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Highlights 

● Schizophrenia is associated with attentional deficits that may stem from abnormally 

reactive BF projections to the prefrontal cortex 

● Orexin receptor antagonists decrease acetylcholine release and reduce prefrontal 

cortical activity 

● The dual orexin receptor antagonist filorexant alleviated impairments of attention 

following NMDA receptor blockade 
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Abstract 

Schizophrenia is a neuropsychiatric condition that is associated with impaired attentional 

processing and performance. Failure to support increasing attentional load may result, in part, 

from abnormally overactive basal forebrain projections to the prefrontal cortex, and available 

antipsychotics often fail to address this issue. Orexin/hypocretin receptors are expressed on 

corticopetal cholinergic neurons, and their blockade has been shown to decrease the activity of 

cortical basal forebrain outputs and prefrontal cortical cholinergic neurotransmission. In the 

present experiment, rats (N = 14) trained in a visual sustained attention task that required 

discrimination of trials which presented a visual signal from trials during which no signal was 

presented. Once trained, rats were then co-administered the psychotomimetic N-methyl-D-

aspartate (NMDA) receptor antagonist dizocilpine (MK-801: 0 or 0.1 mg/kg, intraperitoneal 

injections) and the dual orexin receptor antagonist filorexant (MK-6096: 0, 0.1, or 1 mM, 

intracerebroventricular infusions) prior to task performance across six sessions. Dizocilpine 

impaired overall accuracy during signal trials, slowed reaction times for correctly-responded 

trials, and increased the number of omitted trials throughout the task. Dizocilpine-induced 

increases in signal trial deficits, correct response latencies, and errors of omission were reduced 

following infusions of the 0.1 mM, but not 1 mM, dose of filorexant. Orexin receptor blockade, 

perhaps through anticholinergic mechanisms, may improve attentional deficits in a state of 

NMDA receptor hypofunction. 
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1. Introduction 

Schizophrenia (SZ) is a debilitating neurodevelopmental disorder which is characterized 

by positive symptoms (e.g. hallucinations and delusions), negative symptoms (e.g. anhedonia 

and avolition), and cognitive symptoms (e.g. attention, learning, and memory impairments). It 

has been hypothesized that hypofunctional N-methyl-D-aspartate (NMDA) receptors expressed 

on cortical parvalbumin (PV)-positive gamma-Aminobutyric acid (GABA) interneurons produce 

chronically disinhibited glutamatergic projections to the midbrain dopamine (DA) system and, as 

a result, evoke sensory processing disturbances associated with greater-than-normal 

mesolimbic dopaminergic neurotransmission [1, 2, 3]. Extant antipsychotics, all of which 

antagonize or partially agonize DA-2 receptors, have been widely distributed since the 1950s 

and provide relief for the hyperdopaminergia-linked positive symptoms [4, 5, 6, 7, 8, 9, 10, 11, 

12, 13]. However, in addition to a litany of unpleasant and potentially dangerous side effects 

associated with a high degree of medicinal non-adherence [14], many patients continue to 

experience symptoms indicative of a dysfunctional prefrontal cortex (PFC), including treatment-

resistant deficits of attention [15, 16, 17]. An inability to attend to relevant stimuli and cues is a 

significant neurocognitive rate-limiting factor and is linked with poor treatment prognosis [18], 

providing an impetus to investigate novel and alternate pharmacotherapeutic targets. 

Controlled attention and the motivated recruitment of attentional effort both rely on the 

functional integrity of numerous corticopetal, corticofugal, and cortico-cortical projection 

pathways which together encompass multiple networks devoted to allocating limited cognitive 

resources towards important stimuli in the external world. One such network is comprised of 

cortex-innervating basal forebrain (BF) cholinergic neurons [19, 20, 21, 22]. Task-relevant 

release of acetylcholine (ACh) in the cortex amplifies the response of pyramidal neurons to 

incoming sensory information, enhances sensitivity to pertinent cues in the environment, and 

activates associated response sets [23, 24, 25, 26]. Within the medial PFC, a region that 

integrates attention and motivation to inform and guide behavior [27, 28, 29, 30], ACh levels rise 
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during behavioral activation and further increase to maintain vigilance in response to attentional 

challenge [31, 32]. Thus, the stamina and incentive required to sustain attention while filtering 

out irrelevant stimuli across time largely depend on cholinergic flexibility and adaptability with 

regards to environmental demands.  

Anomalies in the ascending cholinergic system are suggested to be more relevant to the 

negative and cognitive symptoms than to the positive symptoms in SZ. Corticopetal cholinergic 

neurons of the BF receive a majority of their inhibitory inputs from GABAergic projections from 

the nucleus accumbens (NAcc) [10, 33, 34, 35]. These projections are suppressed in response 

to elevated mesolimbic DA neurotransmission in an active disease state, resulting in reduced 

GABAergic neurotransmission within the BF and ultimately rendering subcortical ACh-

generating neurons abnormally and unsustainably reactive in the earliest instances of 

attentional effort [28, 31, 36, 37]. This BF-PFC dysmorphogenesis is posited to be the primary 

pathway through which input selection is disrupted and attentional and motivational functioning 

is impaired as time progresses, especially during periods of environmental distraction [37, 38]. 

As such, drugs which attenuate BF and PFC overactivity are worthy of exploration as alternative 

antipsychotic compounds to address ineffective attentional systems associated with psychosis 

and SZ. 

The orexin system, which is also referred to as the hypocretin system, is a widespread 

neuromodulatory network with cell bodies restricted to the lateral hypothalamus (LH) and 

contiguous perifornical area [39, 40]. The endogenous orexinergic neuropeptides, orexin-A and 

orexin-B (OxA and OxB, respectively), are heavily implicated in survival-promoting homeostatic 

regulatory processes such as appetitive drive and circadian rhythms [39, 40, 41, 42] as well as 

psychological states including mood, motivation, and cognition [19, 21, 43, 44, 45, 46, 47, 48]. 

Gq-coupled orexin-1 (Ox1) receptors as well as Gq- and Gi/o-linked orexin-2 (Ox2) receptors 

are abundantly co-distributed throughout the BF and PFC, and their activation and enhances 

interoceptive awareness of internal states and exteroceptive awareness of salient environmental 
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stimuli, potentially through increased prefrontal cortical ACh release [48, 49, 50]. Burgeoning 

research from Elam and colleagues [51] has shown that in a stress-induced model of psychosis, 

dual orexin receptor antagonists (DORAs) suppress excessive dopaminergic signaling in the 

ventral tegmental area (VTA), dampen the hypersensitivity of DA-producing neurons to 

stimulant drugs, and normalize behavioral indicators of psychotomimesis (see also [52]). Orexin 

receptor blockade has also demonstrated anticholinergic tendencies in a disease-free state, as 

both site-specific and systemic administration of anti-orexinergic ligands dampen cortical ACh 

release and, at times, impair cortex-dependent cognitive flexibility and attentional performance 

[49, 53, 54, 55]. DORAs additionally promote GABA release in the BF in addition to other 

neurotransmitters which decrease cholinergic cell activity through traditionally sleep-promoting 

pathways, such as adenosine [56]. Therefore, drugs which subdue orexin receptor activity may 

be effective for improving attentional deficits in conditions associated with BF cholinergic 

hyperactivity. 

To date, there are no studies elucidating the effects of orexin receptor antagonists on 

attentional performance in SZ, nor has there been research examining DORAs specifically in 

the context of sustained attention. To address these gaps in the literature, the present 

experiment measured the effects of intracerebroventricular (icv) administration of the DORA 

filorexant (MK-6096), which has roughly equal affinity for Ox1 and Ox2 receptors [57], on 

attentional performance of rats following acute intraperitoneal (ip) administration of the 

psychotomimetic NMDA receptor antagonist dizocilpine (MK-801). PV-expressing GABAergic 

interneurons are particularly sensitive to the effects of subanesthetic concentrations of 

dizocilpine [58, 59], and similarly to other NMDA receptor antagonists, systemic dizocilpine 

administration transiently augments cortical ACh levels, induces excitatory-inhibitory imbalance 

in cognition-associated brain regions, and disrupts attentional performance in a number of 

paradigms, including a task of sustained attention [3, 60, 61, 62, 63, 64, 65, 66]. Intraventricular 

infusions of filorexant have translational applicability by assessing the effects of DORAs in 
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widespread brain regions, enabling the opportunity to assess any unexpected deleterious 

effects from drug actions in brain regions outside of those that are the focus of this experiment. 

As has been robustly demonstrated, NMDA receptor antagonism through dizocilpine 

administration was anticipated to negatively impact response accuracy and increase trial 

omissions, and we hypothesized that the DORA filorexant would alleviate dizocilpine-induced 

attentional impairments. 

 

2. Material and methods 

2.1. Subjects 

 A total of 14 adult male Fischer 344/Brown Norway F1 rats (Charles River Laboratories, 

Wilmington, MA), 12 weeks old upon arrival, were used in the present experiment. Subjects 

were housed in pairs with a 14-hour light/10-hour dark cycle (lights on 06:00-20:00) in a 

temperature- and humidity-controlled vivarium, and all behavioral testing occurred 6-7 days per 

week between 09:00 and 16:00. The rats were allotted ad libitum access to rat chow, but water 

was restricted to 10 minutes a day during testing days and 20 minutes on non-testing days in 

order to establish water as a salient motivator throughout behavioral training and testing. The 

protocol for this research was approved by William & Mary’s Institutional Animal Care and Use 

Committee.  

 

2.2. Apparatus 

Following the initiation of water restriction, subjects began behavioral testing in one of 14 

chambers controlled by MED-PC-V data collection software (Med Associates, Inc., Georgia, 

VT). Each testing chamber was situated within a sound-attenuating cubicle and consisted of an 

intelligence panel with one retractable lever on either side of a water access port, a water dipper 

with a cup which could hold 0.01 ml of water, and a central panel light situated above the water 
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port. A house light was located on the opposite panel of the chamber. 

 

2.3. Presurgical behavioral training 

   Rats were trained in a previously-validated rodent visual sustained attention task (SAT) 

that has previously been shown to be particularly sensitive to BF cholinergic activity and 

manipulations [67, 68, 69, 70]. The house light remained illuminated throughout the session 

prior to surgery. The task consisted of three training stages. During the first training stage, both 

levers were extended throughout testing, and subjects were shaped to press levers using a 

fixed ratio-1 reinforcement schedule. To prevent the development of a lever bias, if a rat 

pressed one lever five consecutive times, water access was withheld until a press was made on 

the other lever. Rats were moved to the next training stage once 120 water rewards were 

obtained for three successive days. During the second phase of training, which consisted of 100 

trials, rats were trained to discriminate between signal trials (1 second illumination of the central 

panel light) and non-signal trials (no central panel light illumination). After illumination of central 

panel light (or no illumination), the levers were extended into the chamber. The dipper was 

raised following a response on one lever on signal trials and the other lever on non-signal trials. 

Half of the rats received reward access following a response on the left lever on signal trials and 

following a right lever press on non-signal trials. The correct levers for signal and non-signal 

trials were reversed for the other half of the animals. Pressing the rewarded lever during a 

signal trial was considered a hit, and pressing the rewarded lever during a non-signal trial was 

recorded as a correct rejection. Pressing the incorrect lever in signal trials was considered a 

miss, and pressing the incorrect lever during a non-signal trial was considered a false alarm. 

Failure to press either lever after their extension into the testing chamber for 3 seconds was 

recorded as an omission. Each trial was separated by an inter-trial interval (ITI) of 18 seconds. 

During this training stage, if the rat pressed the incorrect lever or did not press a lever, a 

correction trial occurred, which was identical to the previous trial. Pressing the incorrect lever for 
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three consecutive correction trials resulted in a forced trial during which only the correct lever 

was extended into the chamber until a press was made or until 90 seconds elapsed. The central 

panel light was illuminated if the errors occurred on signal trials. Rats remained in this training 

stage until accuracy on signal and non-signal trials was at least 70 percent for three consecutive 

sessions.  

The final training stage consisted of 90 trials in each session. There were 45 total signal 

trials, with an equal number of trials with the 500, 100, and 25 ms signal durations, and 45 non-

signal trials (Figure 1). Each trial was separated by an ITI of 9 ± 3 seconds. The ITI was 

shortened and made variable in order to increase the attentional demands of the task. During 

any given trial, the signal light was either illuminated or not, after which both levers extended for 

three seconds. Lever pressing was rewarded in the same manner as during the previous 

training stage. Rats were considered eligible for surgery when they achieved the criteria of 70 

percent or higher accuracy in successfully identifying 500 ms signals and at least 70 percent on 

non-signal trials for three consecutive days.  

 

2.4. Surgical procedures 

 The night prior to surgery, rats were given free access to 2.7 mg/ml of acetaminophen 

(per os). The following morning, they were anesthetized via an ip injection of 90.0 mg/kg of 

ketamine and 9.0 mg/kg of xylazine. Upon sedation, rats were shaved around the surgical site, 

placed in a stereotaxic apparatus (Kopf Instruments, Tujunga, CA), given an incision along the 

midline, and underwent unilateral icv cannulation surgery wherein one 8.0 mm (22 gauge) guide 

cannula was implanted 1 mm above either the left or the right lateral ventricle (-0.8 mm anterior-

posterior, ±1.6 mm medial-lateral from bregma; -2.5 mm dorsal-ventral from dura; Figure 2A). 

The surgeries were conducted using aseptic conditions, and each cannula was held in place 

with stainless steel screws and dental cement. After surgery, subjects were given a week-long 

period of ad libitum water access, with acetaminophen provided for the first three days, after 
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which they resumed water restriction and were reintroduced to the SAT. 

 

2.5. Postsurgical behavioral testing 

 At least one week after baseline performance was re-established, rats were introduced 

to a modified version of the SAT wherein the house light flashed (0.5 Hz) during the middle set 

of trials. The 90-trial attention test session was divided into three blocks: the first 30 trials were 

identical to those of the standard task where with the house light remained illuminated (pre-

distracter block), the next 30 trials introduced the flashing house light distracter (distracter 

block), and the final 30 trials were a return to the standard task with the illuminated house light 

(recovery block). The rats were exposed to the modified task once before initial drug exposure 

and on drug administration days; on days when the rats did not receive drugs, they performed in 

the standard SAT with no distracter.  

 

2.6. Drug preparation and administration procedures 

Dizocilpine maleate (Tocris Bioscience) was dissolved in sterile saline to create a 

solution of 0.1 mg/ml that was stored at -40 °C and used within one week of preparation. Stock 

solutions of 0.1 mM and 1 mM of filorexant (MedChemExpress) in dimethyl sulfoxide (DMSO) 

were stored at -40 °C and used within one month of preparation.  

Rats received a randomized ip injection of either saline or 0.1 mg/kg dizocilpine (at a 

volume of 1 ml/kg) 30 minutes prior to placement in the chamber. Fifteen minutes before testing, 

2.5 µl of either 0 (DMSO vehicle), 0.1, or 1 mM of filorexant was infused at a rate of 1 µl per 

minute by way of an internal cannula with a 1 mm extension beyond the guide cannula (Figure 

2B). The internal cannula was connected to a microsyringe on an infusion pump (Harvard 

Apparatus) via polyethylene tubing. Dizocilpine and filorexant dose combinations were 

randomized across rats, and a washout period of at least 48 hours separated drug 
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administration sessions. 

 

2.7. Histological procedures 

 Following the final drug administration session, each rat was anesthetized with a 

ketamine/xylazine cocktail of 100 mg/kg of ketamine and 10 mg/kg of xylazine and transcardially 

perfused at 300 mmHg with a 10 percent sucrose solution followed by 4 percent 

paraformaldehyde. Brains were harvested, stored in the 4 percent paraformaldehyde solution, 

and rinsed with 0.1 M phosphate buffer solution on the day of sectioning. Each brain was 

sectioned using a vibratome (Thermo Scientific, Microm HM 650V) into 50 µm slices. Sections 

in the vicinity of the cannulation site were stained with cresyl violet acetate, and guide cannula 

location was confirmed using an Olympus BX-51 light microscope. 

 

2.8. Data analysis 

Relative hits were calculated by dividing the number of correct signal identifications by 

all lever presses at the conclusion of signal trials, and relative correct rejections were 

determined by dividing the number of correct rejections by the total responses during non-signal 

trials. These calculations resulted in a number between 0 and 1, with a relative accuracy of 0 

indicating 0 percent accuracy and a relative accuracy of 1 indicating 100 percent accuracy. 

Relative hits, relative correct rejections, and trial omissions were further calculated for pre-

distracter, distracter, and recovery blocks. Correct response latency measurements were 

calculated as the average time (out of 3000 ms) it took rats to press the correct lever following 

its extension into the testing chamber at the conclusion of a trial, and these were additionally 

split into blocks for block-specific analyses. Repeated-measures analyses of variance 

(ANOVAs) were used for each measure of accuracy and omissions, all of which were corrected 

using the Greenhouse-Geisser procedure when required. Interaction effects were further 

analyzed with one-way repeated-measures ANOVAs, and main effects revealed by these 
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analyses were explored with multiple comparisons of paired-samples t-tests and corrected with 

the Bonferroni pairwise comparison procedure. All statistical analyses were conducted using 

SPSS Statistics version 24.0. Statistical significance was determined using α = .05. Data are 

presented as the mean�±�standard error. 

 

3. Results 

3.1. Effects of dizocilpine on SAT performance 

Appropriate guide cannula placement was confirmed for all 14 rats included in the 

behavioral analyses (Figure 2). A 2 (dizocilpine: 0 and 0.1 mg/kg) X 3 (block: pre-distracter, 

distracter, and recovery) X 3 (signal duration: 500, 100, and 25 ms) repeated-measures ANOVA 

was used to measure the influence of acute NMDA receptor antagonism on signal detection in 

the SAT. A main effect of dizocilpine (F(1,13) = 9.14, p = .01, η2
p = .413) revealed that 

dizocilpine decreased rats’ accuracy in signal trials when compared to saline. There was also a 

main effect of block (F(2,26) = 6.06, p = .007, η2
p = .318), with performance being better in the 

pre-distracter block than the distracter (t(13) = 2.27, p = .041, d = .608) and recovery blocks 

(t(13) = 3.00, p = .011, d = .796). No interaction between dizocilpine concentration and block 

suggests that the attentional detriments associated with NMDA receptor blockade are present 

throughout the testing session rather than during particular periods of testing. Furthermore, a 

main effect of signal duration (F(2,26) = 25.87, p < .001, η2
p = .666) revealed an aggregate 

signal duration-dependent decrease in hit accuracy as signal duration shortened (p < .002 

between all signal lengths). The signal duration main effect was qualified by a dizocilpine X 

signal duration interaction (F(2,26) = 27.98, p < .001, η2
p = .683). Paired-samples t-tests at each 

of the three signal lengths showed that, compared to saline, dizocilpine decreased accuracy 

following the 500 (t(13) = 4.26, p = .001, d = 1.137) and 100 ms signals (t(13) = 2.42, p = .031, d 

= .646), but not the 25 ms signal (Figure 3A). A dizocilpine X block repeated-measures ANOVA 
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for accuracy in non-signal trials failed to reveal a significant main effect or interaction including 

dizocilpine as a factor (Figure 3B). 

 A main effect of dizocilpine in a dizocilpine X block repeated-measures correct response 

latency ANOVA verified that dizocilpine increased response times when aggregating all trials 

during which rats responded correctly, F(1,13) = 21.93, p < .001, η2
p = .628 (Figure 3C). 

Response times also varied by block (F(2,26) = 53.14, p < .001, η2
p = .803); regardless of 

whether they were given saline or dizocilpine, rats were slowest to accurately respond in the 

recovery block when compared to the pre-distracter (t(13) = 6.81, p < .001, d = 1.819) and 

distracter blocks (t(13) = 8.52, p < .001, d = 2.278), and they were ultimately quickest to 

respond in the distracter block compared with the pre-distracter block (t(13) = 2.82, p = .014, d = 

.754). This result suggests that rats responded faster during the flashing house light, but their 

performance slowed beyond that of pre-distracter speeds once the house light stopped 

flashing.  

 For trial omissions, a dizocilpine X block repeated-measures ANOVA revealed a main 

effect of dizocilpine (F(1,13) = 46.72, p < .001, η2
p = .782), with NMDA receptor antagonism 

significantly reducing lever-pressing behavior (Figure 3D). The ANOVA also yielded a main 

effect of block (F(2,26) = 20.59, p < .001, η2
p = .613), with a block-dependent increase in 

omissions from pre-distracter to distracter and from distracter to recovery (all p < .01). The 

dizocilpine X block interaction was not statistically significant, indicative of a reduction in on-task 

behavior regardless of testing period.  

 

3.2. Effects of filorexant on SAT performance 

 To explore the effects of filorexant on attentional performance, a 3 (filorexant: 0, 0.1, and 

1 mM) X 3 (block: pre-distracter, distracter, and recovery) X 3 (signal duration: 500, 100, and 25 

ms) repeated-measures ANOVA was conducted for signal trial accuracy in the absence of 

dizocilpine. There was neither a main effect of filorexant nor any interactions between filorexant 
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and other variables of interest on performance in signal and non-signal trials (Figures 4A and 

4B, respectively). Similarly, a filorexant X block ANOVA did not reveal any significant effects 

involving filorexant as a factor. For response latencies in all correctly-responded trials, a 

filorexant X block repeated-measures ANOVA failed to detect any significant effects of filorexant 

on reaction times (Figure 4C). There was additionally no main or interaction effects of filorexant 

on omissions following a filorexant X block repeated-measures ANOVA (Figure 4D). Therefore, 

dual orexin receptor antagonism at the doses included in the present experiment does not 

negatively impact measures of attention in the SAT. 

 

3.3. Effects of filorexant on dizocilpine-induced SAT impairments 

A 2 (dizocilpine: 0 and 0.1 mg/kg) X 3 (filorexant: 0, 0.1, and 1 mM) X 3 (block: pre-

distracter, distracter, and recovery) X 3 (signal duration: 500, 100, and 25 ms) repeated-

measures ANOVA for signal trial accuracy revealed a main effect of filorexant, F(2,26) = 4.42, p 

= .046, η2
p = .254. No significant differences in signal detection were found between the vehicle 

and the 1 mM filorexant dose, but the 0.1 mM filorexant dose improved signal detection 

accuracy compared with the vehicle (t(13) = 3.13, p = .008, d = .836) and 1 mM of filorexant 

(t(13) = 3.54, p = .004, d = .946; Figures 5A). For non-signal trials, a dizocilpine X filorexant X 

block ANOVA did not yield any significant effects involving dizocilpine or filorexant as factors. 

For reaction times during correctly-responded trials, a dizocilpine X filorexant X block 

repeated-measures ANOVA revealed a dizocilpine X filorexant interaction (F(2,26) = 5.49, p = 

.021, η2
p = .297). Follow-up t-tests comparing response speeds when rats were administered 

saline to when they were administered dizocilpine at each of the three filorexant concentrations 

showed a slowing of reaction times when rats were co-administered dizocilpine and 0 mM (t(13) 

= 4.68, p < .001, d = 1.251) as well as with 1 mM doses of filorexant (t(13) = 2.44, p = .03, d = 

.652); however, no such difference was detected between saline- and dizocilpine-injected rats 

when they were given infusions of 0.1 mM of filorexant (Figure 5B). This dizocilpine X filorexant 
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two-way interaction was further qualified by a dizocilpine X filorexant X block three-way 

interaction (F(4,52) = 5.22, p = .007, η2
p = .287), indicating that the influence of filorexant on 

dizocilpine-associated slowing of reaction times partly relied on testing period. Dizocilpine X 

filorexant repeated-measures ANOVAs for each block revealed a main effect of dizocilpine in 

each of the three testing periods (all p < .005) where rats took longer to respond following 

NMDA receptor blockade regardless of the introduction of filorexant to the analyses. While no 

block had a main effect of filorexant, there were dizocilpine X filorexant interactions in the pre-

distracter (F(2,26) = 4.43, p = .039, η2
p = .254) and recovery periods (F(2,26) = 7.56, p = .002, 

η2
p = .654). Dizocilpine concentration t-tests for each filorexant dose in these two blocks showed 

that rats were slower to press the correct lever when they were given dizocilpine than when they 

were given saline in the absence of filorexant (p < .003 for both blocks). However, both 0.1 and 

1 mM concentrations of filorexant improved reaction times of dizocilpine-administered rats to 

that of baseline (both p > .05 when compared to infusions of vehicle in both blocks), highlighting 

a beneficial influence of orexin receptor antagonism in quickening reaction times following 

NMDA receptor blockade before and after the flashing house light.  

A dizocilpine X filorexant X block repeated-measures omissions ANOVA revealed a 

main effect of filorexant (F(2,26) = 5.17, p = .025, η2
p = .293), a filorexant X dizocilpine 

interaction (F(2,26) = 12.14, p < .001, η2
p = .432), and a dizocilpine X filorexant X block 

interaction (F(4,52) = 3.90, p = .008, η2
p = .231) on the number of omitted trials. Together, these 

findings suggest that the effects of filorexant on dizocilpine-induced omissions vary depending 

on testing period. When averaged across block, dizocilpine dose paired-samples t-tests at each 

of the three filorexant doses reveal that, while dizocilpine-administered rats omitted more when 

co-administered infusions of vehicle (t(13) = 6.84, p < .001, d = 1.827) and 1 mM of filorexant 

(t(13) = 3.36, p = .005, d = .898), the 0.1 mM concentration equalized trial omissions between 

the two injection conditions (Figure 5C). When divided into pre-distracter, distracter, and 

recovery blocks, dizocilpine X filorexant ANOVAs uncovered dizocilpine-filorexant interactions 
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prior to (F(2,26) = 4.04, p = .03, η2
p = .237) and during the flashing distracter (F(2,26) = 7.29, p 

= .003, η2
p = .359). For rats given 0.1 mg/kg of dizocilpine, a main effect of filorexant was 

present only during the flashing distracter (F(2,26) = 6.76, p = .004, η2
p = .359). Multiple 

comparisons t-tests juxtaposing the three filorexant doses revealed that omissions were 

statistically similar between 0 and 1 mM doses of filorexant for dizocilpine-administered rats, but 

for those co-administered dizocilpine and 0.1 mM of filorexant, the number of omissions was 

significantly reduced from when they were given dizocilpine alone (Figure 5D; t(13) = 3.34, p = 

.005, d = .893). Altogether, these omission analyses highlight a robust ameliorative effect of the 

lower filorexant concentration in the SAT.  

 

4. Discussion 

 The findings from the present experiment demonstrate that acute systemic 

administration of dizocilpine, a psychotomimetic often employed to emulate the NMDA receptor 

hypofunction observed in SZ, decreased accuracy in signal trials, increased response latency 

during correct trials, and increased trial omissions in the SAT. Because performance in non-

signal trials remained intact, it suggests that rats were still able to respond based upon the task 

rules when dizocilpine was administered, and decreased signal detection accuracy is not due to 

a side or lever bias. Regardless of trial type, dizocilpine augmented response latency for trials 

during which rats responded at the correct lever, a well-established finding that has been 

replicated in other animal studies using single-dose administration of NMDA receptor 

antagonists in similar paradigms of signal detection, such as the five-choice serial reaction time 

task (5CSRTT) [61, 71, 72]. Lastly, dizocilpine increased trial omissions in all task blocks 

compared to saline, suggesting that motivation to respond in the SAT may also be negatively 

impacted in this model of SZ. Motoric impairments cannot be fully discounted, as locomotion 

was not directly quantified in this study, though no serious aberrations of movement were 

observed prior to placement in and following removal from the task chamber.  
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 To date, this experiment is the first to explore the influence of dual orexin receptor 

antagonism on sustained attentional performance concurrently with a pharmacological model of 

SZ. Filorexant was hypothesized to ameliorate decreases in accuracy as well as increases in 

correct response latency and omissions when co-administered with an NMDA receptor 

antagonist. Consistent with this hypothesis, filorexant attenuated deficits in hit accuracy for rats 

administered dizocilpine, though the effects are modest here. Widespread blockade of orexin 

receptors - especially those located on cells which are known to proliferate frontocortical ACh 

efflux - may have slightly improved signal detection though the reduction of dizocilpine-produced 

excitatory-inhibitory disturbances in sustained attention-relevant cortical areas. Additionally, 

increases in correct response latencies induced by dizocilpine were abated following co-

administration of the low dose of filorexant in both signal and non-signal trials. This finding is 

clinically applicable, as some previous research using dizocilpine and other NMDA receptor 

antagonist models of SZ have shown that antipsychotic pretreatment either does not affect or 

can exacerbate increases in correct response and reward retrieval latencies [66, 73]. 

 In addition to improving attentional accuracy, intracranial infusions of filorexant reduced 

the number of omitted trials resulting from dizocilpine exposure. Based on our behavioral 

findings, it can be surmised that dual orexin receptor antagonism may have attenuated 

abnormally elevated prefrontal cortical stimulatory neurotransmission that precluded appropriate 

adjustment to increasing attentional load. In doing so, the incentive to maintain performance in 

this pharmacological model of SZ was partly restored. Interestingly, the 0.1 mM concentration of 

filorexant, but not the 1 mM concentration, was sufficient to restore in-task responding to levels 

observed with saline injections, with the high dose producing a similarly elevated number of 

omissions as dizocilpine alone. The neurobiological mechanisms underlying the adverse 

outcomes regarding in-task responsiveness following the combination of dizocilpine and 1 mM 

of filorexant observed in this experiment remain unclear. However, the effects of orexin receptor 

blockade on the pursuit of reinforcement are heavily influenced by the effort-to-reward ratio [74] 
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- that is, high-effort, but not low-effort, response capacity is differentially impacted by orexinergic 

antagonists. Because dizocilpine made consistent performance in the SAT more effortful, the 

exertion required to maintain performance across trials may have exceeded the drive to attain 

the water reward. While this motivational deactivation was reversed by a lower degree of orexin 

receptor antagonism, findings from the present experiment suggest that higher DORA 

concentrations may be insufficient in improving task engagement in this model of acute 

psychosis. It can therefore be speculated that lower concentrations of anti-orexinergic drugs do 

not necessarily impact incentivized performance or motoric functioning at a concentration that 

benefitted rats in the SAT in the context of NMDA receptor hypofunction. 

In addition to putatively anticholinergic effects in the BF, dual orexin receptor antagonism 

may have indirectly addressed dizocilpine-induced dysfunctions of signal-driven input selection 

and cortical vigilance networks stemming via various non-cholinergic loci in the 

mesocorticolimbic system, including PV+ GABAergic neurons of the BF. These fast-spiking 

neurons - which have recently been shown to quicken reaction times in a rodent psychomotor 

vigilance task when optogenetically stimulated [75, 76] - are depolarized by orexins and are 

themselves sufficient to stimulate cortical arousal when exposed to OxA in animals with lesions 

to corticopetal cholinergic projections [43, 77]. Thus, frontocortical activation may be 

suppressed when blocking orexin receptors expressed on these neurons as well as orexin 

receptors located on cortical glutamatergic outputs to the BF, which synapse exclusively with 

these PV+ GABAergic neurons [78, 79]. 

Moreover, because muted GABAergic efferents from the NAcc to BF cholinergic neurons 

are hypothesized to contribute to the attentional deficits in SZ [80], orexin receptor antagonism 

may mitigate the prevalence of SZ-linked behavioral correlates by modulating mesolimbic DA 

synthesis. This idea is supported by findings from Elam et al. [51] showing that the DORA 

suvorexant, the Ox1 receptor-specific selective orexin receptor antagonist (SORA) SB-334867, 

and the Ox2 receptor-targeting SORA EMPA reduced VTA DA neuron population activity in a 
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rodent model of stress-induced psychosis, and the former two reversed dizocilpine-induced 

hyperlocomotion through presumed antidopaminergic mechanisms of action. Neurons in the 

cortex containing both Ox1 and Ox2 receptor mRNA also project to and synapse with A10 DA 

cells of the nucleus paranigralis subdivision of the VTA and the shell of the NAcc [81, 82, 83, 

84], so it is possible that DORAs may lessen BF hyper-reactivity through the inhibition of these 

orexin-sensitive corticofugal innervations.  

It is also feasible that filorexant has attentionally-beneficial effects outside of the BF and 

dopaminergic midbrain, including through reciprocal connections between the LH and the PFC 

[85, 86], midline-intralaminar thalamic relay neurons [87, 88], and norepinephrinergic neurons of 

the locus coeruleus [45, 53, 89, 90, 91]. Site-specific administration can provide better insight as 

to which vigilance-relevant brain circuits respond to and benefit the most from orexin receptor-

targeting ligands in models of NMDA receptor hypofunction. 

 In the absence of dizocilpine, neither dose of filorexant impacted accuracy or correct 

reaction times in the SAT, nor did they diminish lever-pressing behavior. This is a clinically- 

relevant finding, as ideal drug candidates to treat attentional impairment in SZ would not worsen 

cognition on their own. As has been discussed, functionality of Ox1 receptors is required for 

homeostasis-driven pursuit of food [84, 92, 93, 94], water [95, 96], and drug reinforcers [97, 98, 

99], and Ox2 receptor activity plays a critical role in the instigation and maintenance of 

consciousness, behavioral arousal, and general awareness [100, 101]. The composite findings 

of this experiment suggest that, in the absence of other psychoactive pharmacological 

compounds, non-specific blockade of both orexin receptor subtypes neither interfered with 

motivation to perform the SAT nor induced lethargy that precluded adequate responding. This is 

corroborated by research from Gentile and colleagues [102] showing that orexin receptor 

blockade is able to lessen cocaine-induced premature responses in the 5CSRTT without de-

incentivizing reward-contingent attentional performance. It also offers further support for the 

aforementioned idea that orexin receptor antagonists may primarily demotivate the pursuit of 
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reinforcement during periods of augmented effort, such as when they are administered in 

tandem with other compounds known to disrupt focus-based performance [74, 103, 104].  

Though the presented findings highlight a putatively therapeutic benefit of DORAs for the 

treatment of attention-relevant deficits in the context of NMDA receptor hypofunction, the gap in 

the literature can be further addressed outside of the scope of the present experiment. For 

example, the inclusion of female rats is important to parse any sex-specific effects of the drugs 

used in the study; though less is known about sex differences in response to orexin receptor 

antagonists, it has been shown that female rats may be more sensitive to the influence of 

dizocilpine and other NMDA receptor-blocking compounds [105, 106]. Site-specific, rather than 

intraventricular, administration of orexin receptor-targeting agents can offer insight regarding 

which specific brain regions and their associated behaviors are most responsive to anti-

orexinergic compounds. The employment of SORAs can additionally elucidate the unique roles 

of the Ox1 and Ox2 receptor subtypes in influencing attentional outcomes in this model of acute 

psychosis. Histochemical techniques, such as c-Fos staining and immunofluorescence, can 

reveal neurobiological effects of DORA exposure that, together with behavioral interpretations, 

offer a more complete understanding of cellular and behavioral outcomes of orexinergic 

manipulations. 

  

5. Conclusions 

In an acute NMDA receptor antagonism model of SZ, dual orexin receptor blockade was 

able to alleviate dizocilpine-induced alterations of signal trial performance, reaction time, and 

trial omissions in a test of sustained attention. In particular, the 0.1 mM concentration of 

filorexant improved response accuracy, restored correct response latency, and lessened the 

number of omitted trials. Besides improving reaction times in the pre- and post-distracter 

periods, the 1 mM dose failed to demonstrate many of the same ameliorative qualities, 

suggesting that a higher degree of orexin receptor inhibition fails to improve upon or incentivize 
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task performance for rats when they are co-administered dizocilpine. This experiment is the first 

to introduce orexin receptors as a potential novel pharmacotherapeutic target to treat the 

sustained attentional and perhaps motivational deficits associated with psychosis. The 

employment of SORAs to research the role of individual orexin receptor subtypes on brain 

physiology and behavior in this model is a logical next step towards a more complete picture of 

the therapeutic potential of orexin receptors for the treatment of attentional impairments in SZ. 
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Figure 1. Schematic representation of the sustained attention task (SAT) which is comprised of 
90 total trials. During a given trial, after an inter-trial interval (ITI) between 6 and 12 seconds, a 
central panel light either flashes (500, 100, or 25 ms) or does not, after which both levers extend 
into the testing chambers for 3 seconds. If rats press the signal lever at the conclusion of a 
signal trial, it is recorded as a hit, and they are given a water reward (0.01 ml). Similarly, if the 
non-signal lever is pressed at the conclusion of a non-signal trial, it is considered a correct 
rejection, and they are rewarded. However, if they press the non-signal lever following the 
appearance of the signal (miss) or press the signal lever at the end of a non-signal trial (false 
alarm), they do not receive a water reward. If they press neither lever within 3 seconds, both 
levers retract, and it is marked as a trial omission. On drug administration days, the 90 trials are 
divided into three distinct testing blocks: the pre-distracter block, during which the house light 
remains illuminated; the distracter block, wherein the house light continuously flashes (0.5 
seconds on, 0.5 seconds off); and the recovery block, during which the house light returns to its 
typical illuminated state.  
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Figure 2. Stereotaxic surgery and drug administration procedures. 2A. Stereotaxic atlas for 
intracerebroventricular (icv) cannulation and cresyl violet acetate-stained 50 µm section of the 
lateral ventricles showing cannula tract. Rats underwent unilateral cannulation surgery during 
which a guide cannula (8 mm, 22 gauge) was placed 1 mm above either the right or left lateral 
ventricle; internal cannulae extended 1 mm beyond guide cannula into the ventricle. Adjusted 
from Paxinos & Watson’s The Rat Brain in Stereotaxic Coordinates. 2B. Following surgery, on 
drug administration days, rats were given intraperitoneal (ip) injections of either 0 or 0.1 mg/kg 
of the N-methyl-D-aspartate receptor antagonist dizocilpine as well as icv infusions of either 0, 
0.1, or 1 mM of the dual orexin receptor antagonist filorexant prior to placement in the sustained 
attention task (SAT). Rat image created with BioRender. 
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Figure 3. The effects of dizocilpine on signal trials, non-signal trials, reaction times, and 
omissions in the sustained attention task. 3A. Compared to when they were given saline, rats 
given dizocilpine demonstrated a worsened ability to correctly identify the 500 and 100 ms 
signals, but performance was undisturbed at the 25 ms signal. 3B. Dizocilpine did not impair 
performance in non-signal trials. 3C. Dizocilpine slowed the speed with which rats pressed the 
correct lever following its extension into the testing chamber at the conclusion of any given trial. 
3D. Dizocilpine significantly increased the number of omitted trials when compared to saline. 
Error bars are displayed as mean ± SEM. *p < .05, **p < .01, ***p < .001 
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Figure 4. The effects of filorexant on signal trials, non-signal trials, reaction times, and 
omissions in the sustained attention task. 4A. Filorexant did not influence accuracy in signal 
when rats co-administered saline in lieu of dizocilpine. 4B. Filorexant had no effect on 
performance in non-signal trials by itself. 4C. Filorexant did not affect correct response 
latencies. 4D. Filorexant did not alter the number of omitted trials across doses on its own. Error 
bars are displayed as mean ± SEM. *p < .05, **p < .01, ***p < .001 
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Figure 5. The effects of dizocilpine and filorexant co-administration on signal trial accuracy, 
reaction times, and omissions in the sustained attention task. 5A. When averaged across 
dizocilpine dose, signal trial performance was better when rats were given 0.1 mM of filorexant 
than when they were given 0 and 1 mM. 5B. 0.1 mM of filorexant, but not 1 mM, is able to 
quicken correct response latencies for dizocilpine-administered animals compared to dizocilpine 
alone. 5C. When comparing saline- and dizocilpine-injected rats, only the 0.1 mM concentration 
of filorexant was able to normalize omissions between the two injection conditions. 5D. When 
analyses were separated by pre-distracter and distracter blocks, the 0.1 mM dose of filorexant, 
but not the 1 mM dose, sufficed to significantly improve dizocilpine-induced omissions during 
the distracter block. Error bars are displayed as mean ± SEM. *p < .05, **p < .01, ***p < .001 
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