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INTRODUCTION

PNNs surround mainly parvalbumin (PV)-containing, fastspiking GABAergic interneurons in several brain regions [START_REF] Seeger | Mapping of perineuronal nets in the rat brain stained by colloidal iron hydroxide histochemistry and lectin cytochemistry[END_REF], including in the medial prefrontal cortex (mPFC) [START_REF] Slaker | Removal of perineuronal nets in the medial prefrontal cortex impairs the acquisition and reconsolidation of a cocaine-induced conditioned place preference memory[END_REF]. The prelimbic region of the mPFC is associated with working memory and cognition [START_REF] Kolb | Double dissociation of spatial impairments and perseveration following selective prefrontal lesions in rats[END_REF][START_REF] Braver | A parametric study of prefrontal cortex involvement in human working memory[END_REF]. PV neurons profoundly inhibit the network of surrounding neurons via their elaborate contacts with local pyramidal neurons [START_REF] Packer | Dense, unspecific connectivity of neocortical parvalbumin-positive interneurons: a canonical microcircuit for inhibition?[END_REF], thereby regulating plasticity associated with learning, decision making, attention, cognitive flexibility, and working memory (Ferguson and Gao 2018a;[START_REF] Cho | Gamma rhythms link prefrontal interneuron dysfunction with cognitive inflexibility in Dlx5/6(+/-) mice[END_REF]Ferguson and Gao 2018b;[START_REF] Murray | Parvalbumin-positive interneurons of the prefrontal cortex support working memory and cognitive flexibility[END_REF]. PV cells therefore contribute to essential excitatory:inhibitory balance for normal functioning of the mPFC (Ferguson and Gao 2018a) and are critical for generating gamma oscillations [START_REF] Buzsaki | Neuronal oscillations in cortical networks[END_REF][START_REF] Sohal | Parvalbumin neurons and gamma rhythms enhance cortical circuit performance[END_REF][START_REF] Cardin | Driving fast-spiking cells induces gamma rhythm and controls sensory responses[END_REF]) believed to mediate normal working memory function and cognitive flexibility [START_REF] Cho | Gamma rhythms link prefrontal interneuron dysfunction with cognitive inflexibility in Dlx5/6(+/-) mice[END_REF][START_REF] Howard | Gamma oscillations correlate with working memory load in humans[END_REF].

Perineuronal nets and PV neurons are important for normal learning and memory processes, and their dysfunction appears to contribute to a wide range of brain diseases/disorders, including disease, autism spectrum disorder, epilepsy, and disorders associated with drugs of abuse and fear [START_REF] Sorg | Casting a Wide Net: Role of Perineuronal Nets in Neural Plasticity[END_REF][START_REF] Fawcett | The roles of perineuronal nets and the perinodal extracellular matrix in neuronal function[END_REF][START_REF] Testa | Perineuronal nets in brain physiology and disease[END_REF][START_REF] Steullet | Oxidative stress-driven parvalbumin interneuron impairment as a common mechanism in models of schizophrenia[END_REF][START_REF] Lewis | Inhibitory neurons in human cortical circuits: substrate for cognitive dysfunction in schizophrenia[END_REF][START_REF] Pantazopoulos | In Sickness and in Health: Perineuronal Nets and Synaptic Plasticity in Psychiatric Disorders[END_REF][START_REF] Miyata | Chondroitin sulfate and neuronal disorders[END_REF][START_REF] Rankin-Gee | Perineuronal net degradation in epilepsy[END_REF][START_REF] Foscarin | Brain ageing changes proteoglycan sulfation, rendering perineuronal nets more inhibitory[END_REF][START_REF] Gogolla | Perineuronal nets protect fear memories from erasure[END_REF][START_REF] Goldman-Rakic | Working memory dysfunction in schizophrenia[END_REF]. Several of these disorders and cognitive impairments are also associated with circadian and/or sleep disturbances: most notably schizophrenia [START_REF] Pantazopoulos | Decreased Numbers of Somatostatin-Expressing Neurons in the Amygdala of Subjects With Bipolar Disorder or Schizophrenia: Relationship to Circadian Rhythms[END_REF][START_REF] Seney | Diurnal rhythms in gene expression in the prefrontal cortex in schizophrenia[END_REF][START_REF] Wulff | Circadian rhythms and cognition in schizophrenia[END_REF], autism spectrum disorder [START_REF] Carmassi | Systematic Review of Sleep Disturbances and Circadian Sleep Desynchronization in Autism Spectrum Disorder: Toward an Integrative Model of a Self-Reinforcing Loop[END_REF], epilepsy [START_REF] Khan | Circadian rhythm and epilepsy[END_REF], drug use disorders [START_REF] Chakravorty | Sleep Management Among Patients with Substance Use Disorders[END_REF][START_REF] Perreau-Lenz | Clock genes x stress x reward interactions in alcohol and substance use disorders[END_REF][START_REF] Logan | Circadian rhythms and addiction: mechanistic insights and future directions[END_REF], and neurodegenerative diseases such as disease [START_REF] Hood | The aging clock: circadian rhythms and later life[END_REF][START_REF] Fanjul-Moles | Relationship between Oxidative Stress, Circadian Rhythms, and AMD[END_REF]. These disorders are all accompanied by poor working memory function and cognitive flexibility [START_REF] Green | A Systematic Review of Studies Reporting Data-Driven Cognitive Subtypes across the Psychosis Spectrum[END_REF][START_REF] Elvevag | Cognitive impairment in schizophrenia is the core of the disorder[END_REF][START_REF] Holmes | Cognitive impairment in epilepsy: the role of network abnormalities[END_REF][START_REF] Goldstein | The neurocircuitry of impaired insight in drug addiction[END_REF], functions that depend on optimal excitatory:inhibitory balance in the mPFC. The dynamics of cortical excitability are dependent on sleep homeostatic drive, which increases as the duration of prior wakefulness increases [START_REF] Huber | Human cortical excitability increases with time awake[END_REF]. More recently, these sleep-related effects are responsive to key dynamics in circadian rhythms, including the amplitude of these rhythms [START_REF] Ly | Circadian regulation of human cortical excitability[END_REF][START_REF] Chellappa | Circadian dynamics in measures of cortical excitation and inhibition balance[END_REF]). Thus, a fundamental understanding of how PNNs and their underlying PV interneurons contribute to plasticity in response to outside stimuli, including diurnal physiological changes, is expected to provide new avenues for understanding and regulating excitatory:inhibitory balance in the mPFC.

We previously showed that sleep disruption in rats increased the intensity of the PNN marker, Wisteria floribunda agglutinin (WFA), PV, and the oxidative stress marker 8-oxo-deoxyguanosine (8-oxo-dG) [START_REF] Harkness | Sleep disruption elevates oxidative stress in parvalbumin-positive cells of the rat cerebral cortex[END_REF]. However, the magnitude of WFA changes were small, and we examined only one time of day when comparing sleep-disrupted rats with undisrupted controls. It is possible that these changes in marker intensity were masked by timeof-day changes created by diurnal fluctuations. Pantazopolous et al. [START_REF] Pantazopoulos | Circadian Rhythms of Perineuronal Net Composition[END_REF] recently reported that the number of PNNs in mice fluctuated diurnally in several brain regions, including the prelimbic mPFC, and that this same pattern persisted when mice were maintained under constant darkness, indicating a circadian influence. Here we tested the hypotheses that both PNN and PV intensity fluctuate diurnally. These fluctuations may reflect increased activity levels of rats during their active periods while facilitating greater synaptic plasticity during sleep.

PNN and PV intensity were quantified in the prelimbic mPFC at four times of day (ZT0, ZT6, ZT12, ZT18). In addition, we measured the intensity of 8-oxo-dG as an indicator of oxidative stress. We also hypothesized that glutamatergic signaling in WFA+/PV+ neurons would cycle between the light (ZT6) vs. the dark cycle (ZT18) and therefore we measured GAD65, GAD67, vGLUT1, and the volume of these neurons in the prelimbic mPFC at the same time points.

Additionally, we measured the AMPA:NMDA ratio in fast-spiking/WFA+ neurons at ZT6 and ZT18 to determine if changes in excitatory inputs were reflected in changes in neuronal activity.

Finally, at ZT6 and ZT18, we also assessed the number of cells containing orthodenticle homeobox 2 (OTX2), a homeoprotein transcription factor required for normal development of the CNS [START_REF] Sakai | Genome-Wide Target Analyses of Otx2 Homeoprotein in Postnatal Cortex[END_REF][START_REF] Nardo | The Physiology of Homeoprotein Transduction[END_REF]) that is imported by PNN-enwrapped PV cells [START_REF] Beurdeley | Otx2 binding to perineuronal nets persistently regulates plasticity in the mature visual cortex[END_REF][START_REF] Miyata | Persistent cortical plasticity by upregulation of chondroitin 6-sulfation[END_REF][START_REF] Bernard | Otx2-PNN Interaction to Regulate Cortical Plasticity[END_REF][START_REF] Sugiyama | Experience-dependent transfer of Otx2 homeoprotein into the visual cortex activates postnatal plasticity[END_REF].

Our findings collectively indicate that several parameters of PV cells fluctuate diurnally, and these fluctuations have implications for altered excitatory:inhibitory balance in brain disorders with disrupted circadian rhythms and sleep.

METHODS

Animals

A total of 48 rats were used for the experiments. Male Sprague Dawley rats weighing 260-280 g were obtained from Envigo (Livermore, CA) and individually housed under LD12:12 conditions.

Rats were maintained between 18 and 22 C and a relative humidity of 55%. Rats were allowed to acclimate to the light cycle for two weeks prior to euthanizing at four different times of day (see below). Protocols were approved by the Washington State University Institutional Animal Care and Use Committee (Protocol #07432). All efforts were made to reduce animal suffering.

Experimental design

Rats were euthanized every 6 hours over four different time points, including Zeitgeber time (ZT)0, at lights-on, and ZT6, ZT12, and ZT18 (N = ZT0 (10), ZT6 (8), ZT12 (7), ZT18 (8)). Rats were removed from the colony one at a time and within 30 sec to 1 min after removal, they were given an overdose of pentobarbital (50 mg/kg under brief, 5% isoflurane exposure) at the designated time point.

Immunohistochemistry

Upon reaching unresponsiveness from pentobarbital overdose, rats were perfused transcardially with 150 mL 0.1M phosphate-buffered saline (PBS) at a rate of 300 mL/min.

Perfusate was switched to 4% paraformaldehyde and rats were perfused at the same rate for 250 mL/rat. Brains were removed, immersed in 20 mL 4% paraformaldehyde overnight, and then immersed in 20% sucrose in PBS solution and refrigerated. After two days in sucrose solution (when the brains sank), brains were flash-frozen with powdered dry ice and stored at -80°C until sectioned.

Coronal sections containing the prelimbic PFC from +3.2 to +4.2 mm from bregma [START_REF] Paxinos | The Rat Brain in Stereotaxic Coordinates[END_REF] were collected on a freezing microtome at 3 (Slaker et al. 2016a). Triple-staining was performed by first washing a single series of free-floating sections three times for 5 min in PBS. Tissue was then treated with 50% ethanol for 30 min. Sections were washed in PBS three times for 5 min each before being placed in a blocking solution containing 3% normal goat serum (Vector Laboratories) for 1 hr. Subsequently, tissue was coincubated with rabbit-anti-PV (ThermoFisher Scientific, Cat# PA1-933, RRID:

AB_2173898,1:1000) and mouse-anti-8-oxo-dG (EMD Millipore, Cat# 4354-MC-050, RRID:

AB_2876794,1:350) and 2% normal goat serum at 4°C overnight. Tissue was then rinsed in PBS three times for 10 min each and incubated for 2 hr in secondary antibodies (goat anti-rabbit Alexa Fluor® 405 for the PV antibody, (abcam, Cat# ab175652, RRID AB_2687498, 1:500), goat anti-mouse Alexa Fluor® 594 for the 8-oxo-dG antibody (abcam, Cat# ab150120, RRID AB_2650601, 1:500), and 2% normal goat serum. Slices were washed in PBS three times for 10 min each and then incubated with the fluorescein isothiocyanate (FITC)-conjugated PNN marker, Wisteria floribunda agglutinin (WFA, Vector Laboratories; Cat# FL-1351, AB_2336875, 1:500), 2% normal goat serum at 4°C overnight. After three 10 min washes in PBS, sections were mounted onto Superfrost Plus slides and allowed to dry overnight. After drying, ProLong Gold Antifade Mountant (ThermoFisher Scientific) was applied to the slides before coverslipping.

We also measured OTX2 staining in a subset of brain slices used to measure WFA and PV.

Owing to constraints in the protocol, we did not make comparisons of cell intensity and instead analyzed only cell numbers. After mounting to Superfrost Plus slides and brief drying, tissue sections were pretreated with 0.5% Triton-X and PBS solution followed by 100 mM glycine.

Slides were washed three times with PBS, then bathed in blocking solution containing 5% BSA (Sigma) and 0.5% Triton-X in PBS for 30 minutes. Tissue was co-incubated with rabbit-anti-PV (as above) and mouse-anti-OTX-2 (1:25, in-house, Prochiantz Laboratory) in 5% BSA, 0.5%

Triton-X in PBS in a humidified chamber at 4°C overnight. Tissue was then rinsed in PBS for 5 seconds and washed three times in PBS for 10 min each. Slices were incubated for 2 hr in a secondary antibody cocktail (goat anti-rabbit Alexa Fluor® 405 for the PV antibody and goat anti-mouse Alexa Fluor® 594 for the OTX-2 antibody, 1:500) in 5% BSA, 0.5% Triton-X in PBS.

Tissue was then washed in PBS for 5 seconds, and three times for 10 min each. Finally, tissue was incubated in FITC-WFA (as above) in 5% BSA, 0.5% Triton-X in PBS for 2 hr at room temperature, washed in PBS for 5 seconds, and then washed three times for 10 min each. After drying, ProLong Gold Antifade Mountant (ThermoFisher Scientific) was applied to the slides before coverslipping.

Quantification of immunohistochemical images

Imaging for WFA, PV, 8-oxo-dG, and OTX2 was performed on a Leica SP8 laser scanning confocal microscope with an HCX PL apo CS, dry, 20x objective with 0.70 numerical aperture.

405, 488, and 594 nm lasers were used for excitation, and were detected by three photomultiplier tubes in the 400-450, 460-510, and 590-640 nm ranges, respectively. Calibration of the laser intensity, gain, offset, and pinhole settings were determined within the orbitofrontal cortex of a control animal, as this region most reliably expresses strong WFA staining. These settings were maintained for all images. Images were collected in z-stacks of 20 images each brain section), encompassing the prelimbic PFC.

All images (1.194 pixels/ m; 428 x 428 µm) were compiled into summed images using ImageJ macro plug-in Pipsqueak AI (https://pipsqueak.ai) (Slaker 2016), scaled, and converted into 8bit, grayscale, tiff files. Pipsqueak AI identify individual PV+ cells, PNNs, 8-oxo-dG, or OTX2-labeled cells, which were then verified by a trained experimenter who was blinded to the experimental conditions. The plug-in compiles this analysis to identify single- (Slaker et al. 2016b), double-labeled [START_REF] Jorgensen | Cocaine memory reactivation induces functional adaptations within parvalbumin interneurons in the rat medial prefrontal cortex[END_REF], and triple-labeled [START_REF] Harkness | Sleep disruption elevates oxidative stress in parvalbumin-positive cells of the rat cerebral cortex[END_REF] neurons. Labeling was quantified bilaterally in the prelimbic mPFC using Pipsqueak AI software. Background threshold levels were set and applied to all images for comparison. When describing co-labeling of PNNs with another cell marker (e.g., PV, OTX2 double-or triple-labeling), we acknowledge that WFA labeling is not strictly colabeled but instead located around the perimeter of the markers located inside the cell.

Quantification of PV puncta and cell volume

Because we generally found the maximal differences in PV and WFA labeling intensity between ZT6 (nadir) and ZT18 (peak), we assessed the number of excitatory and inhibitory puncta on PV cells surrounded by PNNs at these two times of day. Immunohistochemistry and imaging were performed on brain slices from a subset of the animals used for WFA and PV intensity studies.

Immunohistochemical methods were similar to those previously described [START_REF] Slaker | Cocaine Exposure Modulates Perineuronal Nets and Synaptic Excitability of Fast-Spiking Interneurons in the Medial Prefrontal Cortex[END_REF][START_REF] Hegarty | Capsaicin-responsive corneal afferents do not contain TRPV1 at their central terminals in trigeminal nucleus caudalis in rats[END_REF][START_REF] Hegarty | Differential localization of vesicular glutamate transporters and peptides in corneal afferents to trigeminal nucleus caudalis[END_REF][START_REF] Jorgensen | Cocaine memory reactivation induces functional adaptations within parvalbumin interneurons in the rat medial prefrontal cortex[END_REF]. Solutions were prepared in either 0.1 M phosphate buffer at pH 7.4 (PB) or 0.1 M Tris-buffered saline at pH 7.6 (TS). Tissue sections were first rinsed in PB, then incubated in 1% sodium borohydride in PB for 30 min to reduce background. After rinses in PB and TS, sections were incubated in 0.5% bovine serum albumin (BSA) in TS for 30 min and then placed in a primary antibody cocktail made in 0.1% BSA and 0.25% Triton X-100 in TS for two nights at 4°C. The primary antibody cocktail consisted of mouse anti-glutamic acid decarboxylase 65 (GAD65, abcam, Cat# ab26113, RRID:

AB_448989, 1:500), mouse anti-glutamic acid decarboxylase 67 (GAD67, Millipore Sigma, Cat# MAB5406, RRID: AB_2278725, 1:1000), rabbit anti-PV (Novus Biologicals, Cat# NB120-11427, RRID:AB_791498, 1:1000), and guinea pig anti-vesicular glutamate transporter 1 (vGLUT1;

EMD Millipore, Cat# AB5905, RRID: AB_2301751, 1:5000). After 40 h primary antibody incubation, tissue sections were rinsed in TS and then incubated with a cocktail of fluorescentlylabeled secondary antibodies for 2 h, light-protected, at room temperature. The secondary antibody cocktail consisted of Alexa Fluor 488 donkey anti-mouse (ThermoFisher Scientific, Cat# A21202, RRID: AB_141607, 1:800) to label both GAD antibodies, Alexa Fluor 546 donkey anti-rabbit (ThermoFisher Scientific, Cat# A10040, RRID: AB_2534016, 1:800;); and Alexa Fluor 647 donkey anti-guinea pig (Jackson ImmunoResearch Laboratories, Cat# 706-605-148, RRID:

AB_2340476, 1:800). Tissue sections were rinsed again in TS and then incubated in biotinylated WFA (Vector Laboratories, Cat# B-1355, RRID: AB_2336874, 1:50) for 2 h at room temperature. Following TS rinses, tissue sections were incubated for 3 h at room temperature in Alexa Fluor 405-conjugated streptavidin (ThermoFisher Scientific, Cat# S32351, 6.25 µg/ml).

Finally, tissue sections were rinsed in TS followed by PB before being mounted with 0.05 M PB onto gelatin-coated slides to dry. Slides were coverslipped with Prolong Gold Antifade Mountant (ThermoFisher Scientific) and light-protected until imaging. Anatomical landmarks were used to determine representative caudal and rostral sections of prelimbic cortex that were within bregma +3.5 to +4.2 mm [START_REF] Paxinos | The Rat Brain in Stereotaxic Coordinates[END_REF].

Confocal imaging was performed as described previously [START_REF] Slaker | Cocaine Exposure Modulates Perineuronal Nets and Synaptic Excitability of Fast-Spiking Interneurons in the Medial Prefrontal Cortex[END_REF][START_REF] Jorgensen | Cocaine memory reactivation induces functional adaptations within parvalbumin interneurons in the rat medial prefrontal cortex[END_REF]. Two high magnification images were taken at each rostral-caudal level of the prelimbic mPFC (2 images/level x 2 levels/animal = 4 images/animal). Images were captured on a Zeiss LSM 780 confocal microscope with a 63 x 1.4 NA Plan-Apochromat objective (Carl Zeiss MicroImaging, Thornwood, NY) using the single pass, multi-tracking format at a 1024 x 1024 pixel resolution. Optical sectioning produced Z-stacks bounded by the extent of fluorescent immunolabeling throughout the thickness of each section. Using Zen software (Carl Zeiss, RRID SCR_013672), PV neurons in each confocal stack were identified and assessed for the presence of a nucleus and whether the entire neuron was within the boundaries of the field of view; only these PV neurons were included in the analysis. The optical slice through the nucleus at which the ellipsoidal minor axis length of each PV neuron reached its maximum was determined. A Z-stack of that optical slice plus one optical slice above and one below was created resulting in a 1.15 µm Z-stack through the middle of each PV neuron; these subset Zstacks were used for puncta apposition analysis.

Image analysis of GABAergic and glutamatergic appositions onto PV-labeled neurons was performed as described [START_REF] Slaker | Cocaine Exposure Modulates Perineuronal Nets and Synaptic Excitability of Fast-Spiking Interneurons in the Medial Prefrontal Cortex[END_REF]) using Imaris 9.0 software (BitPlane USA, Concord, MA, RRID: SCR_007370) on an offline workstation in the Advanced Light Microscopy Core at Oregon Health & Science University by an observer who did not know experimental conditions.

For each PV neuron, the manual setting of the Surfaces segmentation tool was used to trace the outline of the PV neuron in all three optical slices and a surface was created. The volume of the PV cell rendered model was measured by Imaris. To limit our analyses to the area immediately surrounding each PV neuron, we used the Distance Transform function followed by the automated Surfaces segmentation tool to create another surface 1.5 µm away from the PV neuron surface that followed the unique contours of that PV neuron. The Mask Channel function was then used to only examine WFA, GAD65/67 and vGLUT1 within this 1.5 µm-wide perimeter surrounding the PV neuron surface.

The presence of WFA labeling in close proximity to the PV neuron surface was assessed for each PV neuron. A PV neuron was considered to have a PNN if there was any WFA labeling around any part of the PV neuron surface as seen by the observer. GAD65/67 and vGLUT1labeled puncta were then assessed separately using the Spots segmentation tool. Within the Spots tool, the Different Spot Sizes (Region Growing) option was selected and initial settings included an estimated X-Y diameter of 0.5 µm and an estimated Z plane diameter of 0.4 µm.

Spots generated by Imaris from these initial settings were then thresholded using the Classify Spots, Quality Filter histogram to ensure that all labeled puncta were included and background labeling was filtered out. The spots were then thresholded using the Spot Region, Region Threshold histogram to ensure that the sizes of the Imaris-generated spots were good approximations of the size of the labeled puncta seen visually by the human observer. Using the Find Spots Close to Surface Imaris XTension, we then isolated those spots that were within 0.5 µm of the PV neuron surface. All segmented spots close to the PV neuron surface had to have a Z diameter of at least 0.4 µm to be considered puncta [START_REF] Hegarty | Capsaicin-responsive corneal afferents do not contain TRPV1 at their central terminals in trigeminal nucleus caudalis in rats[END_REF][START_REF] Hegarty | Differential localization of vesicular glutamate transporters and peptides in corneal afferents to trigeminal nucleus caudalis[END_REF].

Synaptic Electrophysiology

To determine whether there was a change in glutamatergic transmission associated with the nadir (ZT6) and peak (ZT18) periods of PV and PNN staining intensity, a separate cohort of 15 rats was used to measure whole-cell electrophysiology collected at 3.2-3.7 mm from bregma) through the prelimbic mPFC. Only one cell per rat was used for each experiment so that reported N-sizes represent the number of animals. Recording conditions and solutions for whole-cell recordings were as previously described [START_REF] Slaker | Cocaine Exposure Modulates Perineuronal Nets and Synaptic Excitability of Fast-Spiking Interneurons in the Medial Prefrontal Cortex[END_REF][START_REF] Jorgensen | Cocaine memory reactivation induces functional adaptations within parvalbumin interneurons in the rat medial prefrontal cortex[END_REF] APV, and this EPSC was subtracted from 5 min averages of baseline EPSCs to obtain the peak NMDAR EPSC [START_REF] Dingess | Structural and Functional Plasticity within the Nucleus Accumbens and Prefrontal Cortex Associated with Time-Dependent Increases in Food Cue-Seeking Behavior[END_REF]. NMDA kinetics were calculated by measuring the time from peak to half peak [START_REF] Brown | A silent synapse-based mechanism for cocaine-induced locomotor sensitization[END_REF]. All drugs and reagents were obtained from Sigma-Aldrich (St Louis, MO).

Statistical analysis

For PV, WFA, and 8-oxo-dG staining intensities, distributions of normalized intensities were compared within cell marker between experimental groups using the Kruskal-Wallis test to comparisons test was used in the case of a significant effect. For comparison among ZTs and each cellular marker (Figure 2), a two-way ANOVA was done and was followed by a post-hoc Bonferroni test in the case of a significant interaction. A Komogorov-Smirnov test was used for comparison of distribution of labeling intensity between two groups. To determine the number of cells expressing each combination of markers, including OTX2, the number of cells was averaged per rat and the results were subjected to a one-way ANOVA multiple comparisons test in the case of 4 groups. In cases where comparisons were made between two groups, an unpaired t-test was performed. For puncta analysis, an unpaired t-test was performed or in the case of non-normal distribution, a Mann-Whitney test was performed.

TIBCO Software Statistica 13.2 (2016) and GraphPad Prism 8 were used for all intensity, cell number, and puncta analyses. For electrophysiology experiments, unpaired t-tests were used to analyze AMPA:NMDA ratio and NMDA decay rates using Prism 6 (GraphPad Software).

Differences were considered significant if p < 0.05.

RESULTS

Diurnal fluctuation of PV and PNN intensity

Both PV and WFA intensity fluctuated in a diurnal manner (Fig. 1). Fig. 1a shows an image of single-and double-labeled WFA and PV cells. Fig. 1b andc show cell intensity measures for total WFA+ cells (single-labeled WFA+ cells, including both PV+ and non-PV cells surrounded by WFA) and the double-labeled WFA+/PV+ subset of WFA+ cells. We first tested whether there was a difference between intensities in the light phase (ZT0, ZT6) vs. the dark phase (ZT12, ZT18). For WFA+ intensity, there was an effect of the light phase (ZT0, ZT6) vs. dark phase (ZT12, ZT18), with increased intensity in the dark phase (p < 0.0001). Fig. 1b shows an effect of ZT (p < 0.0001), with staining intensity of total WFA+ cells increased relative to ZT0:

there was a 27% increase at ZT12 (p < 0.0001) and a 40% increase at ZT18 (< 0.0001). Fig. 1c demonstrates a similar pattern for /WFA+/PV+ cells, where there was an effect of the light phase (ZT0, ZT6) vs. dark phase (ZT12, ZT18), with increased labeling intensity in the dark phase (p < 0.0001). Fig. 1c also shows that the increases in WFA intensity across the diurnal cycle in WFA+/PV+ double-labeled cells demonstrated an effect of ZT (p < 0.0001) that was similar to that of total WFA+ cells (Fig. 1b), with a 23% increase at ZT12 (p < 0.0001) and a 44% increase at ZT18 (p < 0.0001).

Fig. 1d and1e show the patterns of PV labeling intensity in total PV+ cells and those PV+ cells surrounded by WFA (PV+/WFA+). Similar to the WFA studies, we tested whether there was a light vs. dark phase difference in PV labeling intensity. Total PV+ cells showed a non-significant but strong trend of the light phase (ZT0, ZT6) vs. dark phase (ZT12, ZT18) (p < 0.0624). The labeling intensity of PV+/WFA+ cells showed lower intensity during the light vs. dark phase (p < 0.0001). There was an effect of ZT on PV+/WFA+ labeling intensity (p < 0.0001), with a 24%

decrease in intensity at ZT6 relative to ZT0 (p < 0.0001

There was no difference in the number of total WFA+ cells or WFA+/PV-cells across ZT when either comparing the light phase (ZT0, ZT6) with the dark phase (ZT12, ZT18) or when comparing across the four ZTs. The number of total PV+ cells and WFA+/PV+ cells tended toward a change across ZTs (p = 0.0772; p = 0.0517, respectively). We also examined the percent of WFA+ cells containing PV and vice versa and found no overall light vs. dark phase effects. For the percent of WFA+ cells that contained PV, there was an effect of ZT (p = 0.022), with a range from 35-58% across ZTs, and a significant decrease at ZT6 relative to ZT0 (p = 0.011). The percent of PV+ cells surrounded by WFA was consistent across ZTs, ranging from 45-47%.

Overall, evaluation of PNNs and PV cells indicate that the intensities of both PNNs and PV cells increased in the dark phase.

Diurnal fluctuation of 8-oxo-dG intensity

e tested whether there was a light vs. dark phase difference. was an effect of the light phase (ZT0, ZT6) vs. dark phase (ZT12, ZT18), with decreased intensity in the dark phase (p < 0.0001). There was an effect of ZT on compared with ZT6 (p = 0.0075; Fig. 3d). There was a strong trend for a decreased ratio of GAD65/67:vGLUT1 at ZT18 compared with ZT6 (p = 0.0529; Fig. 3e) and a small but significant increase in the volume of the rendered surface through the middle of the analyzed WFA+/PV+ cells (p = 0.0236; Fig. 3f).

We also measured the number of GAD65/67 and vGLUT1 puncta apposing PV cells devoid of PNNs (WFA-/PV+ cells) to determine whether there were diurnal differences similar to those found in PNN-surrounded PV cells. Fig. 3g-j show that there were no differences in inhibitory or excitatory puncta or in the volume of WFA-/PV+ cells. The volume of WFA+/PV+ cells was significantly larger than WFA-/PV+ cells (WFA+ effect F1,76 = 16.79; p < 0.0001), as previously reported for humans [START_REF] Enwright | Reduced Labeling of Parvalbumin Neurons and Perineuronal Nets in the Dorsolateral Prefrontal Cortex of Subjects with Schizophrenia[END_REF], and the volume of PV cells was positively correlated with PNN intensity (p = 0.0237; data not shown). Overall, these findings suggest that PV cell volume and diurnal changes in excitatory puncta are dependent on the presence of PNNs.

Diurnal fluctuation of AMPA:NMDA ratio in WFA+/PV+ cells at ZT6 vs. ZT18

To determine whether there may also be post-synaptic changes in excitatory transmission at ZT6 and ZT18 we measured the AMPA:NMDA ratio in WFA+ fast-spiking interneurons at these two time points. The fast-spiking interneurons in this region of the cortex are highly likely to be PV-containing cells [START_REF] Kawaguchi | Correlation of physiological subgroupings of nonpyramidal cells with parvalbumin-and calbindinD28k-immunoreactive neurons in layer V of rat frontal cortex[END_REF]. Fig. 4a shows a representative trace of the amplitudes from AMPA-and NMDA-mediated currents. The individual amplitudes for AMPA EPSCs were greater at ZT18 compared with ZT6, and the AMPA:NMDA ratio of WFA+/PV+ cells shown in Fig. 4b increased at ZT18 compared with ZT6 (ZT6 N = 7: 0.55 ± 0.05; ZT18 N = 8: 0.91 ± 0.13, p = 0.0347). This increase in AMPA:NMDA ratio could be due to increased calcium-permeable (CP)-AMPAR utilization, decreased NMDA-mediated transmission, or a combination of both. Additionally, we observed an apparent difference in the slopes of the isolated NMDAR current (Fig. 4a, green traces). Further evaluation of NMDAR decay kinetics shown in Fig. 4c revealed only a weak trend toward an increase in the time constant at ZT18 compared with ZT6 (ZT6 N = 7, 41.63 ms ± 6.27; ZT18 N = 8, 54.74 ms ± 4.12, p = 0.0965). An increase in the time constant would be a common indicator of a shift in subunit composition from GluN2A (highly expressed on PV+ fast-spiking cells) to GluN2B.

Number of OTX2+ cells at ZT6 vs. ZT18

Because OTX2 is necessary to maintain PNNs [START_REF] Beurdeley | Otx2 binding to perineuronal nets persistently regulates plasticity in the mature visual cortex[END_REF][START_REF] Miyata | Persistent cortical plasticity by upregulation of chondroitin 6-sulfation[END_REF][START_REF] Bernard | Otx2-PNN Interaction to Regulate Cortical Plasticity[END_REF][START_REF] Sugiyama | Experience-dependent transfer of Otx2 homeoprotein into the visual cortex activates postnatal plasticity[END_REF], we also determined whether there was a diurnal difference in the number of WFA+/PV+ cells double-or triple-labeled with OTX2 between ZT6 and ZT18. Fig. 5a shows a region of mPFC containing single-, double-, and triple-labeled OTX2+ cells. Fig. 5b and5c show that there were no differences across timepoints in the total number of cells labeled with OTX2+ or in number of OTX2+/WFA+ cells, whereas Fig. 5d and 5e show that there was a strong trend for an increased number of double-labeled OTX2+/PV+ cells (p = 0.0609) and triple-labeled OTX2+/WFA+/PV+ cells (p = 0.0770). Interestingly, the number of PV cells that did not co-label with OTX2+ was not different between ZT6 and ZT18 (p = 0.1936), suggesting that PV+/OTX2-cells may constitute a different PV phenotype that is not regulated diurnally.

Overall, these findings indicate that OTX2 is not limited to a single PV-containing phenotype, and the number of OTX2 cells co-labeled with PV or WFA/PV trends toward an increase at ZT18 vs. ZT6.

DISCUSSION

Here we report several novel findings regarding diurnal variations in the biochemical features and physiology of PV cells and PNNs: 1) the intensities of biochemical markers for PV cells and PNNs in the mPFC increased during the dark, active period; 2) the oxidative stress marker, 8oxo-dG, decreased across all time points relative to ZT0, with decreases most pronounced in non-PV-containing cells; 3) the increase in PV and PNN intensity at ZT18 were accompanied by an increase in excitatory (vGLUT1) puncta in PV cells surrounded by PNNs and, in parallel with this finding, 4) the AMPA:NMDA ratio was increased in PV/PNN cells; and 5) the number of cells co-labeled for PV/OTX2 and PV/WFA/OTX2 trended toward increases at ZT18 relative to ZT6.

PNN intensity is increased in the dark phase

The intensity of PNNs was higher in the dark phase (ZT12, ZT18) compared with the light phase (ZT0, ZT6). Diurnal fluctuation in the number of WFA-labeled PNNs has recently been reported

for mice and humans [START_REF] Pantazopoulos | Circadian Rhythms of Perineuronal Net Composition[END_REF]). The study in mice revealed that the number of PNNs in several brain regions, including in the mPFC, followed a diurnal pattern, with higher numbers of PNNs in the dark, active phase. PNN-surrounded neurons in mPFC also demonstrated a similar diurnal pattern when mice were held under conditions of constant darkness, indicating the presence of a true circadian rhythm [START_REF] Pantazopoulos | Circadian Rhythms of Perineuronal Net Composition[END_REF]. A circadian contribution (vs. sleep contribution) to the diurnal rhythm is consistent with the minimal changes in PNN intensity we previously observed at ZT6 after 6 hr sleep disruption [START_REF] Harkness | Sleep disruption elevates oxidative stress in parvalbumin-positive cells of the rat cerebral cortex[END_REF]. In contrast to the Pantazopoulos study in mice [START_REF] Pantazopoulos | Circadian Rhythms of Perineuronal Net Composition[END_REF], we found no diurnal rhythm in the number of WFA-labeled PNNs but instead a diurnal rhythm in the intensity of PNNs, suggesting that perhaps very dim PNNs were not visible in the mouse study or that there are species differences in PNN expression. Importantly, the intensity of PNNs influences the extent of plasticity of their underlying neurons, based on studies in knockout mice missing a critical proteoglycan for PNN formation (link protein 1); these mice have much less

intense PNNs yet exhibit delayed critical period plasticity in the visual cortex [START_REF] Carulli | Animals lacking link protein have attenuated perineuronal nets and persistent plasticity[END_REF].

In studies in which PNNs are removed by Ch-ABC, decreased intensity of PNNs in the light phase would be expected to impart an increase in membrane capacitance [START_REF] Tewari | Perineuronal nets decrease membrane capacitance of peritumoral fast spiking interneurons in a model of epilepsy[END_REF], a decrease in firing rate [START_REF] Tewari | Perineuronal nets decrease membrane capacitance of peritumoral fast spiking interneurons in a model of epilepsy[END_REF][START_REF] Dityatev | Activitydependent formation and functions of chondroitin sulfate-rich extracellular matrix of perineuronal nets[END_REF][START_REF] Balmer | Perineuronal Nets Enhance the Excitability of Fast-Spiking Neurons[END_REF], a lower resting membrane potential [START_REF] Morawski | Ion exchanger in the brain: Quantitative analysis of perineuronally fixed anionic binding sites suggests diffusion barriers with ion sorting properties[END_REF] and changes in ion mobility around PV cells, including Ca 2+ [START_REF] Hrabetova | Calcium diffusion enhanced after cleavage of negatively charged components of brain extracellular matrix by chondroitinase ABC[END_REF][START_REF] Hartig | Cortical neurons immunoreactive for the potassium channel Kv3.1b subunit are predominantly surrounded by perineuronal nets presumed as a buffering system for cations[END_REF]). Thus, an increase in PNN intensity during the active phase may allow for underlying neurons to maintain high firing rates when sleep is less likely to occur, since removal of PNNs decreases the firing rate of PV neurons. In turn, a decrease in PNN intensity in the inactive phase may promote high plasticity during sleep in the light phase, leading to stabilization or removal of synapses needed for memory consolidation (Tononi andCirelli 2003, 2014;[START_REF] Rasch | About sleep's role in memory[END_REF][START_REF] Seibt | Primed to Sleep: The Dynamics of Synaptic Plasticity Across Brain States[END_REF].

The particular component(s) of PNNs that are diurnally regulated is unknown. The daily decrease in PNNs appears to be regulated at least in part by cathepsin-S in the mPFC [START_REF] Pantazopoulos | Circadian Rhythms of Perineuronal Net Composition[END_REF]. [START_REF] Pantazopoulos | Circadian Rhythms of Perineuronal Net Composition[END_REF] recently suggested that circadian changes in the number of PNNs may be related to changes in the sulfation pattern on chondroitin sulfate proteoglycans of PNNs [START_REF] Pantazopoulos | Circadian Rhythms of Perineuronal Net Composition[END_REF], since it is difficult to conceive that the entirety of PNNs would fluctuate diurnally. Two key sulfation patterns on chondroitin sulfate chains attached to proteoglycans in PNNs are the 4sulfation and 6-sulfation pattern, with 4-sulfation chondroitin sulfate chains prevalent in adults [START_REF] Carulli | Animals lacking link protein have attenuated perineuronal nets and persistent plasticity[END_REF][START_REF] Miyata | Persistent cortical plasticity by upregulation of chondroitin 6-sulfation[END_REF]). WFA appears to bind to the 4-sulfated chains on aggrecan [START_REF] Miyata | Chondroitin sulfate and neuronal disorders[END_REF][START_REF] Giamanco | Perineuronal net formation and structure in aggrecan knockout mice[END_REF], suggesting that aggrecan or sulfation patterns on aggrecan may be reduced during the light period and restored during the more active dark period. But how these changes would occur on a rapid, daily basis is unknown.

The composition of chondroitin sulfate chains is central to regulating plasticity because these chains form binding sites for several molecules on PNNs, including semaphorin 3A [START_REF] Carulli | Modulation of semaphorin3A in perineuronal nets during structural plasticity in the adult cerebellum[END_REF], neuronal-activity regulated pentraxin 2 (Nptx2), ( [START_REF] Van't Spijker | Neuronal Pentraxin 2 Binds PNNs and Enhances PNN Formation[END_REF], which clusters AMPARs on PV neurons [START_REF] Pelkey | Pentraxins coordinate excitatory synapse maturation and circuit integration of parvalbumin interneurons[END_REF], and the transcription factor OTX2 [START_REF] Sugiyama | Experience-dependent transfer of Otx2 homeoprotein into the visual cortex activates postnatal plasticity[END_REF][START_REF] Beurdeley | Otx2 binding to perineuronal nets persistently regulates plasticity in the mature visual cortex[END_REF][START_REF] Miyata | Persistent cortical plasticity by upregulation of chondroitin 6-sulfation[END_REF]); all of these molecules regulate plasticity.

OTX2 expression in the light vs. dark phase

We examined whether there was diurnal expression of OTX2, which is synthesized in the choroid plexus [START_REF] Spatazza | Choroidplexus-derived Otx2 homeoprotein constrains adult cortical plasticity[END_REF], binds to PNNs [START_REF] Beurdeley | Otx2 binding to perineuronal nets persistently regulates plasticity in the mature visual cortex[END_REF], and is internalized within PNN-surrounded cells where it acts as a transcription factor [START_REF] Beurdeley | Otx2 binding to perineuronal nets persistently regulates plasticity in the mature visual cortex[END_REF][START_REF] Bernard | Otx2-PNN Interaction to Regulate Cortical Plasticity[END_REF]. OTX2 is transferred to PV cells in the visual cortex and is responsible for both opening and closing the critical period of plasticity in part through its binding to PNNs [START_REF] Beurdeley | Otx2 binding to perineuronal nets persistently regulates plasticity in the mature visual cortex[END_REF][START_REF] Sugiyama | Experience-dependent transfer of Otx2 homeoprotein into the visual cortex activates postnatal plasticity[END_REF]). In the prelimbic mPFC, about 20% of OTX2-containing cells co-expressed PNNs (Table 3). Unlike in the visual cortex [START_REF] Beurdeley | Otx2 binding to perineuronal nets persistently regulates plasticity in the mature visual cortex[END_REF]), OTX2 in the mPFC is not preferentially accumulated by WFA+ or PV+ cells ( [START_REF] Lee | Genetic Otx2 mis-localization delays critical period plasticity across brain regions[END_REF]); this study). On the other hand, the majority of single-labeled WFA+ cells, PV+ cells, and double-labeled WFA+/PV+ cells contained OTX2. While we found no diurnal difference in the total number of cells expressing OTX2, we did observe a strong trend toward diurnal rhythmicity in both the number of PV+ cells and WFA+/PV+ cells containing OTX2 (Figure 5; Table 3). This finding suggests that OTX2 may accumulate specifically in PV+ cells in a diurnal-dependent manner to upregulate PV and PNNs and in turn regulate excitatory:inhibitory balance. Diurnal expression of OTX2 mRNA has been demonstrated in the rat pineal gland, with maximal expression in the dark phase [START_REF] Rohde | Circadian dynamics of the cone-rod homeobox (CRX) transcription factor in the rat pineal gland and its role in regulation of arylalkylamine N-acetyltransferase (AANAT)[END_REF]. OTX2 has been suggested to reciprocally interact with CLOCK in a positive regulatory loop in Xenopus embryos [START_REF] Green | The circadian gene Clock is restricted to the anterior neural plate early in development and is regulated by the neural inducer noggin and the transcription factor Otx2[END_REF], and analysis of OTX2-dependent critical period gene expression identified upregulation of Per1 in mouse visual cortex [START_REF] Apulei | Non-cell Autonomous OTX2 Homeoprotein Regulates Visual Cortex Plasticity Through Gadd45b/g[END_REF]).

OTX2 regulates several PNN components in the mPFC, possibly by altering turnover of these components [START_REF] Lee | Genetic Otx2 mis-localization delays critical period plasticity across brain regions[END_REF]. Several downstream targets of OTX2 have been identified, including the GluN2A subunit of the NMDA receptor (see below), and the antioxidant gene oxidation resistance 1 (Oxr1), whose gene product acts as a sensor of oxidative stress and is enriched in GABAergic neurons in the visual cortex [START_REF] Sakai | Genome-Wide Target Analyses of Otx2 Homeoprotein in Postnatal Cortex[END_REF]. OTX2 also may bind to several potassium channel genes, including the Kv3.1 family, a key ion channel that maintains fast spiking in PV cells [START_REF] Du | Developmental expression and functional characterization of the potassium-channel subunit Kv3.1b in parvalbumin-containing interneurons of the rat hippocampus[END_REF]. Thus, diurnal expression of OTX2 likely coordinates the expression of several important genes in PV cells to render these neurons responsive to external signals [START_REF] Sakai | Genome-Wide Target Analyses of Otx2 Homeoprotein in Postnatal Cortex[END_REF]) and oxidative stress to support daily fluctuation of firing rates and gamma oscillations needed to provide appropriate excitatory:inhibitory balance during sleep and wakefulness [START_REF] Gronli | Beta EEG reflects sensory processing in active wakefulness and homeostatic sleep drive in quiet wakefulness[END_REF].

PV cell intensity, excitatory puncta, and AMPA:NMDA ratio are increased in the dark phase

We also demonstrated diurnal rhythmicity of PV expression in mPFC cells. PV protein levels have shown a circadian pattern of expression in retinal amacrine cells, with higher expression in the dark, active phase [START_REF] Gabriel | AII amacrine neurons of the rat retina show diurnal and circadian rhythms of parvalbumin immunoreactivity[END_REF]). Expression of PV is regulated by Clock gene expression in the visual cortex [START_REF] Kobayashi | Clock genes control cortical critical period timing[END_REF]. Thus, similar CLOCK-dependent rhythms of PV levels may occur in the prelimbic mPFC. Diurnal changes in PV intensity have been shown to be positively correlated with GAD67 intensity [START_REF] Donato | Parvalbumin-expressing basket-cell network plasticity induced by experience regulates adult learning[END_REF]) and likely reflect activity levels needed to sustain homeostatic balance for excitatory:inhibitory output.

Parvalbumin is a Ca 2+ buffering protein [START_REF] Celio | Calbindin D-28k and parvalbumin in the rat nervous system[END_REF], which may lead to multi-faceted consequences of diurnal variation in PV levels. For example, low expression of PV in the absence of prolonged bursts of action potentials may promote short-term plasticity through facilitation [START_REF] Caillard | Role of the calciumbinding protein parvalbumin in short-term synaptic plasticity[END_REF][START_REF] Eggermann | How the 'slow' Ca(2+) buffer parvalbumin affects transmitter release in nanodomain-coupling regimes[END_REF], while high expression of PV may lower the release probability of GABA by acting as a fast Ca 2+ buffer [START_REF] Eggermann | How the 'slow' Ca(2+) buffer parvalbumin affects transmitter release in nanodomain-coupling regimes[END_REF]. Low PV levels may therefore function to amplify low-input signals, whereas high PV levels may function as a high-pass filter to dampen low-input signals. High PV levels may also act as a brake on excitation-transcription coupling via a cAMP response element-binding protein (CREB)-dependent process [START_REF] Cohen | Excitation-Transcription Coupling in Parvalbumin-Positive Interneurons Employs a Novel CaM Kinase-Dependent Pathway Distinct from Excitatory Neurons[END_REF], which in turn regulates several genes [START_REF] Impey | Defining the CREB regulon: a genome-wide analysis of transcription factor regulatory regions[END_REF]) that could orchestrate day/night fluctuations in PV cell function.

In concert with increases in PV levels during the dark phase, we found two additional diurnal changes consistent with increases in glutamate transmission at ZT18. First, the AMPA:NMDA ratio was increased in WFA+/PV+ cells at ZT18 relative to ZT6, which may drive a higher cell firing rate. Previous observations in neurons of the cerebral cortex indicated that protracted wakefulness upregulates AMPA receptor-mediated signaling [START_REF] Vyazovskiy | Molecular and electrophysiological evidence for net synaptic potentiation in wake and depression in sleep[END_REF]), but the neurochemical phenotype of these neurons is unknown. Therefore, the increase in AMPA/NMDA ratio we observed at ZT18 (a time when rats have been awake for several hours after dark onset) may be driven by sustained wakefulness rather than an endogenous circadian oscillator. In PV cells, AMPA receptors have an abundance of GluA1 and GluA4 subunits, making them calcium permeable [START_REF] Akgul | Diverse roles for ionotropic glutamate receptors on inhibitory interneurons in developing and adult brain[END_REF], which contributes to faster kinetic properties, including higher single-channel conductance and faster gating properties compared with GluA2-containing AMPARs [START_REF] Akgul | Diverse roles for ionotropic glutamate receptors on inhibitory interneurons in developing and adult brain[END_REF][START_REF] Swanson | Single-channel properties of recombinant AMPA receptors depend on RNA editing, splice variation, and subunit composition[END_REF]). Second, we observed an increase in the number of vGLUT1 synaptic puncta apposing WFA+/PV+ cells at ZT18 relative to ZT6 (Fig. 3). Interestingly, we found no changes in vGLUT1 puncta apposing PV+ cells devoid of PNNs (WFA-/PV+ cells), suggesting that the presumed higher firing rate of PV cells with PNNs vs. those without PNNs may contribute to maintaining diurnal fluctuation in excitatory:inhibitory balance. It is also possible that NMDARs are altered diurnally. Our recordings demonstrated that the NMDA current was greater than the AMPA current. There is an early switch during postnatal development from GluN2B to GluN2A expression [START_REF] Zhang | Development of NMDA NR2 subunits and their roles in critical period maturation of neocortical GABAergic interneurons[END_REF], and PV function is maintained by GluN2A-containing NMDA receptors [START_REF] Kinney | A specific role for NR2A-containing NMDA receptors in the maintenance of parvalbumin and GAD67 immunoreactivity in cultured interneurons[END_REF]. The trend toward a slower time constant in PV+/WFA+ cells at ZT18 suggests that the NMDA component is more NR2B dominant, as slower time constants indicate a shift from GluN2A to GluN2B composition [START_REF] Brown | A silent synapse-based mechanism for cocaine-induced locomotor sensitization[END_REF]. Future experiments are needed to determine the extent of diurnal rhythm-induced compositional changes in NMDA receptors.

Overall, our findings indicate that glutamate transmission is high during the active phase at ZT18 relative to the inactive phase at ZT6. The reduction in PNN intensity during the inactive phase may lead to lower CP-AMPARs in part via reduced accumulation of Nptx2 within PNNsurrounded PV cells [START_REF] Chang | Narp regulates homeostatic scaling of excitatory synapses on parvalbumin-expressing interneurons[END_REF]. Collectively, these changes may help coordinate not only excitatory:inhibitory balance needed for pyramidal cell output during wakefulness, but also for homeosynaptic scaling during sleep to restore synaptic homeostasis [START_REF] Tononi | Sleep and the price of plasticity: from synaptic and cellular homeostasis to memory consolidation and integration[END_REF]. Importantly, most rodent studies are conducted in the daytime phase, and thus modulation of PV cell electrophysiology and transcription-coupling by factors such as glutamatergic input that regulates pCREB in pyramidal cells but not in PV cells [START_REF] Cohen | Excitation-Transcription Coupling in Parvalbumin-Positive Interneurons Employs a Novel CaM Kinase-Dependent Pathway Distinct from Excitatory Neurons[END_REF]) might be unveiled if PV cells were tested during the dark phase.

Oxidative stress is highest at ZT0 and remains higher in PV vs. non-PV cells

Diurnal changes in oxidative stress are observed in a multitude of studies, demonstrated by fluctuations in the extent of DNA damage, lipid peroxidation, and protein oxidation [START_REF] Wilking | Circadian rhythm connections to oxidative stress: implications for human health[END_REF][START_REF] Kanabrocki | Circadian variation in oxidative stress markers in healthy and type II diabetic men[END_REF]. These downstream effects appear to be initiated by the impact of accumulated reactive oxygen species (ROS) [START_REF] Wilking | Circadian rhythm connections to oxidative stress: implications for human health[END_REF][START_REF] Gupta | Thiol-disulfide redox dependence of heme binding and heme ligand switching in nuclear hormone receptor rev-erb{beta}[END_REF].

The diurnal oscillation we observed in the oxidative stress marker 8-oxo-dG aligns with our previous findings [START_REF] Harkness | Sleep disruption elevates oxidative stress in parvalbumin-positive cells of the rat cerebral cortex[END_REF]) and previous studies [START_REF] Silva | Role of hippocampal oxidative stress in memory deficits induced by sleep deprivation in mice[END_REF][START_REF] Ramanathan | Short-term total sleep deprivation in the rat increases antioxidant responses in multiple brain regions without impairing spontaneous alternation behavior[END_REF]) that oxidative stress accumulates in rodent brains during wakefulness. The diurnal changes reflect the rhythmicity of mitochondrial network remodeling and the dynamic capacity of oxidative phosphorylation, which peaks in the dark phase [START_REF] Schmitt | Circadian Control of DRP1 Activity Regulates Mitochondrial Dynamics and Bioenergetics[END_REF] during wakefulness relative to sleep (reviewed in [START_REF] Wisor | A metabolic-transcriptional network links sleep and cellular energetics in the brain[END_REF][START_REF] Aalling | Cerebral Metabolic Changes During Sleep[END_REF]). Here we show that 8-oxo-dG intensity in the prelimbic mPFC was highest at ZT0 and lowest at ZT12 (Figure 2), likely reflecting clearance of 8-oxo-dG during sleep. Our previous work demonstrated that increasing the time rats spent awake due to sleep disruption contributed to increases in 8-oxo-dG intensity, especially in PV-expressing neurons [START_REF] Harkness | Sleep disruption elevates oxidative stress in parvalbumin-positive cells of the rat cerebral cortex[END_REF]. The mitochondria of PV-expressing neurons in particular exhibit elevated energy demands, as these neurons are essential for generating gamma activity, which requires a high and sustained firing rate and frequency [START_REF] Sohal | Parvalbumin neurons and gamma rhythms enhance cortical circuit performance[END_REF], rendering PV cells especially vulnerable to oxidative stress compared with other types of neurons [START_REF] Kann | Highly energized inhibitory interneurons are a central element for information processing in cortical networks[END_REF]. As demonstrated here, accumulation of oxidative stress occurred even without sleep disruption, but it is likely that both sleep and circadian mechanisms contribute to the rhythmicity of ROS accumulation and damage related to oxidative stress, as explained by the two-process model [START_REF] Lai | CIRCADIAN CLOCK-ASSOCIATED 1 regulates ROS homeostasis and oxidative stress responses[END_REF][START_REF] Borbely | The two-process model of sleep regulation: a reappraisal[END_REF].

Studying the dynamics of PNNs and PV neuronal activity from the framing of the two processmodel may be helpful in understanding their variability, and examination of this is ongoing.

Both CLOCK and OTX2 appear to protect cells against the effects of oxidative stress [START_REF] Kobayashi | Clock genes control cortical critical period timing[END_REF][START_REF] Lee | Genetic Otx2 mis-localization delays critical period plasticity across brain regions[END_REF], and, as they regulate plasticity during development, they may also regulate diurnal changes. PNNs protect their underlying neurons from oxidative stress due to their enrichment in chondroitin sulfate [START_REF] Campo | Reduction of DNA fragmentation and hydroxyl radical production by hyaluronic acid and chondroitin-4sulphate in iron plus ascorbate-induced oxidative stress in fibroblast cultures[END_REF]), although PNNs are also subject to deleterious effects by oxidative stress [START_REF] Cabungcal | Perineuronal nets protect fast-spiking interneurons against oxidative stress[END_REF]. Our findings that PNN intensity changes across the day/night cycle suggest that protective mechanisms from oxidative stress is also be subject to diurnal variation.

Conclusions

Our findings indicate that PNN, PV, and 8-oxo-dG intensities fluctuate throughout the day.

Increases in WFA and PV intensity precede changes in 8-oxo-dG intensity, suggesting a 
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  . Rats were briefly anesthetized with isoflurane and intracardially perfused with ice

	cold recovery solution: (in mM) 93 NMDG, 2.5 KCl, 1.2 NaH2PO4, 30 NaHCO3, 20 HEPES, 25
	glucose, 4 sodium ascorbate, 2 thiourea, 3 sodium pyruvate, 10 MgSO4(H2O)7, 0.5 CaCl2(H2O2),
	and HCl added until pH was 7.3-7.4 with an osmolarity of 300-310 mOsm. Slices were prepared
	on a vibratome (Leica VT1200S) containing recovering solution and then transferred to a
	holding chamber containing holding solution: (in mM) 92 NaCl, 2.5 KCl, 1.2 NaH2PO4, 30
	NaHCO3, 20 HEPES, 25 glucose, 4 sodium ascorbate, 2 thiourea, 3 sodium pyruvate, 2
	MgSO4(H2O)7, 2 CaCl2(H2O2), and 2 M NaOH added until pH reached 7.3-7.4 and osmolarity
	The recording chamber was continuously perfused at 31.0°C at a rate of 4-7 mL/min with
	artificial cerebrospinal fluid (aCSF): (in mM) 119 NaCl, 2.5 KCl, 1 NaH2PO4, 26 NaHCO3, 11
	dextrose, 1.3 MgSO4(H2O)7, and 2.5 CaCl2(H2O)2. Patching pipettes were pulled from
	borosilicate capillary tubing (Sutter Instruments, CA USA) and the electrode resistance was
	typically 4-7 mOhms. All experiments utilized cesium chloride (CsCl) internal solution: (in mM)
	117 CsCl, 2.8 NaCl, 5 MgCl2, 20 HEPES, 2 Mg 2+ ATP, 0.3 Na 2+ GTP, 0.6 EGTA, 0.

was 300-310 mOsm. Slices remained in the holding chamber for at least 1 h prior to recording. PNN-surrounded fast-spiking interneurons were identified by incubating each slice in holding solution containing FITC-(Olympus) to identify cells surrounded by fluorescence. The fast-spiking interneurons in this region of the cortex are highly likely to be PV-containing cells

[START_REF] Kawaguchi | Correlation of physiological subgroupings of nonpyramidal cells with parvalbumin-and calbindinD28k-immunoreactive neurons in layer V of rat frontal cortex[END_REF]
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Uhlhaas and Singer 2010), it is important to establish how daily rhythmicity is coordinated among OTX2, oxidative stress, and PNN/PV function in the mPFC.

Significant differences are in bold font. Numbers 1, 2 denote difference between light (ZT0 + ZT6) and dark (ZT12 + ZT18). *P < 0.05 vs. ZT0. 92.5 1.5 93.9 1.9

Stain