIC = 20). F1 NIC and F2 NIC
mice had decreased cortical 5-methylcytosine con-
tent (p = 0.0020 and p = 0.0020, respectively) re-
lative to F1 Veh mice. All data are mean ± S.E.M.
*p < 0.05; **p < 0.01; ***p < 0.001.
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validity and ADHD specificity of our ADHD mouse model.
Previous research suggests striatal hyperdopaminergia, impaired

frontal cortical function, and deficient DAT expression/function in
striatum and frontal cortex in ADHD patients and DNE children (Slotkin
et al., 1987, Muneoka et al., 1999; Slotkin, 2002; Heath and Picciotto,
2009; Smith et al., 2010; Del Campo et al., 2011; Yochum et al., 2014;
Alkam et al., 2017). Prior studies have hypothesized that DNE-induced
alterations in corticostriatothalamic nAChR function may constitute a
mechanistic link between DNE and ADHD (Heath and Picciotto, 2009).
We thus characterized nAChR binding and function and DAT function
in striatum and frontal cortex of DNE mice. Indicative of a role for
nAChR changes in our DNE mouse model of ADHD, results of binding
assays revealed up-regulation of α4β2* nAChR binding sites in striatum
of F2 NIC mice, down-regulation of α6β2* nAChR binding sites in
striatum of F1 NIC mice, and down-regulation of α4β2 and non-α4β2*
nAChR binding sites in frontal cortex of F2 NIC mice. In addition,
functional assays revealed nAChR subtype-independent increases in
maximal nicotine-induced striatal DA release in DNE mice, accom-
panied by deficits in frontal cortical α4β2* nAChR function in DNE
mice that mirror the frontal cortical dysfunction seen in ADHD and DNE
adolescents. Interestingly, the DNE-induced functional impairment of
frontal cortical nAChRs appears to be selectively mediated by the
α4β2* nAChR population with low sensitivity (LS) to ACh stimulation.
This observation suggests that DNE may exert multigenerational effects
on both the expression and stoichiometry of frontal cortical α4β2*
nAChRs.

DNE was also found to impact DAT function. Analogous to the
perturbed DA kinetics and DAT dysfunction in ADHD patients, uptake
assays revealed impaired DAT-mediated DA uptake in striatum and
frontal cortex of DNE mice, along with increased ratios of high versus
low concentration DAT-mediated DA uptake in cortex that suggest an
altered DAT Km in F1 NIC mice alone. In aggregate, the aforementioned
results reveal DNE-induced multigenerational perturbations in nAChR
expression, dopaminergic and cholinergic function, and DAT function.
These findings are consistent with studies in ADHD patients and DNE
children demonstrating alterations in corticostriatal dopaminergic and
cholinergic signaling that may be associated with changes in nAChR
expression/function as well as DAT expression/function (Slotkin et al.,
1987, Muneoka et al., 1999; Slotkin, 2002; Heath and Picciotto, 2009;
Smith et al., 2010; Del Campo et al., 2011; Yochum et al., 2014; Alkam
et al., 2017).

Maternal smoking during pregnancy is associated with DNA me-
thylome alterations in children (Guerrero-Preston et al., 2010; Maccani
and Maccani, 2015; Richmond et al., 2015; Jung et al., 2016;
Chatterton et al., 2017; Joubert et al., 2016), and DNA methylation
levels at birth are negatively correlated with ADHD symptom severity
in children (van Mil et al., 2014). Consistent with these studies, our
findings indicate DNA methylome deficits in striatum and frontal cortex
of not only F1 DNE mice but also F2 DNE mice. By extension, these
findings implicate epigenetic changes in the multigenerational trans-
mission of DNE-induced ADHD-like phenotypes, but further research is
warranted to elucidate the gene and cell type-specificity of such
changes.

There are limitations in the experimental design of this study which
should be taken into consideration when interpreting the results.
Namely, we cannot rule out possible confounds due to uncontrollable
environmental factors such as variations in animal facilities staff.
However, care was taken to minimize such confounds through the use
of a single experimenter for all behavioral tests, the utilization of
standardized climate-control settings for temperature, humidity, and
lighting in all animal housing and testing rooms, and the behavioral
assessment of a minimum of fifteen litters from twelve breeder pairs for
each group. Moreover, multifactorial ANOVAs revealed no main effects
of or interactions with breeder, litter, season, or testing chamber for any
measure. In addition, it should be noted that, upon co-housing with pre-
treated dams, nicotine-naïve sires had the opportunity to consume

vehicle or nicotine drinking solutions, and thus our nicotine-exposure
paradigm constituted parental rather than exclusively maternal DNE for
F1 NIC mice, while F2 NIC mice were exposed to nicotine exclusively
via the maternal germline. An additional limitation is the omission of
an F2 Veh control group, which confers potential confounds related to
the multigenerational transmission of ADHD-like phenotypes in F2 NIC
mice. However, pilot experiments revealed no behavioral differences
between F1 Veh and F2 Veh mice, and previous research has demon-
strated that there are no apparent transgenerational behavioral effects
of parental exposure to an oral saccharin vehicle analogous to that used
for the present study (Zhu et al., 2012, 2017).

The findings of the present study support the interpretation that
DNE elicits multigenerational behavioral, neuropharmacological, and
neuroepigenetic anomalies which recapitulate ADHD pathosymptoma-
tology. Nevertheless, it is important to note that many of the pheno-
typic aberrations displayed by F1 NIC and F2 NIC mice are also con-
sistent with other neuropsychiatric disorders such as schizophrenia and
bipolar disorder. Therefore, the findings of this study may have broader
implications for understanding the pathosymptomatology of an array of
neuropsychiatric disorders.

5. Conclusions

In aggregate, our data demonstrate that DNE elicits multi-
generational transmission of nicotine preference, hyperactivity and
risk-taking behaviors, aberrant rhythmicity of activity, atypical nAChR
expression and function in striatum and frontal cortex, DAT dysfunction
in striatum and frontal cortex, and DNA hypomethylation in striatum
and frontal cortex. To the best of our knowledge, this report is the first
to demonstrate multigenerational ADHD-like enhancement of nicotine
preference, MPH-responsive anomalies in the rhythmicity of activity,
perturbations in nAChR expression, dopaminergic and cholinergic
dysfunction, functional DAT impairment, and DNA methylome deficits
in an animal model of ADHD. In isolation, each of these findings is
attributable to ADHD and myriad other psychiatric disorders. Despite
this potential overlap, the ensemble of phenotypes identified in DNE
mice is markedly more reminiscent of ADHD than of any other neu-
ropsychiatric disorder. Specifically, the increased global amplitude and
orthophase-delay observed in DNE mice is consistent with ADHD and
distinguishes DNE-induced hyperactivity from generalized hyper-
activity that is common across a spectrum of neuropsychiatric dis-
orders. Moreover, the therapeutic-like MPH-responsiveness observed in
DNE mice is consistent with ADHD, since psychostimulants such as
MPH exert therapeutic effects in ADHD patients (Franke et al., 2011;
Castells et al., 2011; Baird et al., 2012; Storebø et al., 2015; Rezaei
et al., 2016; Snitselaar et al., 2017). Altogether, the findings of the
present study contribute to the growing body of research suggesting
mechanistic links between DNE and ADHD and provide a foundation for
future epidemiological studies evaluating the risks for nicotine use and
ADHD in the children and the grandchildren of parental smokers.
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