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Abstract 

Schizophrenia is a chronic, heterogeneous psychiatric disorder characterised by the 

experience of a suite of positive, negative and cognitive symptoms. Neural oscillations in the 

gamma frequency range (30-80 Hz) are associated with some of the same cognitive process 

disrupted in schizophrenia. Gamma oscillations arise from a circuit between inhibitory 

parvalbumin-positive (PV+) interneurons and excitatory pyramidal cells. PV+ interneurons 

and gamma oscillations are both altered in schizophrenia, inviting the hypothesis that PV+ 

interneuron dysfunction drives gamma deficits and that this underlies cognitive impairment in 

schizophrenia. Schizophrenia-like behavioural impairments and gamma disruptions can both 

be modelled in rodents by administering NMDA receptor (NMDAr) antagonists, such as 

MK-801 and ketamine. NMDAr hypofunction rodent models have been widely used to 

explore the functional relevance of PV+ interneuron dysfunction and gamma oscillatory 

disruptions to cognitive impairment.  The first aim of this thesis was to further examine 

whether gamma oscillatory disruptions are mechanistically linked to cognitive impairment. 

Second, this thesis examined whether NMDAr antagonists act at the cell types that generate 

gamma activity to disrupt gamma and cognition. 

I first assessed whether gamma and working memory impairments induced by MK-

801 could both be recovered with an agonist of the metabotropic glutamate receptor type 2/3 

receptor (mGluR2/3), LY379268. MK-801 impaired performance on the trial-unique 

nonmatching-to-location (TUNL) test of working memory in the rodent operant touchscreen 

system and decreased auditory evoked gamma power. It also increased ongoing gamma 

power and regional gamma coherence. Pre-treatment with LY379268 recovered the MK801-

induced increase in ongoing gamma power and regional gamma coherence but failed to 

improve the reduction in evoked gamma power and working memory. This suggested that 
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aberrant ongoing gamma and regional gamma coherence may not be mechanistically linked 

to working memory impairment.  

Next, I examined the contribution of the NMDAr on PV+ interneurons and pyramidal 

cells to working memory impairment induced by MK-801. Excision of the obligatory subunit 

of the NMDAr, GluN1, was driven in either PV+ interneurons or forebrain pyramidal cells, 

expressing calcium/calmodulin-dependent protein kinase IIα (CaMKIIα). PV GluN1 KO and 

CaMKIIα GluN1 KO mice performed at the same level as their wildtype (WT) littermates on 

the TUNL test of working memory. Interestingly, PV GluN1 KO mice were sensitised to the 

MK-801-induced decrease in accuracy and increase in perseveration on the task. In contrast, 

the response to MK-801 was no different in the CaMKIIα GluN1 KO mice compared to 

WTs. This suggests that NMDAr hypofunction at PV+ interneurons or pyramidal cells is not 

sufficient to impair working memory. Further, while the NMDAr on neither cell type 

exclusively mediates the effects of MK-801 on working memory, NMDAr hypofunction on 

PV+ interneurons may sensitise circuits for NMDAr hypofunction at other cell types to 

impair working memory. 

Lastly, I examined whether ablation of PV+ interneurons in the medial prefrontal 

cortex (mPFC) could disrupt gamma activity and if this manipulation would affect the MK-

801-induced deficits in gamma. To achieve this, diphtheria toxin (DT) was infused into the 

mPFC of mice expressing the diphtheria toxin receptor (DTR) exclusively in PV+ 

interneurons, expected to drive loss of that cell only in the infused region. Infusion of DT did 

not alter ongoing gamma, evoked gamma or regional gamma coherence. It did, however, 

blunt the MK-801-induced increase in ongoing gamma power, while the decrease in evoked 

power and increase in regional coherence were unaffected. This suggests that PV+ 

interneurons may play a redundant role in maintaining gamma activity under normal 
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conditions, but this cell type contributes to the increase in ongoing gamma power induced by 

NMDAr hypofunction.  

To summarise, my thesis shows that the effects of NMDAr antagonists on ongoing 

gamma, evoked gamma and regional gamma coherence are likely mediated by different 

mechanisms. Further, the different gamma disruptions may be functionally relevant to 

specific behavioural impairments arising from NMDAr hypofunction. More specifically, 

NMDAr hypofunction at PV+ interneurons can be linked to increased ongoing gamma power 

but may not contribute to the decrease in evoked gamma power. Further, elevated ongoing 

gamma power might not be mechanistically linked to working memory impairment. Lastly, 

NMDAr hypofunction at PV+ interneurons may not be sufficient to impair working memory, 

but it could exacerbate the effects of NMDAr hypofunction at other cell types on this process. 

In all, a complex relationship appears to exist between NMDAr hypofunction, PV+ 

interneuron dysfunction, gamma deficits and cognitive impairment. This guides future studies 

in identifying biomarkers and potential treatment targets for the cognitive symptoms of 

schizophrenia.  
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1.1 Schizophrenia  

1.1.1 Diagnosis 

Schizophrenia is a chronic, heterogeneous psychiatric disorder affecting approximately 0.3-

0.7% of the population at any given time (1-3). Despite its relatively low prevalence, 

schizophrenia exerts a considerable economic and humanistic burden, ranking as one of the 

top 25 leading causes of disability worldwide (4). Diagnosis of the disorder is guided by 

criteria outlined in the Diagnostic and Statistical Manual of Mental Disorders Fifth Edition 

(DSM-V). Along with the other schizophrenia spectrum and psychotic disorders, 

schizophrenia is defined by the experience of delusions, hallucinations, grossly disorganised 

thinking, abnormal motor behaviour and negative symptoms (5). Delusions are false beliefs 

or impressions that are maintained despite contradictory evidence, while hallucinations are 

false sensory experience that can occur in any modality. These symptoms fall into the 

positive category, referring to experiences that are ‘added’ to normal functioning. The 

negative symptoms, on the other hand, refer to patients experiencing a ‘lack’ of something, 

including reduced emotional expression and lowered motivation. The diagnostic criteria for 

schizophrenia, specifically, stipulate that a person must experience at least two of these 

mentioned symptoms for an extended period, with at least one of them being hallucinations, 

delusions or disorganised speech, if not all three (5). Further, these disturbances must affect 

daily functioning in major areas of life, including work and relationships.  

1.1.2 Aetiology 

Schizophrenia has been associated with a suite of genetic and environmental risk factors. As 

of 2014, 108 genetic loci associated with schizophrenia had been identified (6). Several of 

these provide support for major hypotheses of the aetiology and pathophysiology of 

schizophrenia. This includes the gene encoding neuregulin 1 (NRG1), a growth factor that 

binds to the ErbB family of receptor tyrosine kinases (7). Functions of the NRG1-ErbB 



Chapter 1 

3 

  

complex include the regulation of inhibitory interneuron migration and function of the N-

methyl-D-aspartate receptor (NMDAr), an excitatory postsynaptic receptor that is activated 

by glutamate. The link between the glutamate system, specifically the NMDAr, and 

schizophrenia will be explored extensively in later sections. Importantly, no major locus 

conferring a substantial risk for schizophrenia has been identified. It is likely that a number of 

genetic changes interact to increase disease susceptibility.  

Alongside the genetics risks, exposure to environment factors, from the prenatal 

period through to early adulthood, have also been linked to schizophrenia (reviewed in (8, 

9)). For example, maternal infection appears to increase the risk of developing the disorder 

(10). This is supported by genetic studies, where variants in genes playing a role in acquired 

immunity have been associated with schizophrenia (6). In addition to this, childhood abuse 

has also been found to increase the future risk of psychosis (11). Further, adolescent cannabis 

use has also been implicated in schizophrenia (12). As with genetics, no single environmental 

factor is a robust determinant in developing schizophrenia. In fact, many consider the 

disorder to require multiple genetic and environmental hits that interact in order for it to 

develop (13).  

1.1.3 Centrality of cognitive impairment 

Alongside the diagnostic criteria, the DSM-V lists associated features of the disorders it 

describes. For schizophrenia, cognitive impairment is common in patients. Although 

presented as epiphenomena, it is becoming increasingly clear that cognitive impairment is a 

core symptom in schizophrenia. Patients with schizophrenia show deficits in a range of 

cognitive domains. For example, a meta-analysis showed that first-episode schizophrenia 

patients had impairments in: 1) memory: immediate verbal, delayed verbal, and non-verbal; 

2) attention: processing speed, working memory and, vigilance; 3) general cognitive ability; 

4) language; 5) visuospatial abilities; 6) executive functioning; 7) social cognition; and 8) 
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motor skills (14). An earlier meta-analysis showed that chronic patients present with the same 

broad cognitive impairment (15).  

Calls for cognitive impairment to be recognised as a core feature of schizophrenia are 

supported by several lines of evidence. Firstly, cognitive deficits are present prior to illness 

onset (16). In addition, these deficits are stable across the illness (17, 18). Further, cognitive 

symptoms can persist after patients experience relief from the diagnosing symptoms (19). 

Interestingly, first-degree relatives of patients also show some, albeit to a lesser extent, 

cognitive deficits (20). Of key interest, cognitive impairment appears to be the strongest 

predictor of functional outcome for patients with schizophrenia (21, 22). From this, cognitive 

impairment has emerged as primary target for the development of novel pharmacological 

treatments for schizophrenia (23-25).      

1.1.4 Current treatment and the dopamine hypothesis 

The first pharmacological treatments for schizophrenia were modelled on a repurposed 

anaesthetic agent, chlorpromazine, fortuitously found to have psychological effects (26). 

These first-generation, or ‘typical’, antipsychotics had diverse pharmacological profiles but 

their efficacy was thought to be mediated by antagonist activity at the dopamine D2 receptor 

(27). This contributed to the emergence of the enduring dopamine hypothesis of 

schizophrenia. Initially, it was thought that hyperdopaminergia drove the symptoms in 

schizophrenia. This hypothesis has since been refined, with it now being thought that 

dopamine dysfunction differs across the brain, with hypodopaminergia actually being seen in 

frontal regions, and that it is more broadly liked to psychosis, rather than schizophrenia itself 

(28).  

This second point fits with the clinical efficacy of currently available antipsychotics. 

Following their advent, first-generation antipsychotics were reported to induce a suite of 
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adverse side effects, including tremor and weight gain.  In response, a second-generation of 

‘atypical’ antipsychotics were developed, acting on receptors beyond the dopamine system, 

including serotonin 5-HT2 receptors (29). While they do induce fewer side effects, the 

clinical efficacy of many second-generation antipsychotics is comparable to that of their 

typical counterparts (30). Of concern, many of these drugs provide negligible relief from the 

negative and cognitive symptoms in schizophrenia (30, 31). This suggests that dysfunction in 

the neurotransmitter systems targeted by currently available antipsychotics, namely 

dopamine, are unlikely to underscore these symptoms. As mentioned, cognitive impairment is 

the strongest predictor of functional outcome in patients. Development of a novel treatment 

for this cluster of symptoms is, therefore, key to relieving the personal and societal burden of 

this disorder. Before this can be done, however, a greater understanding of the 

pathophysiology subserving this cluster of symptoms needs to be developed.   

1.2 The use of animal models in preclinical psychiatry research   

Experimental animals afford the ability to investigate the pathophysiology of a disorder in 

ways often both practically and ethically impossible to do in living people. A disease model 

of a neuropsychiatric disorder is an experimental animal that is derived from risk factors or 

agents hypothesised to cause the disease being modelled or one that shows a significant 

degree of similarity in neural or behavioural pathology to the human condition (32). 

Developing a rodent model of a psychiatric disorder that meets this second point is 

particularly difficult for a number of reasons. First, many of the symptoms of psychiatric 

disorders are uniquely human, with the corresponding correlate rodent behaviours only being 

approximate. An example would be hyperlocomotion in rodents being used as an indicator of 

psychosis (33). In addition to this, psychiatric disorders are multifaceted and can present in 

vastly different ways from one patient to the next.  
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Despite these limitations, approximately 20 different animal models showing 

behavioural impairments that might relate to some of the symptoms of schizophrenia have 

been generated using diverse means (33). These include environmental and genetic 

manipulations, as well as drug administration and brain lesions. Given the difficulties faced 

in developing animal models, a longstanding framework posits that animal models be 

assessed against three types of validity – face, construct and predictive. Face validity refers to 

how closely the symptoms of a disorder are reflected in the experimental animal. Construct 

validity, on the other hand, signifies that the animal model is generated using disease-relevant 

methods. Ideally, this is achieved by recreating the aetiological processes thought to cause a 

disease. Lastly, predictive validity says that the animal responds to a treatment in the same 

way that a patient would. The stringency to which an animal model is assessed against each 

type of validity should be determined by the goal it is being used to achieve. For example, 

construct validity is considered to be of key importance if an animal model is being used to 

identify novel therapeutic targets (34).  

An experimental animal that does not necessarily meet the criteria for being a disease 

model may still have worth as an investigative tool. For example, it has been hypothesised 

that the hypofunction of the NMDAr particularly on interneurons may contribute to 

schizophrenia (revisited in detail in a later chapter). In one study, genetic deletion of this 

receptor selectively from a particular subset of interneurons induced deficits in social 

behaviour and self-care (35). The construct validity of this model would be challenged given 

there is a lack of evidence for a loss of this receptor specifically from this cell in patients. 

Further, the case for face validity is also weak given that this set of symptoms occurs across a 

range of other neuropsychiatric disorders. Although not a disease model of schizophrenia, 

this experimental animal was still able to allude to the role of this receptor and cell-type in 

these behaviours. This is particularly important given that complete psychiatric disorders 
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cannot be recreated in animal models. The best use of an animal model is to assess certain 

aspects of symptomatology. 

1.3 Working memory and schizophrenia 

1.3.1 Working memory 

It has been argued that cognitive impairment in schizophrenia may be underscored by 

disruptions to working memory (36). Working memory is an executive function wherein 

information is maintained and manipulated in order to achieve a goal. An often-cited but 

trivial example would be keeping a phone number in mind so it can be dialled and then 

immediately forgetting it (37). Working memory is required for a vast number of cognitive 

processes, including language processing, mathematical operations and attention (38-40). 

Intuitively, then, it could be seen how broad cognitive impairment could stem from deficits in 

this process.   

Working memory involves the processes of encoding, maintaining, manipulating and 

responding. Several models for how the brain supports these process have been proposed, the 

most widely known being Baddeley and Hitch’s multicomponent model. This model asserts 

that working memory is supported by a central executive, visuospatial sketchpad, 

phonological loop, and an episodic buffer (41). The central executive oversees the other three 

components, playing a role in focusing attention on complex tasks and dividing it between 

modalities. The visuo-spatial sketchpad holds visual and spatial information as a mental 

image to be revisited and manipulated later. This system can work simultaneously with the 

phonological loop, which consists of a store that remembers speech sounds and a process that 

repeats or rehearses sounds, like an inner voice. The loop can also hold non-speech sounds 

and transfer visually presented language into a phonological code. The episodic buffer, a later 
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addition to the initial model, refers to a system that integrates information across modalities 

and links working memory with perception and long-term memory.  

1.3.2 Neural correlates of working memory 

Early non-human primate studies suggested that working memory must be supported by the 

prefrontal cortex (PFC). Initially, it was shown that lesioning this region could impair 

performance on delayed-response tasks (42). In these tasks, a stimulus is presented, it is then 

removed, and a response must be made to it following a delay period (37). Subsequently, it 

was shown that neurons, referred to as delay cells, in the PFC activate during the delay period 

of delayed-response tasks (43-45). From this, persistent firing of PFC neurons was thought to 

represent the neural correlate of maintaining sensory information in working memory.  

This persistent firing arises from recurrent excitation between pyramidal cells, driven 

by the glutamatergic NMDAr (46-48). The spatial specificity of this firing is thought to be 

refined by lateral inhibition from a subtype of fast-spiking GABAergic interneuron 

expressing the calcium binding protein parvalbumin (PV) (49). In addition to the contribution 

by the GABAergic system, dopaminergic transmission also plays an important modulatory 

role in working memory. For example, NMDAr-driven persistent activity during working 

memory maintenance can be facilitated by activity at the dopamine D1 receptor (50, 51). In 

contrast, the dopamine D2 receptor destabilises persistent firing and is thought to contribute to 

switching between representations and the making of responses (52).  

Findings from human studies using functional magnetic resonance imaging (fMRI) 

have further implicated the PFC in working memory (53). As an example, one early study 

showed that the DLPFC and ventrolateral PFC were active over the delay in a delayed-

response task both with trials where participants had to simple maintain sequences of letters 

and when they had to manipulate the sequence (54). Interestingly, trials requiring 
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manipulation recruited greater activity in the DLPFC. In addition to this, some studies have 

reported that DLPFC activation increases when the number of items to be encoded and 

maintained in working memory increases (55, 56). Contrary to this, others have reported that 

DLPFC activation is not load-dependent (57). One of the studies that did find an increase 

with load, however, also reported that activation was higher during the retrieval period of the 

task (56). This suggests that the DLPFC may contribute to the encoding, maintenance and 

retrieval phases of working memory.  

Several brain regions beyond the DLPFC have been associated with working memory. 

For example, one study showed that damage to the hippocampus (HPC) was linked with 

poorer performance on a working memory task requiring recall of object and location 

information (58). In addition to this, brain regions involved in making motor responses are 

also linked with working memory. For example, activity in the frontal eye fields, a region that 

contributes to eye movement, during the delay period of an oculomotor working memory task 

predicts performance on that task (59). Extending this, one study reported that activity in the 

DLPFC, premotor cortex, striatum and HPC correlated with that in the fusiform face area 

when facial stimuli were being maintained in working memory (60). This suggests that 

interactions between higher order association cortices, as well as those involved in executive 

functioning, with sensory and motor regions is related to working memory.   

1.3.3 Working memory impairment in schizophrenia 

An array of tasks have been used to assess working memory in schizophrenia, including the 

n-back task, where participants are presented with stimuli and then asked if a certain stimulus 

matches that presented a set number of trials earlier (61). Another widely used task is the 

spatial working memory (SWM) test of the Cambridge Neuropsychological Test Automated 

Battery (CANTAB) (62). This test uses a touchscreen that displays a series of boxes in which 

tokens are hidden. Participants must touch a box to unveil its contents and collect tokens, 
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without returning to previously explored boxes. The Weschler Memory Scale-III Spatial Span 

Task (WMS-III SST) is another example (63). In this task, a number of blocks are touched in 

a specific order by the tester and participants are asked to repeat the same sequence of 

touches either in the forward or reverse order. For both the CANTAB SWM test and WMS-

III SST the number of items to be retained can be increased to increase the demand on 

working memory.  

An early meta-analysis of 124 studies that assessed working memory in schizophrenia 

using tests including those described above showed that this process is, in fact, impaired in 

patients (64). This effect was not modality specific (visuospatial vs verbal working memory) 

and did not increase with delay. This was taken to suggest that working memory impairment 

in schizophrenia is driven by deficits in encoding and/or early maintenance. Following on, 

another meta-analysis conducted five years later also showed that working memory 

impairment in schizophrenia is not domain specific (65). In fact, patients scored lower than 

controls on all assessed tests of phonological, visuospatial, and executive working memory. 

Following on, one later study that employed a battery of tasks including the WMS-III SST 

showed that patients with schizophrenia retained fewer items in working memory, referred to 

as span-dependent impairment (66). Importantly, this impairment was not amplified by 

increasing the delay over which the items were to be retained. Although clear that working 

memory is impaired in schizophrenia and that this is not delay-dependent, whether this is 

driven by deficits in a particular sub-process of working memory is yet to be resolved. For 

example, some have said that working memory impairment in schizophrenia is driven by 

deficits in maintaining the goal to be achieved by storing information in working memory 

(67, 68). In contrast, others have argued that the global impairment comes from deficits in an 

ability to protecting the contents of working memory from interference by distractors (69, 

70). 
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1.3.4 Assessment of working memory in animal models 

Out of a need to identify cognitive enhancing drugs for schizophrenia, a major initiative 

called the Measurement and Treatment Research to Improve Cognition in Schizophrenia 

(MATRICS) was established (71). MATRICS brought together academia, the pharmaceutical 

industry and governing bodies to address the needs of late stage drug development and large-

scale clinical trials testing novel compounds for cognitive impairment in schizophrenia. Out 

of MATRICS, the Cognitive Neuroscience Approaches to the Treatment of Impaired 

Cognition in Schizophrenia (CNTRICS) was established (72). CNTRICS differed in that it 

was primarily concerned with the earlier phases of drug discovery, including preclinical 

studies and Phase I and II clinical trials. Its first aim was to identify cognitive constructs that 

should be targeted for treatment development, one of which was working memory. One 

emphasis of CNTRICS was that the human and animal cognitive protocols used in the 

process of drug discovery should align. For example, a battery of standardised tasks should 

be used across laboratory groups in preclinical studies and those tasks should have construct 

validity for testing the homologous cognitive process that is of interest in clinical populations 

(73, 74).  

A number of tasks have been developed to assess working memory in rodents, 

including the rewarded and spontaneous T-mazes, radial arm maze and delayed nonmatch-to-

sample tasks (DNMS) (75). The last will be explored as an example. In one version of the 

DNMS task, animals are first required to displace a sample object at the end of a straight 

runway. Following a delay, the animal is returned to the runway and exposed to the sample 

object again, along with a novel object. A reward is given if the novel object is displaced. 

Although popular and well validated, these widely used tasks have a number of 

shortcomings. One of which is that they bear little resemblance to those used to assess 

working memory in humans. This limits the ability of results from such studies to be 
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translated to the clinical population. Above this, some have argued that the “working 

memory” assessed in these tasks taps in to different process to that assessed clinically (76). In 

addition, mediating behaviours can be used to make correct responses in tasks such as the one 

described, circumventing the need for working memory to be used (77).  

With the limitations of traditional tasks in mind, a wish-list for the ideal cognitive 

testing method in rodents was established (78). It was said that, not only should a method be 

translational, but also automated, non-aversive, low-stress and be able to assess multiple 

cognitive domains. The operant touchscreen system for rodents was developed out of this list. 

The apparatus uses a computer monitoring system to present stimuli and a touchscreen on 

which animals can register responses. A number of tests have been developed for the system 

to assess multiple cognitive domains. This includes the trial-unique nonmatching-to-location 

(TUNL) task (79). In this task, rodents are presented with a square in one of several possible 

locations (referred to as the sample stimulus). After a delay period, two squares are presented 

(referred to as the choice stimuli), one of which is in the same location as the first. The rodent 

must nose poke the new location to receive a food reward. Importantly, the delay period and 

the spatial separation between the choice stimuli can be altered to probe working memory and 

pattern separation, respectively. In this way, TUNL is similar to DNMS tasks. The advantage 

of it, however, is that is uses similar methodologies to the tasks used in people – like the 

CANTAB SWM, it employs a touchscreen for stimuli presentation and response collection. 

On top of this, the automated nature of the touchscreen platform allows for standardisation 

and improved sensitivity of measures, such as response latencies. Further, it is designed in a 

way that precludes mediating behaviours from being used to make correct responses.  

Although it has a number of advantages, TUNL is not without its limitations. As 

described above, working memory impairment in schizophrenia appears to be span-

dependent, not delay-dependent. Working memory can only be taxed in TUNL by increasing 
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the delay between the sample and choice phases of the task. As such, it can only capture a 

delay-dependent impairment. This may bring in to question the clinical relevance of findings 

gathered using this task to working memory deficits in schizophrenia. The ideal task would 

be one in the touchscreen system that can increase in the number of items to be encoded in 

working memory.  

1.4 Gamma oscillations and schizophrenia  

1.4.1 Neural oscillations 

The electrical activity of the brain can be recorded by placing electrodes on the scalp, referred 

to as electroencephalography (EEG)  (80). Although informative, EEG can only sample 

diffuse activity across superficial layers of the cortex. To record electrical activity in specific 

brain regions, referred to as a local field potential (LFP), electrodes can be directly inserted 

into that region. However, it is important to note that, due to volume conductance, the activity 

recorded from an intracerebral electrode can reflect that from distant regions beyond that 

implanted (81). EEG and LFP traces both show that population activity in the brain occurs as 

waves of different frequencies, referred to as neural oscillations (82). This rhythmic activity 

can be divided into the following frequency bands: 1) delta (<4 Hz), 2) theta (4‒7 Hz), 3) 

alpha (8‒12 Hz), 3) beta (13‒30 Hz) and, 4) gamma (30‒80 Hz). Broadly, oscillations 

coordinate neuronal activity (83). In particular, neural oscillations in the beta and gamma 

ranges synchronise activity in local circuits (84). The lower frequency oscillations, on the 

other hand, play a role in synchronising neural activity between distant brain regions (85). 

Synchronicity, as driven by neural oscillations across frequency bands, serves a number of 

key functions in the brain, including synaptic plasticity (83). 
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1.4.2 Gamma oscillations  

Gamma oscillations can be seen at rest, during presentation of sensory stimuli and with 

engagement in cognitive processing (86, 87). Gamma occurring at a fixed latency after the 

presentation of a stimulus is referred to as evoked gamma, thought to reflect early sensory 

processing. Gamma oscillations that emerge after the onset of a stimulus but are not time-

locked to it are referred to as induced gamma. These oscillations are thought to be self-

generated, rather than generated passively as is the case with evoked, through engagement in 

cognitive processing. Induced gamma is also associated with motor planning (88). Gamma 

oscillatory activity can also be recorded prior to the presentation of stimuli and at rest, 

referred to as ongoing gamma. The ability of networks to generate oscillatory activity in 

different frequency bands can be probed by presenting repeating sensory stimuli at that 

frequency (86). For example, presentation of an auditory stimulus at 40 Hz will induce 

activity at the frequency, called an auditory steady-state evoked potential (ASSEP). 

Gamma oscillatory activity was initially associated with perception, shown to play a 

role in binding the features of complex visual stimuli, in a series of seminal cat studies (89, 

90). This was later supported by findings from human studies. One study, for example, 

presented participants with either coherent or non-coherent images and showed that the 

power of elicited gamma response was correlated with stimulus coherence (91). Beyond 

sensory processing, early studies also linked gamma oscillatory activity with attention. For 

example, one study found that the gamma response to a sequence of tones was increased 

when participants were told to attend to the stimuli (92). A review of these early studies 

indicated that gamma occurs broadly across the brain and is involved in a diverse collection 

of processes (93).  

Oscillatory activity can be quantified in several ways. The amplitude or magnitude of 

neural oscillations can be captured using a measure called power . The power of ongoing and 
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event-related oscillatory activity tends to be quantified using two related methods, referred to 

as a Fast Fourier transform and a wavelet-based time-frequency analysis, respectively (94, 

95). A Fast Fourier Transform looks only in the frequency domain, allowing for an 

assessment of the frequency content of a stationary signal over time. A wavelet analysis 

differs in that it looks at the frequency and time domains. This allows for the power of a 

transient signal, like an evoked response, to be assessed. The ‘consistency’ of the oscillatory 

activity between recording sites can also be assessed. Coherence, for example, is a measure 

of both the magnitude and synchrony of oscillations between regions (96). The faithful 

alignment of the peaks of an oscillation between regions, or the peak in one region and trough 

in the other, produces a high coherence value and indicates that the two regions are 

functionally connected (97). As well as regional coherence, the synchronicity of oscillations 

in different frequency bands, called cross-frequency coupling, can also be assessed (98). 

1.4.3 Gamma oscillations and working memory 

Of particularly interest, gamma oscillatory activity has also been associated with working 

memory. One early study, for example, showed that gamma over occipitotemporal and 

frontal regions was enhanced during the delay period of a DNMS task (99). The activity in 

the occipitotemporal region appeared during the encoding phase of the task, said to reflect the 

formation of an object representation. The additional recruitment of the frontal regions was 

proposed to represent a mechanism for the activity in the initial region to be maintained. 

Extending upon this, another study showed that gamma power, recorded directly from the 

surface of the cortex in two epilepsy patients, specifically increased as the number of items to 

be remembered increased in a delayed-response task (100). In a subsequent study, an increase 

in gamma power was seen during the presentation of faces in different orientations in a 

delayed match-to-sample task (101). In some conditions, participants were told to match 

faces based on both identity and orientation. Interestingly, when this extra challenge was 
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added to working memory, gamma activity was also uniquely maintained over the delay. 

Gamma band activity has also been associated with auditory working memory, with gamma 

activity being enhanced in the delay phase of an auditory version of the delayed match-to-

sample task over left parietal cortex in one study (102). In this study, gamma coherence 

between this region and right frontal cortex was also increased during retention. Further, a 

gamma response was seen following the delay period when the decision stimuli were 

presented.  

Findings from laboratory animal studies have also implicated gamma oscillatory 

activity in working memory. For example, one early study that recorded LFPs in different 

subregions of the dorsal HPC (dHPC) while rats performed a working memory task in a 

modified T-maze showed that gamma increased in the CA1 subregion of the dHPC during the 

response phase of the task (103). In another study, monkeys were trained to perform a DNMS 

task and gamma activity in the lateral PFC was concurrently recorded (104). First, it was seen 

that encoding coincided with an increase in gamma activity, which occurred in discrete 

bursts. This gamma activity increased as additional stimuli were presented for encoding. 

Along with this, the gamma burst activity increased late in the delay period. This was thought 

to indicate that gamma plays a role in encoding stimuli and replaying memories stored in 

working memory. Further to this, another study showed that optogenetically inhibiting input 

to the CA1 from the entorhinal cortex, another subregion of the dHPC, dampened gamma 

activity and decreased success on a T-maze test of working memory (105). In all, findings 

from both human and animal studies suggest that gamma oscillatory activity is closely 

associated with working memory.     

1.4.4 Gamma oscillation disruptions in schizophrenia 

Given that gamma oscillations are related to working memory and this process is impaired in 

schizophrenia, it is unsurprising that disruptions to gamma activity have been widely reported 
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in schizophrenia (reviewed in (87)). Firstly, the power of ASSEPs induced by stimuli 

presented at 40 Hz appears to be reduced in both chronic and first-episode patients (106, 

107). Importantly, many report that entrainment to stimuli presented at lower frequencies is 

intact (106-108). This is taken to suggest that the schizophrenic brain is specifically impaired 

in its ability to generate and support gamma oscillatory activity.  

Similarly, deficits in evoked gamma oscillations have also been seen in schizophrenia. 

One recent study, for example, assessed the power and phase locking factor of responses to 

tones presented in an auditory oddball task in first episode patients over one year. In oddball 

tasks, sequences of repeated stimuli are presented with infrequent and random interruption by 

a deviant stimulus. Detection of the deviant stimulus elicits a response that can be identified 

using functional magnetic resonance imaging (fMRI) and/or EEG. While there were no 

differences at baseline, power and phase locking of gamma responses to the stimuli decreased 

over the follow up period (109). A similar reduction in auditory evoked gamma band was 

seen in an early study that used the same paradigm (110). Importantly, the reduction was 

present for both the repeated and deviant stimuli, indicating that patients had a general 

reduction in evoked gamma power rather than a specific deficit in deviance detection.  

Along with the deficits in ASSEPs and evoked gamma, patients also show reductions 

in induced gamma activity. One study, for example, assessed the gamma activity time-locked 

to the response given to a complex visual stimulus, arguing that this period would capture 

gamma related to perception (111). Participants were shown images and asked to indicate if 

an illusory square was or was not present. In controls, an oscillatory response in the gamma 

band was exclusively seen when stimuli containing the square were presented. While patients 

still showed an oscillatory response to the square stimuli, it occurred in a lower frequency 

band, taken to suggest that the schizophrenic brain has reduced ability to support the high 

frequency oscillatory activity required for processing complex stimuli. Beyond early visual 
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processing, gamma oscillatory activity associated with working memory also appears to be 

disrupted in patients. As mentioned earlier, the power of gamma activity has been shown to 

increase with increases in the number of stimuli to be encoded in working memory. 

Interestingly, this load-dependent gamma activity appears to be absent in patients (112). 

Gamma activity in patients at the easiest load condition is elevated to the same level seen in 

controls in the highest load condition. This could represent a compensatory response to 

maintain performance. Excessive gamma activity during working memory was also shown in 

a recent study (113). Against this, however, one study showed that the load-dependent 

gamma activity was intact in patients (114). Interestingly, gamma activity was reduced during 

memory retrieval, indicating that gamma deficits were still implicated in working memory 

impairment in patients.   

Somewhat counterintuitively, increases in ongoing gamma power have also been 

reported in patients, albeit less consistently. For example, gamma activity recorded prior to 

the presentation of stimuli in an ASSEP protocol was shown to be higher in patients in one 

study (115). Another study that assessed pre-stimulus oscillatory power but during an 

auditory oddball task found broadband increases in patients, with an intermediate increase in 

unaffected siblings (116). In contrast to this, another study found specific increases in the 

gamma band in patients (117). Against these studies, there are also reports of pre-stimulus 

gamma being unaffected in schizophrenia (118). Supporting this, another study looked at 

gamma power at rest across three distinct ranges: 30-50, 50-70 and 70-100 Hz (119). 

Interestingly, an increase was only seen in the highest band, with no change reported in the 

others. Further, some have also shown reductions in gamma activity recorded at rest in 

patients (120).  

Gamma oscillatory disturbances may contribute to the symptoms of schizophrenia. 

This is supported by the fact that the two are associated in patients. For example, the study 
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using illusory squares described above showed that the reported gamma disruption was 

associated with visual hallucinations, global thought disorder and conceptual disorganisation 

in patients (111). Further to this, another reported that reduced gamma phase synchronisation 

between primary auditory cortices in an ASSEP protocol was associated with auditory 

hallucination scores (121). Similarly, a recent study showed that reductions in the phase 

locking factor and power of gamma oscillations elicited by a 40 Hz click train were 

negatively correlated with hallucination severity (122). Extending upon the earlier study, a 

positive correlation was also seen between these measures and scores on a scale assessing 

community functioning. Further to this, a negative correlation was seen between evoked 

gamma power and mood and anxiety symptoms. It should be noted, that, as this evidence is 

correlational, it cannot be definitively concluded from these patient studies that gamma 

oscillatory disturbances cause symptoms in schizophrenia. It is possible that the two are 

epiphenomenal.  

1.5 Parvalbumin-positive interneurons and the generation of gamma 

oscillations 

Neural oscillations arise from the rhythmic and synchronous firing of populations of 

pyramidal cells at different frequencies. The most efficient way that pyramidal cell activity 

can become synchronised is through GABA-mediated inhibition, suggesting that interneurons 

are key to generating oscillatory activity (123). Fast spiking PV-positive (PV+) interneurons, 

which were introduced earlier as playing a role in working memory, have been implicated in 

the generation of gamma oscillations (124, 125). Early evidence for this came from studies 

that concurrently recorded in vivo oscillations and the activity of different interneuron 

subtypes in the HPC (126-129). Of all the subtypes, PV+ cell firing was most robustly 

coupled to gamma rhythmicity (129). Although informative, these findings were not able to 

definitively show that PV+ cell firing drives gamma activity. This was addressed in two 
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seminal studies that used optogenetic techniques to both drive and silence PV+ interneurons 

(130, 131). This, respectively, induced and supressed gamma oscillations in vivo, 

demonstrating that PV+ activity is both necessary and sufficient for the generation of gamma 

rhythmicity.  

Cortical PV+ cells can be divided further in to two subtypes: chandelier cells 

(PVChCs) and basket cells (PVBCs). The optogenetic studies that established that PV+ 

interneurons are essential to gamma oscillations were not able to determine which subclass, if 

not both, played a role. The properties of PVChCs and PVBCs, however, suggest that the 

aforementioned are unlikely to contribute to gamma oscillogenesis. Firstly, the decay of the 

inhibitory current produced by the α2 subunit-containing GABAA receptors that are 

postsynaptic to PVChCs on pyramidal cells is too slow to support gamma oscillations (125). 

Further, inputs from these cells to pyramidal cells have been shown to be excitatory (132). In 

addition, PVChC firing is coupled to theta but not gamma oscillations in the rodent HPC 

(133). Supporting a role of PVBCs, the α1 subunit-containing GABAA receptors postsynaptic 

to these cells have a current decay appropriate for gamma activity (125). In addition, PVBC 

firing is robustly coupled to gamma rhythmicity (133). A causal relationship between PVBC 

activity and gamma generation was established in a study showing that the application of a 

drug that blocked GABA release specifically from PVBCs attenuated gamma oscillations 

(133).  

Two broad models have been proposed for the mechanism by which PVBCs produce 

gamma oscillations. The first, termed the Interneuron Network Gamma (ING) model, says 

that projections from rhythmically firing PVBCs synchronise the activity of pyramidal cells, 

without the latter directly contributing to the generation of oscillatory activity (123). On the 

other hand, the Pyramidal Interneuron Network Gamma (PING) model says that oscillations 

arise from an interplay between the two cell types. According to PING, an oscillatory wave 
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begins with excitation of a subset of pyramidal cells that drives asynchronous population 

firing by way of positive feedback. Collaterals from the active pyramidal cells to PVBCs 

within a local network then stimulates a dampening of population activity. As excitation to 

the interneurons diminishes, pyramidal cells are released from inhibition and fire in 

synchrony (123). The PING model is favoured for a number of reasons. First, in vivo and in 

vitro studies have shown that firing of PV+ cells during gamma rhythmicity proceeds that of 

pyramidal cells (134).  Inconsistent with the ING model, intact gamma oscillations were seen 

in mice with the deletion of GABAergic receptors specifically from PV+ interneurons (135). 

In contrast, removing excitation from PV+ cells, required in PING, by deleting glutamatergic 

receptors from PV+ cells severely attenuated gamma power (136).  

A number of more specific models have since been put forward based on the initial 

ING and PING concepts (137). An example is the inhibition-stabilised network PING model, 

where interactions between PV+ interneurons and pyramidal cells are still proposed to 

generate gamma but activity in both cell types is regulated by input from other interneuron 

subtypes, such as somatostatin-positive (SOM+) interneurons. While PV+ interneurons 

primarily regulate the output of targeted cells, SOM+ interneurons gate glutamatergic 

excitatory input to cells by synapsing at the distal dendrites of their targets (138). Of key 

interest, a recent paper showed that optogenetically silencing SOM+ interneurons strongly 

reduced visual evoked gamma power and interfered with the locking of PV+ interneuron 

firing to the gamma rhythm (139). Linking this with behaviour, inhibiting SOM+ 

interneurons in the mPFC during the encoding phase of a working memory task was shown to 

increase gamma power in that region and impair performance on a test of working memory 

(140). In contrast to this, another study showed that stimulating SOM+ interneurons in the 

mPFC impaired performance on a different test of spatial working memory (141). In all, there 

is a wealth of evidence to suggest that PV+ interneurons play a key role in the generation of 
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gamma oscillatory activity, which is related to higher order cognitive processes such as 

working memory. Importantly, however, other interneuron subtypes, such as SOM+ 

interneurons, may also contribute.   

1.6 Parvalbumin-positive interneurons in schizophrenia  

Deficits in PVBCs are hypothesised to underscore the gamma impairments seen in 

schizophrenia (142, 143). GABAergic signalling is regulated by the activity of two isoforms 

of the enzyme glutamic acid decarboxylase (GAD) (144). The 67-kDa isoform of GAD 

(GAD67) is expressed throughout development and synthesises GABA for key neuronal 

functions unrelated to neurotransmission, such as synaptogenesis. In contrast, the other 

isoform, GAD65, synthesises GABA exclusively for vesicular release. While GAD65 

appears to be unaffected, reductions in both GAD67 mRNA and protein levels have been 

consistently reported in the DLPFC in schizophrenia (142, 143, 145).  

Although other subtypes may be affected, GAD67 mRNA levels were shown in one 

study to be reduced in 50% of PV+ interneurons (146). This has also been seen at the protein 

level (147). Further to this, PV mRNA and protein levels are also reduced in patients across 

multiple brain regions (146, 148-150). This, too, has been shown to be the case specifically in 

PVBCs (150). Early studies indicated that this might be driven by reductions in the number of 

PV+ interneurons in schizophrenia (151, 152). One study, for example showed that PV+ 

interneuron density was reduced across three subregions of the HPC in patients (153). 

Subsequently, the decrease in PV levels was attributed to a decrease in the expression of PV 

per neuron, rather than a decrease in the number of neurons positive for PV (146, 154, 155). 

Interestingly, however, the initial findings were supported by a recent study that used 

expression levels of cell specific markers to infer cell type abundance, a technique that was 

verified with cell count data. This study reported decreases in PV+ interneurons in neocortex, 

primarily DLPFC, in schizophrenia when looking at publicly available transcriptome data 
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from seven different cohorts (156). It remains unclear whether PV protein levels or the 

number of PV+ cells is reduced in schizophrenia.  

As another example, a reduction in the density of perineuronal nets (PNNs) has been 

shown in several brain regions, including the PFC, in schizophrenia (157-159). PNNs are a 

form of extracellular matrix that ensheaths mostly PV+ interneurons and a limited number of 

pyramidal cells (160). PNNs regulate synaptic transmission in a number of ways, such as by 

limiting the mobility of neurotransmitter receptors in the plasma membrane and by altering 

the subunit composition of glutamatergic receptors in the membrane (161, 162). Given its 

myriad roles, PNN disruption would likely alter the firing patterns of PV+ interneurons. In 

fact, a recent study showed that enzymatic digestion of PNNs reduced the resting membrane 

potential (i.e. made more depolarised), action potential amplitude and maximal input 

resistance of PV+ interneurons, all indicative of reduced excitability (163). An earlier study 

that used the same technique reported that PNN digestion reduced inhibitory activity and 

increased spiking variability of both interneurons and excitatory cells (164). Of particular 

interest, they reported that the power of spontaneous low gamma activity (30-40 Hz) was 

greater. No differences were seen, however, for visual evoked activity. Taken together, 

disruptions to PNN function could contribute to PV+ interneuron dysfunction and gamma 

deficits in schizophrenia. 

1.7 NMDAr hypofunction hypothesis of schizophrenia 

1.7.1 The NMDA receptor 

Reduced transmission at the glutamatergic NMDAr has been widely proposed to play a key 

role in the pathophysiology of schizophrenia (165-167). The NMDAr is an ionotropic 

glutamate receptor composed of two obligatory GluN1 subunits and two variable GluN2(A-

D) subunits (168). Importantly, this receptor is expressed ubiquitously across the brain in 
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both pyramidal cells and interneurons. The subunit constitution of the NMDAr does differ, 

however, between cell types, and changes over development. With respect to development, a 

switch between the dominant subunit being GluN2B to GluN2A occurs in early postnatal 

development (169). This developmental switch is thought to represent a key milestone of 

brain maturation, aligning with the closing of a critical period for development. In terms of 

cell types, the GluN2A subunit appears to be particularly important in PV+ interneurons 

(170, 171). One study showed that the ratio of GluN2A to GluN2B containing NMDA 

receptors was five times greater in PV+ interneurons compared to pyramidal cells (171). In 

this same study, it was shown that GluN2A-specific antagonists reduced GAD67 

immunoreactivity specifically in PV+ interneurons, whereas only a partial reduction was seen 

with a GluN2B-specific antagonist. This was taken to suggest that the GluN2A subunit of the 

NMDAr plays a key role in maintaining the function of PV+ interneurons.  

1.7.2 Patient studies supporting the NMDAr hypofunction hypothesis 

The first formulation of the NMDAr hypofunction hypothesis of schizophrenia came from 

observations that phencyclidine (PCP), later identified as an uncompetitive NMDAr 

antagonist, can induce behavioural disturbances like those experienced by patients with 

schizophrenia – such as hallucinations, thought disorder and apathy – in healthy people (172). 

A similar effect has also been seen with ketamine, a non-competitive NMDAr antagonist 

(173, 174). This suggested that a reduction in transmission at NMDAr might underlie the 

symptoms in schizophrenia. In further support of this, ketamine has been shown to exacerbate 

symptoms in treatment-refractory patients and induce a return of unique symptoms in 

pharmacologically stabilised patients (175).  

Findings from both genetic and post-mortem patient studies have lent further support 

to the NMDAr hypofunction hypothesis of schizophrenia. Polymorphisms in the genes that 

encode the NMDAr subunits have been widely associated with schizophrenia (176). 
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Alterations in the expression of NMDAr subunits at the protein and mRNA levels have also 

been seen. One study, for example, showed an association between an allele of the GluN2B 

subunit and reduced GluN1 mRNA and protein levels in the DLPFC (177). Interestingly, this 

allele was also associated with reduced reasoning ability in patients. There are also instances 

of no change in NMDAr subunit expression being seen. For example, one early study found 

no change in the mRNA levels for the GluN1 and GluN2A-D subunits in the prefrontal 

cortex, although the proportion of GluN2D was increased (178). Along with this, increases in 

the expression of NMDAr subunits have also been seen, with one study showing that elderly 

patients had higher levels of GluN2D subunit expression in the cerebellum (179).  

Changes in the expression of proteins that regulate the function of the NMDAr have 

also been implicated in schizophrenia. Supporting the findings introduced in the section about 

the aetiology of schizophrenia, differences in the mRNA levels of NRG1 have also been 

reported in patients, although the findings are inconsistent (180). Extending upon this, one 

study showed that NRG1-induced phosphorylation of ErbB4, as well as activation of 

downstream signalling molecules, was enhanced in post-mortem PFC tissue from patients 

(181). NRG1-induced NMDA receptor activation was shown to be reduced in tissue from 

patients in this study, suggesting that enhanced NRG1 signalling could contribute to NMDAr 

hypofunction in the disorder.  

Somewhat counterintuitively, several studies have reported that glutamate levels are 

increased in schizophrenia. One study, for example, found that glutamate levels were 

elevated in the medial prefrontal cortex (mPFC) of unmedicated patients (182). No difference 

was seen in the DLPFC. Supporting this, a later study showed that glutamate levels were 

elevated in two brain regions of a group at ultra-high risk for schizophrenia and medication-

free first-episode patients (183). Extending these findings, one study found that higher 

glutamate was associated with symptom severity and lower global functioning (184). Further, 
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symptomatic remission after antipsychotic treatment was found to be associated with normal 

levels of glutamate in another study (185). A review that synthesised the literature on 

glutamate in schizophrenia concluded that levels of the neurotransmitter do appear to be 

elevated in specific brain regions in early stage drug-free patients and that this decreases with 

treatment (186). Elevations in glutamate release would suggest that the schizophrenia brain is 

in a state of disinhibition. This could best be explained by NMDAr hypofunction 

preferentially affecting inhibitory interneurons. 

1.7.3 Preclinical studies assessing the NMDAr hypofunction hypothesis 

The contribution of NMDAr hypofunction, both globally and specifically at interneurons, to 

the symptomology of schizophrenia has been extensively examined using animal models 

(187, 188). Most widely, ketamine and MK-801, an uncompetitive NMDAr antagonist, have 

been used to induce behavioural disturbances reminiscent of the positive, negative and 

cognitive symptoms experienced in schizophrenia. This includes, but is not limited to, a 

sensitisation to drug-induced hyperlocomotion, disruptions in spatial learning and memory, 

and deficits in working memory. For example, MK-801 has been shown to impair 

performance on the TUNL test of working memory in rats (189, 190).  In one of these 

studies, the MK-801-induced impairment was shown to be independent of delay, which 

reflects what is seen in schizophrenia patients (189). The other study added to this by also 

showing that MK-801 impaired performance on the paired associate learning and location 

discrimination tasks in the touchscreen system (190). The NMDAr hypofunction hypothesis 

has also been supported by findings from genetic animal models (191). As an example, one 

study showed that sensorimotor gating, sociability and locomotor behaviour were all 

impaired in a GluN1 knock down mouse line (192). Supporting this, another study showed 

that GluN1 deletion selectively in the CA3 subregion of the HPC could impair memory 

acquisition (193). Interestingly, GluN1 deletion in the dentate gyrus spared spatial reference 
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memory but impaired spatial working memory, indicating that NMDAr hypofunction in 

particular brain regions can drive different behavioural impairments.  

Along with behavioural deficits, NMDAr antagonists can also induce the same 

gamma disruptions that are seen in schizophrenia (194-199). It is plausible, then, that 

NMDAr hypofunction induces symptoms by way of disrupting gamma oscillatory activity 

(170, 171). As gamma oscillations are driven by PV+ interneuron firing, it has been 

speculated that NMDAr hypofunction at this cell type drives the manifestation of gamma 

deficits and then symptoms. From this, a series of studies assessing the phenotype of mice 

lacking the NMDAr selectively from PV+ interneurons have been completed (35, 200-202). 

There are a number of inconsistencies between these studies. For example, two reported that 

this genetic manipulation impaired working memory, while one found that working memory 

was unaffected (200-202). Further, one study reported that mice were desensitised to the 

effects of MK-801 on ongoing gamma power and locomotion while another suggested that 

mice were sensitised to MK-801-induced impairments in motor coordination and working 

memory (201, 202). The contribution of the NMDAr on pyramidal cells has also been 

assessed. One study reported that mice lacking GluN1 in cells expressing 

calcium/calmodulin-dependent protein kinase II alpha (CaMKIIα), a protein localised to 

forebrain pyramidal cells, had impaired working memory, as well as social and self-care 

deficits. The second study reported that mice lacking the NMDAr from forebrain pyramidal 

cells inappropriately attributed salience to irrelevant stimuli. The contribution of the NMDAr 

on forebrain pyramidal cells and PV+ interneurons remains unclear. It may, be that NMDAr 

hypofunction on PV+ interneurons contributes to different behavioural and 

electrophysiological abnormalities in schizophrenia. 

The gamma oscillatory disruptions induced by NMDAr antagonism could reflect or 

be a consequence of changes to neurotransmitter release. Further reflecting what is seen in 
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patients, one early seminal study showed that ketamine increases glutamate release in the 

PFC (203). This, too, would suggest that NMDAr antagonists act preferentially on 

interneurons. Interestingly, the same study showed that ketamine also increases dopamine 

release in the same region and that this was driven by the excess of glutamate driving activity 

at non-NMDA receptors, such as the α-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid 

receptor (AMPAr). This suggests that NMDAr hypofunction may be upstream of the 

dopamine dysfunction implicated in the positive symptoms of schizophrenia. The increase in 

glutamate release induced by NMDAr antagonism can be blocked by stimulating the 

metabotropic glutamate receptor type 2/3 (mGluR2/3) (204, 205). Importantly, this is 

mediated by presynaptic receptors. Of note, these receptors are also found on glial cells, 

where they increase glutamate reuptake, and postsynaptically, where they can have the 

seemingly opposite effect of increasing excitation (206, 207). It has been widely shown that 

mGluR2/3 agonists can also block the behavioural impairments induced by NMDAr 

antagonists, including working memory deficits and hyperlocomotion (204, 208-210). Further 

to this, these agonists can also recover the increase in ongoing gamma power induced by 

NMDAr antagonists (195, 197). This suggests that glutamate efflux may drive the increase in 

ongoing gamma power and behavioural disruptions induced by NMDAr antagonism, 

suggesting the mGluR2/3 agonists could represent a novel pharmacological treatment in 

schizophrenia. Of note, however, the ability of this treatment strategy to improve cognition 

has only been assessed with classic maze-based tests so it is unclear how this would translate 

clinically.  

1.7.4 Novel treatments based on NMDAr hypofunction hypothesis 

The promising findings with mGluR2/3 agonists in preclinical studies prompted this treatment 

strategy to be taken to clinical trial (211). The first Phase II trial showed that an oral prodrug 

of an mGluR2/3 agonist, which was safe and well tolerated, could improve both positive and 
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negative symptoms of schizophrenia without inducing extrapyramidal or metabolic side 

effects (212). A subsequent multi-centre Phase II trial with the same compound failed to 

show the same improvement in symptoms. This was driven by the fact that the placebo 

controls presented with an improvement in symptoms, leading the trial to be deemed 

inconclusive (213). In contrast to this, a Phase III trial completed around the same time 

showed that the mGluR2/3 agonist prodrug was not as effective at improving positive and 

negative symptoms and induced more adverse side effects when compared with an atypical 

antipsychotic (214). This treatment strategy is no longer being explored in clinical trials. 

However, a number of questions remain. One is whether this strategy has the potential to 

improve cognition. A key goal of current research in schizophrenia is to develop a novel 

treatment for this cluster of symptoms. It is a wasted opportunity that this was not addressed 

in the studies that were completed. Further, it is possible that certain patient subgroups (i.e. 

those showing glutamatergic dysfunction) would be more responsive to glutamate-based 

treatments than others and attention should be paid to this when selecting patients for clinical 

trials.   

1.8 Parvalbumin-positive interneurons and gamma oscillations in animal 

models of schizophrenia 

It is hypothesised that PV+ interneuron dysfunction could drive symptoms in schizophrenia 

by way of disrupting gamma activity. This comes from evidence that: 1) PV+ interneurons 

contribute to the generation of gamma oscillations, 2) disruptions in this cell type are seen in 

patients, 3) gamma oscillations play a role in cognitive processes impaired in schizophrenia 

and, 4) gamma oscillatory activity is disrupted in patients. Supporting this, a mounting 

number of animal studies have demonstrated both associative and causative relationships 

between the function of PV+ interneurons and behavioural disturbances relevant to 

schizophrenia. A selection of these studies is presented across three tables appended to this 
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review. Tables 1 and 2 give the animal models generated by environmental and genetic 

manipulation, respectively, that show deficits in PV+ cells and schizophrenia-like 

behavioural phenotypes, with it being noted if gamma disruptions were also reported. Table 

3, on the other hand, presents studies where PV+ cell activity was manipulated and the effect 

on behaviour assessed.  

Several of the environmental and genetic animal models presented in Table 1 and 2 

reported region-specific decreases in PV+ cell number or density across subregions of the 

HPC and the PFC. For example, sub-chronic administration of ketamine decreased the 

number of PV+ cells in the CA1 subregion of the HPC without any alterations being seen in 

CA3, DG and the mPFC in one study (215). Both the genetic and environmental animal 

models showed behavioural deficits across a number of domains, such as drug-induced 

hyperlocomotion and sensorimotor gating, assessed through prepulse inhibition (PPI). There 

is, however, no consistent pattern across the studies using the same model, let alone across 

models, between cell loss in a particular region and a certain behavioural deficit. Even if 

there had been, it could not be concluded that the two are causally related from these studies. 

It is possible that an upstream pathological mechanism could be separately responsible for 

PV+ cell and behavioural disturbances.   

This issue is addressed in the studies presented in Table 3, where PV+ cell activity 

was directly manipulated, and behaviour assessed. Many of these studies used the Cre-lox 

recombination system to create conditional knockout mice. In this system, the expression of 

Cre, a DNA recombinase, is driven in a tissue- or cell-specific manner. A Cre-expressing 

animal is then crossed with a mouse carrying loxP sites around a gene of interest. Cre 

catalyses the recombination of DNA at loxP sites inserted in to the genome (216). The 

orientation of the loxP sites dictates whether the recombination event will result in the 

exchange, activation or repression of a gene.  An example of this system was seen in the 
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studies presented earlier where the GluN1 subunit of the NMDAr was deleted from PV+ 

cells. In these studies, a PV-Cre mouse line was crossed with one carrying GluN1 alleles 

flanked by loxP sites, referred to as a floxed gene. Another way that this system can be used 

is to inject an adeno-associated virus (AAV) carrying a floxed gene into the brain of a Cre-

positive animal. For example, two of the studies presented in Table 3 introduced an AAV 

carrying the tetanus toxin light chain (TeLC) gene requiring Cre for its activation into the 

PFC of PV-Cre mice. As TeLC blocks neurotransmitter release by cleaving a protein required 

for vesicle docking, this manipulation was able to exclusively block PV+ interneuron-

mediated inhibition.  

The studies presented in Table 3, which employed these techniques, manipulated the 

activity of PV+ cells to varying degrees. For example, the manipulations ranged from 

knocking out the gene for an enzyme involved in oxidative phosphorylation, through to 

knocking down the expression of GAD67 and on to silencing neurotransmission using 

optogenetic techniques. Perhaps the most consistent finding was that reducing PV+ cell 

function produced impairments in PPI. Contradicting this, one study that enhanced PV+ 

activity also reported impairments in PPI (217). Further, another study found that driving 

PV+ activity could not recover PPI deficits in a genetic model of schizophrenia (218). In 

addition, using chemogenetics to increase activity at PV+ interneurons was found in another 

study to have no effect on PPI (219). Perhaps the most inconsistent finding was that of 

working memory impairment, with an almost equal number of studies reporting deficits in 

working memory and normal task performance. This may be due to differences in the tasks 

used and, as described earlier, the fact that each may be tapping into different constructs. 

Given that working memory impairment is a key treatment-resistant symptom in 

schizophrenia, elucidating whether PV+ cells are involved in this behaviour may be key to 

efforts being made to understand the pathophysiology of schizophrenia.  
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1.9 The Cre-inducible diphtheria toxin receptor system for specific cell 

ablation 

Alterations to several factors are hypothesised to contribute to PV+ interneurons having 

reduced function in schizophrenia. Many of the manipulations made in the studies presented 

in Table 3 reproduced only one of these alterations or transiently changed activity in this cell. 

This may have contributed to the inconsistent results, making it difficult to elucidate whether 

reduced PV+ cell function can, in fact, cause behavioural abnormalities. To address this, PV+ 

cell-mediated inhibition may need to be dramatically and chronically reduced. Such a 

manipulation would not be expected to create an animal model of the disorder but rather 

produce an investigative tool. One way that this could be done is by ablating PV+ cells using 

the Cre-inducible diphtheria toxin receptor (iDTR) system (220). If doing so induced both 

gamma oscillatory and behavioural disturbances relevant to schizophrenia, it would suggest 

that dysfunction of this cell type may contribute to the symptomatology of the disorder. 

Diphtheria toxin (DT), the exotoxin secreted by the pathogenic bacterium that causes 

diphtheria, inhibits protein synthesis, activating the pathway that induces programmed cell 

death (221). Mouse cells do not express the receptor that DT interacts with – heparin-binding 

epidermal growth factor precursor – to enter a cell, conferring natural resistance to DT (222-

224). The Cre-lox recombinant system can be used to drive the expression of the DTR in a 

particular cell type or tissue, allowing for targeted cell ablation with systemic administration 

of DT. As was described above, altering gene expression can be achieved by crossing a 

floxed mouse line with Cre-expressing mice or by delivering a virus carrying a Cre-inducible 

gene to the latter. In the first, which will be referred to as the transgenic (Tg) method, a 

mouse strain carrying a transgene composed of a loxP-flanked STOP cassette in front of the 

DTR gene is crossed with a tissue- or cell-specific Cre mouse line (220). The removal of the 

STOP cassette in the Cre-expressing cells drives the expression of the DTR selectively in 
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those cells, rendering the cells sensitive to DT. Systemic administration of DT can then drive 

apoptosis of the targeted cell exclusively across the body. The viral method, on the other 

hand, does not use an iDTR mouse line. In its place, an AAV carrying a Cre-inducible DTR 

gene is injected in to a brain region of interest of Cre-expressing mice (225). The benefit of 

this method is that the contribution of a cell-type in a particular brain region to a behaviour 

can be investigated. The same targeting can be achieved using the Tg method by restricting 

the DT treatment to a brain region of interest.    

1.10 Aim of thesis  

The broad aim of this thesis was to further explore the role of PV+ interneuron dysfunction 

and gamma oscillatory deficits in cognitive impairment in schizophrenia. More specifically, I 

wanted to investigate whether disruptions to behaviour and gamma oscillatory activity arising 

from NMDAr hypofunction are mechanistically linked. Second, I sought to examine whether 

the cell types that generate gamma oscillatory activity are responsible for the 

electrophysiological and behavioural consequences of NMDAr hypofunction. These 

questions were assessed across three studies:  

Chapter 2: Effect of mGluR2/3 agonist LY379268 on MK-801-induced disruptions to 

working memory 

Gamma oscillatory disruptions are associated with working memory impairment in 

schizophrenia. It is, however, unclear whether a causal relationship exists between the two. In 

this study, mice were administered LY379268, an mGluR2/3 agonist, followed by MK-801 

prior to: 1) testing working memory in the TUNL task and, 2) recording LFPs during the 

presentation of auditory stimuli. We hypothesised that MK-801-induced disruptions to both 

working memory and gamma activity would be recovered by LY379268, suggesting that the 

two are mechanistically linked.  

Chapter 3: Contribution of the NMDAr on PV+ interneurons and pyramidal cells to 
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working memory impairment induced by MK-801  

If NMDAr antagonists impair working memory by way of disrupting gamma activity, these 

drugs may be acting on the cell types that generate gamma activity to disrupt this cognitive 

process. We, therefore, wanted to assess if the NMDAr on either PV+ interneurons or 

forebrain pyramidal cells mediate the effects of NMDAr antagonists on working memory. To 

do this, mice lacking the NMDAr from either PV+ interneurons or pyramidal cells were 

generated using the Cre-lox recombination system and tested on the TUNL task following 

MK-801 treatment. The logic here was that if these cells are mediating the effects, deletion of 

the NMDAr from that cell would prevent MK-801 from inducing working memory 

impairment.  

Chapter 4: Effect of PV+ interneuron ablation on gamma oscillatory activity and 

gamma disruptions induced by MK-801 

The contribution of PV+ interneurons to schizophrenia-relevant behavioural and 

electrophysiological phenotypes has been assessed across several studies that have discretely 

or transiently manipulated activity of this cell. No clear pattern has emerged between PV+ 

dysfunction and a particular outcome. As PV+ interneurons are disrupted in a number of 

ways in schizophrenia, we hypothesised that a dramatic and chronic manipulation to this cell 

might be necessary to induce a gamma disruption. We set out to ablate PV+ interneurons 

across the brain using the iDTR system and assess the effects of this on gamma activity.   
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1.11 Review of studies examining relationship between PV+ interneurons and behaviours relevant to schizophrenia 

1.11.1 Table 1: Environmental and pharmacological animal models  

Model PV+ phenotype Electrophysiology phenotype Behavioural phenotype   Paper 

Adult vitamin D 

deficiency 

↓ PNN+ cell no. across HPC 

↔ PV+ cell no. across HPC 
 ↓ active place avoidance 

↔ motor coordination 

(226) 

Adolescent DAT 

inhibitor 

↓ PV+ cell no. in PFC 

↔ PV+ cell no. in CA1, CA3 or 

DG 

↑ 8-oxo-dG in PV+ cells in PFC 

 ↑ spont. locomotion 

↔ acquisition of reversal 

learning task 

↑ premature responses in task 

↓ response latency in task 

↔ reversal learning 

↔ perseverative responding 

(227) 

Adolescent high fat-

high sugar diet 

↓ PV+ cell no. in mPFC 

↔ PV+ cell no. in basolateral 

amygdala  

 ↑ anxiety 

↔ fear acquisition 

↓ fear extinction 

(228) 

Chronic L-

allylglycine in to 

mPFC 

↔ PV protein in mPFC  ↓ attention (transient) 

↑ impulsive behaviour 

↑ spont. locomotion (transient) 

(229) 

MAM PV gene downregulated in 

female mice PFC, not male 

Six genes associated with PV 

downregulated in female mice, 

one upregulated 

 ↑ spont. locomotion in females, 

reversed by clozapine 

↔ spontaneous locomotion in 

males 

↔ anxiety 

↓ PPI 

(230) 
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Two genes associated with PV 

downregulated in male mice, 

three upregulated 

 

↔ social preference 

↓ social recognition in females 

↔ social recognition in males 

MAM ↓ PV+ cell density in mPFC and 

ventral subiculum of HPC 
↔ PV+ cell density in dorsal 

subiculum of HPC 

↔ ongoing gamma in mPFC 

and vHPC  
↑ evoked gamma to conditioned 

tone in two regions in controls, 

but not in MAM treated 

↓ latent inhibition  
 

(231) 

MAM ↓ cell no. in HPC 
↔ cell no. in PFC 
 

 ↑ PCP-induced hyperlocomotion  
 

(232) 

Prenatal PCP ↓ PV+ cell density in PFC 

 

 ↑ PCP-induced hyperlocomotion 

↓ PPI 
 

(233) 

Sub-chronic PCP ↓ PV+ cell density in CA2/3 and 

CA1 
↔ PV+ cell density in DG 

 ↔ sucrose preference  

 
(234) 

Sub-chronic PCP ↓ PV+ cell density in PFC, not 

recovered by risperidone 

 ↓ novel-object recognition, 

recovered by risperidone  
(235) 

Sub-chronic PCP ↓ PV mRNA in ventrolateral 

orbitofrontal cortex, reversed by 

SSR180711   

↔ PV mRNA in mPFC 

 ↓ spatial working memory, 

reversed by SSR180711 but no 

change with clozapine or 

haloperidol 

(236)  
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Sub-chronic PCP ↓ PV+ cell density in DG, CA2/3 

and primary motor cortex 
↑ PV+ cell density in secondary 

motor cortex and cingulate 

cortex 

 ↓ reversal learning  
 

(237) 

Perinatal chronic 

MK-801 

↓ PV+ cell no. in plPFC, anterior 

cingulate, CA1 and DG, 

recovered by EE (only partially 

in CA1) 
 

 ↓ spontaneous locomotion, 

exacerbated by EE 

↓ novel-object recognition, 

recovered by EE 
+ve correlation between PV+ cell 

no. and novel-object recognition 

performance 

+ve correlation between PV+ cell 

no. in plPFC and locomotion 

• (238) 

 

Sub-chronic MK-801 ↓ PV+ cell no. in HPC, recovered 

by fluvoxamine, escitalopram 

and venlafaxine 

 ↓ spatial learning, recovered by 

fluvoxamine, sertraline and 

escitalopram 

↓ spatial memory, recovered by 

fluvoxamine and escitalopram 

(239) 

Neonatal sub-chronic 

MK-801 

↓ PV+ cell density in CA1, CA3 

and DG 

 ↓ object recognition 

↓ object-in-context recognition 

(240)  

Neonatal sub-chronic 

MK-801 

↓ PV+ cell no. in mPFC and 

CA2/3, recovered by T-817MA 

 ↓ PPI, recovered by T-817MA (241)  

Prenatal MK-801 ↓ PV+ cell density in mPFC at 

P63 and P35 

↓ ratio of deep: superficial 

distribution of cells 

 ↑ PCP-induced hyperlocomotion 

at P63 
↔ PCP-induced hyperlocomotion 

at P35 

(242)  
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↓ density in superficial layers 

only 

Juvenile sub-chronic 

MK-801 
↓ PV+:CR+ cell no. in HPC ↓ IPSP amplitude with recurrent 

inhibition evoked 

↔ RMP, AP threshold, AP 

amplitude 

↔ spont. locomotion 

↓ memory 
(243) 

Social isolation  ↓ PV+ cell density in DG and 

CA2/3 

↔ density in CA1 

 

 ↓ PPI, correlated with PV+ cell 

density in DG 

(244)  

MIA (LPS) ↓ PV+ cell density in mPFC, 

CA1 and LEC in males 

↔ PV+ cell density in DG in 

males 

↓ PV+ cell density in mPFC of 

females 

↔ PV+ cell density in CA1, DG 

and LEC in females 

 ↓ PPI in males and females (P45) 

↑ %time active but no change in 

distance travelled in males 

↑ %time active and distance 

travelled in females 

↓ novel-object recognition 

↔ anxiety in males 

↑ anxiety in females  

(245)  

MIA (LPS) ↓ PV+ cell no. in mPFC in 

females 

↔ PV+ cell no. in mPFC in 

males 

↓ PV+ cell no. in DG (trend in 

CA1 and CA3) of females 

↓ PV+ cell number in CA1, CA3 

and DG in males 

↓ optical density of PV+ 

perisomatic inhibitory 

 ↓ PPI in males and females 

↑ novel environment-induced 

hyperlocomotion 

↓ non-aggressive social 

interactions 

↑ aggressive social interactions 

(246) 
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innervations in mPFC of males 

and females 

↔ PV protein concentration in 

mPFC and dHPC in males and 

females 

MIA (poly I:C) ↓ PV protein in PFC and dHPC  

↔ PV protein in vHPC 

 

↔ ongoing gamma power 

↑ ongoing theta power 

↓ auditory evoked gamma and 

theta power (to prepulse in PPI) 

↓ PPI 

 

(247) 

MIA (poly I:C) ↓ proportion PV+ cells in 

cerebellum, trend towards 

recovery by deletion of IL-6Rα  

 ↓social behavior, recovered by 

IL-6Rα deletion 

↑ repetitive/stereotyped 

behaviour, recovered by IL-6Rα 

deletion 

(248) 

 MIA (poly I:C) ↔ PV+ cell no. or density in 

mPFC 
↔ PV+ synapse no. to PFC PC 
Trend towards ↓ GAD67 in PV+ 

cells 
 

↓ GABAergic transmission to 

PFC PC, specific to PV+ 

↓ neurotransmitter release 

probability from PV+ 

↑ excitability of PV+ 
↔ ongoing gamma power 

 

↔ spatial working memory 

↓ attentional set shifting 

↑ anxiety behaviour 

+ve correlation between gamma 

and anxiety in controls, no 

correlation in MIA  

(249)  

MIA (poly I:C) ↓ PV+ cell density in DG ↓ current threshold for AP in 

DG cells 

↓ mIPSC frequency in mature 

DG cells 

↓ PPI 

↓ spatial working memory 

↓ spatial memory 

↑ depression-like behaviour 

↓ motor coordination 

(250) 
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MIA (poly I:C) ↓ PV+ cell no. in mPFC when 

challenge early and late gestation  
↓ PV+ cell no. in vHPC when 

late 
↔ PV+ cell no. in vHPC when 

early 
 

 ↓ PPI when poly I:C early 
↔ PPI when poly I:C late 
↓ spatial working memory when 

late 
↔ working memory when early 
↑ amph-induced hyperlocomotion 

in both  
↑ MK-801-induced 

hyperlocomotion in late 
↔ MK-801-induced 

hyperlocomotion in early 

(251) 

Sub-chronic ketamine ↔ PV protein in PFC, HPC and 

striatum 

 ↓ novel-object recognition (252)  

Sub-chronic ketamine ↓ PV+ cell no. mPFC and CA1 

of dHPC 

 ↔ spontaneous locomotion 

↓ novel-object recognition  

(253) 

Sub-chronic ketamine ↔ PV+ cell density in CA1 of 

HPC 

↔ % of PV+ cells 

immunopositive for PNNs 

↔ Dendritic PNN labeling of 

PV+ cells in CA1 

↓ density of cells 

immunopositive for PV and PNN 

in mPFC 

↔ density PV+ cells in mPFC 

↓ PV fluorescence intensity 

 ↓ non-aggressive social 

interactions 

(254) 

Sub-chronic ketamine  ↓ PV+ cell no. in CA1  ↑ amph-induced hyperlocomotion 

↓ fear conditioning 
(215) 
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↔ PV+ cell no. in CA3, DG and 

mPFC 

 

↔ working memory 
 

Pre-adult ketamine   ↓ PV+ cell no. in mPFC 

 

  ↓ attentional set shifting 

↓ latent inhibition  
↓ novel-object recognition, 

including social 
↔ anxiety  
↔ amph-induced 

hyperlocomotion 

(255) 

Neonatal ventral 

hippocampal lesion 

↓ PV+ cell no. in PFC, recovered 

by adolescent NAC treatment 

↑ 8-oxo-dG in PV+ neurons 

↓ PNN staining, recovered by 

NAC 

↓ D2 modulation of EPSPs in 

mPFC pyramidal cells, 

recovered by NAC 

↔ PFC pyramidal cell activity  

↑ PFC pyramidal cell firing in 

response to stimulation of VTA, 

recovered by NAC 

↓ mismatch negativity, 

recovered by NAC 

↓ PPI, recovered by NAC  (256)  

Neonatal entorhinal 

cortex lesion 

↓ PV+ cell no. in CA1  

↔ PV+ cell no. in CA3, striatum 

and mPFC 

 ↓ working memory (257)  

Neonatal sevoflurane  ↓ PV expression in PFC and 

HPC at P9, 14, 28, 42 
↔ PV expression at P60 
↔ cell no. in PFC and HPC 
 

 ↓ contextual fear learning (at P42, 

not P90) 
↔ spatial working memory 
+ve correlation between PV 

expression in HPC and PFC with 

fear learning 

(258)  
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Abbreviations (note: * indicates description of what is abbreviated). ↔ = no change, 8-oxo-dG = marker of oxidative stress, AP = action potential, amph = amphetamine, 

CA2/3/1 = subregions of HPC, CR+ = calretinin-positive interneuron, DAT = dopamine transporter, DG = dentate gyrus of HPC, dHPC = dorsal HPC, EE = environmental 

enrichment, HPC = hippocampus, IPSP = inhibitory postsynaptic potential, L-allylglycine = GAD inhibitor, LEC = lateral entorhinal cortex, MAM = methylazoxymethanol 

acetate, MIA = maternal immune activation, mIPSC = miniature inhibitiory postsynaptic current, mPFC = medial prefrontal cortex, NAC = N-acetyl cysteine, P9, P14 etc = 

e.g. postnatal day 9, PC = pyramidal cell, PCP = phencyclidine, plPFC = prelimbic PFC, PNN = peruneuronal net, poly I:C = polyinosinic:polycytidylic acid, PPI = prepulse 

inhibition, spont. = spontaneous, RMP = resting membrane potential, SSR180711 = *α7 nAChR partial agonist, THC = Tetrahydrocannabinol (compound in cannabis) vHPC 

= ventral HPC. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Adolescent THC ↔ PV protein levels in PFC and 

HPC 

↓% of PV+ cells expressing 

GAD67 in PFC 

 ↓ novel-object recognition 

↓ sociability 

↑ depressive behaviour 

↑ PCP-induced hyperlocomotion 

(259)  
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1.11.2 Table 2: Genetic animal models  

Model PV+ phenotype Electrophysiology phenotype Behavioural phenotype   Paper 

3q29 deletion (Df/+) ↓ PV mRNA expression 

↓ PV+ cell no. in sensory cortex 

↑ excitatory neural activity ↓ PPI 

↓ social behavior 

↓ self-grooming 

↓ fear learning 

(260)  

22q11.2 deletion 

(Df(16)A+/−) 

↓ PV+ cell density in CA2  

↔ PV+ cell density in CA1 or 

CA3 

↑ EPSP in pyramidal cells in 

CA2 in response to SC 

stimulation 

↓ IPSP in pyramidal cells in 

CA2 in response to SC 

stimulation 

↓ feedforward inhibition from 

SC to CA2 

↔ GABA release probability 

↓ RMP (more hyperpolarized) of 

CA2 pyramidal cells 

↓ APs in CA2 pyramidal 

neurons in response to SC 

stimulation 

↓ LTD of IPSCs in CA2 

pyramidal cells in response to 

high frequency stimulation 

↓ disinhibitory-increase in PSP 

following high frequency 

stimulation 

↔ sociability  

↓ social learning 

(261)  

15q13.3 deletion 

(Df(h15q13)/+) 

↔ PV+ cell no. in PFC ↑ ongoing gamma power 

↓ evoked gamma power 

↑ aggression 

↔ anxiety 

(262) 
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↔ PPI 

↔ PCP- or amph-induced PPI 

deficit 

↔ PCP- or amph-induced 

hyperlocomotion 

↔ working memory 

↔ fear conditioning 

↓ long-term spatial memory 

NPAS4 KO ↑ PV mRNA during adolescence 

in males and females 

↔ PV+ cell no. in males 

↓ % PV+ cells labeled for 

GAD67 in males 

↓ PV+ cell no. in females (trend) 

↔ % PV+ cells labeled for 

GAD67 in females 

↔ PV staining intensity per 

neuron in males and females 

 ↓ contextual information 

processing in males 

↔ contextual information 

processing in females 

↓ spontaneous locomotion in 

males and females 

↔ depressive behaviour in males 

↑ depressive behaviour in 

females 

(263)  

BRD1-/+ ↓ PV mRNA 

↓ PV+ cell np. in aCC 

↓ frequency spontaneous and 

miniature inhibitory 

postsynaptic currents in aCC 

PCs 

↓ social novelty preference 

↓ long-term social recognition 

memory 

↓ fear conditioning 

↔ working memory 

↑ PCP-induced working memory 

impairment 

↔ PPI 

↑ PCP-induced PPI deficit 

↔ spont. locomotion 

↑ PCP-induced hyperlocomotion 

(264)  
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TGF-βf/f; DAT-Cre ↑ PV+ cell no. in substantia nigra  ↓ frequency of mEPSC in DA 

neurons 

↑ frequency of mIPSC in DA 

neurons 

↓ excitation/inhibition ratio in 

DA neurons 

↓ burst firing in DA neurons in 

response to high-frequency 

stimulation 

↑ spont. locomotion 

↔ anxiety 

↔ motor coordination 

↔ acquisition of reward 

association  

↓ reversal learning 

 

(265)  

Overexpression of 

NRG1 terminal 

fragment 

 

↔ PV protein in HPC  ↓ spatial working memory 

↓ contextual fear learning 

↓ sociability 

↓ social memory 

↑ MK-801-induced 

hyperlocomotion 

(266) 

ctoNRG1 ↔ PV+ cell density in HPC and 

somatosensory cortex 

Downward shifting of input-

output curves of fEPSP at SC-

CA1, indicates glutamatergic 

hypofunction 

↔ mEPSC in CA1 pyramidal 

cells 

↓ mEPSC frequency 

↑ initial slopes of fEPSP with 

PPF, indicates lower probability 

of glutamate release 

↓ mIPSC amplitude, driven by 

reduced GABAA receptor 

density 

↔ mIPSC frequency, no change 

spontaneous GABA release 

↔ motor coordination 

↔ anxiety 

↑ spontaneous locomotion, 

recovered by clozapine 

↓ PPI, recovered by clozapine 

↓ social activity, recovered by 

clozapine 

↓ spatial working memory 

↓ spatial learning and reference 

memory 

(267)  
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DISC1 knockdown in 

PFC 

↓ PV+ cell density in PFC  ↓PPI 

↓ novel object recognition 

↓spatial working memory 

↔ depressive behaviours 

↔ spot. locomotion 

↑ meth-induced hyperlocomotion 

 

(268) 

Dominant negative 

DISC1 + MIA (poly 

I:C) 

↓ PV+ cell no. in mPFC 

↔ PV+ cell no. in CA1 HPC 

 ↓ spatial working memory 

↔ PPI 

↓ novel object recognition 

↓ context-dependent fear memory 

↓ social behavior 

↓ MK-801-induced 

hyperlocomotion 

(269)  

Truncated DISC1 ↓ no. PV+ cells in mPFC, CA1, 

CA2, CA3 

Change in PV+ lamination in 

DLFC 

(change from inner to outer 

layers) 

 

 ↓ conditioning of latent inhibition  

↓ immobility & vocalisation in 

depression tests 

 

(270)  

Dominant negative 

DISC1 

↓ no. of cells in mPFC  

 

 ↔ PPI 

↓ spontaneous locomotion 

↔ working memory 

↔ spatial learning and memory 

↔ social interaction 

 depressive behaviour  

(271)  
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GCLM KO  ↓ PV+ cell no. in vHPC (CA3 

and DG) 

↔ PV+ cell no. in dHPC 

 

↓ power kainate-induced gamma 

in vHPC slice 

↔ power kainate-induced 

gamma in dHPC 

 

↓ object recognition 

↔spatial working memory 

↔ spatial reference memory and 

learning 

↔ reversal learning  

↓ stress-induced behavioural 

inhibition 

↓ fear conditioning  

(272)  

PDGFR-β f/f; NES-

Cre 

↓ PV+ cell no. in amygdala, CA3 

and mPFC 

 

↓ evoked gamma over frontal 

cortex 

 

↓ social interaction  

↓ PPI 

↓ fear conditioning  

↑ depressive behaviour  

↓ spatial learning  

(273) 

NPXT2/R KO ↓ GluA4 in PV+ cells in HPC 

↔ PV+ cell density in HPC 

 

↓ AMPA-mediated transmission 

in PV+  

↓ feedforward inhibition  

↓ power carbachol-induced 

gamma in HPC slices 

↓ ongoing gamma power in CA1 

of awake animal 

↑ anxiety behaviour 

↓ spatial working memory 

 

(274)  

GRIN1f/f; CAMK2A-

Cre 

↔ PV expression in HPC and 

cortex 

 

↓ ongoing gamma in CA3 

↓ evoked gamma to auditory 

click  

↔ gamma inter-trial coherence 

↑ PC excitability 

 

↓ social behaviour  

↓ self-care 

↑ spont. locomotion  

↓ spatial working memory 

 

(275) 
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FGF14 KO ↓ PV+ cell no. in CA1 

↔ PV expression per +ve cell 

↓ GAD67 in PV soma  

↓ VGAT in PV soma 

↓ ongoing gamma in CA1 of 

awake animal 

 

↓ spatial working memory 

 

(276) 

PLCGf/+; CAMK2-

Cre 
↓ PV+ puncta to pyramidal 

neurons 

↓ inhibitory transmission in 

HPC pyramidal cells and D1+ 

neurons 

↓ anxiety 

↓ depressive behaviour 

↑ pleasure seeking and eating 

↑ activity  

↓ associative memory  

↑ startle response  

↔ PPI  

(277) 

AAV-NLGN2 in to 

HPC 

↑synaptic boutons from PV+ 

interneurons pyramidal cells 
 ↓social dominance 

↓ social preference/memory 

↔ anxiety 

↓ novel-object location 

discrimination 

↔novel-objection recognition 

↓ spatial learning and memory 

(278) 

PLAUR KO ↓ PV+ cell no. in PFC, recovered 

by overexpression of HGF-SF 

↔ PV+ cell no. in HPC and 

basolateral amygdala 

 

 ↔ spatial memory 

↓ extinction of fear conditioning, 

unchanged by overexpression of 

HGF-SF 

↓ attentional set-shifting,   

unchanged by overexpression of  

HGF-SF 

(279)  

Abbreviations (note: * indicates description of what is abbreviated). ↔ = no change. AAV-NLGN2 = AAV driving overexpression of neuroligin 2, amph = 

amphetamine AP = action potential, CA1/CA2/3/DG = subfields of the HPC, CAMK2A = calcium/calmodulin-dependent protein kinase type II alpha chain gene, ctoNRG1 = 

controlled overexpression of neuregulin 1, D1 = DA receptor 1, DA = dopamine, DAT = dopamine transporter gene, DISC1 = disrupted in schizophrenia 1 gene, dHPC = 
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dorsal HPC, fEPSP = field excitatory postsynaptic potential, FGF14 = fibroblast growth factor 14 gene, GAD67 = glutamate decarboxylase 67 isoform, GCLM = glutamate-

cysteine ligase regulatory subunit gene, GluA4 = Glutamate receptor 4 AMPAr subunit, GRIN1 = GluN1 NMDAr subunit gen, HGF-SF = hepatocyte growth factor/scatter 

factor, HPC = hippocampus, mEPSC = miniature excitatory postsynaptic current, mIPSC = miniature inhibitory postsynaptic current, mPFC = medial prefrontal cortex, NES 

= nestin, NPXT2/R = neuronal pentraxin 2 and receptor, PC = pyramidal cell, PCP = phencyclidine, PDGFR-β = beta-type platelet-derived growth factor receptor gene, PFC 

= prefrontal cortex, PLAUR = plasminogen activator urokinase receptor, PLCG = phospholipase C gamma 1, PPI = prepulse inhibition, RMP = resting membrane potential. 

SC = schaffer collateral, spont. = spontaneous, VGAT = vesicular GABA transporter, vHPC = ventral HPC 
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1.11.2 Table 3: Causal PV+ manipulation models 

Model PV+ phenotype Electrophysiology phenotype Behavioural phenotype   Paper 

SCN1Af/+; PV-Cre   ↔ novelty-induced locomotion 

↔ anxiety 

↓ social novelty preference 

↔ sociability 

↑ social novelty-induced 

locomotion 

↓ spatial memory 

↓ social dominance 

(280) 

TRKBf/+; PV-Cre   ↓ short-term spatial memory in 

males 

↔ short-term spatial memory in 

females 

↔ long-term spatial learning in 

males and females 

↑ perseverative responding in 

males 

↔ perseverative responding in 

females 

↔ anxiety in males and females 

↔  spontaneous locomotion 

(281) 

GRM5f/f; PV-Cre ↓ PV+ cell no. in mPFC, striatum 

at CA3 in males 

↔ PV+ cell no. in DG and CA1 

in males 

↓ freq of mIPSCs in CA1 PCs 

↔ amp of mIPSCs in CA1 PCs 

↔ ongoing gamma power over 

frontal and parietal regions 

↓ social novelty preference  

↓ novel-object recognition 

↔ spatial memory  

↔ novel-place recognition 

↑ repetitive behaviors 

(282) 
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↓ PV+ cell no. in mPFC and 

striatum of females 

↓ PV+ contacts to PCs in mPFC, 

CA1 and CA3 

↓ PV and GAD67 protein 

expression in PV+ contacts to 

PVs in HPC 

↔ PV and GAD67 protein 

expression in PV+ contacts to 

PVs in mPFC 

↑ auditory evoked gamma power 

over parietal and frontal  

 

 

 

↑ PPI   

↓ PCP-induced hyperlocomotion 

↓ PCP-induced PPI deficit 

↑ amph-induced hyperlocomotion 

↔ amph-induced PPI deficit 

 

ERBB4f/f; LHX6-Cre ↓ density of terminals contacting 

PV+ cells 

↓ presynaptic buttons from 

PVChC 

 synapse density from PVBC 

↓ PV protein levels 

↓ freq of excitatory events in 

PV+ cells 

↓ freq inhibitory events in CA1 

PCs 

↑ freq of excitatory events in 

PCs 

↑ power of ongoing gamma in 

HPC 

↓ anxiety  

↓ sociability  

↓ planning/organized behaviour 

↓ spatial working memory 

↓ PPI 

(283) 

ERBB4f/f; PV-Cre  ↓NRG1-induced increase in 

eIPSC amplitude 

↑ spont. cell firing 

↑ spont. locomotion 

↓ working memory 

↓ PPI 

(284) 

GLURD KO and 

GLURAf/f; PV-Cre  

  power kainate-induced 

gamma oscillations in CA3 and 

CA1 

 

↔ spontaneous locomotion 

↔ anxiety  

↔ spatial reference memory 

↓ spatial working memory 

↓ exploratory behaviour  

↓ object recognition 

(136)  
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GAD67f/+; PV-Cre ↓ PV+ cell no.  

↓ no. of PV+ cells with PNN 

↓ inhibitory synapse strength 

↔ basal excitatory transmission 

↑ spine density 

↔ motor coordination and 

learning 

↔ anxiety 

↔ spont. locomotion 

↑ MK-801-induced 

hyperlocomotion 

↓ PPI 

↔ spatial working memory 

↔ fear learning 

↔ sociability 

↓ social novelty preference 

(285) 

microRNA targeting 

GAD67 in PV+ cells 

  freq inhibitory events in 

plPFC PCs 

 

↓ PPI 

↔ anxiety 

↔ working memory 

↑ novelty seeking  

↓ fear extinction 

↔ contextual and cue fear 

conditioning 

 

(286) 

COX10If/f; PV-Cre ↔ PV+ cell density 

 

↑ gamma power in mPFC and 

HPC  

↑ excitability of PV+ 

↓ sociability  

↓ PPI 

↔ spont. locomotion 

(287) 

GRIN1f/f; PV-Cre  ↑ MK-801 induced delta 

oscillatory activity over PFC 

↔ attention 

↔ cognitive flexibility 

↔ short-term memory 

↔ working memory 

↑ MK-801-induced catalepsy and 

stereotype 

(202) 
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↑ MK-801-induced impairments 

in motor coordination, spatial 

working memory and sucrose 

preference 

GRIN1f/f; PV-Cre  ↑ ongoing gamma power along 

midline  

↔ evoked gamma power 

+ve correlation between 

ongoing gamma and T-maze 

No correlation between evoked 

and T-maze 

No correlation of either with 

social behaviour 

↔ amplitude or freq post-

synaptic currents in PV+ cells 

↓ self-care 

↓ sociability  

↔ performance on discrete T-

maze test of working memory 

↑ continuous T-maze 

↔ anxiety  

 

(35) 

GRIN1f/f; PV-Cre ↔ PV+ cell no. in 

somatosensory cortex 

 

↑ ongoing gamma power in 

somatosensory cortex when 

anesthetized, not sig. in awake 

mice. 

↓ power gamma evoked by 

optogenetic stimulation of PV 

interneurons 

↓ ongoing gamma induced by 

MK-801 

↔ spont locomotion 

↓ MK-801-induced 

hyperlocomotion  

↔ PPI 

↓ contextual and cue fear 

conditioning  

↔ spatial reference memory  

↔ reversal learning 

↔ working memory  

(201) 

GRIN1f/f; PV-Cre  ↑ gamma power during 

exploration in CA1 

 

↓ spatial working memory  

↓ recognition memory 

 spatial reference memory 

(200) 
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CDK5f/f; PV-Cre 

* 

↔ PV+ cell no. in motor cortex, 

cingulate cortex and HPC 

↔ lamination of PV+ cells  

↑ freq of inhibitory currents in 

CA1 PCs 

 

↓ anxiety  

↓ contextual and cue fear 

conditioning  

↓ spatial reference memory 

↓ PPI 

(217) 

AAV-Flex-TeLC 

virus in to lPFC and 

ilPFC of PV-Cre 

mice 

 ↔ ongoing gamma power in 

PFC 

↓ gamma power at decision zone 

of Y maze working memory 

task 

↔ spot. locomotion 

↓ working memory 

↑ anxiety 

 

(288) 

AAV-Flex-TeLC 

virus in to PFC of 

PV-Cre mice 

 ↔ background gamma power  

 

↔ anxiety 

↔ spont. locomotion 

↓ spatial working memory  

↓ reversal learning 

↔ sociability  

↔ amph-induced 

hyperlocomotion 

(289) 

AAV-Flex-TeLC 

virus in to CA1 of 

PV-Cre mice 

 ↓ PV+-mediated inhibition of 

CA1 PCs 

 

↔ anxiety 

↔ locomotion 

↔ spatial reference memory 

↓ spatial working memory  

(290) 

AAV-DIO-hM3Gq 

in to mPFC or NAc 

of  PV-Cre mice 

* 

  ↔ PPI (219) 
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PV-hM3Dq in to 

mPFC 

* 

  ↓ working memory with 60 s 

delay 

↓ scent learning 

↓ social preference 

↓ anxiety 

↔ spontaneous locomotion 

↔ reversal learning 

Recovered impairment in 

working memory, reversal 

learning, scent learning, social 

preference induced by inhibiting 

the mediodorsal thalamus 

(291) 

AAV-hM3Gq in to 

CA1 of 22q11 

deletion (LgDel/+); 

PV-Cre mice 

* 

 ↓ carbachol-induced calcium 

transients, recovered by CNO 

↓ synchronization of neuronal 

firing in CA1, recovered by 

CNO 

↓ ongoing theta and gamma 

power, recovered by CNO 

↑ spont. locomotion, recovered 

by CNO 

↓ PPI, unchanged by CNO 

↓ contextual-fear learning, 

recovered by CNO 

(218) 

AAV-ChR2 or AAV-

SwiChR in to mPFC 

of PV-Cre mice 

* 

 Firing in ChR2+PV+ cells with 

blue light, followed by 

pyramidal cell inhibition 

 

Inhibition in SwiChR+PV+ cells 

with blue light, followed by 

pyramidal cell disinhibition 

↓ attentional processing when PV 

cells inhibited (SwiChR + blue 

light) 

↓ attentional processing when PV 

cells driven (ChR2 + blue light) 

at 1-10 Hz 

↔ attentional processing when 

PV cells driven at 20 Hz 

↑ attentional processing when 

PV+ cells driven at 30-40 Hz 

(292) 
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AAV-ChR2 in to 

mPFC of PV-Cre 

mice  

* 

  ↔ working memory (293) 

AAV-ChR2 in to 

barrel cortex of PV-

Cre mice 

* 

 1 ms blue light pulse at 40 Hz 

for 600 ms induced 40 Hz peak 

in LFP 

↑ detection of less salient 

vibrissal stimulation 

(294) 

NpHRf/f; PV-Cre, 

optic fiber into OFC 

or mPFC 

  ↓ rule-reversal learning in set 

shifting task in OFC implanted 

mice 

↔ spont. locomotion in OFC or 

mPFC implanted 

↓ rule-shifting learning in set 

shifting task in mPFC implanted 

mice 

(295) 

AAV-Flex-eArch in 

to mPFC of PV-Cre 

mice 

  ↑ anxiety behaviour 

↓ attentional set shifting 

 

(249) 

AAV-Flex-hM4D 

virus in to vHPC of 

PV-Cre mice 

 ↑ network excitability in CA1 

↑ absolute power gamma 

oscillations  

↔ relative gamma power 

 

↔ spontaneous locomotion 

↔ amph-induced hyerlocomotion 

↓ PPI 

↓ spatial working memory  

↔ social interaction 

 

(296) 
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Lentivirus carrying 

shRNA targeting PV 

mRNA in vHPC 

 ↑ pyramidal cell firing in vHPC 

↑ DA neuron population activity 

in ventral tegmental area 

↑ amph-induced hyperlocomotion (297) 

Abbreviations (note: * indicates description of what is abbreviated). AAV-Flex/DIO = adeno-associated virus *carrying gene which will be expressed in Cre+ cells, amph = 

amphetamine, CA1/2/3 = subregions of HPC, CDK5 = cyclin-dependent kinase 5 gene, ChR2 = *light activated channel that depolarises cell, COX10 = protoheme IX 

farnesyltransferase mitochondrial gene, eArch = *hyperpolarising light-gate proton pump activated by green light, ERBB4 = Erb-B2 receptor tyrosine kinase 4 gene, Gad1 = 

glutamate decarboxylase 1 (GAD67) mRNA, GLURD/A = AMPAr D and A subunit genes, GRIN1-2 = GluN1 and 2 NMDAr subunit genes, GRM5 = metabotropic glutamate 

receptor 5, hM3D/Gq = *receptor activated by drug CNO that activates cells, hM4D = *receptor activated by drug CNO that inhibits cells, ilPFC = infralimbic PFC, LHX6 = 

LIM/homeobox protein 4, lPFC = lateral PFC, mIPSC = miniature inhibitory postsynaptic potential,  mPFC = medial PFC, NpHR = *light activated channel that 

hyperpolarises, OFC = orbitofrontal cortex, PC = pyramidal cell, PCP = phencyclidine, plPFC = prelimbic PFC, PPI = prepulse inhibition, SCN1A = sodium voltage-gated 

channel alpha subunit 1, shRNA = short hairpin RNA that silences target mRNA, spont. = spontaneous, SwiChR = *light activated channel that hyperpolarises, TeLC = 

tetanus toxin light chain, TRKB = tropomyosin receptor kinase B, vHPC = ventral HPC. 
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cortical gamma oscillations and phase coherence, but not working memory 

impairments, in mice
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2.1 Abstract 

Abnormalities in neural oscillations that occur in the gamma frequency range (30-80 Hz) may 

underlie cognitive deficits in schizophrenia. Both cognitive impairments and gamma 

oscillatory disturbances can be induced in healthy people and rodents by administration of N-

methyl-D-aspartate receptor (NMDAr) antagonists. We studied relationships between 

cognitive impairment and gamma oscillatory abnormalities following NMDAr antagonism 

and attempted to reverse these deficits with the metabotropic glutamate receptor type 2/3 

(mGluR2/3) agonist LY379268. C57BL/6 mice were trained to perform the Trial-unique 

Nonmatching-to-Location (TUNL) touchscreen test for working memory. They were then 

implanted with local field potential (LFP) recording electrodes in the medial prefrontal cortex 

and dorsal hippocampus. Mice were administered either LY379268 (3mg/kg) or vehicle 

followed by the NMDAr antagonist MK-801 (0.3 or 1mg/kg) or vehicle prior to testing on the 

TUNL task or recording LFPs during the presentation of an auditory stimulus.   

Treatment with LY379268 prevented the increases in ongoing gamma and high frequency 

oscillation (HFO, 130-180 Hz) power and regional gamma coherence induced by MK-801 

but failed to improve the evoked gamma oscillatory deficit. In addition, LY379268 did not 

restore deficits in working memory, or perseverative behaviour caused by MK-801 in the 

TUNL task. We conclude that NMDA receptor antagonism impairs working memory in mice 

and that this is not reversed by stimulation of mGluR2/3. Since elevations in ongoing gamma 

power and regional coherence caused by MK-801 were improved by LY379268, it appears 

unlikely that these specific oscillatory abnormalities underlie the working memory 

impairment caused by NMDAr antagonism.  
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2.2 Introduction 

Deficits across a broad spectrum of cognitive domains, including attention and working 

memory, are a core feature of schizophrenia (23, 298). Cognitive impairments are detectable 

prior to onset of psychosis, remain stable across illness, can be seen (albeit to a lesser degree) 

in unaffected relatives and are a strong predictor of a patient’s functional outcome (299-301). 

Although effective against psychotic symptoms, current antipsychotics, which primarily 

target dopaminergic neurotransmission, provide minimal relief from cognitive symptoms 

(302). The development of pharmacological treatments that specifically target cognitive 

impairments in schizophrenia would therefore greatly reduce the burden of this disease.  

Pharmacological, molecular and genetic evidence suggests that reduced glutamatergic 

transmission specifically at the NMDA receptor (NMDAr) may play a key role in the 

pathophysiology of schizophrenia. Administration of NMDAr antagonists can induce 

behavioural disturbances in healthy people that are reminiscent of the symptoms experienced 

by people with schizophrenia (303, 304). These observations led to the use of acute NMDAr 

antagonists as a preclinical model of this disorder to test new therapies and study the 

pathophysiological consequences of NMDAr hypofunction (305). This model elicits 

behavioural consequences; rodents show hyperlocomotion (198), thought to be related to 

psychosis-like symptoms, as well as cognitive disturbances such as deficits in spatial working 

memory and sensorimotor gating (306-308). The NMDAr is a tetramer containing two 

subunits, the obligatory GluN1 subunit and variable GluN2A-D subunit (309). 

Polymorphisms in the human GRIN1/GluN1 and GRIN2B/GluN2B genes have been 

associated with schizophrenia (310, 311). Further, a GluN2B allele has been associated with 

reduced GluN1 mRNA and protein expression, as well as reduced reasoning ability in 

schizophrenia patients (312). These findings suggest that abnormalities involving the 
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NMDAr are implicated in schizophrenia, although the mechanisms by which it contributes to 

the clinical syndrome, and specifically cognitive disturbances, are poorly understood. 

The glutamate system has emerged as a promising therapeutic target for the treatment 

of schizophrenia. Seemingly counterintuitively, NMDAr antagonists produce an increase in 

prefrontal glutamate release (313, 314), increasing transmission at non-NMDA glutamate 

receptors. From this, it is thought that these drugs preferentially act on GABAergic 

interneurons, reducing inhibitory tone on pyramidal cells, resulting in excessive glutamate 

release. The NMDAr-antagonist induced release of glutamate can be blunted by activating 

metabotropic glutamate type 2/3 receptors (mGluR2/3) (315). mGluR2/3 agonists also reverse 

behavioural disturbances caused by NMDAr antagonists in rodents, such as hyperlocomotion 

(307, 316-318) and working memory impairment (313, 319), although some studies do not 

support improvements to cognitive outcomes (320-322). These preclinical reports led to 

clinical trials with mGluR2/3 agonists. In the first trial, an oral prodrug of the mGluR2/3 

agonist LY404039 improved both positive and negative symptoms in schizophrenia patients 

(323). However, when the same drug was tested in a subsequent Phase IIB trial, patients 

treated with placebo showed a significant improvement and thus, the results were deemed 

inconclusive (324).  

Cognitive processes that are disrupted in schizophrenia, including working memory 

and attention, have been associated with gamma oscillations (325, 326) - electrophysiological 

brain rhythms occurring in the frequency range of 30 to 80 Hz. It is of interest, then, that an 

extensive body of work studying schizophrenia patients documents abnormalities in gamma 

oscillations (327). Specifically, patients exhibit a reduction in gamma oscillations evoked by 

sensory stimuli (106, 328), as well as an increase in the power of ongoing, or spontaneous, 

gamma oscillations (329, 330). Gamma oscillatory abnormalities may therefore contribute to 

the cognitive symptoms in schizophrenia. In support of this, one study reported an association 
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between a reduction in visual-evoked gamma responses with severity of visual hallucination, 

thought disorder and conceptual disorganisation in patients (111). In addition, recovery of 

gamma abnormalities in patients can be accompanied by improvement in cognitive 

impairment (331). NMDAr antagonists can induce these same gamma oscillatory 

disturbances in healthy humans (332) and in rodents (308, 333-338). We have also seen an 

increase in ongoing power in the high frequency oscillation (HFO) range (130-180 Hz) with 

NMDAr antagonist treatment (198). NMDAr antagonists, therefore, provide an opportunity 

to explore the relationship between aberrant gamma oscillations and behavioural deficits. We 

have previously shown that NMDAr antagonist-induced reductions to auditory evoked 

gamma power temporally coincide with disruptions to sensorimotor gating (336). Both these 

deficits were selectively reversed by the antipsychotic clozapine (308), leading us to conclude 

that disruptions to evoked gamma activity induced by NMDAr antagonists were functionally 

relevant to sensorimotor gating impairment.  

Here, we assessed the ability of an mGluR2/3 agonist to normalise cognitive and 

electrophysiological consequences of the NMDAr antagonist MK-801. We focused on 

working memory, utilising the mouse trial-unique nonmatching-to-location (TUNL) task in 

the rodent touchscreen operant system. This translational system allows for non-aversive, 

low-stress and automated testing of multiple cognitive domains, and was designed to address 

the limitations of traditional rodent tests of cognition (339).  The TUNL task is a version of 

the delayed non-match to sample task. When run in the touchscreens, it avoids the potential 

for mediating strategies to be adopted by the animal, a potential pitfall with other testing 

apparatus (340). We were particularly interested to determine whether impairments in 

working memory induced by NMDAr antagonists were related to, or could be dissociated 

from, electrophysiological disturbances. It was hypothesised that the mGluR2/3 agonist 

LY379268 would attenuate the NMDAr antagonist-induced deficits in gamma and HFO 
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oscillations and working memory, thereby suggesting that the two may be mechanistically 

linked. These studies also develop a platform for testing novel therapeutics against 

schizophrenia-related outcomes.  

2.3 Materials and methods 

2.3.1 Animals and housing  

Male C57BL/6 mice were bred at the Melbourne Brain Centre, University of Melbourne, and 

group housed. We conducted repeated behavioural studies on n=11 mice, and then a subset of 

these (n=5) were used for electrophysiology. Mice aged 8–11 weeks were maintained on a 

12-h reverse light cycle (lights off 0730 – 1930h), allowing for behavioural experiments to be 

conducted during the dark cycle. Following a week of acclimatisation to the adjusted light 

cycle, a restricted food diet was introduced to maintain mice at 85-90% of their free feeding 

weight (water available ad libitum). Following completion of behavioural experiments, mice 

were moved to a standard light cycle room (lights on 0730-1930h) and placed on free-feeding 

(food and water available ad libitum) to facilitate electrophysiological studies. All 

experimental procedures were approved by the Florey Neuroscience Institute Animal Ethics 

Committee (#16-028). 

2.3.2 Trial-unique nonmatching-to-location (TUNL) task of working memory 

2.3.2.1 Apparatus 

Behavioural experiments were completed in automated touchscreen-based operant system for 

mice (Camden Instruments Ltd., UK). The food magazine delivered 20µL of strawberry 

flavoured milk (Nippy’s Ltd., Australia) for each reward. The touchscreen was covered with 

a black perspex mask with five response windows (each 4 x 4 cm, 1.5 cm above the floor). 

Infrared (IR) beams between the mask and touchscreen detected when the animal touched 

through, or nose-poked, each response window. The systems were controlled, and data 

collected using the Whisker and ABET II Touch software (Camden Instruments Ltd., UK). 
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2.3.2.2 Pretraining  

Pretraining was conducted as described previously (341). In brief, mice were incrementally 

trained to: 1) associate stimuli presented on the touchscreen with reward delivery, 2) nose-

poke stimuli to receive reward, 3) initiate stimulus presentation by breaking an IR beam at the 

rear of chamber and finally, 4) to avoid touches to non-illuminated response windows. Mice 

were progressed on to TUNL training once 48 trials were completed in 30 mins at over 80% 

accuracy for two consecutive days.  

2.3.2.3 Task acquisition 

An individual TUNL trial is composed of a sample and choice phase (Figure 1A). In the 

sample phase, a tone is presented and the reward magazine is illuminated. This signals the 

mouse to move to the rear of the chamber (magazine end), breaking an IR beam. This IR 

beam break, which is referred to as an initiation, triggers the presentation of a white square in 

one of the five possible response windows, referred to as the sample stimulus. The stimulus is 

removed and a delay period begins once a nose-poke to the illuminated square is made. 

Following this delay, a second initiation is required to start the choice phase. Here, two 

squares are presented, one in the same location as the first (match, incorrect) and one in a 

new location (non-match, correct), referred to as the choice stimuli. A nose-poke to the 

correct location results in the delivery of reward and commencement of an intertrial interval 

(ITI). A touch to the incorrect location results in a timeout and commencement of a 

correction trial, in which the same stimuli are presented until a correct response is made.  

Task training occurred in two stages, as described previously (341). In Stage 1, all 

stimuli were presented in non-centre locations (Figure 1B). Initially, mice were trained to 

criterion on the maximal separation level, where the choice stimuli were separated by three 

blank response windows (S3). The separation was then decreased to S2 and then S1, in which 

the correct and incorrect stimuli were presented on either side of the centre response window. 
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Stage 2 differed in that half of the trials used the centre window as the sample location. All 

mice were trained on S1 for 16 days, at which point population performance stabilised.  

Task parameters for Stage 1 were as follows: criterion of 70% correct for 2 

consecutive days, 2 s delay, 15 s ITI, 5 s correction trial ITI, 5 s time out, a reward for one in 

3 sample touches and session completion either after 36 trials or 45 minutes. Task parameters 

for Stage 2 were the same as those for Stage 1 with the following exceptions: 0 s delay, no 

reward for sample touches and session completion either after 48 trials or 60 minutes.  

2.3.2.4 Working memory probe and drug challenge  

Once performance on the task was stable across the cohort, the pharmacological studies 

began. Mice were first tested on the Stage 2 S1 schedule with a delay of 1, 3 and 6 s between 

the sample and choice phases. Accuracy ((no. correct trials/total trials completed) x 100) 

decreased as the delay increased (not shown). The delay between the sample and choice 

phases was set to 3 seconds for the pharmacological studies, offering the opportunity to both 

increase and further decrease performance (see schematic of trial structure in Figure 1A). 

Each session consisted of a maximum of 48 trials in 60 minutes – animals completing less 

than 24 trials in this time period were excluded and repeated at a later date. Prior to starting 

the drug testing, mice were habituated to the injections by inserting the needle ip with an 

empty syringe for three consecutive days. For the drug studies, mice received two injections 

prior to testing (Figure 1C). First, mice were administered either vehicle (saline 0.9% ip) or 

LY379268 (3mg/kg ip). After 30 minutes, mice were injected with either vehicle or MK-801 

(0.3mg/kg ip). Thirty minutes after the second injection, mice were placed in the touchscreen 

chambers, and testing sessions began. The primary outcome was accuracy. Secondarily, we 

assessed perseveration (no. correction trials/no. incorrect trials), total trials (no. of test trials + 

no. of correction trials) reward collection latency (time to collect reward after a correct 

response), correct response latency (time to correct response after stimulus presentation) and 



Chapter 2 

 

66 

  

incorrect response latency (time to incorrect response after stimulus presentation). To 

increase statistical power, drug treatments were delivered in an entirely repeated measures 

design, with each animal receiving each combination of MK-801 and LY379268. Drug 

treatments were pseudo-randomised, such that each possible order of treatment combinations 

occurred an equal number of times. A minimum of 48 hours was left between successive 

treatments. 

2.3.3 Electrode implantation surgery  

Surgical implantation of local field potential (LFP) recording electrodes was performed on 

the mice following completion of the behaviour experiments as described previously (342). 

Briefly, mice were anesthetised using isoflurane and secured in a digital stereotaxic frame. A 

single midline incision was made along the scalp. Four holes were drilled into the skull under 

stereotaxic guidance, including over the two brain regions of interest: the medial prefrontal 

cortex (mPFC) and CA1 region of the dorsal hippocampus (dHPC). Active stainless-steel 

electrodes (125µm diameter, Cat # E363/3/20, PlasticsOne, BioScientific NSW, Australia) 

were positioned in the left mPFC (1.9 (AP), -0.4 (ML), -1.8 (DV)) and the left dHPC. (-1.8 

(AP), -1.3 (ML), -1.3 (DV)). Two intertwined reference electrodes were lowered onto to the 

dura into a third hole drilled anterior to the lambda suture on the left parietal plate. A custom-

made ground electrode (tip of electrode soldered on to a 0.5mm stainless steel screw) was 

screwed into the last hole anterior to the lambda suture on the right parietal plate. Electrodes 

were connected to a 5-channel connector (Part # M52-5002545, Element 14, Australia). The 

electrode assembly was secured using dental acrylic, and animals were given a minimum of 

seven days recovery time before electrophysiology recordings began.    

2.3.4 Electrophysiology procedures  

To record LFPs, the electrodes were connected to bio-amplifiers using a custom-made 5 

channel cable. The signal from the amplifiers was fed into an AD converter (AD Instruments, 
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Bella Vista, NSW, Australia) via two selective noise eliminators (Humbug; Digitimer, 

Letchworth Garden City, UK). The digitised signal was visualised and recorded, at a 

sampling rate of 1000 Hz, using Chart V 4.5 Software (AD Instruments, Bella Vista, NSW, 

Australia). Once connected to the EEG setup, mice were placed in a clear, cylindrical 

enclosure inside an SR-LAB startle response system test chamber (San Diego Instruments, 

San Diego, USA). Baseline EEG was recorded for 30 minutes. Mice were then administered 

with vehicle or LY379368 (3mg/kg ip). Thirty minutes later, mice were administered either 

vehicle or MK-801 (0.3 or 1.0mg/kg ip). Mice were then presented with auditory clicks (85 

dB 20 ms) over a background of constant noise (70 dB every 6 s for 60 minutes). As with 

behavioural testing, the drug treatments were administered in an entirely repeated measures 

design, with a minimum of 48 hours between treatments.  

2.3.5 Electrophysiology analysis  

2.3.5.1 Ongoing gamma and high frequency oscillatory power 

These analyses are similar to those previously described (308, 343). Briefly, the raw LFP 

signal was processed with custom-designed MATLAB scripts. The continuous LFP from 30-

60 mins after MK-801 or vehicle administration (Figure 1D) was segmented into 10s epochs 

for the mPFC and dHPC channels. Epochs containing artefact and/or appreciable levels of 50 

Hz noise were automatically detected and rejected from further analysis. Remaining epochs 

were subject to Fast Fourier Transformation using the pwelch function (specified in the 

EEGLab plugin (344)) in MATLAB to generate a power spectral density (PSD) estimate over 

the frequency range of 1-100 Hz. The integral of the PSD estimate over the 30-80 Hz 

frequency range was divided by the total power from 0-180 Hz to give relative ongoing 

gamma power. The same was done for the 130-180 Hz frequency range to give relative 

ongoing power in the HFO range.  
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2.3.5.2 Auditory evoked oscillatory power  

We next examined the gamma oscillatory response to the presented auditory clicks, as 

previously described (342). Continuous LFP recordings were segmented into epochs around 

each auditory stimulus (-500 ms to +500 ms). Epochs containing appreciable artefact were 

rejected. Accepted epochs were averaged to generate an average event related potential 

(ERP). The average ERP was then subject to morlet wavelet decomposition using the 

EEGLab newtimef function plugin in MATLAB. This produced a calculation of the average 

event-related spectral perturbation (ERSP) at 180 linearly spaced frequencies between 20 and 

200 Hz with wavelet cycles increasing from 3 to 10. Auditory evoked gamma power 

(occurring between 30-80 Hz) was calculated by taking the log of post-stimulus gamma 

power in each trial (defined as 0-+100ms relative to the pulse), and log of the pre-stimulus 

gamma power in each trial (-300-0ms relative to the pulse), and averaging these. It then 

calculates the difference of log-post-stimulus vs log-pre-stimulus periods, which is equivalent 

to the logarithm of the ratio of power and multiplies this by 10 to get dB. The formula for this 

calculation is dB=10*(log(Ppost)-log(Ppre)). 

2.3.5.3 Regional phase coherence 

Phase coherence between the mPFC and dHPC reflects the strength of functional coupling 

between these regions (345). We used the newcrossf function from the EEGlab MATLAB 

plugin to derive the coherence spectrum using Welch’s averaged periodogram method. 

Coherence values range from 0-1. Raw LFP data from 10 to 30 mins post-injection of MK-

801 was segmented into 30s epochs containing both channels. Coherence spectra were 

calculated over the interval 1 to 100 Hz. Gamma coherence was then calculated by averaging 

the coherence spectra between 30 and 80 Hz.  
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2.3.6 Statistical analyses 

In all cases, the data was analysed in GraphPad Prism using a two-way repeated measures 

ANOVA against an alpha level of p<0.05. Sphericity was assumed for each test and 

Bonferroni correction was applied when conducting planned post-hoc comparisons.  Graphs 

show individual data points with group mean ± SEM.  

2.4 Results  

2.4.1 MK-801 impairs working memory in mice, but this is not affected by 

LY379268 pre-treatment 

Previous work in rats has shown that MK-801 induces deficits in working memory in the 

TUNL task (189, 190); however, no studies have examined this in mice. Therefore, we first 

sought to investigate whether MK-801 administration influenced working memory assessed 

using the TUNL task in mice, and then address if pre-treatment with LY379268 could 

attenuate the effects of MK-801 on this cognitive domain. Indeed, we found that MK-801 

treatment reduced working memory accuracy (F(1, 10)=28.21; p=0.0003, Figure 1B). In 

addition, MK-801 significantly increased perseverative responses (F(1, 10)=43.63; p<0.0001, 

Figure 1C). However, pre-treatment with LY379268 did not impact these MK-801-induced 

deficits (MK-801 x LY379268 interaction: accuracy – F(1,10)=0.03; p=0.88, perseveration – 

F(1, 10)=3.01; p=0.11).  

In addition, MK-801 increased the total number of trials completed (F(1,10)=50.49; 

p<0.0001, Figure 1D). This was driven by an increase in the number of correction trials 

completed, reflected in increased perseveration index. There was no interaction between 

treatments for this measure (F(1,10)=0.003; p=0.95).  

There was a significant interaction between the effects of MK-801 and LY397268 on 

correct response latency (F(1,10)=19.03; p=0.0014, Figure 1E). Post-hoc comparisons revealed 

a significant increase in this measure between vehicle treatment and LY379268 in the 
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absence of MK-801 (p=0.031).  We also found a significant interaction between the effects of 

MK-801 and LY379268 on incorrect response latency (F(1,10)=8.35; p=0.016, Figure 1F). Post 

hoc comparisons showed significant differences between LY379268 alone vs MK-801 

(p=0.015) and LY379268 + MK-801 (p=0.0017). Reward collection latency tended to be 

reduced by MK-801 (F (1, 10)=4.88; p=0.052) and increased by LY379268 (F (1, 10)=8.92; 

p=0.014, Figure 1G). Post-hoc comparisons showed a significant increase in this measure 

between vehicle and LY379268 alone (p=0.044).  

In all, we showed that MK-801 decreased accuracy and increased perseveration and 

total trials completed in the TUNL test of working memory. These changes were not 

attenuated by pre-treatment with LY379268. Further, treatment with LY379268 increased 

correct and reward collection latencies.  

2.4.2 LY379268 attenuates the MK-801-induced increase in the power of ongoing 

gamma oscillations  

The next question we addressed was whether LY379268 could attenuate the MK-801-

induced disruptions to gamma oscillations and HFOs in two brain regions implicated in 

spatial working memory. First, the effect of drug treatments on relative ongoing power in the 

gamma (30-80Hz) and HFO (130-180 Hz) bands were examined. Power spectral density 

(PSD) plots were generated from the recordings to display the power of ongoing oscillations 

in the presence of each combination of drug (Figure 2A, B, E, F).  

When analysing effects on ongoing gamma power (30-80 Hz – Figures 2C and G), 

two-way ANOVA revealed significant effects of MK-801 (mPFC: F(2,8)=26.94; p=0.0003, 

dHPC: F(2,8)=31.33; p<0.001) and LY379268 (mPFC: F(1,4)=27.80; p=0.0062, dHPC: 

F(1,4)=17.71; p=0.014). There was also a significant MK-801 x LY379268 interaction in the 

mPFC (F(2,8)=10.67; p=0.006, Figure 2c) and near-significant interaction in the dHPC 

(F(2,8)=4.41; p=0.051, Figure 2g). Post-hoc comparisons revealed that 1mg/kg MK-801 
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significantly increased gamma power in both regions compared to vehicle (mPFC: p=0.004; 

dHPC: p=0.006), and that ongoing gamma power induced by 1mg/kg MK-801 was 

significantly lowered in the LY379168+MK-801 combination (mPFC: p=0.002; dHPC: 

p=0.015). This demonstrates that the MK-801-induced increase in ongoing gamma power 

was completely attenuated by LY379268 in both brain regions.  It is also interesting to note 

that 0.3mg/kg MK-801 – a dose which created working memory disturbances – had no 

effects itself on ongoing gamma power in either region mPFC (p>0.99) and dHPC (p>0.99).  

When considering HFOs (130-180 Hz – Figures 2D, H), two-way ANOVA revealed a 

significant effect of LY379268 treatment, such that it decreased HFO power in the mPFC 

(F(1,4)=10.35; p=0.032). This was not seen in the dHPC (F(1,4)=2.40; p=0.20). There was a 

significant effect of MK-801 treatment in both regions (mPFC: F(2,8)=10.35; p=0.006, Figure 

2D, dHPC: F(2,8)=13.98; p=0.002, Figure 2H), but no interactions between the two drugs were 

observed. Post hoc comparisons revealed a significant increase in HFO power with 0.3mg/kg 

(mPFC: p=0.011, dHPC: p=0.0078) and 1 mg/kg MK-801 (mPFC: p=0.0072, dHPC: 

p=0.0021) compared to vehicle. Visualisation of the graphs suggests that LY379268 was able 

to attenuate the effect of the 1mg/kg dose of MK-801 – however, this did not reach statistical 

significance (mPFC: p=0.21, dHPC: p=0.96). 

2.4.3 MK-801 decreases auditory evoked gamma oscillations, but this is 

unaffected by LY379268 

Next, we assessed the effect of drug treatment on the evoked gamma response to an auditory 

stimulus. We generated spectrograms showing the consequence of the auditory click on 

electrophysiology activity in the presence of drug in the mPFC (Figure 3A) and dHPC 

(Figure 3B). The power of the oscillatory response generated in the gamma band was 

quantified for each treatment combination. There were significant differences between the 

groups when comparing evoked gamma power in the two brain regions of interest.  
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Treatment with MK-801 had a significant effect on evoked gamma power in mPFC 

(F(2,8)=36.31, p<0.0001) and dHPC (F(2,8)=46.57, p<0.0001). In contrast to the ongoing 

gamma power findings, there was neither an effect of LY37928 (mPFC: F(1,4)=3.28; p=0.14, 

dHPC: F(2,8)=2.42; p=0.19) nor an interaction with MK-801 in either brain region (mPFC: 

F(1,4)=3.28; p=0.14, dHPC: F(2,8)=2.07; p=0.19). Post-hoc comparisons revealed a significant 

reduction in evoked gamma power with the 0.3mg/kg (mPFC: p=0.0003, dHPC: p=0.0007) 

and 1mg/kg (mPFC: p<0.0001, dHPC: p=<0.0001) doses of MK-801 compared to vehicle 

treatment (Figure 3C, D).  

2.4.4 Increased gamma oscillatory phase coherence between the mPFC and 

dHPC induced by MK-801 is reversed by LY379268 

We also assessed the phase coherence of gamma oscillations between the mPFC and dHPC 

(Figure 4A, B), a measure of regional connectivity. Neither treatment with MK-801 

(F(2,8)=1.36, p=0.31) nor LY379268 (F(1,4)=2.08, p=0.22) produced a significant difference in 

the regional coherence of gamma oscillations. However, of key interest, we saw a significant 

interaction between the effects of MK-801 and LY379268 (F(2,8)=8.09, p=0.012, Figure 4c). 

This was evident at the highest dose of MK-801, which increased phase coherence between 

the two brain regions compared to vehicle+vehicle treatment (p=0.018). Coherence when 

1mg/kg MK-801 was preceded by LY379268 was significantly lower compared to 1mg/kg 

alone (p=0.022). This suggested that the MK-801 effect on mPFC-dHPC coherence was 

completely normalised by pre-treatment with LY379268.  

2.5 Discussion 

In the current study, we used an acute NMDAr hypofunction model in mice to assess the 

effect of an mGluR2/3 agonist on working memory deficits and gamma oscillatory 

abnormalities. The aim was, first, to assess the potential of this treatment strategy to improve 

cognitive impairment. Second, we sought to explore the relationship between disruptions in 
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gamma oscillations and cognitive impairment. If disturbances in gamma oscillatory activity 

were related to the effects of NMDAr antagonists on working memory, reversing the gamma 

abnormalities would be accompanied by an improvement in this cognitive process. In our 

study, the NMDAr antagonist MK-801 impaired accuracy in the TUNL test of working 

memory adapted for mice (341), which agrees with previous studies done in rats (189, 190). 

MK-801 also increased perseverative incorrect responding on the task. 

Electrophysiologically, we observed a drug-induced increase in ongoing gamma and 

HFO power, along with a decrease in gamma power evoked by auditory stimuli, also in line 

with previous studies (198, 333, 336, 338, 346). Treatment with MK-801 also increased 

gamma phase coherence between the mPFC and dHPC. Importantly, the changes in ongoing 

HFO and evoked gamma power were seen at a moderate and high dose of MK-801, while the 

increase in ongoing gamma power and regional gamma coherence were only seen with the 

high dose. Of key interest, LY379268 effectively attenuated the MK-801-induced increase in 

ongoing gamma power and regional coherence but failed to improve disruptions to working 

memory and perseverative behaviour, and evoked gamma power. Our experimental results 

suggest that activation of the mGluR2/3
 does not overcome working memory impairment 

induced by NMDAr antagonism, and that the aberrant ongoing gamma oscillations and 

mPFC-dHPC gamma coherence appear not to be the main mechanism underlying impaired 

working memory performance in this model. 

Previous literature on the ability of mGluR2/3 to recover NMDAr-antagonist induced 

working memory impairment is inconsistent. For example, one study showed a reversal of 

deficits on the discrete-trial delayed alternation task induced by the NMDAr antagonist 

phencyclidine (PCP) by pre-treatment with LY354740, another mGluR2/3 agonist (313). In 

support, LY354740 recovered impairments in working memory induced the NMDAr 

antagonist ketamine in healthy human volunteers (319). However, in another study, 
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LY354740 failed to improve PCP-induced deficits on the continuous spontaneous alternation 

T-maze test of working memory (321). The discrepancy in findings compared to our current 

study could be due to the use of different pharmacological agents, and behavioural tasks used 

to assess working memory. LY354740 and LY379268, despite both acting as mGluR2/3 

orthosteric agonists, have different pharmacological properties (347). The same is the case for 

PCP and MK-801, with the latter having greater specificity for the NMDAr (348, 349). In 

addition, contrasting phenotypes have been seen in an animal model when assessing working 

memory comparing the traditional maze-based tests and the TUNL task (350). Another 

consideration is our use of a single dose of LY379268 – a full dose-response curve should be 

developed to confirm the observed lack of efficacy in improving the MK-801-induced 

impairments on the TUNL task. Collectively, the mixed findings from previous studies 

combined with our data suggest further research is needed before ruling out the viability of 

using metabotropic glutamate receptor agonists as a treatment strategy for targeting cognitive 

symptoms in schizophrenia.  

It should be noted that the TUNL task was developed to address the limitations of not 

only maze-based tasks, but also the more recently developed automated operant tests of 

working memory – such as the delayed nonmatching-to-position (DNMTP) task (351). One 

limitation of the DNMTP task with traditional pieces of apparatus is that mediating 

behaviours can be used during the delay period to facilitate correct responding (340). To limit 

this, an initiation step was introduced between the delay and choice phases, whereby the 

rodent must move to the rear of the chamber, away from the touchscreen, and therefore 

cannot adopt such mediating strategies.   

One potential confounding factor of the behavioural study is the ability of MK-801 to 

induce hyperlocomotor activity and stereotypies at higher doses. Here we used a moderate 

dose of MK-801 (0.3mg/kg), which can induce hyperlocomotion (352). However, the 
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touchscreen chambers, and specifically the TUNL protocol, are designed to avoid 

complications associated with changes in motor behaviour. In this task, stimuli are displayed 

until a response is made. This ensures that, regardless of locomotor activity and associated 

attentional distractions, stimuli are seen and acted on. If the sample stimulus was only 

presented for a short period, the animal could theoretically miss it, and consequently make an 

error. This is not possible with the TUNL task. In addition, the chance of an accidental 

response due to increased or uncoordinated movement is unlikely because of the use of the 

mask in front of the touchscreen, which necessitates a purposeful nose poke through to the 

target window to register a response. Finally, we found no changes in response or reward 

collection latencies due to MK-801, suggesting that the drug did not have non-specific 

effects, such as changing motivation.  

In addition to assessing the ability of this treatment strategy to modulate working 

memory impairment, we also investigated its effect on both gamma oscillatory abnormalities. 

NMDAr antagonists produce cognitive impairment and this may be mediated by the effect of 

these drugs on gamma oscillatory activity (353). If this were correct, therapeutic reversal of 

gamma oscillatory abnormalities would be expected to coincide with improvements in 

cognition (331). In our study, NMDAr antagonism produced an increase in ongoing gamma 

power that was recovered by pre-treatment with LY379268, consistent with previous findings 

(307, 308, 317, 336, 354). This recovery in ongoing gamma activity dissociates with the lack 

of therapeutic improvement of working memory deficits by LY379268, and so suggests that 

increases in ongoing gamma power are not mechanistically linked to the NMDAr-antagonists 

induced impairments in working memory. In further support of this, the increase in ongoing 

gamma was only modest at 0.3mg/kg MK-801 – a dose sufficient to produce marked 

cognitive impairment.  
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Along with gamma oscillatory activity, we also assessed relative ongoing power in 

the 130-180 Hz range. In line with findings from us and others using rats, we saw an increase 

in ongoing HFO power following MK-801 treatment (198, 355). Oscillatory activity above 

80 Hz has been recently linked to working memory performance. One study, for example, 

showed that the power of transient high gamma incidents (65-120 Hz) within dorsal CA1 

increased during the choice point of test trials in a rewarded T-maze, while there was no 

difference in low gamma events (35-55Hz) (356). Although it is difficult to relate these 

findings to our study given a number of factors, it highlights a potential role for oscillatory 

activity above 80 Hz in working memory. An important point of difference and caveat of our 

study is that behaviour and gamma activity were not recorded concurrently. It is possible that 

ongoing activity in and above the gamma range in the context of performing a working 

memory task is related to performance.  

Both doses of MK-801 reduced evoked gamma oscillations, but this was not 

recovered by LY379268 pre-treatment. Evoked gamma activity may be more relevant to a 

cognitive task, than ongoing gamma oscillations, given it is associated with early sensory 

processing (357). The inability of LY379268 to improve both the MK-801-induced 

impairments in working memory and evoked gamma activity, as well as the fact that the same 

dose of MK-801 impaired the two, could indicate that the two are possibly linked, but this is 

by no means definitive. For one, we assessed auditory evoked gamma activity, while the task 

uses visual stimuli. As with ongoing power, it would be important to concurrently assess 

evoked gamma activity during the performance of the TUNL task to truly determine if a 

relationship exists.  

Working memory arises from interactions between distant brain regions, such as the 

HPC and the PFC (358, 359). A failure in functional connectivity is, therefore, a candidate 

mechanism for impairments in this cognitive process. The degree to which neuronal 
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oscillations between distant brain regions are synchronous is indicative of their functional 

connectivity (360). Abnormalities in long-range gamma coherence have been reported in 

schizophrenia, although there are inconsistencies (361-363). In addition, the acute NMDAr 

hypofunction model results in abnormalities in regional connectivity in rodents (364) and 

humans (365). Considering this, we extended our analysis to examine the relationship 

between hyperconnectivity and working memory impairment, a relationship for which there 

is previous support. For example, enhancement in regional gamma synchrony has been 

shown to precede correct choices and mistake correction in the T-maze test of spatial working 

memory in rodents (356, 366). In addition, there is evidence to suggest that connectivity is 

enhanced when working memory is engaged: gamma phase synchrony in frontotemporal 

brain regions increases during a working memory task with increased load, an effect that was 

not associated with working memory capacity (367). Another study showed that high 

performing schizophrenia patients matched with healthy controls for working memory 

performance showed greater phase synchronisation during the working memory task between 

cortical regions than controls (368). The findings in both studies were taken to suggest that 

increased synchrony represents a recruitment of additional processing, a compensatory 

mechanism to maintain working memory performance. In our study, we observed a striking 

increase in mPFC-dHPC broadband phase coherence following treatment with the high dose 

of MK-801, and this was normalised by LY379268. Increased regional coherence, especially 

in the lower frequency bands, has been associated with sedation and the induction of general 

anaesthesia (369, 370). NMDAr antagonists, namely ketamine, can be used as a general 

anaesthetic. It is important to note, then, that the increase in coherence seen in our study was 

unlikely due to sedation or a change in consciousness – mice were ataxic and appeared 

hyperactive with 1mg/kg MK-801 (data not presented). The lack of efficacy of this 

compound against the behavioural deficits caused by NMDAr hypofunction suggests that 
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hyperconnectivity between the mPFC and dHPC is unrelated to impairments in working 

memory. In support of this, the dose of MK-801 required to impair working memory 

(0.3mg/kg) did not influence mPFC-dHPC phase coherence. This should be confirmed with 

assessment of regional coherence during the performance of the TUNL task. 

Systemic NMDAr antagonists produce an increase in cortical glutamate release (313, 

314), which is accompanied by increased and uncoordinated neuronal cell firing (371, 372). 

This could represent a cellular mechanism leading to behavioural and network 

electrophysiological consequences of NMDAr antagonism. Excessive glutamate release can 

be attenuated by pharmacologically stimulating mGluR2/3 (313-315, 373), providing a method 

to address this question. In support of this, agonists of this receptor have been shown to 

normalise a range of behavioural consequences of NMDAr antagonists – most notably those 

thought to be related to the positive symptoms of schizophrenia (374). Here we show reversal 

of some electrophysiological effects of MK-801 by LY379268, suggesting that excessive 

glutamate may be responsible for the elevated ongoing gamma oscillatory power and mPFC-

dHPC hyperconnectivity induced by NMDAr antagonism. Further, this suggests that 

excessive glutamate release may not be responsible for causing working memory impairment. 

Perhaps the direct effects of NMDAr antagonists on fast-spiking interneurons, which is 

upstream of the increase in glutamate release, would therefore become a promising candidate. 

Appropriate regulation of firing of these cells may be required to coordinate neuronal 

circuit/network activity for appropriate working memory processes to occur. Further studies 

would be needed to confirm this. Some caution should be taken with this conclusion though, 

since we did not study glutamate release in our study and therefore cannot confirm the 

efficacy of LY379268 in supressing this, and other reports cast some doubt on this property 

of NMDAr antagonists (375).  
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To summarise, we found a range of behavioural and electrophysiological 

abnormalities caused by the NMDAr antagonist MK-801 in mice. Treatment with the 

mGluR2/3 agonist LY379268 successfully reversed the aberrant ongoing gamma oscillatory 

power as well as the excessive functional connectivity between the mPFC and dHPC – two 

key brains regions involved in spatial working memory. However, the lack of efficacy of the 

therapeutic agent against deficits in working memory dissociates this behaviour from these 

improved electrophysiological phenotypes, suggesting that the behavioural impairments 

involve alternate mechanisms, and stimulation of mGluR2/3 alone may not be sufficient to 

regulate these behaviours. One limitation of this study is that we conducted the two studies – 

behaviour and electrophysiology – at different times and in different environments. Although 

this still allows for phenotypic comparison between outcomes, future studies should examine 

the regulation of gamma oscillations during working memory performance in this context to 

strengthen the conclusions made and observe gamma oscillatory activity induced by the 

cognitive task itself.  
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2.6 Figures  

 

 

 

 

 

 

 

 

 

Figure 1: Effects of mGluR2/3 agonist on NMDAr antagonist-induced disruption to working memory. (A) Schematic illustration of the probe trials in the TUNL task. 

The locations of the sample and choice stimuli varied from trial to trial. (B) MK-801 (0.3mg/kg) produced a significant reduction in accuracy and (C) an increase in 

perseveration in the TUNL task of working memory. This drove an increase in the number of total trials (test trials + correction trials) completed (D). LY379268 increased 

correct response latency (E), did not alter incorrect response latency (F), and increased reward collection latency (G) when administered alone. MK-801 treatment had no 

effect on the three latency measures (E-G). Main effect of MK-801: ***p<0.001, ****p<0.0001. Post hoc comparisons of significant interaction‒vehicle+vehicle vs  

LY+vehicle: %p<0.05.  
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Figure 2: Effects of an mGluR2/3 agonist and NMDAr antagonist on ongoing gamma and HFO power. Power Spectral Density (PSD) plots demonstrating combined 

effects of LY379268 (3mg/kg) and MK-801 at 0.3mg/kg (A) and 1mg/kg (B) on spectral power observed in the mPFC up to 200Hz. (C) Quantification of drug effects on 

relative ongoing gamma power in the mPFC. At the higher dose, MK-801 significantly increased ongoing gamma power in this region, and this was completely reversed by 

pre-treatment with LY379268. In contrast, both doses of MK-801 increased relative ongoing power at 130-180Hz (D). Although this appeared to be reduced by LY379268, it 

did not reach significance. The same pattern was mirrored in the dHPC (e-h). Main effect of MK-801: *p<0.05, **p<0.01; Main effect of LY379268: #p<0.05; Post hoc 

comparisons of significant interaction‒vehicle+vehicle vs 1mg/kg MK-801 alone: &&p<0.01, 1mg/kg MK-801 alone vs LY379268+1mgkg MK-801: ^p<0.05, ^^p<0.01.  
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Figure 3: Effects of an mGluR2/3 agonist and NMDAr antagonist on evoked gamma power. Time-frequency heat maps of mean spectral power generated by an 

auditory click in the mPFC (A) and dHPC (B) following drug treatment. Both doses of MK-801 significantly reduced evoked gamma power in mPFC (C) and dHPC (D) 

regions. Treatment with LY379268 did not reverse this disruption caused by MK-801 in either brain region. Main effect of MK-801: ***p<0.001, ****p<0.0001.  
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Figure 4: Drug effects on phase coherence between the mPFC and dHPC. Grand average coherence spectra following treatment with MK-801 at 0.3mg/kg (A) and 

1mg/kg (B) in combination with LY379268. (C) When quantifying coherence in the gamma frequency band, a significant interaction was observed, such that the higher dose 

of MK-801 (1mg/kg) produced an increase in coherence, but this was significantly reversed by pre-treatment with LY379268. Post hoc comparisons of significant 

interaction‒vehicle+vehicle vs 1mg/kg MK-801 alone: &p<0.05, 1mg/kg MK-801 alone vs LY379268+1mgkg MK-801: ^p<0.05. 
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3.1 Abstract 

NMDA receptor (NMDAr) hypofunction is a candidate mechanism for working memory 

impairment in schizophrenia. Persistent firing of pyramidal cells, as driven by signalling 

through the NMDAr, is a neural correlate of working memory. This firing is shaped by 

specific subtypes of interneurons, including parvalbumin-positive (PV+) interneurons. The 

aim of this study was to assess the contribution of the NMDAr on pyramidal cells and PV+ 

interneurons to impairments in working memory induced by NMDAr hypofunction. The gene 

encoding the obligatory subunit of the NMDAr, GluN1, was excised in PV+ interneurons or 

forebrain pyramidal cells, which express calcium/calmodulin-dependent protein kinase type 

II alpha (CaMKIIα). PV GluN1 knockout (KO) and CaMKIIα GluN1 KO mice were trained 

to perform the trial-unique nonmatching-to-location (TUNL) task. Working memory was 

challenged by increasing the delay on the task and then the effect of MK-801 (0.1 and 0.3 

mg/kg) on this was assessed. Neither task acquisition nor working memory differed between 

the two cell-specific KO lines and their wildtype (WT) littermates. PV GluN1 KO mice were 

sensitised to the impairing effects of MK-801 on the task, while the CaMKIIα GluN1 KOs 

showed the same MK-801-induced deficits as the WT mice. We conclude that NMDAr 

hypofunction at either PV+ interneurons or forebrain pyramidal cells may not be sufficient to 

impair working memory. Reduced NMDAr signalling at PV+ interneurons could predispose 

circuits to NMDAr hypofunction at other cell types inducing deficits in working memory.   
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3.2 Introduction 

Cognitive impairment has emerged as a primary target for the development of novel 

treatments for schizophrenia. Cognitive impairment is a core feature of the disorder, with 

patients showing deficits across an array of domains, including working memory (14). Most 

importantly, these deficits are the strongest predictor of functional outcome in patients (22). 

Development of an effective treatment for these symptoms, therefore, offers potential for 

improving quality of life in schizophrenia. These efforts are dependent on the identification 

of the pathophysiology that subserves cognitive impairment. There is, at best, inconsistent 

evidence that current antipsychotics, which primarily target dopaminergic transmission, can 

improve these deficits (31). This suggests that dysfunction in the dopamine system is unlikely 

to underscore these symptoms.  

Hypofunction of the glutamatergic NMDA receptor (NMDAr) is a candidate 

mechanism for cognitive impairment in schizophrenia (376). The NMDAr was first 

implicated in schizophrenia when it was found that antagonists of this receptor, such as 

ketamine and phencyclidine, can induce behavioural disruptions in healthy humans that are 

reminiscent of the three symptom clusters in schizophrenia (positive, negative and cognitive) 

(173, 377). Following this, it was seen that NMDAr antagonists can exacerbate the unique 

profile of symptoms experienced by patients (175). Findings from genetic and post-mortem 

patient studies have further suggested that NMDAr signalling is disrupted in schizophrenia 

(176). NMDAr antagonists are widely used to model behavioural impairments relevant to 

schizophrenia in rodents. For example, NMDAr antagonists, such as MK-801, impair 

performance on traditional maze-based tests of working memory, such as the rewarded 

alternation T-maze (202, 210). These drugs can, therefore, be used as tools to dissect the 

contribution of NMDAr hypofunction to specific symptoms in schizophrenia.  
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NMDAr hypofunction may be particularly relevant to working memory impairment. 

Working memory refers to the processes of transiently maintaining and manipulating 

information over a delay in order to achieve a goal. Persistent activity in the prefrontal cortex 

(PFC) represents a neural correlate of maintaining information in working memory (53). This 

persistent activity arises from recurrent excitation between pyramidal cells, which is 

dependent on the actions of the NMDAr (46, 378). Demonstrating this, ketamine has been 

shown to reduce the firing of cells active during the delay phase of a working memory task in 

the PFC of monkeys and rodents (46, 379). This is supported by computational modelling, 

showing that the slow kinetics of the NMDAr are well suited to maintaining persistent 

activity (380). Computational theories have predicted that the persistent activity associated 

with working memory is shaped by inhibition mediated by certain subtypes of interneurons, 

including the fast-spiking parvalbumin-positive (PV+) interneurons (49). Confirming this, 

altering activity of this cell type using optogenetic and chemogenetic approaches has been 

shown to impair working memory in rodents (291, 296, 381, 382). Of interest, PV+ 

interneurons have also been implicated in schizophrenia. This cell type appears to be 

disrupted in a number of ways in the disorder (143). For example, expression of glutamate 

decarboxylase 67, an enzyme key to the synthesis of the inhibitory neurotransmitter GABA, 

is reduced particularly in that cell type (146, 147). This raises the question then of whether 

NMDAr hypofunction on pyramidal cells and PV+ interneurons play a role in working 

memory impairment in schizophrenia. 

A collection of studies have used transgenic strategies to assess the contribution of 

NMDA receptors on PV+ interneurons and pyramidal cells to behaviours relevant to 

schizophrenia in rodents (35, 200-202, 275, 383, 384). Although there are inconsistencies, 

cognitive processes, such as working memory and reference memory, appear to be largely 

preserved in mice lacking the NMDAr selectively from PV+ interneurons. In one of these 
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studies, the ability of an NMDAr antagonist to impair performance on a working memory 

task was shown to be exacerbated by this genetic manipulation (202). This suggested that the 

NMDAr on PV+ interneurons are not the primary site of NMDAr antagonist action on 

working memory. While several studies have examined PV+ interneurons, only one has 

assessed the effect of selectively deleting the NMDAr from pyramidal cells on working 

memory, reporting that this did impair this cognitive process (275). This study did not assess 

the effect of NMDAr antagonists on working memory in these mice.  

Out of a need to develop cognitive enhancing drugs for schizophrenia, the Cognitive 

Neuroscience Approaches to the Treatment of Impaired Cognition in Schizophrenia 

(CNTRICS) was established (72). One aim of CNTRICS was to establish protocols for early 

phase drug discovery, including preclinical studies and Phase I and II clinical trials. One 

emphasis of CNTRICS was that analogous human and animal cognitive paradigms should be 

used. The studies investigating the contribution of the NMDAr on different cell types 

described above all used maze-based paradigms to assess working memory. Although widely 

used, these tasks have a number of limitations. For example, they bear little resemblance to 

the working memory tests that are used clinically, including the n-back and CANTAB spatial 

working memory tests. This means that obtained results may have limited translation 

capacity. Addressing this, the rodent operant touchscreen system was developed (78). This 

system is translational, automated, non-aversive, low-stress and able to assess multiple 

cognitive domains. Working memory can be tested in this system using the trial-unique 

nonmatching-to-location (TUNL) task (79). NMDAr antagonists have been shown to impair 

performance on this task (189, 190, 385, 386). The aim of the current study was to assess the 

contribution of the NMDAr on PV+ interneurons and pyramidal cells to this impairment. 

This will extend previous work using traditional maze-based tests of working memory and 
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provide a circuit-based understanding of the mechanisms by which NMDAr hypofunction 

impairs working memory.   

3.3 Methods 

3.3.1 Animals 

PV-Cre (JAX: 008069) and calcium/calmodulin-dependent protein kinase type II alpha 

(CaMKIIα)-Cre (JAX: 005359) mice were crossed with GluN1-floxed mice (JAX: 005246) 

to drive the excision of GluN1, the obligatory subunit of the NMDAr, in either PV+ cells or 

post-mitotic forebrain pyramidal cells, respectively (384). The molecular phenotype of these 

exact mice has been extensively characterised previously (387-389). Ten PV+ interneuron 

specific knockout mice (PV-Cre/wt; GluN1fl/fl, herein referred to as PV GluN1 KO mice) 

and 10 of their wild-type littermates (PV-Cre/wt; wt/wt, referred to as WT) were used. Nine 

pyramidal cell specific knockout mice (CaMKIIα-Cre/wt; GluN1f/f, herein referred to as 

CaMKIIα GluN1 KO mice) and 13 of their WT littermates (wt/wt; GluN1f/f or wt/wt; 

GluN1f/wt) were used. The PV GluN1 KO mice and their WT littermates were assessed 

independently of the CaMKIIα GluN1 KO mice and their WT littermates, in two studies 

herein referred to as the PV+ interneuron study and the CaMKIIα+ excitatory cell study. All 

were male mice 8-10 weeks old at the start of the experiment. Mice were group housed in a 

room on a reverse light schedule (lights off 0700-1900) and placed on a restricted food diet to 

maintain 85-90% of their free feeding weight for the duration of the study, with water 

available ad libitum. All experimental procedures were approved by the Florey Neuroscience 

Institute Animal Ethics Committee (#16-028). 

3.3.2 Apparatus 

Mice were tested using the automated operant touchscreen system (Campden Instruments), as 

comprehensively described elsewhere (390). The touchscreen was covered with a black 
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Perspex mask with five response windows (4x4 cm, 1.5 cm above the floor). The task 

schedules were managed, and events recorded using the Whisker Server and ABETII 

software (Campden Instruments). 

3.3.3 Behavioural procedures 

3.3.3.1 Training  

Pre-training and TUNL task training were completed as done previously (341). Briefly, mice 

were incrementally taught to associate nose poking an illuminated response window with the 

delivery of a food reward (Iced Strawberry Milk, Nippy’s), to initiate the presentation of 

stimuli and that incorrect responses are punished with a time out period.  

TUNL trials consisted of sample, delay and choice phases. In the sample phase, an 

initiation triggered the illumination of one response window. The stimulus was then removed 

once nose poked and the variable delay period began. Following the delay, another initiation 

triggered the presentation of the choice stimuli‒one square in the same location as the sample 

phase and one square in a new location. A nose poke to the new location (nonmatch 

response) resulted in the delivery of reward and the intertrial interval (ITI) began. A nose 

poke to the old location (match response) resulted in the repetition of the same trial‒referred 

to as a correction trial‒until a correct response was made.  

Acquisition of the TUNL task occurred in two stages. In Stage 1, the sample and 

choice stimuli were only presented in non-centre locations. First, the choice stimuli were 

separated by three blank response windows (S3). Once criterion was reached, the level of 

separation was reduced to two blank response windows (S2), and then one window between 

the choice stimuli (S1). The task parameters were as follows: 2 s delay, 15 s ITI, 5 s 

correction trial ITI, reward given for every third sample stimulus touch, criterion for 

advancement of 70% accuracy for two consecutive days, and session completion either after 
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36 test trials (not including correction trials) or 45 minutes. Stage 2 differed in that the stimuli 

could appear in the centre location. The choice stimuli were separated by one blank response 

window. Mice completed 16 sessions with the same parameters as Stage 1, with the following 

exceptions: 1) the delay phase was 0 s, 2) sessions ended either after 48 trials or 60 minutes, 

and 3) there was no reward for sample touches.  

3.3.3.2 Experimental testing 

Mice completed five sessions each where the delay between sample and choice phases using 

the Stage 2 schedule was set to either 0, 1, 2, 3, or 6 s, assigned in a pseudo-random order. 

From this, it was decided that the effect of MK-801 on working memory would be probed 

using the 1, 2 and 3 s delays for the PV+ interneuron study and the 1, 3 and 6 s delays for the 

CaMKIIα+ excitatory cell study. Mice were administered either saline (0.9%) or MK-801 

(0.1 or 0.3mg/kg) 30 minutes prior to conducting a session with one of the three delays. The 

delay and MK-801 levels were combined in a repeated measures design (i.e. 9 sessions each). 

Combinations of drug treatment and each delay were presented in a pseudo-random order, 

such that each sequence of combinations occurred an equal number of times for both 

genotypes. The primary outcome measure was accuracy ((no. of correct trials/no. of test 

trials)*100). We also assessed perseveration (no. or correction trials/no. of incorrect trials), 

total trials (no. of test trials + no. of correction trials), correct response latency, incorrect 

response latency and reward collection latency.  

3.3.4 Data analysis 

All statistical analyses were performed using GraphPad Prism with α=0.05. When comparing 

the effect of drug and delay within genotype, two-way repeated measures ANOVAs (repeated 

measures by both factors) were used. When comparing the effect of drug and genotype, two-

way ANOVAs were again used, with repeated measures for drug treatment. For each test, 
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sphericity was assumed, and Bonferroni correction was applied when conducting post hoc 

comparisons. All statistical analyses were conducted separately for the two studies. 

3.4 Results 

3.4.1 Acquisition of the TUNL task was not substantially impacted by the 

transgenic manipulations 

In Stage 1 of training, PV GluN1 KO mice took significantly fewer sessions to reach criterion 

compared to WT mice (F(1,18)=6.75; p=0.018; Figure 1A). There was a significant genotype x 

separation interaction in the CaMKIIα+ excitatory cell study (F(2,44)=5.04; p=0.011; Figure 

1B), but no main effect of genotype (F(1,22)=3.30; p=0.083). Post hoc comparisons revealed 

that the CaMKIIα GluN1 KO mice required more sessions to reach criterion specifically at 

S3 (p=0.0037). There was no effect of genotype on accuracy across each session of Stage 2 

for both studies (PV+ interneuron study: F(1,18)=0.67; p=0.42; Figure 1C, CaMKIIα+ 

excitatory cell study: F(1,22)=0.88; p=0.36; Figure 1D). Overall, we concluded that all animals 

were sufficiently trained to progress to experimental sessions. 

3.4.2 Increasing delay in the TUNL task reduced accuracy comparably in all 

strains 

Once the task was acquired, working memory was challenged by increasing the delay 

between the sample and choice stimuli. In the PV+ interneuron study, accuracy was 

significantly affected by increasing the delay (F(4,71)=43.24; p<0.0001; Figure 1E). There was, 

however, neither an effect of genotype (F(1,18)=0.35; p=0.56) nor a genotype x delay 

interaction (F(4,71)=0.82; p=0.52). We were interested in whether accuracy was significantly 

reduced with incremental increases in delay. Post hoc comparisons, therefore, compared 

accuracy between each level of delay and the proceeding level (i.e. 0 vs 1 s, 1 vs 2 s). These 
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tests revealed that accuracy was significantly lower in the 3 s compared to 2 s delay sessions 

(p=0.0001).  

Similarly, there was a significant effect of delay on accuracy in the CaMKIIα+ 

excitatory cell study (F(4,83)=47.62; p<0.0001; Figure 1F). Accuracy was unaffected by 

genotype (F(1,21)=0.04; p=0.84) and there was no genotype x delay interaction (F(4,83)=2.06; 

p=0.093). In contrast to what was seen in the PV+ interneuron study, delay dose-dependently 

reduced accuracy between 1 to 2 (p<0.0001), 2 to 3 (p=0.048) and 3 to 6 s delay sessions 

(p=0.0014). These studies suggest that our transgenic manipulations to delete NMDA 

receptors from either PV+ interneurons or forebrain pyramidal cells did not itself impact 

working memory. 

3.4.3 MK-801-induced reductions in accuracy on the TUNL task were not delay-

dependent 

Next, we investigated the effects of MK-801 on TUNL accuracy at different delays. In the 

PV+ interneuron study, MK-801 had a significant effect in both genotypes (WT: 

F(2,18)=40.45; p<0.0001; Figure 3A, PV GluN1 KO: F(2,18)=28.67; p<0.0001; Figure 3B). 

There was, however, no interaction between the effects of delay and MK-801 treatment (WT: 

F(4,36)=1.02, p=0.41; PV GluN1 KO: F(4,36)=1.18, p=0.34). Post hoc comparisons showed that 

the 0.3mg/kg dose significantly reduced accuracy compared to vehicle treatment (WT: 

p<0.0001; PV GluN1 KO: p<0.0001), while there was no difference between vehicle and 

0.1mg/kg MK-801.  

A different pattern of results was seen in the CaMKIIα+ excitatory cell study. For the 

WTs, there was a significant MK-801 x delay interaction (F(4,48)=2.65, p=0.044; Figure 3A). 

Post hoc comparisons showed that the 0.3mg/kg (p=0.0077) but not 0.1mg/kg dose of MK-

801 reduced accuracy in sessions with a 1 s delay when compared with vehicle. With a 3 s 
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delay, there was a dose-dependent effect of MK-801, such that accuracy was reduced with 

0.1mg/kg MK-801 compared to vehicle (p=0.013), and significantly lower with the 0.3 

compared to 0.1mg/kg MK-801 (p=0.0066). In contrast, there was no effect of either dose of 

MK-801 in sessions with a 6 s delay. In contrast, there was no delay x MK-801 interaction in 

the CaMKIIα GluN1 KO mice (F(4,32)=1.91, p=0.13; Figure 3B). There was, however, a 

significant effect of MK-801 (F(2,16)=28.40, p<0.001), with post hoc comparisons showing a 

dose dependent reduction in accuracy from 0 to 0.1 (p=0.017) and then 0.1 to 0.3 (p=0.0016) 

mg/kg MK-801. Taken together, these findings suggest that MK-801 impairs performance on 

the TUNL task independently of delay. 

3.4.4 Effects of transgenic manipulations on MK-801-induced impairments on 

the TUNL task  

We next examined whether there was an interaction between the effects of genotype and MK-

801 in sessions with a 3 s delay. In the PV+ interneuron study, a significant MK-801 x 

genotype interaction was seen (F(2,36)=3.49; p=0.041; Figure 2C). For the WTs, accuracy was 

significantly reduced by 0.3mg/kg, but not 0.1, MK-801 (p=0.020). For the PV GluN1 KOs, 

accuracy was significantly lower following treatment with 0.1mg/kg compared to vehicle 

(p=0.035), and then lower again with 0.3mg/kg MK-801 compared to the lower dose 

(p=0.0096). While there were no differences between the genotypes when treated with either 

dose of MK-801, accuracy was higher in the PV GluN1 KOs compared to WTs with vehicle 

(p=0.034). 

In contrast, there was no MK-801 x genotype interaction in the CaMKIIα+ excitatory 

cell study (F(2,40)=0.22; p=0.80; Figure 3C). For both genotypes, 0.3mg/kg MK-801 reduced 

accuracy compared to 0.1mg/kg MK-801 (p=0.0004), and accuracy was significantly lower 

with the 0.1mg/kg dose of MK-801 compared to vehicle (p=0.013). 
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3.4.5 Effects of transgenic manipulations and MK-801 on secondary outcomes in 

the TUNL task 

As a secondary outcome, we looked at perseverative responding (no. of correction trials/no. 

test trials incorrect) on the TUNL task. We found a significant MK-801 x genotype 

interaction in the PV+ interneuron study (F(2,36)=7.24; p=0.0023, Figure 4A). For the WT 

mice, neither dose of MK-801 affected perseveration compared to vehicle. In contrast, the 

0.3mg/kg dose of MK-801 significantly increased perseveration compared to vehicle 

(p<0.0001) in the PV GluN1 KO mice. In the CaMKIIα+ excitatory cell study, there was a 

significant effect of MK-801 (F(2,40)=10.05; p=0.0003, Figure 4B), but neither an effect of 

genotype (F(1,20)=0.99; p=0.33) nor a MK-801 x genotype interaction (F(2,40)=0.74; p=0.48). 

Post hoc comparisons showed that only the higher dose of MK-801 increased perseveration 

compared to vehicle (p=0.0002). As with perseveration, there was a significant effect of MK-

801 (F(2,36)=28.44; p<0.0001) and a MK-801 x genotype interaction (F(2,36)=6.49; p=0.0039; 

Figure 4C) for total trials completed (no. of test trials + no. of correction trials) in the PV+ 

interneuron study. Post hoc comparisons revealed that the 0.3mg/kg MK-801 significantly 

increased total trials completed for the PV GluN1 KO mice (p<0.0001) but not the WTs. 

There was a significant effect of MK-801 (F(2,40)=21.74; p<0.0001) in the CaMKIIα+ 

excitatory cell study (Figure 4D), such that 0.1 (p=0.034) and 0.3mg/kg (p<0.0001) MK-801 

increased total trials. There was neither an effect of genotype (F(1,20)=0.19; p=0.67) nor a 

MK-801 x genotype interaction (F(2,40)=0.28; p=0.76).  

We also assessed the correct response, incorrect response and reward collection 

latencies. In the PV+ interneuron study, MK-801 reduced the correct (F(2,36)=20.76; 

p<0.0001, Figure 5A) and incorrect response (F(2,36)=8.13; p=0.0012; Figure 5C) latencies, 

and it did so independently of delay (correct: F(2,36)=0.68; p=0.51, incorrect: F(2,36)=0.04; 

p=0.96). While incorrect response latency was unchanged (F(1,18)=2.98; p=0.10), the PV 
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GluN1 KOs were quicker to make correct responses compared to WTs (F(1,18)=7.31; 

p=0.015). In contrast to the response latencies, there was a significant MK-801 x genotype 

interaction for the time to collect reward (F(2,36)=5.30; p=0.0096; Figure 5E). Post hoc 

comparisons showed that neither dose of MK-801 affected this measure in the PV GluN1 

KOs, whereas both doses of MK-801 significantly reduced reward collection latency in the 

WTs. In the CaMKIIα+ excitatory cell study, MK-801 significantly reduced the correct 

response (F(2,38)=22.00; p<0.0001; Figure 5B), incorrect response (F(2,38)=15.57; p<0.0001; 

Figure 5D) and reward collection latencies (F(2,38)=11.40; p=0.0001; Figure 5F). There was 

neither an effect of genotype (correct: F(1,22)=0.0002; p=0.99, incorrect: F(1,19)=0.15; p=0.70, 

reward collection: F(1,19)=0.002; p=0.96) nor a MK-801 x genotype interaction (correct: 

F(2,38)=0.0002; p=0.99, incorrect: F(2,38)=0.15; p=0.86, reward collection: F(2,38)=0.59; p=0.56)  

for any of the latency measures. Post hoc comparisons showed that both the 0.1 and 0.3mg/kg 

doses of MK-801 reduced the two response latencies, while only the lower dose reduced the 

reward collection latency (all p<0.0001).  

3.5 Discussion 

NMDAr hypofunction is a candidate mechanism for working memory impairment in 

schizophrenia. The aim of the current study was to assess the contribution of the NMDAr on 

PV+ interneurons and CaMKIIα+ forebrain pyramidal cells to working memory impairment 

induced by NMDAr hypofunction. We hypothesised that excision of the gene encoding 

GluN1, the obligatory subunit of the NMDAr, from either cell type would alter the MK-801-

induced impairments on the TUNL test of working memory in the rodent operant touchscreen 

system. PV GluN1 KO and CaMKIIα GluN1 KO mice largely acquired the TUNL task at the 

same rate as their WT littermates. Challenging working memory, by increasing the delay in 

the task, reduced performance to the same degree in both cell specific KO mouse lines 

compared to WTs. We showed that MK-801 reduced performance on the TUNL task in the 
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PV+ interneuron study, but it did so at a lower dose in the PV GluN1 KO mice compared to 

WTs, indicating that these mice were sensitised to the working memory impairing effects of 

MK-801. In contrast, the MK-801-induced reduction in accuracy was consistent between the 

CaMKIIα GluN1 KO and WT mice. This suggests that NMDAr hypofunction at either PV+ 

interneurons or forebrain pyramidal cells may not be sufficient to impair learning and 

working memory. Further, the NMDAr on pyramidal cells or PV+ interneurons do not 

exclusively mediate the effects of NMDAr antagonists on working memory. NMDAr 

hypofunction at PV+ interneurons exacerbates the effect of NMDAr hypofunction at other 

cell types on working memory.  

NMDAr antagonists have been widely shown to disrupt a vast array of behaviours in 

rodents that are of relevance to schizophrenia. This includes, but is not limited to, 

locomotion, prepulse inhibition (PPI) and working memory (195, 197, 204, 210, 384). To our 

knowledge, seven studies have assessed the behavioural phenotype of PV GluN1 KO mice 

(35, 200-202, 384, 391, 392). Three of these reported that this genetic manipulation did not 

alter locomotion but it did desensitise mice to MK-801-induced hyperlocomotion (201, 202, 

384). Two of these attributed this to the mice being sensitised to MK-801-induced catalepsy 

(202, 384). Along with this, two of these studies showed that PPI was unaffected in PV 

GluN1 KO mice, with one extending this to show that the ability of MK-801 to disrupt this 

measure was also unchanged (197, 201). Of the seven studies, five assessed working 

memory, with three showing that this process was unaffected (35, 200-202). For the others, 

one reported that working memory was impaired and the other showed that performance was 

actually enhanced (35, 200). In line with the majority of these studies, we showed that 

working memory was unchanged in PV GluN1 KO mice using an improved paradigm. One 

previous study reported that mice were sensitised to the impairing effects of MK-801 on a 

maze-based test of working memory (202). This is consistent with our findings here, where a 
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dose of MK-801 that did not alter performance on the TUNL task in WT mice was sufficient 

to reduce accuracy in PV GluN1 KOs. Supporting this, the PV GluN1 KOs showed a 

significant increase in perseveration on the task with MK-801 treatment, not seen in the WT 

mice. This suggests that NMDAr hypofunction selectively at PV+ interneurons is not 

sufficient to induce schizophrenia-like behavioural impairment. However, it does predispose 

the system to NMDAr hypofunction on other cell types to drive certain disruptions, including 

catalepsy and working memory impairment. NMDAr antagonist-induced disruptions to other 

behaviours, such as PPI, must be achieved via other cellular substrates.  

Few studies have assessed the contribution of the NMDAr on CaMKIIα+ cells to 

behaviours relevant to schizophrenia (275, 383, 384). In the first to assess this, CaMKIIα 

GluN1 KO mice were reported to show abnormal social behaviour, self-care deficits, working 

memory impairment and hyperlocomotion (275). A subsequent study showed that this genetic 

manipulation led to the inappropriate attribution of salience to irrelevant stimuli (383). Most 

recently, our group showed that CaMKIIα GluN1 KO mice actually had enhanced PPI 

compared to WTs (384). However, they showed the same reduction in PPI and 

hyperlocomotion with MK-801 treatment. In contrast to the first study mentioned, we did not 

see an impairment in working memory in these mice. This discrepancy could be attributed to 

the fact that different paradigms were used. The earlier study assessed working memory using 

a maze-based task, whereas we used the TUNL task, which has improved translational 

capacity and increased sensitivity due to automation. Our findings suggest that NMDAr 

hypofunction specifically on pyramidal cells may not be a starting point for working memory 

impairment in schizophrenia. We further showed that CaMKIIα GluN1 KO mice were 

equally impaired on the TUNL task by MK-801 as their WT littermates. This suggests that 

the NMDAr on pyramidal cells does not exclusively mediate the effects of NMDAr 

antagonists on working memory. Further, NMDAr hypofunction on this cell type is not likely 
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to predispose the system to NMDAr hypofunction at other cell types driving impairments, as 

was suggested for PV+ interneurons. This is somewhat surprising given two specific lines of 

evidence. As introduced earlier, NMDAr signalling on pyramidal cells is key to the persistent 

firing thought to subserve working memory (46). Second, knockout of GluN1 in specific 

subregions of the hippocampus has been shown to have different effects on other types of 

memory (393-395). It is important to note that Cre recombinase expression begins during 

postnatal development in both cell-specific KO lines (201, 396). It is possible, then, that 

compensatory mechanisms were engaged during development that prevent the manifestation 

of working memory impairment. For example, an increase in the expression of non-NMDA 

glutamate receptors could play a role. Supporting this, it has been shown that deletion of 

GluN1 can enhance trafficking of the AMPA receptor (397). To address this, future studies 

could employ chemogenetic techniques, such as the tamoxifen-inducible Cre-lox system, to 

drive the cell-specific knockdown of GluN1 in adulthood (398).  

The results are, however, not unexpected given the electrophysiological phenotype of 

the PV GluN1 KO and CaMKIIα GluN1 KO mice. Activity in a circuit between PV+ 

interneurons and pyramidal cells contributes to the generation of neural oscillations in the 

gamma frequency range, which is associated with cognitive processes such as working 

memory (100, 130, 131). Gamma oscillations are disrupted in schizophrenia and are, thus, a 

candidate mechanism for cognitive impairment in the disorder (87). Specifically, patients 

show an increase in ongoing, or resting, gamma power and a decrease in gamma activity 

evoked by sensory stimuli (111, 115, 119, 399, 400). Alongside the behavioural disruptions, 

NMDAr antagonists can also induce these gamma deficits (194, 195, 197-199, 384). It is 

becoming increasingly clear that certain gamma oscillatory disruptions may be linked with 

different schizophrenia-relevant behaviours. We recently explored the association between 

working memory impairment and gamma disruptions induced by NMDAr antagonism. We 
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found that administration of a metabotropic glutamate receptor type 2/3 agonist, LY379268, 

could recover the increase in ongoing gamma power induced by MK-801, but it did not affect 

the reduction in evoked gamma power or accuracy on the TUNL task (385). This suggested 

that the increase in ongoing gamma induced by MK-801 is unlikely to be mechanistically 

linked to working memory impairment. It could not be concluded whether reductions in 

evoked gamma power contribute. However, we expect this to be the case given that evoked 

gamma is linked with sensory processing. In another study, our group showed that the MK-

801-induced increase in ongoing gamma power was blunted in both PV GluN1 KO and 

CaMKIIα GluN1 KO, whereas the reduction in evoked gamma power was unchanged (384). 

Given that evoked gamma power is more likely to be linked with working memory and 

evoked gamma was the same, it is unsurprising then that the working memory impairment 

was unchanged in both GluN1 KO lines. Further, the fact that the increase in ongoing gamma 

was blunted but the working memory impairment persisted, we further dissociate working 

memory from ongoing gamma power.  

As well as having improved translational potential, the rodent operant touchscreen 

offers the opportunity to assess a number of secondary outcomes that are automatically 

recorded in each of its tasks. Beyond accuracy and perseveration, we also examined the 

correct response, incorrect response and reward collection latencies. These measures can 

provide insight into whether a manipulation has off target effects on motivation and motoric 

function that may explain the effects on a primary outcome (401). With a couple of 

exceptions in the PV+ cell study, the cell-specific GluN1 KO manipulation mostly had no 

effect on the latency measures. In contrast, MK-801 was generally seen to reduce all latency 

measures. This could be attributed to the fact that MK-801 can induce hyperlocomotion. 

However, 0.1mg/kg MK-801 has been shown to be insufficient for inducing 

hyperlocomotion, but we saw here that this dose could disrupt the latency measures (202). 
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Further, 0.1mg/kg MK-801 was able to reduce accuracy on the task. In all, this suggests that 

aberrant motor activity is unlikely to be driving the disruption to TUNL task performance.  

To summarise, deletion of the NMDAr from either PV+ interneurons or forebrain 

pyramidal cells had no effect on working memory, as assessed using a paradigm with 

improved translational capacity. Deletion of the NMDAr from PV+ interneurons sensitised 

mice to the impairing effects of MK-801, while this was unchanged by deletion of the 

receptor from forebrain pyramidal cells. This suggests that NMDAr hypofunction at either 

cell type is not sufficient to disrupt working memory. In addition, the results indicate that the 

NMDAr neither on PV+ interneurons nor forebrain pyramidal is the exclusive site of drug 

action for this behaviour. It does, however, appear that NMDAr hypofunction at PV+ 

interneurons sensitises circuits to reduced NMDAr function at other cell types impairing 

working memory. It is most likely that this would be another interneuron subtype. Future 

studies could be done to assess whether this is the case. For example, the effect of deleting 

the NMDAr from all interneurons could be assessed. When taken with the previous studies 

completed with these transgenic lines, it appears that NMDAr hypofunction may not disrupt 

all behaviours via a common cellular substrate. This study improves our understanding of the 

circuit mechanisms by which NMDAr hypofunction may lead to cognitive impairment, 

specifically, in schizophrenia.  
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3.6 Figures 
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Figure 1: Characterisation of TUNL task acquisition and performance in PV GluN1 and CaMKIIα 

GluN1 KO mice. Figure 1. (A) Overall, the PV GluN1 KO mice required fewer sessions to progress through 

Stage 1 of TUNL task training compared to WT mice. (B) There was a genotype x separation interaction in 

Stage 1 of the CaMKIIα+ excitatory cell study, such that the CaMKIIα GluN1 KO required more sessions to 

reach criterion exclusively on S3. (C, D) Accuracy across Stage 2 of TUNL task training was unaffected by 

genotype. (E) Increasing the delay between sample and choice phases of the TUNL task reduced accuracy, but 

this was unaffected by genotype, in the PV+ interneuron study. Post hoc comparisons revealed that accuracy 

was significantly reduced when the delay increased from 2 to 3 s. (D) The same decrease in accuracy, with no 

effect of genotype, was seen in the CaMKIIα+ excitatory cell study. Accuracy was incrementally reduced as the 

delay increased from 1 to 6 s. Main effect of genotype: ^p<0.05; simple effects of genotype following up 

significant genotype x separation interaction: ++p<0.01; post hoc comparisons following up main effect of 

delay: * p<0.05, ** p<0.01, **** p<0.0001. Mean±SEM
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Figure 2: Effects of MK-801 and delay on TUNL task accuracy in PV+ interneuron study. (A, B) 

Independent of delay, the 0.3mg/kg, but not the 0.1mg/kg, dose of MK-801 reduced accuracy in the WT and PV 

GluN1 KO mice. (C) With a delay of 3 s between the sample and choice stimuli, there was a significant 

interaction between the effects of MK-801 and genotype. MK-801 dose dependently reduced accuracy in the PV 

GluN1 KO mice, while only the higher dose had a significant effect on the WTs. Post hoc comparisons 

following up significant main effect of MK-801: ^^^^p<0.0001; simple effects of MK-801 following up 

significant MK-801 x genotype interaction: *p<0.05, **p<0.01. Mean±SEM. 
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Figure 3: Effects of MK-801 and delay on TUNL task accuracy in CaMKIIα+ excitatory cell study. (A) 

A significant MK-801 x delay interaction was seen in the WT mice. Only the higher dose of MK-801 reduced 

accuracy at the 1 s delay, while the MK-801 effect was dose-dependent at the 3 s delay. No drug effect was seen 

with the 6 s delay. (B). In contrast, MK-801 dose-dependently reduced accuracy regardless of delay in the 

CaMKIIα GluN1 KO mice (C). In sessions with a 3 s delay, MK-801 dose-dependently reduced accuracy and 

this was not affected by genotype. Post hoc comparisons following up significant main effect of MK-801: 

^p<0.05, ^^p<0.01, ^^^p<0.001; simple effects of MK-801 following up significant MK-801 x delay 

interaction: *p<0.05, **p<0.01. Mean±SEM. 



Chapter 4 

 

106 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4: Effect of MK-801 and genetic manipulations on perseveration in the TUNL task. (A) While 

there was no effect of MK-801 on WT mice in the PV+ interneuron study, the 0.3 mg/kg dose of MK-801 

significantly increased perseveration in the PV GluN1 KO mice. (B) In contrast, there was a significant effect of 

MK-801 but not MK-801 x genotype interaction in the CaMKIIα+ excitatory cell study. (C). In line with 

perseveration, the higher dose of MK-801 increased the total trials completed for the PV GluN1 KO mice, but 

not the WTs. (D). MK-801 dose dependently increased total trials completed in both genotypes of the 

CaMKIIα+ excitatory cell study (D). Post hoc comparisons following up significant main effect of MK-801: 

^p<0.05, ^^p<0.01, ^^^p<0.001; simple effects of MK-801 following up significant MK-801 x genotype 

interaction: ****p<0.0001. Mean±SEM. 
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Figure 5: Effect of MK-801 and genetic manipulations on latency measures in the TUNL task.  (A) MK-

801 dose-dependently reduced correct response latency in the PV+ interneuron study. This measure was lower 

in the PV GluN1 KOs compared to WTs, but there was no drug x genotype interaction. (B, D) Both response 

latencies were reduced by the two doses of MK-801 in the CaMKIIα+ excitatory cell study and there was 

neither a genotype nor MK-801 x genotype interaction. (C) The same was the case for incorrect response 

latency in the PV+ interneuron study but only the higher dose of MK-801 had an effect. (E) Both doses of MK-

801 significantly reduced reward collection latency in WT but there was no effect on the PV GluN1 KO mice. 

(F) The lower, but not higher, dose of MK-801 reduced reward collection latency in the CaMKIIα+ excitatory 

cell study, and this was unaffected by genotype. Post hoc comparisons following up significant main effect of 

MK-801: ^p<0.05, ^^p<0.01, ^^^p<0.001; significant main effect of genotype: #p<0.05; simple effects of MK-

801 following up significant MK-801 x genotype interaction: ****p<0.0001. Mean±SEM. 
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4.1 Abstract 

Parvalbumin-positive (PV+) interneuron dysfunction represents a candidate mechanism for 

cognitive impairment in schizophrenia. PV+ interneurons contribute to the generation of 

gamma oscillatory activity (30-80Hz). Gamma oscillations are associated with the same 

cognitive processes disrupted in schizophrenia. PV+ interneurons and gamma activity are 

disrupted in schizophrenia, inviting the hypothesis that PV+ interneuron abnormalities drive 

gamma deficits and that this underlies cognitive impairment in the disorder. Further, it has 

been hypothesised that hypofunction of the glutamatergic NMDA receptor (NMDAr) may 

contribute to PV+ interneuron dysfunction. The aim of the current study was to examine 

whether a causal relationship does, in fact, exist between NMDAr hypofunction, PV+ 

interneuron deficits and gamma disruptions. We ablated PV+ interneurons in the medial 

prefrontal cortex (mPFC) by infusing diphtheria toxin (DT) into that region of mice 

expressing the DT receptor (DTR) exclusively in PV+ interneurons. Mice were then 

implanted with local field potential (LFP) recording electrodes in the infused mPFC and 

ipsilateral dorsal hippocampus (dHPC). Mice were administered MK-801 (1mg/kg) prior to 

recording LFPs during the presentation of auditory stimuli. Ongoing gamma, auditory evoked 

gamma and regional gamma coherence in PV-DTR mice were unaffected by DT infusion. It 

did, however, blunt the increase in ongoing gamma power induced by MK-801. The MK-

801-induced reduction in evoked gamma power and increase in regional gamma coherence 

were unaffected. This indicates that PV+ interneurons may play a redundant role in the 

generation and maintenance of gamma activity under normal conditions. PV+ interneurons 

do, however, appear to contribute to the increase in ongoing gamma power arising from 

NMDAr hypofunction.  
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4.2 Introduction 

Disruption to parvalbumin positive (PV+) interneuron-mediated inhibition of pyramidal cells 

is hypothesised to contribute to the pathophysiology of schizophrenia (143). A robust finding 

in post-mortem schizophrenia patient brains is that expression of the 67-kDa isoform of 

glutamic acid decarboxylase (GAD67), an enzyme that plays a key role in the synthesis of the 

inhibitory neurotransmitter GABA, is reduced at both the protein and mRNA levels in the 

dorsolateral prefrontal cortex (DLPFC) (147, 402, 403). Interestingly, this decrease appears 

to be particularly pronounced in PV+ interneurons (146). Further to this, levels of the α1 

subunit of the GABAA receptor, which is postsynaptic to PV+ interneurons, are lower in 

pyramidal cells in schizophrenia (148, 404-406). There are also reports of reductions in 

perineuronal nets, an extension of the extracellular matrix that primarily ensheath PV+ 

interneurons and plays a key role in regulating synaptic transmission (407, 408). In addition, 

expression of the PV protein itself also appears to be reduced (149, 405). Some have 

attributed this to a loss of PV+ cells (151, 153), but it has also been argued to be driven by 

lower PV expression per PV+ cell (146, 154). However, this has yet to be definitively 

resolved, with a recent study using transcriptome analysis indicating that cell number may in 

fact be reduced (156).  

PV+ interneurons play an important role in the generation of neural oscillatory 

activity in the gamma frequency range (30-80 Hz) (130, 131). It is unsurprising, then, that 

schizophrenia is associated with disruptions to gamma oscillatory activity. Namely, patients 

show an increase in the power of ongoing, or resting, gamma power and a decrease in evoked 

and induced gamma, associated with early sensory processing and cognition, respectively 

(111, 115, 119, 399, 400). Schizophrenia is associated with broad cognitive impairment, with 

deficits in the same processes linked with gamma oscillations, such as working memory, 

being seen (14). It has been hypothesised that gamma oscillatory disruptions may play a 
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causal role in the symptoms of schizophrenia (87). Supporting this, working memory 

impairment, for example, has been associated with gamma disruptions in patients (112, 113). 

Given that PV+ interneurons are disrupted in schizophrenia and this cell type is important to 

generating gamma activity, it is possible that PV+ interneuron dysfunction may be linked 

with cognitive impairment via gamma deficits (143, 145).  

A wealth of studies have examined whether rodent models displaying schizophrenia-

like behavioural phenotypes also present with PV+ interneuron dysfunction and gamma 

abnormalities (Table 1 and 2 of Introduction). There are, however, inconsistencies between 

animal models and studies using the same models. For example, one study by Meyer et al. 

found that PV+ cell number in the medial prefrontal cortex (mPFC) was reduced when 

pregnant dams were administered an immune challenge either early or late in gestation (251), 

while another study by Canetta et al. reported no change in PV+ cell number of density in the 

same region in offspring that were also subject to a maternal immune activation (249). In the 

aforementioned study by Meyer at al., spatial working memory was impaired only when the 

challenge was given late in gestation, and not early (251). However, in the later study by 

Canetta et al, spatial working was intact, but there was reduced PV+-mediated inhibition of 

pyramidal cells was seen, despite the lack of change in cell number (249). Although 

informative, evidence from studies such as these is only associative; causal relationships 

between PV+ dysfunction and behavioural impairment cannot be determined. 

Addressing this, the impact of manipulating PV+ cell activity on electrophysiological 

and behavioural measures have been assessed using various methods (Table 3 of 

Introduction). For example, expression of GAD67 has been knocked down specifically in 

PV+ cells using microRNA, driving a deficit in sensorimotor gating and fear extinction, but 

not working memory and anxiety behaviour (286). The same pattern was seen in a study that 

used a different strategy to reduce GAD67 expression exclusively in PV+ interneurons (285). 
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Contrastingly, working memory, anxiety, and sensorimotor gating were all impaired 

following deletion of ErbB4‒a tyrosine kinase receptor that binds the neuregulin family and 

can impact GABA levels‒specifically in PV+ interneurons (283). This model also showed an 

increase in ongoing gamma power in the hippocampus (HPC). PV+ interneuron activity has 

also been transiently altered using optogenetic and chemogenetic approaches, with one study 

showing that driving this cell impaired working memory, while another showed that this had 

no effect (291, 293). In all, it is still not clear whether PV+ interneuron dysfunction 

contributes to a specific behavioural or gamma deficit. 

Hypofunction of the glutamatergic N-methyl-D-aspartate receptor (NMDAr) has been 

strongly implicated in schizophrenia (165-167). Initial evidence for this came from 

observations that NMDAr antagonists can induce a spectrum of behavioural disruptions that 

reflect what is experienced across the three symptom clusters (positive, negative and 

cognitive) of schizophrenia (173, 409). Genetic and post-mortem molecular evidence from 

patient studies has provided additional support for this hypothesis (167, 410, 411). Along 

with the behavioural deficits, antagonists of the NMDAr can also induce the same gamma 

oscillatory disruptions‒increase in ongoing and decrease in stimulus-induced activity‒seen in 

schizophrenia patients (194, 196-199). Further to this, MK-801 has also been shown, albeit 

less extensively, to increase the power of ongoing activity in the high frequency oscillation 

(HFO) band (130-180 Hz) (198, 412). Low doses of these drugs increase glutamate release in 

the prefrontal cortex and pyramidal cell activity (203, 413), inviting the hypothesis that 

NMDAr hypofunction may preferentially effect interneurons.  

This hypothesis has been assessed in a collection of studies examining the 

consequences of deleting the NMDAr selectively from PV+ interneurons (35, 200-202, 391). 

Behaviour appears to be largely unaffected by this manipulation. Genetic deletion of the 

NMDAr from PV+ interneurons has been shown to alter the ability of the NMDAr 
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antagonists MK-801 to impair certain behaviours. However, there are inconsistencies across 

studies. For example, one study reported that mice lacking the NMDAr from PV+ 

interneurons were sensitised to the impairing effects of MK-801 on a rewarded T maze test of 

working memory (202). This was confirmed in Chapter 3 of this thesis, where the same 

sensitisation was seen using the newly developed trial-unique non-matching to location test 

of working memory in the rodent operant touchscreen system. In contrast to behaviour, PV+ 

specific NMDAr deletion was reported to increase ongoing gamma power in three studies 

(35, 200, 201), while our group found that it reduced ongoing gamma power (384). The MK-

801-induced increase in ongoing gamma power does, however, appear to be attenuated in 

these mice (201, 384). Interestingly, however, NMDAr deletion from PV+ interneurons 

neither influences evoked gamma power under normal conditions, nor does it affect the MK-

801-induced reduction in this measure (35, 384). Taken together, NMDAr hypofunction on 

PV+ interneurons may not itself be sufficient to create schizophrenia-like behavioural 

impairments. Further, it may be able to account for an increase in ongoing gamma power but 

unlikely to explain the decrease in evoked gamma power, but there are inconsistencies in 

these findings.  

The current study set out to further explore the contribution of PV+ interneuron 

dysfunction to the gamma oscillatory abnormalities seen in schizophrenia. Given the myriad 

of disruptions to PV+ interneurons in schizophrenia, we hypothesised that ablation of PV+ 

interneurons would disrupt ongoing gamma and HFO activity, evoked gamma activity, and 

regional gamma coherence. To assess this, we generated mice expressing the diphtheria toxin 

receptor (DTR) on PV+ interneurons. Systemic administration of diphtheria toxin (DT) to 

these mice was expected to induce death of this cell type exclusively across the brain. 

However, this approach was not viable so DT treatment was restricted to the medial 

prefrontal cortex (mPFC). We assessed the effect of MK-801 on oscillatory measures 
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following DT treatment. This study extends previous work assessing the contribution of 

NMDA receptors on PV+ interneurons to NMDAr antagonist-induced gamma disruptions.   

4.3 Methods 

4.3.1 Animals and housing 

PV-Cre mice (JAX: 008069) were crossed with Cre-inducible DTR transgenic mice (iDTR) 

sourced from colonies at the Melbourne Brain Centre, University of Melbourne. The iDTR 

line carried the simian DTR gene, HBEGF, behind a loxP-flanked STOP cassette in the 

ROSA26 locus of the mouse genome. Crossing this line with tissue- or cell-specific cre mice 

drives the excision of the STOP cassette and thus, expression of the DTR gene, in only the 

tissue- or cell-type expressing Cre (220). In our case, we expected to drive the expression of 

DTR exclusively in PV+ interneurons. PV-Cre/wt; iDTR/wt (referred to as PV-DTR) and 

PV-Cre/wt; wt/wt (referred to as WT) were maintained on a 12-h light/dark cycle (lights on 

0730-1930h), with food and water available ad libitum. All experimental procedures were 

approved by the Florey Neuroscience Institute Animal Ethics Committee (#16-028).   

4.3.2 PV+ cell ablation model development 

4.3.2.1 Verification of mouse line 

The first step was to confirm that the PV-DTR mice expressed the DTR in PV+ cells in the 

brain as expected. Three adult PV-DTR mice (male=2) and one WT mouse (male), along 

with two PV tdTomato reporter mice (414), were anesthetised with sodium pentobarbitone 

(0.1ml/kg) and transcardially perfused with phosphate buffered saline (PBS) followed by 4% 

paraformaldehyde (PFA). The brains were extracted and further fixed in 4% PFA/PBS for 24 

hours at 4°C. The tissue was then put in to a cryoprotectant solution (30% sucrose) for 3–6 

days at 4°C. Brains were embedded in Tissue-Tek O.C.T (Sakura FineTek) compound and 

snap-frozen in a bath of isopentane cooled over dry ice. Three 20µm cryosections containing 
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the mPFC (bregma +1.94) or dorsal hippocampus (dHPC; bregma -1.8) were collected and 

mounted onto Superfrost Plus adhesion slides (Menzel Gläser). Embedded and slide-mounted 

tissue was stored at -80°C between sectioning and staining. Cryosections were blocked at 

room temperature (RT) for 2 hours with phosphate buffer (PB, 0.1 M) containing 10% 

normal donkey serum (NDS) and 1% Triton X-100 (Sigma-Aldrich). Sections were incubated 

overnight at RT with primary antibody (PV-DTR tissue: mouse anti-PV (1:500, Merck 

Millipore), goat anti-human HBEGF (1:1000, R&D Systems); PV tdTom tissue: mouse anti-

PV (1:500), rabbit anti-dsRed (1:1000, Sigma-Aldrich)) in PB with 1% NDS and 0.3% Triton 

X-100. Slides were washed in PB (3x10 mins) and secondary antibody (PV-DTR tissue: 

donkey−anti-mouse−Alexa Fluor 488, donkey−anti-goat−Alexa Fluro 594; PV tdTom tissue: 

donkey−anti-mouse−Alexa Fluor 488, donkey−anti-rabbit−Alexa Fluro 594) applied for 1.5 

hours at RT (all 1:500, Invitrogen). Slides were washed (3x10 mins) and DAPI diluted in PB 

(1:10000) was applied for 5 mins. Following another wash (3x5 mins), Dako Fluorescence 

Mounting Medium was applied (Agilent), and slides were coverslipped (#1.5, Menzel 

Gläser). Two non-overlapping images were taken (x20 magnification) of the region of 

interest (motor area of sections containing mPFC or dHPC) on each section using IX50 

Inverted System Microscope (Olympus). Images of the three channels were overlayed using 

ImageJ Software (National Institutes of Health; NIH). For the PV tdTomato tissue, the 

numbers of PV+, tdTom+ and co-labelled cells were counted in each image. The percentage 

of cells positive for either and both markers were calculated for each image and averaged for 

each region and between the two mice.  

4.3.2.2 Systemic diphtheria toxin injection  

The initial goal was to achieve global ablation of PV+ cells across the brain. A pilot study 

was completed where several different DT treatment regimens were administered, as 

informed by the literature (220, 225, 415, 416). PV-DTR mice were administered 10ng/g DT 
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(Sigma-Aldrich, in saline (0.9%), 0.1ml/10g i.p.) for either one (n=4, male=2), three (n=4, 

male=2) or six (n=4, male=2) consecutive days. As controls, WT mice were administered 

10ng/g DT (in 0.9% saline solution, 0.1ml/10g) for either three (n=2, male=1) or six days 

(n=2, male=1). Further, DTR mice were administered saline for three days (n=3, male=1). 

One week after the final injection, mice were anaesthetised, transcardially perfused and the 

brains were processed using the same methods as those for verifying the PV-DTR line, with 

the exception that the staining for the DTR was not completed. Further, sectioning of the 

mPFC was commenced more anteriorly (~+2.20 bregma) and continued through the region.  

4.3.2.3 Intracerebroventricular diphtheria toxin infusion  

Due to complications that will be discussed in the Results section, the decision was made to 

move from a systemic injection of the DT to infusing the drug directly into the lateral 

ventricle of the brain, referred to as an intracerebroventricular (ICV) infusion. ICV infusions 

are used to deliver materials globally across the central nervous system that may not cross the 

blood-brain-barrier or to avoid systemic effects of that material (417). In brief, PV-DTR mice 

were anaesthetised with isoflurane (5%) in equal parts oxygen and medical air. Once 

adequate anaesthesia was reached, isoflurane was reduced (1.5-2.5%) for duration of the 

surgery. A mid-line incision was made along the scalp and a glass capillary (1B100F-4 World 

Precision Instruments) pulled into a micropipette containing 2µL of either vehicle (PV-DTR 

mice: 0.9% saline, n=4, male=2) or DT (2.5ng, n=4, male=1; 5 ng, PV DTR mice n=4 

(male=2), WT mice n=3 (male=0)) was lowered into the left lateral ventricle (ML:-1 mm, 

AP: -0.2, DV: -2.1) through a hole drilled over the region of interest.  The glass capillary was 

attached to a 5µL micro syringe pipette (Hamilton) via custom-fit tubing. The solution was 

infused at 0.05µL/min. To prevent reflux, the glass capillary was left in place for 5 mins after 

the infusion was completed. It was then raised half of the depth (DV:-1.05), left for a further 

2.5 mins and then withdrawn. The midline incision was sutured, and mice were left to recover 
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for three weeks. Following this, mice were again transcardially perfused and the brain tissue 

was processed for staining of PV and DTR.  

4.3.2.4 Medial prefrontal cortex diphtheria toxin infusion 

ICV infusion of the DT resulted in a number of complications, which differed to those 

experienced following systemic injections and will be discussed in the corresponding results 

section. Following this, a pilot study was conducted where the DT infusion was moved to the 

mPFC. The same protocol was used as that for the ICV infusion with the following 

exceptions. First, only PV-DTR mice were used and infused with either DT (2.5ng in 1uL, 

n=5, male=3) or vehicle (saline (0.9%), n=3, male=3). Second, the glass pipette was lowered 

in to the left mPFC (ML:-0.9, AP: +1.9, DV: -1.8), rather than the lateral ventricle. The pilot 

study justified commencement of the experimental study where PV-DTR mice were infused 

with the same DT treatment (n=6, male=0) or vehicle (n=6, male=3) in the mPFC. Mice were 

left to recover for a minimum of one week following the surgery. 

4.3.3 Electrode implant surgery 

Following the recovery period post-infusion, mice underwent surgery for the implantation of 

local field potential (LFP) recording electrodes into the infused region, the left mPFC, and the 

ipsilateral dHPC. In brief, mice were anaesthetised using isoflurane, secured in a stereotaxic 

frame and a midline incision was made along the scalp, as was done for the infusion surgery. 

A Teflon-coated stainless-steel electrode (125µm, PlasticsOne, BioScientific NSW, 

Australia) was lowered in to infused brain region and ipsilateral dHPC (ML:-1.8, AP: -1.3, 

DV: -1.3) through holes drilled over those regions. A third and fourth hole were drilled 

through the right and left parietal plates immediately anterior to the lambda suture. A custom-

made ground electrode (tip of electrode stripped of coating and soldered on to 0.5mm 

stainless steel screw) was screwed in to the hole on the left and two intertwined electrodes, 

each to act as a reference for one of the active electrodes, were lowered onto the dura through 
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the hole on the right. The electrode pins were fed onto the male contact of a 5-channel socket 

(Part # M52-5002545, Element 14, Australia). The implanted electrodes and socket were 

secured in place with dental acrylic, such that the female contacts of the socket were left 

exposed, and animals were left to recover for a minimum of seven days. 

4.3.4 Electrophysiology procedures 

A five-channel cable was made that had the male contacts of the implanted socket at one end 

and pins soldered on to each channel at the other end. The pin corresponding to the ground 

electrode was plugged in to a splitter, to give two ground pins. The mPFC active electrode 

cable was connected to a bio-amplifier (AD Instruments), along with one of reference and 

ground pins. The same was done with a second bio-amplifier and the dHPC active pin. The 

signal from the amplifiers was fed through selective noise eliminators (Humbugs, Digitimer) 

into an AD converter (PowerLab). The signal from the AD converter was visualised and 

recorded using LabChart V 4.5 Software (AD Instruments) at a sampling rate of 1000 Hz. 

Once connected to the cable, mice were directed into a clear acrylic tube that was then placed 

inside a SRLab Startle Chamber (San Diego Instruments). Baseline LFPs were recorded for 

30 mins. Mice were then administered either vehicle (saline (0.9%)) or MK-801 (1mg/kg) in 

a pseudo-random order, ensuring an equal number of mice received saline or MK-801 first. 

Mice were then returned to the chamber where LFPs were recorded for a further 60 mins 

while auditory clicks (20 ms 85 dB every 6 s) were presented over constant background noise 

(70 dB). Drug treatments were administered in a repeated-measures design.  

4.3.5 Electrophysiology analysis  

4.3.5.1 Ongoing gamma and HFO power 

The raw LFP traces were processed using custom-designed scripts in MATLAB to assess the 

ongoing and HFO gamma power, evoked gamma power and regional gamma phase 

coherence between the implanted brain regions. First, the raw LFP traces from 10-40 mins 
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post-injection were segmented in to 10 s epochs. Epochs containing considerable movement 

artefact, or 50 Hz noise were detected and removed. A Fast Fourier Transform was applied to 

the remaining epochs using the pwelch MATLAB function to estimate the power spectral 

density over 1-200 Hz (418). Ongoing gamma power was calculated by averaging the 

absolute power values from 30 to 80 Hz and expressed as µV2. The same was done for the 

130-180Hz frequency range to give the ongoing HFO power.  

4.3.5.2 Evoked gamma power  

For assessment of the auditory event related activity, epochs (±500 ms around stimulus onset) 

were extracted from the raw LFP traces for each stimulus. Epochs accepted as having no to 

negligible noise were averaged and subject to morlet wavelet decomposition using the 

newtimf function (418). This analysis generated the baseline-corrected event related spectral 

power, expressed as dB (10*(log(power post-stimulus) – log(power pre-stimulus))) to 100 ms 

post-stimulus across 20-200 Hz. The evoked gamma power was calculated by averaging the 

values between 30 and 80 Hz. 

4.3.5.3 Regional gamma coherence 

As well as the local measures, we also examined the coherence of gamma oscillatory activity 

between the infused mPFC and the ipsilateral dHPC. Coherence is a composite measure of 

both amplitude and phase synchrony (87). High phase synchrony can come from an 

alignment of either the peak or the trough of the oscillations in two regions. Coherence values 

range from 0-1, with the higher values indicating higher coherence and thus, higher 

functional connectivity. Raw LFP traces from 10-40 mins post-injection were segmented in 

to 30 s epochs. Epochs were visually inspected and rejected if containing artefact. Those 

remaining were run through the newscrossf function to generate the coherence spectra from 1 

to 200Hz. Gamma coherence was calculated by averaging the values over 30-80Hz.   
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4.3.6 Statistical analyses 

All data was analysed using a two-way repeated measurers ANOVA in GraphPad Prism with 

α=0.05. Sphericity was assumed for each test and a Bonferroni correction applied when 

conducting planned post hoc comparisons. For all data, individual values as well as 

mean±SEM are presented. 

4.4 Results 

4.4.1 Systemic administration of DT failed to induce ablation of PV+ 

interneurons  

We first sought to ablate PV+ cells by systemically administering DT to PV-DTR mice. 

Before this was done, however, we verified that the transgenic mice expressed DTR as 

expected using immunohistochemistry. First, we assessed the co-labelling of PV and Cre 

recombinase in sections taken from the PFC and HPC of two PV tdTomato reporter mice 

(414). We determined that approximately 75% of PV cells expressed Cre (Figure 1A), 

indicating that the maximal ablation that could be achieved was 75% of PV+ cells. We then 

confirmed co-labelling of the DTR with PV+ cells in PV-DTR mice (Figure 1B). DTR 

staining was not detected in WT mice (Figure 1C). Following this, a pilot study was 

conducted where 10ng/g DT was administered per day for 1, 3 or 6 days. All mice were 

culled and tissue collected 7 days after receiving the last dose. The number of PV+ cells in 

both the mPFC (Figure 1D) and dHPC (not shown) did not appear to differ between PV-DTR 

mice treated with saline or 10ng/g/day for 6 days. This was surprising given the marked cell 

loss seen in previous studies that used doses that informed those selected for this study (220, 

225, 415, 416). To test whether the lack of cell loss was due to the DT being compromised, 

we administered two DTR mice 100ng/g of DT per day for 5 days and one mouse 

250ng/g/day for 5 days, doses expected to guarantee loss of DTR expressing cells. The mouse 

receiving the 250ng/g/day dose showed signs of ill health (>85% weight loss, hunching, poor 
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mobility) after 3 days. Treatment was ceased at this time point (did not receive all treatments, 

2 days short of planned administration), the mouse euthanised (at signs of ill health, rather 

than at planned 7 days after final treatment), and the brain tissue was collected. The two 

animals receiving the 100ng/g/day dose received all five days of treatment. The plan was to 

leave the animals for 7 days after the final dose before culling. However, they showed signs 

of ill health 3 days after the final dose and were culled at that time point. Again, there was no 

marked loss of PV+ cells in either the cortex or dHPC (Figure 1E). The PV protein is 

expressed not only in PV+ interneurons but also in fast-twitch muscle fibres, playing a key 

role in muscle relaxation (419). We suspect that the PV-expressing muscle cells may have 

been affected by the DT before those in the brain, whether this be due to increased sensitivity 

or there being lower concentrations in the brain due to the blood brain barrier. We concluded 

that doses high enough to achieve PV+ interneuron loss in the brain could not be given with a 

systemic injection of DT before adverse side effects were seen.  

4.4.2 Infusion of DT into the left lateral ventricle appeared to reduce the number 

of DTR+ cells in the ipsilateral dHPC 

To get around this, administration of DT was moved from a systemic injection to an ICV 

infusion. In doing so, we sought to still achieve ablation of PV+ cells diffusely across the 

brain while avoiding the systemic circulation. Three DTR-PV mice were infused with 5ng 

DT in 2µL vehicle into the left lateral ventricle. Within four days of infusion, one of these 

mice showed behavioural signs of experiencing seizures (approximately Racine Stage 4: 

forelimb clonus, rearing; not electrographically confirmed (420)), and was found deceased in 

its home cage two days subsequent. On this day, another mouse showed behavioural signs of 

experiencing Racine Stage 3 (ID 1) seizures and another showed signs of Stage 2 (ID 2). 

These mice were euthanised, perfused and brain tissue was collected. As controls, four PV-

DTR mice were infused with vehicle and four WT mice infused with DT. No signs of ill 
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health were seen a week following infusion in these mice. Following this, four mice were 

infused with 2.5ng DT in 2µL vehicle and culled one week following infusion. Of these, one 

showed signs of experiencing Racine Stage 2 seizures at this time point (ID 3), whereas the 

remaining three showed no signs of ill health (ID 4-6).  

PV and DTR were stained in sections containing the mPFC and dHPC from the 

infused PV-DTR and WT mice. Figure 2 shows the dHPC from the PV-DTR mice infused 

with 5ng DT showing the behavioural phenotype of Racine Score 3 (ID 1) seizures. A 

different pattern of PV+ staining (Figure 2A), along with the absence of DTR positive cells, 

is seen in this section. We speculate that ablation of DTR+ cells was achieved, and the 

disrupted PV staining was driven by glial cell uptake of the PV protein from apoptotic cells. 

The ablation of PV+ cells, resulting in the disinhibition of pyramidal cells, particularly in the 

hippocampus‒a highly epileptogenic region‒could account for the observed experience of 

seizures. We can see a similar pattern of disrupted PV+ staining, as well as an absence of 

DTR+ cells, in a section taken from the mouse infused with 2.5ng DT that also showed 

behavioural signs of experiencing seizures (Figure 2B). In contrast, below we see normal PV 

staining and the presence of DTR+ cells in one of those infused with the same dose that did 

not show any signs of ill health (Figure 2C), when compared with tissue stained from a PV-

DTR mouse infused with vehicle (Figure 2D). As expected, no DTR+ cells, along with intact 

PV staining, were seen in a WT animal treated with DT (Figure 2E). 

In contrast to what was seen in the dHPC, normal PV staining, alongside the presence 

of DTR+ cells, was seen in the motor cortex of PV-DTR mice infused with either 5 or 2.5ng 

of DT into the lateral cerebral ventricle (Figure 3A,B), compared to controls (Figure 3C,D). 

The disruption of PV staining and loss of DTR cells in the dHPC but not the cortex suggests 

that the DT infused into the ventricles was able to diffuse in to the dHPC, which lays close to 

the ventricles, but not the cortex. The induction of a seizure behavioural phenotype was not 
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entirely unexpected considering that this would result in the disinhibition of pyramidal cells 

and the HPC is highly epileptogenic. This, however, was not feasible to continue with going 

forward because it would disrupt the ability to detect changes in gamma oscillatory activity.  

Given this, the DT infusion was moved from the lateral ventricle to the mPFC. This 

region was chosen to be targeted because it is the primary region that PV+ interneuron 

changes have been reported in schizophrenia. A pilot study was conducted where four PV-

DTR and three WT mice were infused with 2.5ng of DT in 1µL vehicle in to the mPFC. No 

adverse side effects were seen. An example of a section taken from a PV-DTR and WT 

mouse is shown in Figure 4 A and B, respectively. The region of interest is indicated by the 

red rectangle. It is difficult to discern if there is a change in cell number between the 

genotypes. This is largely due to the fact that the density of PV+ interneurons is relatively 

low in this region, when compared to, for example, the motor cortex, as shown by the yellow 

squares. For reference, staining of PV+ interneurons in the Allen Brain Atlas is shown, 

highlighting this point (Figure 4C). Despite this ambiguity, DT infusion or vehicle in to the 

left mPFC of PV-DTR mice was used going forward. 

4.4.3 Ablation of PV+ interneurons in the mPFC attenuated the MK-801-induced 

increase in ongoing gamma and HFO power, but these measures were unaffected 

in the absence of drug treatment 

First, we saw that DT infusion had no effect on ongoing gamma power in the infused mPFC 

(F(1,10)=1.96; p=0.19; Figure 5A,C). There was a significant effect of MK-801 (F(1,10)=69.18; 

p<0.0001) and a significant MK-801 x DT infusion interaction (F(1,10)=6.56; p=0.028). Post 

hoc comparisons showed that MK-801 significantly increased ongoing gamma power for the 

PV-DTR mice infused with vehicle (p<0.0001) and DT (p=0.0045). Ongoing gamma power 

was no different between the DT and vehicle infused PV-DTR mice when treated with 

vehicle. It was, however, lower in the DT infused compared to vehicle infused mice when 
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administered MK-801, but this just fell short of reaching significance (p=0.052). In contrast 

to what was seen in the targeted region, there was a significant effect of infusion on ongoing 

gamma power in the ipsilateral dHPC (F(1,10)=5.78; p=0.037, Figure 5B,D). In line with the 

mPFC, there was a significant effect of MK-801 (F(1,10)=56.21; p<0.0001) and a MK-801 x 

DT infusion interaction (F(1,10)=11.89; p=0.0063) in the dHPC. Post hoc comparisons showed 

that MK-801 significantly increased ongoing gamma power in the ipsilateral dHPC in PV-

DTR mice infused with vehicle (p<0.0001) or DT (p=0.034) in to the mPFC. When 

systemically administered vehicle, there was no difference in ongoing gamma power in the 

dHPC between the vehicle and DT infused mice. Ongoing gamma power was, however, 

significantly lower in the DT infused PV-DTR mice compared to vehicle when administered 

MK-801 (p=0.0025).  

Next, we assessed the effect of DT infusion and MK-801 administration on HFO 

power. There was a significant effect of MK-801 on HFO power in the infused mPFC 

(F(1,10)=58.81; p<0.0001l, Figure 5E), but there was no effect of infusion (F(1,10)=079; p=0.40) 

and no MK-801 x DT infusion interaction (F(1,10)=0.53; p=0.48). In the untreated dHPC, 

(Figure 5F), there were significant effects of MK-801 (F(1,10)=49.50; p<0.0001, Figure 4B,F) 

and infusion (F(1,10)=8.96; p=0.014), as well as an interaction between the two (F(1,10)=11.36; 

p=0.0071). Post hoc comparisons showed that MK-801 significantly increased ongoing HFO 

power in the dHPC of PV-DTR mice infused with vehicle (p<0.0001), whereas it only had a 

tendency to do so in those infused with DT (p=0.054). As with the gamma findings, HFO 

power was not different between infusion groups when treated with vehicle (p=0.49), but it 

was significantly lower in the DT infused mice compared to vehicle when treated with MK-

801 (p=0.0009). 

In all, we saw that infusing DT in to the mPFC of PV-DTR mice had no effect on 

ongoing gamma power. However, it did blunt the MK-801-induced increase in ongoing 
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gamma power in both the infused mPFC and untreated dHPC. Contrary to this, MK-801 

increased ongoing HFO power in the infused mPFC equally in mice infused with either 

vehicle or DT. In contrast, this effect was attenuated in the ipsilateral dHPC of mice infused 

with DT compared to vehicle.  

4.4.4 MK-801 reduces the power of evoked gamma activity but this is not 

affected by a loss of PV+ cells 

Next, we examined the effect of DT infusion in PV-DTR mice on evoked gamma power and 

the ability of MK-801 to alter this measure. As expected, MK-801 significantly reduced 

evoked gamma power in the infused mPFC (F(1,10)=41.25; p<0.0001, Figure 6A,C). There 

was, however, neither an effect of infusion alone (F(1,10)=1.85; p=0.20) nor a MK-801 x DT 

infusion interaction (F(1,10)=0.05; p=0.82). The same pattern was seen in the ipsilateral dHPC 

(MK-801: F(1,10)=45.53, p<0.0001; Infusion: F(1,10)=0.91, p=0.36; MK-801 x infusion: 

F(1,10)=0.01; p=0.93; Figure 6B,D). In all, the MK-801-induced decrease in evoked gamma 

power in the mPFC and dHPC was unaffected by infusing DT in to the mPFC of PV-DTR 

mice.  

4.4.5 MK-801 increased regional gamma coherence between the mPFC and 

dHPC but this appeared to be unaffected by DT infusion in the mPFC 

As well as assessing local oscillatory activity, we examined the gamma coherence between 

the infused mPFC and ipsilateral dHPC. We saw that MK-801 increased gamma coherence 

between the mPFC and dHPC (F(1,10)=18.59, p=0.0015; Figure 7A,B). The two-way ANOVA 

indicated that infusion had no effect on this measure (F(1,10)=2.18, p=0.17), and that there was 

no MK-801 x DT infusion interaction (F(1,10)=1.78, p=0.21). Looking at the graph, however, 

the MK-801-induced increase appeared to be blunted in the DT infused mice, so we decided 

to conduct post hoc comparisons assessing the simple effects of both MK-801 and infusion. 

For mice infused with vehicle, gamma coherence was significantly higher when systemically 
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administered MK-801 compared to vehicle (p=0.0051). There was, however, no difference 

between vehicle and MK-801 treatment in the PV-DTR mice infused with DT (p=0.12). 

There was no difference in regional coherence between the vehicle and DT infused mice 

when treated with vehicle (p=0.62) or MK-801 (p=0.18). The lack of a difference between 

vehicle and MK-801 treatment in the DT infused mice and then between the DT and vehicle 

infused mice when treated with MK-801 makes it unclear whether there was, in fact, a 

blunting of the MK-801-induced increase in regional gamma coherence in PV-DTR mice 

infused with DT.  

4.5 Discussion 

The aim of the current study was, first, to assess whether PV+ interneurons are required for 

the regulation of baseline and stimulus-induced gamma oscillatory activity and, second, if 

PV+ interneurons are responsible for the electrophysiological consequences of NMDAr 

antagonism. To do this, we first attempted to ablate PV+ interneurons across the brain by 

systemically administering DT to transgenic mice expressing the DTR exclusively in PV+ 

interneurons. Due to complications, neither this, nor infusion of DT into the lateral cerebral 

ventricle was feasible, rendering global ablation unattainable. We then chose to restrict DT 

treatment to the mPFC, a brain region of strong relevance to schizophrenia and the 

behaviours impaired in the disorder. In our study, ongoing gamma and HFO power, as well as 

auditory-evoked gamma power, in both the mPFC and ipsilateral dHPC were unaffected by 

infusion of DT in to the mPFC of PV-DTR mice. The increase in ongoing gamma power 

induced by the MK-801 was, however, blunted in both the mPFC and dHPC of mice infused 

with DT. In contrast, there was no change in the MK-801-induced decrease in evoked gamma 

power in either region or the increase in regional gamma coherence.  

The first goal of the current study was to assess whether ablating PV+ interneurons 

would alter ongoing gamma and HFO oscillatory activity. We found that mPFC DT infusion 
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into PV-DTR mice had no effect on ongoing gamma or HFO power in either the infused 

brain region or the ipsilateral dHPC. This was unexpected given the established involvement 

of PV+ interneurons in the generation of gamma activity (130, 131). It is, however, consistent 

with the findings from one study that irreversibly blocked synaptic transmission exclusively 

in PV+ interneurons, achieved by driving the expression of tetanus toxin light chain (a 

protein that arrests neurotransmitter release by cleaving a protein necessary for vesicle 

docking) specifically in those cells in the PFC. This manipulation induced impairments in 

working memory and cognitive flexibility but did not affect absolute ongoing gamma power 

(289). Similarly, in another study, transient chemogenetic inhibition of PV+ interneurons in 

the ventral HPC was shown to disrupt sensorimotor gating and working memory without 

affecting baseline-normalised ongoing gamma power (296). As well as assessing activity in 

the gamma frequency band, we also looked at ongoing activity at 130-180 Hz and similarly 

found no difference in power in the DT infused PV-DTR mice compared to vehicle in both 

brain regions. The previous studies that manipulated PV+ interneurons and looked at both 

behaviour and electrophysiology did not assess HFO activity, making this a novel finding. In 

all, these findings suggest that ablation of PV+ interneurons is not sufficient to alter ongoing 

gamma or HFO oscillatory activity.  

Although there was no change with vehicle treatment, we saw a blunting of the MK-

801-induced increase in ongoing gamma power in the targeted mPFC. This is in line with 

previous work showing that deletion of the NMDAr exclusively from PV+ interneurons 

attenuated the MK-801-induced increase in ongoing gamma power (201, 384). The current 

study extends on this by showing that PV+ interneurons broadly, rather than simply the 

NMDAr on that cell, contributes to the increase in ongoing gamma induced by NMDAr 

antagonism. Further, we manipulated gamma circuitry in adulthood, rather than in early 

postnatal development, as is the case in the NMDAr PV+ interneuron specific knockout. In 
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addition, this study also adds to our previous work by looking beyond the gamma band to 

ongoing HFO activity. Here, ongoing HFO power was increased by MK-801 but this was 

unaffected by DT infusion. These findings suggest that MK-801 can act on PV+ interneurons 

to increase ongoing gamma power. The drug effect was, however, not entirely reversed in the 

current study, indicating that MK-801 can act on other cell types to increase ongoing gamma 

power. This was also shown in our earlier study, where deleting the NMDAr from forebrain 

pyramidal cells attenuated the effect of NMDAr antagonism on this measure (384). It may 

also be possible that pyramidal cells play a role in the increase in HFO power induced by 

NMDAr hypofunction. In all, the blunting of the MK-801-induced increase in ongoing 

gamma but absence of a difference when PV-DTR mice infused with vehicle were treated 

with vehicle could suggest that PV+ interneurons have a redundant role in maintaining 

gamma activity under normal conditions, but contribute to gamma changes when the circuit is 

challenged.   

An additional finding was that the blunting of the MK-801-induced increase in 

ongoing gamma power was also seen in the untreated ipsilateral dHPC. In an earlier study, 

we showed that local infusion of MK-801 into the PFC increased gamma and HFO power in 

both the infused region and the HPC (198). This demonstrated that disruptions to neural 

oscillatory activity in the PFC can be propagated to the HPC, which is consistent with the 

findings from the current study. There are many polysynaptic and monosynaptic projections 

from the HPC to the PFC but there are no direct return projections (421). Fibres from the PFC 

can, however, project to the HPC via the thalamus (422). It is possible then that this region, 

as well as others the PFC projects to both directly and indirectly, would too show different 

gamma responses to MK-801.   

In line with the ongoing findings, auditory-evoked gamma in both the mPFC and 

dHPC was not different between PV-DTR mice infused with DT or vehicle. Further, the MK-
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801-induced reduction in this measure did not differ between infusion groups. This suggests 

that NMDAr antagonists do not act on this cell type, either directly or indirectly, to disrupt 

evoked gamma activity. This is consistent with findings from a previous study where we 

showed that deletion of the NMDAr from PV+ interneurons neither affected evoked gamma 

power itself nor altered the reduction in this measured induced by MK-801 (384). We, 

therefore, provide further support for PV+ interneurons contributing to the disruptions in 

ongoing gamma power induced by NMDAr antagonism but not the decrease in evoked 

gamma power.  

This indicates that disturbances to evoked and ongoing gamma activity are likely 

underscored by different neuronal mechanisms. In support of this, we recently showed in 

Chapter 2 that LY379268, an agonist of the metabotropic glutamate receptor type 2/3 

(mGluR2/3), could recover the ongoing but not the evoked gamma deficit induced by MK-

801. NMDAr antagonists induce disinhibition of pyramidal cells, driving an increase in 

glutamate release in the prefrontal cortex, which can be blocked by mGluR2/3 agonists (203, 

204, 413). The previous study and current findings, therefore, suggest that the increase in 

ongoing gamma power induced by NMDAr antagonism is underscored by the increase in 

glutamate release driven by these drugs preferentially acting on  PV+ interneurons. 

Although the mechanism underlying NMDAr hypofunction-driven increase in 

ongoing gamma power is becoming increasingly clear, how evoked gamma is reduced is yet 

to be established. A number of computational studies have attempted to reconcile the increase 

in ongoing and decrease in stimulus induced gamma activity induced by NMDAr 

hypofunction. One review of these suggests that reduced NMDAr drive on PV+ interneurons 

can account for the increase in ongoing gamma activity when excitation of PV+ interneurons 

is minimal, i.e. at rest or baseline (137). NMDAr hypofunction on PV+ interneurons when 

excitation is high. i.e. during stimulus presentation, produces the opposite decrease in gamma 



Chapter 4 

 

130 

  

activity. This explanation for the increase in ongoing gamma power fits with our data here 

and that of our previous study (384). The decrease in NMDA drive to PV+ interneurons 

leading to ongoing gamma increase could also come from decreased excitation from 

pyramidal cells driven by NMDAr hypofunction on that cell type. This is supported by our 

earlier study where we showed that deletion of the NMDAr from forebrain pyramidal cells 

attenuated the MK-801-induced increase in ongoing gamma power (384). Our data, however, 

do not provide support for this explanation’s account for evoked change.  

Others have shown that reduced gamma activity can be modelled by reduced output 

from PV+ interneurons, while reduced NMDAr input to PV+ interneurons drives a gamma 

increase (423), which could be underscored by alterations such as reduced GAD67 

expression in this cell type. If NMDAr hypofunction on this cell type does not drive this, as 

indicated by the model, it must occur on another cell type that regulates the gamma circuitry. 

A likely candidate is the somatostatin-positive (SOM+) interneuron subtype. SOM+ 

interneurons target distal dendrites of both pyramidal cells and PV+ interneurons, gating 

excitatory inputs (138). One particular computational model predicts reduced gamma band 

power with NMDAr hypofunction specifically at this cell type (137). Supporting this, a 

recent study showed that optogenetically silencing SOM+ interneurons reduced the gamma 

power induced by a stimulus (139).  It may be that SOM+ interneurons play a role in 

NMDAr-antagonist induced disruptions to evoked gamma activity and can maintain evoked 

gamma responses in the face of PV+ interneuron dysfunction.  

Along with the local gamma measures, we also assessed the effect of DT infusion and 

MK-801 on regional gamma phase coherence. In line with what we have previously seen, 

MK-801 increased gamma coherence between the mPFC and dHPC (384, 385). DT infusion 

in to the mPFC of PV-DTR mice did not alter this effect, nor was gamma coherence different 

between infusion groups with vehicle treatment. These findings are, however, not 
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unexpected. There are many mono- and poly-synaptic pathways from the rodent HPC up to 

the PFC and only indirect connections in the opposite direction (421). It would be expected, 

then, that coupling between the two regions would be primarily driven by the HPC 

influencing the PFC, and less so by the reverse. It would perhaps be more likely, then, that 

manipulating the gamma circuitry in the HPC would influence connectivity between the two 

regions. In fact, disinhibition of pyramidal cells in the HPC is thought to drive the increase in 

pyramidal cell firing in the PFC, thought to contribute to the increase in gamma oscillatory 

activity (421). Demonstrating this, local application of an NMDAr antagonist to the PFC 

failed to increase firing in PFC neurons, while local infusion in the HPC was shown to 

increase PFC excitation (424, 425). This too would fit with our previous work showing that 

the NMDAr on pyramidal cells mediate the effects of MK-801 on coherence (384). Intact 

ongoing gamma activity in the PFC despite PV+ cell loss could then also be accounted for by 

input from the dHPC providing compensatory change in activity.  

The degree of  PV+ cell loss that was achieved in the current study needs to be 

considered. It is possible that gamma disruptions under normal conditions, or changes to the 

MK-801-induced impairments to evoked gamma and regional coherence, would require 

greater cell loss to manifest. Most importantly, however, it was difficult to determine the 

degree of cell loss that was achieved because of the sparsity of PV+ cells in the targeted 

region. This is a major limitation of this study. A quantitative assessment of this using 

stereological techniques would need to be completed to truly determine that cell lose was 

achieved. It is possible that an appreciable loss of PV+ interneurons was not actually 

achieved. This is a potential explanation for not seeing some of the expected effects. It is 

important to note, however, that our findings align with what is seen when the NMDAr is 

deleted exclusively from PV+ interneurons – we have shown that this manipulation does not 

impact gamma but that it does blunt the MK-801-induced increase in ongoing gamma power, 
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but not the decrease in evoked (343). This provides us with a degree of confidence in our 

findings. 

It is also important to acknowledge the impact that electrical activity in distant regions 

could have had in the LFP measures in this study. The term local field potential is often used 

to describe the electrical activity recorded in the brain from an intracerebral electrode (80). It 

is often assumed that the recorded trace will reflect the electrical activity generated from the 

population of neurons surrounding the implanted electrode. This is not, however, necessarily 

the case. Brain tissue can be conductive, meaning that field potentials in one region of the 

brain can spread to other regions (81). The degree to which this occurs depends on several 

factors, including the capacitive properties of that tissue. An LFP recorded from one region 

can, therefore, originate from another. For example, auditory evoked gamma oscillatory 

activity seen in the mPFC and dHPC could actually be that occurring in auditory cortices. 

Given that PV+ interneurons were not manipulated in the auditory cortices, it may not be 

surprising then that auditory evoked gamma was unchanged by DT infusion - perhaps if PV+ 

cells were ablated in the auditory cortices, evoked gamma may have been altered. To get 

around this, reference electrodes should be placed near the active electrodes (81). This can 

ensure that ‘true’ local field potentials are recorded.  

PV+ interneuron disruption in schizophrenia is most widely assessed in tissue from 

the DLPFC. Some have argued that the rodent mPFC is homologous to human DLPFC, but 

this is highly contentious (426). The mPFC continues to be widely assessed in rodent models 

of schizophrenia, with its potential link with the primate PFC being one of the reasons why. 

Given the low density of PV+ interneurons in the rodent mPFC, focusing on this region may 

be misguided. Future studies may be better off assessing a different region with a higher 

density of PV+ interneurons that is also implicated in schizophrenia. The fact that the 

expected manipulation could not be confirmed is a limitation of the study. The conclusions 
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do have, however, have merit for a number of reasons. First, noticeable PV+ cell loss was 

seen in the HPC when the lateral ventricle was targeted. Second, our results align with what 

has been previously seen by our group. As another point, an enhanced immune response 

could contribute to the results seen. DT induces apoptosis, the debris from which would 

likely induce an infiltration of microglia. This was suggested by the disruption to PV staining 

in the ICV infusion pilot study. Immune and inflammation dysfunction has been associated 

with schizophrenia (427). The contribution of cell loss and immune response to the results 

would be difficult to disentangle in this model.  

The aim of this study was to assess the electrophysiological consequence of ablating 

PV+ interneurons. The higher goal of studies such as this is to understand the 

pathophysiology of the symptoms in schizophrenia. Identification of the mechanisms 

subserving the currently untreatable cognitive deficits in the disorder is of particular interest. 

A future next step could be assessing whether the manipulation achieved in the current study 

alters cognition. Increases in ongoing gamma power have been linked with hyperlocomotion, 

a rodent proxy for the experience of positive symptoms of schizophrenia (195). It can, 

however, be dissociated from disruptions to sensorimotor gating and working memory 

induced by NMDAr hypofunction, as shown in Chapter 2 (197, 385). Further, evoked gamma 

reductions have been linked with cognitive disruption in patients and sensorimotor gating 

impairments in rodent models (111, 197, 399, 400, 428). Given that the current model did not 

show a difference in evoked gamma at baseline or response to MK-801, we would not expect 

to see a cognitive phenotype. It would perhaps increase locomotion, which could be assessed 

in future.  

To summarise, here we demonstrate that the increase in ongoing gamma power 

induced by the NMDAr antagonist MK-801 can be blunted by ablating PV+ interneurons in 

the mPFC. This was seen locally and in the ipsilateral dHPC. This indicates that changes to 
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gamma activity in the mPFC are propagated to that region. The reduction in sensory-evoked 

gamma power and increase in regional gamma coherence were, however, unaffected. This 

suggests that PV+ interneurons contribute to certain, but not all, electrophysiological 

consequences of NMDAr hypofunction. Importantly, gamma measures were unaffected by 

PV+ interneuron cell loss under normal conditions. In all, PV+ interneurons may play a 

redundant role in maintaining gamma activity but contribute to changes when the system is 

challenged.  
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4.6 Figures  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1: Systemic administration of DT failed to achieve PV+ cell loss in PV-DTR mice. (A) Cre 

recombinase expression in cells immuno-reactive for PV. (B)  DTR expression in mice carrying a cre-inducible 

diphtheria toxin receptor gene and cre gene under the promoter of PV. Expression of DTR in PV+ cells, 

indicated by blue arrows. Expression of DTR in cells not positive for PV likely driven by expression of cre in 

non-PV cells, as shown in PV tdTomato mouse. (C) No expression of DTR in wild-type littermates of PV-DTR 

mice. (D) Systemic administration of DT, compared to vehicle, to PV-DTR mice, did not produce a noticeable 

change in PV+ cell number in the cortex upon visual inspection. E. A considerable number of DTR+ cells 

remained despite ill health being seen in mice administered high doses of DT, ten-times that used as the highest 

dose in the pilot study. A-E scale bar=200µm. 
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Figure 2: ICV infusion of DT to PV-DTR mice reduced DTR immuno-reactivity and disrupted PV 

staining in the HPC. (A) DTR+ cells were not seen in the HPC of a PV-DTR mouse infused with 5ng of DT in 

the left lateral ventricle that showed behavioural signs of experiencing a seizure (not electrographically 

confirmed). Along with this, PV staining appeared to be disrupted, taking a glial like pattern. (B) A similar loss 

of DTR+ cells and disruption to PV staining was seen in a mouse treated with a lower dose of DT that also went 

on to display behavioural signs of experiencing seizures. (C) DTR+ cells were detected and PV cell staining was 

intact in a PV-DTR mouse that did not show adverse side effects to the ICV infusion of 2.5ng DT. (D) A similar 

pattern of DTR+ and PV+ cells was seen in the HPC of PV-DTR mice infused with vehicle and E no DTR+ 

cells were seen in their wildtype littermates. A-E scale bar=200µm. 
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Figure 3: DTR and PV positive cells were intact in the cortex of PV-DTR infused with DT in the lateral 

ventricle. (A-D) In contrast to what was seen in the HPC, infusion of either dose of DT did not appear to affect 

DTR+ or PV+ cells, compared to WT mice infused with DT and PV-DTR mice infused with vehicle. A-D scale 

bar=200µm. 
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Figure 4: DT infusion in the mPFC pilot study. (A,B) Low magnification view of sections containing 

mPFC from PV-DTR and WT mice infused with 2.5ng DT in to the mPFC. Red box highlights region of 

interest. Yellow box indicates region of motor cortex for comparison. PV+ interneurons are sparse in the region 

of interest compared to the motor cortex. This made it difficult to determine if cell loss had, in fact, been 

achieved. (C) To demonstrate this point, a reference image from the Allen Brain Atlas is shown (Image credit: 

Allen Institute). On the right is a section containing the same brain regions indicated above with PV+ 

interneurons stained. In line with our observations, it can be seen that there are substantially fewer PV+ 

interneurons in the targeted region compared to other areas. The image on the left provides a reference for the 

region of the brain being examined (~bregma+ 1.8). Scale bar =200µm.   
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Figure 5: Infusion of DT in to the mPFC of PV-DTR mice disrupts MK-801-induced increases in 

ongoing gamma and HFO power. A-B. Power Spectral Density (PSD) plots demonstrating effects of mPFC 

DT infusion and its impact on the ability of MK-801 to alter spectral power up to 200 Hz in both the infused 

region and ipsilateral dHPC. C. DT infusion did not alter ongoing gamma power in the mPFC alone, but it 

appeared to dampen the increase in ongoing gamma power induced by MK-801, although this did not reach 

significance. D. The same pattern was seen in the ipsilateral dHPC. Ongoing gamma power following MK-801 

treatment was significantly lower in mice infused with DT compared to vehicle, suggesting that the effect of 

MK-801 was reduced in the aforementioned. E. MK-801 increased ongoing power in the HFO band (130-180 

Hz) in the mPFC but this was not altered by DT infusion. F. The MK-801-induced increase in HFO power was 

reduced in the ipsilateral dHPC of PV-DTR mice infused with DT in the mPFC.  Post hoc comparisons of 

significant interaction, effect of MK-801 within infusion treatment: *p<0.05, **p<0.01**** p<0.0001. Post hoc 

comparisons of significant interaction, effect of infusion within MK-801: ## p<0.01, ### p<0.001. Main effect 

of MK-801: ^^^^p<0.0001.  
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Figure 6: Auditory evoked gamma power is unaffected by mPFC infusion of DT in PV-DTR mice. A-B. 

Grand average heat maps of oscillatory response to an auditory click, represented by red dotted line, for PV-

DTR mice infused with either vehicle or DT in the mPFC and systemically administered MK-801 of vehicle. C-

D. MK-801 significantly reduced auditory evoked gamma in both the infused mPFC and ipsilateral dHPC. 

Infusion neither altered this measure alone nor did it effect of MK-801-induced decrease in evoked gamma 

power. Main effect of MK-801: ^^^^p<0.0001. 
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Figure 7: mPFC-dHPC regional gamma coherence is increased by MK-801 but this is unaffected by DT 

infusion in the mPFC of PV-DTR mice. Grand average coherence spectra demonstrating effects of MK-801 

and infusion on phase coherence between the implanted mPFC and dHPC. Quantifying coherence across the 

gamma frequency range showed that MK-801 significantly increased phase coherence between the brain regions 

of interest. There was, however, no significant effect of infusion or interaction between the effects of infusion 

and MK-801. Main effect of MK-801: ^^p<0.01.
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5.1 Key findings  

The aim of my thesis was to investigate the relationship between cognitive impairment and 

gamma oscillatory activity disruption arising from N-methyl-D-aspartate receptor (NMDAr) 

hypofunction. This was of interest because NMDAr hypofunction is implicated in the 

pathophysiology of schizophrenia. First, I wanted to investigate whether the gamma 

disruptions are causally related to working memory impairment induced by NMDAr 

antagonists. Second, I wanted to assess whether the cell types that generate gamma 

oscillatory activity are responsible for the gamma and working memory impairments 

generated by NMDAr hypofunction.  I used an array of pharmacological and genetic 

approaches to assess these questions across three studies.  

In Chapter 2, I found that LY372968, an mGluR2/3 agonist, could recover both the 

increase in ongoing gamma power and regional gamma coherence induced by MK-801. In 

contrast, it did not improve the MK-801-induced deficits in evoked gamma power and 

working memory, as assessed using the trial-unique, nonmatching-to-location (TUNL) task.  

In Chapter 3, I saw that working memory in the TUNL task was no different between 

mice lacking the NMDAr from either PV+ interneurons or forebrain pyramidal cells and their 

wildtype (WT) littermates. Deletion of the NMDAr from PV+ interneurons sensitised mice to 

the impairing effects of MK-801 on accuracy in the task. This was supported by the fact that 

these mice also showed a MK-801-induced increase in perseverative behaviour that was not 

seen in WT mice. In contrast, NMDAr deletion in forebrain pyramidal cells did not alter the 

MK-801-induced reduction in accuracy or increase in perseveration on the task.  

In Chapter 4, infusion of diphtheria toxin (DT) into the medial prefrontal cortex 

(mPFC) of mice expressing the DT receptor (DTR) exclusively in PV+ interneurons had no 

effect on ongoing gamma, evoked gamma and regional gamma coherence between the 
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infused region and the ipsilateral dorsal hippocampus (dHPC). However, it can blunt the 

increase in ongoing gamma power induced by MK-801 in both regions. In contrast, DT 

infusion did not change the MK-801-induced increase in regional gamma coherence and 

decrease in evoked gamma power.  

Combining these findings together, my thesis shows that working memory 

impairment induced by NMDAr hypofunction is unlikely to be mediated by the associated 

increase in ongoing gamma power. Second, the NMDAr neither on PV+ interneurons nor on 

forebrain pyramidal cells exclusively mediates the effects of NMDAr antagonists on working 

memory. However, NMDAr hypofunction at PV+ interneurons may predispose circuits to the 

effects of NMDAr hypofunction at other cell types on working memory. Lastly, PV+ 

interneurons contribute to the increase in ongoing gamma power induced by NMDAr 

hypofunction but may have a redundant role in maintaining gamma activity under normal 

conditions. 

5.2 Relationship of gamma disruptions to behavioural deficits induced by 

NMDAr hypofunction  

Gamma oscillatory disruptions have been hypothesised to play a causal role in the symptoms 

of schizophrenia (142, 143). This comes from findings that: 1) gamma oscillations are 

associated with several cognitive processes disrupted in schizophrenia (14, 89-92, 99, 100, 

103, 104), 2) gamma oscillatory activity is altered in schizophrenia (106, 107, 109-112, 115), 

and 3) correlations have been seen between gamma disruptions and symptoms (111, 112, 

121, 122). Gamma disruptions and schizophrenia-like behavioural impairments can be 

modelled in rodents by administering NMDAr antagonists, such as MK-801 (137, 188). One 

way to strengthen the view that a relationship exists between behaviour and 

electrophysiology disruptions is to pharmacologically recover one and assess whether the 
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other also improves. This strategy was used in Chapter 2 of this thesis. We saw that MK-801 

impaired working memory on the TUNL task (Chapter 2, Figure 1) and auditory evoked 

gamma power (Chapter 2, Figure 3). Further, it increased ongoing gamma power (Chapter 2, 

Figure 2) and regional gamma coherence (Chapter 2, Figure 4), which was recovered by 

LY379268. The blunting of the MK-801 effects on these measures, but the continued 

working memory impairment, suggests that ongoing gamma and regional gamma coherence 

are unlikely to underscore the deficits in this cognitive process. 

In Chapter 3, we saw that deletion of the NMDAr from PV+ interneurons sensitised 

mice to the effects of MK-801 on the TUNL task (Chapter 3, Figure 2) while the MK-801-

induced impairments were unchanged in mice lacking the NMDAr from forebrain pyramidal 

cells (Chapter 3, Figure 3). Linking this data with other work from our lab provides further 

support for a dissociation between ongoing gamma and working memory impairment. While 

the work for Chapter 3 was being conducted, the contribution of the NMDAr on these two 

cell types to impairments in gamma oscillatory activity, sensorimotor gating and locomotion 

induced by MK-801 was also assessed (384). We found that deleting the NMDAr from either 

cell type blunted the MK-801-induced increase in ongoing gamma power. The persistence 

and exacerbation of working memory impairment, despite lowered ongoing gamma activity, 

in the CaMKIIα GluN1 KO and PV GluN1 KO mice, respectively, following MK-801 

treatment further suggests that the two are unlikely to be linked.  

The relationship between aberrant regional gamma coherence and working memory 

impairment remains unclear. In another study that I contributed to, which was recently 

published, we saw that the MK-801-induced increase in regional gamma coherence was 

blocked by deleting the NMDAr from CaMKIIα+ excitatory cells (384). A blunting of the 

increase in regional gamma coherence but sustained working memory impairment in the 

pyramidal cell knockouts further suggests that the two are not mechanistically linked. 
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However, the literature on gamma and working memory in schizophrenia raises doubt about 

this conclusion. Regional gamma coherence is indicative of functional connectivity (345). 

Heightened connectivity between the HPC and dorsolateral PFC specifically during a 

working memory task has been seen in patients (429). In our study, regional coherence was 

assessed from LFP traces recorded at rest. It may be that resting-state regional gamma 

coherence is not related to working memory, but task-specific connectivity is. Following, 

then, disruption to resting-state regional coherence induced by NMDAr hypofunction may 

not be linked with working memory impairment. To assess this, gamma activity should be 

recorded during the performance of the TUNL task.  

Regional gamma coherence during working memory tasks has been assessed 

previously with traditional maze-based tests. For example, gamma activity between the CA1 

and entorhinal cortex regions of the HPC was shown to become synchronised prior to the 

making of a correct response on a T-maze test of working memory (105). Interestingly, this 

enhanced synchronisation was not seen during sample trials or when incorrect responses were 

made. In an earlier study, coherence of oscillations between the PFC and HPC was assessed 

during a similar task (430). It was seen the theta coherence between the regions increases 

during the choice, but not the sample phase. No change was seen in the gamma range.  This 

was taken to suggest that theta synchrony between the HPC and PFC is required for spatial 

working memory. Supporting this, theta coherence during task training was shown to predict 

learning of the task. Further, a mouse model carrying a genetic deletion associated with 

schizophrenia was shown to have lower HPC-PFC theta coherence and working memory 

performance. The data from the two studies described indicated that oscillatory coherence 

arises during the response, but not encoding, phases of working memory. Challenging this, a 

later study showed that interrupting the input to the mPFC from the ventral HPC during the 

encoding phase, but not the delay or choice phases, of the same task impaired performance 
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(431). This study also showed that mPFC pyramidal cell firing was locked to the gamma 

phase in the ventral HPC. This gamma phase locking was higher in the encoding phase of 

trials, and greatest in the encoding phase of correct compared to incorrect trials. These 

findings justify exploring the relationship between phase synchronisation and working 

memory using the TUNL task, which has a number of advantages over maze-based tests of 

working memory. It should be noted that this could not be done at the time the study was 

completed due to equipment limitations. Our lab group has since acquired touchscreen 

systems with the capacity to concurrently record electrophysiology so this question will be 

explored in future.  

The question remains whether reductions in evoked gamma power are related to 

working memory impairment. The absence of a recovery in both evoked gamma and working 

memory deficits induced by MK-801 shown in Chapter 2 can neither confirm nor reject that 

the two are causally linked. The same is the case when considering the results from Chapter 3 

with our other work. Mice lacking the NMDAr from PV+ interneurons or forebrain 

pyramidal cells showed the same decrease in evoked gamma power with MK-801 treatment 

as their wildtype littermates (384). Enduring working memory impairment and evoked 

gamma deficits in the two knockouts lines is also not sufficient evidence to conclude that the 

effects on behaviour and on electrophysiology are not related. As with regional connectivity, 

the findings from patient studies suggest that evoked gamma is functionally relevant to 

working memory impairment in schizophrenia. For example, disruptions to the load-

dependent gamma activity emerging during the encoding and maintenance phases of working 

memory have been seen in schizophrenia (112, 113). The evoked gamma activity recorded 

here was generated by the presentation of an auditory tone. It would be important to assess 

the gamma emerging with engagement in the TUNL task to assess whether a relationship 

truly exists between the two. In one of the studies described above, it was shown that gamma 
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bursting activity in the CA1 region of the HPC was increased at the choice point of a T-maze 

prior to making correct responses or righting of an incorrect response (105). Although 

informative, this could not be classified as an evoked gamma response, which is time-locked 

to the presentation of a visual stimulus.  This response would be better described as induced 

gamma activity, arising with cognitive processing. As such, evoked gamma during a working 

memory task has yet to be investigated in rodents, to our knowledge. It could be that induced 

gamma and evoked gamma disruptions are independent and both contribute to working 

memory impairment. As with regional gamma coherence, electrophysiology can now be 

recorded by our group while TUNL is being performed and this question will now be 

explored. 

This assessment of the link between working memory and gamma deficits adds to our 

previous work exploring the relationship the latter has with sensorimotor gating impairment 

and hyperlocomotion. Previously, we showed that a suite of clinical and preclinical 

antipsychotics, including LY379268, could recover the increase in ongoing gamma power 

induced by MK-801, reflecting what was seen in Chapter 2 here (195, 197). In contrast, only 

one of the tested compounds, clozapine, could improve the MK-801-induced reduction in 

sensorimotor gating (197). Most interestingly, clozapine was also the only drug that could 

block MK-801 from reducing evoked gamma power. This suggested that aberrant ongoing 

gamma activity is unlikely to cause sensorimotor gating impairment, whereas reduced evoked 

gamma might play a role. In an earlier study, it was shown that LY379268, clozapine and 

haloperidol, could all recover both the increase in ongoing gamma power and 

hyperlocomotion induced by NMDAr antagonists (195). This suggests that, although likely 

irrelevant to sensorimotor gating and working memory, heightened ongoing gamma power 

may contribute to increased locomotion, a rodent proxy for the positive symptoms of 

schizophrenia. Taken together, it is becoming increasingly clear that the behavioural 
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disruptions arising from NMDAr hypofunction are likely related to specific disruptions to 

gamma oscillatory activity. One goal of exploring the relationship between gamma and 

behaviour is to identify biomarkers for the symptoms of schizophrenia. Identifying the 

aspects of gamma that align with the specific schizophrenia-relevant behavioural impairments 

in animal models is key to this endeavour.  

5.3 The mechanisms of NMDAr antagonist-induced disruptions to gamma 

oscillations and cognition 

Beyond identifying a biomarker, gamma disruptions shown to play a causal role in an aspect 

of schizophrenia’s symptomatology could represent a target for novel therapeutics to improve 

that associated symptom. This is particularly relevant to the efforts being made to develop a 

treatment for cognitive impairment in schizophrenia. NMDAr hypofunction has emerged as a 

potential hypothesis for the pathophysiology of the positive, negative and, most importantly, 

the cognitive symptoms in schizophrenia (165-167). It has been hypothesised that NMDAr 

hypofunction may disrupt behaviour by way of disrupting gamma oscillatory activity. This 

would suggest that NMDAr hypofunction effects the circuitry that generates gamma activity 

(137, 145, 166).  

It is evident that the increase in ongoing gamma and decrease in evoked gamma 

power induced by NMDAr hypofunction are not mediated by the same cellular mechanisms.  

In Chapter 4, I showed that infusing DT in to the mPFC of mice expressing the DTR in PV+ 

interneurons blunted the increase in ongoing gamma power induced by MK-801. This 

extends our finding with the mice lacking the NMDAr from that cell type. We showed that 

deletion of the NMDAr from PV+ interneurons blocked the MK-801-induced increase in 

ongoing gamma power. The same finding was reported in an earlier study that also assessed 

PV GluN1 KO mice (201). Chapter 4, therefore, shows that PV+ interneurons broadly 
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contribute to this effect, rather than specifically the NMDAr on that cell, and that PV+ 

interneurons do not need to be altered in early postnatal development to be involved in this 

effect. In Chapter 2, I showed that mGluR2/3 agonist LY379268 could block the increase in 

ongoing gamma power induced by MK-801. It is known that mGluR2/3 agonists can prevent 

NMDAr antagonists from increasing glutamate release, which drives a downstream increase 

in pyramidal cell activity (203, 204). The findings here, therefore, support that NMDAr 

antagonists can act on PV+ interneurons to relieve pyramidal cells from inhibition, driving a 

rise in the release of glutamate and that this increases pyramidal cell activity (413). This 

suggests that this manifests as an increase in ongoing gamma activity that may underlie 

psychosis-like behaviour. This, however, has been widely proposed by others. 

The mechanism by which NMDAr hypofunction disrupts evoked gamma power is not 

as well delineated. In Chapter 4, I showed that infusion of DT into PV-DTR mice had no 

effect on the MK-801-induced reduction in evoked gamma power, suggesting that NMDAr 

antagonists do not act on this cell type to alter evoked gamma activity. This is supported by 

other work from our group, where we showed that the MK-801-induced decrease in evoked 

gamma power was unchanged in PV GluN1 KO mice  (384). Interestingly, deletion of the 

NMDAr from pyramidal cells also had no effect on the ability of MK-801 to disrupt evoked 

gamma. As was raised in the introduction of this thesis, the circuit between PV+ interneurons 

and pyramidal cells that is known to generate gamma activity is regulated by input from other 

interneuron subtypes, such as somatostatin-positive (SOM+) interneurons (432, 433). It could 

be that NMDAr hypofunction at those cells drives the disinhibition of both PV+ interneurons 

and pyramidal cells and that this interferes with the circuit’s ability to generate event-related 

gamma activity. This hypothesis is supported by computational modelling of the NMDAr 

hypofunction induced reductions in event-related gamma activity (137). An alternate 
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hypothesis is that NMDAr hypofunction at both cells leads to a dampening of activity in both 

PV+ interneurons and pyramidal cells and that this has the same functional consequence.  

These hypotheses could be assessed across several possible future studies. First, mice 

lacking the NMDAr from both PV+ interneurons and pyramidal cells could be developed and 

tested on the TUNL task with MK-801 while evoked gamma activity is concurrently 

recorded. Perhaps such a knockout line would not show the same working memory and 

evoked gamma deficits. This would show that evoked gamma disruptions are driven by 

NMDAr hypofunction at both cells and that evoked gamma deficits are functionally relevant 

to working memory impairment. Such a mouse line has not been developed yet so it is not 

known whether it would be viable. Another possibility is that both cell types could be 

inhibited using either optogenetic or chemogenetic approaches during the TUNL task. 

Impairments in behaviour and evoked gamma could lead to the same conclusion. With 

respect to the other hypothesis, a mouse line could be generated lacking the NMDAr from 

SOM+ interneurons and the effect of MK-801 on working memory and evoked gamma 

activity assessed. Alternatively, SOM+ interneurons could be inhibited during the TUNL task 

and the same outcomes assessed. This was recently done in a study with a classic T-maze test 

of working memory (140). It was shown that SOM+ inhibition during the encoding phase of 

the task impaired performance. If our hypothesis was correct, also inhibiting PV+ 

interneurons and pyramidal cells might be expected to block the effects of SOM+ inhibition 

on evoked gamma and working memory.  

Another consideration for future studies is whether a more translational test of 

working memory could be used in the touchscreen system. People with schizophrenia do not 

show greater impairment in working memory when required to maintain information over 

longer periods of time (434). Rather, performance appears to be worse when the amount of 

information to be retained in working memory is increased. As such, working memory 



Chapter 5 

 

152 

  

impairment in schizophrenia seems to be span- but not delay-dependent. It may be that 

expected results were not seen because of this. It would be interesting to see if a novel test of 

working memory could be developed for the touchscreen system that can probe span capacity 

and whether a different pattern of results to those seen here would be obtained with such a 

test.  

In Chapter 3, I showed that PV GluN1 KO and CaMKIIα GluN1 KO mice had intact 

working memory on the highly translational TUNL task. PV GluN1 KO mice were sensitised 

to the impairing effects of MK-801 on the task, but the CaMKIIα GluN1 KO showed the 

same response to the drug. This tells us that NMDAr hypofunction at either cell type is not 

sufficient to drive working memory impairment. Further, the NMDAr neither on PV+ 

interneurons nor forebrain pyramidal cells is the primary site of NMDAr antagonist action on 

working memory. However, NMDAr hypofunction at PV+ interneurons may predispose 

circuits to NMDAr antagonists driving working memory impairment through other cell types. 

It is possible that evoked gamma oscillatory disruptions may not underlie working memory 

impairment. As such, identification of the cell mediating the effects of NMDAr hypofunction 

on evoked gamma power may not reveal the mechanism leading to working memory deficits. 

Working memory is dependent on functional connectivity between a diffuse network of brain 

regions and is regulated by several neurotransmitter systems, including the dopamine system 

(50-52, 60). NMDAr hypofunction may have an effect at any number of systems and regions 

to disrupt working memory in a way that is not dependent on gamma oscillatory disruptions.  

5.4 Clinical implications  

The results from this thesis show that the increase in ongoing gamma and decrease in evoked 

gamma power induced by NMDAr hypofunction do not appear to be mediated by the same 

cellular mechanisms. We proposed that NMDAr hypofunction at PV+ interneurons induces 

an increase in ongoing gamma power by way of driving glutamate release, and that this may 
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contribute to psychosis. As discussed in the introduction of this thesis, mGluR2/3 agonists, 

which block glutamate efflux, have been taken to clinical trial for the treatment of 

schizophrenia, but are unfortunately no longer being explored (211-214). These drugs might 

be able to improve the positive symptoms of the disorder specifically in patients unresponsive 

to current antipsychotics that present with glutamatergic dysfunction. The results from this 

thesis warrant this to be investigated further. Additional work needs to be done to first 

identify if evoked gamma disruptions relate to cognitive symptoms. If this was the case, 

further studies could then be done to identify the linking mechanism between NMDAr 

hypofunction and evoked gamma deficits, which could be a novel therapeutic target. At the 

very least, evoked gamma disruptions could emerge as a biomarker for cognitive impairment 

in schizophrenia. 

An additional consideration is the fact that infusion of DT in the PV-DTR was not 

sufficient to alter ongoing gamma activity itself, while it did reduce the MK-801-induced 

increase in this measure. This reflects what was seen with mice lacking the NMDAr from 

PV+ interneurons. This suggests that PV+ interneurons may play a redundant role in 

maintaining gamma activity under normal conditions, but that this cell type contributes when 

the circuit is challenged. As such, PV+ interneuron deficits may need to interact with other 

disruptions to drive ongoing gamma deficits in schizophrenia.   

Lastly, and with trepidation, it may be important to entertain that gamma oscillatory 

abnormalities may not play a causal role in symptoms in schizophrenia. I showed in this 

thesis that NMDAr hypofunction at the cell types that generate gamma activity is not 

sufficient to impair working memory on a task that is similar to those used to assess this same 

cognitive process in clinical populations. It may be that NMDAr hypofunction disrupts 

working memory via a different mechanism not involving gamma activity. The identification 
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of that mechanism could hold promise for the treatment of cognitive impairment in 

schizophrenia.  

5.5 Concluding remarks  

It has been hypothesised that PV+ interneuron dysfunction drives gamma oscillatory deficits 

and that this contributes to the symptoms of schizophrenia. Further, NMDAr hypofunction 

has been shown to contribute to both gamma and behavioural deficits relevant to 

schizophrenia. Animal models have been widely used to assess the relationship between 

NMDAr hypofunction, PV+ interneuron function, gamma oscillatory disruptions and 

behavioural impairments relevant to schizophrenia. This current thesis adds to this body of 

work by showing that NMDAr hypofunction-induced increases in ongoing gamma power 

mediated by PV+ interneurons are unlikely to contribute to working memory impairment. It 

further shows that the decrease in evoked gamma power induced by NMDAr hypofunction is 

not mediated by the same mechanism. It is not clear whether working memory impairment 

induced by NMDAr hypofunction is mechanistically linked to reductions in evoked gamma 

power. Importantly, these results were collected using a rodent test of working memory that 

has improved translational capacity to the classic maze-based tasks. The results demonstrate 

that a complex relationship exists between NMDAr hypofunction, gamma deficits and 

behavioural impairment. In all, the electrophysiological disturbances seen in schizophrenia 

are unlikely to be underscored by disruptions to a common cellular substrate and each 

measure may be of relevance to a different set of symptoms in schizophrenia.  
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