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Abstract

The cognitive mechanisms underlying attention-deficit hyperactivity disorder (ADHD), a highly heritable disorder with an
array of candidate genes and unclear genetic architecture, remain poorly understood. We previously demonstrated that mice
overexpressing CK18 (CK18 OE) in the forebrain show hyperactivity and ADHD-like pharmacological responses to D-
amphetamine. Here, we demonstrate that CK18 OE mice exhibit impaired visual attention and a lack of p-amphetamine-
induced place preference, indicating a disruption of the dopamine-dependent reward pathway. We also demonstrate the
presence of abnormalities in the frontostriatal circuitry, differences in synaptic ultra-structures by electron microscopy, as
well as electrophysiological perturbations of both glutamatergic and GABAergic transmission, as observed by altered
frequency and amplitude of mEPSCs and mIPSCs. Furthermore, gene expression profiling by next-generation sequencing
alone, or in combination with bacTRAP technology to study specifically Drd1a versus Drd2 medium spiny neurons, revealed
that developmental CK 19 OE alters transcriptional homeostasis in the striatum, including specific alterations in Drd1a versus
Drd2 neurons. These results led us to perform a fine molecular characterization of targeted gene networks and pathway
analysis. Importantly, a large fraction of 92 genes identified by GWAS studies as associated with ADHD in humans are
significantly altered in our mouse model. The multiple abnormalities described here might be responsible for synaptic
alterations and lead to complex behavioral abnormalities. Collectively, CK18 OE mice share characteristics typically
associated with ADHD and should represent a valuable model to investigate the disease in vivo.

Introduction

Attention-deficit hyperactivity disorder (ADHD), char-
acterized by excessive levels of inattention, hyperactivity,
and impulsivity, is prevalent worldwide, affecting about
5.3% of school-age children, and persisting into adulthood
in about two-thirds of such children [1-3]. ADHD is a
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developmental disorder and pathophysiological abnormal-
ities of the frontostriatal network have been observed [4].
Large twin studies have revealed that ADHD is highly
heritable [5], and recent work by the Psychiatric Genomics
Consortium using genome-wide association studies
(GWAS) has demonstrated that the disorder is polygenic [6,
7], with clear evidence of shared genetic risk at individual
loci. Nevertheless, the diagnostic etiology and the genetic—
neurophysiological mechanisms underlying the disorder
still remain difficult to pinpoint.

Using magnetic resonance imaging (MRI), abnormal
activation in the prefrontal cortex and striatum has been
observed in ADHD patients [8—10]. Precise topological
measurements using functional MRI showed that activation
of the visual attention network is significantly reduced in
ADHD children, indicating non-coordinated functional
activity from the cingulate cortex to other brain regions
[11]. It has been reported that impaired interactions between
control and reward pathways exist in ADHD brains
underlying attention and motivation deficits in the patients
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[12]. Indeed, abnormal patterns of activity in dopamine
neurotransmission have been implicated in the pathophy-
siology of ADHD [13-15], and positron emission tomo-
graphy studies in ADHD patients have revealed altered
changes in dopamine transmission in the reward-motivation
pathway [16, 17]. From a signaling point of view, an
imbalance of dopamine neurotransmission in the nigros-
triatal pathway has been linked to ADHD [18-20].
Methylphenidate, mainly acting on dopamine transmission,
is still the first-line pharmacological treatment of ADHD
[21]. Remarkably, ADHD has also been associated with a
series of other psychiatric conditions where dopamine is
also involved, such as major depression and bipolar disorder
and autism [22, 23].

Animal models provide testable and valuable tools for
deep understanding of the etiology, pathology, and ther-
apeutic treatment of diseases. The behavioral performance
of mice lacking the dopamine transporter, at baseline and in
response to stimulant drugs, firmly support dysregulation of
key neurotransmitters in ADHD [24, 25]. However, dopa-
mine neurotransmission can be impacted by many factors.
In the basal ganglia, DARPP-32 (dopamine- and cAMP-
regulated phosphoprotein, mw 32 kDa) is a key protein that
integrates synaptic input signals from various origins
including the dopaminergic system [24]. CK1 regulates the
state of DARPP-32 phosphorylation, influencing neuronal
function through site-specific phosphorylation. CK19 is a
major CK1 isoform and is enriched in the brain [26]. In the
central nervous system, CK19 is involved in a variety of
physiological and pathological processes [27—-29]. To assess
the role of CK196 in the regulation of dopamine signaling,
we previously generated a transgenic mouse line over-
expressing CK16 (CK18 OE) in the forebrain in a tempo-
rally controllable manner. CKI16 OE mice exhibited
hyperactive locomotion, impulsivity, and lower nesting
capability. Behavioral performance normalized when the
OE mice were administrated amphetamine or methylphe-
nidate, effective drugs currently used in patients with
ADHD [30].

Our previous work indicates that CK18 OE plays an
important role in perturbation of dopaminergic signaling,
implicating mechanisms underlying ADHD [30]. Here, we
specifically assessed attention deficit in CK186 OE mice and
studied the function of brain rewarding circuits by con-
ducting a series of behavioral studies. To further investigate
the mechanisms underlying these behavioral abnormalities,
we then examined the structural changes, neuronal mor-
phology, and synaptic ultrastructural differences in
the frontostriatal areas of the CK18 OE mice. We next
investigated the impact of these modifications on electro-
physiological recordings and demonstrated electro-
physiological perturbances of both glutamatergic and
GABAergic transmission by analyzing frequency and

kinetics of miniature excitatory postsynaptic currents
(mEPSCs) and miniature inhibitory postsynaptic currents
(mIPSCs). Furthermore, we analyzed transcriptional gene
expression in brain areas associated with these complex
abnormalities. To further investigate ADHD-related
abnormalities, and address the still debatable roles of
dopamine receptor 1 (Drdla) versus dopamine receptor 2
(Drd2) in medium spiny neurons (MSNs), we investigated
the possibility that the pathways of Drdla and Drd2 MSNs
might be affected differentially by CK186 OE. We then
obtained the mice with the combination of bacterial artificial
chromosome and translating ribosome affinity purification
(bacTRAP) and performed RNA profiling on four different
neuronal populations, showing some clear differences
between cell types for the two genotypes in the striatum.
Finally, we explored a possible relationship between CK18
OE-induced gene expression and the ADHD risk genes,
over 90 human genes associated with ADHD through
GWAS studies.

Our findings demonstrate that the temporal and regional
inducibility of CK18 OE in our mouse model provides a
unique tool to elucidate in vivo the mechanisms underlying
ADHD. Together, this study demonstrates the importance of
CK156 regulation in the pathophysiology of ADHD, reinforces
the importance of the dopaminergic system, involving both
classes of MSNs, and provides a pharmacological framework
to alleviate ADHD symptoms. Current animal models reca-
pitulating the behavioral, physiological, genetic, and
mechanistic complexity of ADHD are lacking. The compre-
hensive investigation described herein suggests that CK16 OE
is a good model of this highly prevalent disorder.

Materials and methods
Animals used and behavioral tests

Mouse procedures were in accordance with the National
Institutes of Health guidelines and approved by the
Institutional Animal Care and Use Committees at The
Rockefeller University. Male mice were used in all beha-
vioral tests, and both males and females were processed for
tissue preparations.

The transgenic mouse line with inducible overexpression
of CK138 in the forebrain was generated by crossing tetO-
CK18-positive mice with CaMKIla-tTA-positive mice [30].
CK18/tTA/Drd1a/EGFP-L10a and CK138/tTA/Drd2/EGFP-
L10a bacTRAP transgenic mice were generated on a mixed
genetic background (The Jackson Laboratory, Bar Harbor,
Maine) by breeding the mice carrying CK18"/ATA™ with
Drd1a/EGFP-L10a” and Drd2/EGFP-L10a*. bacTRAP
lines expressing the transgene EGFP-L10a under the pro-
moter of Drdla and Drd2 were described elsewhere [31].
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The locomotor activities in both sexes were evaluated in
an open field test (60 min). Male CK18 OE showed hyper-
locomotion at 1 month and 16 months of age.

Female CK18 OE were similarly hyperactive in young
adulthood (3 months of age), but not when they were older
at 67 and 16 months of age. Since the behavioral effect of
the CK16 OE was more robust and longer lasting in males
than in females, males were selected for the subsequent
behavioral tests, such as for 3-Choice Serial Reaction Time
task (3CSRT), the complexity of which required multiple
months of training and testing. When young animals were
used (<3 months of age) both males and females were used
for biochemical assays.

The 3CSRT test was used to assess attentional function
[32, 33]. Prior to the test, mice were food restricted to
reduce their body weights by around 15%. The mice were
then trained (20 min daily) to collect one food pellet dis-
pensed into the magazine (Med Associates, St. Albans, VT)
and to nose-poke in any one of three lit apertures (stimulus
light went from constant to random) in order to obtain one
food pellet 20 min daily. The training phase was completed
when mice obtained 40 food rewards and at least 50% of
correct responses. To begin the first trial, mice had to nose-
poke the randomly illuminated aperture (lit for 60 s) with 5 s
delay between trials. A correct response (i.e. a nose-poke in
the illuminated aperture) resulted in delivery of a food pellet
and then initiated the next trial. Response accuracy (i.e. the
percentage of correct responses/total trials) was recorded for
each session, and mice advanced to the next stage of the
procedure when they performed >50 trials per session and
achieved >80% correct actions. The stimulus duration
decreased progressively at each stage from 60 to 32, 16, 8,
4, 2, and 1s. Variables measured in this experiment inclu-
ded number of days required to reach the above criterion for
each stimulus duration, food magazine entries, accuracy,
and timeout counts. An 8 s timeout occurred when any error
was made, including anticipatory errors (nose-poking prior
to delivery of the visual stimulus), commission error (nose-
poking in either of the non-illuminated apertures), and
omission error (no nose-poke during the stimulus or the
subsequent 5-s holding period).

Amphetamine-based reward testing was performed using
an adapted version of existing protocols [34-36] and con-
ducted from 2 to 5 p.m. The first three days, mice were
individually placed in the central chamber of the three
chambered apparatus for 30 min daily and allowed to freely
explore all three chambers during the test. On Days 4 and 5
the mice received p-amphetamine (2 mg/kg via i.p.) and
were immediately transferred into the center chamber of the
CPP apparatus where they were given access to all three
chambers for 30 min. On Day 6, all mice received saline
(0.9% of NaCl) and were immediately placed in the center
chamber, where they were again given access to the three
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chambers for 30 min. On Days 7 and 8, the mice were
immediately confined into the black chamber (drug-paired)
for 30 min immediately after receiving p-amphetamine (2
mg/kg via i.p.). Thereafter, the mice were kept drug free. On
Day 9, 24h after amphetamine withdrawal, mice were
placed into the central chamber with all doors opened for
30min. Six days later (see Day 9), the procedure was
repeated. The entries to each chamber and the time spent
inside each chamber were recorded daily.

Golgi staining and striatal volume measurements

The Golgi staining was performed as indicated in the user
manual, PK401, from FD NeuroTechnologies Inc (Ellicott
City, MD, USA). See also Supplementary Material for
details. The striatum of each section (circled areas) were
measured using Image] (NIH). The striatal volumes were
calculated as the sum of all striatal section areas corre-
sponding to a single brain hemisphere and multiplied by
100 to take into account the thickness of the sections.

Transmission electron microscopy

Brains were perfused 2-3 min with saline and followed by
fixation, containing 2% paraformaldehyde and 2.5% glu-
taraldehyde in 0.75 M sodium cacodylate buffer (pH 7.4) at
25 °C for 5 min. The brains were kept in the fixative solu-
tion at 4 °C overnight. Vibratome sections were generated,
washed, post-fixed with 1% osmium tetra-oxide for 1 h,
underwent en bloc staining with 2% uranyl acetate for
30 min, dehydrated by a graded series of ethanol, removed
ethanol with propylene oxide, infiltrated with a resin
(EMBed 812; Electron Microscope Sciences, Hatfield, PA)
and embedded with the resin. After polymerization at 60 °C
for 48 h, ultra-thin sections underwent post-staining with
2% uranyl acetate and 1% lead citrate and were examined in
the electron microscope (100CX JEOL, Tokyo, Japan) with
the digital imaging system (XR41-C; Advantage Micro-
scopy Technology (AMT) Corp., Denver, MA).

Electrophysiology

Male mice, 4-5-weeks old, were sacrificed by a Euthanex
Smartbox™ Euthanasia System (Euthanex, Palmer, PA,
USA) and decapitation. Brains were removed quickly,
placed in ice-cold artificial cerebrospinal fluid, coronal brain
slices (300 um thickness) were prepared using a VT-1000S
Vibratome (Leica Microsystems Inc., Buffalo Grove, IL,
USA) and allowed to recover for 1h at 35 °C.
Electrophysiological recordings and data analysis were
performed as previously described [37, 38]. Striatum-
containing slices were placed in a perfusion chamber
attached to the fixed stage of an upright BXS51WI
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microscope (Olympus, Japan) and submerged in con-
tinuously flowing oxygenated recording solution. Neurons
were visualized with a x40 water immersion lens and illu-
minated with near infrared (IR) light. Striatal MSNs were
identified based on their size, morphology, and electro-
physiological characteristics (resting membrane potential
and spike discharge). Whole-cell, voltage-clamp recordings
from striatal MSNs were performed with a Multiclamp
700B/Digidatal440A system (Molecular Devices, Sunny-
vale, CA, USA). Neurons were voltage-clamped at —70 mV
and allowed to reach a stable baseline (5min) before
recording. To isolate and record mEPSCs, 10 uM bicuculline
(Tocris Bioscience, Ellisville, MO, USA) to block GABA
receptors and 0.5 uM tetrodotoxin (TTX; Tocris Bioscience)
to block sodium channels were added to the extracellular
recording solution. To record mIPSCs, 50 uM D-(2R)-
amino-5-phosphonovaleric acid (D-APV; Tocris
Bioscience), 20uM 6-cyano-7-nitroquinoxaline-2,3-dione
(CNQX; Tocris Bioscience), and 0.5 uM TTX were added to
the recording solution to block NMDA glutamate receptors,
AMPA/kainate glutamate receptors, and sodium channels,
respectively.

All data were acquired with Clampex 10.3 (pClamp;
Molecular Devices, Sunnyvale, CA). Amplitude, frequency,
10-90% rise time, and decay time were analyzed with
MiniAnalysis (Synaptosoft Inc., Fort Lee, NJ, USA) and
Prism 6 (GraphPad Software, La Jolla, CA, USA) software.
The mEPSC decay time was fitted with a single exponential
curve. The mIPSC decay time was fitted with a bi-
exponential curve (Al x exp(—itr;) + A2 x exp(—t/1,)) and
the weighted decay constant (z7y = (Al X7+ A2Xx 1)/
(A1 + A2)) was later computed. Unpaired Student’s z-test
was used for statistical comparisons of amplitudes, fre-
quencies, rise times, and decay times. All data are presented
as mean * s.e.m.

See also Supplementary Material for details.

RNA sequencing

Total RNAs from the frontal cortex and striatum of
12-week-old mice, CK18TATA™ and CKI18™/tTA™, age-
and sex-matched littermate controls (n =3 or 4 per geno-
type), were extracted using the Trizol/Chloroform (Thermo
Fisher, Carlsbad, CA). The extracted RNAs were pre-
cipitated in isopropanol and further purified using the
Rneasy Micro Kit (Qiagen, Valencia, CA) with DNase
digestion. The quality of purified RNAs were assessed
using a Nanodrop 1000 spectrophotometer (Thermo-
Scientific, Wilmington, DE) and a Bioanalyzer (Agilent
Technologies, Santa Clara, CA).

For genomic arrays, purified mRNAs were amplified and
processed using the Affymetrix two cycle cDNA Synthesis
kit (Affymetrix, Santa Clara, CA). Mouse Genome 430 2.0

arrays were scanned using the GeneChip Scanner 3000
(Affymetrix, Santa Clara, CA) and globally scaled to 150
using the Affymetrix GeneChip Operating Software (GCOS
v1.4). Three replicates were performed for each experiment.
GeneChip CEL files were imported together into Gene-
spring GX 7.3.1 (Agilent Technologies, Santa Clara, CA),
processed with the GCRMA algorithm, and expression
values on each chip were normalized to that chip’s 50th
percentile. Gene changes (>2 folds) and significantly dif-
ferent (P values <0.05) between the two genotypes in the
striatum and fronto-cortex, were selected.

For RNA sequence, the cDNAs were prepared with the
TruSeq RNA Sample Preparation v2 kit (Illumina), using an
input of 100 ng RNA for total striatal tissue and 25 ng RNA
for bacTRAP samples from striatal either Drdla or Drd2
neurons. Five hundred nanograms cDNA from each sample
was fragmented on a Covaris S2 Focused Ultrasonicator
using the operating conditions recommended by the man-
ufacturer for a target fragment size of 200 bp. Libraries for
RNA sequencing were prepared with the TruSeq RNA
Sample Preparation v2 kit (Illumina), starting the manu-
facturer’s low-throughput protocol with the end-repair step.
Subsequently, two libraries with different adapters were
multiplexed for sequencing. The multiplexed samples were
analyzed on an Illumina HiSeq 2000 sequencer using 100-
bp single-end sequencing.

FPKM values for all genes in each sample were calcu-
lated with Cufflinks version 2.2.1. To analyze differential
gene expression between samples (Supplementary
Tables S1-S3), DESeq version 1.22.1 was used, applying
the standard comparison mode. P-values were reported by
DESeq, adjusted for multiple testing using the Benjamini—
Hochberg procedure.

See also Supplementary Material for details and analysis.

Ingenuity pathway analysis

Data were analyzed, and functional networks were built,
through the use of Ingenuity pathway analysis (IPA®;
Qiagen Inc., https://www.giagenbio informatics.com/pro-
ducts/ingenuitypathway-analysis). Briefly, RNAseq data
were uploaded into Qiagen’s IPA system for basic analysis.
Canonical pathways and gene networks relevant for dis-
eases and functions were then evaluated through IPA based
on pre-determined conditions (P-value <0.05 and fold
change >1.5).

Heatmap analysis was used to illustrate the expression
patterns of differentially expressed genes.

Statistical analysis

Parametric statistics were performed using StatView 5.0.
Data are presented as means +s.e.m. and were analyzed
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Fig. 1 CK19 OE mice display lower visual attention and impairment in
amphetamine-induced place preference compared to control litter-
mates. a Number of mice to pass criterion in each phase. The duration
of stimulus was variable, lasting for 60, 32, 16, 8, 4, 2, and 1s. b
Number of days needed to pass the first three phases (collapsed across
phases). ¢ Number of food magazine entries. d Accuracy to pass each

with one-way or two-way analysis of variance (ANOVA),
or repeated measures two-way ANOVA with subject
matching. Data were analyzed with Newman—Keuls post
hoc analysis or Fisher’s protected least significant differ-
ence to compare differences between groups/within
groups. Statistical significance was set and presented as
*P<0.05, **P<0.005, and ***P <0.001 genotype dif-
ference, and * P <0.05 difference in two conditions within
one genotype.

Results

CK16 OE mice show lower visual attention and
impaired reward motivation

To further investigate the behavioral performance of CK16
OE mice overexpressing CK10d under the control of the
CamKIo-tTA promoter as a model of ADHD, we con-
ducted the 3CSRT test to measure visual attention in the
mice as follows. The stimulus duration (i.e. light) lasted for
60, 32, 16, 8, 4, 2, or 1s depending on the testing phase.
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phase (correct trials divided by the total number of trials), and e
timeout counts. Statistical analysis: b Repeated measures two-way
ANOVA with subject matching and fisher post hoc test, n = 10, *P <
0.05 genotype difference. c-e One-way ANOVA n = 10 each geno-
type, ¥*P < 0.05 and ***P <0.001, genotype difference

The criteria to pass each phase were set as 80% of correct
actions and at least 50 completed trials. The number of
CK16 OE mice to reach criterion dropped quickly for the
more difficult phases (8, 4, 2, 1), while 100% of control
littermates passed most phases except the last one (Is)
where two animals failed (Fig. 1a). Additionally, even for
the easier phases (60, 32, and 165s), the CK18 OE mice
needed more days to pass each phases compared to controls
(P=0.031) (Fig. 1b). Furthermore, CK15 OE mice checked
the food magazine throughout the trial more often than
control mice (Fig. 1c) (32", Fy19=15.07, P=0.036; 16",
Fy18=17.23, P=0.015; 4", F,,5=17.75, P=0.014; 2",
F114=1.08, P=0.019), indicative of a possible lowered
inhibition, reminiscent of increased impulsivity associated
with ADHD. The accuracy of CK16 OE mice to respond to
visual stimuli was significantly lower compared to control
littermates, as measured by the average of correct trials
divided by the total number of trials for each phase (Fig. 1d)
(60", Fy19=8.64, P=0.008; 16", Fy 13="7.11, P =0.016;
4", Fy 15 =11.95, P =0.0035; 2", F| 14 =48.96, P <0.0001;
17, F19=23.52, P =0.0009). In addition, CK18 OE mice
were subjected to more timeouts (penalties for wrong
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Fig. 2 CK18 OE mouse brains
harbor morphological and
electrophysiological
abnormalities. a Coronal
sections of Golgi stained brains
(x10). CK18 OE mice harbor
shorter neuronal dendrites in the
cingulate cortex compared to
control littermates. b Bar graph
shows the statistical result of
NeuN cell counts in the
cingulate ctx (one-way
ANOVA, n=25; 3 brains for
each genotype), *P <0.05.

¢ Statistical analysis of the
striatal volumes (one-way
ANOVA n =6 for each
genotype, **P < 0.005).

d Cumulative distribution plot
and bar graph (mean +s.e.m.)
showing the mEPSC amplitude
in MSNs from WT and CK18
OE mice. e Cumulative
distribution plot of the mEPSC
inter-event interval and bar
graph of mEPSC frequency in
WT and OE mice. T-test, n =3
animals/10 cells for each
genotype, *P <0.05.

f Representative mEPSC traces.
Scale bar: 10 pA, 1s. g Bar
graph summary of mean 10—
90% rise time and decay time of
mEPSC. h Cumulative plot and
bar graph (mean +s.e.m.) of
mIPSC amplitude in MSNs from
WT and CK16 OE mice.

i Cumulative plot of the mIPSC
inter-event interval and bar
graph of mIPSC frequency in
WT and CK16 OE mice. T-test,
n =23 animals/10 cells for each
genotype, **P <0.005.

J Representative mIPSC traces.
Scale bar: 20 pA, 1s. k Bar
graph summary of mean 10—
90% rise time and decay time of
mIPSC
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Motivational deficits in ADHD patients may underlie a
dysfunction of both attention and reward-motivation
networks [12]. We use a p-amphetamine-based reward
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Fig. 3 Ultrastructural analysis of synapses in the striatum of CK16 OE mice. a Representative TEM micrographs from WT and CK18 OE mice,
highlighting four kinds of synapses (see red boxes; b—e). b Asymmetric synapse (thick PSDs); ¢ symmetric synapse (thin PSDs); d perforated
synapse with dashed PSDs on the postsynaptic membrane in a single dendritic spine; and e multiple contact synapse (one axonal terminal forms
two or more synapses with more than one dendritic spine). f—j Bar graphs showing the percentage of each type of synapse relative to the total
number of synapses for each genotype (56 sections were analyzed corresponding to three mice for each genotype). f Asymmetric; g symmetric; h
perforated; i multiple contacts; j total number of synapses. One-way ANOVA *P <0.05, ***P <0.001. Bar in a =500 nm. b—e Red empty arrow
heads and red arrows indicate presynaptic and postsynaptic compartments, respectively

paradigm to study the rewarding effects of p-ampheta-
mine (2 mg/kg) in our OE mouse model. A schematic
representation of the procedure and the apparatus used for
CPP is shown in Supplementary Figure S1a, b. In the first
three days prior to drug injection, naive mice in both
genotype groups did not show a significant difference in
the time spent in the dark (right) chamber and in the
number of entries into the dark chamber (Supplementary
Figures Slc, d, marked d1-d3, pre-drug). However, on
Day 9 control mice spent more time in the drug paired
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(dark) chamber compared to time spent in that side during
the pre-drug days, as expected following amphetamine-
induced place preference. Surprisingly, p-amphetamine
exposure did not alter CK16 OE mouse chamber pre-
ference (Supplementary Figures Slc, *F | ;3 =6.32, P =
0.02; #Fl,lg =5.49, P=0.031 difference in two test
conditions within one group). Six days after withdrawing
p-amphetamine (i.e. d15, post-drug), WT, but not CK18
OE, mice still showed a tendency to spend more time in
the drug-paired chamber (Supplementary Figures S1c).
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CK18 OE mouse brains harbor morphological and
electrophysiological abnormalities

It has been reported that children with ADHD show a
functional deficit in cortico-striatal circuitry [39, 40]. To
investigate the origin of the ADHD-like phenotypes
observed in CK18 OE mice, we performed histological
experiments using Golgi staining and immunohistochem-
istry, focusing on the cortico-striatal regions. CK15 OE
mice have shorter neuronal dendritic branches and lower
neuronal density in the cingulate cortex compared to control
littermates (Fig. 2a and Supplementary Figure S2a). This
result was confirmed quantitatively by counting the total
number of neurons (NeuN positive) in the area of interest
(Fig. 2b and Supplementary Figure S2b) (n =35 sections, 3
mice for each genotype F| ¢=12.25; P =0.012).

Measurement of striatal volumes (using Golgi-stained
sections) clearly showed that CK18 OE mice have smaller
striata than control littermates (Fig. 2c and Supplemen-
tary Figure S2¢) (Fj10=10.72; P=0.008) while
the striatal neuronal densities between the two genotypes
were not altered (data not shown). This finding matches
patient brain imaging studies that find significant volume
reductions of the regional caudate in naive patients,
and attenuated abnormalities in the treated patients
[2, 41].

To evaluate the role of CK19 in neurotransmission, we
investigated excitatory and inhibitory transmission in the
MSNs of 5-week-old CK18 OE mice and control litter-
mates by recording mEPSCs and mIPSCs, respectively
(Fig. 2d—k). The amplitude of mEPSCs was not altered in
the CK18 OE mice compared to control mice (Fig. 2d),
indicating no change on the surface expression of gluta-
mate receptors. But the mEPSC frequency was sig-
nificantly increased in the CK18 OE mice (Fig. 2e) (n =3
mice per genotype, WT: 1.51 £0.29 Hz, n = 10 cells; OE:
2.61 £0.44Hz, n=10 cells, P=0.020), suggesting an
increase in the release probability of glutamate onto
MSNs. Furthermore, for the inhibitory neurotransmission,
the mIPSC amplitude was not altered in CK18 OE mice
(Fig. 2h), indicating unaltered surface level of GABA
receptors. The mIPSC frequency was significantly
decreased in the CK16 OE mice compared to control mice
(Fig. 2i) (n = 3 mice per genotype, WT: 2.5+ 0.3 Hz, n =
10 cells; OE: 1.1 +0.1 Hz, n =11 cells, P =0.002), sug-
gesting a decrease in the release probability of GABA
onto MSNs. The kinetics of mEPSCs and mIPSCs were
also analyzed and no change between CK18 OE mice and
control littermates was found (Fig. 2g, k). Our data sug-
gest that glutamatergic and GABAergic synapses were not
being redistributed. Taken together, these results suggest
that CK18 overexpression impairs the excitatory and
inhibitory transmission in the striatal MSNs.

CK16 OE mice exhibit altered synaptic ultrastructure
in the striatum

Considering the structural modifications described above,
we next investigated ultra-structurally the synapses of the
mice using transmission electron microscopy. Micrographs
of the striatum allowed us to visualize each of the four
major synaptic types in both genotypes: (1) asymmetric
synapses with predominately thick postsynaptic densities
(PSDs) (Fig. 3a, b); (2) symmetric synapses containing thin
PSDs (Fig. 3a, c); (3) perforated asymmetric synapses
characterized as dashed PSD on a single postsynaptic spine
(Fig. 3a, d); and (4) multi-contact synapses characterized as
one single presynaptic terminal forming two or more post-
synaptic elements with two or more dendritic spines
(Fig. 3a, e). Asymmetric synapses predominately represent
over 60-70% of the total synapses for both mouse geno-
types (Fig. 3f). In contrast, the percentage of symmetric
synapses are significantly different between the two geno-
types. Indeed, symmetric synapses represent less than 20%
in CK18 OE mice while they represent almost 30% in
control littermates (Fig. 3g) (F 1, 111 = 11.89; P =0.0008).

Interestingly, perforated PSDs appear with a significantly
higher frequency in the striatum of CK18 OE mice (16.5%
of total synapses) compared to control littermates (3%)
(Fig. 3h) (Fy, 111 =12.686; P =0.0007). Although CK18
OE mice seem to harbor more multiple contact synapses, no
significant difference was found between the two genotypes
(Fig. 3i). In addition, the analysis of 56 electron micro-
graphs (captured at x10,000 magnification) from three mice
for each genotype showed a significant decrease in the total
number of synapses in the CK18 OE compared to control
littermates (229 versus 326; F;;;; = 15.478; P=0.0001)
(Fig. 3j).

The reduced number of inhibitory synapses in the stria-
tum as observed here is consistent with the significant
decrease of mIPSC frequency found in the CK16 OE mice
compared to control mice (Fig. 2i).

Genome-wide effects of CK16 overexpression (OE)
on gene expression

To determine what brain region to focus on for RNA-
sequencing experiments, preliminary gene expression pro-
filing was performed by microarray analysis and quantita-
tive real-time PCR (qPCR). The microarrays results were
analyzed using normalized expression values from Affy-
metrix Mouse Genome 430 2.0 arrays. Genes significantly
altered (>2-fold, OE versus WT) were determined using the
Welch #-test and Benjamin Hochberg procedure (P < 0.05).
Comparison of gene expression in the adult revealed that
the striatum was the most significantly affected brain region
with 160 genes significantly altered (77 up-regulated and 83
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Fig. 4 CK16 OE altered gene expression in the striatum. a Bar chart
shows the numbers of altered genes in the striatum and the frontal
cortex in CK18 OE mice, obtained using an Affymetrix genomic array,
n=23, P<0.05 and fold changes >2. b Gene networks: (left) relevant
to ‘behavior’, and ‘nervous system development and function’; (right)
relevant to neurological diseases, psychological disorder, and behavior
performance. Solid line presents gene interaction resulted from the
Ingenuity Pathway Analysis (IPA). ¢ Top canonical pathways (IPA) in

down-regulated) (Fig. 4a, Supplementary Table SI).
Remarkably, a number of genes involved in the regulation
of psychogenesis were up-regulated (e.g. Grm2, Adra2a,
Htrla, Gng2, Gng4, Geft, and Sox5) or down-regulated
(e.g. Drd2, Adora2a, Adra2c, Gnb5, Gng7, and Traip).
Their regulatory functions were positioned in the networks
by IPA based on significance (P <0.05), such as network
relevant to ‘behavior’, and ‘nervous system development
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which the genes are most altered after RNA sequencing. Gene fold
changes 22 in the striatum are presented as —log 10 (P-value). The
orange line indicates the threshold of P = 0.05, showing 15 out of 16
canonical pathways involved directly in CNS relevant functions. d
Heatmap representation of 92 ADHD-candidate genes expression
levels after RNAseq analysis shows altered expression of ADHD-risk
genes in the striatum of OE versus WT mice. Red color: up-regulation;
blue: down-regulation

and function’ (Fig. 4b, left), and relevant to neurological
diseases, psychological disorder and behavior performance
(Fig. 4b, right). Only 31 genes (14 up-regulated and 17
down-regulated) in the fronto-cortex of CK18 OE mice
were found to be altered (Fig. 4a, Supplementary Table S2).

The genes showed a differential expression in CK18 OE
mice, and those identified from the canonical pathway
and network analysis were further validated by qPCR.
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Seventy-one genes showing altered expression, plus 45
genes directly related to these, and two controls (CK16 and
GAPDH) were tested (list of primers/genes Supplementary
Table S3). Briefly, CK15 was the most affected gene based
on qPCR, in agreement with previous results [30]. Among
all other CKI1 isoforms only CK1ly3 was slightly down-
regulated (Supplementary Figure S3a). Five isoforms of
protein phosphatase 2c¢ known to counteract with CKl1
activity were confirmed to be up-regulated (Ppmle, Ppmlh,
ilkap, Ppml1l, PpmIm) (Supplementary Figure S3a). The
isoforms of regulator of G-protein signaling (Rgs2, Rgs4,
Rgs7, and Rgs9) and the enzymes GTPase-Rasd2 were
significantly decreased (Supplementary Figure S3b).
Dopamine receptor-mediated downstream signaling genes,
CamKIIp and Darpp-32, were down-regulated (Suppleme-
tary Figure S3b). Both dopamine D2 receptor isoforms
(Drd2s, presynaptic short isoform; Drd2l, postsynaptic long
isoform) and Penk were down-regulated (Supplementary
Figure S3c). The expression of Adra2a, Grm2, and Drd3
was up-regulated (Supplementary Figure S3c). The gene
expression of several ion channels was also altered. Kenc4,
encoding Shaw-related subfamily member 4 of potassium
voltage-gated channel, was significantly higher; Asic4,
encoding a member of the acid-sensing ion channel family,
were lower in the striatum and Scn4b, encoding voltage-
gated sodium channel type IV  subunit (Supplementary
Figure S3d). Calbl, St8sia3, and Fst were down-regulated
while Calb2 and Vsnll were up-regulated (Supplementary
Figure S3d). Furthermore, two genes encoding presynaptic
proteins localized in the active zone, Sytl3 and Doc2b,
were also affected in CK18 OE mice (Supplementary Figure
S3e).

Based on these results, more extensive studies focusing
on the striatum were carried out using deep sequencing
(Ilumina). Total mRNAs from the striata (four per geno-
type) were processed and submitted to high-throughput
sequencing. The reads obtained were mapped and analyzed
using HTSeq version 0.5.4pl [42]. The principal compo-
nent analysis (PCA) and unsupervised hierarchical cluster-
ing were performed to evaluate the relationship structure
within-group and between-group. The values of FPKM
(Fragments Per Kilobase of transcript per Million mapped
reads) were transformed using log,(x + 1), and Benjamini-
Hochberg adjusted P-values were calculated.

RNA sequencing data from striatal tissues showed that
the expression of the genes involved in neuronal develop-
ment processes are highly altered (Supplementary Table S4-
S5). Importantly, dopamine signaling related genes such as
D2 receptor, pre-pro-enkephalin, Penk, and Darpp-32
expression were significantly altered in CK18 OE mice,
confirming the results obtained by gene array analysis.

Canonical pathway analysis of genes for which the
expression in the striatum was significantly altered

(P<0.05) was performed using the Ingenuity software.
Remarkably, out of the top 16 canonical pathways that are
most significantly altered (highest — log;y, P-values), 15 are
involved in CNS functions, such as cAMP-mediated sig-
naling, Go; signaling, 3G-protein coupled receptor and the
dopamine-DARPP-32 pathway among others (Fig. 4c).

Quantitative genetic studies performed on ADHD
patients [43, 44] have suggested a strong genetic component
for this disorder. Collectively, at least 92 genes have been
linked to ADHD risk in human through GWAS analysis
(genome-wide association study) (Supplementary Table S5)
[45-50]. We then explored a possible relationship between
CK18 OE-induced changes of gene expression and the 92
human genes genetically associated with ADHD. FPKM
averages for each genotype corresponding to the 92 genes
obtained by RNA sequencing from the striatum were plot-
ted as a heatmap (Fig. 4d). Dramatic changes in the
expression of most of these ADHD-candidate genes were
observed in CK16 OE mice compare to control mice
(Fig. 4d; 4 left lanes compared to four right lanes, respec-
tively). There is also a fairly good homogeneity of the
results within genotype groups.

Gene expression profiling of Drd1a versus Drd2
MSNs, in CK16 OE and WT mice

RNA-sequencing results indicate that dopaminergic sig-
naling is perturbed and further reinforce the importance of
dopamine in the mechanisms underlying ADHD. We next
investigated the possibility that Drdla and Drd2 MSNs
might be affected differentially in CK16 OE mice. Due to
the high cellular heterogeneity and the intermixed nature of
neuronal cell types in general, including for the striatum,
Drdla and Dr2d MSNs are highly intermixed and indis-
tinguishable. Therefore, the molecular profiling of specific
cell populations in vivo using bacTRAP [31, 51] was
conducted. We engineered bacTRAP transgenic mice that
enable cell type-specific molecular profiling of Drdla and
Drd2 neurons in the striatum of CK16 OE versus WT mice
by crossing CK18 OE mice (tetO-CK18/Camk2a-tTA) with
CP73 (Drd1a/EGFP-L10a) and CP101 (Drdr2/EGFP-L10a)
mice. RNA profiling was performed on Drdla and Drd2
neuronal populations from CK18 OE and WT mice.

Two or three pairs of striata were pooled and three pools
for each genotype were analyzed (7- 9 mice were used per
genotype). Samples were processed and analyzed by deep
sequencing (Illumina)(Supplementary Tables S6-S9).
Top PCA resulted in a quadrant figure based on
variance stabilizing transformed read counts of all genes
and showed clear genotype and cell type separations
(Fig. 5a). Heatmap representation of significantly altered
gene expression between the four groups clearly demon-
strated homeostasis perturbation (Fig. 5b). Only genes with
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Fig. 5 Differential gene
alteration in Drdla and Drd2
MSNs of CK18 OE mice.

a Principal component analysis
was used to cluster samples
based on gene expression. Each
sample was generated by
pooling two or three striatal
tissues; three samples per
genotype were analyzed for a
total of 7-9 mice per condition.
As expected samples
corresponding to a specific
genotype and cell type are
clustering with each other.
Noticeably, a very clear
separation was found between
the samples corresponding to the
two cell types. b Heatmap of
significantly altered genes in two
genotypes and two cell types.
Only genes with Benjamini—
Hochberg-adjusted P-values are
shown. FPKM values are
transformed by log2(x + 1).
Each row is scaled using Z-
scores. ¢ Venn diagram of
altered genes (fold change
cutoff =2, and Benjamini—
Hochberg-adjusted P-values
<0.05) in the two cell types (red:
up-regulated; green: down-
regulated). d Top three
canonical pathways in which the
genes are altered in the Drdla
(left) and in the Drd2 (right)
medium spiny neurons. e Genes
identified by next-generation
sequencing and corresponding
to GWAS ADHD candidates
have been validated by qPCR
and then investigated for cell
specificity using RNAseq data.
Results corresponding to genes
significantly altered in one or
both cell types are shown (green:
Drdla and blue: Drd2)

Benjamini-Hochberg-adjusted P-values are shown, and
FPKM values are transformed by log,(x 4 1), and each row
is scaled using Z-scores. The expression of 86 genes was
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and for the two cell types tested (Fig. Sc, Supplementary
Tables S7 and S9). The molecular types corresponding to
the genes altered are shown in Supplementary Figure S4.
Furthermore, canonical pathway analysis revealed that the
top three pathways in each of the two cell types are dif-
ferent. Remarkably, the expressions of 70% or more of the
genes included in these pathways are altered (Fig. 5d), and a
significant fraction of the almost 100 genes identified as
being linked to ADHD in different GWAS studies are dif-
ferentially expressed in Drdla and Drd2 MSNs compared
the total pool of genes (Fisher exact: P =0.0144 and P =
0.00139, respectively) (Supplementary Table S10). These
results were confirmed individually by quantitative RT-PCR
and revealed that, among 92 ADHD risk genes, eight are
affected in both cell types (Adra2a to Zmizl), 20 are spe-
cifically altered in the Drdla cells, and 12 specifically
altered in the Drd2 cells (Fig. 5e). CK16 (Csnkld)
expression, as expected, increased in both cell types.

Discussion

Attention refers to a process during which the central ner-
vous system organizes sensory input and generates a coor-
dinated behavioral response. Briefly, in the 3CSRT, food-
deprived mice are required to pay attention to programmed
visual stimuli and respond by correctly nose-poking in order
to receive a food reward. This goal directed task requires
visual sensory input processing and coordination of
executive limbic motor neurons. The performance of CK18
OE mice, particularly entering the food magazine more
frequently during testing, demonstrated poor attention and
low inhibition, underlying a combination of cognitive and
sensory-processing deficits. These findings correlate well
with some studies carried out on ADHD children, in which
brain activation was measured through fMRI while per-
forming behavioral tasks related to visual selective attention
and response inhibition. Results showed that ADHD sub-
jects made more errors compared to controls, and control
subjects exhibited significantly greater intensity of activa-
tion in superior parietal and frontostriatal regions [52].
Regarding impulsivity, while we observed a trend in the
effect of genotype on premature responses (P = 0.12), with
OE mice exhibiting more premature responses compared to
WT, it did not reach significance. This result might be
partially due to the groups being underpowered as a result
of very few OE mice (3 out of 10 mice) achieving criterion
at all time points and completing the test.
D-Amphetamine, a psychostimulant drug reversing
dopamine transporter action and leading to a release of large
amounts of dopamine, has been typically used at low dose
for the treatment of ADHD. While such treatment leads to
addiction in non-ADHD subjects, it does not induce

addiction in ADHD patients. Along those lines, brain ima-
ging studies on ADHD patients revealed that ADHD brains
show abnormal functional connectivity due to impaired
interactions between control and reward pathways [12]. As
we have shown previously, p-amphetamine effectively
normalizes hyperactivity in the CK16 OE mice and stimu-
lates the control littermates [30]. For this reason, we chose
D-amphetamine as the reinforcement in our place preference
reward test and demonstrated that CK18 OE mice display a
lower association between contextual learning and reward,
possibly lower motivation in drug searching, underpinning
a disruption of the dopamine reward pathway.

Given the convergence of data in ADHD research, frontal
cortex and striatum have become the prime targets for ADHD
studies [53-56]. In CK18 OE mice, shorter and less dense
pyramidal neurons in the cingulate cortex may be responsible
for the occurrence of inattentive behavior and poor nesting
skills. Correspondingly, smaller striatal volume may further
contribute to the disrupted neuro-circuitry leading to the
impaired behavioral performances in CK16 OE mice.

The pathology of ADHD has been linked to an
abnormality of dopamine transmission. It is unknown if
synaptic ultrastructural differences exist in ADHD brains.
However, we describe here, in our mouse model, clear
differences in the proportion of the four synaptic types,
suggesting that some of those differences might contribute
to the ADHD-like phenotypes. Asymmetric synapses are
defined as excitatory synapses and symmetric synapses as
inhibitory synapses [57-59]. Interestingly, in our mouse
model we observed no difference in the amplitude, but an
alteration in the frequency of excitatory and inhibitory
synapses. The decrease in the inhibitory transmission and
the increase in the excitatory transmission is compatible
with the hyperactivity or lower motor inhibition observed.
Furthermore, the frequent occurrences of aberrant perfo-
rated PSDs might reinforce abnormal neurotransmission
[60-63]. It is unclear if perforated PSDs represent an
intermediary stage of a spine, but based on the numbers of
synapses observed in this study, the inverse correlation
between higher number of perforated PSDs and lower
number of total synapses would rather indicate that perfo-
rated PSDs correspond to a stable stage.

Despite ADHD’s association with dysfunction of dopa-
minergic cortico-subcortical networks related to executive
functions and behavioral regulation, we cannot exclude that
multiple events co-exist, either temporally or spatially, and
they also could lead to the phenotypes described.

Perturbed homeostasis of gene transcriptome in the brain
region of CK18 OE mice underscores the fact that CK19 is
one of the important players in the occurrence of ADHD
symptom. This could also explain the heterogeneity of
symptoms observed in patients, and multi-genetic events
occurring for ADHD onset and maintenance [45].
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In conclusion, in the present study, we demonstrate that
CK18 OE mice exhibit a clear attention deficit and exhibit a
disrupted dopamine reward pathway, highly reminiscent of
ADHD. Using cell type-specific transcriptomic we demon-
strated that the transcriptional homeostasis affects neurons
directly, and that Drdla and Drd2 MSNs are both affected
and affected differently. All together, the neuronal
abnormalities in the frontostriatal circuitry, the distorted
striatal structures, the differences in synaptic connections,
and the disrupted transcriptional homeostasis may underlie
the mechanistic steps leading to ADHD pathophysiology. A
schematic summary of the results is presented (Fig. 6). It
will be interesting in future studies to investigate the role of
CK10 in developmental processes relevant to ADHD.
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