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Disrupted Glutamatergic Transmission in Prefrontal Cortex
Contributes to Behavioral Abnormality in an Animal Model

of ADHD
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activity could be a treatment strategy for ADHD.

INTRODUCTION

Attention deficit hyperactivity disorder (ADHD) is a
common neurodevelopmental disorder characterized by
inattention, hyperactivity, and impulsivity. In the United
States, ADHD affects about 9.0% of school-aged children
(Biederman, 2005). ADHD continues into adulthood in up to
half of diagnosed cases, which is often associated with
depression, anxiety, and substance abuse (Biederman, 2004).

ADHD is believed to result from abnormalities in
prefrontal cortex (PFC) and associated subcortical structures
(Prince, 2008; Arnsten, 2009; Arnsten and Rubia, 2012). PFC
is a brain region critical for ‘high-level’ executive functions,
including working memory, sustained attention, decision-
making, and emotional control (Goldman-Rakic, 1995,
Davidson, 2002; Dalley et al, 2004; Adhikari et al, 2009).
Lesion of PFC increases locomotor activity and impairs
cognitive processes (Bubser and Schmidt, 1990). Delayed
maturation of PFC, hypoactivity of PFC, and altered
frontostriatal connection have been found in individuals
with ADHD (Cortese et al, 2012; Fernandez et al, 2009). The
major cellular constituents in the PFC are the glutamatergic
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Spontaneously hypertensive rats (SHR) are the most widely used animal model for the study of attention deficit hyperactivity disorder
(ADHD). Here we sought to reveal the neuronal circuits and molecular basis of ADHD and its potential treatment using SHR. Combined
electrophysiological, biochemical, pharmacological, chemicogenetic, and behavioral approaches were utilized. We found that AMPAR-
mediated synaptic transmission in pyramidal neurons of prefrontal cortex (PFC) was diminished in SHR, which was correlated with the
decreased surface expression of AMPAR subunits. Administration of methylphenidate (a psychostimulant drug used to treat ADHD),
which blocks dopamine transporters and norepinephrine transporters, ameliorated the behavioral deficits of adolescent SHR and restored
AMPAR-mediated synaptic function. Activation of PFC pyramidal neurons with a CaMKll-driven Gq-coupled designer receptor exclusively
activated by designer drug also led to the elevation of AMPAR function and the normalization of ADHD-like behaviors in SHR. These
results suggest that the disrupted function of AMPARs in PFC may underlie the behavioral deficits in adolescent SHR and enhancing PFC
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pyramidal neurons. Glutamatergic neurotransmission is
pivotal for PFC-dependent functions (Goldman-Rakic,
1995; Lisman et al, 1998). Disturbed glutamate signaling in
PFC has been implicated in several mental disorders,
including schizophrenia and autism (Kantrowitz and Javitt,
2012; Duftney et al, 2015).

Previous studies have attributed the pathophysiological
mechanism of ADHD to disturbances of the catecholamine
system (Prince, 2008). The psychostimulant methylphenidate
(MPH), which increases dopamine and noradrenaline
concentration in the brain (Biederman, 2005), effectively
improves cognitive function and reduces hyperactivity in
people with ADHD (Berridge et al, 2006). However, imaging
studies of children and adults with ADHD have revealed
increased levels of glutamate/glutamine in PFC and striatum
(Moore et al, 2006). Emerging evidence suggests that
psychostimulants also target glutamate receptors in PFC
neurons (Cheng et al, 2014; Urban et al, 2013). Thus, dys-
functional glutamate system in PFC may be a key contributor
to ADHD phenotypes.

The spontaneously hypertensive rats (SHRs) are the best-
validated and most widely used animal model of ADHD
(Sagvolden, 2000; Sagvolden et al, 2009). Previous studies
have shown that SHR display key behavioral characteristics
of ADHD, including hyperactivity, disrupted sustained
attention, and impulsivity (Sagvolden et al, 2009; Russell,
2011). Aberrant dopamine signaling has been reported in
SHR (Leo et al, 2003); however, the alteration of glutamate


http://dx.doi.org/10.1038/npp.2017.30
mailto:zhenyan@buffalo.edu
http://www.neuropsychopharmacology.org

Glutamatergic dysfunction in ADHD
] Cheng et dl

receptors in SHR is unclear. In this study, we have discovered
the diminished AMPAR function in PFC of SHR, which can
be restored by the administration of a clinically relevant dose
of MPH. Moreover, activating Gq signaling to stimulate PFC
pyramidal neurons using the designer receptor exclusively
activated by designer drug (DREADD) technology also
enhanced AMPAR function and alleviated ADHD-like
behaviors in SHR. Taken together, our results provide a
potential molecular basis and treatment strategy for ADHD.

MATERIALS AND METHODS
Animals and Reagents

SHRs and control Wistar-Kyoto (WKY) rats or Sprague-
Dawley (SD) rats were obtained from Charles River
Laboratories and bred at the animal facility of the State
University of New York at Buffalo. Male rats (4-5 weeks old)
were group housed with ad libitum access to food and water.
All animal experiments were conducted with the approval of
the Institutional Animal Care and Use Committee of the
State University of New York at Buffalo. WKY rats were
initially used as controls to compare with SHR. However,
WKY rats from later breeding showed obvious problems
with the growth and coordinated movement; thus, SD rats
were used as controls to compare with SHR treated with
MPH or DREADD. MPH was purchased from Sigma-
Aldrich (St Louis, MO). Stocks were made up by dissolving
in saline and stored at —20 °C.

Viral Vectors and Animal Surgery

rAAV8-CaMKIla-HA-hM3D(Gq)-mCherry (3.8 x 102 vp/ml)
was obtained from the UNC Vector Core (University of North
Carolina, Chapel Hill, NC). The hM3D(Gq) virus (1 pl) was
injected in the prelimbic region of PFC to infect glutamatergic
neurons, as we described before (Yuen et al, 2012; Wei et al,
2016). In brief, rats were anesthetized and placed on a
stereotaxic apparatus (David Kopf Instruments, Tujunga, CA).
The injection was carried out with a Hamilton syringe (needle
gauge 31) at a speed of ~ 0.2 pl/min and the needle was kept in
place for an additional 5min. The virus was delivered
bilaterally to the PFC using the following coordinates:
2.5mm anterior to the bregma, 0.75 mm lateral and 3.5 mm
dorsal to ventral. Animals were allowed to recover for 2 days
and used for experiments 2 weeks later. Clozapine N-oxide
(CNO) or saline injection (i.p.) was given 1h before the start
of behavioral testing or animal killing, for electrophysiological
recordings.

Electrophysiological Recordings

Recordings of evoked synaptic currents in prefrontal cortical
slices used standard whole-cell voltage-clamp technique as
we described previously (Yuen et al, 2012; Cheng et al, 2014).

Rats (4-5 weeks old) were killed after inhaling isoflurane
(1-3%). Brains were immediately removed, iced in the
sucrose artificial cerebrospinal fluid (ACSF, in mM: 234
sucrose, 26 NaHCO;, 3 KCI, 5 MgCl,, 1.25 NaH,PO,,
1 CaCl,, 10 glucose, pH 7.4, 300 mOsm). Coronal slices
(300 pm) were obtained with a Vibratome (Leica VP1000S,
Leica Microsystems, Buffalo Grove, IL). Slices were then
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incubated at room temperature in ACSF (in mM: 130 NaCl,
26 NaHCO3, 3 KCI, 5 MgClz, 1.25 NaH2PO4, 1 Caclz, 10
glucose, pH 7.4, 300 mOsm) bubbled with 95% O,, 5% CO..
Cortical slices were positioned in a perfusion chamber
attached to the fixed stage of an upright Olympus micro-
scope and submerged in continuously flowing oxygenated
ACSF. Bicuculline (10 pM) and CNQX (25 pM) were added
in NMDAR-mediated excitatory postsynaptic current
(EPSC) recordings. Bicuculline and D-APV (25uM) were
added in AMPAR-mediated EPSC recordings. Patch electro-
des contained internal solution (in mM: 130 Cs-methane-
sulfonate, 10 CsCl, 4 NaCl, 10 HEPES, 1 MgCl,, 5 EGTA, 2.2
QX-314, 12 phosphocreatine, 5 MgATP, 0.2 Na,GTP, 0.1
leupeptin, pH 7.2-7.3 and 265-270 mOsm). Cells were
visualized with a 40 x water-immersion lens and illuminated
with near-infrared light and the image was detected with an
infrared-sensitive CCD camera. A Multiclamp 700A ampli-
fier (Molecular Device, Sunnyvale, CA) was used. Tight seals
from visualized neurons were obtained by applying negative
pressure. With additional suction, the membrane was
disrupted into the whole-cell configuration. Evoked EPSCs
were generated with a pulse from a stimulation isolation unit
controlled by a S48 pulse generator (Astro-Med, West
Warwick, RI). A bipolar stimulating electrode (FHC,
Bowdoinham, ME) was placed ~ 100 pm from the neuron
under recording. Membrane potential was maintained
at —70mV for AMPAR-EPSC recordings. For NMDAR-
EPSC, cells (clamped at —70mV) were depolarized to
+60mV for 3s before stimulation, to fully relieve the
voltage-dependent Mg>" block. To obtain the input/output
responses, EPSC was elicited by a series of stimulation
intensities (50-90 pA) with the same duration of pulses.
Miniature EPSC (mEPSC) was recorded (held at — 70 mV) in
the low—Mg2+ (1 mM MgCl,) ACSF containing TTX (1 pM).

Biochemical Measurement of Surface and Total Proteins

Surface and total proteins of AMPARs and NMDARs were
detected as described previously (Yuen et al, 2012; Cheng
et al, 2014). In brief, after treatment, rat cortical slices were
incubated with PBS containing 1 mg/ml Sulfo-NHS-LC-
biotin (Pierce Biotechnology, Rockford, IL) for 20 min on
ice. Slices were then rinsed three times in Tris-buffered saline
to quench the biotin reaction, followed by homogenization in
modified radioimmunoprecipitation assay buffer (1% Triton
X-100, 0.1% SDS, 0.5% deoxycholic acid, 50 mM Naz;POy,,
150 mM NaCl, 2mM EDTA, 50 mM NaF,10 mM sodium
pyrophosphate, 1 mM sodium orthovanadate, 1 mM phenyl-
methylsulfonyl fluoride, and 1mg/ml leupeptin). The
homogenates were centrifuged at 14000g¢ for 15min at
4 °C. Protein (15 pg) was removed to measure the total level.
For surface protein, 150 ug of protein was incubated with
100 ul of 50% NeutrAvidin Agarose overnight at 4°C.
Proteins bound to beads were re-suspended in 100 pl of
2x loading buffer, boiled and be ready detection. Protein
samples were separated on 7.5% acrylamide gels and
transferred to nitrocellulose membranes. The blots were
blocked with 5% non-fat dry milk for 1h at room
temperature. Antibodies used for blotting include the
following: antibodies against NR2A (EMD Millipore, Bill-
erica, MA; 07-632), NR2B (EMD Millipore; 06-600), NR1
(Cell Signaling Technology, Danvers, MA; 5704), GluRl



(EMD Millipore; 05-855), GluR2 (EMD Millipore;
MAB397), and actin (Santa Cruz Biotechnology, Dallas,
TX, sc-1616). After incubation with the appropriate second-
ary antibodies conjugated with horseradish peroxidase (GE
Healthcare, Pittsburgh, PA), signals were visualized using an
enhanced chemiluminescent detection system (Thermo
Fisher Scientific, Rockford, IL). Quantitative data were
obtained from measurements of immoreactive bands by
Image Lab Software with the ChemiDoc MP System (Bio-
Rad, Hercules, CA).

Behavioral Testing

Temporal order recognition memory (TORM) was examined
as previously described (Yuen et al, 2012; Cheng et al, 2014).
The task comprised two sample phases and one test trial. In
each sample phase, animals were allowed to explore two
identical objects for a total of 3 min. Different objects were
used for sample phases I and II, with a 1 h delay between the
sample phases. The test trial (3 min duration) was given 3 h
after sample phase II. During the test trial, an object from
sample phase I and an object from sample phase II were
used. The positions of the objects in the test and sample
phases were counterbalanced between animals. If temporal
order memory is intact, the animals will spend more time
exploring the object from sample I (ie, the novel object
presented less recently), compared with the object from
sample II (ie, the familiar object presented more recently).
Discrimination ratio, the proportion of time spent exploring
novel (less recent) vs familiar (recent) objects during the test
trial, was calculated.

To assess locomotor activity, midline-crossing task was
performed (Cheng et al, 2014). Rats were taken from their
home cages and placed into the locomotion apparatus (45 cm
Lx24cm Wx20cm H, with a blue line drawn along the
midline of the floor). Animals were allowed to explore the
apparatus for 5min. The number of times rats crossing
the midline with all four limbs was counted.

To assess anxiety, open-field test was performed as
previously described (Yuen et al, 2012; Duffney et al,
2015). Animals were placed in a corner of a rectangular
apparatus (60 cm x 80 cm) and the amount of time spent in
the center region (25cmx25cm) and the number of
entering the center during 5min was counted. Anxious
animals spend less time in the center and more time in the
corner of the field.

The behavioral assays were conducted in the order of
midline-crossing locomotion test, open-field test, and TORM
test within 1-6 h after CNO or saline injection. The interval
of different assays for each animal was at least 1 h. As these
behavioral tests were short and not stressful, the outcome of
subsequent tests was not influenced by previous ones.

Data Analyses and Statistics

Data analyses were performed with Clampfit (Axon Instru-
ments, Molecular Devices), Mini Analysis Program (Synap-
tosoft, Leonia, NJ), Kaleidagraph (Albeck Software, Synergy
Software, Reading, PA) and GraphPad Prism 6 (GraphPad
Software, La Jolla, CA). All data are expressed as the mean +
SEM. Experiments with two groups were analyzed statisti-
cally using unpaired or paired Student’s t-tests. Experiments
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with more than two groups were subjected to one-way or
two-way ANOVA, followed by post-hoc Tukey’s tests.

RESULTS
AMPAR Function in PFC is Diminished in SHR

Adolescent SHR (4-5 weeks old) exhibit ADHD-like
phenotypes (Sagvolden, 2000; Russell, 2011); thus, they were
used in this study. Given the key role of PFC glutamatergic
signaling in executive functions that are impaired in ADHD,
we examined the potential synaptic alterations in this brain
region of SHR. AMPAR- and NMDAR-mediated EPSCs
were measured in PFC pyramidal neurons. A significant
reduction of the input/output curves of AMPAR-EPSC
was observed in SHR (Figure la, 35-40% decrease, con:
n=13 cells/4 rats, SHR: n =14 cells/4 rats, F;, 5 (genotype) =
8.8, p<0.01, two-way rmANOVA), whereas no significant
change was observed for NMDAR-EPSC in SHR (Figure 1b,
con: =10 cells/3 rats, SHR: n=10 cells/3 rats, F;, 15 (genotype) =
0.06, p>0.05, two-way rmANOVA). These results indi-
cate that the synaptic function of AMPARs in PFC is selectively
diminished in the ADHD model.

As the surface level of glutamate receptors could determine
the strength of glutamatergic neurotransmission, we per-
formed biotinylation and western blotting to examine surface
expression of AMPAR and NMDAR subunits in cortical
slices from SHR. As shown in Figure lc, a significant
reduction of the surface GluR1 and GluR2 subunits was
observed in SHR (GluR1, 34.8% +5.3% decrease; GluR2,
49.4% +7.3% decrease; n=38 pairs, p<0.01, t-test). No
significant change was observed for surface NR1, NR2A,
and NR2B subunits in SHR (n=8 pairs, p>0.05, t-test).
Total protein levels of AMPAR and NMDAR subunits
remained unchanged in SHR (Figure 1d, n =8 pairs, p>0.05,
t-test). It suggests that the reduced surface expression of
AMPAR subunits may contribute to the diminished AMPAR
synaptic function in the ADHD model.

MPH Rescues Behavioral Deficits and Restores AMPAR
Function in SHR

Next, we would like to understand whether the reduced
AMPAR function in PFC may account for the ADHD-like
behavioral deficits in SHR. MPH, a psychostimulant drug for
ADHD treatment (Biederman, 2005), was used to examine
the behavioral and physiological rescue in SHR.

First, we examined the impact of MPH on TORM, a
cognitive process controlled by the PFC (Barker et al, 2007;
Yuen et al, 2012). As shown in Figure 2a, TORM was
significantly impaired in SHR, which was rescued by a single
administration of the clinically relevant low-dose MPH
(0.5 mg/kg, i.p., Berridge et al, 2006), whereas MPH did not
affect TORM in control rats (discrimination ratio, control
+saline: 37.8% + 3.6%, n=10; control+MPH: 38.7% + 8.2%,
n=28; SHR+saline: —11.2% +11.3%, n=11; SHR+MPH,
32.1% +10.4%, n=9; F; 3,=5.8, p<0.05, two-way ANOVA).

Second, we examined the impact of MPH on locomotor
activities. As shown in Figure 2b, locomotion was signifi-
cantly increased in SHR, which was brought to the control
level by MPH treatment (number of midline crossing,
control+saline: 11.2+0.6, n=16; control+ MPH: 11.1 + 1.0,
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AMPAR-excitatory postsynaptic current (EPSC) and AMPAR surface expression are diminished in prefrontal cortex (PFC) pyramidal neurons of

SHR. (a and b) Left: Input-output curves of AMPAR-EPSCs (a) and NMDAR-EPSCs (b) evoked by a series of stimulation intensities in PFC pyramidal neurons

from control (Wistar—Kyoto, WKY) rats and spontaneously hypertensive rats (SHR). *p<0.05, **p<0.0I,

analysis of variance (ANOVA). Right:

representative EPSC traces. (c and d) Immunoblots and quantification analysis of surface (c) and total (d) protein levels of AMPAR subunits and NMDAR

subunits in PFC slices from control and SHR. *#p<0.01, t-test.

n=10; SHR+saline: 16.9 + 1.0, n=16; SHR+MPH: 13.8 + 0.7,
n=14; F,; 5,=5.2, p<0.05, two-way ANOVA). Comparing
individual SHR before and after MPH treatment, it was
evident that most of these animals exhibited reduced
locomotion by MPH (Figure 2¢c, n=12, p<0.01, paired
t-test).

Furthermore, we examined the impact of MPH on anxiety
using the open-field test. As shown in Figure 2d, MPH had
little effect on control rats, whereas MPH-treated SHR
became less anxious, as demonstrated by the increased time
spent in the center (control+saline: 36.9 +4.4 s, n =6; control
+MPH: 38.2+6.1s, n=7; SHR+saline: 16.8+6.4s, n=10;
SHR+MPH: 42.1 +5.5s, n=8; F, ,,=4.7, p<0.05, two-way
ANOVA) and increased number of center entries (control
+saline: 18.7+2.5, n=6; control+MPH: 17.1+2.5, n=7;
SHR+saline: 8.3+1.2, n=10; SHR+MPH: 16.0+1.9, n=3_8;
F1,,=28.5, p<0.01, two-way ANOVA).

To complement these behavioral studies, we also examined
the impact of MPH on AMPARs in SHR. As shown in
Figure 3a, administration of MPH (0.5 mg/kg, i.p.) signifi-
cantly increased the input/output curves of AMPAR-EPSC in
SHR to the level of control rats (control+saline: n =15 cells/4
rats; SHR+saline: n =19 cells/6 rats; SHR+MPH: n = 14 cells/
4 rats, F, 45=9.6, p<0.001, two-way rmANOVA). Moreover,
SHR exhibited the significantly reduced amplitude and
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frequency of mEPSC, a synaptic response resulting from
quantal release of single glutamate vesicles, which was
reversed by MPH treatment (Figure 3b, control+saline:
n=21 cells/2 rats; control+MPH: n=17 cells/2 rats; SHR
+saline: n=28 cells/3 rats; SHR+MPH: n=19 cells/3 rats,
F1g0=17.1 for amplitude, p<0.01, F, 3o=3.8 for frequency,
p<0.05, two-way ANOVA). The restoration of AMPAR
function in PFC may contribute to the behavioral normal-
ization in SHR treated with MPH.

Chemicogenetic Activation of PFC Pyramidal Neurons
Elevates AMPAR Function and Normalizes Behaviors in
SHR

To further confirm that PFC hypofunction underlies the
ADHD-like behavioral deficits in SHR, we used a novel
strategy based on DREADDs, to remotely control PFC
neuronal activity in vivo. By applying the pharmacologically
inert, exogenously administered ligand CNO, DREADDs
enable the activation of endogenous G-protein signaling
pathways in discrete neuronal populations (Alexander et al,
2009; Wess et al, 2013; Urban and Roth, 2015). To selectively
stimulate PFC pyramidal neurons, we injected a CaMKII-
driven Gq-coupled DREADD adeno-associated virus, hM3D
(Gq), into medial PFC of SHR (Figure 4a). Application of



CNO (5pM) significantly increased the frequency of sponta-
neous action potentials in hM3D(Gq)-expressing PFC pyr-
amidal neurons (Figure 4b-d, baseline: 1.6 +0.3 Hz, +CNO:
43+0.2Hz, n=7, p<0.001, t-test), confirming the elevation
of neuronal activity by this chemicogenetic approach. In
hM3D(Gq)-infected SHR, the input/output curves of
AMPAR-EPSC in PFC pyramidal neurons were significantly
increased by the injection of CNO, but not saline (Figure 4e
and f, control+saline: n=7 cells/2 rats; control+CNO: n=8
cells/2 rats; SHR+saline: n =18 cells/3 rats; SHR+CNO: n =20
cells/5 rats, F;49=7.0, p<0.001l, two-way rmANOVA),
suggesting that activating Gq signaling in PFC is capable of
restoring AMPAR function in the ADHD model.

As DREADD-mediated activation of PFC rescued the
synaptic deficits in SHR, we also examined its impact on
ADHD-like behaviors. In CNO-injected SHR with PFC
infection of hM3D(Gq), the discrimination ratio in the TORM
task was significantly improved (Figure 5a, control+saline:
31.6% + 5.2%, n=>5; control+CNO: 29.3% + 3.6%, n=>5; SHR
+saline: —13.4% +10.9%, n=4; SHR+CNO: 22.2% +7.5%,
n= 5, F;;5=58, p<0.05 two-way ANOVA), and the
locomotor activity was significantly reduced (Figure 5b,
Number of midline crossing, control+saline: 12.6 +0.9, n=>5;
control+CNO: 13.2+ 1.3, n=>5; SHR+saline: 19.2 +2.2, n=4;
SHR+CNO: 12.0+0.8, n=5, F;;5=6.5, p<0.05, two-way
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ANOVA). These PFC-activated SHR also became less anxious,
as demonstrated by the increased time spent in the center
(control+saline: 31.0+3.8s, n=>5; control+CNO: 33.8+7.1s,
n=>5; SHR+saline: 11.0+ 1.6 s, n=7; SHR+CNO, 29.8 +4.65,
n=>5, F113=62, p<0.05, two-way ANOVA) and increased
number of center entries (control+saline: 20.2+2.4, n=>5;
control+CNO: 20.4+2.8, n=5; SHR+saline: 84+0.6, n=7;
SHR+CNO: 19.2+3.1, n=5, F;;3=6.2, p<0.05, two-way
ANOVA) in the open-field test. No significant effects on the
tested behaviors were observed in hM3D(Gq)-infected control
rats with CNO injection. These data suggest that DREADD is
effective in pathological conditions and elevating PFC activity
by stimulating the Gq signaling in pyramidal neurons is
sufficient for the behavioral normalization in the ADHD model.

DISCUSSION

Despite the prevalence of ADHD, the molecular and cellular
basis of this mental disorder remains elusive. Hypoactivity of
PFEC has been found in individuals with ADHD (Cortese
et al, 2012; Fernandez et al, 2009), suggesting the importance
of this brain region in controlling ADHD-associated
behaviors. In this study, we have found that AMPAR-
mediated synaptic transmission in PFC is diminished in an
ADHD model, consistent with the idea that ADHD is a
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Figure 2 Methylphenidate (MPH) treatment rescues behavioral deficits in spontaneously hypertensive rat (SHR). (a) Bar graphs (mean = SEM) showing the
discrimination ratio of the temporal order recognition memory (TORM) task in SHR or control (Sprague—Dawley, SD) rats treated with saline or MPH
(0.5 mg/kg, ip., | h before testing). **p <0.01, analysis of variance (ANOVA). (b) Bar graphs showing the number of midline crossing in locomotion test in
SHR or control rats treated with saline or MPH. *#p <0.01, ANOVA. (c) Dot plots showing the number of midline crossing in SHR before and after MPH
treatment. **p <0.01, paired t-test. (d) Bar graphs showing the time in the center and the number of center entries in the open-field test of SHR or control

rats treated with saline or MPH. *p <0.05, ANOVA.
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Figure 3 Methylphenidate (MPH) treatment enhances AMPAR-excitatory postsynaptic current (EPSC) in prefrontal cortex (PFC) pyramidal neurons of
spontaneously hypertensive rat (SHR). (a) Left: Input—output curves of AMPAR-EPSC evoked by a series of stimulation intensities in PFC pyramidal neurons
from SHR or control (Sprague—Dawley, SD) rats treated with saline or MPH (0.5 mg/kg). *p <0.05, #¥p <0.01, analysis of variance (ANOVA), compared with
SHR+MPH. Right: representative EPSC traces. (b) Left: Bar graphs (mean +SEM) showing the miniature EPSC (mEPSC) amplitude or frequency in PFC
pyramidal neurons from SHR or control rats treated with saline or MPH. #p <0.05, ANOVA. Right: representative mEPSC traces.

hypoglutamatergic condition, with prefrontal brain regions
being especially affected (Carlsson, 2001). Magnetic reso-
nance spectroscopy studies have reported the altered
glutamate to glutamine ratio in different brain regions in
patients with ADHD (Carrey et al, 2007; Perlov et al, 2007).
Genome-wide screening has identified the association of
several genetic variation with ADHD, including glutamate
receptor polymorphism (Turic et al, 2004). AMPA receptor,
the major glutamate receptor involved in synaptic transmis-
sion and cognitive functions, has been considered as a
potential drug target for enhancing attention and alertness
(Partin, 2015).

SHR, the most established ADHD model (Sagvolden, 2000;
Sagvolden et al, 2009), has been extensively examined,
especially in terms of abnormalities in dopamine and
norepinephrine signaling (Russell, 2001; Leo et al, 2003;
Sterley et al, 2014). The monoaminergic alterations of
SHR may or may not have the involvement of glutamatergic
system, particularly AMPARs. However, our direct measure-
ment of AMPAR-mediated synaptic responses has revealed
the glutamatergic deficits in PFC pyramidal neurons of SHR,
probably at both pre- and post-synaptic locus. Abnormalities
in AMPAR function in ADHD have been suggested to result
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from caspase 3 deficiency (Lo et al, 2015). The detailed
underlying mechanism awaits to be further studied.

Our data on the MPH-induced rescue of ADHD-like
behaviors and AMPAR function in SHR further suggest the
importance of PFC glutamate signaling in the pathophysiol-
ogy of ADHD. Adolescent SHR exhibits the impaired
TORM, a PFC-mediated cognitive process (Barker et al,
2007; Yuen et al, 2012), suggesting PFC dysfunction.
Consistently, deficits in spatial learning and working
memory have been found in SHR (Nakamura-Palacios
et al, 1996). Children with ADHD have deficit in working
memory, which is attributed to an impairment of the frontal
lobe (Smith et al, 2006). Training of working memory in
children with ADHD has been suggested as a potential
clinical use for ameliorating ADHD symptoms (Klingberg
et al, 2002, 2005). Adolescent SHR exhibits increased
locomotor activity, consistent with the previous observation
of hyperactivity in adult SHR (Sagvolden et al, 2009; Russell,
2011). Interestingly, MPH treatment mitigates the working
memory deficits, hyperactivity and anxiety in SHR, which
correlates with the MPH-induced enhancement of AMPAR
function in PFC pyramidal neurons of SHR.

MPH acutely and effectively alleviates cognitive dysfunction
and hyperactivity in individuals with ADHD (Spencer et al,



C
+ CNO
20mV
1s
e —o— Con+sal f
3501 -= Con+CNO
-o— SHR+sal
__3004{ -©-SHR+CNO
<
RS>
O 250 1
%]
o
w200
%
o
§ 150 7
< *
100 - *

50 60
Stimulation Intensity (1A)

* QOMV V
76 Sb Qb V 50pA|

Glutamatergic dysfunction in ADHD
] Cheng et dl

b CNO

sAP spike frequency (Hz)
w

5 10 15 20 25 30

Time (min)
d 5.
*kk
/,:‘\ T
z 4
>
o
c
g 3
o
Q
= T
(%]
g 1
(2]
0
- +CNO
Con+Sal Con+CNO SHR+Sal SHR+CNO

oy vy

Yy

/

25ms

Figure 4 Chemicogenetic activation of prefrontal cortex (PFC) pyramidal neurons in spontaneously hypertensive rat (SHR) enhances AMPAR-excitatory
postsynaptic current (EPSC). (a) Low- and high-magnification images showing hM3Dq adeno-associated virus (AAV) delivery to PFC pyramidal neurons. (b)
Time course showing the frequencies of spontaneous AP (sAP) before and after bath application of clozapine N-oxide (CNO) (5 uM) in a PFC pyramidal
neuron from a rat with the injection of hM3Dq AAV to medial PFC. (c) Representative sAP traces before and after CNO application. (d) Bar graphs
(mean + SEM) showing sAP frequencies in the absence (—) or presence of CNO in PFC neurons from hM3Dg AAV-infected rats. ***p <0.001, t-test. (e)
AMPAR-EPSC /O in PFC pyramidal neurons (hM3Dq AAV-infected) from SHR or control (Sprague—Dawley, SD) rats injected with saline or CNO.

*p < 0.05, analysis of variance. f, Representative AMPAR-EPSC traces.

1996). It is known that MPH occupies and blocks dopamine
transporters and noradrenaline transporters, resulting in
elevated dopamine and noradrenaline levels at synapses
(Spencer et al, 2006; Kuczenski and Segal, 1997). Emerging
studies indicate that glutamate system is also regulated by
MPH. AMPAR surface expression in hippocampus CAl area
is increased by MPH through a PKA-dependent pathway

(Rozas et al, 2015). In naive animals, NMDARs are regulated
by MPH (Cheng et al, 2014; Urban et al, 2013; Di Miceli and
Gronier, 2015), which may contribute to the MPH-induced
cognitive enhancement (Cheng et al, 2014). In the ADHD
model, we have found that AMPARs are regulated by MPH,
which may underlie the therapeutic efficacy of MPH on
ADHD-associated behaviors. It is in agreement with previous

Neuropsychopharmacology
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Figure 5 Chemicogenetic activation of prefrontal cortex (PFC) pyramidal neurons in spontaneously hypertensive rat (SHR) rescues behavioral deficits. (a)
Bar graphs (mean + SEM) showing the discrimination ratio of the temporal order recognition memory (TORM) task in SHR or control (Sprague—Dawley, SD)
rats (hM3Dq adeno-associated virus (AAV)-infected) injected with saline or clozapine N-oxide (CNO). *p <0.05, analysis of variance (ANOVA). (b) Bar
graphs showing the number of midline crossing in locomotion test in SHR or control rats (hM3Dq AAV-infected) injected with saline or CNO. *p <0.05,
ANOVA. (c) Bar graphs showing the time in the center and the number of center entries in the open-field test of SHR or control rats ((M3Dg AAV-infected)

injected with saline or CNO. #*p <0.05, ANOVA.

findings that psychostimulants work differently in normal vs
diseased conditions.

To further link PFC hypofunction to ADHD-like pheno-
types in SHR, we have used the chemicogenetic approach to
directly activate PFC pyramidal neurons by stimulating Gq
signaling. The DREADD-based strategy allows for the
precise interrogation of specific neuronal circuits involved
in cognitive and emotional processes (Wess et al, 2013;
Urban and Roth, 2015). By the remote, non-invasive and
long-lasting manipulation of the activity of PFC pyramidal
neurons in vivo, we have observed the restoration of AMPAR
responses in SHR. The increase of AMPAR-EPSC input-
output ratio by activation of Gq receptors with the excitatory
DREADDs could be due to changes in firing rate or the
induction of synaptic plasticity. Consistently, recent studies
have found that activation of hippocampal pyramidal
neurons with the CaMKII-driven Gg-coupled DREADD
increases baseline synaptic transmission and long-term
potentiation (Lopez et al, 2016). Interestingly, elevating the
activity of PFC pyramidal neurons leads to the amelioration
of ADHD-like behaviors in SHR. It provides a potential
approach to treat mental disorders associated with PFC
network dysfunction, such as ADHD.
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