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Abstract

Impulsivity is a multifaceted behavioral manifestation with implications in several
neuropsychiatric disorders. Glutamate neurotransmission through the N-methyl-D-aspartate
receptors (NMDARS) in the medial prefrontal cortex (mPFC), an important brain region in
decision-making and goal-directed behaviors, plays a key role in motor impulsivity. We discovered
that inherent motor impulsivity predicted responsiveness to D-cycloserine (DCS), a partial
NMDAR agonist which prompted the hypothesis that inherent motor impulsivity is associated with
the pattern of expression of cortical NMDAR subunits (GIuN1, GIuN2A, GIuN2B), specifically
the protein levels and synaptosomal trafficking of the NMDAR subunits. Outbred male Sprague
Dawley rats were identified as high (HI) or low (LI) impulsive using the one-choice serial reaction
time task. Following phenotypic identification, mPFC synaptosomal protein was extracted from HI
and LI rats to assess the expression pattern of the NMDAR subunits. Synaptosomal trafficking and
stabilization for the GIuN2 subunits were investigated by coimmunoprecipitation for postsynaptic
density 95 (PSD95) and synapse associated protein 102 (SAP102). HI rats had lower mPFC
GIuN1 and GIuN2A, but higher GIuN2B and pGIluN2B synaptosomal protein expression versus LI
rats. Further, higher GIuUN2B:PSD95 and GIuUN2B:SAP102 protein:protein interactions were
detected in HI versus LI rats. Thus, the mPFC NMDAR subunit expression pattern and/or
synaptosomal trafficking associates with high inherent motor impulsivity. Increased understanding
of the complex regulation of NMDAR balance within the mPFC as it relates to inherent motor
impulsivity may lead to a better understanding of risk factors for impulse-control disorders.
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1. Introduction

Impulsivity is a complex multifaceted behavioral construct that is associated with several
neuropsychiatric disorders (e.g., attention deficit/hyperactivity disorder, autism, and
substance use disorders) [1-3]. It is broadly characterized as behavior without sufficient
foresight and has two primary facets—motor impulsivity/impulsive action (difficulty
withholding a prepotent motor response) and impulsive choice (preference for small
intermediate rewards over large delayed rewards). Impulsivity is reliably assayed with self-
report questionnaires in humans [4] and as well as laboratory measures in humans [5-8] and
animals [7, 9]. Examining the neurobiological mechanisms underlying individual differences
in motor impulsivity represents a unique approach in elucidating impulse-control disorders.

A critical brain region underlying motor impulsive behavior is the medial prefrontal cortex
(mPFC), an area integral in executive function and decision making [10] and involved in
mediating “stop” signals to reward-associated brain regions [11]. The mPFC is a major hub
for glutamatergic output signaling facilitated primarily through the N-methyl-D-aspartate
receptor (NMDAR) [12]. The NMDAR is a member of the ionotropic glutamate family of
receptors and is composed of multiple subunits, including GIuN1 (the obligatory unit) and
GIuN2A-D, to form a functional heterotetramer [13, 14]. The NMDAR is widely distributed
in the mPFC [15], and is activated by binding of glutamate to the GIUN2 subunit and the
coagonist glycine to the GIuN1 subunit [16]. There is also evidence that the spatial
distribution (i.e. localization) in the synaptic milieu (for review see [17]), and not solely the
subunit composition per se, determines NMDAR-dependent signaling [18]. While NMDAR
synaptic localization is incompletely understood, PDZ domain proteins within the
postsynaptic density (PSD), a dynamic network of scaffolding proteins and glutamate
receptors, mobilizes and localizes NMDARSs to the synapse (for review see [19]). The
presence or absence of key scaffolding proteins determines the localization of the receptors
bound to them. For example, postsynaptic density 95 (PSD95) [20], a member of the
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membrane-associated guanylate kinases (MAGUKS) family, binds to receptors and signal
transduction proteins to facilitate signaling cascades which plays a fundamental role in the
organization of the postsynaptic architecture [21, 22]. PSD95 binds to both GIuUN2A and
GIuN2B subunits and tends to stabilize NMDARs to the synapse [23]. Synapse associated
protein 102 (SAP102), another member of the MAGUKS family, is linked to NMDAR
trafficking [24, 25] and is preferentially associated with GIUN2B [26] and regulates GIuUN2B
mobility [27-29]. Further, phosphorylation of specific residues within NMDAR subunits
may drive NMDAR trafficking/localization and PDZ protein-protein interactions (for review
see [30, 31].

NMDAR antagonism both systemically and intra-mPFC results in an array of behavioral
impairments that can be likened to frontal lobe dysfunction [32-35]. Furthermore, glutamate
neurotransmission through NMDAR is a critical regulator of impulse-control disorders, for
example, antagonism of NMDARs systemically [33, 36—42] or directly in the mPFC [39, 40,
43] elevates impulsivity. Selective antagonism of the GIUN2B subunit enhances motor
impulsivity [33, 38] and individual differences in impulsive choice determine the effects of
NMDAR antagonists [44]. Taken together, these studies suggest that the impulsive
phenotype may correspond to differences in cortical NMDAR composition, synaptosomal
bioavailability, and association with PDZ proteins.

In the present preclinical study, we aimed to elucidate the role of cortical NMDARSs in trait
motor impulsivity. To this end, we first employed pharmacological measures via utilization
of D-cycloserine (DCS), a partial agonist at the glycine binding site of the NMDAR [45-47].
Second, we employed biochemical measures to assess NMDAR subunit expression and
synaptosomal localization in the mPFC. We hypothesized that individual differences in
motor impulsivity are driven by the profile of the NMDAR subunits, specifically the
expression and localization of the cortical NMDAR subunits as well as the association with
PSD95 and SAP102 within the mPFC.

2. Materials and Methods

2.1 Animals

Male, outbred Sprague—-Dawley rats (n=215; Envigo, Indianapolis, IN) weighing 250-275¢
upon arrival were housed two/cage under a 12-h light—dark cycle with controlled
temperature (21-23°C) and humidity (40-50%). Animals were acclimated for seven days to
the colony room prior to the start of handling and experimental procedures. During the one-
choice serial reaction time (1-CSRT) task acquisition and maintenance, rats were food
restricted to 90% free-feeding weight; water was available ad /ibitum except during daily
operant sessions. Rats were weighed daily to ensure that their body weights were maintained
at ~90% of free-feeding levels. All experiments were conducted in accordance with the NIH
Guide for the Care and Use of Laboratory Animals (2011) and with the University of Texas
Medical Branch Institutional Animal Care and Use Committee approval.
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D-cycloserine (DCS) was purchased from Sigma-Aldrich (St. Louis, MO; catalog # C6880—
5G) and dissolved in 0.9% NaCl (saline; Baxter Healthcare, Deerfield, IL; catalog #
2F7124).

2.3 Animal Behavior and Pharmacology

2.3.1 1-Choice Serial Reaction Time Task Training—Procedures occurred in
standard five-hole nose-poke operant chambers equipped with a house light, food tray, and
an external pellet dispenser capable of delivering 45 mg pellets (Bio-Serv, Frenchtown, NJ)
housed within ventilated and sound-attenuated chambers (MedAssociates, St Albans, VT).
The 1-CSRT task methodology has been described in detail previously [48-53]. Briefly, rats
were habituated to the test chamber; a nose-poke into the singly-illuminated center hole
resulted in the delivery of one food pellet into the magazine on the opposite wall of the
chamber and simultaneous illumination of the magazine light. During this stage, all
responses made in the correctly lit (target) hole resulted in the illumination of the magazine
light and presentation of a single food pellet. The latency to retrieve the food pellet is
recorded. The training stages thereafter were each comprised of daily sessions of 100 trials
to be completed in a maximum of 30 min; each training stage involved incrementally
lowering the stimulus duration with a 5-sec limited hold and an intertrial interval (ITI) of 5
sec. A maximum of 100 correct responses in a session resulted in a maximum of 100
reinforcers earned; incorrect, premature responses or omissions resulted in a 5-s time-out
period and a reduction in reinforcers obtained. Advancement to the next training stage
required rats to meet acquisition criteria: =50 correct responses, >80% accuracy [correct
responses/(correct + incorrect) x 100] and <20% omissions (omitted responses/trials
completed x 100). Time to finish the training session is recorded for each rat.

Premature responses [(total premature responses = target premature responses + non-target
premature responses; “non-target” indicates premature response detected outside of the
center nose poke hole) were employed as the primary indication of motor impulsivity [2, 7,
48-56]. The number of reinforcers earned provides a measure of task competency and a
secondary assessment of motor impulsivity, while percent accuracy was a general indication
of attentional capacity [2, 7, 48-56]. Percent omissions indicated failures of detection of the
visual stimuli in the target hole as well as motivation to perform the task [2, 7, 48-56].

After meeting stability criteria for the final training stage over three consecutive ITI5
sessions (with <20% variability), an I1TI8 challenge session was conducted in which the ITI
was 8-s for the session [48-53]. Five separate cohorts of outbred rats were trained on the 1-
CSRT task and, within each cohort (7=32-46), HI (7=9-15/cohort) and LI (7=8-15/cohort)
were stratified as the top and bottom 25% (quartile split) or 33% (tertile split) of rats based
upon premature responses on the 1T18 challenge session (Table 1). Quartile and tertile splits
were determined based on necessity for tissue for biochemical analyses, and utilization of
either stratification method did not change the validity of the phenotypes nor the consistency
of the 1-CSRT task output parameters across cohorts (Table 1).
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2.3.2 Pharmacological manipulation of motor impulsivity via systemic
administration of D-cycloserine—Rats were trained to criterion on the 1-CRST task
and challenged on an ITI8 test session to identify phenotypes. Following ITI8 test session
completion, rats were re-stabilized in the 1-CSRT task [= 50 target responses, > 80%
accuracy, and < 20% omissions on the final training stage (0.5 sec stimulus duration, 5 sec
limited hold, and ITI5)] for at least three consecutive days. Performance in the 1-CSRT task
was assessed following vehicle (saline, 1 mL/kg; i.p.) or DCS (1, 2, 5, 10, 20, or 50 mg/Kkg;
i.p.;) 15 min prior to the start of 1-CSRT task sessions under ITI5 conditions [Cohort 2 (Fig.
1); Table 1]. Each rat received all doses of DCS in a balanced, pseudo-randomized order.
Rats were treated with vehicle the day before DCS treatments and received only one DCS
treatment per week.

2.4 Biochemical Assays

2.4.1 Protein Extraction and Capillary Electrophoresis—Rats were anesthetized
(400 mg/kg chloral hydrate solution), decapitated, and brains were cut in 2 mm coronal
sections, rapidly microdissected with a scalpel on a cool tray (4°C) [57], frozen in liquid
nitrogen and stored at —80°C. Crude synaptosomal protein fraction enriched for pre- and
postsynaptic proteins (i.e., presynaptic terminals, postsynaptic membranes, postsynaptic
density, synaptic protein complexes) from the mPFC of HI and L1 rats [Cohorts 1 (Fig. 2-4)
and 3-5 (Figs. 5 and 6); Table 1] was prepared as described previously [1, 48, 49, 58-60].
The crude synaptosomal protein preparation expresses the postsynaptic markers PSD95 and
SAP102 (present study, [49, 58], syntaxin (synaptosomal marker) [58], and SNAP25
(presynaptic marker) [58]. Tissue encompassing the mPFC (cingulate cortex 1, prelimbic
cortex and infralimbic cortex; 3.00 mm from bregma [61]) was homogenized in 10 times
wl/v ice cold Krebs buffer (125 mM NaCl, 1.2 mM KCI, 1.2 mM MgSOy, 1.2 mM CaCly, 22
mM Nay,CO3, 1 mM NaH,POy4, 10 mM glucose) containing 0.32 sucrose plus protease
inhibitor cocktail and phosphatase inhibitor 2 and 3 cocktails (10 uL/mL; Sigma-Aldrich, St.
Louis, MO). The homogenate was centrifuged at 1000 g for 10 min at 4°C to pellet the
nuclear fraction (P1). The supernatant (S1) was collected and centrifuged at 20,000 g for 30
min at 4°C to pellet the crude synaptosome (P2). The pellet was re-suspended in Krebs
buffer with 0.5% NP40. All protein fractions were stored at —20°C until use.

Crude synaptosomal protein prepared from the mPFC were subjected to the Wes™
automated western blotting system (ProteinSimple, San Jose, CA), which utilizes capillary
electrophoresis-based immunodetection for higher resolution, sensitivity, and reproducibility
(even at low sample concentrations) relative to traditional immunoblotting techniques [1, 49,
54, 60]. Wes™ reagents (biotinylated molecular weight marker, streptavidin-HRP
fluorescent standards, luminol-S, hydrogen peroxide, sample buffer, DTT, stacking matrix,
separation matrix, running buffer, wash buffer, matrix removal buffer, secondary antibodies,
antibody diluent, and capillaries) were obtained from the manufacturer (ProteinSimple) and
used according to the manufacturer’s recommendations with minor modifications [1, 60].
Antibodies targeting GIuN1 (1:1000; BD Pharmingen, San Jose, CA; catalog # 556308),
GIuN2A (1:250; Millipore, Burlington, MA; catalog # AB1555P), GIuN2B (1:250;
Millipore; catalog # AB1557P), and phosphorylated-GIuN2B at Ser1303 (pGIuN2B, 1:500;
Millipore, catalog # 07—-398) were employed. Equal amounts of protein (2 ug) were
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combined with 0.1X sample buffer and 5X master mix (200 mM DTT, 5X sample buffer, 5X
fluorescent standards), gently mixed, and then denatured at 90°C for 10 min. The denatured
samples, biotinylated ladder, antibody diluent, primary antibodies, horseradish peroxidase
(HRP) conjugated secondary antibodies, chemiluminescent substrate, and wash buffer were
dispensed to designated wells in a pre-filled microplate. Separation electrophoresis (375 V,
28 min, 25°C) and immunodetection in the capillaries were fully automated using the
following settings: separation matrix load for 200 sec, stacking matrix load for 20 sec,
sample load for 12 sec, antibody diluent for 30 min, primary antibody incubation for 60 min,
secondary antibody incubation for 30 min, and chemiluminescent signal exposure for 5, 15,
30, 60, 120, 240, and 480 sec. Data analyses were performed using the Compass Software
(ProteinSimple). Representative “virtual blot” electrophoretic images were automatically
generated by the Compass Software (ProteinSimple). Each experiment was performed in
technical triplicates with four to six biological replicates per phenotype.

2.4.2 Co-immunoprecipitation—Extracted synaptosomal protein from mPFC of HI
and LI animals [Cohorts 3-5 (Fig. 6); Table 1] was subjected to immunoprecipitation (IP)
techniques utilizing the Pierce™ Crosslink Magnetic IP/Co-IP kit (Thermo Fisher Scientific,
Waltham, MA; catalog # 88805). The Pierce™ Crosslink Magnetic IP/Co-IP kit enables
highly efficient IP by covalently crosslinking antibody to A/G magnetic beads. Briefly, 10
ug of PSD95 (Millipore, catalog # MAB1598) and SAP102 (Rockland Immunochemicals,
Pottstown, PA; catalog # 200-301-G38) were bound and crosslinked to A/G magnetic beads
using kit-provided coupling buffer and disuccinimidyl suberate (DSS). An elution buffer was
used to remove non-crosslinked antibody and to quench the crosslinking reaction. The
crosslinked beads were collected on a magnetic stand (DynaMag™; Thermo Fisher
Scientific, catalog # 12321D) followed by addition of 500 ul of lysate solution (175 ug of
mPFC synaptosomal protein + kit provided IP/Lysis buffer), rotated overnight at 4°C. The
target antigen was heat eluted (95°C for 5 min) from the beads and immediately underwent
traditional immunoblotting techniques. In brief, 30 ug of IP lysates and non-
immunoprecipitated input lysates were loaded in precast gels (NuPage™ 4-12% Bis-Tris;
Invitrogen, Carlsbad, CA; catalog # NP0335BOX), transferred to PVDF membranes,
(Immun-Blot ® PVDF membranes; Bio-Rad, Hercules, CA, catalog # 162—-0239) and
blotted with GIUN2A (1:1000; Abcam, Cambridge, UK; catalog # ab169873) or GIuN2B
(1:1000; Abcam, catalog # ab65783) overnight at 4°C. Membranes were incubated with
mouse 1gG IRDye 800 CW (1:10000) or rabbit IgG IRDye 680 RD (1:10000) for detection
by Odyssey Imaging System (LI-COR, Lincoln, NE). The integrated intensity of each band
was analyzed with the Odyssey Software and GIUN2A and GIuN2B immunoreactivity
normalized to total immunoprecipitated PSD95 (1:1000) or SAP102 (1:100)
immunoreactivity.

2.5 Statistical Analyses

Student’s t-test was employed to analyze outcome measures of 1-CSRT task performance
between phenotypes (HI versus LI) within each cohort, and an ordinary one-way analysis of
variance (ANOVA) was employed to analyze each outcome measure from the 1-CSRT task
performance across cohorts (Graphpad Prism 7). To evaluate the relationship between
inherent motor impulsivity and 1-CSRT task performance following vehicle or DCS, a one-
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way analysis of covariance (ANCOVA; quantitative covariate: target premature responses)
was employed; treatment means were not adjusted for the influence of the covariate (i.e.,
adjusted p-values are not reported) (IBM SPSS Statistics). Student’s t-test was employed to
compare NMDAR subunit protein expression in HI versus LI rats, and Pearson’s correlation
was used to assess the relationship between premature responses, reinforcers earned,
accuracy, or percent omissions and NMDAR subunit protein expression (Graphpad Prism 7).

3. Results

3.1 Identification of motor impulsivity phenotypes using the 1-CSRT Task

Table 1 illustrates the premature responses, reinforcers earned, accuracy, percent omissions,
latency to respond, and time to finish the session on the ITI8 challenge observed across all
five cohorts of HI and L1 rats utilized in this study; each cohort is independently stratified to
identify the phenotype. There was a main effect observed between cohorts on premature
responses within LI rats (F4 57=6. 15, p<0.05) and HI rats (F4 58=25.40, p<0.05). Reinforcers
earned (F4 57=1.57, n.s.), percent omissions (F457=0.47, n.s.), and time to finish (F4 57=1.07,
n.s.) did not differ within LI rats across Cohorts 1-5. A main effect on reinforcers earned
(F4,58=15.78, p<0.05), percent omissions (F4 58=6.29, £<0.05), and time to finish
(F4,56=5.69, p<0.05) within HI rats alone was observed across Cohorts 1-5. Latency to
respond did not differ between LI (F4 57=1.66, n.s.) or HI (F4 56=2.28, n.s.) rats across
Cohorts 1-5. Accuracy averaged 95-98% between all cohorts (LI rats: F4,57 = 0.89, n.s.; HI
rats: F4 5g=0.83, n.s.) and did not differ between phenotypes (Cohort 2: t53=0.09, n.s.;
Cohort 3: t,g=0.22, n.s.; Cohort 4: t,g=1.51, n.s.; Cohort 5: t»1=0.00, n.s.), except Cohort 1
(t15=2.41, p<0.05). The difference in accuracy in Cohort 1 between HI and LI rats was
marginal (approximately 2%) and did not affect task criteria or trainability (see Methods).
As outbred rats are employed to identify the motor impulsivity phenotype, each cohort
contains a unique group of animals in which naturally occurring variability is detectable
between populations of animals [1, 49, 53, 54, 59]. Regardless, the defining characteristics
between phenotypes were consistent and reproducible and individual rats between cohorts
were not pooled for subsequent behavioral and/or biochemical analyses.

Levels of premature responses (Cohort 1: t15=10.42, p<0.05; Cohort 2: ty3=12.14, p<0.05;
Cohort 3: tg=15.03, p<0.05; Cohort 4: tyg=9.14, p<0.05; Cohort 5: tp1=14.92, p<0.05),
reinforcers earned (Cohort 1: t15=7.39, p<0.05; Cohort 2: t,3=7.72, p<0.05; Cohort 3:
tog=6.55, p<0.05; Cohort 4: t,g=3.83, p<0.05; Cohort 5: t,;=3.61, p<0.05), percent
omissions (Cohort 1: t15=5.78, p<0.05; Cohort 2: ty3=4.25, p<0.05; Cohort 3: tyg=4.15,
p<0.05; Cohort 4: t,3=5.18, p<0.05; Cohort 5: t,1=3.19, p<0.05), and time to finish (Cohort
1: t15=5.99, p<0.05; Cohort 2: ty3=4.25, p<0.05; Cohort 3: tyg=4.69, p<0.05; Cohort 4:
tog=6.61, p<0.05; Cohort 5: t,1=2.85, p<0.05) were consistently different in HI versus L1
rats (Table 1), as previously reported [48-53]. HI rats earned on average approximately 10
fewer reinforcers and displayed lower percent omissions relative to LI rats (Table 1),
suggesting phenotypic differences in sensory, motor, and/or motivational factors play a role
in the pattern of responding on the 1-CSRT task [48-55]. Due to the nature of the task
parameters and pattern of responding, HI rats finished ITI8 sessions faster than LI rats
across Cohorts 1-5. Taken together, the results across five independent cohorts of outbred rat
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populations reflect the utility, reliability, and consistency of the 1-CSRT task to identify
phenotypic differences in motor impulsivity.

3.2 Inherent motor impulsivity predicts responsiveness to systemic administration of D-

cycloserine

We administered systemic DCS (1, 2, 5, 10, 20, and 50 mg/kg i.p.) following identification
of inherent motor impulsivity. Target premature responses on the ITI8 challenge (i.e.,
inherent baseline motor impulsivity) predicted the number of premature responses (Fig. 1A;
F1 18= 5.52, p<0.05) but not the number of reinforcers earned (Fig. 1B; F1 15=0.07, n.s.),
accuracy (Fig. 1C; F1 18=0.11, n.s.), or percent omissions (Fig. 1D; Fq 18=3.51, n.s.)
following pretreatment with vehicle or DCS. Our simple interpretation is that baseline levels
of premature responses are a significant factor in the observed DCS effectiveness on motor
impulsivity and may indicate corresponding individual differences in NMDAR subunit
composition and localization as a putative neurobiological substrate of inherent motor
impulsivity.

3.3 Motor impulsivity predicts mPFC NMDAR subunit composition

To study the association of mMPFC NMDAR subunit expression pattern upon inherent motor
impulsivity, we probed for GIuN1, GIuN2A, and GIuN2B in synaptosomal fractions from
mPFC tissue of Hl and LI animals (Figs. 2-4). HI rats exhibited lower mPFC synaptosomal
GIuN1 versus LI rats (Fig. 2A; tg=2.39, p<0.05), and there was a negative correlation
between premature responses and GIuN1 protein expression (Fig. 2B; R=—0.540; p<0.05).
There was no correlation between reinforcers earned (Fig. 2C; R=0.490; n.s.) or accuracy
(Fig. 2D; R=-0.062; n.s.) but a positive correlation between percent omissions (Fig. 2E;
R=0.597; p<0.05) and GIuN1 protein expression. HI rats exhibited lower mPFC
synaptosomal GIUN2A versus LI rats (Fig. 3A; tg=3.09, p<0.05); there was a negative
correlation between premature responses and Glun2A protein expression (Fig. 3B; R=
-0.658; p<0.05). There was a positive correlation between reinforcers earned (Fig. 3C;
R=0.683; p<0.05), no correlation between accuracy (Fig. 3D; R=-0.109; n.s.), and a positive
correlation between percent omissions (Fig. 3E; R=0.613; p<0.05) and GIuN2A protein
expression. HI rats exhibited higher levels of mPFC synaptosomal GIUN2B versus LI rats
(Fig. 4A,; tg=2.29, p<0.05), and there was a positive correlation between premature
responses and GIUN2B protein expression (Fig. 4B; R=0.550; p<0.05). There was no
correlation between reinforcers earned (Fig. 4C; R=-0.537; n.s.), a positive correlation
between accuracy and (Fig. 4D; R=0.586; p<0.05) and no correlation between percent
omissions (Fig. 4E; R=-0.468; n.s.) and GIuN2B protein expression. Thus, the NMDAR
subunits are dynamically expressed within the mPFC of HI versus L1 rats.

3.4 Motor impulsivity predicts GIUN2B phosphorylation in the mPFC

We measured the mPFC synaptosomal protein expression of phosphorylated GIuN2B
(pGIuN2B; Ser1303, C terminus) to study potential differential trafficking mechanisms of
the GIUN2B subunit [30, 62—64] in HI and LI rats. HI rats exhibited higher pGIuN2B protein
expression versus LI (Fig. 5A; tg=2.59, p<0.05), and there was a positive correlation
between premature responses and pGIuN2B protein expression (Fig. 5B; R=0.700; p<0.05).
There was a negative correlation between reinforcers earned (Fig. 5C; R=-.701; p<0.05) and
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no correlation between accuracy (Fig. 5D; R=-0.514; n.s.) or percent omissions (Fig. 5E;
R=-0.495; n.s.) and pGIuN2B protein expression. These data suggest that GIUN2B is
phosphorylated to a greater degree at Ser1303 in highly impulsive rats.

3.5 Motor impulsivity is associated with mPFC NMDAR subunit synaptosomal
stabilization and trafficking

We determined the association between PDZ proteins (i.e. PSD95 and SAP102) and GIuN2
subunits in synaptosomal fraction from mPFC tissue of HI and LI animals. IP for PSD95
followed by immunoblot (IB) for GIuN2A demonstrated approximately equal association
between PSD95 and GIUN2A in HI versus LI rats (Fig. 6A; t1,=0.99, n.s.). IP for PSD95
followed by IB for GIuN2B revealed a greater association between PSD95 and GIuN2B in
HI versus LI rats (Fig. 6B; t13=1.91, p<0.05). IP for SAP102 and IB for GIuN2B yielded a
greater association between SAP102 and GIuN2B in HI versus LI rats (Fig. 6C; t1o=1.78,
p<0.05). Taken together, HI rats exhibit higher levels of GIuUN2B:MAGUK interactions
suggesting differences between the trafficking and targeting of the GIuUN2B subunit may
distinguish phenotypic levels of motor impulsivity.

4. Discussion

In summary, identification of the motor impulsivity phenotype is stable and consistent in the
1-CSRT task. Inherent motor impulsivity predicted responsiveness to DCS which prompted
further studies to determine NMDAR subunit expression in synaptosomal compartments of
the mPFC. We observed lower GIuN1 and GIuN2A subunit protein expression, but higher
GIuN2B subunit protein expression in HI versus LI rats. Premature responses were
negatively correlated with both GIuN1 and GIuN2A synaptosomal protein expression within
the mPFC while omissions were positively correlated. These measures provide an indication
that sensory and/or motivational factors, i.e., goal-directed behaviors, are associated with the
status of the NMDAR complex and provide additional insight into the multifaceted
determinants of the trait of motor impulsivity [48-53]. We also discovered higher pGIuN2B
in the mPFC of HI versus LI rats, which may indicate potential trafficking mechanisms
underlie differences in NMDAR subunit expression in HI versus LI rats. Additionally, we
detected differential protein:protein associations between synaptic scaffolding proteins
PSD95 and SAP102 and GIluN2 subunits in the mPFC of HI versus LI rats. Specifically,
there was a higher association between PSD95 and GIuN2B and SAP102 and GIuN2B in HI
versus LI animals; interestingly, there was approximately equal association between PSD95
and GIuN2A in HI versus LI animals. Taken together, these data indicate that there is a
possible transformation of the mPFC NMDAR subunit expression pattern and/or
synaptosomal localization that may underlie high inherent motor impulsivity.

Pharmacological manipulation of NMDAR demonstrated that inherent levels of motor
impulsivity predicted dynamic responses to DCS-induced impulsivity. Further, we noted a
modest overall decrease in impulsivity at the lowest dose of DCS and increased impulsivity
at the highest dose of DCS tested. These data are likely a reflection of the partial agonist
activity of DCS, where at lower doses, it performs as an agonist, and at higher doses, it
performs as an antagonist [46, 47], and align with studies which demonstrated increased
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impulsivity following NMDAR antagonism [33, 36—42] and intra-mPFC NMDAR
antagonism [39, 40]. While the precise mechanisms involved are not clearly understood, in
the present study, we demonstrated differences in cortical NMDAR subunit expression and
identified possible NMDAR-trafficking and -localization mechanisms that may elucidate the
complex neurobiology of impulsivity and responsiveness to NMDAR ligands. Taken
together, the fundamental role for the mPFC in motor impulsivity, which is coordinated by
the regulatory capacity of multiple neurotransmitters and effectors (e.g., dopamine and
serotonin system [1, 2, 48, 49, 65-68]), includes the NMDAR system and suggests that the
NMDAR subunit protein profile may be important in laying the foundation for individual
differences in motor impulsivity.

Interestingly, GIuN2B synaptosomal protein expression was higher in the mPFC of HI rats,
and premature responses were positively correlated with GIUN2B protein expression. The
GIuN2B subunit is highly expressed in immature neurons and at nascent synapses at birth
and into early childhood but decreases in expression during adulthood; congruently the
GIuN2A subunit protein expression increases with age as neurons mature [25, 69-71].
Further, GluN2A-containing NMDARs mediate long-term potentiation (LTP), while
GIluN2B-containing NMDARSs are purported to play a greater role in long-term depression
or weakening of synaptic strength [72], but this is not always the case. For example,
switching synaptic GIuN2B-containing NMDARs that bind to CAMKII (Ca2*/calmodulin
kinase I1) with GIuN2A-containing NMDARSs that bind to CAMKII results in a significant
decrease of LTP [73] suggesting that GIuN2B, through its interactions with CAMKII, may
induce LTP. Therefore, it is possible that the observed higher mPFC GIuN2B discovered
herein is a homeostatic feedback mechanism in response to lower levels of GIuN1 and
GIuN2A in HI rats. It is also plausible that the “switch” from GIUN2B to GIuN2A-
containing NMDARs during development was impaired, resulting in higher levels of
GIuN2B into adulthood. These are areas of active research in our laboratory and the focus of
future studies.

The GIuN2B subunit may play a more defined role in regulating synaptic plasticity [74, 75]
and is more synaptically fluid than the GIUN2A subunit [76-78], possibly due to
phosphorylation [30]. Excitingly, we discovered phosphorylation of the GIuUN2B Ser1303
was higher in HI versus LI rats and that premature responses positively correlated with
pGIuN2B protein expression. There are several known serine/threonine phosphorylation
sites on NMDAR subunits [30] which are regulated by various protein kinases [79, 80].
Further, each kinase may exert a unique effect; for example, phosphorylation via protein
kinase C (PKC) can increase NMDAR channel opening rates and upregulate NMDAR
surface expression [81, 82]. Additionally, PKC activation can mediate NMDAR synaptic
targeting [83]. CAMKII is also heavily involved in regulating NMDAR localization and
binds to GIuN2B with greater affinity than GIUN2A [62, 73, 84-87]. GIuN2B-CAMKI|I
complexes are targeted to the synapse and maintain synaptic strength [88]. Ser1303, a
phosphorylation site on the C-terminus of GIUN2B that interacts with both PKC and
CAMKII, is involved in both potentiating and deactivating GIUN2B currents [62, 63, 89].
Further, phosphorylation can inhibit or potentiate NMDAR-PDZ protein complexes to
therefore regulate synaptic localization and trafficking of the NMDAR subunits within the
synapse [28, 88, 90]. Taken together, these data suggest that phosphorylation at the GIuN2B
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Ser1303 site may be involved in elevated synaptic trafficking of GIUN2B in the mPFC of HI
rats, and support future studies investigating the complex mechanisms mediating
phosphorylation events of the NMDAR subunits.

PDZ proteins associated with GIUN2 subunits are involved in synaptic stabilization and
receptor mobility [26-29]. Both PSD95 and SAP102 will drive GIuN2B to the synapse, but
SAP102, in particular, is associated with enhanced receptor mobility [27-29]. Further,
SAP102 is preferentially associated with GIUN2B [26, 28] and its association enhances
mobility and surface delivery of GIUN2B over GIUN2A [24]. In fact, there is a secondary
non-PDZ interaction site specific to GIUN2B and SAP102 that is involved in synaptic
mobilization of GIuN2B [28]. As HI rats had higher GIuN2B:PSD95 and GIuN2B:SAP102
protein:protein interactions, we propose there is an enhanced stabilization and trafficking of
GIuN2B in HI versus LI rats. Interestingly, there was equal association of GIuN2A:PSD95
between phenotypes, thus, it is possible that the GIUN2A differences observed in HI versus
LI rats may be caused by partnering (or lack thereof) of GIUN2A to an alternative synaptic
scaffolding protein (e.g. PSD93).

Overall, our present work demonstrates a distinct neurobiology of the NMDAR, i.e. subunit
expression and trafficking, in the cortical synaptosomal environment to govern the motor
impulsivity phenotype. Increased understanding of the complex regulation of NMDAR
balance within the mPFC as it relates to motor impulsivity may lead to a better
understanding of risk factors and treatments for several neuropsychiatric disorders.
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Figure 1. Inherent motor impulsivity predicts premature responses to D-cycloserine, but not
additional measures from the 1-CSRT task.

(A) Target premature responses on the ITI8 challenge session (baseline impulsivity)
predicted responsiveness to D-cycloserine (1, 2, 5, 10, 20, or 50 mg/kg i.p.; 15 min
pretreatment) during the ITI5 maintenance sessions (£<0.05). Inherent motor impulsivity
was not a predictive factor for (B) reinforcers earned (n.s.), (C) accuracy (n.s.), or (D)
percent omissions (n.s.). The relationship between 1-CSRT task measures on an ITI8
challenge and ITI5 session for each pretreatment condition with vehicle or D-cycloserine is
represented by a linear regression line.
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Figure 2. High trait motor impulsivity corresponds to lower GIuN1 expression and correlates
with additional measures from the 1-CSRT task.

(A) HI rats exhibit lower GIuN1 versus LI rat (*p<0.05 vs. LI). Virtual blot-like
representative images generated directly from the chemiluminescent signal for the GIuN1
and cadherin loading control were performed using crude synaptosomal protein from the
mPFC (inset). The corresponding electropherograms with chemiluminescent signals for
GIuN1 and cadherin represents HI (dark grey) and LI (light grey) rats. Correlational analyses
between (B) premature responses (R=—-0.540; p<0.05), (C) reinforcers earned (R=0.490;
n.s.), (D) accuracy (R=-0.062; n.s.) and (E) percent omissions (R=0.597; p<0.05) and
GIuN1 protein expression.
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Figure 3. High trait motor impulsivity corresponds to lower GIUN2A expression and correlates
with additional measures from the 1-CSRT task.

(A) HI rats exhibit lower GIUN2A versus LI rat (*p<0.05 vs. LI). Virtual blot-like
representative images generated directly from the chemiluminescent signal for the GIUN2A
and cadherin loading control were performed using crude synaptosomal protein from the
mPFC (inset). The corresponding electropherograms with chemiluminescent signals for
GIuN2A and cadherin represents HI (dark grey) and LI (light grey) rats. Correlational
analyses between (B) premature responses (R=—0.658; p<0.05), (C) reinforcers earned
(R=0.683; p<0.05), (D) accuracy (R=-0.109; n.s.) and (E) percent omissions (R=0.613;
p<0.05) and GIuUN2A protein expression.
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Figure 4. High trait motor impulsivity corresponds to higher GIuN2B expression and correlates
with additional measures from the 1-CSRT task.

(A) HI rats exhibit higher GIUN2B versus LI rat (*p<0.05 vs. LI1). Virtual blot-like

representative images generated directly from the chemiluminescent signal for the GIuN2B
and cadherin loading control were performed using crude synaptosomal protein from the
mPFC (inset). The corresponding electropherograms with chemiluminescent signals for
GIuN2B and cadherin represents HI (dark grey) and LI (light grey) rats. Correlational
analyses between (B) premature responses (R=0.550; p<0.05), (C) reinforcers earned (R=
-0.537; n.s.), (D) accuracy (R=0.586; p<0.05) and (E) percent omissions (R=-0.468; n.s.)
and GIuN2B protein expression.
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Figure 5. High trait motor impulsivity corresponds to higher pGIuN2B expression and correlates

with additional measures from the 1-CSRT task.

(A) HlI rats exhibit higher pGIUN2B versus LI rat (*p<0.05 vs. L1). Virtual blot-like
representative images generated directly from the chemiluminescent signal for the pGIuN2B
and cadherin loading control were performed using crude synaptosomal protein from the
mPFC (inset). The corresponding electropherograms with chemiluminescent signals for
pGIuN2B and cadherin represents HI (dark grey) and L1 (light grey) rats. Correlational
analyses between (B) premature responses (R=0.700; p<0.05), (C) reinforcers earned (R=
-0.701; p<0.05), (D) accuracy (R=-0.514; n.s.) and (E) percent omissions (R=-0.495; n.s.)

and GIuN2B protein expression.
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Figure 6. High trait motor impulsivity associates with GIuUN2B synaptic trafficking and
stabilization.
(A) Immunoprecipitation (IP) for PSD95 followed by immunoblot (IB) for GIuN2A yielded

approximately equal association between PSD95 and GlunN2A (n.s.). (B) IP for PSD95
followed by 1B for GIuN2B revealed increased protein association between PSD95 and
GIuN2B in HI versus LI rats (*p<0.05 vs. LI). (C) IP for SAP102 and 1B for GIuN2B
demonstrated that SAP102 associates with GIUN2B to a higher extent in HI versus LI rats
(*p<0.05 vs. LI). The insets are representative immunoblot bands. Arbitrary units (A.U.) of
densitometry are presented.
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