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Abstract

Glutamate neurotransmission via the N-methyl-D-aspartate receptor (NMDAR) is thought to

mediate the synaptic plasticity underlying learning and memory formation. There is increasing

evidence that deficits in NMDAR function are involved in the pathophysiology of cognitive

dysfunction seen in neuropsychiatric disorders and addiction. NMDAR subunits confer different

physiological properties to the receptor, interact with distinct intracellular postsynaptic scaffolding

and signaling molecules, and are differentially expressed during development. Despite these

known differences, the relative contribution of individual subunit composition to synaptic

plasticity and learning is not fully elucidated. We have previously shown that constitutive deletion

of GluN2A subunit in the mouse impairs discrimination and re-learning phase of reversal when

exemplars are complex picture stimuli, but spares acquisition and extinction of non-discriminative

visually cued instrumental response. To investigate the role of GluN2A containing NMDARs in

executive control, we tested GluN2A knockout (GluN2AKO), heterozygous (GluN2AHET) and

wild-type (WT) littermates on an attentional set-shifting task using species-specific stimulus

dimensions. To further explore the nature of deficits in this model, mice were tested on a visual

discrimination reversal paradigm using simplified rotational stimuli. GluN2AKO were not

impaired on discrimination or reversal problems when tactile or olfactory stimuli were used, or

when visual stimuli were sufficiently easy to discriminate. GluN2AKO showed a specific and

significant impairment in ventromedial prefrontal cortex-mediated set-shifting. Together these

results support a role for GluN2A containing NMDAR in modulating executive control that can be

masked by overlapping deficits in attentional processes during high task demands.
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Introduction

The ability to efficiently alter non-rewarding behaviors is essential to adapt in a complex

environment. The cortico-striatal circuits underlying this behavioral flexibility are highly

conserved across species (Middleton and Strick, 1996). The ventromedial (vmPFC) and

orbitofrontal (OFC) prefrontal cortex mediate complementary but dissociable forms of

behavioral flexibility, while choice learning is supported by regions of the basal ganglia in

rodents (Graybiel, 2008, Schoenbaum et al., 2009, Balleine and O’Doherty, 2010, Bissonette

et al., 2013). Reversal learning, which requires a shift in response to a previously

unrewarded stimulus, is mediated by the OFC across stimulus modalities (Dias et al., 1996,

Chudasama and Robbins, 2003, Moore et al., 2009, Rudebeck and Murray, 2011, Rudebeck

et al., 2013). In contrast, the rodent vmPFC mediates the top-down control of attention

required to shift between stimulus dimensions during attentional set-shifting (Ragozzino et

al., 1999, Birrell and Brown, 2000b, Bissonette et al., 2008a, Floresco et al., 2008). The

vmPFC can be further subdivided into distinct functional regions with the anterior cingulate

cortex (ACC) mediating associative learning by directing attention to stimulus features, and

the prelimbic cortex (PrL) and infralimbic cortex (iL) maintaining and facilitating strategy

shifting, respectively (Bussey et al., 1997, Bissonette et al., 2008b, Rich and Shapiro, 2009,

Oualian and Gisquet-Verrier, 2010).

The ability to rapidly shift actions is thought to require the induction of plasticity within

these cortical subregions, although questions remain regarding the specific neurochemical

substrates for this plasticity. N-methyl-D-aspartate receptors (NMDAR), which are essential

for mediating certain forms of synaptic plasticity during memory formation, are a strong

candidate for the molecular mechanism underlying efficient behavioral flexibility

(Bannerman et al., 2006). Loss of NMDAR function impairs cortically-mediated cognitive

processes in rodents, further supporting a role for these receptors (Lebel et al., 2006).

NMDARs, heterotetramers comprising two obligatory GluN1 subunits and varying

combinations of GluN2A-2D subunits, gain distinct physiological and secondary signaling

properties from their subunit composition (Cull-Candy et al., 2001, Kohr et al., 2003).

GluN2A and GluN2B are the primary subunits in the adult cortex, with GluN2A

predominantly expressed at two postnatal weeks in the rodent. The precise contribution of

each subunit to plasticity and behavioral flexibility is still being elucidated.

Global knockout of GluN2A (GluN2AKO) impairs hippocampal LTP, spatial memory

(Sakimura et al., 1995, Ito et al., 1996), contextual learning and motor learning (Kishimoto

et al., 1997, Kiyama et al., 1998). We have previously shown that GluN2AKO mice have

difficulty discriminating between complex visual stimuli, but are unimpaired on visually

cued instrumental learning, suggesting these mice have specific difficulty in successfully

differentiating rewarded and unrewarded stimuli (Brigman et al., 2008). To further explore

the role of GluN2A in learning and executive control behaviors we tested GluN2AKO mice
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and controls on an attentional set-shifting task (ASST) that required discriminative learning,

reversal, and set-shifting of species-specific stimulus domains (Birrell and Brown, 2000a).

To investigate whether previously reported associative learning deficits were specific to

sensory modality or due to task difficulty, we tested GluN2AKO on a visual discrimination

reversal task that utilized easily discriminable stimuli.

Materials and Methods

Subjects

GluN2A were generated as previously described (Sakimura et al., 1995, Brigman et al.,

2008). Briefly, the GluN2A null mutation was backcrossed into the C57BL/6J strain for >10

generations to produce a congenic C57BL/6J genetic background. Analysis of 150 SNP

markers at B15–20 megabase intervals across all autosomal chromosomes confirmed 499%

C57BL/6J congenicty in the mutant line (Boyce-Rustay and Holmes, 2006). To avoid

potential phenotypic abnormalities resulting from genotypic differences in maternal

behavior and early life environment knock-out (GluN2AKO), heterozygous (GluN2AHET)

and wild-type controls (WT) WT mice were all generated from HET x HET matings. Mice

were bred at the University of New Mexico Health Sciences Center from breeding pairs

graciously provided from the Holmes lab at NIAAA. Mice were housed in same sex

groupings of 2–4 per cage in a temperature- and humidity- controlled vivarium under a

reverse 12 h light/dark cycle (lights off 0800 h) and tested during the dark phase. Separate

cohorts of male and female GluN2AKO, GluN2AHET and WT littermates were tested on

Attentional Set-Shifting (n=5–6 per sex/genotype; 10–11 total per genotype) and visual

discrimination reversal (n=6 per sex/genotype; 12 total per genotype) to avoid order effects.

Mice, aged 8 weeks at onset of testing, were slowly reduced and then maintained at 85%

free-feeding body weight to ensure motivation to work for food reward. Prior to testing,

mice were acclimated to the 14 mg pellet food reward by provision of 3 pellets/mouse in the

home cage for 7 days while in the testing room. Mice were counterbalanced to dimension in

simple discrimination or visual stimuli and number of mice per experiment is given in figure

legends. All experimental procedures were performed in accordance with the National

Institutes of Health Guide for Care and Use of Laboratory Animals and were approved by

the University of New Mexico Health Sciences Center Institutional Animal Care and Use

Committee.

Attentional Set-Shifting

Testing was conducted in an acrylic apparatus measuring 30 × 18 × 12 cm. Two ceramic

digging bowls (4.5 × 2.5 cm) were placed on platforms (11 × 5 cm) in each quarter section

and were separated by a clear acrylic panel (Figure 1A). Access to digging bowls was

limited by a removable divider. Scented medium was made by mixing 150 g of cob bedding

with 20 crushed 14 mg dustless precision pellets (#F0568, BioServ, Frenchtown, NJ) and 3 g

of commercially available powdered spices: ginger, nutmeg, garlic, coriander, thyme and

cinnamon (McCormick & Company, Sparks, MD). Approach platforms were manufactured

to size from commercially available materials in house and included sandpaper, wood,

neoprene, metal wire, tile and a plastic fiber sponge.
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ASST was conducted as previously described (Young et al., 2010, Young et al., 2011).

Briefly, on day one mice were acclimated to the testing chamber and trained to dig in

unscented cob medium for food reward. Initially, three pellets were available on the floor of

the chamber and in the bottom of empty digging bowls. The remaining trials consisted of

pellets available in digging bowls only, starting with 3 pellets per side. Digging medium was

incrementally increased while successively burying one additional pellet each trial. When

the digging bowls were full of medium and all pellets were buried under the digging cob,

pellets were restricted to a single bowl, randomly assigned per trial. Pellet number was

decreased with every proceeding trial, with the final 9 trials containing only one pellet. A

total of fifty pellets were received on day one. Trials were timed from divider lifting until all

pellets were consumed. Mice who ceased digging for pellets were returned to their home

cage for 45 min before resuming at last attempted trial.

Day two training introduced the mice to each odor and platform combination that they may

encounter during day three testing (Table 1). A single food pellet was placed approximately

¾ of the way below the digging medium surface in only one bowl, assigned randomly

between trials. Placement of a pellet was mimicked in the empty bowl to “sham bait” and

prevent mice learning experimenter related cues. A total of 24 pellets were received.

On day 3 mice were tested in succession with no inter-session-breaks on seven

discrimination tasks (Table 1). In the simple discrimination (SD) mice were initially trained

to discriminate two exemplars in either the odor or platform dimension. Upon reaching

criterion mice were moved to the compound discrimination (CD) during which the second,

non-rewarded dimension, was added. Mice were still required to respond in accordance to

the first discrimination learned. For the first four trials of the SD and CD stages mice were

allowed to dig in the incorrect bowl without consequence, although an error was recorded.

In all other trials the opposite passageway was blocked upon an error. In successful trials,

the mouse was allowed to collect the pellet before continuing to the next trial. If the mouse

did not dig in either bowl by 2 min the trial was recorded as ‘no decision’ and the mouse

proceeded to the next trial. Criterion was set to six consecutive correct responses. Upon

completion of the CD the rewarded exemplar in the initially rewarded dimension was

reversed to form a compound discrimination reversal (CDR).

Following the CDR, a novel set of exemplars in each dimension was introduced and mice

were rewarded for responding to one exemplar in the initially learned dimension (intra-

dimensional shift (IDS)). Next, the intra-dimensional reversal (IDR) reversed the correct

stimuli within the same dimension. Following criterion performance of the IDR a second

novel set of exemplars in both dimensions were introduced in the extra-dimensional shift

(EDS). This time, the rewarded exemplar was in the previously irrelevant dimension.

Finally, the correct exemplar within the newly learned dimension was reversed to form an

extra-dimensional reversal (EDR) problem.

Trials to criterion and errors were recorded for each stage. Trial latencies to respond were

measured from the time the barrier was raised till digging was initiated. A dig was defined

as the moment when the mouse’s nose or paw broke the surface of the cob-digging medium.
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Three GluN2AKO and 1 WT mouse that required more than 60 trials in a single stage or

exceeded 120 trials total were omitted from the analysis.

Discrimination Reversal

All operant behavior was conducted in a chamber measuring 21.6 × 17.8 × 12.7 cm (model

# ENV-307W, Med Associates, St. Albans, VT) housed within a sound- and light-

attenuating box (Med Associates, St. Albans, VT). The standard grid floor of the chamber

was covered with a solid acrylic plate to facilitate ambulation. A pellet dispenser delivering

14 mg dustless pellets (#F05684, BioServ, Frenchtown, NJ) into a magazine, a house-light,

tone generator and an ultra-sensitive lever was located at one end of the chamber. At the

opposite end of the chamber there was a touch-sensitive screen (Conclusive Solutions, U.K.)

covered by a black acrylic aperture plate allowing two 2 × 5 cm touch areas separated by 0.5

cm and located at a height of 6.5 cm from the floor of the chamber. Stimulus presentation in

the response windows and touches were controlled and recorded by the KLimbic Software

Package (Conclusive Solutions, U.K.).

Discrimination reversal learning of simple stimuli was assessed as previously described

(Brigman et al., 2010). Briefly, mice were habituated to the operant chamber and to eating

out of the pellet magazine by being placed in the chamber for 30 min with pellets available

in the magazine. Mice retrieving 10 pellets within 30 min were moved onto pre-training.

Mice were given a three-stage pre-training regimen. First, mice were trained to obtain

reward by pressing a lever within the chamber on an FR1 schedule. Mice pressing and

collecting 30 rewards in under 30 minutes were moved to touch training. Here, a lever press

led to the presentation of a white (variously-shaped) stimulus in 1 of the 2 response windows

(spatially pseudorandomized). The stimulus remained on the screen until a response was

made. Touches in the blank response window had no response while a touch to a white

stimulus resulted in reward delivery concomitant with a tone and the illumination of the

magazine light. Mice initiating, touching and retrieving 30 pellets within 30 min were

moved to the final stage of pre-training. This stage was identical to touch-training except

that responses at a blank window during stimulus presentation now produced a 15 sec

timeout (signaled by illumination of the house light) to discourage indiscriminate screen

responding. Errors on this and subsequent stages were followed by correction trials in which

the same stimulus and left/right position was presented until a correct response was made.

Mice making ≥75% (excluding correction trials) of their responses at a stimulus-containing

window over a 30-trial session were moved onto discrimination.

Following pre-training all mice were tested on a pairwise discrimination-reversal paradigm.

For discrimination learning, 2 novel approximately equiluminescent stimuli were presented

in a spatially pseudorandomized manner over 30-trial sessions (5 sec ITI; Figure 2A).

Responses at 1 stimulus (horizontal lines) resulted in reward; responses at the other stimulus

(vertical lines) resulted in timeout followed by a correction trial. Mice were trained to a

criterion of ≥85% correct responding excluding errors made on correction trials (categorized

as correction errors) over 2 consecutive sessions. Reversal training began on the session

after discrimination criterion was attained. Here, the designation of stimuli as correct versus

incorrect was reversed for each mouse. Mice were trained on 30-trial daily sessions (as for
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discrimination) to a criterion of 85% correct responding (excluding correction trials) over 2

consecutive sessions.

Statistical analysis

For ASST, trials to criterion were analyzed using a repeated measures two-factor ANOVA

with stage (SD, CD, CDR, ID, IDR, ED, and EDR) as a within-subjects factor and sex,

genotype and initial dimension as between-subjects factors. As no main effect of sex was

seen and sex did not significantly interact with any other dimension groups, all mice were

combined for analysis. Since genotype and stage did not significantly interact with initial

dimension (ANOVA: ns), it was not analyzed further. Planned repeated measures ANOVA

were conducted for individual stages measuring discrimination (SD, CD, IDS), reversal

(CDR, IDR, EDR) and set-shifting (EDS) believed to be mediated by different neural

substrates (Birrell & Brown, 2000). For discrimination and reversal, analysis of variance

(ANOVA) was used to analyze performance by genotype on the following measures: correct

trials, errors, and correction errors to criterion. Additionally, trial reaction time (=time from

trial initiation to touchscreen response), and magazine latency (=time from touchscreen

response to reward retrieval) were analyzed for each problem.

Results

Attentional Set-Shifting Task

No significant main effect (ANOVA: ns) of genotype or initial dimension was observed for

the ASST problem series. There was a main effect of stage (F6,6=7.49; p<.001) for all

animals and a significant interaction (F6,12=1.86; p<.05) for stage x genotype. Post-hoc

tests revealed that all genotypes required significantly more trials to complete both the

compound reversal (CDR) and intradimensional reversal (IDR) versus the proceeding CD

and ID problem respectively (p<.05). Additionally, all genotypes required significantly more

trials to perform the EDS versus IDS, confirming the formation of an attentional set (Figure

1B). Analysis of stages that required only pairwise discrimination found no differences in

trials to criterion by genotype (F2,20=1.23; p=.32) or stage (F2,20=1.50; p=.23) and no

significant stage x genotype interaction (F2,20=2.01; p=.18). No significant differences were

seen in trial latencies by genotype or discrimination stage indicating motivation to work for

food reward did not decline over the problem series. Similarly, when the reinforcement

contingencies of the previous stage were reversed in the following stage (CDR, IDR and

EDR) no differences were observed for genotype (F2,20=0.39; p=.68) or stage (F2,20=0.50;

p=.60) and no significant stage x genotype interaction (F2,20=1.27; p=.30). Trial latencies

did not differ by genotype or stage on reversal stages Comparison of trials to criterion on

EDS stage revealed a significant main effect of genotype (F2,20=3.81; p<.05). Fisher’s

protected least significant difference post hoc test revealed that GluN2AKO required

significantly more trials (27.00±3.85) than GluN2AHET (16.13±2.0) or WT mice

(17.25±3.06) to complete the EDS (p<.05; Figure 1B). No significant main effect of

genotype, dimension, or stage was seen for trial latency and no significant interaction was

seen between variables. For the EDS stage where performance varied significantly by

genotype, there was no significant difference in trial latency across genotypes (F2,20=0.35;

p=.71).
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Touchscreen Discrimination and Reversal Learning Performance

Analysis of pre-training stage revealed no significant differences between genotypes (Stage

1: F2,26=1.68; p=.20; Stage 2: F2,26=0.98; p=.39; Stage 3: F2,26=0.59; p=.56). For visual

discrimination learning there was no significant effect of genotype on either on trials, errors

or correction errors to attain criterion performance, as measured by number of errors

(F2,26=1.43; p=.25; Figure 2B) or correction errors (F2,26=.94; p=.40, Figure 2C) to

criterion. No difference in motivation to respond or collect reward as measured by stimulus

response or reward retrieval was seen across genotypes (Figure 2D). Analysis of

discrimination and reversal performance with repeated measures ANOVA revealed a

significant main effect of problem for both errors (F2,1=20.67; p<.001) and correction errors

(F2,1=33.57; p<.001) while post-hoc tests revealed that the reversal was significantly more

difficult for all genotypes. On the reversal, no significant differences were seen across

genotypes as measured by errors (F2,26=0.57; p=.57; Figure 3A) or correction errors

(F2,26=0.94; p=.40; Figure 3B) across the problem. Analysis of performance during early,

perseverative reversal (sessions <50% correct) versus the late, learning phase (sessions

≥50% correct) found no significant differences across genotypes (ANOVA: ns) on errors

(Perseverative: F2,26=0.48; p=.62; Learning: F2,26=0.52; p=.25; Figure 3D) or correction

errors (Perseverative: F2,26=0.99; p=.39; Learning: F2,26=0.18; p=.89; Figure 3E) on either

early perseverative or later learning stages. Stimulus response time and reward retrieval also

did not significantly differ across the problem (Figure 3C), or by stage (Figure 3F).

Discussion

Here we show that brain-wide loss of GluN2A-containing NMDAR leads to a specific

impairment in attentional set-shifting on an olfactory and tactile based task while

heterozygous loss results in no apparent deficit. GluN2AKO have previously been reported

to have deficits in associative learning on a visual discrimination-reversal paradigm. In the

current study however, no deficits in discrimination learning, within-dimension reversals or

attentional set formation were observed. To determine if the intact learning behavior seen in

the current study was due to dimension modality or problem difficulty, we tested

GluN2AKO and control mice on a visual touchscreen discrimination-reversal problem using

simplified rotational line stimuli. Our results show that GluN2AKO mice exhibit no

impairment in discrimination or reversal learning using these simplified stimuli.

Previous work in rodents demonstrated that the behavioral flexibility required to

successfully perform an EDS during attentional set-shifting is mediated by distinct

subregions of the vmPFC. Targeted lesion of the PrL or iL was sufficient to impair maze

based attentional set-shifting, with in vivo electrophysiology implicating strategy

maintenance and strategy switch initiation for these regions, both being necessary to

successfully complete set-shifting (Rich and Shapiro, 2009, Oualian and Gisquet-Verrier,

2010). Specifically, targeted lesion of PrL and iL cortices impaired EDS by increasing trials

to criterion (Ng et al., 2007a). Preclinical studies have also suggested that NMDARs, with

their role in synaptic plasticity, may play a unique role in mediating flexible behavior.

Systemic administration of NMDAR antagonists impaired both acquisition and set-shifting

in a maze based operant paradigm, perhaps through actions on cortical and hippocampal
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regions, while administration targeting the PrL and iL subregions of vmPFC selectively

impaired set-shifting in operant and odor-tactile paradigms in rats (Stefani et al., 2003,

Stefani and Moghaddam, 2005, Dahlin et al., 2008). However, few studies have parsed apart

the roles of specific subunits of NMDAR in mediating behavioral flexibility. Studies

examining the role of GluN2B in behavioral flexibility have found that loss of the subunit

impaired performance on operant based reversal and set-shifting tasks (Dalton et al., 2011),

while other studies found that loss of GluN2B function actually improved behavioral

flexibility (Kos et al., 2011, Brigman et al., 2013). These studies suggest that GluN2B may

not be mediating set-shifting specifically but modulating general behavioral flexibility and

learning. Previous work in GluN2AKO failed to find an effect on perseverative reversal

performance (Brigman et al., 2008), and to our knowledge no studies have previously

examined the role of GluN2A in set-shifting behaviors. The current study shows that brain-

wide loss of GluN2A selectively impairs EDS performance, suggesting that GluN2A

containing NMDAR, in the vmPFC, may play a unique role in mediating executive control

of top-down behavioral flexibility required for optimal set-shifting.

Intriguingly, we failed to see any effect on discrimination stages of the set-shifting task even

though it has been previously shown that whole-brain GluN2AKO impaired learning on a

touchscreen based paradigm (Brigman et al., 2008). This is despite the fact that power-

analysis determined sample sizes used in both visual discrimination reversal and ASST

experiments replicate those used in previous touch-screen experiments that detected

impaired discrimination learning in the GluN2A mutant mice. It is possible that previous

deficits and the intact performance reported here are due to the differences in sensory

modalities used on the problems. However, there is evidence that subregions of the vmPFC,

which seems to be uniquely altered in GluN2AKO, may also be involved in attentional

processes required to attend to and discriminate stimuli based on their features. Selective

lesions of the ACC impair performance on IDS problems (Ng et al., 2007b) and visual

discriminations. Importantly, loss of ACC function only impairs visual learning when the

stimuli are difficult to attend to, suggesting this region plays a role in directing attention

under high conflict situations within a single modality (Bussey et al., 1997). To test the

hypothesis that GluN2A loss in the vmPFC may be driving both the reported EDS deficit

and previous impairments on complex visual stimuli, we tested GluN2AKO and controls on

a discrimination reversal task using simplified visual stimuli compared to previous reports.

We found that GluN2AKO mice were able to learn a simple discrimination and successfully

complete a reversal of rotated visual stimuli at comparable rates to controls. This finding

suggests that rather than impairing modality specific learning, loss of GluN2A may disrupt

attentional focus to stimulus features through a deficit in the ACC. Thus, GluN2A loss

spares performance when stimuli are easy to discriminate, such as olfactory, tactile and

simple visual, while impairing learning performance when stimuli require a high level of

attention to discriminate, as in previous touchscreen learning studies.

In light of numerous studies showing that hippocampal NMDARs are necessary for

associative learning using spatial cues, it should be pointed out that both the ASST and

touch-screen discrimination reversal paradigm actively minimize spatial learning by never

making spatial location informative. Both tasks require trial-to-trial working memory to
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integrate learning across trials however, and the role of hippocampal GluN2A in these

behaviors cannot be ruled out.

Interestingly, although GluN2AKO had elevated errors and correction errors across the

problem, we failed to see an effect of GluN2A loss on reversal performance, a measure of

behavioral flexibility mediated selectively by the OFC in rodents, when olfactory, tactile or

simple visual stimuli were used (Schoenbaum et al., 2002, Chudasama and Robbins, 2003,

Izquierdo et al., 2013). Given that genetic or pharmacological loss of GluN2B is sufficient to

impair reversal in the mouse (Brigman et al., 2013), the data presented here suggest that

GluN2A in OFC may not play a significant role in mediating reversal learning.

Alternatively, other, non-NMDAR mediated pathways may compensate for NMDAR-

dependent associative learning and reversal in the absence of GluN2A while the higher task

demands of attentional set-shifting cannot be compensated. One such mechanism may be

through α-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid receptors (AMPAR), as

targeted blockade in the vmPFC indicates AMPARs are required for both optimal set-

formation and shifting, while NMDAR are required selectively for set-shifting (Stefani et

al., 2003).

Interestingly GluN2A heterozygous mice, expressing only 50% of GluN2A subunits showed

performance similar to WT throughout testing (Sakimura et al., 1995). Previously, gene-

dose dependent effects have been observed in the attentional (Young et al., 2007) and simple

learning (Young et al., 2012) capabilities of alpha 7 nicotinic acetylcholine receptor mutant

mice. Here however, we were able to determine that reduced functioning of the GluN2A

subunit did not impact any aspect of discrimination learning or behavioral flexibility.

Although it appears there are gene-dose dependent effects on errors in simple visual

discrimination (Figure 2B and C), these effects were not significant. Larger sample sizes or

adding an additional NMDAR antagonist insult may have significantly teased apart the

effect of receptor levels.

Brain-wide knockout of GluN2A resulted in a specific executive control impairment of

vmPFC mediated set-shifting. This finding is the first evidence implicating a distinct

requirement for the GluN2A subunit in cortically driven executive functioning. Our data

support the conclusion that GluN2A is required for optimal set-shifting and attentional

processing by vmPFC and ACC, respectively. Glutamatergic dysfunction and resulting

hypofrontality are thought to play a large role in executive control deficits in many

neuropsychiatric disorders, such as addiction and schizophrenia (Goldberg and Weinberger,

1988). Given the role of NMDAR in in learning and memory (Malenka and Bear, 2004), as

well as initial evidence of its role in executive function processes, understanding the unique

role that NMDAR subunits play is essential to furthering our understanding of these

disorders and for providing potential therapeutic targets.
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Figure 1. Impaired extradimensional set-shifting in GluN2AKO

(A) Cartoon of approach platform version of the ASST task. (B) GluN2AKO mice were not

significantly different than GluN2AHET or WT controls on problems that required either

discrimination (SD, CD, IDS) or reversal performance (CDR, IDR, EDR). Mice of all

genotypes required significantly more trials to complete the CDR and IDR versus the

preceding CD and ID problem. All mice showed formation of attentional set as measured by

significantly increased trials to perform the EDS regardless of starting dimension.

GluN2AKO required significantly more trials to perform the EDS problem versus

GluN2AHET or WT controls. *=P<.01 main effect of genotype, **=P<.01 main effect of

problem.
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Figure 2. GluN2AKO show intact visual discrimination learning with simplified stimuli
(A) Cartoon of touch-screen learning task with rotational line stimuli. (B) GluN2AKO did

not require significantly more errors to attain discrimination criterion versus GluN2AHET or

WT controls. (C) GluN2AKO did not make significantly more correction errors during

discrimination learning when compared to GluN2AHET or WT controls. (D) There were no

significant differences across genotypes on stimulus response or reward retrieval latencies

during discrimination learning.
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Figure 3. GluN2AKO show intact reversal learning with simplified stimuli
(A) GluN2AKO did not require significantly more errors or (B) correction errors across the

entire reversal problem versus GluN2AHET or WT controls. (C) There were no significant

differences across genotypes on stimulus response or reward retrieval latencies across

reversal learning. (D) Analysis of early perseverative (sessions <50% correct) and later

learning (sessions ≥50% correct) revealed no significant difference in error responses across

genotypes. (E) GluN2AKO did not make significantly more correction errors on either stage

of reversal learning compared to control. (F) Stimulus response and reward retrieval

latencies did not differ across genotypes on either stage of the reversal.
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Table 1

Testing stages and stimulus combinations for the mouse attentional set-shifting paradigm with odor as

initially-trained dimension. Starting dimension was counterbalanced across genotypes. Stimulus exemplars for

odor and platform dimension are listed in the text.

Problem Stages Dimensions Exemplars

Relevant Irrelevant S+ S−

Simple Discrimination (SD) Odor n/a O1 O2

Compound Discrimination (CD) Odor Platform O1/P1 O2/P2

O1/P2 O2/P1

Compound Discrimination Reversal (CDR) Odor Platform O2/P1 O1/P2

O2/P2 O1/P1

Intradimensional Shift (ID) Odor Platform O3/P2 O4/P3

O3/P3 O4/P2

Intradimensional Shift Reversal (IDR) Odor Platform O4/P2 O3/P3

O4/P3 O3/P2

Extradimensional Shift (EDS) Platform Odor P5/O5 P6/O6

P5/O6 P6/O5

Extradimensional Shift Reversal (EDR) Platform Odor P6/O5 P5/O6

P6/O6 P5/O5
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