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Abstract

A common feature across neuropsychiatric disorders is inability to discontinue an action or 

thought once it has become detrimental. Reversal learning, a hallmark of executive control, 

requires plasticity within cortical, striatal and limbic circuits and is highly sensitive to disruption 

of N-methyl-D-aspartate receptor (NMDAR) function. In particular, selective deletion or 

antagonism of GluN2B containing NMDARs in cortical regions including the orbitofrontal cortex 

(OFC), promotes maladaptive perseveration. It remains unknown whether GluN2B functions to 

maintain local cortical activity necessary for reversal learning, or if it exerts a broader influence on 

the integration of neural activity across cortical and subcortical systems. To address this question, 

we utilized in vivo electrophysiology to record neuronal activity and local field potentials (LFP) in 

the orbitofrontal cortex and dorsal striatum (dS) of mice with deletion of GluN2B in neocortical 

and hippocampal principal cells while they performed touchscreen reversal learning. Reversal 

impairment produced by corticohippocampal GluN2B deletion was paralleled by an aberrant 

increase in functional connectivity between the OFC and dS. These alterations in coordination 

were associated with alterations in local OFC and dS firing activity. These data demonstrate highly 

dynamic patterns of cortical and striatal activity concomitant with reversal learning, and reveal 

GluN2B as a molecular mechanism underpinning the timing of these processes.
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Introduction

Deficient executive function has come into increasing focus as a priority area for the 

development of novel therapeutic treatments for multiple neuropsychiatric, developmental, 

and substance abuse disorders [1]. One domain of impaired executive control is maladaptive 

perseveration - an inability to discontinue a previously advantageous response when it is no 

longer beneficial [2, 3]. Reversal learning has been commonly employed as a measure of 

perseveration and, in many behavioral tasks, has been found to be dependent upon intact 

orbitofrontal cortex (OFC) function [4-8]. Conversely, the acquisition of well-trained 

stimulus-response contingencies does not require the OFC, and is more reliant on subcortical 

structures such as the dorsal striatum (dS) [9].

The N-methyl-Daspartate receptor (NMDAR) is posited to be an important molecular 

mechanism subserving cortically-mediated processes, such as reversal learning, given its 

critical role in learning and various forms of synaptic plasticity linked to learning [10-14]. 

The GluN2B NMDAR subunit is highly expressed during development but is also 

selectively distributed in the adult rodent forebrain regions, including the cortex and 

hippocampus [15-17]. GluN2B-containing NMDARs appear to play a unique role in 

cortically-mediated behaviors that can be distinguished from the contribution of other types, 

such as GluN2A-containing NMDAR heteromers [18]. Furthermore, genetic alterations in 

GluN2B-containing NMDAR’s C-terminus signaling domain, which alters downstream 

signaling and expression, have recently been associated with neuropsychiatric disorders 

characterized by deficits in executive control [19].

In rodents, gene deletion, age-related loss or decreased tyrosine phosphorylation of GluN2B 

impairs cortical plasticity and hippocampal and related forms of learning [20-23], while 

transgenic GluN2B overexpression or decreased GluN2B degradation was reported to 

enhance learning and hippocampal long-term potentiation (LTP) [24, 25].

While prior work provides compelling evidence that cortical GluN2B-containing receptors 

play a critical role in reversal learning, the neural underpinnings of this function are unclear. 

We have previously shown that selective deletion of GluN2B in cortical or CA1 

hippocampal principal neurons impairs reversal (and not initial discrimination) learning and 

this effect can be recapitulated by microinfusion of a GluN2B antagonist into the OFC [26]. 

In contrast, deletion of GluN2B restricted to GABAergic interneurons significantly impaired 

the ability to learn an initial pairwise discrimination [27]. One outstanding question is 

whether GluN2B acts to support reversal learning via regulating neuronal activity locally, at 

the level of cortex, or whether its impact is manifest more broadly, through integrating 

neural activity across cortical and subcortical systems. Here, we combined a touchscreen-

based reversal learning paradigm with in vivo electrophysiological recordings to measure 

neuronal activity and local field potentials (LFPs) simultaneously in the OFC and dS of mice 

with corticohippocampal GluN2B deletion. We found that, in the absence of the normal 

contribution from GluN2B-containing NMDARs, the coordinated recruitment of these brain 

regions during reversal learning was profoundly aberrant, whereas local OFC activity was 

left largely intact. Our findings demonstrate the importance of GluN2B-containing 

NMDARs in integrating activity across neural systems to support reversal learning.
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Materials and Methods

Animals

GluN2B mutant mice were generated and backcrossed into a ~95% C57BL/6J background, 

as previously described [20]. Floxed mutant mice were crossed with (C57BL/6J-congenic) 

transgenic mice expressing Cre recombinase driven by the CaMKII promoter (T29-1 line) 

[28] to produce mutant mice with excision of GluN2B (G1uN2BNULL) in dorsal CA1 of the 

hippocampus and throughout the cortex and non-excised floxed littermate controls 

(GluN2BFLOX) (Brigman et al., 2010b; Brigman et al., 2013). Mice were bred at the 

University of New Mexico Health Sciences Center and housed in same-sex groupings of 2-4 

per cage in a temperature- and humidity- controlled vivarium. Lighting was on a reverse 12 

h light/dark cycle (lights off 0800 h) and testing was performed during the dark phase. 

Sixteen (16) Male mice (aged 8 weeks at the start of testing, n=8 per genotype) were slowly 

reduced and then maintained at ~85% free-feeding body weight to ensure motivation to 

work for food reward. 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.

Operant and touchscreen apparatus

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

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

attenuating box (Med Associates) as previously described [29]. The standard grid floor of 

the chamber was covered with a solid acrylic plate to facilitate ambulation. A pellet 

dispenser delivering reward (14 mg dustless pellets; #F05684, BioServ, Frenchtown, NJ, 

USA) into a magazine, a house-light, tone generator and an ultrasensitive lever was located 

at one end of the chamber. At the opposite end of the chamber was a touch-sensitive screen 

(Conclusive Solutions, Sawbridgeworth, UK) 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 K-Limbic Software Package (Conclusive Solutions).

Pre-training

Mice were habituated to the operant chamber and to eating out of the pellet magazine by 

being placed in the chamber for ≤30 minutes with pellets available in the magazine. Once a 

mouse retrieved at least 10 pellets during habituation session, it began the pre-training 

regimen. First, mice were trained to obtain reward by pressing a lever within the chamber on 

an FR1 schedule. Once a mouse showed willingness to press the lever and collect 30 rewards 

in a <30 minute-session, it was moved to touch training. During this stage, 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 effect, while a touch to the white 

stimulus window resulted in reward delivery, immediately cued by a tone and illumination of 

the magazine. Once a mouse was able to initiate, touch and retrieve 30 pellets in a <30 

minute-session, it was moved to the final stage of pre-training. This stage was identical to 
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touch-training except that responses at a blank window during stimulus presentation now 

produced a 10-second timeout, immediately signaled by illumination of the house light, to 

discourage indiscriminate screen responding. Errors made on this pre-training stage (as well 

as on discrimination and reversal, see below), were followed by correction trials in which the 

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

a mouse was able to make ≥75% (excluding correction trials) of responses at a stimulus-

containing window in a 30-trial session, it was moved onto discrimination testing.

Discrimination and reversal learning

Pairwise discrimination and reversal was tested as previously described [20]. Mice were first 

trained to discriminate 2 novel, approximately equally-luminescent stimuli, presented in a 

spatially pseudorandomized manner, over 30-trial sessions (5-second inter-trial interval). 

The stimulus designated as correct was counterbalanced across mice and genotypes. 

Responses at the correct stimulus window resulted in a single food reward, cued by a 1-

second tone and illumination of the magazine. Responses at the incorrect stimulus window 

resulted in a forced timeout, signaled by illumination of the house-light. Correction trials 

following errors were presented with the same stimuli in the same spatial orientation until a 

correct response was made. Discrimination criterion was ≥85% correct responding 

(excluding correction trials) over 2 consecutive sessions. Reversal training began on the 

session after discrimination criterion was attained. Here, the designation of correct verses 

incorrect stimuli was reversed for each mouse.

For discrimination and reversal, the following dependent variables were analyzed: correction 

errors, reaction time (time from lever press initiation to screen touch) and magazine latency 

(time from screen touch to reward retrieval). In order to examine distinct phases of reversal 

(early perseverative and late learning) errors and correction errors for sessions where 

performance was below 50% and performance from 50% to criterion, were separately 

analyzed as previously described [26, 30].

To analyze use of feedback for learning, correct and incorrect responses were further 

categorized based on previous trial outcome: correct responses were characterized as win-
stay (following correct response) or lose-shift (following an error trial), while error trials 

were characterized as perseverative (following an error trial) or regressive as previously 

described [31]. As assumptions for normality and equivalent variance were met, data were 

analyzed using unpaired t-tests followed by Bonferroni correction for multiple comparisons.

Microelectrode array implantation

After completing pre-training and 1 week before discrimination testing, mice were 

anesthetized with isoflurane and placed in a stereotaxic alignment system (Kopf Instruments, 

Tujunga, CA, USA) for implantation of a microelectrode array [31-33]. The array 

(Innovative Neurophysiology, Durham, NC, US) comprised 16 individual 35 μm-diameter 

tungsten microelectrodes arranged into 2 bundles of 2×4 electrodes offset by 0.725 mm. The 

array was implanted in an anterior to posterior configuration (150 μm row/column spacing, 

1.85 mm spacing between bundles) targeting the lateral OFC and ipsilateral dS (targeting 

coordinates for center of array: AP +2.60, ML +0.00, DV −2.60). After allowing 7 days of 

Marquardt et al. Page 4

Neuroscience. Author manuscript; available in PMC 2020 April 15.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



recovery from the surgery, food restriction resumed and mice were given a post-surgery 

reminder to ensure retention of pre-training criterion before commencing discrimination 

testing.

Multi-region electrophysiological recordings

Neuronal activity was recorded using a multichannel acquisition processor (OmniPlex, 

Plexon, Dallas, TX, USA), as previously described [32, 33], during each of 5 sessions 

corresponding to a specific stage in testing: 1) the session discrimination criterion was 

attained, 2) the first session of reversal, 3) the third session of reversal, 4) the fourth session 

of reversal, and 5) the session when reversal was at chance levels (~50% correct). As no 

differences were previously found between performance and activity during the 1st and 2nd 

sessions of reversal, recording during the 2nd reversal session was omitted to reduce strain 

on array head caps [29, 31].

Continuous spike signals were sampled at 40 kHz and waveforms were manually sorted 

during recording, based on manually set voltage threshold. LFP was sampled independently 

from each of the 16 electrodes implanted in the OFC and dS at 1 kHz and automatically low 

band pass filtered at 200 Hz (Figure 1). Neuronal recording data was timestamped via TTL 

pulse to time of correct or error choice. At the completion of testing, array placement was 

verified via electrolytic lesions made by passing 100 μA through the electrodes for 20 

seconds using a current stimulator (S48 Square Pulse Stimulator, Grass Technologies, West 

Warwick, RI, USA). Brains were collected after perfusion with 4% paraformaldehyde and 

50-μm coronal sections were cut with a vibratome (Classic 1000 model, Vibratome, 

Bannockburn, IL, USA), then stained with cresyl violet to verify electrode placements with 

reference to a mouse brain atlas [34].

Single-unit analysis

Waveforms were re-sorted offline using principal component analysis of spike clusters and 

visual inspection of waveform and inter-spike interval <1% shorter than 2 milliseconds using 

Offline Sorter (Plexon Inc), as previously described (Marquardt et al., 2016). Using 

NeuroExplorer software (NEX Technologies, Littleton, MA, USA), data were expressed in 

bins of 50 milliseconds of activity averaged across correct or error trials in a given session, 

and organized into epochs spanning 1 second pre-event to 3 seconds post-event, based on 

previously identified event-responsive windows that exclude other trial events (e.g., reward 

collection, or trial initiation) [32, 33]. Less than 5% of neurons exhibited a baseline firing 

rate of >15 Hz and were excluded from analysis as potential fast-spiking interneurons. Next, 

firing rates were transformed (for OFC and dS data separately) to Z-scores based on the 3-

second post-event activity, normalized to the 1-second pre-event baseline. All recorded units 

were analyzed to examine the influence of event responsive neurons in the OFC and DS over 

activity as a whole. The pattern of firing rate changes were examined for the period 

immediately following a correct or error choice (event → 1 sec post) or more distal period 

(1 → 3 sec.) compared to baseline using a mixed effects repeated-measures ANOVA 

followed by post hoc Tukey’s tests.

Marquardt et al. Page 5

Neuroscience. Author manuscript; available in PMC 2020 April 15.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



LFP phase analysis

Inter- trial phase consistency (ITPC) quantifies the variability of a frequency-specific signal 

at each point in time across a behavioral measure. Consistent phase, or timing, of the LFP 

during a behavioral task is hypothesized to be a common mechanism for synchronizing 

neural activity required for multiple neuronal functions [35]. ITPC values vary from 0 to 1, 

where 0 indicates random phases at that time-frequency point across trials, and 1 indicates 

identical phase values at that time-frequency point across trials. Time-frequency analyses 

were adapted to depth recordings from methods previously described [36] and computed 

using custom Matlab (TheMathWorks, Natick, MA) scripts. All LFP recordings were 

grounded with a cerebellar screw. Each regional bundle (OFC vs. dS) was referenced to the 

recording electrode most distal from the other bundle (Figure 1). All analyses were 

conducted independently for each electrode. Since there were no significant differences in 

phase coherence between electrodes within each regional bundle within a single genetic 

condition, data were averaged together over electrodes to characterize a single OFC and a 

single dS recording. Epochs aligned to time of choice, from 1 second pre-event to 3 seconds 

post-event were defined for every trial occurrence. ITPC is highly dependent upon trial 

number, therefore, mice completing less than 12 of a given event (i.e., correct or error trials), 

the minimum number of trials needed for an un-inflated ITPC [37], on a given session were 

excluded from analysis for that session. To control for uneven trial number completion 

between subjects and conditions, 12 randomly selected trials were used to compute ITPC 

and averaged over 250 permutations for an average ITPC per subject unbiased by completed 

trial number. Single trial data for each trial-type were convolved with a set of complex 

Morlet wavelets, defined as a Gaussian-windowed complex sine wave: e−i2πf e−12/(*2σ2), 

where t is time, f is frequency (from 1 to 80 Hz in 80 logarithmic spaced steps to maximize 

lower frequency visualization), and σ is the width of each frequency band set at 4/(2πf) [36, 

37]. Inter trial phase consistency (ITPC) was quantified as the length of the average of unit-

length vectors that were distributed according to their phase angles (Lachaux et al., 1999).

To meaningfully compare ITPC spectra data, nonparametric permutation shuffling of all data 

(genotype, subjects and sessions) to identify time-frequency region of interest (TF-ROI) that 

were event dependent to compare magnitude of ITPC response between factors. A linear 

mixed model (R, lmr4), which is robust against missing data, was used to statistically 

compare the ITPC magnitude resulting from averaging data values within the TF-ROI for 

each subject. Session was defined as a within factor, and genotype as a between factor, to 

determine the contribution and interaction of all dimensions of the data, via a linear mixed 

model ANOVA and post hoc Tukey’s tests corrected by Bonferroni for multiple 

comparisons.

Analysis of neural activity between OFC and dS

We performed two separate analyses of functional connectivity between OFC and dS. First, 

the difference in phase angles was used to assess phase-based coupling between regions 

[38]= Whereas ITPC investigates phase consistency within a site over trials, inter-site phase 

consistency (ISPC) investigates phase consistency between two sites across trials. ISPC was 

calculated from the difference in phase angle between OFC and dS 
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y: ISPCR t = ∑r = 1
n e

i ∅xt − ∅yt  where R(t) was the convolved time-frequency data at each 

time point (t) and trial (r) [39]. Trial count control and permutations were performed as 

described for ITPC. Additionally, TF-ROI that represented event dependent changes in ISPC 

were defined, averaged per subject and statistically compared as described for ITPC.

Second, we performed a single Granger bivariate autoregression analysis for OFC→dS and 

dS→OFC broadband directional coupling. Due to its high time resolution, fast sampling and 

spatial precision intracranial LFP data are well suited for Granger autoregression analysis 

[40]. Analyses were adapted from the BSMART toolbox (Cui et al. 2008), the Granger 

autoregression connectivity analysis tool box (GCCA) [41] and Analyzing Neural Time 

Series Data [37]. Raw LFP data from both OFC and dS were downsampled to 200 Hz. 

Correct choice trials were analyzed independently on a sliding time scale from −1 sec pre-

choice to +3 sec post-choice, windowed into 500 ms blocks with 250 ms overlap. The ERP 

was subtracted before each time segment was z-scored and detrended for improved 

stationarity. Mice completing less than 12 of the defined trial type were excluded from the 

analysis for the corresponding recording session. Prior to Granger autoregression, model 

order was calculated on utilizing Bayesian Information Criterion (BIC) independently for 

each trial type, session, treatment and subject [42]. Average model order was rounded to the 

nearest whole number for a final order number of 7, allowing for 35 ms of past data to be 

incorporated in to the Granger prediction. This model order is similar to those previously 

published with intracranial LFP recording {Zavala, 2014 #543}. Granger autoregression 

defined as, C = ln σ Ex
σ Exy  with σ(Ex) and σ(Ex) variance error terms from univariate and 

bivariate autoregression models, respectively, was calculated over each time window 

utilizing the BIC defined model order. Autoregression coefficients were convolved with 

complex sine waves across focused logspaced frequencies from 1 to 10 Hz and applied to 

the model error variance via transfer function for analysis across frequency and time [43].

While differences in Granger autoregression magnitude have been shown to be 

distinguishable between low-frequencies [44] broad frequency range TF-ROI were defined 

based on event driven changes in Granger magnitude for conservative Granger 

autoregression analysis. TF-ROI boundaries were used to calculate average Granger values 

within each subject, session and region for statistical comparison. A linear mixed model (R, 

lmr4), which is robust against missing data, was used to fit the repeated cross-session ROI 

averages with session as a within factor, and treatment as a between factor, to determine the 

contribution and interaction of all dimensions of the data. Statistically significant 

contributions of factors and interactions were determined by ANOVA and post-hoc 

Bonferroni’s tests.

Results

Impaired reversal learning in GluN2BNULL mice

G1uN2BNULL showed similar performance to GluN2BFLOX control mice during 

discrimination and performance appeared unaffected by the multichannel electrode array 

implants (t(14)=2.16, p=.17; Figure 2A). However, in agreement with our previous results 
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GluN2BNULL mice made significantly more correction errors across the entire reversal than 

controls (t(14)=7.31, p=.017; Figure 2B). There was no significant difference between 

session on which groups achieved 50% correct (t=.721, df=14, p=.4825; 

GluN2BFLOX=6.25±.861; G1uN2BNULL=7.13±.85). Analysis of correction errors made 

during early (<50% correct; t=5.23, df=14, p=.039) versus later (≥50% correct; t(14)=9.28, 

p=.010) reversal revealed that GluN2BNULL made significantly more errors during both 

phases (Figure 2C). Secondary measures showed that genotypes did not differ on latency to 

make a choice response or enter the reward magazine, during discrimination (choice: t=1.82, 

df=14, p=.08: magazine: t=1.28, df=14, p=.22) on either perseverative (≥50% correct choice: 

t=1.51, df=14, p=.15; magazine: t=.61, df=14, p=.55) or learning phase (≥50% correct 

choice: t= 1.81, df=14, p=.10; magazine: t=1.16, df=14, p=.27) of reversal (Figure 2A-D).

Analysis of percent correct responses during each of the 5 reversal recording sessions (final 

session of discrimination, 1st, 3rd, 4th sessions after the start of reversal, as well as the 1st 

session at 50% accuracy) revealed that GluN2BNULL did not differ from controls on any 

session (genotype effect: F1,56=.35, p=.34; Figure 3A). Analysis of correct response type 

based on previous response showed no significant effect of genotype on Win-Stay trials 

(genotype effect: F1,56=0.07, p=.90; Figure 3B) or Lose-Shift responses (genotype effect: 

F1,56=0.44, p=.84; Figure 3C) although both trial types varied significantly across recording 

sessions (Win-Stay session effect: F1,56=108.6, p=.0004; Lose-Shift session effect 

F1,56=128.8, p=.0001). However, GluN2BNULL mice made significantly more total errors 

during the 3rd and 4th sessions, compared to controls (genotype effect: F1,56=6.22, p=.034; 

session effect: F4,56=29.02, p=.0001; genotype x session: F4,56=3.42, p=.017, Figure 3D). 

Analysis of error type based on previous response showed that GluN2BNULL made 

significantly more Perseverative (error → error) responses on the 3rd and 4th reversal 

session compared to controls (genotype effect: F1,56=6.86, p=.027; session effect F4,56=26.2, 

p=.0001; genotype x session: F4,56=2.85, p=.038; Figure 3E). No significant differences on 

Regressive errors (correct → error) were seen between genotype (genotype: F1,56=0.42, p=.

97; Figure 3F) although this error type also varied by session (session effect F4,56=93.2, p=.

0007). No significant differences by genotype were seen on choice latency (genotype effect: 

F1,56=2.60, p==.14) or magazine latency (genotype effect: F1,56=4.18, p=.09) at any session 

(data not shown).

OFC neuronal activity in GluN2BNULL mice

Spike firing activity was analyzed across 504 putative OFC pyramidal neurons in 

GluN2BNULL and GluN2BFLOX controls (Figure 4A). Genotypes did not differ in pre-choice 

baseline firing rate (Figure 4B). OFC neuronal activity increased following a correct choice 

response irrespective of genotype (main effect of time: Disc: F1,27=6.18, p=.0001; Rev S1: 

F1,27=4.51, p=.0001; Rev S3: F1,27=4.79, p=.0001; Rev Chance: F1,27=9.61, p=.0001; 

Figure 4C). However, at the Chance Reversal stage there was a significant interaction 

between genotypes during reward-cue tone presentation (genotype x time: F1,27=2.44, p=.

0004) and across the entire cue-choice epoch (genotype x time: F1,27=6.18. p=.0002). due to 

higher OFC neuronal activity in GluN2BNULL mice than controls during the cue, and a 

lesser response in the post-cue-to-reward period (Figure 4C).
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There was altered neuronal OFC activity in the period following an error during the 1st 

(main effect of time: F1,59=1.51, p=.0069) and the Chance (main effect of time: F1,59=2.51. 

p=.0001) reversal sessions (Figure 4D). Activity was reduced during this period in 

GluN2BNULL mice, relative to controls, specifically during 1st to 3rd reversal sessions, but 

was significantly increased later in reversal, during the 4th session and then became similar 

to controls by the chance reversal session (genotype x time: Disc: F1,59=1.64, p=.0014; Rev 

S1: F1,59=2.02, p=.0001; Rev S3: F1,59= 1.65, p=.00l2; Rev Chance: F1,59=1.39, p=.026).

dS neuronal activity in GluN2BNULL mice

Activity was analyzed across 192 putative medium spiny dS neurons in GluN2BNULL and 

GluN2BFLOX controls (Figure 5A). No genotype difference was evident in baseline firing 

rate (Figure 5B). Analysis of dS activity revealed that firing significantly increased 

following a correct choice response during all recording sessions (main effect of time: Disc: 

F1,59=3.59, p=.0001; Rev S1: F1,59=2.58, p=.0001; Rev S3: F1,59=4.98, p=.0001; Rev S4: 

F1,59=4.37, p=.0001; Rev Chance: F1,59=6.34, p=.0001; Figure 5C). There was a significant 

interaction between genotypes and time for activity during the reward-cue period on the 3rd 

(interaction: F1,19=1.76, p=.023) and chance reversal (interaction: F1,19=1.65, p=.039) 

sessions (Figure 5C).

dS activity following an error was increased on the 1st-4th reversal sessions (main effect of 

time: Rev S1: F1,59=3.48, p=.0001; Rev S3: F1,59=1.94, p=.0001; Rev S4: F1,59=2.73, p=.

0001), regardless of genotype. At the chance reversal stage, both genotypes also showed 

increased firing following an error. However, GluN2BNULL mice showed decreased firing 

relative to controls (main effect of time: F1,59=1.41, p=.022; main effect of genotype: 

F1,59=5.73, p=.021; Figure 5D).

Regional ITPC in GluN2BNULL mice

ITPC analysis incorporating OFC and dS activity across all sessions and genotypes 

identified a TF-ROI (time-frequency area of interest) in the delta band (δ, 1-4 Hz) at the time 

of associative tone cessation. In GluN2BFLOX control mice, OFC and dS delta ITPC showed 

similar patterns to associative cue cessation across sessions in the identified TF-ROI. During 

early reversal, ITPC magnitude increased across sessions compared to discrimination, 

peaking to be significantly higher than all other sessions during reversal S4, before 

decreasing to discrimination levels upon re-attainment of chance criterion (Main effect of 

session F1,695=16.09, p=.0001; post-hoc Bonferroni’s, Disc p=.0001, Rev S1 p=.0001, Rev 

S3 p=.0001, Chance p=.0001; Figure 6D-F & 7D-F).

G1uN2BNULL mice, compared to control GluN2BFLOX, had increased levels of ITPC in 

both the OFC and dS during discrimination and reversal S1 to an unexpected correct 

response (Main effect of treatment F1,695=17.06, p=.0001; Treatment x Session F1,695=3.63, 

p=.006; post-hoc Bonferroni’s Disc p=.0002, Rev S1 p=.0005, Figure 6A-B & 7A-B). ITPC 

levels in GluN2BNULL did not significantly differ from control levels during reversal S3 and 

S4 (Figure 6C-D, 7C-D). However, OFC and dS ITPC remained significantly elevated in 

GluN2BNULL mice into chance reversal as control GluN2BFLOX ITPC decreased in the OFC 

and dS (post-hoc Bonferroni’s Chance p=.0005; Figure 7E-F & 7E-F).
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Although patterns of ITPC response were similar between regions, across sessions and 

within both genotypes, dS ITPC magnitude was significantly greater than in the OFC (Main 

effect of Region F1,695=28.85, p=.0001; Figure 6F & 7F). Additionally, there were no 

significant correlations between OFC or dS ITPC and latency to retrieve reward in either 

GluN2BNULL or control GluN2BFLOX mice, suggesting that ITPC changes were not 

significantly influenced by motor movements towards the reward magazine (GluN2BFLOX 

OFC: R2= .458; p=.301; GluN2BNULL OFC: R2= −.358; p=.451; GluN2BFLOXdS: R2= −.

059; p=.900; GluN2BNULL dS: R2= −.312; p=.451).

While phase-based and power-based derivations of LFP waveforms are mathematically 

separable, they tend to co-vary and may influence each other [45]. To examine the 

independence of these phenomena, we aligned dB change power plots to the ITPC for 

comparison between peak ITPC response and large power fluctuations. No consistent 

statistically significant TF-ROI emerged across reversal sessions for dB change from 

baseline power, suggesting that changes in power were not strongly linked to session 

specific behaviors, moreover there were no statistically significant differences between 

GluN2BFLOX and GluN2BNULL power responses (Figure 6G & 7G).

OFC-dS connectivity in GluN2BNULL mice

The investigation of phase consistency between OFC and dS (ISPC) revealed significant 

increases in OFC-dS coupling in both genotypes during the 4th reversal session compared to 

all other sessions in both GluN2BNULL and control GluN2BFLOX mice during correct 

choices only (Main effect of session F4,348=7.86, p=.0001; Figure 8D&F). In GluN2BNULL, 

OFC-dS ISPC was significantly increased across reversal sessions, compared to 

GluN2BFLOX (Main effect of genotype F1,348=74.43, p=.04; Figure 8). ISPC was most 

robustly increased during reversal sessions 1, 4 and chance; however, session differences 

failed to reach significance (p=.079).

To further analyze OFC-dS functional connectivity utilizing robust autoregressive analysis, 

we performed Granger prediction analysis. We defined two time points, choice and 

associative cue cessation in which Granger showed event-dependent response during 

behavioral trials. However, connectivity responses across session and genotypes did not 

significantly vary based on these and therefore data was collapsed between the time points 

for one Granger prediction value. In both genotypes, information transfer was significantly 

greater from OFC to dS versus the dS to OFC direction across sessions (Main effect of 

direction F1,1389=5.22, p=.02; Main effect of Session F4,1389=2.85, p=.02; Figure 9). OFC to 

dS directional signaling was decreased in GluN2BNULL mice across each session of early 

reversal compared to control GluN2BFLOX; however, these decreases did not reach 

significance. However, upon reattainment of chance performance during reversal OFC to dS 

signaling was significantly increased in GluN2BNULL mice (Main effect of treatment 

F1,413=4.61, p=.03; Main effect of direction F1,413=12.76, p=.0004; Treatment x Direction 

Interaction F1,413=7.32, p=.007; Figure 9E-F). Analysis of indirect information flow from 

the DS to OFC revealed elevated directional signaling in GluN2BNULL during 

discrimination and reversal S1 and S3, although overall signaling was low in both genotypes 

and these changes were not significant.
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Discussion

Consistent with previous findings, cortico-hippocampal GluN2B mutant mice demonstrated 

intact associative learning but a significant impairment in early reversal learning. We found 

that GluN2BNULL mice had specific reductions in cortical and striatal spike-firing activity, 

particularly during early reversal. However, the most robust effects of cortico-hippocampal 

GluN2B loss were seen in the regional coordination and functional connectivity between 

OFC and dS. Our data suggest a critical role for GluN2B-containing NMDAR in the 

coordination of oscillatory timing from the OFC to dS, and that this coordination may be 

required to efficiently reverse previously learned responses.

There is strong evidence for the role of GluN2B in flexible behavior as systemic 

administration of a GluN2B-selective antagonist impairs reversal of cued operant responses 

and response-shifting to an egocentric strategy [46]. We previously reported that 

GluN2BNULL mice demonstrate normal visual discrimination learning but are selectively 

impaired on reversal, with GluN2B antagonism of the OFC sufficient to replicate this deficit 

[26]. Here we found that GluN2BNULL mice tethered for in vivo recording, again, had 

normal discrimination learning, but significant increases in perseverative responding, 

primarily during the early phase of reversal as seen by total errors and error-type analysis. 

Untethered GluN2BNULL mice in previous experiments showed an increase in reversal 

errors during the later phase, which did not reach significance [32]. Here, the increase in 

reversal learning errors in GluN2BNULL mice was small but significant during later reversal. 

Examination of response latencies during recording showed that time from initiation to 

choice was increased compared to non-tethered animals. Similarly, time to collect reward 

following a correct response was elevated above what was previously seen, regardless of 

genotype. While other factors may be at play, it may be that the additional stress of tethering 

for recording led to preservation in GluN2BNULL mice extending into the chance phase, 

exaggerating the previously reported increases.

Loss of corticohippocampal GluN2B alters both cortical and striatal firing activity

Spike-firing rates following correct responses in GluN2BFLOX closely followed the pattern 

previously seen in C57BL/6J mice, robustly increasing when responses were well-learned 

and decreasing during early reversal. While significantly faster increases occurred during 

chance in GluN2BNULL animals, the pattern of OFC firing to correct responses was only 

significantly altered in GluN2BNULL mice during chance reversal. More strikingly, post-

error firing rates were significantly altered in GluN2BNULL across all sessions of early 

reversal. The firing pattern of OFC neurons following correct and error trials plays a unique 

role in tracking and encoding the value of the previous response and is sensitive to NMDAR 

blockade [47]. In non-human primates, OFC spike-firing responses switch target responding 

within several trials [48], while in mice, this change is much slower, and reversal takes 

several sessions [31]. Firing of OFC pyramidal neurons following correct responses is 

increased when the expected value of the choice matches the outcome during criterion, and 

is reduced when expectancies are not met during early reversal [49-52]. In a complementary 

manner, firing following an error significantly increases when the absence of reward is 

unexpected during early reversal, and decreases following the perseverative phase [53]. 
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While GluN2BNULL mice showed a pattern of slow building of OFC firing to newly 

rewarded choices that matched control animals, signaling following a learned choice that 

failed to produce a reward was significantly decreased; indicating delayed OFC neuron 

activity may be contributing to maladaptive perseveration. While behavioral deficits in 

GluN2BNULL mice were restricted to cortically-mediated actions, alterations in neuronal 

firing were not restricted to the cortex. Loss of cortico-hippocampal GluN2B led to 

alterations in firing rate in the dS with significant alterations in firing following a correct 

choice both during early reversal session 2 and after any choice type at chance. Single unit 

local activity suggests delayed OFC activity allows for dS to drive perseverative responding 

during early reversal. However, by the end of the perseverative phase OFC activity is 

recruited allowing for a reversal of behavior. Based on this data, we hypothesize that strong 

coordinated network activity between cortical and striatal regions is necessary for optimal 

behavioral flexibility, which has a delayed peak with loss of GluN2B in the cortex and 

hippocampus.

Oscillatory coordination is increased in GluN2BNULLmice

Analysis of oscillatory coordination supports a role for altered OFC activity, with 

GluN2BNULL mice showing significant increases in OFC phase consistency response during 

early reversal, where perseveration is high. This is followed by an inappropriately prolonged 

OFC ITPC response while new contingencies are being learned. Alterations in low-

frequency oscillation coordination marking a correct choice is thought to be essential for 

encoding reward anticipation in the OFC during discrimination and reversal, but has 

previously only been shown in the rat [54]. Our data suggest loss of GluN2B leads to 

inappropriately robust phase alignment to a previously unrewarded stimulus that 

subsequently leads to perseveration and prolonged OFC timing discrepancies into the 

learning phase of reversal. Reduced OFC single-unit firing rates, and aberrant local LFP 

phase alignment to a previously unrewarded choice during the first session of reversal 

suggests that loss of GluN2B-containing NMDARs may lead to a non-specific network 

response that disrupts outcome tracking when contingencies change and leads to 

perseverative response patterns.

Although the relationship between any individual unit firing and local LFP is not 

deterministic [55], local oscillations have been shown to entrain local firing [56-58]. Given 

their slower channel kinetics, lower open probabilities and higher sensitivity to glutamate, 

GluN2B-containing NMDAR are a strong candidate mechanism for controlling timing of 

neuronal activity to coordinate with oscillatory signaling [59]. Studies suggest that the 

GluN2A/GluN2B ratio controls the threshold required to induce plasticity [60], with 

learning or sensory input increasing both the ratio and the threshold of plasticity induction 

[61, 62]. In contrast, decreases in GluN2A/GluN2B ratio allow the induction of plasticity 

and are thought to be required to make associations more labile and modify existing 

behavioral responses [63]. These studies suggest the absence of cortical GluN2B in the OFC 

in our model increases the GluN2A/GluN2B ratio, reducing plasticity and the ability of 

individual units to entrain with local oscillations.
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Alterations in oscillatory activity were not restricted to the cortex, the site of GluN2B 

knockdown. Loss of cortico-hippocampal GluN2B significantly increased striatal delta ITPC 

following a correct response during early reversal. These striatal changes closely mirrored, 

and were even more pronounced, than the increased OFC ITPC in mutant mice. The OFC 

forms a circuit with downstream striatal regions involved to facilitate discrimination and 

subsequent alterations in behavior [64-66] including the dS. While OFC connections to the 

dS are less robust than ventral areas of the striatum, dS specifically facilitates the transition 

from early to well-learned behaviors and loss of dS function impairs efficient visual 

discrimination learning [9, 32, 67]. Increased and sustained firing, and increases in striatal 

dendritic morphology, have been shown to speed the development of an automatized 

associative response [33]. It has recently been shown that activation of lateral aspects of dS 

responsible for later stimulus-response behavior may interfere with the early phase of 

associative learning [68]. As in the OFC, the coordinated activity of the dS was increased in 

GluN2BNULL mice during early reversal. Increased striatal firing together with increased 

coordination as measured by phase alignment support the hypothesis that loss of cortico-

hippocampal GluN2B results in sustained striatal signaling during reversal that extends the 

perseverative period by driving responding to the previously rewarded choice. Our data 

suggest that the loss of cortical-hippocampal GluN2B mice are committed to a maladaptive 

behavioral pattern by continued dS activity, and take longer to activate OFC local network 

activity to exert top down control. Together with significant changes OFC firing and 

coordination, this indicates that loss of cortical GluN2B both decreased the ability of the 

OFC to exert top-down control locally and facilitated hyperactivity within the dS, resulting 

in a phenotype that required extended experience with feedback cues in order to alter 

behavioral patterns during the reversal task. A loss of local OFC coordination and the 

inability to efficiently exert top-down control led us to hypothesize a further disruption of 

OFC to dS communication.

OFC to dS signaling is aberrant after cortico-hippocampal GluN2B deletion

Simultaneous recording of both regions in behaving mice allowed for further analysis of 

functional connectivity between the OFC and dS to examine if loss of cortical GluN2B 

altered coordination as suggested by the waveform and LFP phase analysis. GluN2BNULL 

mice showed increased ISPC between the OFC and dS during early reversal, although the 

increase was not significant. Similarly, Granger prediction showed that while control mice 

had robust OFC to dS directional signaling that increased during early reversal, 

GluN2BNULL mice had aberrantly increased functional connectivity during late reversal. 

Cortico-striatal circuits are hypothesized to require coordinated activity via oscillatory 

coordination to facilitate common functions [69, 70]. Crosstalk between these regions is 

likely necessary to perform well-learned actions while monitoring and signaling changes in 

outcomes of these actions. Increases in ISPC seen in mutant mice may represent an aberrant 

“locking” of OFC-dS activity. Together with delayed increases in OFC event-responsive 

neuron firing and increased phase coherence during the first session of reversal data suggest 

that GluN2B cortical loss leads to an activity that occludes early cortical signaling required 

to update reward expectancies. Delayed OFC-dS network recruitment ultimately leads to a 

normalization of behavior late in the perseverative phase. Although ISPC was phase-specific 

and Granger Causality used a broad frequency complex-valued LFP, both models support the 
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conclusion that GluN2B loss in the cortex interrupts cortical-striatal communication during 

reversal learning.

Together with waveform and phase alignment data, these analyses lend support to the 

hypothesis that GluN2B may play a critical role in proper synchronization of cortical-striatal 

activity required to signal when previously learned expectancies have changed. While 

further studies are needed to determine the extent to which oscillatory timing is necessary 

for efficient reversal, it is well established that loss of GluN2B subunits impairs plasticity, 

both in the cortex and other regions [20-23]. While not as temporally specific as targeted 

antagonism, our current genetic knockdown data suggest loss of GluN2B may drive 

perseverative patterns of responding by decreasing the ability of the OFC to coordinate its 

activity sufficiently to signal downstream regions and update previously learned patterns of 

behavior.

The current study provides new evidence that GluN2B-containing NMDARs are required for 

the induction of appropriate signaling in the cortex when choice values change. While loss 

of GluN2B in the cortex has effects on the firing rate of pyramidal neurons, it leads to both 

significant increases and delays in low-frequency coordination and reduction in OFC to dS 

functional connectivity. Beyond direct cortical effects, loss of GluN2B led to significant 

increases in phase consistency in the dS, and aberrantly timed OFC to dS functional 

connectivity. These findings provide the first evidence of how loss of a critical population of 

NMDARs can alter the coordinated action of the cortex and its communication with the 

basal ganglia.
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• Neuronal firing rates are altered by corticohippocampal GluN2B deletion, 

both in the cortex and dorsal striatum.

• GluN2B deletion disrupts communication between the OFC and dorsal 

striatum driving the continuation of unrewarded responses.

• Our data demonstrate corticostriatal coordination is necessary for optimal 

behavioral flexibility.

• These results suggest GluN2B containing NMDARs are a key molecular 

component in mediating neuronal timing.
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Figure 1. Local LFP Varies Slightly Within Region.
A. Dual implants simultaneously targeted the OFC and dS within each subject. A cerebellar 

ground screw globally referenced the signals. Additionally, regionally a single electrode was 

used to control for volume conduction between OFC and dS, which focuses results to local 

regional activity. B. Each electrode within the OFC (top) and DS (bottom) of control mice 

had a slightly varying, but similar, ITPC Theta (4-8Hz) spectrogram to the cue cessation, 

indicating little variance in LFP signal over the 0.45mm span of the region the electrode 

covers. C. Similarly, while each electrode within GluN2BNull mice varied slightly within 

region (OFC top, dS bottom), ITPC within the span of the region had little variance.
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Figure 2: Significantly impaired reversal learning in GluN2BNULL mice.
A. GluN2BNULL mice did not differ from controls on correction errors or response latencies 

during discrimination. B. GluN2BNULL made significantly more correction errors across the 

reversal problem but did not differ on response latencies. C. Correction errors made by 

GluN2BNULL were significantly higher than control both during the early perseverative and 

later learning stage of reversal. D. No significant differences were seem in response latencies 

at either stage. N=8 mice per genotype/recording session. * = p<.01
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Figure 3: GluN2BNULL mice show increased perseverative responding during early reversal.
A. GluN2BNULL mice did not differ from control on percent correct responding during 

discrimination or any reversal recording session. B. GluN2BNULL mice did not significantly 

differ from controls on number of Win-stay trials made across recording sessions. C. Lose-
shift trials did not significantly differ across genotypes on any recording session. D. Total 

error responding was not different during the first session of reversal but was significantly 

increased in GluN2BNULLduring reversal session 3 and 4. E. GluN2BNULL mice made 

significantly more Perseverative error trials during reversal session 3 and 4 compared to 

controls. F. Regressive error trials did not significantly differ between genotypes on any 

session. Data are means ±SEM. N=8 mice per genotype/recording session. * = p<.01
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Figure 4: Loss of GluN2B alters OFC firing patterns after error choice.
A. Electrode placement in OFC for GluN2BNULL and GluN2BFLOX controls. B. Baseline 

firing rate of OFC neurons did not differ across genotypes. C. OFC neurons increased firing 

following a correct choice in both genotypes. Firing decreased from discrimination to early 

reversal before slowly recovering back to discrimination levels. GluN2BNULL had slightly 

reduced firing immediately following response and during reward approach during chance 

reversal. D. GluN2BFLOX mice showed an increase in firing following an error choice that 

increased during early reversal sessions 1 and 3. GluN2BNULL mice had significantly 

decreased error firing during discrimination and reversal session 1 and 3 before significantly 

increasing during reversal session 4. Firing following an error response significantly 

increased immediately following the choice during chance reversal but did not differ by 

genotype. Data are means ±SEM. N=8 mice per genotype/recording session. Yellow band 

indicates reward cue (tone) and grey band error cue (house light). * = p<.01 main effect of 

time # = p<.01 main effect of genotype ‡ = p<.01 genotype x time interaction
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Figure 5: Loss of cortical GluN2B alters dS firing after correct choices.
A. Electrode placement in dS for GluN2BNULL and GluN2BFLOX controls. B. Baseline 

firing rate of dS neurons did not differ across genotypes. C. dS neuronal firing increased 

following a correct choice in both genotypes. Firing decreased from discrimination to early 

reversal before slowly recovering back to discrimination levels. GluN2BNULL had increased 

firing immediately following a reward during reversal session 3 and reduced firing during 

reward approach during chance reversal. D. GluN2BNULL and control mice had no change in 

firing following an error during discrimination. Both genotypes showed significant increases 

in firing following an error choice during reversal sessions 1, 3 and 4 with no effect of 

genotype. During chance reversal both groups also showed significant increases in firing 

following an error, however GluN2BNULL mice had significantly reduced firing versus 

controls. Data are means ±SEM. N=8 mice per genotype/recording session. Yellow band 

indicates reward cue (tone) and grey band error cue (house light). * = p<.01 main effect of 

time # = p<.01 main effect of genotype ‡ = p<.01 genotype x time interaction
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Figure 6: OFC ITPC is increased by loss of corticohippocampal GluN2B.
A. Low levels of OFC ITPC, with a positive ERP in GluN2BFLOX and a negative ERP 

potential in GluN2BNULL, were seen immediately following the reward cue during 

discrimination, with significantly higher ITPC response in GluN2BNULL. Delta (1-6Hz) 

power slightly increased post ITPC response in both genotypes. B. ITPC increased in 

GluN2BNULL versus control during reversal session 1. ERP potential shifts at the reward cue 

were no longer time locked. C. During the third reversal session GluN2BNULL had 

congruent levels of ITPC and ERP with controls. D. ITPC was significantly greater during 

reversal session 4 than all other sessions in GluN2BFLOX and mutant mice. While and ITPC 

responses appeared exaggerated in GluN2BNULL during reversal session 4, these changes 

did not reach significance. Additionally, there were no differences in ERP magnitude 

response. E. ITPC was significantly greater during chance reversal in GluN2BNULL mice 

compared to controls. No significant differences between genotypes were seen in ERP. F. 
TF-ROI averaged ITPC magnitude average during each session in the OFC. # Main effect of 

session p<0.05, * Significantly different between genotypes p<0.05. G. dB change from 

baseline power was not significantly different across sessions or between genotypes. N=8 

mice per genotype/recording session. Event related potential voltage is indicated by white 

line. Overall ITPC is shown via heat map. Black outline denotes significant difference 

between genotypes in the ROI (bottom row) or significant difference from all other sessions 

(top row)
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Figure 7: Loss of cortical GluN2B significantly increases dS ITPC.
A. Low levels of dS ITPC were seen across genotypes immediately following the reward cue 

during discrimination, with a significantly higher response in GluN2BNULL compared to 

controls. GluN2BNULL and controls displayed a decreased similar potential shift in ERP. 

GluN2BNULL and controls had a lasting increase in power response after the reward cue, 

until average reward retrieval. B. Upper and lower frequency ITPC remained elevated in 

GluN2BNULL versus control during reversal session 1. Peak ERP potential shift at time of 

reward cue was significantly decreased compared to discrimination but was not significantly 

different between genotypes. C. During the third reversal session, GluN2BNULL had 

equivalent ITPC responses to controls. ERP magnitude was not significantly different 

between genotypes. D. GluN2BNULL had equivalent ITPC response during reversal session 

4. ERP potential change at reward cue increased in magnitude, but was not significantly 

different between genotypes. E. GluN2BNULL and GluN2BFLOX mice had significantly 

increased ITPC once chance criterion had been re-attained. ERP did not significantly differ 

between genotypes. F. TF-ROI averaged ITPC magnitude average during each session. # 

Significantly different from all sessions p<0.05, * Significantly different between genotypes 

p<0.05. G. dB change from baseline power was not significantly different across sessions or 

between genotypes. N=8 mice per genotype/recording session. Event related potential 

voltage is indicated by white line. Overall ITPC is shown via heat map. Black outline 

denotes significant difference between genotypes in the TF-ROI (bottom row) or significant 

difference from all other sessions (top row)

Marquardt et al. Page 26

Neuroscience. Author manuscript; available in PMC 2020 April 15.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 8: OFC-dS phase functional connectivity is significantly increased in GluN2BNULL mice.
A. Inter-site phase consistency (ISPC) was seen in low levels in the low delta- theta range 

(1-5 Hz) for GluN2BNULL mice during discrimination. B. ISPC increased in both 

GluN2BFLOX and GluN2BNULL during the first session of reversal compared to 

discrimination, with higher levels in GluN2BNULL compared to controls. C. ISPC continued 

into reversal session 3, with differences in peak frequency of connectivity, GluN2BNULL 

being within the low theta range ~4 Hz and GluN2BFLOX in delta range ~1.5 Hz. D. During 

the final reversal session, before chance performance was reached, ISPC was robust in both 

genotypes, and significantly increased in GluN2BNULL mice, specifically in the theta range 

of ~4 Hz. E. When chance was re-attained during reversal, OFC-dS ISPC returned to 

discrimination levels in GluN2BNULL mice, but remained elevated in GluN2BFLOX mice. F. 
Average ISPC within the TF-ROI plotted against session. There was a significant main effect 

of gentoype with GluN2BNULL showing elevated ISPC, but no significant differences in 

ITPC by session between GluN2BNULL mice and controls. Reversal S4 had significantly 

greater ISPC compared to all other sessions in controls. # p< 0.05 in controls, compared to 

all other sessions.
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Figure 9: Granger prediction of OFC to dS functional connectivity is significantly increased in 
GluN2BNULL mice.
A. Low levels of OFC to dS information transfer immediately after reward cue in 

GluN2BFLOX mice, and additionally before reward retrieval in GluN2BNULL mice. B. The 

majority of OFC to dS connectivity was shifted to immediately after a correct choice during 

the first session of reversal in GluN2BFLOX mice, and this response was blunted in 

GluN2BNULL mice, but not significantly. C. GluN2BFLOX mice maintain OFC to dS 

connectivity at time of choice during reversal S3, which again is decreased but not 

significantly in GluN2BNULL mice. D. GluN2BFLOX connectivity remains elevated during 

reversal chance at time of choice on reversal S4, while GluN2BNULL mice remain to have 

decreased connectivity. E. Once chance criterion is re-attained Granger prediction in 

GluN2BFLOX mice returns to end of reward cue timing at levels similar to those during 

initial discrimination. However, GluN2BNULL mice have significantly elevated OFC to dS 

connectivity on reversal chance. F. Average Granger prediction vales within the Choice and 

Tone TF-ROIs across sessions. Dotted lines (-----) demarcate choice and offset of associative 

tone. Black rectangles represent significant effect of genotype. * p<0.05 between genotypes.
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