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Abstract 

Title of Dissertation: Prefrontal Cortical Fast-Spiking Interneurons in Healthy Animals 

and in a Developmental Model of Schizophrenia 

Eastman M. Lewis, Doctor of Philosophy, 2014 

Dissertation Directed by: Patricio O’Donnell, Professor, Program in Neuroscience 

Schizophrenia is a serious mental illness from which approximately 1% of the 

world’s population suffers. Current treatments are effective against positive symptoms 

such as hallucinations and delusions, but do little to ameliorate the cognitive deficits 

which are a devastating component of the disease. A current hypothesis is that 

hypofunction of cortical fast spiking interneurons (FSI) is an important substrate of these 

deficits. However, the mechanisms producing this hypofunction are unclear. Based on the 

observation that NMDA receptor antagonists like ketamine are psychotomimetic and 

produce a disinhibited cortex, it has been suggested that hypofunctional NMDA receptors 

may underlie the hypothesized deficit in FSI function. Recently, this has been called into 

question based on the observation that NMDA receptors contribute minimally to synaptic 

responses in adult FSI. Here we tested whether adult FSI express functional NMDA 

receptors in the adult rat cortex. We found that while only a subset of FSI express NMDA 

receptors at synaptic locations, all FSI express functional NMDA receptors at some 

location. In light of this, the hypothesis that hypofunctional NMDA receptors on FSI 

contribute to cortical disinhibition and cognitive symptoms in schizophrenia should not 

be disregarded. As schizophrenia is a developmental disorder with late adolescent or 

early adult onset, it is important to understand possible links between early-life 

abnormalities and adult-onset symptoms. In a second set of experiments, we used the 



neonatal ventral hippocampal lesion (NVHL) model of schizophrenia to test the 

possibility that developmental oxidative stress could provide a link between neonatal 

insults and cortical dysfunction in adulthood. Indeed, we found evidence that 

developmental oxidative stress causes electrophysiological deficits in the adult NVHL 

cortex. This implicates oxidative stress as a link between early-life insults and adult-onset 

psychiatric disorders. Furthermore, this indicates that developmental antioxidant 

treatment may be beneficial for individuals at high risk for developing schizophrenia. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

 

 

 

 

 

Prefrontal Cortical Fast-Spiking Interneurons in Healthy Animals and in a 
Developmental Model of Schizophrenia 

 

 

by  
Eastman M. Lewis 

 

 

 
 
 
 
 

Dissertation submitted to the Faculty of the Graduate School of the 
University of Maryland, Baltimore in partial fulfillment 

Of the requirements for the degree of 
Doctor of Philosophy 

2014



©Copyright 2014 by Eastman M. Lewis 

All rights Reserved



iii 
 

Table of Contents 

 

Chapter 1: General Introduction ..................................................................................... 1	  
I. Overall goals ........................................................................................................ 1	  
II. The prefrontal cortex .......................................................................................... 2	  

A. Role in cognition .................................................................................... 2	  
B. Local circuitry ........................................................................................ 5	  
C. Development ........................................................................................... 7	  
F. FSI and oscillations ................................................................................ 9	  

III. Cortical pathophysiology of schizophrenia ..................................................... 11	  
A. Adult cortical abnormalities ................................................................. 11	  
B. Developmental course .......................................................................... 16	  

IV. Aim of this dissertation ................................................................................... 18	  
 
Chapter 2: Adult prefrontal cortical fast-spiking interneurons express functional 
NMDA receptors ............................................................................................................. 20	  

I. Introduction ........................................................................................................ 20	  
II. Methods ............................................................................................................ 21	  

A. Animal subjects ..................................................................................... 21	  
B. Survival surgeries ................................................................................. 21	  
C. Electrophysiological recordings ........................................................... 22	  
D. Immunohistochemistry .......................................................................... 26	  
E. Statistical analysis ................................................................................ 27	  

III. Results ............................................................................................................. 27	  
IV. Discussion ....................................................................................................... 40	  

 
Chapter 3: Juvenile oxidative stress causes adult deficits in prefrontal cortical 
neurotransmission in the NVHL model of schizophrenia ........................................... 44	  

I. Introduction ........................................................................................................ 44	  
II. Methods ............................................................................................................ 48	  

A. Animals ................................................................................................. 48	  
B. NVHL surgery ....................................................................................... 49	  
C. NAC treatment ...................................................................................... 49	  
D. Whole-cell recordings .......................................................................... 50	  



iv 
 

III. Results ............................................................................................................. 51	  
IV. Discussion ....................................................................................................... 53	  

 
Chapter 4: General Discussion ....................................................................................... 61	  

I. Overview of results ............................................................................................ 61	  
II. NMDA receptors and adult FSI ........................................................................ 61	  

A. Lack of local synaptic NMDA .............................................................. 61	  
B. Extrasynaptic NMDA ............................................................................ 63	  
C. FSI NMDA receptors and gamma generation ...................................... 66	  
D. NMDA hypofunction and disinhibition ................................................. 67	  

III. Oxidative stress in schizophrenia .................................................................... 69	  
A. Cause of oxidative stress ...................................................................... 69	  
B. Results of oxidative stress ..................................................................... 72	  
C. Critical periods of oxidative stress ....................................................... 74	  

IV. NMDA hypofunction, oxidative stress and schizophrenia .............................. 76	  
 
Appendix I: Juvenile antioxidant treatment prevents adult deficits in a 
developmental model of schizophrenia ......................................................................... 79	  

I. Introduction ........................................................................................................ 79	  
II. Methods ............................................................................................................ 81	  

A. Animals ................................................................................................. 81	  
B. Neonatal ventral hippocampal lesion surgery ...................................... 82	  
C. Antioxidant pretreatment regimen ........................................................ 82	  
D. Immunohistochemistry and stereological quantification ..................... 83	  
E. Immunofluorescence staining, confocal microscopy and image analysis
 ................................................................................................................... 84	  
F. Slice electrophysiology ......................................................................... 86	  
G. In Vivo intracellular recordings ........................................................... 88	  
H. Mismatch negativity ............................................................................. 89	  
I. Prepulse inhibition ................................................................................. 90	  
J. Statistics ................................................................................................. 91	  

III. Results ............................................................................................................. 91	  
IV. Discussion ..................................................................................................... 102	  

 



v 
 

Appendix II: Role for neonatal D-serine signaling: Prevention of physiological and 
behavioral deficits in adult Pick1 knockout mice ....................................................... 108	  

I. Introduction ...................................................................................................... 108	  
II. Materials and methods ................................................................................... 110	  

A. Animals ............................................................................................... 110	  
B. Behavioral tests .................................................................................. 110	  
C. Quantitative real time PCR ................................................................ 111	  
D. Electrophysiology ............................................................................... 112	  
E. Neonatal and adult D-serine treatment .............................................. 113	  
F. Statistical analysis ............................................................................... 113	  

III. Results ........................................................................................................... 113	  
IV. Discussion ..................................................................................................... 122	  

 
References ...................................................................................................................... 127	  
 

 

 

 

 

 

 

 

 

 

 

 

 



vi 
 

List of Figures 

Figure 1: Electrophysiological Profiles of Prefrontal Cortical Neurons .......................... 29 

Figure 2: A Subset of FSI Express Functional NMDA Receptors at Local Excitatory 

Synapses ............................................................................................................................ 30 

Figure 3: All FSI Express Functional NMDA Receptors ................................................ 33 

Figure 4: Extrasynaptic NMDA Receptors in FSI ........................................................... 35 

Figure 5: GFAP driven DREADDs are not expressed in astrocytes ................................ 38 

Figure 6: Oxidative stress and PV expression in NVHL animals .................................... 47 

Figure 7: D2-mediated suppression of EPSPs in PFC pyramidal neurons ....................... 48 

Figure 8: Electrophysiological deficits are rescued by NAC treatment in NVHL rats .... 52 

Figure 9: A NVHL blocks the adolescent increase in PV interneuron labeling in the PFC

 ........................................................................................................................................... 92 

Figure 10: Oxidative stress shown with 8-oxo-dG in the PFC of NVHL rats ................. 94 

Figure 11: Oxidative stress in the PFC of adult NVHL rats shown with 3-NT ............... 95 

Figure 12: Extent of lesion in NVHL and sham rats was not affected by NAC treatment

 ........................................................................................................................................... 95 

Figure 13: The NVHL causes increased oxidative stress in PV, but not CR and CB 

interneurons, which is prevented by developmental NAC treatment ................................ 96 

Figure 14: Perineuronal nets (PNN) are reduced in the PFC of adult NVHL rats, but 

rescued by juvenile NAC treatment .................................................................................. 96 

Figure 15: Electrophysiological deficits are rescued by NAC treatment in NVHL rats. . 98 



vii 
 

Figure 16: Mismatch negativity (MMN) deficits are rescued by NAC treatment ........... 99 

Figure 17: Prepulse inhibition deficits were rescued with antioxidant treatment .......... 100 

Figure 18: Total, peripheral, central and rearing locomotor activity ............................. 114 

Figure 19: Behavioral changes in adult male Pick1 knockout mice in adulthood ......... 115 

Figure 20: Latency to immobility in the forced swim test ............................................. 115 

Figure 21: Measurement of acoustic startle response .................................................... 116 

Figure 22: Molecular characterization of the frontal cortex .......................................... 117 

Figure 23: NMDA effects on prefrontal cortex pyramidal cell excitability in adult Pick1 

knockout mice ................................................................................................................. 118 

Figure 24: Effect of neonatal D-serine treatment on PPI in adulthood .......................... 120 

Figure 25: Spontaneous alternations in the Y-maze after neonatal D-serine treatment . 121 

Figure 26: Effect of adult D-serine treatment on prepulse inhibition and Y-maze ........ 121 

Figure 27: Rescue of electrophysiological deficits in adulthood by neonatal D-serine 

treatment, but not by adult D-serine treatment ................................................................ 122 

 

 

 

 

 



viii 
 

List of Tables 

Table 1: Electrophysiological responses of mPFC pyramidal cells ............................... 119 



1 
 

Chapter 1: General Introduction 

 

I. Overall goals 

 

Schizophrenia is a complex psychiatric disorder which is difficult to study in 

humans due to methodological constraints, and in animals due to an inability to detect 

some of the most striking symptoms like hallucinations. The most replicated 

immunohistochemical and functional data from human subjects implicates dysfunction of 

cortical inhibitory interneurons as a core feature of schizophrenia (Lewis et al., 2005). 

Work using animal models which exhibit important behavioral and developmental 

aspects of schizophrenia supports the hypothesis that a reduction of fast-spiking 

interneuron (FSI) activity, and resultant cortical disinhibition, could cause cognitive 

symptoms associated with the disease (O’Donnell, 2011). A compelling piece of 

evidence in favor of this hypothesis is that N-Methyl-D-aspartate (NMDA) receptor 

antagonists, which are psychotomimetic in humans (Luby et al., 1959), suppress 

interneuron activity and disinhibit cortical pyramidal cells in animals (Homayoun and 

Moghaddam, 2007). Based on this, it has been suggested that hypofunctional NMDA 

receptors on FSI might be responsible for some aspects of schizophrenia (Lisman et al., 

2008). However, it was recently observed that NMDA receptors contribute minimally to 

synaptic activation in adult FSI (Rotaru et al., 2011), which has led to a reconsideration 

of the role that FSI play in NMDA receptor hypofunction and cortical disinhibition in 

schizophrenia (Rotaru et al., 2012). 
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Schizophrenia patients present symptoms within three distinct domains; positive 

(eg. hallucinations and delusions), negative (eg. social withdrawal and anhedonia), and 

cognitive (impaired working memory and decreased executive functioning). Although 

current pharmacological interventions, primarily through dopamine D2 receptor 

antagonism, are effective in treating positive symptoms (Hyman and Fenton, 2003; Lewis 

et al., 2005; Stone et al., 2009), negative and cognitive symptoms remain poorly treated. 

Emphasizing the need to develop effective treatments for symptoms outside of the 

positive domain, the severity of cognitive deficits is the strongest predictor of long term 

functional outcomes among schizophrenia patients (Green, 1996; Green et al., 2000). Due 

to the importance of the prefrontal cortex (PFC) in cognition, much work has been 

focused on understanding what pathological changes, such as reduced FSI activity and 

cortical disinhibition, might contribute to cortical dysfunction in schizophrenia. It is 

therefore critical understand the functional role of FSI within the adult PFC, including 

their modulation by NMDA receptors and possible developmental mechanisms yielding 

dysfunction. In this thesis, I electrophysiologically assessed the role of NMDA glutamate 

receptors in FSI function, and tested whether oxidative stress causes electrophysiological 

abnormalities in an established developmental rodent model of schizophrenia. 

 

II. The prefrontal cortex 

 

A. Role in cognition 

The prefrontal cortex has been hypothesized to be important for normal cognitive 

function since at least 1936 when Carlyle Jacobsen discovered that monkeys with 
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dorsolateral PFC (dlPFC) lesions were unable to complete tasks which required even the 

slightest short-term memory, while performance of simple behaviors such as sensory-

motor habit formation remained intact (Arnsten, 2013). Subsequently, it was determined 

that dlPFC is essential for several cognitive phenomena which are disrupted in 

schizophrenia, including behavioral flexibility, as dlPFC lesions cause deficits in reversal 

learning in the form of perseveration (Butter, 1969). Furthermore, dlPFC inactivation by 

hypothermia impairs performance on working memory tasks (Fuster and Bauer, 1974), 

suggesting an important role for the PFC in this cognitive ability. At the same time, an 

intriguing population of cells was identified electrophysiologically within the monkey 

dlPFC. These putative pyramidal cells display a sustained increase in firing during the 

delay period of memory tasks, and have been proposed to represent a cellular, 

electrophysiological substrate for working memory (Fuster and Alexander, 1971; Kubota 

and Niki, 1971). Subsequent investigation demonstrated that both cortical dopamine 

levels (Williams and Goldman-Rakic, 1995) and NMDA receptor signaling, 

predominantly through GluN2B containing receptors (Wang et al., 2013b), are critical in 

maintaining this delay period activity. Similar to orientation tuning in the visual cortex, 

local gamma-aminobutyric acid (GABA)ergic signaling is necessary to establish the 

spatial selectivity typical of these cells (Rao et al., 2000). It is notable that the 

neurotransmitter systems identified as critical for this electrophysiological phenomenon 

have all been implicated in the pathophysiology of schizophrenia (Lisman et al., 2008; 

Gonzalez-Burgos and Lewis, 2012). 

 The ability to inhibit “risky,” or sub-optimal decisions is considered crucial for 

normal adult functioning, and the lateral PFC and anterior cingulate cortex (ACC), have 
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been implicated in two substrates of this ability, response inhibition and cognitive control 

(Blakemore and Robbins, 2012; Bari and Robbins, 2013). Consistent with a role in 

response inhibition, healthy adults display increased activation of ACC and lateral PFC 

during go/no go and stop signal tasks which require inhibition of motor responses (Rubia 

et al., 2001; Aron et al., 2007). Suggesting a causal relationship between PFC activity and 

response inhibition, inactivating dorsal medial PFC specifically impairs rats’ ability to 

stop responses in a stop signal task (Bari et al., 2011). Furthermore, schizophrenia 

patients display behavioral deficits on go/no go tasks, and these deficits have been 

associated with decreased lateral PFC efficiency (Kaladjian et al., 2011). Thus, the PFC 

is critical for executive function, and reductions in PFC function impair performance 

across several cognitive domains.  

In support of its role as a center of executive function, the prefrontal cortex 

communicates with a vast array of cortical and subcortical structures. Major sources of 

glutamatergic innervation to the PFC include mediodorsal thalamus (MD) (Kuroda et al., 

1998; Rotaru et al., 2005), hippocampus (HP) (Jay and Witter, 1991; Dégenètais et al., 

2003), basolateral amygdala (BLA) (Bacon et al., 1996; Dilgen et al., 2013) and other, 

primarily limbic, cortical areas, as well as the contralateral cortex (Carr and Sesack, 

1998; Hoover and Vertes, 2007; Lee et al., 2014). Additionally, the PFC receives 

significant dopaminergic innervation from the ventral tegmental area (VTA) (Berger et 

al., 1976; Rosenberg and Lewis, 1994), noradrenergic innervation from the locus 

coeruleus (LC) (Room et al., 1981), and serotonergic input from the dorsal raphe (DR) 

(Wilson and Molliver, 1991), in addition to cholinergic and GABAergic input from the 

basal forebrain (Gritti et al., 1997; Lin et al., 2006; Lin and Nicolelis, 2008). With the 
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notable exceptions of the hippocampus which the PFC does not innervate (Sesack et al., 

1989), and the striatum which does not innervate the PFC (Hoover and Vertes, 2007), the 

PFC is reciprocally connected with most brain regions with which it communicates 

(Sesack et al., 1989). This complex, and often reciprocal communication with brain 

regions associated with memory, motivation and attention, leaves the prefrontal cortex 

situated to conduct complex information processing tasks and to shape behavioral output. 

B. Local circuitry 

Given that compromised prefrontal function plays a critical role in schizophrenia, 

it is important to understand the local mechanisms contributing to normal cortical 

function. The PFC is composed of excitatory, glutamatergic pyramidal cells and 

inhibitory GABAergic interneurons. Pyramidal cells are the primary output neurons of 

the cortex, and can be broadly divided into at least two subgroups of cells. “Type A” cells 

project subcortically, and have a prominent h-current, (Ih) while “type B” cells, lack Ih 

and project to the contralateral cortex and striatum. Furthermore, it has been suggested 

that these two subgroups of cells display somewhat unique profiles in terms of inhibitory 

input and dopaminergic modulation (Gee et al., 2012; Seong and Carter, 2012; Lee et al., 

2014), suggesting that these cell types differ in how they process and integrate inputs. 

The inhibitory interneuron population within the PFC is more complex, with 

various divisions having been drawn based on molecular markers, action potential (AP) 

firing profile, and post-synaptic targeting (Ascoli et al., 2008). For simplicity’s sake, 

cortical inhibitory interneurons are traditionally divided into three basic groups; fast-

spiking, parvalbumin (PV) positive interneurons (FSI), low threshold spiking 

interneurons (LTS) (also sometimes referred to as bust-spiking non-pyramidal cells 
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(BSNP)), and regular-spiking non-pyramidal cells, (RSNP). Cells in the LTS and RSNP 

classes can express a variety of molecular markers including calretinin, somatostatin 

(SOM), calbindin, and vasoactive intestinal peptide (VIP). There is considerable overlap 

between these electrophysiological and chemical markers. Much as is the case for 

pyramidal cell subpopulations, these different interneuron populations have distinct post-

synaptic targets, with FSI providing perisomatic inhibition onto pyramidal cells, while 

other interneuron subtypes typically contact more distal dendrites (Kawaguchi, 1993, 

1995; Kawaguchi and Kubota, 1996, 1997). Furthermore, it has recently been 

demonstrated that within the visual cortex these interneuron subtypes display a complex 

pattern of inhibition among themselves. PV cells primarily inhibit each other, SOM cells 

inhibit all other interneuron subtypes but not each other, and VIP cells inhibit primarily 

SOM cells (Pfeffer et al., 2013). While this circuitry has yet to be fully mapped in the 

prefrontal cortex, sensory cortices have been immensely valuable to understanding local 

cortical connectivity, and broadly, findings from these cortices have generalized to the 

PFC (Arnsten, 2013).  

Based on the pattern of their post-synaptic targets and intrinsic 

electrophysiological profiles, it has been suggested that FSI, LTS, and RSNP cells play 

distinct roles in cortical function (Kawaguchi and Kubota, 1997). In addition to targeting 

the distal dendrites of pyramidal cells, LTS and RSNP cells exhibit slower membrane 

time constants (Kawaguchi, 1993, 1995) and slower decay of excitatory post-synaptic 

currents (EPSCs) and potentials (EPSPs) (Wang and Gao, 2009) than do FSI. The slow 

membrane and synaptic properties exhibited by non-FSI interneuron subtypes combine to 

favor integration of inputs from multiple sources, while their dendritic targeting leaves 
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them positioned to shape the flow of information through pyramidal cell dendrites. 

Conversely, the fast synaptic and membrane properties exhibited by FSI favor 

coincidence detection over information integration due to the limited temporal window 

for integration imposed by these fast kinetics. Thus, FSI are likely to serve as coincidence 

detectors and create restrictive time windows during which pyramidal cells are able to 

fire action potentials. 

C. Development 

It has become widely appreciated that the prefrontal cortex continues to develop 

into early adulthood, with adolescence being a particularly rich time of change. Utilizing 

post-mortem tissue, it was found that cortical synaptic density is reduced from childhood 

into adulthood, with relatively little change in total neuron number (Huttenlocher, 1979). 

Supporting this result using an in vivo, longitudinal approach, frontal grey matter volume 

was found to peak during late childhood and decline through adolescence, coincident 

with increases in white matter volume (Giedd et al., 1999). These results likely reflect 

refinement and elimination of unneeded synaptic connections, occurring simultaneously 

with strengthening and increased efficiency of the remaining connections. Importantly, 

response inhibition and working memory improve during adolescence, (Luna et al., 2004) 

and cortical white matter volume is positively correlated with working memory 

performance (Nagy et al., 2004). This suggests that increased cognitive function 

associated with adolescence is dependent on continued maturation of the PFC. 

Coinciding with these structural and cognitive changes, several neurotransmitter 

systems continue to develop in the adolescent cortex, with many of the changes 

impacting inhibitory function. In primates, dopaminergic innervation of the prefrontal 
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cortex peaks during adolescence prior to a reduction in adulthood (Rosenberg and Lewis, 

1994), while in rodents, dopamine receptor expression fully matures during adolescence 

(Tarazi and Baldessarini, 2000). Functionally, FSI in rats acquire an excitatory response 

to D2 receptor stimulation upon reaching adulthood (Tseng and O’Donnell, 2007b). 

Correspondingly, there is an enhancement of D2-induced suppression of pyramidal cell 

EPSPs in adult animals, due to increased recruitment of inhibition (Tseng and O’Donnell, 

2007a). Additionally, D1-NMDA interactions may be enhanced in adulthood, as co-

activation of D1 and NMDA receptors in vitro induces sustained depolarizations and 

spiking of pyramidal cells in post, but not pre-pubertal animals (Tseng and O’Donnell, 

2005). Based on this data, dopamine is expected to enhance the activity of strongly driven 

pyramidal cell through synergistic interactions with NMDA receptors, and suppress the 

activity of weakly driven cells through the recruitment of GABAergic interneurons 

within the adult cortex, supporting the view of dopamine as a signal to noise enhancer 

(Seamans et al., 2001) within the adult PFC.   

In addition to maturation of the dopamine system, which confers enhanced signal 

to noise ratio in the adult cortex, the glutamate and GABA systems undergo 

developmental changes during adolescence which are likely to enhance the precision of 

cortical synaptic transmission. In young rats, synaptic stimulation recruits NMDA 

receptors in most FSI. Once animals reach adulthood, many FSI express only α-Amino-3-

hydroxy-5-methyl-4-isoxazolepropionic acid (AMPA) receptors at excitatory synapses, 

shortening the duration of individual synaptic events (Wang and Gao, 2009). This loss of 

NMDA receptors coincides with an increase in GluA2 lacking, calcium permeable 

AMPA receptors. FSI with no synaptic NMDA response are more likely to express these 
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AMPA receptors than FSI with synaptic NMDA, suggesting that in the absence of 

NMDA receptors, GluA2 lacking AMPA receptors serve as an important source of 

synaptic Ca2+ influx for these cells (Wang and Gao, 2010). Furthermore, GABA-A 

receptor subunit composition continues to develop through adolescence in the primate 

dlPFC, with an increase in the α-1 subunit, and a corresponding decrease in the α-2 

subunit. This subunit switch and the faster kinetics of α-1 containing GABA-A receptors 

likely results in the shorter IPSCs recorded in pyramidal cells in adult compared to young 

primates (Hashimoto et al., 2009b). These changes in glutamate receptor expression at 

excitatory synapses onto FSI, and GABA-A receptor expression at inhibitory synapses 

onto pyramidal cells suggest that during adolescence, the duration of synaptic events in 

these two cell types is reduced to increase the temporal precision of their interactions. 

This, coupled with an increase in dopamine’s action as a signal to noise enhancer, paints 

a picture of adolescence as a critical period for developmental changes which allow the 

PFC to function efficiently. 

F. FSI and oscillations 

Across development from childhood into adulthood, both local and long range 

cortical oscillatory activity is altered. While the extent to which oscillatory activity drives 

some of the developmental changes described above remains unclear, white matter 

development and the refinement of cortical circuits during adolescence is certainly 

reflected in oscillatory changes measured across development (Uhlhaas and Singer, 

2011). The emergence of high frequency cortical oscillations is thought to reflect the 

maturation of neural processes which are important for normal cognition, as increased 

performance in cognitive tasks across development is closely paralleled by emergence of 
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these high frequency oscillations (Uhlhaas et al., 2009). Furthermore, altered synchrony 

and amplitude of high frequency activity during cognitive tasks is associated with 

impaired cognition observed in schizophrenia patients (Uhlhaas et al., 2006; Basar-

Eroglu et al., 2007; Barr et al., 2010), suggesting that these parameters reflect aspects 

neural activity that are critical for cognition.  

This emergence of high frequency activity seems to occur simultaneously with 

alterations in receptor expression in prefrontal pyramidal cells and FSI that favor fast 

synaptic kinetics between the two cell populations, suggesting a link between these 

phenomena (Uhlhaas et al., 2006; Hashimoto et al., 2009b; Wang and Gao, 2009). 

Indeed, in support of a long standing hypothesis in the field (Buzsáki et al., 1983; 

Whittington et al., 2000; Buzsáki and Wang, 2012), multiple studies utilizing selective 

optogenetic manipulation of fast-spiking interneuron activity have identified FSI activity 

as crucial for the generation of cortical gamma oscillations (Cardin et al., 2009; Sohal et 

al., 2009). FSI exhibit several unique anatomical and electrophysiological characteristics 

which render them particularly well suited for the generation of high frequency 

oscillations and coordination of large networks of pyramidal cells. As described earlier, 

FSI provide somatic and perisomatic inhibition to pyramidal cells, while other 

interneuron subtypes more often target distal dendrites (Kawaguchi and Kubota, 1997). 

Furthermore, individual FSI contact a very large number (> 1000) of pyramidal cells (Sik 

et al., 1995). Thus, a single FSI is anatomically positioned to powerfully influence spike-

timing across a large number of pyramidal cells, while other interneuron subtypes seem 

to be positioned to modulate the flow of information through pyramidal cell dendrites 

(Kawaguchi and Kubota, 1997). 
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Electrophysiologically, specific post-synaptic properties of FSI, namely their 

ability to fire high-frequency non-adapting trains of action potentials and their fast EPSP 

and EPSC kinetics (Geiger et al., 1997; Angulo et al., 1999; Wang and Gao, 2009; Rotaru 

et al., 2011), are likely to render them particularly effective at generating high frequency 

rhythmic activity in the cortex (Gonzalez-Burgos and Lewis, 2012; Rotaru et al., 2012). 

A number of unique synaptic and dendritic properties, including low affinity, quickly 

desensitizing AMPA receptors (Koh et al., 1995) and very high somatic and dendritic K+ 

to Na+ conductance ratios (Hu et al., 2010a), contribute to the generation of these fast 

synaptic events. Furthermore, strong K+ channel expression in FSI favors the generation 

of a single action potential over generation of a burst of spikes in response to a wide 

range of intensities of synaptic activation (Hu et al., 2010a). These properties are likely 

critical to the high fidelity input/output coupling required for generation of precisely 

timed high frequency oscillatory activity.  

 

III. Cortical pathophysiology of schizophrenia 

 

A. Adult cortical abnormalities 

Given that schizophrenia is a uniquely human disease, and that invasive 

investigation of human brain function is not possible, much of what is known about 

cortical structure and function in schizophrenia comes from immunohistochemical 

investigations of brain tissue from schizophrenia patients, and from non-invasive 

measures such as electroencephalogram (EEG) and functional magnetic resonance 

imaging (fMRI). None of these approaches alone is able to provide a full picture of 
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cortical function in the disease, but by combining these techniques with careful use of 

animal models, some meaningful insights can be made.  

Working memory impairment in schizophrenia is attractive for experimental 

study as it is an important aspect of the disease to understand (Green, 1996; Green et al., 

2000), and is reliably observed in patients (Forbes et al., 2009). Studies that have 

investigated dlPFC activation during working memory tasks originally yielded data 

consistent with a hypofunctional PFC in schizophrenia. For example, dlPFC activation is 

reduced in patients compared to controls (Weinberger et al., 1986). However, increased 

cortical activation has been observed in schizophrenia patients when cognitive 

performance is at a similar level to controls (Callicott et al., 2003). Additionally, when 

variable working memory loads were imposed in an “n-back” test, reductions in dlPFC 

activation were only observed at high working memory loads in patients (Jansma et al., 

2004). In the same study, comparisons were made at similar “effective loads,” 

determined by matching task performance. When analyzed this way, dlPFC activation 

was indistinguishable between patients and controls, suggesting that differences observed 

at high working memory loads may stem from decreased cortical efficiency present even 

at lower loads (Jansma et al., 2004). While not conclusive, these studies suggest that in 

schizophrenia patients, cortical circuits are less efficient and perhaps disinhibited 

compared to controls, leading to a loss of function under elevated task demands, and 

ultimately to reduced cognitive performance (Lewis et al., 2005). 

Based on the observation that a subset of pyramidal cells exhibit sustained 

elevation of firing during the delay period of working memory tasks (Fuster and 

Alexander, 1971), and that local GABAergic inhibition plays a critical role in shaping 
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delay related pyramidal cell activity (Rao et al., 1999, 2000), a large number of studies 

have hypothesized that disruptions in these cell populations may mediate cognitive 

impairments in schizophrenia. These studies have compared molecular and structural 

indicators of pyramidal cell and interneuron function in dlPFC between schizophrenia 

patients and controls. Evidence of cortical alterations has been observed at the gross, 

anatomical level and in both cell populations (Lewis et al., 2005). For instance, 

schizophrenia is associated with higher cell density and decreased cortical thickness 

compared to controls (Selemon et al., 1998). This has been attributed to reductions in 

soma size (Pierri et al., 2001) and spine density (Garey et al., 1998; Glantz and Lewis, 

2000; Kolluri et al., 2005) among cortical pyramidal cells. Furthermore, 

immunoreactivity for synaptophysin, a protein associated with release of synaptic 

vesicles, is reduced in dlPFC, but not in visual cortex of schizophrenia patients (Glantz 

and Lewis, 1997), indicating that in schizophrenia there may be an overall reduction in 

the number of functional synapses within the PFC. 

Among inhibitory interneurons, PV cells have attracted particular attention as 

reductions in cortical GAD67, an important enzyme for GABA synthesis, are consistently 

observed in schizophrenia patients (Knable et al., 2001), and are attributable to reduced 

GAD67 expression by PV cells (Hashimoto et al., 2003). Furthermore, PV, but not 

calbindin mRNA is reduced in the PFC of schizophrenia patients (Hashimoto et al., 

2003). As both GAD67 and PV are activity dependent markers, their reduction suggests 

that FSI may be hypofunctional in schizophrenia. Indeed, in tissue from schizophrenia 

patients, PV cells exhibit reduced mRNA for the K+ channel subunit KCNS3, which is 

responsible for several of the functionally important electrophysiological properties of 
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these cells (Georgiev et al., 2014). Thus, a reduction of PV cell function appears likely in 

schizophrenia. Given that PV cell activity is important for the generation of high 

frequency oscillations (Cardin et al., 2009; Sohal et al., 2009; Buzsáki and Wang, 2012), 

data demonstrating altered high frequency oscillations in schizophrenia patients (Uhlhaas 

et al., 2006; Basar-Eroglu et al., 2007; Rutter et al., 2009; Barr et al., 2010) is consistent 

with this view. In summary, data from human subjects suggests that altered function of 

PV cells may be responsible for the disinhibited, inefficient cortex hypothesized in 

schizophrenia. 

While there is no substitute for the direct examination of tissue acquired from 

schizophrenia patients, there are some crucial types of data, for instance cellular 

electrophysiology, which cannot be gathered non-invasively. Thus animal models must 

be used. Two widely used animal models of schizophrenia are the neonatal ventral 

hippocampal lesion (NVHL) model and the Disrupted in Schizophrenia 1 (DISC1) mouse 

model. These models induce deficits in set-shifting, working memory and sensorimotor 

gating that are reminiscent of cognitive deficits observed in schizophrenia patients (Kvajo 

et al., 2008; Brady, 2009; Brady et al., 2010; Niwa et al., 2010; Swerdlow et al., 2012). 

As has been hypothesized to be the case in schizophrenia, both of these models present 

evidence of dysfunctional interactions between pyramidal cells and fast-spiking 

interneurons, and a disinhibited cortex. In vitro, prefrontal cortical pyramidal cells 

receive decreased spontaneous inhibitory, and increased spontaneous excitatory input in 

DISC1 and NVHL animals (Holley et al., 2013; Ryan et al., 2013). Furthermore, direct 

D2 receptor mediated excitation of FSI,  and indirect suppression of pyramidal cell EPSPs 

via GABA-A receptors, is absent in these models (Tseng et al., 2008; Niwa et al., 2010), 
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suggesting that a lack of inhibitory transmission, impaired interaction between pyramidal 

cells and interneurons, and a resulting cortical disinhibition might play a critical role in 

schizophrenia. Consistent with this view, reduction of cortical glutamate release reverses 

behavioral and electrophysiological phenotypes in the NVHL model (Gruber et al., 

2010). Thus, cortical disinhibition, which is hypothesized in schizophrenia, is apparent in 

animal models which show schizophrenia-related behavioral phenotypes. This supports 

the view that deficits in pyramidal cell/interneuron interactions and a resulting cortical 

disinhibition may be causal to behavioral deficits observed in the disease. 

While the majority of animal models currently used to study schizophrenia are 

developmental, a notable exception is the NMDA receptor antagonist model which was 

developed based on the observation that drugs like phencyclidine (PCP) and ketamine, 

which block NMDA receptors, are psychotomimetic (Luby et al., 1959; Krystal et al., 

1994; Malhotra et al., 1996; Lahti et al., 2001). As ketamine-induced increases in PFC 

activation (Breier et al., 1997) and elevations of prefrontal glutamate (Stone et al., 2012) 

are correlated with schizophrenia-like symptoms in healthy subjects, this model supports 

a role for cortical disinhibition in schizophrenia. Due to the fact that MK-801 increases 

pyramidal cell firing, decreases firing of FSI (Homayoun and Moghaddam, 2007), and 

elevates glutamate in the adult rat PFC (Moghaddam et al., 1997), cortical disinhibition 

induced by NMDA receptor antagonists has been attributed to preferential blockade of 

NMDA receptors on FSI (Homayoun and Moghaddam, 2007; Seamans, 2008). 

Furthermore, it has been suggested that NMDA receptor hypofunction, especially in FSI, 

could cause many of the cortical abnormalities associated with schizophrenia (Lisman et 

al., 2008; Seamans, 2008; Behrens and Sejnowski, 2009). While this is an attractive 
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hypothesis, recent slice electrophysiology data indicates that NMDA receptors might 

actually contribute very little to post-synaptic events in FSI (Wang and Gao, 2009; 

Rotaru et al., 2011). This observation has led to a reconsideration of the NMDA 

hypofunction model specifically, and more generally to a reconsideration of the role that 

dysfunctional FSI play in cortical disinhibition in schizophrenia (Rotaru et al., 2012). 

B. Developmental course 

 Patients typically present with schizophrenia in their early to mid 20s (Hafner et 

al., 1993), and there is evidence of a protracted prodromal period during which cognitive 

and social deficits are apparent (Davidson et al., 1999; Klosterkötter et al., 2001; Häfner 

et al., 2003). Thus, it is clear that schizophrenia manifests itself either during, or shortly 

after a critical period of adolescent cortical maturation. Furthermore, early life insults 

such as maternal infection during the second trimester of gestation have been associated 

with increased vulnerability to schizophrenia, (Mednick et al., 1988) suggesting that the 

disease has an important developmental component. Indeed, in 1987 Daniel Weinberger 

suggested that in order to understand the causes of schizophrenia, research must consider 

whether an early-life insult could perturb the normal developmental course taken by the 

prefrontal cortex (Weinberger, 1987). Work conducted following this model has proven 

to be fruitful.  

The NVHL model of schizophrenia served as a very early proof of concept for the 

idea that insults early in development can induce an altered developmental trajectory 

leading to the appearance of schizophrenia-related phenotypes later in life (Lipska et al., 

1993). Critically, when ventral hippocampus is lesioned in adult animals, phenotypes like 

hyper-responsiveness to stress, and hyper-excitability of PFC pyramidal cells in response 
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to VTA stimulation are not reproduced (Lipska et al., 1993; O’Donnell et al., 2002), 

indicating that the NVHL is indeed exerting its effects through protracted developmental 

alterations stemming from an early insult. Subsequently, this concept has been further 

validated using several approaches which do not induce permanent brain lesions, 

including transient neonatal inactivation of the ventral hippocampus (Lipska et al., 2002), 

prenatal maternal immune activation by polyriboinosinic-polyribocytidilic acid (Poly I:C) 

(Zuckerman and Weiner, 2003), specific neonatal hippocampal immune activation by 

lipopolysaccharide (LPS) (Feleder et al., 2010), and maternal exposure to the methylating 

agent, methylazoxymethanol acetate (MAM) (Moore et al., 2006). Thus, it is clear that 

insults to brain structure or function early in life can serve as “latent” alterations which 

only manifest themselves later in life as cortical development continues to progress. 

An important unanswered question is how these early life insults lead to later-life 

disturbances. One emerging hypothesis in the field is that oxidative stress may play a 

critical role in the altered cortical development which ultimately produces schizophrenia 

(Behrens and Sejnowski, 2009; Do et al., 2009). In support of this hypothesis, elevations 

in lipid peroxidation have been observed in both medicated individuals and in never-

medicated, first episode schizophrenia patients (Khan et al., 2002). Prefrontal cortical 

glutathione (GSH), a critical mediator of cellular redox mechanisms, is reduced in 

schizophrenia patients (Do et al., 2000), and reductions in GSH are correlated with 

severity of negative symptoms (Matsuzawa et al., 2008). Furthermore, mutations in genes 

important for GSH synthesis have been identified as risk factors for schizophrenia (Tosic 

et al., 2006; Gysin et al., 2007), and genetic reduction of GSH in mice produces 

electrophysiological, behavioral, and molecular phenotypes which resemble those 
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observed in the disease (Steullet et al., 2010; Cabungcal et al., 2013a). Indeed, NMDA 

receptors are sensitive to redox state, can be modulated by GSH (Köhr et al., 1994; Choi 

et al., 2001), and are important contributors to antioxidant defense and maintenance of 

PV and GAD67 immunoreactivity in FSI (Kinney et al., 2006; Behrens et al., 2007, 2008; 

Jiang et al., 2013), suggesting a link between the NMDA hypofunction and oxidative 

stress hypotheses of schizophrenia (Steullet et al., 2014). In summary, insults early in life 

can alter development, perhaps through reduced NMDA signaling and elevated oxidative 

stress, to induce schizophrenia-related behavioral and electrophysiological abnormalities 

which become apparent in adulthood.  

 

IV. Aim of this dissertation 

 

Oxidative stress and hypofunctional NMDA receptors on fast-spiking 

interneurons have been implicated in schizophrenia (Seamans, 2008; Behrens and 

Sejnowski, 2009; Do et al., 2009). Interestingly, redox dysregulation can inhibit NMDA 

receptor function (Köhr et al., 1994; Choi et al., 2001; Steullet et al., 2006), and NMDA 

receptor signaling contributes to antioxidant defense and maintenance of molecular 

phenotype in FSI (Kinney et al., 2006; Behrens et al., 2007; Jiang et al., 2013). This 

suggests a model in which elevation of oxidative stress and reduction of NMDA receptor 

signaling in FSI feed into each other to result in dysfunctional FSI, hypofunctional 

NMDA receptors, and cortical disinhibition in schizophrenia. This dissertation tests two 

important components of this model. Chapter 1 tests whether cortical FSI express 
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functional NMDA receptors in adulthood, and Chapter 2 tests whether oxidative stress 

causes adult electrophysiological deficits observed in the NVHL model of schizophrenia.
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Chapter 2: Adult prefrontal cortical fast-spiking interneurons express 

functional NMDA receptors1 

 

I. Introduction 

 

Fast-spiking interneurons (FSI) are a subset of cortical inhibitory neurons that 

have received particular attention because of their proposed involvement in the 

pathophysiology of psychiatric disorders such as schizophrenia (Hashimoto et al., 2003; 

Lewis et al., 2005; Tseng et al., 2008; Belforte et al., 2010; Gruber et al., 2010). One of 

the most replicated findings in schizophrenia post-mortem studies is a loss of 

parvalbumin (PV) and other changes indicating down regulation of FSI activity (Lewis et 

al., 2005). As N-Methyl-D-aspartate (NMDA) antagonists can generate a schizophrenia-

like condition in normal subjects (Luby et al., 1959; Krystal et al., 1994; Malhotra et al., 

1996), it has been proposed that their effect may be mediated by preferential inhibition of 

receptors located on FSI, which could yield a state of cortical disinhibition (Olney et al., 

1999; Homayoun and Moghaddam, 2007; Carlén et al., 2012). These observations led to 

the hypothesis that cognitive deficits in schizophrenia are due to NMDA hypofunction in 

FSI and resultant cortical disinhibition (Olney et al., 1999; O’Donnell, 2011; Steullet et 

al., 2014). This scenario has been challenged recently by observations of minimal 

synaptic NMDA responses in adult FSI (Rotaru et al., 2011). However, as FSI do express 

NMDA receptor mRNA in adult animals (Xi et al., 2009), it is possible that these 

receptors serve other functional roles that escape the experimental constraints of previous 
                                                

1 Lewis EM, O’Donnell P. In preparation for submission to Neuron. “Adult prefrontal cortical fast-spiking 
interneurons express functional NMDA receptors.” 
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studies. Here, we conducted whole-cell recordings of FSI in brain slices of medial 

prefrontal cortex (PFC) taken from adult rats (postnatal day (P) 60 or older) to test 

whether FSI express functional NMDA receptors. NMDA responses were assessed with 

optogenetic stimulation of local excitatory inputs and with bath application of NMDA.  

 

II. Methods 

 

A. Animal subjects 

Whole cell recordings were obtained from brain slices prepared from 71 group-

housed adult male Sprague Dawley rats obtained from Charles River Laboratories 

(Wilmington, MA, USA). All experiments were conducted in accordance to the USPHS 

Guide for the Care and Use of Laboratory Animals and were approved by the University 

of Maryland School of Medicine Institutional Animal Care and Use Committee. 

B. Survival surgeries 

In order to express Channelrhodopsin 2 (ChR2) in mPFC pyramidal cells, or a 

Gq-coupled Designer Receptor Exclusively Activated by Designer Drug (DREADD) in 

mPFC astrocytes, viral suspensions containing adeno-associated virus (AAV) with the 

following DNA constructs; pAAV-CaMKII-ChR2(h134R)-EYFP (ChR2) or AAV-

GFAP-HA-hM3D(Gq)-IRES-mCitrine (DREADD) were obtained from the University of 

North Carolina Vector Core (Chapel Hill, NC, USA) and injected bilaterally into the 

medial prefrontal cortex (mPFC) (A.P +3.0 mm, M.L. ± 0.75 mm from bregma; D.V. -5.0 

and -3.0 mm from brain surface) of adult rats (> 250 g). 0.5 µl was injected at each site 

over the course of 3 min. Following the most dorsal injection, the injection needle was left 
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in place for 7 min prior to withdrawal from the brain to minimize leakage of the virus. 

Isoflurane (5% in oxygen for induction, 2-3% for maintenance) was used to anesthetize 

animals for the duration of the surgical procedure. Animals were given 5 mg/kg carprofen 

subcutaneously at a concentration of 5 mg/ml immediately following surgery and again 

the next day to provide post-operative analgesia. All experiments were conducted at least 

4 weeks after surgery to allow for robust viral expression. 

C. Electrophysiological recordings 

Slice Preparation. Prior to preparation of brain slices for electrophysiological 

recordings, adult rats postnatal day (P)60 and older were deeply anesthetized with chloral 

hydrate (400 mg/kg, i.p.) and transcardially perfused with ≈ 20 ml ice-cold artificial 

cerebrospinal fluid (aCSF) containing the following (in mM): 125 NaCl, 25 NaHCO3, 10 

glucose, 3.5 KCl, 1.25 NaH2PO4, 0.1 CaCl2, and 3 MgCl2. aCSF was oxygenated with 

95% O2-5% CO2 for at least 30 min prior to slice preparation. Following decapitation, 

brains were quickly removed from the skull and 300-350 µm coronal sections containing 

the mPFC were cut in ice-cold aCSF using a vibratome. Slices were incubated for at least 

45 min in warm (33-35°C), continuously oxygenated (95% O2-5% CO2) ACSF (pH 7.3-

7.35) prior to recording. For the duration of each experiment, recording aCSF (2 mM 

CaCl2, 1 mM MgCl2, pH 7.3-7.35) was continuously oxygenated and delivered to the 

recording chamber with a pump at ≈ 2 ml/min. All experimental drugs were mixed 

freshly into oxygenated recording aCSF daily. The pH of drug-containing aCSF was 

adjusted to match that of drug-free aCSF. All experiments were conducted at 33-35°C. 

Data Acquisition. Whole-cell recording pipettes (4.3-10.6 MΩ) were pulled from 

borosilicate glass capillaries (1.5 mm outer diameter, 0.84 mm inner diameter) (World 
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Precision Instruments) using a Flaming-Brown horizontal puller (P97; Sutter 

instruments).  Recording pipettes were filled with a solution containing 0.125% 

Neurobiotin and the following (in mM): 115 K-gluconate, 10 HEPES, 20 KCl, 2 MgCl2, 

2 Mg-ATP, 2 Na2-ATP, 0.3 GTP (pH ≈7.3). Whole-cell current-clamp and voltage-

clamp recordings were conducted using a computer-controlled amplifier (Multiclamp 

700A; Molecular Devices), digitized (Digidata 1322A; Molecular Devices), and acquired 

with Axoscope 9 (Molecular Devices). Current-clamp recordings were acquired at a 

sampling rate of 10-20 kHz with a low-pass filter set at 5 kHz. Voltage-clamp recordings 

were acquired at a sampling rate of 20.83 kHz with a low-pass filter set at 2 kHz. Prior to 

each recording, electrode potentials were adjusted to zero. The liquid junction potential 

was not corrected.  

Cell-type differentiation. FSI and pyramidal neurons were targeted visually in 

layers II-V of anterior cingulate, prelimbic and infralimbic cortex using infrared (IR) 

differential interference contrast video microscopy with a 40X water-immersion objective 

(Olympus BX-51WI). The image was detected with an IR-sensitive CCD camera and 

displayed on a monitor. In each experiment a specific cell type (FSI or pyramidal) was 

targeted based on basic morphological characteristics. FSI were identified based on their 

small, ovoid cell bodies and the absence of a prominent apical dendrite. FSI were 

frequently located in close proximity to the cell body of a pyramidal cell. Pyramidal cells 

were identified based on their large, triangular cell bodies and prominent apical dendrite. 

Cells were further classified as fast-spiking, non-fast-spiking, or pyramidal based on 

electrophysiological criteria similar to those described previously (Kawaguchi and 

Kubota, 1993; Kawaguchi, 1995). Only cells with short duration action potentials (half-
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width < 1 ms) and large amplitude after-hyperpolarizing potentials (> 15 mV) were 

included as FSI. Adaptation ratio was calculated by dividing the average of the first two 

instantaneous firing rates of a series of action potentials by the same parameter at the end 

of the series.  

Synaptic stimulation. Local synaptic responses were stimulated with an 8 ms light 

pulse (470 nm) delivered every 10 – 15 seconds through the microscope objective located 

above the cell being recorded. Light pulses were generated by a Lambda LS lamp and 

controlled by a Lambda 10-B/SmartShutter, both obtained from Sutter instruments. To 

minimize possible confounding effects of tissue damage caused by the injection protocol, 

and to facilitate recordings from ChR2-negative pyramidal cells, all experiments were 

conducted rostral to the viral injection site. Following each experiment, the AMPA 

receptor antagonist CNQX (10 µM) was bath applied, and synaptic responses that were 

not reduced by at least 85% were excluded from analysis. 

EPSC experiments. Cells were voltage-clamped at -55 mV to reduce Mg2+ block 

of NMDA receptors. For the duration of each experiment, picrotoxin (10 µM) was 

included in the bath to block GABA-A receptors. Experimental drugs (DL-threo-β-

Benzyloxyaspartic acid (TBOA): 10 µM; DL-2-Amino-5-phosphonopentanoic acid (DL-

APV): 100 µM) were applied for 5-7 min. All data analyzed was based on averages of at 

least 8 trials, and was obtained after drugs were present in the bath for at least 2 minutes. 

Data analysis was conducted in Clampfit (Axon Instruments). Averaged EPSCs were fit 

with a double-exponential curve using the Levenberg-Marquardt method. To determine 

the proportion of current carried by NMDA receptors for each cell, the EPSC obtained 

with NMDA receptors blocked was fit with the τ obtained from the baseline EPSC. The 
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proportion of current carried by the slow τ was then compared at baseline and with 

NMDA receptors blocked. For the TBOA experiments, the same procedure was used. 

EPSCs recorded at baseline and in the presence of TBOA+APV were fit with the τ 

obtained during the TBOA alone condition. To measure changes in charge transfer 

induced by drug application, charge (pA * ms) was measured from 20 – 320 ms in order 

to capture NMDA responses and to minimize the influence of changes in the AMPA 

response. To visualize the NMDA-mediated portion of the EPSC for each cell, the 

response obtained with NMDA receptors blocked was subtracted from the baseline 

EPSC. Using this subtraction, AMPA/NMDA ratios were calculated based on amplitude 

(peak with APV/peak subtraction) and charge (0-300 ms post stimulation with APV/20-

320 ms subtraction). NMDA charge and peak amplitude measurements were made 

starting 20 ms post stimulation in order to minimize the influence of changes in AMPA 

response. In the rare instance that large, consistent polysynaptic responses interfered with 

measurement of EPSC decay and the NMDA response, these cells were excluded from 

analysis. One cell exhibited synaptic failures and the sweeps which contained a failed 

response were excluded from analysis. 

Synaptically evoked spiking. FSI were recorded in current-clamp, and optical 

stimulation intensity was adjusted in order to evoke an action potential in 20-80% of 

trials. After a 5 min baseline period, 10 µM TBOA was bath applied for 3-5 min followed 

by bath application of 10 µM TBOA + 100 µM APV for 5 min. The final 10 trials of each 

drug condition were analyzed. Spikes/sweep was calculated by dividing the total number 

of action potentials fired 8-50 ms post stimulation by the number of trials analyzed. 

GABAergic transmission was not blocked during these experiments. 
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Bath application. 4 µM NMDA, 4 µM NMDA + 100 µM DL-APV, 1µM 

Clozapine N-oxide (CNO) and 1µM CNO + 100 µM DL-APV wer applied for 5 min in 

all experiments utilizing bath application. All other drugs were on board for at least 8 min 

prior to application of NMDA or CNO. The final 5 trials (2.5 min) of each treatment 

condition were analyzed and averaged for current injection evoked spiking experiments, 

and the final 2-3 trials (1.5 min) of each treatment were analyzed and averaged for 

holding current experiments. Holding current was measured over the final 10 ms at each 

holding potential. Only cells displaying stable holding current during the baseline 

measurement period were included in the analysis. For spiking experiments, cells 

exhibiting large changes in action potential threshold or clear inability to increase firing 

above baseline levels due to depolarization block were not included in the analysis. 

D. Immunohistochemistry 

All tissue used for immunohistochemical verification of DREADD expression 

came from animals from which electrophysiological recordings were also conducted. 

Following perfusion with ice-cold aCSF, one hemisphere of prefrontal cortex from 

GFAP-DREADD injected animals was randomly selected and drop-fixed in 4% 

paraformaldehyde to allow for subsequent staining. Sections of PFC corresponding to the 

area where electrophysiological recordings were conducted were cut into 30 µm sections 

on a freezing microtome. Using standard immunohistochemical procedures, tissue was 

labeled for either GFAP (DAKO; 1:5000) or NeuN (Millipore; 1:1000) followed by Cy5 

(Jackson; 1:500). The GFAP and secondary antibodies were provided by Adam Puche 

and the NeuN antibody was provided by Reha Erzurumlu. After being mounted and 

cover-slipped, sections were examined for co-localization of Cy5 and the mCitrine-
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tagged DREADDs using a confocal microscope with the help of Adam Puche. Adam 

Puche took the photographs shown in Fig. 5. Due an obvious lack of mCitrine expression 

in GFAP+ cells, coupled with very low levels of mCitrine expression overall, this data 

was not quantified and is presented qualitatively. 

E. Statistical analysis  

All comparisons were made using Student’s t-test, one-way ANOVAs, or 

repeated measures ANOVAs as appropriate. When the assumption of sphericity was not 

met for one-way ANOVAs, Friedman’s test was used as a non-parametric alternative. In 

these cases the Wilcoxon Signed-Ranks test was used for post-hoc analysis. Otherwise, 

post hoc comparisons were conducted using Student’s t-tests.  

 

III. Results 

 

PFC interneurons were targeted based on their small, ovoid cell bodies, and the 

absence of a prominent apical dendrite (Fig. 1A). Electrophysiologically, FSI were 

clearly distinguishable from non-fast spiking interneurons (NFS) and pyramidal cells due 

to their fast action potentials (AP), measured with duration at half-amplitude (FSI: 0.81 ± 

0.01 ms; NFS: 1.39 ± 0.05 ms; pyramidal: 1.68 ± 0.07 ms). FSI also exhibited large 

amplitude after-hyperpolarizing potentials (AHP; FSI: -20.7 ± 0.3 mV; NFS: -15.2 ± 0.9 

mV; pyramidal -4.3 ± 6.2 mV; Fig. 1B-E). Compared to NFS cells, FSI exhibited very 

little spike-frequency adaptation (adaptation ratio in FSI: 1.13 ± 0.02 at 32.1 ± 1.8 Hz; in 

NFS: 1.71 ± 0.11 at 21.4 ± 2.8 Hz; t(17.93)=-5.274, p<0.001) and had a considerably more 

negative membrane potential (-66.8 ± 0.5 mV vs. -58.4 ± 1.4 mV; t(83)=-7.056; p<0.001). 
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FSI exhibited a relatively lower input resistance than NFS cells (168.2 ± 7.2 MΩ vs. 

379.6 ± 47.7 MΩ; t(15.691)=-4.379; p<0.001) and did not fire rebound spikes in response to 

brief (500 ms) hyperpolarizing current injection (Fig. 1B, C). These properties are 

consistent with what has previously been reported (Kawaguchi and Kubota, 1993; 

Kawaguchi, 1995). 

Glutamate receptor expression by adult FSI. It has been reported previously that 

synaptic NMDA receptor content in PFC FSI drops during development, with only a 

subset of cells exhibiting synaptic NMDA currents in adult rats (Wang and Gao, 2009, 

2010). Furthermore, Rotaru et al reported that in adult mice NMDA currents contribute 

less to EPSCs in FSI than in pyramidal neurons (Rotaru et al., 2011). These studies 

utilized local electrical stimulation to evoke synaptic responses, likely yielding EPSCs of 

mixed origin (both local and long-range inputs). We sought to determine whether the 

“low NMDA” synaptic phenotype exists at local, intra-PFC excitatory inputs to FSI. An 

AAV containing ChR2 expressed under a Ca2+/Calmodulin Kinase II (CaMKII) promoter 

was injected bilaterally into the medial PFC to allow for selective stimulation of local 

excitatory responses in FSI and pyramidal cells (Fig. 2A, I). Optogenetically evoked 

EPSCs were recorded from 11 PFC FSI. To assess the NMDA receptor contribution to 

these responses, cells were voltage-clamped at -55 mV in 1 mM Mg2+, and EPSCs were 

recorded at baseline and during bath application of the NMDA receptor antagonist APV 

(100 µM). The decay of locally evoked EPSCs was fit with a double-exponential yielding 

two time constants (τ; a fast component: 4.6 ± 1.1 ms and a slower one: 37.4 ± 5.7 ms). In 

the same recordings, EPSCs evoked in presence of APV were fitted using τ values 

obtained from the baseline EPSC (Fig. 2B). In 7 of 11 cells, the proportion of current 
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Figure 1 

 

 

 

 

carried by the slow component of the response was reduced by at least 10% with APV 

application, suggesting the late EPSC component in these cells included an NMDA 

receptor mediated response (Fig. 2C, E). Consistent with previous work using electrical 

stimulation (Wang and Gao, 2009, 2010), we observed two subsets of FSI; cells with a 

clear NMDA receptor mediated component (n=7; Fig. 2C) and another set with no 

Figure 1. Electrophysiological Profiles of Prefrontal 
Cortical Neurons. A) Image of an FSI included in the 
study. The larger black arrow points to the FSI, the 
unfilled arrow points to an adjacent pyramidal cell, and 
the small black arrow points to the shadow of the 
recording pipette. B) Representative example a FSI. 
Lower left: response to a 500 ms hyperpolarizing current 
pulse. Upper left: magnified view of the first action 
potential in the spike-train depicted here. Right: Action 
potential firing elicited by a 500 ms depolarizing current 
pulse. C) Representative example of a NFS cell recorded 
during this study. Note the rebound spikes elicited upon 
termination of the hyperpolarizing current pulse and the 
prominent spike frequency adaptation. Scales are the same 
as Fig. 1B. D) Representative example of a pyramidal cell 
included in this study. Scales are the same as Fig. 1B. E) 
Scatter plot of action potential half-width (ms) vs. after-
hyperpolarizing potential amplitude (mV) for FSI and 
pyramidal cells included in the study, and for NFS cells 
that were recorded during these experiments. 
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Figure 2

 

 

Figure 2. A Subset of FSI Express Functional 
NMDA Receptors at Local Excitatory Synapses. 
A) Illustration of the approach taken for these 
experiments. Local pyramidal cells expressing ChR2 
were stimulated optically through the microscope 
objective and evoked EPSCs were recorded in FSI. B) 
Baseline EPSCs were fit with a double exponential. 
EPSCs recorded during APV application were fit 
using the τs obtained from the baseline response. C) 
Averaged EPSCs from a FSI expressing an NMDA 
current at local excitatory synapses. Black trace: 
Baseline response recorded in aCSF. Blue trace: The 
AMPA response recorded with NMDA receptors 
blocked by 100 µM APV. Red trace: Digital 
subtraction of the AMPA-only EPSC from the 
baseline EPSC. In all figures the blue bar indicates 
the time of light stimulation. D) Average EPSCs from 
an FSI with no discernible NMDA response to local 
ChR2 stimulation. Scale is the same as Fig. 2C. E) 
Percent change in current carried by the slow τ in 
response to APV application in FSI with and without 
a local synaptic NMDA response. Unpaired t-test; 
t(9)=-6.328, p<0.001. F) Charge (pC) carried by 
locally evoked NMDA currents in FSI with and 
without a synaptic NMDA response. Unpaired t-test; 
t(6.568)=3.929, p=0.006. G) Charge transferred (pC) 20-
320 ms post stimulation before and during APV 
application in cells with synaptic NMDA. Paired t-
test; t(6)=4.286, p=0.005. H) Proportion of current 
carried by the slow τ before and during APV in FSI 
with a synaptic NMDA response. Paired t-test; 
t(6)=5.335, p=0.002. I) Illustration of the approach 
used to measure AMPA/NMDA ratio pyramidal cells. 
J) Averaged EPSCs from a pyramidal cell before and 
during APV application. The red trace is a digital 
subtraction showing the evoked NMDA response.  K) 
Comparison of AMPA/NMDA ratios (amplitude) 
obtained in pyramidal cells and FSI with synaptic 
NMDA. Unpaired t-test; t(17)=3.034, p=0.007. L) 
AMPA/NMDA ratios (charge) for pyramidal cells 
and FSI with synaptic NMDA. Unpaired t-test; 
t(17)=1.259, p=0.225. Data in this and all other figures 
is expressed as mean ± SEM; **p<0.01, ***p<0.001. 
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discernible NMDA component (n=4; Fig. 2D). Cells deemed to express a synaptic 

NMDA response using this method showed a greater reduction in the proportion of 

current carried by the slow synaptic component (-52.5 ± 7.2% with NMDA vs. 14.3 ± 

5.4% without NMDA; t(9)=-6.328; p<0.001; Fig. 2E) and much greater NMDA-mediated 

charge transfer (0.81 ± 0.18 pC) than cells with no synaptic NMDA response (0.07 ± 0.04 

pC; t(6.568)=3.929; p=0.006; Fig. 2F). Approximately 64% of FSI sampled in our adult 

slices exhibited synaptic NMDA currents. Within the group of FSI showing a local 

synaptic NMDA response, there was no effect of APV on EPSC amplitude (82.2 ± 17.0 

pA baseline, 79.3 ± 18.6 pA APV; t(6)=0.882; p=0.412). However, APV reduced the 

proportion of current carried by the slow component of the EPSC (0.32 ± 0.05 baseline 

vs. 0.16 ± 0.04 APV; t(6)=5.335; p=0.002; Fig. 2H) and the charge transferred during the 

late phase of the EPSC (20-320 ms post stimulation; 1.2 ± 0.23 pC baseline vs. 0.43 ± 

0.11 pC APV; t(6)=4.286; p=0.005; Fig. 2G). The data indicate that a significant 

proportion of FSI exhibit NMDA currents that contribute to locally evoked EPSCs.   

We also compared AMPA/NMDA ratios in locally evoked EPSCs between FSI 

with NMDA currents and pyramidal neurons (Fig. 2J). Although there were no 

significant differences in AMPA (79.3 ± 18.6 pA FSI vs. 64.0 ± 7.2 pA pyramidal; 

t(17)=0.911, p=0.375) or NMDA amplitudes alone (15.2 ± 3.6 pA FSI vs. 25.8 ± 4.4 pA 

pyramidal; t(17)=-1.648, p=0.118), AMPA/NMDA ratio (assessed with amplitude) was 

higher in FSI (5.72 ± 0.78; n=7) than in pyramidal cells (3.05 ± 0.49; n=12; t(17)=3.034; 

p=0.007; Fig. 2K). Furthermore, less charge was carried by the baseline EPSC (1.2 ± 0.23 

pC FSI vs. 3.06 ± 0.44 pC pyramidal t(15.725)=-3.701, p=0.002), and the AMPA-mediated 

EPSC (1.04 ± 0.22 pC FSI vs. 1.79 ± 0.17 pC pyramidal t(17)=-2.663, p=0.16), but not by 
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the NMDA response (0.81 ± 0.18 pC FSI vs. 1.84 ± 0.37 pC pyramidal t(17)=-2.005, 

p=0.061) in FSI. Although EPSCs in FSI carried less charge than those in pyramidal 

cells, the relative contributions of AMPA and NMDA currents were not different 

between the two cell populations (2.0 ± 0.7 FSI vs. 1.27 ± 0.18 pyramidal, t(17)=1.259; 

p=0.225; Fig. 2L). Thus, compared with pyramidal cells, AMPA receptors have stronger 

contribution to the peak post-synaptic response in FSI, while among cells with an NMDA 

current, AMPA and NMDA receptors contribute similarly to the area of the response. 

Many FSI did not show a clear synaptic NMDA component, and it is possible 

those FSI exhibit non-synaptic NMDA receptor functionality. To test this, we recorded 

changes in resting membrane potential and action potential firing evoked by somatic 

current injection before (Fig. 3A) and during bath application of 4 µM NMDA (Fig. 3B) 

in mPFC FSI (n=12) while blocking AMPA receptors or both AMPA and GABA-A 

receptors. NMDA depolarized FSI by approximately 3 mV (-66.9 ± 1.0 mV to -63.8 ± 1.3 

mV; t(11)=-6.862; p<0.001; Fig. 3C), and this effect was observed in all FSI tested. 

Furthermore, NMDA elicited a robust increase in the number of action potentials evoked 

with current injection (8.0 ± 1.8 to 23.2 ± 3.2; t(11)=-5.128; p<0.001; Fig. 3D). When 

slices were pretreated with 100 µM DL-APV (Fig. 3E, F), NMDA failed to depolarize FSI  

(APV: -66.4 ± 2.9 mV; APV+NMDA: -66.0 ± 3.1 mV; t(6)=-1.885; p=0.108, Fig. 3G). 

The increase in evoked action potential firing was also blocked (APV: 14.2 ± 3.0, 

APV+NMDA: 13.8 ± 2.6; t(6)=0.252; p=0.809; Fig. 3H). The data indicate that while not 

all FSI exhibit a synaptic NMDA component, all cells responded to external NMDA 

application even when AMPA and GABA-A receptors were blocked. These findings 

suggest the possibility of extrasynaptic NMDA receptors in FSI. 
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Figure 3 

 

 

 

 

 

 

 

 

While this data suggests that all FSI express functional NMDA receptors at some 

location, not all neurotransmitter systems were blocked, leaving open the possibility that 

Figure 3. All FSI Express Functional NMDA Receptors. A) Current injection-evoked spiking 
recorded from an FSI during aCSF application. B) Spiking in the same cell during application of 4 µM 
NMDA. Scale is the same as in Fig. 3A. C) Membrane potentials of FSI before and during bath 
application of NMDA. Paired t-test; t(11)=-6.862, p<0.001. D) Number of action potentials evoked by 
somatic current-injection with aCSF and 4 µM NMDA. Paired t-test t(11)=-5.128, p<0.001. E) Current 
injection-evoked spiking of an FSI with 100 µM APV. F) Spiking evoked during application of 100 µM 
APV + 4 µM NMDA. G) Membrane potentials of FSI before and during NMDA application with APV. 
Paired t-test; t(6)=-1.885, p=0.108. H) Number of action potentials evoked before and during NMDA 
application with APV included in the bath. Paired t-test; t(6)=0.252, p=0.809. I) Holding current at -70 
mV in FSI during application of aCSF, NMDA and NMDA + APV. NBQX included to block AMPA 
receptors, picrotoxin was included to block GABA-A receptors, and TTX was included to prevent 
action potential-dependent synaptic transmission. Friedman test; Χ2

(2)=11.143, p=0.004. Wilcoxon 
Signed-Ranks test; aCSF vs. NMDA Z=-2.366, p=0.018. NMDA vs. NMDA + APV Z=-2.366, 
p=0.018. J) Holding current in the same cells at -50 mV. Friedman test; Χ2

(2)=14.0, p=0.001. Wilcoxon 
Signed-Ranks test; aCSF vs. NMDA; Z=-2.366, p=0.018. NMDA vs. NMDA + APV; Z=-2.366, 
p=0.018. *p<0.05, **p<0.01, ***p<0.001. 
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the excitatory effect of NMDA was, to some degree, mediated by alterations in non-

glutamatergic, non-GABAergic transmission. To test this possibility, FSI (n=7) were 

voltage-clamped at -70 mV, and holding current was measured in 10 mV increments 

from -90 to -40 mV at baseline, in presence of NMDA, and with NMDA + APV. After 

electrophysiological identification of cells as FSI, 1.5 µM tetrodotoxin (TTX) was 

washed into the bath to prevent action potential-dependent synaptic transmission. NBQX 

(10 µM) and picrotoxin (10 µM) were included to block AMPA and GABA-A receptors 

respectively. A repeated measures ANOVA revealed a main effect of membrane potential 

(F(1.222,7.333)=213.435; p<0.001), drug (F(2,12)=23.969; and a membrane potential by drug 

interaction (F(1.758,10.547)=7.337; p=0.012;). Post hoc comparisons were conducted at each 

membrane potential (data from -70 and -50 mV shown; Fig. 3I, J) using the non-

parametric Friedman test followed by the Wilcoxon Signed-Ranks test (aCSF vs. NMDA, 

NMDA vs. NMDA + APV). NMDA induced a significant inward current at -80, -70, -60, 

-50, and -40 mV (all p<0.025), but not at -90 mV (p=0.063). APV significantly reversed 

this change at all membrane potentials tested (p<0.025, Fig. 3I, J). 

A non-synaptic role for FSI NMDA receptors. While only a subset of fast-spiking 

interneurons express NMDA receptors at local excitatory synapses, all FSI express 

functional NMDA receptors at some location. It is therefore possible that ambient 

glutamate, via activation of NMDA receptors, modulates synaptic activation of FSI. To 

assess this, we recorded from FSI (n=5) in current-clamp, adjusting the intensity of local 

ChR2 stimulation to evoke action potentials in approximately 50% of trials (Fig. 4A-C). 

To elevate ambient glutamate concentration, glutamate re-uptake was inhibited with low 

dose (10 µM) TBOA, a concentration previously used in the PFC  
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Figure 4 

 

 

 

 

 

 

 

 

 

(Chalifoux and Carter, 2011).TBOA induced a strong depolarization in FSI (-68.2 ± 2.5 

mV baseline vs. -55.7 ± 2.9 mV TBOA; F(2,8)=22.577; p=0.001; t(4)=-5.664; p=0.005; Fig. 

4A-E) and increased the number of action potentials evoked per stimulation (0.36 ± 0.11 

baseline vs. 0.9 ± 0.1 TBOA; F(2,8)=17.216; p=.001; t(4)=-5.511; p=0.005). With TBOA 

on board, 100 µM DL-APV application partially reversed the depolarization (-60.5 ± 2.08 

mV; t(4)=4.649; p=0.01) and reversed the TBOA-induced increase in firing (0.44 ± 0.14; 

Figure 4. Extrasynaptic NMDA Receptors in FSI. A) Spiking evoked by stimulation of local excitatory 
synapses in a FSI during baseline aCSF application. In each panel, the blue bar indicates the time of light 
stimulation. Each panel is an overlay of the last 10 trials in each treatment condition. Membrane potentials 
in each panel are represented according to the scale on the left. B) Synaptically evoked spiking in the same 
cell during application of 10 µM TBOA. Scale is the same as in Fig. 4A. C) Synaptically evoked spiking in 
the same cell during application of 10 µM TBOA + 100 µM APV. Scale is the same as in Fig. 4A D) Group 
data indicating the number of spikes evoked per sweep at baseline, with TBOA and with TBOA + APV. 
ANOVA; F(2,8)=17.216, p=0.001. Paired t-test; aCSF vs. TBOA; t(4)=-5.511 p=0.005. TBOA vs. TBOA + 
APV; t(4)=6.147, p=0.004. E) Group data indicating average membrane potentials for each cell in all three 
conditions. ANOVA; F(2,8)=22.577, p=0.001. Paired t-test; aCSF vs. TBOA; t(4)=-5.664, p=0.005. TBOA vs. 
TBOA + APV; t(4)=4.649, p=0.01.  F) Averaged ChR2 evoked EPSCs. Black trace: baseline EPSC recorded 
with aCSF. Green trace: EPSC recorded with 10 µM TBOA. Red trace: EPSC recorded with 10 µM TBOA 
+ 100 µM APV. G) Charge transferred (pC) from 20-320 ms post stimulation for each cell in all three 
conditions. Friedman test; Χ2

(2)=12.0, p=0.002. Wilcoxon Signed-Ranks test; aCSF vs. TBOA; Z=-2.521, 
p=0.012. TBOA vs. TBOA + APV; Z=-2.521, p=0.012. H) Proportion of current carried by the slow EPSC 
component at baseline, with TBOA and with TBOA + APV. Friedman test; Χ2

(2)=12.25, p=0.002. 
Wilcoxon Signed-Ranks test; aCSF vs. TBOA; Z=-2.38, p=0.017. TBOA vs. TBOA + APV; Z=-2.521, 
p=0.012. 
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t(4)=6.147; p=0.004), indicating an involvement of NMDA receptors in these effects. The 

data indicate that ambient glutamate activates NMDA receptors in FSI. 

In addition to elevating ambient glutamate, inhibition of glutamate re-uptake with 

TBOA permits glutamate “spillover” from synaptic clefts, allowing us to test for the 

presence of extrasynaptic NMDA receptors (Harney et al., 2008; Chalifoux and Carter, 

2011; Papouin et al., 2012; Coddington et al., 2013). We voltage-clamped FSI (n=8) at -

55 mV and recorded locally evoked EPSCs at baseline, with 10 µM TBOA, and 10 µM 

TBOA + 100 µM DL-APV (Fig 4F). When EPSCs acquired at baseline and with TBOA + 

APV were fit with τ values obtained during TBOA application, we found that a smaller  

proportion current was carried by the slow component of the EPSC at baseline (0.22 ± 

0.04) and during TBOA + APV (0.16 ± 0.03) compared with during TBOA application 

alone (0.33 ± 0.07, Χ2
(2)=12.25; p=0.002; Z=-2.38; p=0.017 and Z=-2.521; p=0.012 

respectively; Fig. 4H). Additionally, with no change in EPSC amplitude (F(2,14)=1.973; 

p=0.176), TBOA increased evoked charge transfer during the late phase of the EPSC (20-

320 ms) (baseline, 0.71 ± 0.34 pC, TBOA2.19 ± 1.07 pC, Χ2
(2)=12; p=0.002; Z=-2.521; 

p=0.012). This change was reversed by co-application of TBOA and the NMDA receptor 

antagonist APV (0.44 ± 0.09 pC, Z=-2.521; p=0.012, Fig. 4G). Thus, as would be 

expected if FSI express extrasynaptic NMDA receptors, inhibition of glutamate re-uptake 

enhances evoked NMDA currents in FSI.  

 The data obtained with TBOA are consistent with the presence of extrasynaptic 

NMDA receptors in FSI, but the slow desensitization of NMDA receptors makes it is 

difficult to exclude the possibility that repeated activation of synaptic receptors 

contributes to the enhanced NMDA response we observed. Astrocytes are difficult to 
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target pharmacologically (Araque et al., 2014), but they have been reported to release 

glutamate in response to Gq-mediated mobilization of intracellular Ca2+ stores (Lee et al., 

2007). This suggests stimulating astrocytes may be a viable strategy to manipulate 

extrasynaptic glutamate independently of synaptic transmission. To allow ourselves to 

selectively target astrocytes pharmacologically, we injected a Gq-coupled Designer 

Receptor Exclusively Activated by Designer Drug (DREADD)-containing AAV under 

the astrocytic glial fibrillary acid protein (GFAP) promotor with a mCitrine tag into the 

mPFC of adult rats. As DREADDs are activated by the otherwise inert molecule 

Clozapine N-oxide (CNO), and are not activated by endogenous ligands, this is a tool to 

selectively manipulate the activity of defined cell types (Armbruster et al., 2007). 

 If FSI express functional extrasynaptic NMDA receptors, glutamate released by 

astrocytes should excite FSI. To test this, we recorded membrane potential and current 

injection-evoked spiking of PFC FSI from animals with cortical Gq-coupled DREADDs 

expressed under a GFAP promotor (Fig. 5A, B). With AMPA and GABA-A receptors 

blocked by NBQX and picrotoxin respectively, we observed no change in membrane 

potential in response to application of 1 µM CNO (aCSF: -64.9 ± 1.2 mV; CNO: -64.4 ± 

1.1 mV; t(6)=-1.492, p=0.182; Fig. 5C), but evoked action potentials increased from 8.5 ± 

2.8 spikes at baseline, to 12.1 ± 2.4 spikes with CNO (t(6)=-3.382, p=0.015; Fig. 5D). 

Consistent with a role for NMDA receptors in this response, pretreatment with APV (Fig. 

5 E, F) prevented the CNO-induced increase in spiking (APV: 6.7 ± 1.8 APs; CNO + 

APV: 5.8 ± 2.4 APs, t(4)=0.449, p=0.677; Fig. 5H). As observed without APV 

pretreatment, CNO did not depolarize FSI (APV: -68.7 ± 1.2 mV; CNO + APV: 68.5 ± 

1.9, t(4)=-0.769, p=0.485; Fig. 5G).  
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Figure 5 

 

 

 

 

 

 

 

Figure 5. GFAP driven DREADDs are not expressed in astrocytes. A) Somatic current injection-evoked 
spiking recorded from an FSI during aCSF application. B) Spiking evoked in the same cell by the same 
amplitude current injection during bath application of 1 µM CNO. Scale is the same as Fig. 5A. C) Group 
data showing average membrane potentials of FSI before and during bath application of CNO. Paired t-test; 
t(6)=-1.492, p=0.186. D) Group data showing the average number of action potentials evoked by somatic 
current-injection with aCSF and 1 µM CNO. Paired t-test t(6)=-3.382, p=0.015. E) Current injection-evoked 
spiking of an FSI with 100 µM APV. F) Spiking evoked during application of 100 µM APV + 1 µM CNO. 
G) Average membrane potentials of FSI before and during CNO application with APV. Paired t-test; t(4)=-
0.769, p=0.485. H) Average number of action potentials evoked by somatic current injection before and 
during CNO application with APV. Paired t-test; t(4)=0.449, p=0.677. I) Immunohistochemistry 
demonstrating an absence of GFAP/mCitrine co-localization and co-localization of NeuN with mCitrine. J) 
Holding current at -70 mV in FSI during application of aCSF, CNO and CNO + APV. NBQX was included 
to block AMPA receptors, picrotoxin was included to block GABA-A receptors, and TTX was included to 
prevent action potential-dependent synaptic transmission. Friedman test; Χ2

(2)=0.4, p=0.819. K) Holding 
current in the same cells at -40 mV. Friedman test; Χ2

(2)=8.4, p=0.015. Wilcoxon Signed-Ranks test; aCSF 
vs. CNO; Z=-2.023, p=0.043. CNO vs. CNO + APV; Z=-1.483, p=0.138. *p<0.05, 
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If this effect is truly mediated by astrocytes, it should be action potential-

independent since astrocytes do not use action potentials to induce transmitter release. 

Therefore, we voltage-clamped FSI (n=5) at -70 mV and blocked AP-dependent synaptic 

transmission with TTX. With AMPA and GABA-A receptors also blocked, we recorded 

holding current at baseline, with CNO, and with CNO + APV at -80, -70, and -40 mV. A 

repeated-measures ANOVA revealed a main effect of membrane potential 

(F(1.008,4.031)=21.288, p=0.01) and a membrane potential by drug interaction (F(1.434, 

5.735)=9.543, p=0.018) with no main effect of drug (F(2,8)=1.761, p=0.232). Post hoc 

comparisons were conducted at all three membrane potentials (data from -70 and -40 mV 

shown; Fig. 5J, K) using the non-parametric Friedman test followed by the Wilcoxon 

Signed-Ranks test (aCSF vs. CNO, CNO vs. CNO + APV). Although Friedman tests 

indicated significant effects at -80 mV (Χ2
(2)=8.4, p=0.015), and -40 mV 

(Χ2
(2)=8.4,p=0.015), Wilcoxon Signed-Ranks tests returned no significant results (all 

p>0.025), indicating that no NMDA-mediated current was induced by CNO application 

(Fig. 5J, K). Furthermore, it is clear qualitatively that any changes in holding current 

during CNO application were not reversed by APV. This suggests that the CNO-induced 

increase in AP firing observed in FSI was likely an action potential-dependent process 

mediated by neurons rather than astrocytes. Indeed, when DREADD receptor localization 

was examined, we found mCitrine in a limited number of neurons and virtually no 

astrocytes. All data presented here come from animals injected with the AAV8 serotype, 

but similar non-specific expression was observed in animals with the AAV5 serotype of 

the virus. As these viruses did not induce selective DREADD expression in astrocytes, 
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the results cannot be used to disentangle the effects of synaptic vs. extrasynaptic NMDA 

receptors on FSI electrophysiology.  

 

IV. Discussion 

 

Our data show that at local excitatory synapses within the adult rat PFC, FSI 

exhibit variable synaptic NMDA responses that are smaller than those observed in 

pyramidal cells. Furthermore, a subset of FSI exhibited no discernible NMDA current. 

All FSI responded to bath application of NMDA, suggesting that every FSI expresses 

functional NMDA receptors at some location. Elevation of ambient glutamate with 

TBOA depolarized FSI and increased synaptically evoked spiking via NMDA receptors. 

Consistent with the possibility that these cells might express extrasynaptic NMDA 

receptors, TBOA also enhanced synaptically evoked NMDA currents in FSI. These data 

suggest that in addition to playing a limited role at local excitatory synapses, NMDA 

receptors in other sub-cellular locations play a role in modulating FSI activity. 

As previously reported (Wang and Gao, 2009; Rotaru et al., 2011), only a subset 

of FSI tested exhibited synaptic NMDA currents. As all cells responded to NMDA bath 

application, there must be a subset of functional NMDA receptors expressed by FSI that 

are not activated by synaptically evoked glutamate release in the slice. One explanation 

for this is that in acute slices, most inputs to FSI are quiescent, reducing recruitment of 

NMDA receptors by synaptic stimulation. Indeed, such a possibility has already been 

suggested. A recent study demonstrated that synapse-specific NMDA currents are absent 

in adult PFC pyramidal cells unless dopamine D1 receptors are also activated (Flores-
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Barrera et al., 2014). Furthermore, synaptic responses evoked in slices are likely to 

recruit only a fraction of the total synapses onto a neuron. In addition to local 

connections, FSI receive glutamatergic innervation from a variety of structures including 

the thalamus (Rotaru et al., 2005), amygdala (Gabbott et al., 2006; Dilgen et al., 2013) 

and hippocampus (Tierney et al., 2004). It is therefore possible that all FSI express 

functional NMDA receptors, but that in any given cell they are only located at a subset of 

synapses. If that were the case, one would predict precisely what we observed: synaptic 

NMDA responses in some cells, and bath application induced responses in all cells. 

Our data could also be explained by expression of NMDA receptors at 

extrasynaptic locations. Functional extrasynaptic NMDA receptors are found on 

hippocampal and prefrontal pyramidal cells (Harney et al., 2008; Chalifoux and Carter, 

2011; Papouin et al., 2012) as well as cerebellar interneurons (Clark and Cull-Candy, 

2002; Coddington et al., 2013). Additionally, tonic NMDA currents which are not 

reminiscent of synaptic NMDA responses, have been reported in FSI within the 

adolescent rat PFC (Povysheva and Johnson, 2012). As bath application of NMDA would 

activate both extrasynaptic and synaptic receptors, the presence of extrasynaptic NMDA 

receptors offers a viable explanation for the smaller proportion of cells in which NMDA 

responses were evoked by synaptic stimulation. TBOA has been used to test for 

extrasynaptic NMDA receptors by allowing glutamate spillover out of the synaptic cleft 

to extrasynaptic locations (Clark and Cull-Candy, 2002; Harney et al., 2008; Chalifoux 

and Carter, 2011; Coddington et al., 2013). Here, TBOA induced an enhanced NMDA 

response, consistent with extrasynaptic NMDA receptors being activated by glutamate 

spillover. It is possible that sustained activation of synaptic NMDA receptors contributes 
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to the enhanced response in presence of TBOA however this is unlikely to fully explain 

our observations. The same concentration of TBOA used here induced glutamate 

spillover to extrasynaptic NMDA receptors on prefrontal pyramidal cells (Chalifoux and 

Carter, 2011), and inhibiting glutamate transporters does not result in elevated synaptic 

glutamate levels, but rather a spillover of glutamate outside the synapse (Syková and 

Nicholson, 2008). Unfortunately, our attempts to test whether extrasynaptic glutamate 

release without the confounding effects of synaptic release activates extrasynaptic 

NMDA receptors on FSI proved unsuccessful due to inadequate and non-specific viral 

expression. 

It is possible that ambient extrasynaptic glutamate concentration maintained by 

glutamate transporters or exchangers (Melendez et al., 2005) provides tonic drive to FSI, 

or that specific patterns of cortical activity induce astrocytic glutamate release exciting 

FSI via extrasynaptic NMDA receptors (Jourdain et al., 2007; Lee et al., 2007; Araque et 

al., 2014; Perea et al., 2014). Furthermore, high frequency glutamate release can 

overwhelm glutamate transporters and induce spillover from synaptic to extrasynaptic 

receptors on cerebellar interneurons (Clark and Cull-Candy, 2002; Nahir and Jahr, 2013). 

Post-synaptic morphology can influence glutamate diffusion (Rusakov and Kullmann, 

1998; Syková and Nicholson, 2008; Graydon et al., 2014), and the aspiny dendrites of 

FSI (McCormick et al., 1985; Ascoli et al., 2008) might favor glutamate spillover to 

extrasynaptic receptors. On aspiny dendrites, extrasynaptic receptors may be less isolated 

from synaptic contacts when compared to extrasynaptic receptors on spiny dendrites. 

Thus, while not conclusive, our data support the possibility of extrasynaptic NMDA 

receptors in adult PFC FSI. 
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Independent of the precise mechanisms driving activation of FSI NMDA 

receptors, our data provides clear evidence that NMDA receptors are expressed by FSI in 

the adult prefrontal cortex, and that they can powerfully influence FSI physiology. Thus, 

the hypothesis that NMDA receptor antagonists produce cortical disinhibition and 

psychotomimesis via preferential blockade of NMDA receptors on FSI (Olney et al., 

1999; Homayoun and Moghaddam, 2007; Seamans, 2008) should not be disregarded. 

Furthermore, it remains possible that some aspects of cortical disinhibition and FSI 

hypofunction in schizophrenia are due to reduced NMDA receptor signaling in FSI. As 

NMDA receptor activity can be modulated by oxidative state (Köhr et al., 1994; Choi et 

al., 2001; Lipton et al., 2002), NMDA hypofunction in FSI might be related to elevated 

oxidative stress observed in schizophrenia (Behrens and Sejnowski, 2009; Do et al., 

2009). Indeed, we have recently found evidence that elevated oxidative stress in PV+ 

interneurons during adolescence causes a number of behavioral and electrophysiological 

abnormalities observed in rats with a neonatal ventral hippocampal lesion (NVHL) 

(Cabungcal et al., 2014). To what extent the deleterious effects of oxidative stress are 

related to altered NMDA signaling in FSI remains to be tested, but the fact that FSI 

continue to express NMDA receptors into adulthood supports the hypothesis that reduced 

NMDA signaling, whether by oxidative stress or some other mechanism, could result in 

hypoactive FSI and a disinhibited prefrontal cortex in schizophrenia. 
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Chapter 3: Juvenile oxidative stress causes adult deficits in prefrontal 

cortical neurotransmission in the NVHL model of schizophrenia2 

 

I. Introduction 

 

 It has been hypothesized that schizophrenia is the result of early-life insults which 

alter the developmental trajectory of the cortex to ultimately produce the behavioral, 

physiological and morphological abnormalities which are associated with the disease 

(Weinberger, 1987). Supporting this conceptualization and suggesting the presence of 

brain abnormalities prior to the onset of psychosis, individuals who will ultimately 

develop schizophrenia often display prodromal symptoms (Miller et al., 1999; 

Klosterkötter et al., 2001). Furthermore, early developmental insults such as maternal 

infection during pregnancy are associated with increased risk for schizophrenia (Kendell 

and Kemp, 1989), implying a protracted, developmental component to the disease. A 

number of developmental rodent models have been designed to test this possibility, and 

they indicate that early postnatal disturbances can produce adolescent or adult-onset 

behavioral and electrophysiological abnormalities which resemble those observed in 

schizophrenia. This is truly a developmental phenomenon as the effect of these 

manipulations is strongly tied to their timing, and analogous insults in adulthood do not 

recapitulate the effects of neonatal insult (Lipska et al., 1993, 2002; Belforte et al., 2010). 

                                                
2 This chapter is derived from the following paper published in Neuron:  
Cabungcal J-H, Counotte DS, Lewis EM, Tejeda HA, Piantidosi P, Pollock C, Calhoon GG, Sullivan EM, 
Presgraves E, Kil J, Hong LE, Cuenod M, Do KQ, O’Donnell P (2014). 
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 Schizophrenia typically manifests itself during late adolescence or early 

adulthood, and cortical inhibitory interneurons, a cell type strongly implicated in the 

disease, undergo dramatic functional changes in the adolescent PFC (O’Donnell, 2011). 

Understanding the interplay between early developmental insults and adolescent 

interneuron maturation may offer critical insight into the generation of schizophrenia and 

suggest possible preventative treatments. Furthermore, adolescence in particular appears 

to be a promising window for preventative interventions, as adolescent cognitive training 

ameliorates both behavioral and electrophysiological deficits in adult NVHL animals 

(Lee et al., 2012). 

 In spite of the understanding that adolescence is likely a critical time for the 

translation of early developmental perturbations into adult deficits, little is understood 

about the mechanisms underlying this transition. An emerging hypothesis is that 

oxidative stress, particularly in fast-spiking interneurons, plays a critical role in the 

generation of adult psychiatric symptoms (Do et al., 2009). Indeed, reductions in 

glutathione (GSH), the brain’s major antioxidant, have been observed in the 

cerebrospinal fluid (CSF) and prefrontal cortices of schizophrenia patients (Do et al., 

2000; Gawryluk et al., 2011), and cortical GSH reductions are correlated with the 

severity of negative symptoms (Matsuzawa et al., 2008). Genetic polymorphisms which 

result in reduced GSH confer risk for schizophrenia (Tosic et al., 2006; Gysin et al., 

2007) and treatment with the GSH precursor, N-acetyl cysteine (NAC) improves 

mismatch negativity (MMN), an electrophysiological correlate of cortical function, in 

schizophrenia patients (Lavoie et al., 2008). Furthermore, genetic reduction of GSH in 

mice produces electrophysiological and behavioral abnormalities with relevance to 
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schizophrenia (Cabungcal et al., 2006), and these alterations are normalized by NAC 

treatment (Das Neves Duarte et al., 2012).  

 Although elevated oxidative stress has been observed in animal models including 

the genetic DISC1 model of schizophrenia (Johnson et al., 2013), a causal role for 

developmental oxidative stress in adult-onset abnormalities has yet to be established in a 

model that does not directly manipulate antioxidant function. The NVHL is a well 

established developmental model of schizophrenia in which a neonatal insult produces 

dysfunctional interneurons, impaired dopaminergic modulation of cortical function, and 

ultimately cortical disinhibition which appears in early adulthood (O’Donnell et al., 2002; 

Tseng et al., 2007, 2008; Gruber et al., 2010). Since the NVHL results in adult-onset 

electrophysiological phenotypes due to impaired interneuron maturation, it is a useful 

model to test the hypothesis that adult interneuron dysfunction can be caused by 

oxidative stress during juvenile and adolescent periods. Supporting this possibility, work 

conducted by our lab in collaboration with the Do laboratory has indicated that juvenile 

and adult NVHL rats exhibit elevated cortical oxidative stress which reduces PV 

expression in adult animals (Fig. 6, adapted from Cabungcal et al., 2014). Previous work 

in our lab has also demonstrated that stimulation of cortical D2 receptors suppresses the 

amplitude of evoked EPSPs in PFC pyramidal cells (Fig. 7A, adapted from Tseng et al., 

2008), and that this suppression includes a GABA-A mediated component which is 

absent in NVHL animals. Using this paradigm, we tested whether developmental 

oxidative stress causes interneuron-mediated electrophysiological abnormalities in the 

PFC of adult NVHL animals. 
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Figure 6 

 

 

 

 

 

 

 

 

 

 

 

80 µm. (C) Bar graphs illustrating PV cell counts using unbiased stereology at P21 (left) and P61 (right) 
in all four treatment groups. PV cell count increased between P21 and P61 in SHAM, but not in NVHL 
rats. Juvenile NAC treatment rescued the progression in PV cell numbers in NVHL rats. ANOVA 
F(5,36)=4.7, p=0.002. Age: F(1,36)=10.2, p=0.003, Lesion: F(1,36)=1.36, p=0.11, Lesion x Age: F(1,36)=6.7, 
p=0.014, Treatment: F(1,36)=3.9, p=0.057, Treatment x Age: n.s. *p<0.05. 

Figure 6. Oxidative stress 
and PV expression in 
NVHL animals. (A) 
Representative micrographs 
showing double labeling for 
PV (red) and 8-oxo-dG 
(green) in the PFC in the four 
groups at P21(left) and P61 
(right). Scale bar is 10 µm. 
(B) Representative 
micrographs of prefrontal PV 
staining in juvenile (P21) and 
adult (P61) SHAM, NVHL, 
and NAC-treated NVHL rats. 
Scale bar is  
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Figure 7 

 

 

II. Methods 

 

A. Animals 

Timed-pregnant Sprague-Dawley rats were obtained from Charles River 

(Wilmington, MA) at gestational days 13-15. Dams were individually housed with free 

access to food and water. Following the birth of pups, at postnatal day (P) 5, dams were 

separated into two groups, one of which received NAC in the drinking water. At P7-9, 

healthy pups weighing 15-20g were randomly divided into two groups which received 

either sham or NVHL surgeries. Following surgery, pups were returned to their mothers 

and left undisturbed until P21 when they were weaned. At this point, animals were 

housed in groups of 2 or 3 with both lesions and shams represented in each cage. 

Beginning at P60, male rats were used for slice electrophysiology experiments. 

 

Figure 7. D2-mediated suppression 
of EPSPs in PFC pyramidal 
neurons. (A) Quinpirole-mediated 
suppression of EPSP amplitude in 
PFC pyramidal neurons includes a 
GABA-A mediated component 
which is absent in NVHL animals. 
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B. NVHL surgery 

At age P7-9, male rats weighing between 15 and 20g received either bilateral 

excitotoxic ventral hippocampal lesions (ibotenic acid; 10 µg/µl in aCSF, 0.3 

µl/hemisphere; Tocris, Minneapolis, MN) or sham surgeries as described previously 

(Chambers and Lipska, 2011). Briefly, pups were anaesthetized with hypothermia and 

affixed to a level styrofoam platform attached to a stereotaxic frame (David Kopf 

Instruments, Tujunga, CA). NVHL rats received ibotenic acid injections at a rate of 0.15 

µl/min at the following coordinates relative to bregma; A.P. -3.0 mm, M.L. ± 3.5 mm, 

D.V. -5.0 mm. Surgeries in sham animals were conducted identically those in NVHL 

animals with the following exception. In sham animals, the infusion cannula was lowered 

only 3 mm from the skull surface and no fluid was injected in order to control for effects 

of surgery and prevent hippocampal damage. After recovering from anesthesia on a warm 

heating pad, pups were returned to their mothers until weaning at P21. In all animals, 

lesion status (sham or NVHL) was verified by a blinded observer. To do this, 40 µm 

sections of hippocampus were cut on a freezing microtome, mounted on glass slides and 

Nissl stained. Sections were examined under a microscope for bilateral evidence of 

hippocampal damage which typically consisted of cell loss, thinning, and ventricular 

enlargement. 

C. NAC treatment 

NAC (BioAdvantexPharma, Mississauga, Ontario, Canada) was delivered via 

drinking water at a concentration of 900 mg/l from P5-P50. Work in mice has 

demonstrated that NAC consumed by dams is transmitted to their pups through their milk 
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(Das Neves Duarte et al., 2012). Fresh solutions of NAC were mixed every 2-3 days, and 

water bottles were weighed to ensure that solution was being consumed. 

D. Whole-cell recordings 

All electrophysiological recordings were conducted by Eastman Lewis and 

Danielle Counotte in animals P60 or older using similar methods and identical solutions 

and equipment to that described in Chapter 1. Layer V pyramidal cells were visually 

identified and targeted in dorsal prelimbic and anterior cingulate cortex. Synaptic 

responses were stimulated using bipolar stimulating electrodes made from pairs of Teflon 

coated tungsten wires with their tips approximately 200 µm apart. Stimulating electrodes 

were placed in Layer I, approximately 500 µm ventral to the apical dendrite of the 

recorded pyramidal cell. Synaptic responses were elicited using 0.5 ms current pulses of 

approximately 20-800 µA delivered every 15 seconds. Stimulation intensity was adjusted 

to evoke approximately half-maximal responses. After a baseline period of at least 10 

min, D2 modulation of synaptic responses was tested as described previously (Tseng and 

O’Donnell, 2007a; Niwa et al., 2010) using 5 µM Quinpirole (Quin) (Tocris, 

Minneapolis, MN) applied for 7 min. The amplitude of evoked responses was measured 

from the average of 10 sweeps before and after Quin application. The “after Quinpirole” 

period includes the final 4 sweeps of Quin application and the first 6 sweeps of the 

washout period. Data from H20 and NAC treated SHAM animals was pooled as there 

was no difference in EPSP suppression between these groups (t(10)=0.493, p=0.632). Data 

was analyzed by Eastman Lewis and Danielle Counotte. After recording, slices were 

placed in 4% paraformaldehyde (PFA) and processed using a standard DAB staining 

protocol to verify the morphology and location of recorded neurons. 
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III. Results 

 

Previous studies using the NVHL model have demonstrated impaired cortical 

inhibition and compromised interneuron function in these animals. This parallels the 

excitatory/inhibitory imbalance hypothesized to occur in schizophrenia. In the adult 

rodent PFC, activation of dopamine D2 receptors recruits inhibitory interneurons to 

suppress EPSP amplitude in pyramidal cells, a phenomenon which is absent in several 

models of schizophrenia including the NVHL (Fig. 7A; Tseng and O’Donnell, 2007a; 

Tseng et al., 2008; Niwa et al., 2010). To test whether developmental oxidative stress 

plays a causal role in the adult emergence of dysfunctional cortical inhibition in the 

NVHL, we obtained whole-cell recordings from 42 Layer V pyramidal neurons from 

SHAM and NVHL rats, and from NVHL rats treated with NAC during development. In 

these cells, we measured D2-mediated suppression of pyramidal cell EPSPs (Fig. 3A-C).  

We found that, when assessed at the end of Quinpirole application and the 

beginning of the washout period, D2 receptor activation reduced the amplitude of Layer I 

evoked EPSPs in pyramidal cells from SHAM but not NVHL animals (F(2,39)=3.328, 

p=0.046; Fisher’s LSD; p=0.033; Fig. 8A,C). If this is caused by developmental oxidative 

stress, it should be prevented by juvenile and adolescent NAC treatment. Indeed, NAC 

treatment prevented the deficit observed in NVHL animals (Fisher’s LSD; p=0.03), 

indicating that oxidative stress during development causes this abnormality. As the D2-

mediated suppression of EPSPs has been previously shown to depend on GABAergic 

inhibition, this implicates oxidative stress in the aberrant maturation of cortical  
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Figure 8 

 

 

 

 

 

 

 

 

 

 

 

  

Figure 8. Electrophysiological deficits are rescued by 
NAC treatment in NVHL rats. (A) Representative traces 
of excitatory post-synaptic potentials (EPSP) evoked by 
superficial layer electrical stimulation in adult PFC before 
(black trace) and after (green trace) bath application of the 
D2-agonist quinpirole (5 µM). (B) Neurobiotin-filled layer 
V pyramidal cell in the PFC; the relative position of the 
bipolar stimulating electrode and the recording electrode are 
shown schematically. (C) Bar graphs illustrating the 
magnitude of EPSP attenuation by quinpirole in slices from 
SHAM, NVHL, and NAC-treated NVHL rats. In sham rats, 
quinpirole reduces the size of the synaptic response, 
whereas in NVHL rats this attenuation is absent. NAC 
treatment during development reverses this deficit in NVHL 
animals (ANOVA: F(2,39)=3.328, p=0.046). (D) Resting 
membrane potential of pyramidal cells. Membrane potential 
was not changed by lesion or NAC treatment (ANOVA: 
F(2,39)=0.481, p=0.622). (E) Input resistance was not altered 
by lesion or NAC treatment (ANOVA: F(2,39)=2.671, 
p=0.082). (F) Rheobase was not altered by lesion or NAC 
treatment (ANOVA: F(2,39)=0.097, p=0.908). 
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interneurons observed in the NVHL model. Furthermore, basic electrophysiological 

properties of Layer V pyramidal cells (Fig. 8D-F) including resting membrane potential 

(SHAM; -67.2 ±1.4 mV, NVHL; -68.1 ± 1.0 mV, NVHL+NAC; -69.0 ± 1.5 mV, 

F(2,39)=0.481, p=0.622), input resistance (SHAM; 131.4 ± 21.7 MΩ, NVHL; 81.9 ± 9.1 

MΩ, NVHL+NAC; 105.5 ± 12.7 MΩ, F(2,39)=2.671, p=0.082) and minimum current 

required to evoke an action potential (rheobase) (SHAM; 170 ± 26.1 pA, NVHL; 183.6 ± 

16.3 pA, NVHL+NAC; 176.3 ± 20.9 pA, F(2,39)=0.097, p=0.908) were not affected by 

lesion or NAC treatment, suggesting that intrinsic changes pyramidal cell function do not 

contribute the deficit and rescue observed here. It is important to note that, in contrast to 

what has been reported previously (Tseng et al., 2008), we observed no EPSP 

suppression in NVHL animals, even during Quin application. Our results suggest that 

developmental oxidative stress causes adult-onset electrophysiological abnormalities 

observed in the NVHL model of schizophrenia, perhaps due to alterations in interneuron 

maturation. 

 

IV. Discussion 

 

The data presented in this chapter provides evidence that neonatal insults can be 

linked to adult-onset electrophysiological deficits through the induction of juvenile and 

adolescent oxidative stress. Furthermore, it is possible that developmental oxidative stress 

impairs the maturation of cortical interneuron function, as D2-mediated suppression of 

pyramidal cell EPSPs depends on GABAergic inhibition in adult animals (Tseng and 

O’Donnell, 2007a), and intrinsic electrophysiological profiles of pyramidal cells were not 
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altered by any treatment here. While the precise mechanisms linking inhibitory 

interneurons to the Quin-induced long term suppression of EPSPs remain unclear, it is 

likely that our stimulation paradigm evokes action potentials in interneurons in addition 

to EPSPs in pyramidal cells. As Quin increases the excitability of PFC interneurons 

(Tseng and O’Donnell, 2007b), it follows that an increased number of interneurons would 

be recruited by electrical stimulation after Quin application. Thus, in tissue with normally 

functioning interneurons, Quin likely increases shunting of EPSPs in pyramidal cells, 

reducing the amplitude of these EPSPs. 

An important caveat to these experiments is that the deficit we observed in NVHL 

animals was evident during final minute of Quin and the first 1.5 min of the washout 

period. This is in contrast to data indicating that NVHL animals show normal short-term 

EPSP suppression in response to Quin, and that GABAergic signaling is required for the 

prolonged, but not the acute Quin effect (Fig. 7A, Tseng et al., 2008). Because of this 

inconsistency, it impossible to conclude that the deficit we observe in NVHL animals is 

the result of impaired interneuron function, and not the result of altered D2 modulation of 

pyramidal cells themselves. Notably, D2 receptors are only expressed by a subset of 

pyramidal cells (Type A)  which project subcortically and display a prominent h-current 

(Gee et al., 2012). Furthermore, these Type A cells receive stronger inhibition than Type 

B cells (Lee et al., 2014). An inadvertent bias in our recordings toward Type B, D2-laking 

pyramidal cells would explain the absence of an acute effect of Quin in NVHL animals, 

as well as the reduced (10% vs. 20%) and abbreviated EPSP suppression that we 

observed in SHAM and NVHL+NAC animals. Detailed analysis of the h-currents in our 

cells compared with those included in Fig. 2A may clarify this issue. Furthermore, direct 
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recordings from interneurons, or recordings of inhibitory post-synaptic currents (IPSCs) 

from pyramidal cells in SHAM, NVHL and NAC-treated NVHL animals would better 

delineate the role that dysfunctional inhibitory interneurons play in the findings described 

here. In spite of these ambiguities, our results clearly indicate that dopaminergic 

modulation of cortical function is impaired in NVHL animals, and that this is due to 

developmental oxidative stress. 

Consequences of altered dopaminergic recruitment of cortical interneurons 

Within the adult PFC, dopamine is hypothesized to enhance signal-to-noise ratio 

(Seamans et al., 2001). D1 receptor activation enhances NMDA receptor currents in 

pyramidal cells (Tseng and O’Donnell, 2004, 2005), while D2 activation suppresses 

pyramidal cell activity, in part through increasing the excitability of interneurons (Tseng 

and O’Donnell, 2004, 2007a, 2007b). This suggests a scenario in which dopamine 

enhances the activity of strongly driven pyramidal cells, while simultaneously inhibiting 

weakly driven cells. In NVHL animals, VTA stimulation produces aberrant excitation of 

PFC pyramidal cells (O’Donnell et al., 2002), and impaired cognitive function is linked 

to cortical disinhibition during task components which recruit dopamine release (Gruber 

et al., 2010). Although our experiments do not directly assess the role of dysfunctional 

interneurons in NVHL pathophysiology, previous work implies reduced D2-mediated 

recruitment of inhibitory interneurons in the NVHL PFC, and reduced ability of 

dopamine to enhance cortical signal-to-noise ratio.  

This type of impairment would be expected to produce several cognitive deficits 

which are directly relevant to schizophrenia. For instance, in set-shifting tasks which are 

dependent on cortical inhibition (Enomoto et al., 2011), reduction of PFC D2 signaling 
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increases perseverative errors in rodents (Floresco et al., 2006) and primates (Puig and 

Miller, 2014). This is reminiscent of behavioral impairments observed in schizophrenia 

patients and in animal models of the disease (Brady, 2009). Furthermore, D2 antagonists 

reduce orientation selectivity of pyramidal cells in the primate PFC (Puig and Miller, 

2014). Orientation selectivity is important for normal working memory function 

(Arnsten, 2013) and requires the activity of cortical inhibitory interneurons (Rao et al., 

1999, 2000). Thus, in assessing the effect of developmental oxidative stress on D2-

mediated inhibition of pyramidal cell EPSPs, we tested an important component of 

dopamine function in the adult PFC which is relevant to cognitive disruptions in 

schizophrenia. That antioxidant treatment was able to normalize D2 function indicates 

that in animals which receive an early-life insult, antioxidant treatment can have a 

beneficial developmental impact on neural systems which are important for cognitive 

function. 

An important caveat to these results is that in addition to acting as a GSH 

precursor, NAC can increase PFC glutamate via activation of the cystine-glutamate 

exchanger (Melendez et al., 2005; Baker et al., 2008). Thus, we cannot be certain that the 

results observed here are fully due to the antioxidant properties of NAC. However, the 

observation that in addition to NAC, antioxidants which do not modulate glutamate 

concentration also prevent behavioral deficits in NVHL animals (Cabungcal et al., 2014) 

argues in favor of NAC’s benefit being derived primarily from its antioxidant properties. 

Thus our data suggest oxidative stress as a link between early-life insults and the adult-

onset cortical disinhibition observed in NVHL animals and in schizophrenia. 
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Causes and consequences of developmental oxidative stress An important 

question which was not tested in these experiments is how the NVHL produces elevated 

oxidative stress during development. One possibility is that oxidative stress is a direct 

result of reduced hippocampal glutamatergic input to the PFC. Indeed, the ventral 

hippocampus innervates PFC pyramidal cells and interneurons (Thierry et al., 2000; 

Tierney et al., 2004), so a ventral hippocampal lesion would directly deprive these cell 

types of glutamatergic input. Supporting this explanation, NMDA receptor signaling 

increases antioxidant defense in cortical neurons (Papadia et al., 2008). Furthermore, 

NMDA receptor antagonists increase cortical free radicals (Zuo et al., 2007) and impair 

PV+, fast-spiking interneuron function via increases in oxidative stress (Behrens et al., 

2007; Zhang et al., 2008). Another, perhaps complimentary possibility is that reduced 

trophic factor release in the NVHL cortex causes this oxidative stress. Although a link 

between trophic factors and oxidative stress is not firmly established, activity dependent 

BDNF release is critical for cortical FSI maturation (Jiao et al., 2011), and ventricular 

BNDF administration has been reported to reduce ouabain-induced oxidative stress 

(Valvassori et al., 2014).   

While our experiments establish a link between developmental oxidative stress 

and reduced D2-mediated cortical inhibition, they do not address the important question 

of how oxidative stress produces these deficits. One possibility is that oxidative stress 

produces hypofunctional cortical NMDA receptors (Seamans, 2008; Do et al., 2009), as 

NMDA receptor function is modulated by redox state (Köhr et al., 1994; Choi et al., 

2001; Steullet et al., 2006). This could yield diminished inhibition of pyramidal cells, 

either through acutely reduced excitation of FSI (Homayoun and Moghaddam, 2007), or 
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through deficits in cortical maturation caused by a lack of NMDA signaling (Belforte et 

al., 2010). Prefrontal excitatory/inhibitory interactions, including interactions modulated 

by dopamine, mature during adolescence (Tseng and O’Donnell, 2004, 2007a, 2007b; 

Hashimoto et al., 2009b; Wang and Gao, 2009), and developmental blockade of NMDA 

signaling in adolescence impairs inhibitory function within the adult PFC (Thomases et 

al., 2013). Furthermore, interneuron NMDA signaling appears critical to proper cortical 

development as neonatal, but not adult ablation of NMDA receptors on corticolimbic 

interneurons produces behavioral phenotypes relevant to schizophrenia (Belforte et al., 

2010).  

Another possibility is that developmental oxidative stress alters cortical neuron 

function either through direct modulation of protein function (Lipton et al., 2002) or 

through alterations in gene expression by transcription factor regulation or DNA damage. 

Oxidative stress influences transcription factor binding to DNA through modification of 

cysteine residues (Matthews et al., 1992; Haddad, 2002), and can down regulate 

expression of genes important for synaptic transmission through DNA damage, especially 

in promotor regions (Lu et al., 2004). Abnormal protein expression or function caused by 

these mechanisms could produce a dysfunctional cortex through altered activity of 

individual neurons, altered circuit development, or both. Furthermore, oxidative stress 

could produce cellular hypofunction and altered cortical function through mitochondrial 

damage and reduced ATP production (Wang and Michaelis, 2010).  

In addition to addressing how early-life insults cause oxidative stress and how 

oxidative stress produces adult-onset abnormalities, several other important questions 

need to be addressed. For example, what cell types are primarily affected by oxidative 
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stress? The data presented here, coupled with other work from our lab (Cabungcal et al., 

2014), suggests that FSI are affected, but this could be secondary to deficits in pyramidal 

cells. Furthermore, it has been postulated that a feedback loop exists in which hypoactive 

NMDA receptors render cells vulnerable to oxidative stress, which in turn further inhibits 

the activity of NMDA receptors (Behrens and Sejnowski, 2009; Do et al., 2009). Most of 

the work related to this hypothesis has been conducted in models which either directly 

manipulate NMDA receptors or cellular antioxidant capability, and it will be important to 

test whether this scenario occurs in models which do not manipulate these two processes. 

Finally, although cortical oxidative stress has been observed in other models of 

schizophrenia (Johnson et al., 2013) it should not be taken for granted that developmental 

oxidative stress causes the adult deficits observed in other models. Similar experiments to 

these should be undertaken in other models to test whether this is a common feature of 

developmental models of schizophrenia, or whether it is unique to the NVHL.  

Therapeutic implications The results presented here suggest adolescent 

antioxidant treatment as a promising approach to reduce the likelihood that individuals at 

high risk for schizophrenia progress to develop the disease, but several important 

questions still need to be addressed before these findings are translated into human 

treatment. For instance, although we did not observe any effect of NAC treatment on 

EPSP suppression in SHAM animals, it should not be assumed that adolescent 

antioxidant treatment is benign. Adolescence is a time of profound cortical development 

during which a variety of manipulations can produce long lasting changes in cortical 

function (Raver et al., 2013; Thomases et al., 2013; Cass et al., 2014). Redox balance can 

influence protein (Lipton et al., 2002) and transcription factor function (Haddad, 2002), 
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so administering antioxidants to individuals without redox deficits could result in 

abnormal cellular and cortical development. Furthermore, it is unclear whether 

antioxidant treatment during adolescence is sufficient to protect high-risk individuals, or 

whether treatment must be continued throughout adulthood. In these experiments, 

animals received no antioxidant treatment for at least 10 days prior to testing, which 

suggests that adolescent treatment may be sufficient. However, NAC treatment improves 

mismatch negativity and reduces the severity of negative symptoms in schizophrenia 

patients (Berk et al., 2008; Lavoie et al., 2008) implying a lifelong presence redox 

imbalance in these individuals. The experiments described here are a first step in 

establishing oxidative stress as a causal factor linking early life insults to adult onset of 

cortical abnormalities. Although more work must be done to understand the mechanisms 

responsible for this link, these experiments suggest developmental oxidative stress as a 

promising target for preventative treatments for schizophrenia.  
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Chapter 4: General Discussion 

 

I. Overview of results 

 

In this dissertation I have provided evidence supporting the hypothesis that 

elevated oxidative stress and a reduction in NMDA receptor signaling in FSI causes 

electrophysiological abnormalities associated with schizophrenia. First, as required by the 

NMDA receptor hypofunction model of schizophrenia, I determined that adult fast-

spiking interneurons express functional NMDA receptors. Furthermore, my data suggests 

that a portion of these NMDA receptors may be located extrasynaptically, and that tonic 

activation of NMDA receptors influences the spiking behavior of FSI. Second, I have 

provided evidence that adolescent oxidative stress causes cortical electrophysiological 

abnormalities observed in the NVHL model of schizophrenia. Given the reciprocal 

interactions between redox state and NMDA receptor signaling, along with their 

hypothesized roles in the development and neuropathology of schizophrenia, these 

represent potentially useful targets in preventing and treating cortical abnormalities in 

schizophrenia. 

 

II. NMDA receptors and adult FSI 

 

A. Lack of local synaptic NMDA 

An important question raised by this dissertation is why, if FSI express functional 

NMDA receptors, we found that they are not recruited by local synaptic stimulation in 
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some cells. One possibility is that this discrepancy is related to the lack of synaptic 

transmission in the acute slice preparation. Compared to the in vivo condition, FSI in 

acute slices receive little neurotransmitter input. It is therefore possible that, in vitro, 

some input which is critical to expression of synaptic NMDA currents is missing. For 

instance, Flores-Barrera et al. recently demonstrated that D1 receptor activation is 

required for activation of GluN2B currents at subset of synapses in adult prefrontal 

cortical pyramidal cells (Flores-Barrera et al., 2014). FSI express receptors for a variety 

of modulatory neurotransmitters, and perhaps a similar co-activation of modulatory 

receptors is required for expression of synaptic NMDA currents in FSI as well.  

 Furthermore, prefrontal cortical FSI receive a number of long-range glutamatergic 

inputs (Tierney et al., 2004; Rotaru et al., 2005; Gabbott et al., 2006). We specifically 

tested NMDA receptor content at local synapses, leaving open the possibility that FSI 

with no discernible synaptic NMDA component in our preparation express NMDA 

receptors at an un-stimulated subset of synapses. Indeed, HP-PFC and BLA-PFC synaptic 

plasticity are differentially regulated by local prefrontal inhibition (Caballero et al., 

2014), supporting the idea of pathway specific recruitment of FSI within the PFC. This 

suggests the possibility of differential glutamate receptor expression at these synapses. As 

cortical-subcortical synchronization is important for normal cognitive function, and a 

lack of synchronization has been implicated in schizophrenia (Sigurdsson et al., 2010; 

Gordon, 2011; Parnaudeau et al., 2013), it will be important to understand the subtleties, 

including possible glutamate receptor expression differences, of synaptic transmission 

from subcortical regions to the prefrontal cortex. With the development of effective light-
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gated ion channels which can be activated by discreet wavelengths of light, studying the 

details of synaptic transmission in these distinct pathways will become feasible. 

B. Extrasynaptic NMDA 

  A third explanation consistent with the data presented here is that FSI express 

extrasynaptic NMDA receptors. These receptors would not be activated by synaptic 

release under normal circumstances, but could be reached by glutamate diffusing out of 

the cleft, or by ambient extrasynaptic glutamate. Functional extrasynaptic NMDA 

receptors have been demonstrated in prefrontal cortical (Lambe and Aghajanian, 2006; 

Chalifoux and Carter, 2011; Oikonomou et al., 2012) and hippocampal (Fellin et al., 

2004; Harney et al., 2008; Papouin et al., 2012; Wu et al., 2012) pyramidal cells, striatal 

medium spiny neurons (MSNs) (Ortinski et al., 2013), and hypothalamic neurosecretory 

neurons (Fleming et al., 2011; Naskar and Stern, 2014) as well as in cerebellar 

interneurons (Clark and Cull-Candy, 2002; Coddington et al., 2013; Nahir and Jahr, 

2013). The seeming ubiquity of extrasynaptic NMDA receptors in systems which have 

been studied supports the likelihood that prefrontal cortical FSI may also express these 

receptors. 

There are several distinct mechanisms which could result in extrasynaptic NMDA 

receptor activation in FSI. Although synaptically released glutamate is typically confined 

to the cleft, under some circumstances it can escape and diffuse to extrasynaptic receptors 

or to neighboring synapses (Asztely et al., 1997; Rusakov and Kullmann, 1998). In 

cerebellar molecular layer interneurons (MLI) for example, NMDA receptors located 

outside of the cleft are untouched by individual synaptic events, and are activated by 

glutamate spillover during periods of high frequency stimulation (Clark and Cull-Candy, 
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2002). Furthermore, this glutamate spillover can allow for dynamic shaping of inhibition 

in surrounding MLI and Purkinje cells based on presynaptic activity state (Coddington et 

al., 2013). Given that prefrontal FSI possess aspiny dendrites (McCormick et al., 1985; 

Ascoli et al., 2008), NMDA receptors located on dendritic shafts of these cells are likely 

to be less isolated from synaptic contacts compared to those on spiny dendrites, perhaps 

facilitating activity dependent glutamate spillover to extrasynaptic receptors in these 

cells.  

Furthermore, extrasynaptic, ambient glutamate concentration may be dynamically 

regulated by astrocytic glutamate transporters and exchangers such as the cystine-

glutamate exchanger (Melendez et al., 2005). In hippocampal pyramidal cells, ambient 

glutamate can regulate excitability (Sah et al., 1989), and bind to dendritic shaft NMDA 

receptors which are activated upon depolarization induced by back-propagating action 

potentials (Wu et al., 2012). Given that FSI display sustained periods of high frequency 

firing, a similar mechanism for relieving Mg2+ block of shaft NMDA receptors is 

plausible, although large dendritic K+ channel conductances seem to restrict the spread of 

back-propagating action potentials to proximal dendrites (Goldberg et al., 2003). Within 

the adolescent PFC, FSI exhibit tonic NMDA currents when Mg2+ block is relieved 

(Povysheva and Johnson, 2012) as one would predict if ambient glutamate was bound to 

extrasynaptic receptors. Although in vitro data, including data presented in this 

dissertation, supports the possibility that ambient glutamate modulates FSI activity, it is 

difficult to determine the extent to which this phenomenon occurs in vivo.  

Another possibility is that extrasynaptic NMDA receptors on FSI may be 

activated by astrocytic glutamate release. There is mounting evidence that astrocytes 
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package glutamate into vesicles to be released in response to neurotransmitter induced Gq 

signaling and elevation of intracellular Ca2+, and that this can influence the activity of 

neurons (Bowser and Khakh, 2007; Lee et al., 2007; Fleming et al., 2011; Araque et al., 

2014), however, the ubiquity and mechanisms of this phenomenon remain controversial. 

Under some conditions glutamate release can be triggered by intracellular Ca2+ uncaging, 

but not by Gq mediated release of endogenous Ca2+ stores (Wang et al., 2013a). 

Furthermore, hippocampal LTP, which is modulated by uncaging-induced astrocytic 

glutamate release, is not altered in knockout mice with no functional astrocytic Gq 

signaling (Agulhon et al., 2010). Conversely, visual cortical astrocytes exhibit Ca2+ 

responses during visual stimulation, and orientation tuning of both pyramidal cells and 

interneurons can be influenced by Ca2+ dependent astrocytic glutamate release (Perea et 

al., 2014). Thus, it remains possible that prefrontal cortical FSI are modulated by 

astrocytic signaling via extrasynaptic NMDA receptors, but given the complex regional 

and stimulation-specific requirements of astrocytic glutamate release, its role in 

activation of FSI NMDA receptors is far from clear. 

In summary, our data is consistent with the possibility that FSI express functional 

extrasynaptic NMDA receptors. Based previous reports, and what we have found, it 

seems likely that if FSI do express these receptors, they are preferentially recruited during 

periods of heightened activity to increase inhibition within the PFC. However, we have 

not conclusively demonstrated the presence of these receptors, and a variety of 

mechanisms underlying their activation remain possible and untested. Extrasynaptic 

glutamate signaling via NMDA receptors is a potentially important mode of signaling 
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within the prefrontal cortex, but more work must be done in order to test its existence and 

importance. 

C. FSI NMDA receptors and gamma generation 

It has been hypothesized that rhythmic firing of fast-spiking interneurons is 

necessary for the generation of gamma oscillations (Buzsáki et al., 1983; Whittington et 

al., 2000), and this is supported by experiments which selectively modulate the activity of 

these cells (Cardin et al., 2009; Sohal et al., 2009). In vivo studies have demonstrated that 

non-competitive NMDA receptor antagonists increase EEG gamma power in rodents 

(Sullivan et al., 2014) and humans (Hong et al., 2010). Furthermore, computer modeling 

experiments which manipulate NMDA receptor content at pyramidal cell synapses onto 

FSI indicate that as NMDA currents at these synapses are reduced, oscillatory power in 

the gamma band increases (Rotaru et al., 2011), suggesting an inverse relationship 

between synaptic FSI NMDA currents and gamma power. This increased propensity of 

FSI without synaptic NMDA to generate gamma has been used to rationalize the 

observation that FSI express minimal synaptic NMDA currents compared to pyramidal 

cells, and argue that hypofunctional NMDA receptors on FSI are unlikely to cause the 

cortical and cognitive disturbances associated with schizophrenia (Rotaru et al., 2011, 

2012).  

Based on experiments showing that perceptual and cognitive task performance is 

associated with generation of gamma power (Uhlhaas et al., 2009; Bosman et al., 2014), 

it is sometimes implied that conditions which favor gamma generation also favor 

successful cognition. Importantly, this is not always the case. It is well known that 

NMDA receptor antagonists which increase gamma power (Hong et al., 2010; Sullivan et 
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al., 2014), perhaps via preferential block of NMDA receptors on FSI (Homayoun and 

Moghaddam, 2007; Carlén et al., 2012), also impair cognitive performance (Malhotra et 

al., 1996; Rowland et al., 2005). Furthermore, selective ablation of NMDA receptors on 

PV+ interneurons increases cortical and hippocampal gamma while simultaneously 

reducing location-related information carried by hippocampal place cells and impairing 

cognitive performance (Korotkova et al., 2010; Carlén et al., 2012). Thus it seems that 

NMDA signaling in FSI, even if not optimal for generation of gamma power, is necessary 

for the function of cortical circuits and cognition.  

Our data support this idea, indicating that while NMDA receptors contribute less 

to local excitatory events in FSI compared to pyramidal cells, mPFC FSI continue to 

express functional NMDA receptors in the adult rat. Furthermore, we found that tonic 

activation of NMDA receptors depolarizes FSI and increases their spiking in response to 

both somatic current injection and synaptic stimulation. This suggests a scenario in which 

NMDA signaling, either through synaptic or extrasynaptic receptors influences the 

proximity of FSI to spiking threshold on a slower time scale, while faster, AMPA-

mediated synaptic events are the primary drivers of the precise spike-timing necessary for 

gamma generation. 

D. NMDA hypofunction and disinhibition 

 The data presented in Chapter 1 of this dissertation are consistent with the 

hypothesis that hypofunctional NMDA receptors on FSI contribute to the cortical 

disinhibition observed in schizophrenia, and that preferential inhibition of FSI might 

underlie the psychotomimetic effects of non-competitive NMDA antagonists like PCP. 

An unanswered question is why FSI activity might be particularly vulnerable to NMDA 
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receptor block and hypofunction. One clue can be found in the current/spike frequency 

relationships for FSI and pyramidal cells. FSI display a steep relationship between 

current and spiking frequency meaning that very small changes in membrane current lead 

to large changes in the number of action potentials generated. In pyramidal cells this 

relationship is comparatively shallow (McCormick et al., 1985; La Camera et al., 2006). 

Thus, even a small reduction of NMDA current in FSI could produce a large change in 

activity.  

It has been hypothesized that NMDA receptor channel blockers might 

preferentially block receptors on FSI for several reasons. First, the elevated activity and 

depolarized baseline of FSI compared to pyramidal cells may increase the time during 

which their NMDA channels are open and free to be blocked. Furthermore, FSI likely 

express GluN2C containing NMDA receptors which are relatively insensitive to Mg2+ 

block (Monyer et al., 1994; Xi et al., 2009). These receptors may be especially sensitive 

to the action of NMDA channel blockers as their voltage profile would increase the time 

during which they open to be blocked over other NMDA receptor subtypes with stronger 

Mg2+ block (Monyer et al., 1994). Additionally, channel blockers like ketamine which 

show no subunit selectivity in zero Mg2+ preferentially block 2C/D containing over 2A/B 

containing receptors in physiological (1 mM) Mg2+. This is likely due to reduced 

competition from Mg2+ for binding in the channel (Kotermanski and Johnson, 2009). Our 

data supports the possibility that the cortical disinhibition produced by NMDA receptor 

channel blockers and observed in schizophrenia may be due to a reduction in NMDA 

signaling in FSI, as the activity of these cells continues to be powerfully influenced by 

NMDA receptor activation in adulthood. 
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III. Oxidative stress in schizophrenia 

 

For some time, it has been recognized that schizophrenia is likely to be a 

developmental disorder (Weinberger, 1987; O’Donnell, 2011), but the mechanisms which 

underlie development of the disease remain unclear. One emerging hypothesis is that 

oxidative stress may play a critical role in schizophrenia (Behrens and Sejnowski, 2009; 

Do et al., 2009), however this has yet to be fully tested. Here, using the NVHL model of 

schizophrenia, we determined that an early developmental insult can induce oxidative 

stress in cortical FSI and pyramidal cells. Reduced parvalbumin expression, impaired 

dopaminergic modulation of interneuron-pyramidal cell interactions, and reduced PPI in 

NVHL animals are prevented by juvenile antioxidant treatment indicating a causal role 

for oxidative stress in these disruptions. Together with the observation that oxidative 

stress is present in several other animal models of schizophrenia (Lanté et al., 2007; Jiang 

et al., 2013; Johnson et al., 2013), this supports the idea that adolescent oxidative stress 

may cause cortical deficits which result in schizophrenia. 

A. Cause of oxidative stress 

An important question which our experiments do not fully address is the root 

cause of oxidative stress in NVHL animals, and why PV interneurons may be especially 

vulnerable. As the ventral hippocampus sends glutamatergic projections to the PFC (Jay 

and Witter, 1991; Dégenètais et al., 2003), and adult lesions of the ventral hippocampus 

do not recapitulate behavioral and electrophysiological effects of the NVHL (Lipska et 

al., 1993; O’Donnell et al., 2002), it is likely that oxidative stress in the NVHL is due to a 

reduction in hippocampal innervation of the PFC during an early critical period in 
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development. Supporting this interpretation, transient neonatal ventral hippocampal 

inactivation produces many of the same effects as the NVHL (Lipska et al., 2002).  

Oxidative stress is generated by an imbalance between reactive oxygen species 

production and the antioxidant effects of molecules such as GSH (Do et al., 2009). 

Superoxide, thought to be the primary cellular ROS, is produced primarily by 

mitochondria during cellular respiration, and can react with other molecules to produce 

other reactive oxygen species (Valko et al., 2007). Notably, our data indicated a strong 

presence of oxidative stress in PV interneurons, particularly during adolescence. As cells 

with high metabolic demand are especially prone to ROS generation (Wang and 

Michaelis, 2010), and FSI are very active cells, there reason to believe that FSI may 

generate high levels of ROS and be particularly sensitive to impairments in antioxidant 

defense.  

Perineuronal nets protect FSI from oxidative damage (Cabungcal et al., 2013b). 

Here, we observed a reduction of FSI-associated PNNs in NVHL animals that was 

reversed by NAC treatment. The rescue by NAC suggests that PNN reduction does not 

cause the development of oxidative stress, and rather is a product of it. Furthermore, the 

reduction of PNNs surrounding FSI may exacerbate the effect of ROS on these cells. 

Development of PNNs depends on neuronal activity (McRae et al., 2007; Nakamura et 

al., 2009), and is thought to coincide with functional maturation of FSI (Celio et al., 

1998). As suggested by similarities between cortical function in adult NVHL animals and 

adolescent animals (Tseng and O’Donnell, 2007b; Tseng et al., 2008) with no 

developmental insult, it is possible that by reducing hippocampal innervation of the PFC 

during a critical period, the NVHL prevents maturation of FSI through some combination 
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of altered neurotransmitter and trophic factor release, in turn reducing PNN formation. 

This, combined with their high activity level, would result in FSI that are especially 

vulnerable to oxidative damage, further explaining the prevalence of oxidative stress in 

that cell population. 

Given that oxidative stress is the result of an imbalance between ROS production 

and antioxidant buffering, insults which impact either of these processes could produce 

oxidative stress. Reduction of cortical NMDA signaling represents a possible “hub” for 

these alterations. Blockade of NMDA receptors increases the concentration of cortical 

free radicals (Zuo et al., 2007), perhaps due to increased metabolic demand produced by 

disinhibition and elevated cortical glutamate concentration (Moghaddam et al., 1997; 

Homayoun and Moghaddam, 2007). Furthermore, synaptic NMDA receptor signaling 

contributes to neuronal antioxidant defense (Papadia et al., 2008), suggesting that in 

NVHL animals, reduced cortical NMDA receptor activation may simultaneously increase 

ROS generation and decrease cellular antioxidant capabilities. Supporting a role for 

reduced NMDA signaling in the generation of PV cell abnormalities we observed, 

NMDA receptor antagonists decrease PV expression via elevation of NADPH-oxidase 

and superoxide (Behrens et al., 2007) and ablation of NMDA receptors on cortical PV 

cells increases their susceptibility to oxidative stress (Jiang et al., 2013). As NMDA 

receptor currents are modulated by redox state (Köhr et al., 1994; Choi et al., 2001; 

Steullet et al., 2006), it is possible that reduced NMDA signaling early in development 

increases cortical oxidative stress, which in turn further inhibits NMDA signaling. 

Another possibility is that the NVHL induces an inflammatory response which 

produces oxidative stress in cortical neurons (Bitanihirwe and Woo, 2011). Supporting 
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this, neonatal hippocampal immune activation results in many of the same phenotypes as 

the NVHL (Feleder et al., 2010), and maternal immune activation alters GSH function 

and produces several schizophrenia-related phenotypes which are reversed by antioxidant 

treatment (Lanté et al., 2007). Indeed, neuroinflammation can result in redox 

dysregulation (Do et al., 2009), and some of the deleterious effects of NMDA receptor 

antagonists on FSI are linked to production of the inflammatory cytokine interleukin-6 

(IL-6) (Behrens et al., 2007, 2008). Furthermore, the transcription factor nuclear factor 

κB, which is important for regulating many pro-inflammatory cytokines, is regulated by 

oxidative state (Haddad, 2002). While the data presented here support the possibility that 

developmental oxidative stress causes cortical and behavioral abnormalities associated 

with schizophrenia, more work will is needed to determine the mechanism or 

mechanisms that result in elevated oxidative stress in the NVHL and other models of 

schizophrenia. 

B. Results of oxidative stress 

While we determined that oxidative stress causes many of the deficits observed in 

the NVHL model of schizophrenia, our experiments do not explain how these deficits 

arise. One possibility is that oxidative stress causes DNA damage which results in 

abnormal gene expression in the developing and adult brain (Bitanihirwe and Woo, 

2011). Oxidative damage to the promoter region of genes within the human cortex leads 

to reduced expression of damaged genes, and indeed promoter regions may be 

particularly sensitive to oxidative stress (Lu et al., 2004) and insensitive to DNA repair 

(Tu et al., 1996). Furthermore, oxidative stress can induce chromatin dismantling, 

rearrangement of chromatin loops, and genetic deletions resulting from the DNA repair 
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process (Konat, 2003). Given that oxidative stress peaks during adolescence and declines 

into adulthood in NVHL animals, this is an attractive mechanism. Typical neurons have 

very long life-spans, so oxidative DNA damage incurred early in development could 

result in altered gene expression and neural function throughout the life of an organism, 

even after oxidative stress itself subsided (Bitanihirwe and Woo, 2011).  

During normal adolescent development, white matter volume and long range 

synchrony neural activity increase. These changes are thought to be important for the 

development of normal adult cognition (Nagy et al., 2004; Uhlhaas et al., 2009). Long-

range synchrony and white matter deficits have been reported in schizophrenia (Lim et 

al., 1999; Agartz et al., 2001; Uhlhaas et al., 2006), and it has been suggested that these 

deficits may be important for some of the cognitive deficits associated with the disease 

(Uhlhaas and Singer, 2010). Although the possibility of long-range synchrony deficits 

has not been explored in NVHL animals, other animal models of schizophrenia do 

display these deficits (Sigurdsson et al., 2010), and they may also in the NVHL. As 

oligodendrocyte-mediated myelination is sensitive to oxidative stress (Back et al., 1998; 

Smith et al., 2000), elevated oxidative stress during adolescence may prevent the 

increases in myelination observed during adolescence, and ultimately impair neural 

communication. 

In addition to producing long term changes through DNA damage and alterations 

in myelination, oxidative stress may also acutely modify cellular function. The activation 

of several transcription factors is known to be modulated by oxidative state (Haddad, 

2002), and modification of cysteine residues by redox state can regulate the function of a 

variety of proteins including NMDA receptors (Köhr et al., 1994; Choi et al., 2001; 
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Lipton et al., 2002). Furthermore, mitochondria, the major producers of ROS may be 

especially vulnerable to oxidative damage due to the high levels of ROS they encounter. 

As mitochondrial function is crucial for ATP generation, cellular ATP production may be 

reduced by mitochondrial damage, acutely impairing neuronal function (Wang and 

Michaelis, 2010). Given that neuronal function is highly dependent on ATP, a reduction 

in ATP production could lead to severe dysfunction through diminished membrane 

potential due to reduced Na+/K+ pump activity (Rodríguez et al., 2014) or through 

impairment of other critical neuronal processes. Thus, in addition to directly producing 

long-term cellular deficits, elevated oxidative stress during juvenile and adolescent 

periods could produce acute changes in cellular function which result in lasting 

alterations in cortical development.   

C. Critical periods of oxidative stress 

In the majority of experiments conducted here, animals were treated with 

antioxidants from P5 through P50, and deficits associated with the NVHL were rescued 

at P60 and older. That juvenile and adolescent treatment rescues adult deficits in the 

NVHL suggests that the deleterious effects of oxidative stress primarily occur during 

these developmental periods rather than during adulthood. Indeed, oxidative stress was 

elevated at P21 compared to P60 in NVHL animals, supporting the idea oxidative stress 

critically alters cortical maturation during development. In many ways including reduced 

PV expression, lack of PNN formation, and altered modulation by dopamine, the 

prefrontal cortex in NVHL animals resembles an adolescent PFC (Tseng and O’Donnell, 

2007b; Tseng et al., 2008). This suggests that developmental oxidative stress, through 
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mechanisms such as changes in protein expression or function, alters cortical function in 

a manner that stunts development.  

To further understand the effect of oxidative stress during different periods of 

development, we treated a subset of animals with antioxidants from P35 to P50. Similar 

to combined juvenile and adolescent treatment, antioxidants during adolescence alone 

alleviated PPI deficits in NVHL animals, pointing to adolescence as a critical period for 

the deleterious effects of cortical oxidative stress. This is not entirely unexpected as the 

cortex is actively acquiring many adult characteristics during this time period (Tarazi and 

Baldessarini, 2000; Tseng and O’Donnell, 2005, 2007b; Hashimoto et al., 2009b; 

Uhlhaas et al., 2009; Wang and Gao, 2009), and a variety of adolescent insults (Cass et 

al., 2013, 2014; Raver et al., 2013) including NMDA receptor blockade (Thomases et al., 

2013) alter adult cortical function in a manner consistent with dysfunctional interneuron-

pyramidal cell interactions. Thus, reducing developmental oxidative stress through 

antioxidant treatment prior to the onset of schizophrenia may reduce the likelihood that 

high-risk individuals go on to develop the disease. 

Although our study focused on the developmental contribution of oxidative stress 

to cortical dysfunction in schizophrenia, we also observed increased cortical oxidative 

stress in adult NVHL animals, and there is evidence that adult oxidative stress may 

contribute to the disease. Indeed, a double-blind, randomized, placebo-controlled trail 

found that NAC treatment, in conjunction with prescribed antipsychotic medication, 

reduced the severity of negative symptoms in schizophrenia patients (Berk et al., 2008). 

Furthermore, NAC also improves MMN deficits seen in schizophrenia patients (Lavoie et 

al., 2008). As impaired MMN has been associated with reduced NMDA receptor function 
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(Umbricht et al., 2000) and is predictive of general functional status (Light and Braff, 

2005a, 2005b), this supports the idea that antioxidant treatment may be beneficial to 

patients with schizophrenia in addition to those at risk of developing the disease. Given 

that adult NVHL animals exhibit cortical oxidative stress, albeit at lower levels than in 

adolescence, the NVHL may also be useful in understanding how adult oxidative 

contributes to the pathophysiology of schizophrenia. 

 

IV. NMDA hypofunction, oxidative stress and schizophrenia 

 

The work that I have presented here supports the hypothesis that NMDA receptor 

hypofunction in fast-spiking interneurons may be linked to oxidative stress, and 

ultimately to dysfunction of FSI in schizophrenia. The possibility that NMDA receptor 

hypofunction in FSI causes some aspects of schizophrenia has been questioned recently 

based on evidence that NMDA receptors contribute less to excitatory synaptic events in 

FSI than in pyramidal cells (Rotaru et al., 2011, 2012). Here I replicated that finding 

while providing evidence that all FSI within the adult mPFC express functional NMDA 

receptors. This suggests that even in the absence of strong synaptic NMDA responses, 

NMDA hypofunction in FSI could reduce their activity and produce cortical 

disinhibition. Furthermore, I found that oxidative stress is present in cortical FSI in the 

NVHL model of schizophrenia, and that reduction of oxidative stress with juvenile 

antioxidant treatment prevents the development of many abnormalities associated with 

the NVHL.  
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Although considerable indirect evidence, including the psychotomimetic effects 

of NMDA receptor channel blockers (Luby et al., 1959; Krystal et al., 1994) and 

psychotic symptoms associated with anti-NMDA receptor encephalitis (Kuppuswamy et 

al., 2014) support the possibility that NMDA receptor hypofunction causes some 

symptoms of schizophrenia, a mechanistic explanation for such a phenomenon has been 

lacking. The recent understanding that NMDA receptors both modulate, and are 

modulated by cellular redox balance (Köhr et al., 1994; Lipton et al., 2002; Steullet et al., 

2006; Behrens et al., 2007; Papadia et al., 2008) provides an explanation for how NMDA 

hypofunction could arise. The work here furthers that understanding by identifying a 

causal role for oxidative stress in an animal model of schizophrenia, and determining 

that, as required by the NMDA hypofunction model, adult cortical FSI do express 

functional NMDA receptors. 

Our findings suggest several treatment possibilities. For some time, there has been 

interest in identifying individuals at very high risk of schizophrenia, and in developing 

treatments to reduce the likelihood of full development of the disease (Miller et al., 1999; 

Klosterkötter et al., 2001; Schultze-Lutter et al., 2014). Our identification of adolescent 

oxidative stress as a causal factor in aberrant cortical development in the NVHL model 

suggests that individuals at high risk for schizophrenia may benefit from prodromal 

antioxidant treatment. With this idea in mind, it is important to note that as proper redox 

balance is essential for the normal function of many proteins (Haddad, 2002; Lipton et 

al., 2002), antioxidant treatment may be harmful to individuals with normal antioxidant 

function. Thus, before prophylactic antioxidant treatment is attempted, it will be 

important to develop criteria to identify individuals for whom treatment may be 
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beneficial. Furthermore, our observation that tonic activation of NMDA receptors on 

adult FSI can powerfully modulate their activity, suggests that targeting these receptors 

may provide a means to boost cortical FSI activity and enhance cortical inhibition in 

schizophrenia. As FSI, unlike other cortical neurons, may express NMDA receptors 

containing the GluN2C subunit (Monyer et al., 1994; Xi et al., 2009), it is plausible that 

an FSI-selective NMDA receptor agonist or positive allosteric modulator could be 

developed. Work in this dissertation has highlighted NMDA receptor signaling and 

adolescent oxidative stress in FSI as potentially important mediators of the pathogenesis 

and pathophysiology of schizophrenia. Further investigation of these processes may 

prove useful in the search for treatments which can ameliorate cognitive deficits in 

schizophrenia, or even prevent development of the disease.  
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Appendix I: Juvenile antioxidant treatment prevents adult deficits in a 

developmental model of schizophrenia3 

I. Introduction 

 

Developmental insults can yield adolescent or adult brains with heightened 

vulnerability to deleterious environmental factors, an interaction likely to play a role in 

neuropsychiatric disorders of adolescent onset (O’Donnell, 2011). Despite intense 

research efforts, we still do not understand the mechanisms that could link genetic risk 

and early developmental disturbances with adult deficits. Among the hypotheses being 

advanced, oxidative stress stands out as a strong possible mechanism (Do et al., 2009; 

O’Donnell, 2012a; Cabungcal et al., 2013b). This idea is supported by the observation of 

various polymorphisms in genes encoding glutathione (GSH) synthesis conferring risk 

for schizophrenia (Tosic et al., 2006; Gysin et al., 2007). GSH, the most abundant 

endogenous antioxidant, is responsible for maintaining cellular oxidative balance (Do et 

al., 2009). Decreased GSH levels have been observed in peripheral tissues, cerebrospinal 

fluid, and postmortem brains of schizophrenia patients (Do et al., 2009; Gawryluk et al., 

2011; Yao and Keshavan, 2011), and the GSH precursor N-acetyl cysteine (NAC) 

increases peripheral GSH levels and improves neurophysiological deficits in patients 

(Berk et al., 2008; Lavoie et al., 2008; Carmeli et al., 2012). Furthermore, brain GSH 

levels assessed with magnetic resonance spectroscopy are decreased in the prefrontal 

cortex (PFC) of patients with schizophrenia (Do et al., 2000). However, while mounting 

                                                
3 Cabungcal J-H, Counotte DS, Lewis EM, Tejeda HA, Piantidosi P, Pollock C, Calhoon GG, Sullivan 
EM, Presgraves E, Kil J, Hong LE, Cuenod M, Do KQ, O’Donnell P. 
As published in Neuron (2014). 
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evidence does suggest a role of oxidative stress in schizophrenia, the time course and 

neural substrates of oxidative stress induced by developmental disturbances are not well 

understood, and whether oxidative stress is causal to behavioral deficits remains to be 

determined. 

Several rodent models have been designed to test possible developmental 

pathophysiological scenarios in major psychiatric disorders. Mice with GSH deficit or 

mitochondrial dysfunction, for example, show schizophrenia-related electrophysiological, 

morphological, and behavioral anomalies (Steullet et al., 2010). As these deficits are 

reversed with NAC (Otte et al., 2011; Cabungcal et al., 2013a), GSH is likely critical for 

proper postnatal brain maturation. Another example is the latent neuropathological 

alteration induced by maternal immune activation, which becomes evident when 

combined with juvenile social isolation (Giovanoli et al., 2013). A widely used tool to 

assess developmental trajectories of adult-onset prefrontal cortical deficit is the neonatal 

ventral hippocampal lesion (NVHL). This procedure yields adult animals with PFC-

dependent electrophysiological, neurochemical, and behavioral anomalies related to 

phenomena observed in schizophrenia, all of which emerge during adolescence (Tseng et 

al., 2009; O’Donnell, 2011). Of note, NVHL rats show altered prefrontal inhibitory 

interneuron maturation during adolescence (Tseng et al., 2008), highlighting this as a 

model of developmentally induced, late-onset alterations in prefrontal cortical excitation-

inhibition balance. The NVHL is therefore a useful tool to test whether oxidative stress is 

responsible for adult deficits in a model that does not directly manipulate GSH or alter 

redox status, which is important to determine whether oxidative stress is a consequence 

of developmental cortical deficits. Here, we tested whether antioxidant treatment with 
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NAC during juvenile and adolescent periods affects maturation of NVHL rats; the aim 

was to assess whether restoring redox balance prevented adult deficits in a 

developmentally compromised brain. 

 

II. Methods 

 

A. Animals 

Timed-pregnant Sprague-Dawley rats were obtained at gestational days 13-15 

from Charles River (Wilmington, MA) and were individually housed with free access to 

food and water in a temperature- and humidity-controlled environment with a 12:12h 

light/dark cycle (lights on at 7:00 AM). When pups reached P5, half of the dams received 

NAC in their drinking water. Pups were left undisturbed until P7-9 when healthy 

offspring were randomly separated and received either NVHL or sham surgery. At P21, 

male and female pups were either transcardially perfused with 4% paraformaldehyde for 

immunocytochemistry or weaned and housed in groups of two to three, counterbalanced 

across lesion status. NAC treatment lasted throughout adolescence until P50. After 

reaching adulthood (>P60), animals were either perfused with 4% paraformaldehyde for 

immunocytochemistry, perfused with artificial cerebrospinal fluid (aCSF) for slice 

electrophysiology, utilized for in vivo intracellular recordings, or tested for PPI or MMN. 

All experiments were approved by the University of Maryland School of Medicine 

Institutional Animal Care and Use Committee. 
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B. Neonatal ventral hippocampal lesion surgery 

Between P7 and P9, pups (15-20 g) received either an excitotoxic lesion of the 

ventral hippocampus (NVHL) or sham procedure, as previously described (Chambers and 

Lipska, 2011). Pups were anesthetized with hypothermia and secured to a Styrofoam 

platform attached to a stereotaxic frame (David Kopf Instruments, Tujunga, CA). NVHL 

rats received a bilateral infusion of ibotenic acid (10 µg/µl in aCSF, 0.3 µl/side; Tocris, 

Minneapolis, MN) into the ventral hippocampus (3 mm rostral to Bregma, 3.5 mm lateral 

to midline, and 5 mm from surface) at a rate of 0.15 µl/min. Sham surgeries were done in 

exactly the same fashion, but the guide cannula was lowered only 3 mm and without any 

liquid infusion to control for the surgical procedure while avoiding hippocampal damage. 

After the surgery, wounds were clipped and when pups activity level had returned to 

normal, they were returned to their dams and remained undisturbed until the wound clips 

were removed and rats weaned at P21.  

In all rats, lesions were verified by sectioning (40 µm) the dorsal and ventral 

hippocampus using a freezing microtome. Sections were mounted on glass slides and 

Nissl stained. The hippocampus was examined microscopically for evidence of bilateral 

damage, which typically included cell loss, thinning, gliosis, cellular disorganization and 

enlarged ventricles (Chambers and Lipska, 2011). 

C. Antioxidant pretreatment regimen 

NAC (BioAdvantexPharma, Mississauga, Ontario, Canada) was administered in 

the drinking water at 900 mg/l. NAC treatment started at P5 or at P35, and previous work 

in mice has shown that NAC consumed by the dam is transmitted to the pups through her 

milk (das Neves Duarte et al., 2012). NAC treatment ended at P50. Fresh solutions were 
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prepared every 2-3 days. Ebselen (Sound Pharmaceuticals Inc., Seattle, WA) was 

administered i.p. 5 days a week starting at P35 until the day of PPI testing (P60). Stock 

ebselen solution (20 mg/ml DMSO, frozen aliquots) was diluted 1:5 in sterile water and 

administered at a dose of 10 mg/kg. Control animals received an equivalent concentration 

of DMSO diluted 1:5 in water. Apocynin (Sigma-Aldrich, St. Louis, MO) was 

administered in the drinking water at a target dose of 100 mg/kg (Nwokocha et al., 2013). 

Prior to weaning at P21, drinking water contained a dose of 2 g apocynin per 0.5 l of 

water, to ensure delivery through the dam’s milk. Apocynin concentration was lowered 

after weaning to 750 mg/l to best approximate the target dose. Treatment lasted from P5 

to P50 with fresh solutions prepared every other day. 

D. Immunohistochemistry and stereological quantification.  

A total of 18 (P21) and 25 (P61) male rats were anesthetized, perfused and their 

brains fixed as previously described (Cabungcal et al., 2006). Coronal sections (40 µm) 

were used to investigate the inhibitory circuitry of anterior cingulate cortex (ACC). Brain 

sections were immunolabeled for parvalbumin (PV) as described previously (Steullet et 

al., 2010). PV-immunoreactive cell (cell bodies) count was quantified in ACC using the 

StereoInvestigator 7.5 software (MBF Bioscience Inc, Williston, VT, USA). Briefly, 

stereological counting started with low magnification (x2.5 objective) to identify and 

delineate the boundaries of the region of interest (ROI) on 2-4 consecutive sections from 

each animal. The ACC (at Bregma approximately 0.70-1.70 mm) was delineated from the 

secondary motor (M2) cortical regions following the anatomical cytoarchitectonic areas 

given by Paxinos and Watson (Paxinos and Watson, 1998). The selected region of 

interest (ROI) included the majority of the cingulate cortex area 1 (cg1) and part of 
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cingulate cortex area 2 (cg2). A small intermediate allowance was set between ACC and 

M2 regions to ensure that the ROI in ACC did not overlap with the secondary motor 

cortex. A counting box (optical dissector) within the section thickness and sampling 

frames adapted to ACC were used to analyze and count neurons (Schmitz and Hof, 

2005). The counting boxes (40 x 40 µm with 15 µm in depth) were placed by the 

software in each sampling frame starting from a random position inside the ROI of the 

ACC. Counting was carried out using higher magnification (x40 objective). PV cells 

were counted when they were in focus at the surface of the box until out of focus at 15-

µm depth of the counting box. A 5-µm guard zone was used to distance from artifacts 

that can be influenced by tissue shrinkage due to the immunopreparation processing. We 

used 25 counting frames in the ROI volume of the ACC for P21 and P61 rats.  

E. Immunofluorescence staining, confocal microscopy and image analysis  

Oxidative stress was visualized using an antibody against 8-oxo-7, 8-dihydro-20-

deoxyguanine (8-Oxo-dG), a DNA adduct formed by the reaction of OH radicals with the 

DNA guanine base (Kasai, 1997). Because of the proximity of the electron transport 

chain, mitochondrial DNA is prone to oxidative damage: levels of oxidized bases in DNA 

and levels of 8-oxo-dG are higher in mitochondria than in the nucleus. To assess 8-oxo-

dG and 3-Nitrotyrosine (3NT) labeling in various types of interneurons, coronal sections 

between Bregma 0.70-1.70 mm were incubated for about 36 hours with rabbit polyclonal 

anti-PV, anti-calbindin-28k (anti-CB), or anti-calretinin (anti-CR) (1:2500; Swant, 

Bellinzona, Switzerland) primary antibodies together with the mouse monoclonal anti-8-

oxo-dG (1:350; AMS Biotechnology, Bioggio-Lugano, Switzerland) primary antibody or 

mouse monoclonal anti-nitrotyrosine (1:1000; Chemicon International, Temecula, USA) 
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primary antibody. To enable visualization of the PNN that surrounds PV cells, sections 

were incubated in a solution containing the biotin-conjugated lectin Wisteria floribunda 

agglutinin (WFA) (Härtig et al., 1994). Sections were first incubated with PBS + Triton 

0.3% + sodium azide (1 g/l) containing 2% normal horse serum, followed by 36-hour 

incubation with rabbit polyclonal anti-PV (1:2500) and biotin conjugated-WFA (1:2000; 

Sigma). Sections were washed, incubated with appropriate fluorescent secondary 

antibodies (goat anti-mouse immunoglobulin G (1:300; Alexa Fluor 488; Molecular 

Probes, Eugene, Oregon), anti-rabbit immunoglobulin G (1:300; CY3; Chemicon 

International, Temecula, California), CY2-Streptavidin conjugate (1:300; Chemicon), and 

counterstained with 100 ng/ml DAPI (4’-6-diamidino-2-phenylindole; Vector 

Laboratories, California, USA). Sections were visualized with a Zeiss Confocal 

Microscope equipped with x10, x20, x40 and x63 Plan-NEOFLUAR objectives. All 

peripherals were controlled with LSM 510 software (Carl Zeiss AG, Switzerland). Z 

stacks of 9 images (with a 2.13 µm interval) were scanned (1024 x 1024 pixels) for 

analysis in IMARIS 7.3 software (Bitplane AG, Switzerland). All images of Z stacks 

were filtered with a Gaussian filter tool to remove unwanted background noise and 

sharpen cell body contours. An ROI as defined in the stereological procedure was created 

in ACC. The ROI was masked throughout the Z stacks to isolate regional subvolumes of 

the ACC in which PV-, CB-, and CR-expressing interneurons were analyzed. To quantify 

8-oxo-dG, the staining intensity and number of labelled voxels within the ROI were 

measured. To quantify 8-oxo-dG in PV-, CB- and CR-cells, we used the Coloc module of 

the IMARIS software to calculate the proportion of all PV-immunolabeled voxels 

(respectively, CB- and CR-immunolabeled voxels), which were also 8-oxo-dG-
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immnolabeled. Coloc gives the count of colocalized voxels between the immunolabeled 

profiles of interest. To quantify the number of PV immunoreactive neurons surrounded 

by PNN, we used the spots module to assign spot markings on profile-labelled voxels that 

fall within a given size. The channels for PV and WFA immunolabeling were chosen, and 

profile size criterion (>9 and 4 µm, respectively) was defined to quantify labelled profiles 

above these sizes. Spots generated for PV that contacted and/or overlapped with spots 

generated for WFA were considered as those PVI surrounded by PNN (WFA-positive 

PVI).  

F. Slice electrophysiology 

Starting at P60, male rats were anesthetized with chloral hydrate (400 mg/kg, i.p.) 

15 min before being decapitated. Brains were quickly removed from the skull into ice-

cold artificial CSF (aSCF) oxygenated with 95% O2-5% CO2 and containing the 

following (in mM): 125 NaCl, 25 NaHCO3, 10 glucose, 3.5 KCl, 1.25 NaH2PO4, 0.1 

CaCl2 and 3 MgCl2, pH 7.45 (295-300 mOsm). Coronal slices (300 µm thick) containing 

the medial PFC were obtained with a vibratome in ice-cold aCSF and incubated in warm 

(~35°C) aCSF solution constantly oxygenated with 95% O2-5% CO2 for at least 45 min 

before recording. The recording aCSF (with 2 CaCl2 and 1 MgCl2) was delivered to the 

recording chamber with a pump at the rate of 2 ml/min. 

Patch electrodes (7-10 MΩ) were obtained from 1.5 mm borosilicate glass 

capillaries (World Precision Instruments) with a Flaming-Brown horizontal puller (P97; 

Sutter Instruments) and filled with a solution containing 0.125% Neurobiotin and the 

following (in mM): 115 K-gluconate, 10 HEPES, 2 MgCl2, 20 KCl, 2 MgATP, 2 Na2-

ATP, and 0.3 GTP, pH 7.25-7.30 (280-285 mOsm). Quinpirole (5 µM, Tocris) was 
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freshly mixed into oxygenated recording aCSF every day before an experiment. Both 

control and drug-containing aCSF were oxygenated continuously throughout the 

experiments. 

All experiments were conducted at 33-35°C and prelimbic or ACC PFC 

pyramidal cells from layer V were identified under visual guidance using infrared (IR) 

differential interference contrast video microscopy with a 40X water-immersion objective 

(Olympus BX-51WI). The image was detected with an IR-sensitive CCD camera and 

displayed on a monitor. Whole-cell current-clamp recordings were performed with a 

computer-controlled amplifier (Multiclamp 700A; Molecular Devices), digitized 

(Digidata 1322; Molecular Devices), and acquired with Axoscope 9 (Molecular Devices) 

at a sampling rate of 10 kHz. Electrode potentials were adjusted to zero before recording 

without correcting the liquid junction potential. Baseline activity in each neuron was 

monitored for 10 minutes during which membrane potential and input resistance 

(measured with the slope of a current-voltage (I/V) plot obtained with 500-ms-duration 

depolarizing and hyperpolarizing pulses) were measured. 

Synaptic responses were tested in pyramidal neurons with electrical stimulation of 

superficial layers with a bipolar electrode made from a pair of twisted Teflon-coated 

Tungsten wires (tips separated by ~200 µm) and placed ~500 µm lateral to the vertical 

axis of the apical dendrite of the recorded neuron. Stimulation pulses (20-400 µA; 0.5 

ms) were delivered every 15s. The intensity was adjusted to evoke EPSPs with about half 

of the maximal amplitude. Throughout the experiment, changes in input resistance were 

monitored with repeated hyperpolarizing steps, and the cell was discarded when input 

resistance changed more than 20% during the course of the experiment. The amplitude of 
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evoked EPSPs was measured with Clampfit 9.0 and averaged over 10 sweeps before and 

after 7 minutes of application of quinpirole. This period was chosen for consistency, with 

differences revealed by previous investigations of D2 modulation of PFC activity in 

rodent models of schizophrenia (Tseng et al., 2008; Niwa et al., 2010). At the end of each 

experiment, slices were placed in 4% paraformaldehyde and processed for DAB staining 

using standard histochemical techniques to verify morphology and location of the 

neurons. 

G. In Vivo intracellular recordings 

Female rats were anesthetized with choral hydrate (400 mg/kg, i.p) and placed on 

a stereotaxic apparatus (Kopf Instruments). Anesthesia was maintained through recording 

procedures with continuous choral hydrate (24-30 mg/kg/h) via an intraperitoneal 

catheter. Body temperature was maintained at approximately 37°C using a thermal probe-

controlled heat pad (Fine Science Tools). Concentric bipolar stimulating electrodes (0.5 

mm diameter, 0.5 mm pole separation; Rhodes Medical Instruments Inc.) were lowered 

into the VTA (5.8 mm caudal to bregma; 0.5-0.8 mm lateral to midline; 7-8 mm from 

surface) for stimulation. Recording sharp micro-electrodes were pulled from borosilicate 

glass (1 mm O.D.; World Precision Instruments) on a horizontal Flaming-Brown puller 

(Sutter Instruments). Sharp electrodes (50-110 MΩ) were filled with 2% Neurobiotin 

(Vector Laboratories) in 2M potassium acetate. Microelectrodes were lowered into the 

medial PFC using a hydraulic manipulator (Trent Wells, Coulterville, CA). Recordings 

were made in current clamp, and signals were acquired using a Neurodata Amplifier 

(Cygnus), digitized at 10 kHz using a Digidata A/D converter (Molecular Devices) and 

Axoscope 9 software (Molecular Devices) for offline analyses.  
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Microelectrodes were advanced through the medial PFC until a neuron was 

impaled. Neurons included in this study had a resting membrane potential more negative 

than –60 mV and action potentials with amplitudes ≥ 40 mV from threshold. To 

determine responses to endogenous dopamine, the VTA was stimulated with trains of 5 

pulses at 20 Hz, delivered every 10 seconds. Eight to ten sweeps were used to determine 

cell firing in response to VTA stimulation. Firing was measured in the 500 ms epoch 

following the last VTA pulse in all sweeps, and compared among experimental groups. 

At the end of the experiment, animals were killed with anesthesia overdose, and their 

brains removed for histological verification of lesion status and electrode placement. 

H. Mismatch negativity 

NVHL, NAC-treated NVHL, and sham female rats were implanted with chronic 

EEG electrodes under isoflurane anesthesia. Electrodes were constructed with 2 mm 

diameter silver disks coated with silver chloride, and glued on top of bregma, a location 

equivalent to human vertex, and the contacts led to an Omnetics connector on top of the 

head. Upon a 4-week recovery, rats were first habituated to the recording chamber, a 30 x 

50 cm plexiglass box enclosed within a stainless steel box. NNM sessions consisted of 

exposing the rat to approximately 2,000 tones at two different frequencies (7 or 9 kHz; 30 

ms duration) separated by 400 ms, with 95% of the repetitions at one frequency 

(standard) and 5% at the other frequency (deviant). Tones were delivered with a speaker 

mounted inside the enclosure using a TDT RZ6 system (Tucker Davis), and were 

counterbalanced so half of the time the deviant was either frequency. EEG signals were 

acquired using a 32 channel Omniplex system (Plexon Instruments) at 1 kHz sampling 

rate. For analysis, 300 ms epochs around the tone were selected, filtered at 1-30 Hz, 
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baseline-corrected to the 100 ms prior to the stimulus, and averaged separately for 

standard and deviant tones. A difference wave was constructed by subtracting the 

standard wave from the deviant wave, and MMN was quantified by measuring the area 

under the curve in the period between 35 and 100 ms after the stimulus. All rats were 

exposed to three sessions in three different days, and values were averaged across 

sessions for every animal. 

I. Prepulse inhibition 

Starting at P60, both male and female rats were tested for PPI, as described 

previously (Feleder et al., 2010). As PPI deficits in NVHL rats are most evident when 

rats are challenged with apomorphine (Lipska et al., 1995), we injected apomorphine (0.1 

mg/kg, i.p.) immediately prior to the PPI test session. Rats were placed in a sound-

attenuated startle chamber (San Diego Instruments, San Diego, CA) with a 70 dB 

background white noise. After a 5 min adaptation period, the PPI test was initiated with 

pseudorandom trials every 15 to 25 sec. Either pulse (120 dB), prepulse (75 dB, 80 dB, or 

85 dB), no pulse or prepulse + pulse were delivered. Trials lasted 23 min and 8 to 10 

repetitions of pulse or prepulse + pulse trials were acquired, while null or prepulse only 

trials were repeated five times for each prepulse amplitude. Startle magnitude was 

measured using an acceleration-sensitive transducer, and PPI was calculated as the ratio 

in startle between prepulse + pulse and pulse alone and is expressed as percent reduction. 

The initial trials (all pulse alone) were used for habituation and not included in the 

analysis. Trials were excluded from analysis when the animal was moving in the 

chamber, and sessions were excluded from analysis when startle amplitude was low or 
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more than 50% of trials were excluded for any prepulse + pulse combination. If a PPI 

session was discarded, rats were tested again a week later. 

J. Statistics 

The mean numbers of PV-immunoreactive cells per tissue volume in the ACC 

were compared among treatment groups using one-way ANOVA followed by post-doc 

Dunnett multiple comparisons. The mean number of PV-cells, PV-cell intensity, WFA-

positive PV and WFA-positive intensity, the overall 8-oxo-dG, and WFA labelling were 

compared among groups using multivariate ANOVA (Wilk’s Lambda) followed by post-

hoc Dunnett test for multiple comparisons. Electrophysiology data were compared using 

a 1-way ANOVA with group as between-subject variable. PPI data were compared using 

a repeated-measures 2-way ANOVA with lesion status and treatment as between-subject 

variables, and prepulse intensity as within-subject variable. 

 

III. Results 

 

One of the most replicated findings in schizophrenia research is a reduction of 

markers associated with cortical inhibitory interneurons (Lewis et al., 2012). Adult 

NVHL rats exhibit electrophysiological anomalies caused by altered cortical interneuron 

maturation, characterized by abnormal modulation by dopamine (Tseng et al., 2008). We 

tested whether parvalbumin (PV) positive interneurons in the PFC, including the dorsal 

prelimbic and anterior cingulate cortex (ACC), are altered in NVHL rats using unbiased 

stereological counting techniques. Between postnatal day (P) 21 and P61, the number of 
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PV immunoreactive interneurons (PVI) increased in sham-operated rats, but not in 

NVHL rats (Figure 9A, B). In juvenile rats (P21), there was no significant difference in  

Figure 9 

 

PVI counts between NVHL and sham rats, but adult (P61) NVHL rats showed 

significantly fewer PVI in the PFC compared to sham rats. The PVI reduction was 

prevented with NAC treatment starting at P5 (i.e., 2 days prior to the hippocampal lesion) 

and lasting into adolescence (P50; Figure 9A-C), suggesting juvenile oxidative stress 

induced by the neonatal lesion impairs PVI maturation. Caspase 3 labeling did not reveal 

apoptotic activation in the PFC of NVHL rats (data not shown), suggesting that reduced 

PVI immunoreactivity more likely reflects reduced interneuron activity than cell loss. 

To assess oxidative stress, we quantified DNA oxidation with 8-oxo-7, 8-dihydro-20-

deoxyguanine (8-oxo-dG) labeling. At P21, NVHL rats exhibited a massive increase in 8-

oxo-dG staining in the PFC compared to sham rats, in both pyramidal neurons and 

interneurons, which was completely prevented by NAC treatment (Figure 10A, B). When 

Figure 9. A NVHL blocks the adolescent increase 
in PV interneuron labeling in the PFC. (A) 
Representative micrographs of prefrontal PV 
staining in juvenile (P21) and adult (P61) SHAM, 
NVHL, and NAC-treated NVHL rats. Scale bar is 80 
µm. See Suppl. Fig 1 for lesion extent. (B) Bar 
graphs illustrating PV cell counts using unbiased 
stereology at P21 (left) and P61 (right) in all four 
treatment groups. PV cell count increased between 
P21 and P61 in SHAM, but not in NVHL rats. 
Juvenile NAC treatment rescued the progression in 
PV cell numbers in NVHL rats. ANOVA F(5,36)=4.7, 
p=0.002. Age: F(1,36)=10.2, p=0.003, Lesion: 
F(1,36)=1.36, p=0.11, Lesion x Age: F(1,36)=6.7, 
p=0.014, Treatment: F(1,36)=3.9, p=0.057, Treatment 
x Age: n.s. (C) Diagram illustrating the time course 
of NAC treatment and juvenile (P21) and adult (P61) 
assessments. In this and all other figures, data are 
expressed as mean ± SEM, *p<0.05. 
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NVHL rats reached adulthood (P61), they still showed increased 8-oxo-dG, albeit less 

than at P21 (Figure 10C, D). We also observed an increase in 3-Nitrotyrosine (3-NT) 

levels in adult PFC of NVHL rats. 3-NT indicates nitration of proteins due to oxidative 

and nitrosative stress (Radi, 2004), and its increase in NVHL rats was prevented by NAC 

treatment during development (Figure 11). Thus, juvenile NAC treatment decreased 

multiple markers of oxidative stress in adult NVHL rats to levels comparable to control 

rats, without affecting the extent of the lesion (Figure 12). A possible explanation for the 

levels of oxidative stress detected in the adult PFC following an NVHL is the reduced 

glutamatergic input from ventral hippocampus during development, as blocking NMDA 

receptors induces oxidative stress in PVI (Behrens et al., 2007). Our data indicate that 

impairing hippocampal inputs to the PFC during a critical developmental period elicits 

PFC oxidative stress in juvenile rats that has deleterious effects on the adolescent 

maturation of PVI. 

To determine the types of interneurons expressing oxidative stress in NVHL rats, 

we co-labeled 8-oxo-dG with PV, calbindin (CB) and calretinin (CR). In addition to 

pyramidal neurons, increased 8-oxo-dG staining was observed in PVI, but not in CB or 

CR interneurons (Figure 13). About 50% of PVI were co-labeled with 8-oxo-dG, 

indicating oxidative stress is pervasive in this cell population. A marker of PVI 

maturation is Wisteria Floribunda agglutinin (WFA), a lectin that recognizes the 

perineuronal nets (PNN) enwrapping mature cortical PVI. The NVHL lesion reduced 

WFA staining (Figure 14), suggesting that PVI in adult PFC of NVHL rats show an 

immature phenotype. These extracellular matrix alterations were restored with juvenile 
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Figure 10 

 

 

 

 

 

 

 

 

 

Figure 10. Oxidative stress shown with 8-oxo-dG in the PFC of NVHL rats. (A) Representative 
micrographs showing double labeling for PV (red) and 8-oxo-dG (green) in the PFC in the four groups at 
P21. Scale bar is 10 µm. (B) Summary of the data showing that an NVHL causes a massive increase in 8-
oxo-dG labeling in the PFC at P21 that is prevented with juvenile NAC treatment. Top graph illustrates 8-
oxo-dG fluorescence intensity and the bottom graph quantifies the number of labeled voxels in each group. 
ANOVA for 8-oxo-dG intensity: F(3,14)=13.7, p=0.00002, Lesion F(1,14)=18.4, p=0.008, Treatment 
F(1,14)=9.6, p=0.008, Lesion x Treatment F(1,14)=13.0, p=0.003. (C) Representative micrographs showing 
double labeling for PV (red) and 8-oxo-dG (green) in the PFC at P61. Scale bar is 10 µm. (D) Summary of 
the data showing that the NVHL increases 8-oxo-dG in the PFC at P61, which is prevented with juvenile 
NAC treatment. ANOVA for 8-oxo-dG intensity: F(3,18)=7.8, p=0.001, Lesion F(1,18)=12.5, p=0.002, 
Treatment F(1,18)=0.13, p=n.s., Lesion x Treatment F(1,18)=10.8, p=0.004. 
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Figure 11 

 

Figure 12 

 

 

Figure 11. Oxidative 
stress in the PFC of adult 
NVHL rats shown with 3-
NT. (A) Representative 
micrographs showing triple 
labeling for 3-NT (green), 
WFA (blue) and PV (red) in 
the three groups. Scale bar 
is 100 µm. b, (B) Summary 
of the data showing that an 
NVHL causes a significant 
increase in 3-NT labeling in 
the PFC at P61 that is 
prevented with juvenile 
NAC treatment. Top graph 
illustrates 3-NT 
fluorescence intensity in 
each group. One-way 
ANOVA for 3-NT intensity 
revealed a very significant 
effect of treatment 
(F(2,53)=85.2, p<0.0001). 
Comparisons between each 
pairs using Tukey-Kramer 
also showed significant 
differences (P<0.0001) for 
SHAM versus NVHL and 
NVHL versus NAC. 

 
Figure 12. Extent of lesion in NVHL and sham 
rats was not affected by NAC treatment. a) 
Microphotographs illustrating coronal sections of the 
ventral hippocampus in a sham (left), untreated 
NVHL (center), and an NAC-treated NVHL rat 
(right). The arrows and sterisks point to the enlarged 
bentricle and loss of hippocampal tissue in the 
lesions. (b) Cartoons depicting altered hippocampal 
tissure in untreated NVHL rats at four different 
anteroposterior levels. Black areas are the commonly 
lesioned regions, and gray areas are the maximum 
extent of lesions. (C) Similar cartoons illustrate 
extent of lesion in NAC-treated NVHL rats, which 
was similar to that of untreated rats. 
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Figure 13 

 

 

NAC treatment (Figure 14). PVI may be highly exposed to increased oxidative stress 

because they make up the majority of fast-spiking interneurons and their high energy 

 

Figure 14 

 

 

 

Figure 13. The NVHL causes 
increased oxidative stress in 
PV, but not CR and CB 
interneurons, which is 
prevented by developmental 
NAC treatment. (A) 
Micrographs showing 8-oxo-dG 
labeling (green) of parvalbumin 
(PV)-, calretinin (CR)- and 
calbindin (CB)-positive 
interneurons (red) in the PFC of 
SHAM, NVHL and NAC-treated 
NVHL rats. Scale bar is 10 µm. 
(B) Summary of the data. In PV 
interneurons, 8-oxo-dG labeling 
increased following an NVHL 
lesion, which was prevented with 
NAC treatment (Treatment: 
F(2,65)=212.97, p<0.0001). 
***p<0.001. 

 

Figure 14. Perineuronal nets (PNN) are 
reduced in the PFC of adult NVHL rats, 
but rescued by juvenile NAC treatment. 
(A) Representative micrographs showing 
double labeling of PV (red) and Wisteria 
floribunda agglutinin (WFA; green), 
which labels PNN. Scale bar is 10 µm. (B) 
Plots illustrating PV interneuron (PVI) 
counts (top) and the number of cells co-
labeled with PV and WFA (bottom). PVI 
count is reduced following an NVHL 
lesion, and this reduction is prevented with 
juvenile NAC treatment. (Overall effect: 
F(8,16)=3.8, p=0.01, PVI count: F(2,11)=15.3, 
p<0.0007). The number of WFA PVI 
decreases in NVHL rats compared to 
controls, and this reduction is prevented 
with juvenile NAC treatment (PNN count: 
F(2,11)=28.5, p<0.0001). **p<0.01, 
***p<0.001. 
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metabolism may generate more reactive oxygen species than non-fast spiking neurons. It 

is possible that juvenile PVI are functional while exhibiting oxidative stress, with the 

deleterious effects of oxidative stress becoming evident upon periadolescent PVI 

maturation. 

If juvenile oxidative stress is the cause of physiological anomalies observed in 

adult NVHL rats, NAC treatment should rescue these alterations. We conducted whole-

cell recordings from pyramidal neurons in adult brain slices containing the medial PFC of 

SHAM (n=12), NVHL (n=16), and NAC-treated NVHL rats (n=14). As previously 

shown in adult NVHL rats and other rodent models of schizophrenia (Tseng et al., 2008; 

Niwa et al., 2010), the dopamine D2-dependent modulation of excitatory postsynaptic 

potentials (EPSPs) in layer V pyramidal cells was lost in NVHL rats (Figure 15A-C). 

This loss is likely due to abnormal maturation of PFC interneurons, as the normal adult 

D2 modulation includes a GABA-A receptor component (Tseng and O’Donnell, 2007a), 

but oxidative stress in pyramidal neurons may also play a role. To determine whether 

altered PVI-dependent PFC synaptic responses are due to oxidative stress, rats were 

treated with NAC during development and then tested for D2 modulation of PFC 

physiology. NAC treatment rescued the D2 modulation of synaptic responses in NVHL 

rats (Figure 15A-C), indicating that juvenile and adolescent oxidative stress in NVHL 

rats alters function of local circuits in the adult PFC.  

The abnormal dopamine modulation of PFC function in NVHL rats is also 

reported in vivo (O’Donnell et al., 2002), and in vivo intracellular recordings from 

anesthetized adult NVHL rats revealed an abnormal increase in pyramidal cell firing in  
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Figure 15 

 

 

 

 

 

 

 

 

 

response to burst stimulation of the Ventral Tegmental Area (VTA) (Figure 15D, E) 

compared to sham rats. This abnormal increase in firing was prevented by juvenile NAC 

treatment (Figure 15D, E). These data indicate that abnormal dopamine function in the 

PFC of NVHL rats depends on oxidative stress during juvenile and adolescent stages. 

Abnormal cortical synaptic function in adult NVHL rats should yield altered 

information processing that would be prevented by NAC treatment if it depended on 

oxidative stress. We tested mismatch negativity (MMN) using auditory evoked potentials 

in an oddball paradigm in SHAM (n=6), NVHL (n=3), and NAC-treated NVHL rats 

Figure 15. Electrophysiological deficits are rescued by NAC treatment in NVHL rats. (A) 
Representative traces of excitatory post-synaptic potentials (EPSP) evoked by superficial layer electrical 
stimulation in adult PFC before (black trace) and after (green trace) bath application of the D2-agonist 
quinpirole (5 µM). (B) Neurobiotin-filled layer V pyramidal cell in the PFC; the relative position of the 
bipolar stimulating electrode and the recording electrode are shown schematically. (C) Bar graphs 
illustrating the magnitude of EPSP attenuation by quinpirole in slices from SHAM, NVHL, and NAC-
treated NVHL rats. In sham rats, quinpirole reduces the size of the synaptic response, whereas in NVHL 
rats this attenuation is absent. NAC treatment during development reverses this deficit in NVHL animals 
(ANOVA: F(2,39)=3.328, p=0.046). (D) Traces from in vivo intracellular recordings in PFC pyramidal 
neurons showing responses to electrical stimulation of the ventral tegmental area (VTA) with trains of 5 
pulses at 20 Hz in anesthetized SHAM (top), NVHL (middle), and NAC-treated NVHL (bottom) rats. Each 
panel is an overlay of 5 traces that illustrate the representative type of response observed in each group, 
with NVHL showing enhanced firing following VTA stimulation, while firing is sparse in SHAM and 
NAC-treated NVHL rats. (E) Bar graph illustrating group data for action potential firing in the 500 ms 
epoch following VTA stimulation in all three groups. ANOVA: F(2,37)=4.5, p<0.05; NVHL firing was 
higher than in shams (post-hoc Tukey’s q=3.9, p<0.05) and higher than in NAC-treated NVHL rats (post-
hoc Tukey’s q=3.6, p<0.05). In all electrophysiology experiments data from SHAM and NAC-treated 
SHAM rats were combined as they did not show differences. 
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(n=3). MMN has high translational relevance, as it is attenuated in schizophrenia patients 

(Javitt et al., 1993) and in animal models (Ehrlichman et al., 2009). We implanted EEG 

electrodes in NVHL, NAC-treated NVHL, and sham rats. MMN was significantly 

different among groups, with NAC treatment improving MMN in NVHL rats (Figures 

16A, B). This observation is consistent with the effect of NAC on MMN in patients 

(Lavoie et al., 2008), and indicates the NVHL model reproduces an important disease 

marker that can be prevented by juvenile antioxidant treatment. As MMN depends on 

NMDA receptor function (Umbricht et al., 2000) and NMDA hypofunction in PVI is 

suspected in schizophrenia, it is possible that MMN improvement with NAC results from 

restored PVI activity. 

Figure 16 

 

 

To assess whether juvenile oxidative stress leads to behavioral deficits, we used a 

behavioral paradigm tested in both animal models and schizophrenia patients. Prepulse 

inhibition of the acoustic startle response (PPI) is a measure of sensorimotor gating that is 

reduced in patients (Geyer and Braff, 1987) and NVHL rats (Lipska et al., 1995). We 

tested PPI in adult sham (n=11), NAC-treated sham (n=12), NVHL (n=9), and NAC-

treated NVHL rats (n=17). Juvenile NAC treatment prevented the reduced PPI observed 

in untreated NVHL rats (Figure 17A). In addition to loss of PVI maturation and  

Figure 16. Mismatch negativity (MMN) deficits 
are rescued by NAC treatment. (A) Representative 
traces of auditory evoked potentials from standard 
(blue) and deviant (red) stimuli in a sham (n=6; top), 
NVHL (n=3; middle), and NAC-treated NVHL rat 
(n=3; bottom). The green box highlights the epoch in 
which the negativity was measured (35-100 ms 
following the stimulus). All traces are averages of at 
least 80 repetitions. (B) Group data comparing MMN 
measured as the area under the curve in the 
highlighted region reveal a significant difference 
among groups (ANOVA: F(2,11)=9.742; p=0.006). The 
data illustrated are averages from 3 different sessions 
in each rat. A post-hoc comparison between NVHL 
and NVHL+NAC revealed a significant difference 
(Bonferroni test; p=0.005). 
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Figure 17 

 

 

 

 

 

 

 

electrophysiological anomalies, developmental oxidative stress in juvenile NVHL rats 

can cause schizophrenia-relevant adult behavioral deficits. 

The beneficial effect of NAC treatment reported above includes a large postnatal 

treatment that starts prior to the lesion and stops once rats become young adults. For these 

results to have a full translational value, it is critical to determine whether NAC is 

Figure 17. Prepulse inhibition deficits were rescued with antioxidant treatment. (A) Prepulse 
inhibition deficits were observed in NVHL rats when challenged with apomorphine (0.1 mg/kg, i.p.). 
This deficit was completely reversed with juvenile NAC treatment (Lesion: F(1,42)=3.529 p=0.067, 
Treatment: F(1,42)=1.644, p=0.207, Lesion x Treatment: F(1,42)=5.730, p=0.021). n=12-16, * p<0.05 
compared to NVHL. (B) In another group of rats, NAC was administered starting at P35, stopped at P50, 
and the rats tested for PPI at P61. The bar graph illustrates PPI at three different prepulse intensities in 
this group with adolescent NAC treatment. ANOVA: group effect F(2,28)=3.364, p<0.045; post-hoc tests 
revealed only a trend for a difference in PPI in NVHL compared to SHAM (LSD, p=0.069), and a 
significant difference between NVHL and NAC-treated NVHL (LSD, p=0.016). (C) Some animals 
received ebselen from P35 and were tested for PPI at P61. There was a significant lesion effect 
(F(1,28)=7.11; p=0.013) and a significant lesion status by treatment interaction (F(1,28)=7.09; p=0.013). (D) 
Another set of animals received apocynin and were tested for PPI. We observed a significant lesion by 
treatment interaction (F(1,25)=4.8; p=0.038). 
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efficacious when started at an age that corresponds to the time when prodromal stages 

can be identified in humans. In another set of rats, we administered NAC in the drinking 

water starting at P35, an age that in rats is equivalent to early adolescence. We tested for 

PPI deficits in adult sham (n=15), untreated NVHL (n=12), and NAC-treated NVHL rats 

(n=14). Although there was only a trend for a deficit in untreated NVHL rats compared to 

shams in this group, there was a significant difference between untreated and treated 

NVHL (Figure 17B). The data indicate that GSH precursors such as NAC can still be 

effective even if initiated after oxidative stress has begun. 

One important caveat of NAC is that it also alters glutamate levels by virtue of its 

action on the cysteine-glutamate transporter (Moussawi et al., 2009). To test whether 

redox modulation and not glutamate level changes were responsible for NAC effects in 

NVHL rats, we assessed the effect of two other antioxidants that do not alter glutamate. 

Ebselen is a glutathione peroxidase (GPx) mimic (Müller et al., 1984) that induces GPx 

expression (Kil et al., 2007) and enhances GSH levels in neurons, replenishing GSH 

depleted by neurotoxic mechanisms (Pawlas and Małecki, 2007). We tested PPI in adult 

vehicle-treated SHAM (n=10), ebselen-treated SHAM (n=7), vehicle-treated NVHL 

(n=8), and ebselen-treated NVHL rats (n=9). Ebselen treatment during adolescence 

reversed PPI deficits in NVHL rats (Figure 9C). In another group of rats, we assessed the 

effects of the NADPH oxidase inhibitor and antioxidant apocynin, in this case delivered 

through juvenile and adolescent stages. We tested PPI in adult vehicle-treated SHAM 

(n=10), apocynin-treated SHAM (n=11), vehicle treated NHVL (n=7), and apocynin-

treated NVHL (n=5). We again observed a reversal of PPI deficits (Figure 17D). The data 
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indicate that elevation of GSH and not glutamate during adolescence rescues PPI deficits 

in NVHL rats. 

 

IV. Discussion 

 

We observed increased level of oxidative stress immunolabeling in the PFC of 

juvenile NVHL rats, along with a decrease in PV cell counts, PPI deficit, altered 

dopamine modulation of local PFC circuits, and deficits in evoked-related potentials in 

the EEG of adult NVHL rats. All these deficits were prevented with NAC treatment from 

P5 to P50. PPI deficits were also prevented if NAC treatment was initiated during 

adolescence (P35) and by two other redox modulators. Our data suggest that oxidative 

stress in prefrontal cortex is a core feature mediating alterations induced by the NVHL, 

and antioxidant treatment prevents these alterations. Presymptomatic oxidative stress, 

highly present in PVI and also observed in pyramidal neurons, is therefore responsible for 

diverse schizophrenia-relevant phenomena in a neurodevelopmental model that does not 

entail a direct manipulation of redox pathways.  

Oxidative stress can affect PFC function via several mechanisms. With high 

levels of oxidative stress, cell damage or death can occur via membrane lipid 

peroxidation, DNA mutagenesis, alterations in chromatin structure, inactivation of critical 

enzymes, or activation of kinase and caspase cascades (Bitanihirwe and Woo, 2011). 

Redox imbalance can also lead to brain development disturbances by affecting redox-

sensitive cysteine residues at the DNA-binding sites of transcription factors (Haddad, 

2002) and affecting mitochondrial DNA, highly susceptible to oxidation (Jones and Go, 
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2010). Furthermore, many synaptic proteins include regulatory redox sites; for example, 

NMDA receptors become hypofunctional following oxidation (Steullet et al., 2006). We 

detected oxidative stress and nitrosative stress in PFC pyramidal neurons and PVI in 

juvenile rats with a NVHL prior to the onset of electrophysiological and behavioral 

deficits. This indicates PVI may still be somewhat functional, and that upon their 

periadolescent maturation the deleterious effect of oxidative stress renders them into a 

diseased state as revealed by the reduction in PV and PNN labeling. Our data indicate 

that redox alterations in the NVHL model encompass both oxidative and nitrosative 

stress, and treatments that increase GSH (NAC and ebselen) or decrease reactive oxygen 

species (ROS) generation (ebselen and apocynin) prevent adult-onset behavioral deficits. 

The increases in 3NT levels point to dysregulation of nitric oxide (NO) and arginine 

signaling, as well as nitrosative stress, as reported in schizophrenia (Yao et al., 2004). 

Whether this dysregulation implicates the various isoforms of NO synthase (nNOS, 

eNOS, or iNOS) is still unknown. Thus, the NVHL model presents a widespread 

alteration in redox pathways that could be reversed by targeting different modulators, 

such as GSH, GPx, and NADPH oxidase.  

Oxidative stress is also seen in another animal model of schizophrenia: the 

dominant negative DISC1 (DN-DISC1) mouse (Johnson et al., 2013). Similar to our 

findings, DN-DISC1 mice show increased 8-oxo-dG staining in the PFC that is 

associated with several behavioral deficits (Johnson et al., 2013). Our results add to this 

observation by showing a causal link between heightened oxidative stress in the PFC and 

the electrophysiological and behavioral deficits associated with schizophrenia, as the 
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anti-oxidant NAC prevents both the increase in oxidative stress and electrophysiological 

and behavioral deficits in NVHL rats. 

PFC physiology was dysfunctional in adult NVHL rats, and this deficit was 

prevented by NAC treatment. We used several endpoints to assess PFC function, 

including dopamine modulation of synaptic responses in pyramidal neurons in slices, in 

vivo intracellular recordings of responses to VTA stimulation, and auditory evoked 

potentials. Recordings from pyramidal neurons showed loss of D2-mediated attenuation 

of cortico-cortical EPSPs in slices and exaggerated firing evoked by VTA stimulation in 

vivo in adult NVHL rats, as we had reported previously (O’Donnell et al., 2002; Tseng et 

al., 2008). Both the slice D2 attenuation of pyramidal cell synaptic responses and the in 

vivo silencing of pyramidal neurons by VTA stimulation are dependent on activation of 

FSI by dopamine in naïve rats (Tseng and O’Donnell, 2007b). The absence of alterations 

in these responses in NAC-treated NVHL rats indicates that oxidative stress during 

postnatal development has a deleterious effect on dopamine-modulated FSI-pyramidal 

cell interactions. Currently, there is a debate as to whether interneurons or pyramidal 

neurons are the primary site of dysfunction in schizophrenia. Our data are agnostic to 

which cell type is primarily affected and highlights oxidative stress as a cause of altered 

interactions between pyramidal neurons and inhibitory interneurons.  

Oxidative stress could be brought up in the NVHL model by a number of 

mechanisms. First, this could be the result of the administration of an excitotoxic agent, 

such as ibotenic acid. Our previous work showing that neonatal ventral hippocampal 

injection of the bacterial endotoxin LPS yielded anomalies similar to the NVHL (Feleder 

et al., 2010) suggests this could be the case. However, a variation of this model in which 
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the hippocampus was just reversibly inactivated produces similar behavioral alterations 

as the lesion (Lipska et al., 2002), suggesting the excitotoxic damage in the NVHL may 

not be what causes the deficits. It is more likely that the loss of hippocampal-prefrontal 

synaptic activity and/or the loss of trophic factors in the PFC induced by the loss of 

hippocampal inputs during a critical developmental stage may affect the developing 

prefrontal cortical neurons. This possibility is supported by work by Margarita Behrens 

showing that NMDA receptor antagonists can induce oxidative stress in PV interneurons 

(Behrens et al., 2007, 2008). Thus, oxidative stress in NVHL rats may be a consequence 

of network developmental alterations.      

Mismatch negativity is a measure of high translational relevance. MMN tests the 

attribution of saliency to deviant auditory stimuli, and it is disrupted in schizophrenia 

patients (Javitt et al., 1993). Here, we report MMN deficits in NVHL rats, which are 

prevented by NAC treatment. As MMN is dependent on NMDA receptor activity 

(Ehrlichman et al., 2009), it is likely that oxidative stress impairs NMDA-dependent 

synaptic cortical mechanisms involved in processing of salient vs. common signals. The 

functional assessment of the impact of antioxidant treatment was complemented by 

testing of sensorimotor integration with PPI. Both juvenile and adolescent-only NAC 

treatment prevented adult PPI deficits in NVHL rats. The observation that adolescent 

treatment with NAC or ebselen is sufficient to prevent PPI deficits has important 

implications for redox mechanisms as potential targets for schizophrenia treatment. We 

showed that it is possible to prevent or reverse a deficit even if antioxidant treatment is 

initiated after the development of oxidative stress. As ultra-high risk subjects for 

schizophrenia cannot be identified until adolescence, our finding keeps open the 
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possibility that redox modulation can be beneficial even if initiated once high risk has 

been identified.  

Our data reveal that presymptomatic oxidative stress can cause aberrant adult PFC 

function in NVHL rats. This developmental manipulation is a well-established model of 

altered cortical excitation-inhibition balance. As is the case with any schizophrenia-

related models, the NVHL should not be seen as reproducing the disease (there is no such 

thing as a schizophrenic rat). In addition, the model entails a lesion, which is not 

observed in schizophrenia. However, the NVHL and other developmental models have 

been useful to test specific hypotheses about developmental trajectories of 

electrophysiological and behavioral phenomena of relevance to the disease (O'Donnell, 

2013). Major strengths of the NVHL model include the adolescent onset of deficits and 

the ability to reproduce phenomena observed in schizophrenia when translatable 

measures are evaluated (O’Donnell, 2012b). Remarkably, the NVHL model converges 

with several other manipulations used as animal models for schizophrenia research in 

producing loss of PVI immunolabeling and altered excitation-inhibition balance 

(O’Donnell, 2011). Despite their limitations, the behavioral and physiological endpoints 

we used here are widely used to assess integrity of cortical inhibitory networks and their 

impact on pyramidal cell activity. Inhibitory networks, developing at the time of the 

lesion and beyond, play a crucial role in experience-dependent refinement of neural 

networks (Hensch, 2005) that extends into adolescence. This role may be reflected in 

cognitive training during adolescence preventing cognitive impairments in adult NVHL 

rats (Lee et al., 2012) and adolescent stress unmasking latent neuropathology in mice 

with maternal immune activation (Giovanoli et al., 2013). Adolescence is therefore a 
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critical developmental stage in which pathophysiological conditions involving oxidative 

stress can affect a still developing PFC, but it yet provides a window of opportunity for 

therapeutic intervention. This suggests that antioxidants or redox regulators without 

serious side effects may prove effective to reduce conversion in subjects at risk for 

psychiatric disorders by preventing pathophysiological changes associated with loss of 

cortical pyramidal cell and PVI function. 
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Appendix II: Role for neonatal D-serine signaling: Prevention of 

physiological and behavioral deficits in adult Pick1 knockout mice4 

 

I. Introduction  

 

NMDA glutamate receptors mediate excitatory neurotransmission and synaptic 

plasticity, and their modulation by endogenous factors has a critical role in these 

phenomena. Specifically, NMDA receptors are required for long-term potentiation (LTP) 

and long-term depression (LTD), cellular processes of neural plasticity that underlie 

learning and memory (Paré, 2004; Anwyl, 2006). NMDA receptors are activated by 

glutamate and require several co-agonists, including D-serine (Panatier et al., 2006). A 

crucial role of D-serine in neural plasticity has also been demonstrated (Snyder and Kim, 

2000; Martineau et al., 2006; Wolosker, 2006). On the other hand, excess NMDA 

receptor mediated signaling can lead to excitotoxicity, which may underlie many brain 

disorders, including stroke, Alzheimer’s disease, Huntington’s disease, and amyotrophic 

lateral sclerosis (ALS) (Lee et al., 1999; Hikida et al., 2008; Kalia et al., 2008; 

Milnerwood and Raymond, 2010). D-serine is also known to play a role in this toxic 

cascade in a context-dependent manner, including in some cases of stroke and ALS 

(Swanson et al., 2004; Rossi et al., 2007; Sasabe et al., 2007). 

During brain development, NMDA receptors are crucial for the generation of 

spontaneous synchronous network activity in the neonatal brain (Leinekugel et al., 1997; 

                                                
4 J. Nomura, F. Huppe-Gourges, P. Nunez-Abades, E.M. Lewis, M. A. Landek-Salgado, Y. Ayhan, A. 
Kamiya, R. Huganir, H. Jaaro-Peled, M. Pletnikov, P. O’Donnell, A. Sawa.  
As submitted to Molecular Psychiatry (2014). 
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Ben-Ari, 2001; Allène et al., 2008; Blankenship and Feller, 2010). NMDA receptors are 

also essential for the conversion of silent to active synapses by recruiting AMPA 

receptors (Voigt et al., 2005). However, it is unclear whether and how neonatal deficits in 

NMDA-receptor-mediated neurotransmission affect adult brain functions and behavior. 

Likewise, the role of D-serine during development remains elusive. Given that NMDA 

receptors are modulated by D-serine, animal models with transient deficits in D-serine 

during neonatal stages may provide a good tool to address this question.    

PICK1 is a multifunctional scaffold protein that interacts with many proteins, 

including serine racemase (SR), the D-serine synthesizing enzyme (Fujii et al., 2006). 

PICK1 has been extensively studied in the context of neural plasticity (Gardner et al., 

2005; Steinberg et al., 2006; Hikida et al., 2008; Suh et al., 2008; Terashima et al., 2008; 

Xiao et al., 2009; Atianjoh et al., 2010; Clem et al., 2010; Hu et al., 2010b; Volk et al., 

2010; Anggono et al., 2011; Wang et al., 2011), and mice deficient in Pick1 are also 

available (Gardner et al., 2005). Nonetheless, the physiological role of PICK1-SR protein 

interactions remains elusive. In cell cultures, PICK1 can augment the enzymatic activity 

of SR and D-serine synthesis (Hikida et al., 2008). Pick1 knockout mice display a 

significant reduction in D-serine levels, which is specific to the forebrain during the 

neonatal stage (Hikida et al., 2008).  

Here we aimed to address the significance of D-serine in brain development on 

adult brain function and behavior, by using Pick1 knockout mice. As the first step, we 

examined behavioral and electrophysiological characteristics associated with the frontal 

cortex of the Pick1 mice. We then tested whether the representative deficits in adulthood 

are normalized by transiently supplying D-serine only during the neonatal stage.  
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II. Materials and methods 

 

A. Animals 

We used C57BL/6 male Pick1 knockout mice (Hikida et al., 2008), which have 

been previously characterized in the context of hippocampal and cerebellar neural 

plasticity (Suh et al., 2008; Terashima et al., 2008). For all groups, pups were weaned on 

postnatal day 21, genotyped and housed in sex-matched groups of five in standard mouse 

cages in accordance with protocols approved by the Johns Hopkins University, the 

University of Maryland, and RIKEN Animal Care and Use Committees. 

B. Behavioral tests  

Behavioral tests were conducted on male Pick1 knockout mice and control 

littermates in adulthood (over 2 months of age), with a one-week interval between tests.  

We conducted the assays based on our published protocols with minor modifications 

(Hikida et al., 2007; Pletnikov et al., 2008; Abazyan et al., 2010; Ibi et al., 2010; Niwa et 

al., 2010; Ayhan et al., 2011; Nagai et al., 2011).   

      Open field test: Horizontal and vertical locomotor activity were assessed for 2 

h using activity chambers equipped with infrared beams (San Diego Instruments). 

Horizontal and vertical movements, stereotypies, and time spent in the center or along the 

walls of the chamber (thigmotaxis) were automatically recorded. 

     Prepulse inhibition (PPI) of the acoustic startle: The PPI test was performed 

as previously described (Pletnikov et al., 2008; Niwa et al., 2010). Two identical startle 

chambers (San Diego Instruments) were used for measuring startle reactivity. During 

each PPI session, a mouse was exposed to the following types of trials: pulse alone (a 120 
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dB, 100 ms, broadband burst); the omission of stimuli (no-stimulus trial); and four 

prepulse–pulse combinations (prepulse–pulse trials) consisting of a 20 ms broadband 

burst used as a prepulse and presented 80 ms before the pulse using one of five prepulse 

intensities (74, 78, 82, 86, and 90 dB). Each session consisted of six presentations of each 

type of trial presented in a pseudorandom order. The background noise presented 

throughout the entire session was 70 dB. 

     Forced Swim Test (FST): The FST was employed to evaluate depression-

associated responses. Latency to immobility and total immobility were analyzed during 

the last 4 min of the 6 min test using the SMART program (San Diego Instruments). 

     Elevated plus maze (EPM): The EPM was used to assess anxiety as described 

previously (Pletnikov et al., 2008). Anxiety was measured by the percent of time spent in 

the open arms [calculated as 100× (time spent in the open arms/(time in the open arms + 

time in the closed arms)]. 

      Y-maze: Spontaneous alternation as a measure of spatial working memory was 

assessed in the Y-maze. The spontaneous alternation behavior was calculated as the 

number of triads (visiting three different arms on consecutive choices, e.g., ABC not 

ABB or ACC) divided by the total number of arms entered minus two (Andreasson et al., 

2001).  

C. Quantitative real time PCR 

Quantitative real-time PCR was performed by the ABI Prism 7900HT sequence 

detection system (Applied Biosystems). Note, we performed this molecular study with 

frontal cortex homogenates from mice that had been injected with saline for another 

assay. The primers used for the study were as follows: 
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Stargazin (forward): 5’-ccagcaagaagaacgaggaa-3’ 

Stargazin (reverse): 5’-ttgcttgcacagacctttga-3’ 

Parvalbumin (forward): 5’-ttctggacaaagacaaaagtgg-3’ 

Parvalbumin (reverse): 5’-tgaggagaagcccttcagaat-3’ 

Gad67 (forward): 5’-tggagcagatcctggttgact-3’ 

Gad67 (reverse): 5’-gccattcaccagctaaaccaa-3’ 

Actin (forward): 5’-gatgacgatatcgctgcgctggtcg-3’ 

Actin (reverse): 5’-gcctgtggtacgaccagaggcatacag-3’ 

D. Electrophysiology  

Adult mice were anesthetized with chloral hydrate (400 mg/kg i.p.) and perfused 

with ice cold artificial cerebrospinal fluid (ACSF, in mM: 125 NaCl, 25 NaHCO3, 10 

glucose, 3.5 KCl, 1.25 NaH2PO4, 0.5 CaCl2, 3 MgCl2, 0.075 Na2S2O5, pH 7.4). Coronal 

brain slices (300 µm) containing the medial prefrontal cortex were made with a 

Vibratome and incubated for at least 1 h at 35°C. Recordings were made using 35°C O2-

saturated ACSF, but with CaCl2 adjusted to 2 mM and MgCl2 to 1 mM. Recording 

electrodes were made from glass pipettes filled with (in mM) 115 K-gluconate, 10 

HEPES, 2 MgCl2, 20 KCl, 2 Mg-ATP, 2 Na2-ATP, 0.3 GTP (pH 7.3; 280 mOsm) and 

Neurobiotin (0.125%). Prefrontal cortical pyramidal neurons were identified under visual 

guidance using infrared-differential interference contrast (IR-DIC) video microscopy 

(Olympus BX50-WI). Whole-cell current-clamp signals were amplified (10x) with a 

Multiclamp 700B (Axon Instruments), digitized with an A/D converter (Digidata, Axon 

Instruments) and sampled with Axoscope 9.0 (Axon Instruments) at 20 KHz (Tseng and 

O’Donnell, 2004). 
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E. Neonatal and adult D-serine treatment   

D-serine (500 mg/kg; Sigma-Aldrich) was dissolved in sterile physiological saline 

and administered intraperitoneally (i.p.), using a 30-gauge needle, every day for 2 weeks 

beginning on postnatal day 3 (P3). The dose was chosen according to a representative 

publication (Hashimoto et al., 2009a). The effects of D-serine were evaluated using the 

PPI and Y-maze tests and electrophysiological recordings assessing NMDA modulation 

of pyramidal cell firing in prefrontal cortical slices.  

Adult D-serine treatment was the same (500 mg/kg i.p daily) as the neonatal 

treatment except the timing: it started at the age of 8 weeks. After two weeks of treatment 

we waited one week to avoid acute effects of the D-serine and then did either 

electrophysiology or behavioral testing (Y-maze followed by PPI after another one week 

interval). 

F. Statistical analysis  

Statistical analysis was performed by ANOVA. A student’s t-test was used to 

compare two sets of data. Values in graphs are expressed as the mean plus the standard 

error of the mean (SEM).  Significance levels are marked as follows: *P < 0.05. 

 

III. Results 

 

Behavioral and molecular alterations in adult Pick1 knockout mice. We analyzed 

the behavioral consequences of deleting the Pick1 gene by performing behavioral tests 

relevant to diverse aspects of mental conditions. Pick1 knockout mice did not differ from 

wild-type littermates in open field activity over 2 h (Fig. 18), but when we divided the 2 h 
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into four bins of 30 min, we found them to be significantly hyperactive during the 60-90 

min interval (Fig. 19A, Fig. 1). The hyperactivity of Pick1 knockout mice was unlikely 

related to altered emotionality, as no significant group differences were seen in the 

elevated plus maze and the forced swim test (Fig. 19B, C, Fig. 20). We also assessed 

prepulse inhibition (PPI) of the acoustic startle response,a measure of sensorimotor  

Figure 18 

 

gating, which is reportedly impaired in patients with schizophrenia (Hazlett et al., 1998; 

Braff and Light, 2005) (Fig. 19D). Two-way repeated measures ANOVA showed a 

significant group effect, F(1,89)=6.04, p=0.026 and significant group by prepulse 

interaction, F(4,89)=6.21, p<0.001. Post-hoc tests demonstrated that, compared to controls, 

knockouts had significantly decreased PPI at the prepulse intensities of 74, 78 and 82 dB.  

Notably, Pick1 knockout mice showed an increase in startle response, suggesting that 

impaired PPI was not due to insufficient startle response (Fig. 21). In addition, Pick1 

knockout mice also exhibited significantly fewer spontaneous alternations in the Y-maze 

compared to wild-type mice (Fig. 19E), which is a sign of working memory deficit 

Figure 18. Total, peripheral, central and 
rearing locomotor activity. No major 
differences were observed between WT 
and KO mice over the 2 h period. n=8 per 
group. 
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Figure 19 

 

 

 

 

 

 

(Wietrzych et al., 2005). Abnormalities in PPI and working memory  could result from  

deficits of the prefrontal cortex (Meyer-Lindenberg and Weinberger, 2006). We also 

Figure 19. Behavioral changes in adult male Pick1 knockout mice in adulthood. A) Horizontal 
locomotor activity. There was a significant group by interval interaction [F(23, 383)=1.83, p=0.012]. 
Pairwise multiple comparison procedures (Holm-Sidak method) showed significantly more ambulatory 
activity in Pick1 knockout mice at the 60-90 min interval (*p<0.05), p=0.054 for the 90-120 interval, 
n=8 per group. B) Behavior in the elevated plus maze. No difference between wild-type and Pick1 
knockout and mice was observed. n=7 per group. C) Time immobile in the forced swim test. No 
differences between wild-type and Pick1 knockout mice was observed. n=8 per group. D) Prepulse 
inhibition (PPI) of the acoustic startle. Pick1 knockout mice demonstrated significantly lower PPI at the 
prepulse intensities of 74, 78 and 82 dB. *p<0.05 vs. wild-type at the same prepulse intensity. n=11 
(knockout), n=8 (wild-type). E) Spontaneous alternations in the Y maze. Pick1 knockout mice showed 
significantly fewer alternations in the Y maze compared to wild-type mice, *p<0.05, n=8 per group.  
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conducted an exploratory expression study for candidate molecules (AMPA receptor 

regulator Stargazin and interneuron markers of Parvalbumin and Gad67): real-time PCR 

Figure 20 

 

Figure 21 

 

 

indicated an increase in the expression of Stargazin and Parvalbumin, but not that of 

Gad67, in adult Pick1 knockout mice (Fig. 22). 

Alterations in NMDA-elicited firing of prefrontal cortical pyramidal neurons in 

adult Pick1 knockout mice. As behavioral deficits in Pick1 mice suggested altered 

prefrontal cortical function, we hypothesized that pyramidal neurons in the prefrontal 

cortex of Pick1 knockout mice may display altered physiological properties. To address 

Figure 20. Latency to immobility in 
the forced swim test. There was no 
significant difference in the latency to 
first immobility between WT and KO 
(p=0.12). n=8 per group.  

 

Figure 21. Measurement of acoustic 
startle response. A significant 
increase in the acoustic startle response 
was observed in Pick1 KO mice, 
*p<0.05 n=7 (WT), n=11 (KO).  
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Figure 22 

 

this question, we tested the excitability of pyramidal neurons in brain slices containing 

the prefrontal cortex of adult Pick1 knockout mice and wild-type littermates. The number 

of action potentials evoked with intracellular current injections before and after bath 

application of NMDA (4 µM) was examined as a readout of cell excitability (Fig. 23, 

Table 1). We also tested whether the modulation of NMDA responses by D1 dopamine 

receptors is affected in Pick1 knockout mice by adding the selective D1 agonist 

SKF38393 (2 µM) (Tseng and O’Donnell, 2004). 

The resting membrane potential was not different between wild-type and Pick1 

knockout mice, and was not affected by the addition of NMDA and SKF38393 (wild-

type: -63.3 ± 1.5 mV at baseline, -62.0 ± 2.2 mV with NMDA, 60.3 ± 3.6 mV with 

NMDA and SKF38393; Pick1 knockout mice: -65.8 ± 3.1 mV at baseline, -63.5 ± 3.1 

mV with NMDA, -62.0 ± 5.7 mV with NMDA and SKF38393). Thus, basic membrane 

properties of prefrontal pyramidal neurons were not affected in Pick1 knockout mice. 

We then tested whether Pick1 knockout mice exhibited altered modulation of 

excitability by NMDA in pyramidal neurons. The number of action potentials evoked by 

a constant-amplitude current pulse was markedly increased by application of NMDA in 

Figure 22. Molecular 
characterization of the frontal 
cortex. Quantitative RT-PCR with 
the homogenates of the frontal 
cortex. Pick1 knockout mice were 
significantly different from wild-
type mice for Stargazin and 
Parvalbumin, p*<0.05, but not for 
Gad67. n=14 WT, n=6 KO. 
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Figure 23 

 

 

 

 

 

 

wild-type mice (from 6.6 ± 0.5 to 11.4 ± 2.8 spikes; a 73% increase from 

baseline) (Fig.23, Table 1). Although the D1 agonist SKF38393 alone did 

not change the number of action potentials, the combined addition of 

NMDA and SKF38393 synergistically augmented the number of action  

Figure 23. NMDA effects on prefrontal cortex pyramidal cell excitability in adult Pick1 knockout 
mice. Top: Examples of traces used to assess excitability 5 min before 4 µM NMDA application (left), 
after 5 min of NMDA perfusion, after 5 min of the D1 agonist SKF38393 (SKF, 2 µM), and during the 
combined perfusion of 4 µM NMDA and 2 µM SKF in a prefrontal cortical slice from a wild-type mouse. 
The rectangular area with the red line indicates the changes in the number of evoked action potentials over 
time with the three treatments (NMDA alone, SKF alone, NMDA+SKF, shaded areas). The vertical 
arrows indicate the time at which the traces on top were obtained. Right, population data indicating 
normalized responses to baseline after NMDA alone and NMDA + SKF. Bottom: Similar display for a 
representative prefrontal cortex prefrontal cortex pyramidal neuron in a Pick1 knockout mouse (left) and 
population data for NMDA and NMDA + SKF for all knockout mice recorded, showing a reduced NMDA 
effect in slices from Pick1 knockout mice.  
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Table 1 

 

 

 

potentials (to 13.1 ± 4.8; a 101% increase from baseline) in wild-type mice. In Pick1 

knockout mice, however, the increase in the number of action potentials by NMDA was 

significantly attenuated (from 5.8 ± 1.7 to 7.8 ± 2.3; a 33% increase from baseline), and 

the addition of SKF38393 to NMDA only slightly elevated the response (to 8.5 ± 3.4; a 

45% increase from baseline). A two-way ANOVA with genotype and drug treatment as 

factors revealed genotype differences (ANOVA F(1,22)=5.82, p=0.024), indicating that 

NMDA responses are impaired in Pick1 knockout mice. There was no significant 

interaction between genotype and D1 agonist treatment (p=0.914), indicating that D1 

modulation of NMDA responses was not affected in Pick1 knockout mice.  

Influence of neonatal D-serine on behavioral defects in adult Pick1 knockout 

mice. Here we show that Pick1 knockout mice have prefrontal cortex-associated 

behavioral deficits in adulthood. Which mechanism(s) underlie these deficits? One 

possibility is that down-regulation of D-serine during development, at the neonatal stage, 

may contribute to these deficits in Pick1 knockout mice. To address this question, we 

administered D-serine (500 mg/kg, i.p.) daily to pups beginning on postnatal day 3 (P3) 

for 2 weeks, and then maintained the animals until adulthood without any further 

supplementation of D-serine. We did not observe any adverse effects of neonatal 

Table 1. Electrophysiological responses of mPFC pyramidal cells. The number of action potentials 
evoked with intracellular current injections at baseline, after NMDA perfusion, and after the combined 
perfusion of NMDA and the D1 agonist SKF38393 (SKF) in prefrontal cortical slices from wild-type, 
Pick1 KO, neonatal D-serine treated Pick1 KO and adult D-serine treated Pick1 KO.  
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injections (data not shown). We evaluated the effects of this neonatal treatment with D-

serine by monitoring possible improvement in PPI and spontaneous alternations in the Y-

maze in adult mice. Compared to saline treatment, D-serine treatment in the neonatal 

stage significantly increased the PPI in Pick1 knockout, but not in wild-type mice (Fig. 

24). We assessed the PPI effects separately for Pick1 knockout mice and wild-type mice,  

Figure 24 

 

as our pilot data had not revealed effects of D-serine on wild-types; this design increases 

the power of analysis. Two-way repeated measures ANOVA of the data for knockout 

mice revealed a significant effect of treatment, F(1,99)=4.8, p=0.041, but not for wild-type 

mice, F(1,64)=0.6, p=0.47. A trend of beneficial effect of neonatal D-serine treatment was 

also seen in the adult behaviors in Y-maze (Fig. 25). Note, due to unexpected baseline 

changes elicited by neonatal injection itself, this statement on Y-maze is not conclusive. 

We also tested the impact of adult D-serine administration (500 mg/kg, i.p.; daily 

beginning at the age of 8 weeks for 2 weeks) on these behaviors. In regard to PPI, we 

cannot make any meaningful statements because repeated injections in adulthood 

significantly altered the baseline response in both wild-type and knockout mice (Fig. 

Figure 24. Effect of neonatal D-
serine treatment on PPI in 
adulthood. D-serine 500 (mg/kg) was 
injected daily for 2 weeks starting on 
postnatal day 3. The PPI deficit was 
significantly rescued in adult Pick1 
knockout mice treated with D-serine in 
the neonatal stage. Two-way repeated 
measures ANOVA of the data for 
knockout mice revealed a significant 
effect of treatment, F(1,99)=4.8, p=0.041. 
n=8, wild-type with saline treatment; 
n=8, wild-type with D-serine treatment; 
n=5, Pick1 knockout mice with saline 
treatment; n=13, Pick1 knockout mice 
with D-serine treatment. 
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26A). Meanwhile, we observed conclusive evidence that adult D-serine treatment did not 

rescue the deficit in spontaneous alternations in Pick1 knockout mice (Fig. 26B). 

 

Figure 25 

   

Figure 26 

 

 

 

 

Influence of neonatal D-serine on electrophysiological defects in adult Pick1 

knockout mice. We next addressed whether neonatal D-serine treatment of Pick1 

knockout mice may normalize the electrophysiological deficits observed in adult mice. 

We prepared prefrontal cortical slices from D-serine-treated Pick1 knockout mice, and 

conducted electrophysiological assessments similar to those presented in Fig. 6. The 

Figure 25. Spontaneous alternations in the Y-
maze after neonatal D-serine treatment. 
Neonatal saline injections masked the deficit 
shown by naïve Pick1 knockout mice. D-serine 
showed a trend of beneficial influences on KO, 
but due to the baseline changes, it did not reach  
significance. n=11 WT (saline), n=12 WT (D-
serine), n=8 KO (Saline), and n=7 KO (D-
serine). 

 

Figure 26. Effect of adult D-serine treatment on prepulse inhibition and Y-maze. a) Prepulse inhibition 
after adult D-serine treatment. Repeated injections in adulthood significantly altered the baseline response 
in both wild-type and knockout mice, so we could not make any conclusive statement. n=7 WT (saline), 
n=6 WT (D-serine), n=5 KO (Saline), and n=5 KO (D-serine). b) Spontaneous alternations in the Y-maze 
after adult D-serine treatment. D-serine had no effect on the performance. n=10 WT (saline), n=8 WT (D-
serine), n=7 KO (Saline), and n=7 KO (D-serine). p*<0.01.  
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resting membrane potentials of Pick1 knockout mice treated with D-serine during the 

neonatal period and adulthood were -66.6 ± 4.7 and -67.9 ± 3.1 mV, respectively. Unlike 

untreated Pick1 knockout mice, NMDA (4 µM) elicited strong increases in evoked action 

potential firing in slices from D-serine-treated Pick1 knockout mice. The number of 

action potentials evoked by current injection rose from 3.9 ± 1.2 to 7.4 ± 3.2 with NMDA 

administration (89% increase from baseline) (Fig. 27A, Table 1). The addition of  

Figure 27 

 

 

 

 

SKF38393 to NMDA slightly increased the number of action potentials to 8.9 ± 3.6. A 

two-way ANOVA revealed differences between treated and untreated Pick1 knockout 

Figure 27. Rescue of electrophysiological deficits in adulthood by neonatal D-serine treatment, but 
not by adult D-serine treatment. Responses to NMDA application in prefrontal cortical brain slices 
from adult Pick1 knockout mice that had been treated with D-serine. Data are presented in the same 
format of those in Fig. 6. Top: Neonatal D-serine treatment (from postnatal day 3 to day 16) rescued the 
electrophysiological changes in Pick1 knockout mice. Bottom: Adult D-serine treatment did not rescue 
the electrophysiological changes in Pick1 knockout mice. 
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mice (F(1,22)=7.91, p=0.010). These results indicate that D-serine treatment during 

development rescued adult NMDA function in Pick1 knockout mice.  

In contrast, when we conducted D-serine treatment in adulthood, responses of 

neurons were noticeably blunted in Pick1 knockout mice: to NMDA (5.7 ± 1.7 at baseline 

to 8.2 ± 3.2 spikes for a 46% increase in action potential firing) or NMDA plus 

SKF38393 (9.7 ± 3.6, a 70% increase from baseline) (Fig. 27B, Table 1). To statistically 

confirm the contrastive responses between neonatal and adult D-serine treatment to Pick1 

mice, we employed a two-way ANOVA. First, a significant effect of D-serine treatment 

(F(2,42)=7.502, p=0.002) was revealed in Pick1 mice. Second, post hoc comparisons using 

Tukey’s HSD indicate that neonatal treatment rescued the electrophysiological deficits in 

untreated Pick1 mice (p=0.002), whereas this rescue was absent upon the treatment in 

adulthood (p=0.52). Thus, we conclude that neonatal, but not adult, D-serine treatment 

rescues NMDA function in adult Pick1 knockout mice. 

 

IV. Discussion 

 

It has been an unanswered question whether D-serine during brain development 

plays a role in adult brain function and behavior, although its physiological and 

pathological role in adult animals have been well studied (Martineau et al., 2006; Duffy 

et al., 2008; Hashimoto et al., 2009a; Bado et al., 2011; Malkesman et al., 2012; Ma et 

al., 2013). To address this question, here we utilized Pick1 knockout mice in which the 

D-serine level is selectively reduced in the forebrain only during the neonatal stage 

(Hikida et al., 2008). Adult Pick1 knockout mice showed several behavioral 
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abnormalities and electrophysiological deficits in the prefrontal cortex. Importantly, 

neonatal, but not adult, D-serine supplement rescued such adult deficits. These 

observations suggest a novel role for D-serine during brain development, with significant 

influence on adult brain function and behavior. 

How does altered D-serine during development affect adult performance? The 

most probable scenario is that neonatal D-serine influences NMDA receptors, which in 

turn affects brain network formation. In Pick1 knockout mice, a neonatal-specific deficit 

in D-serine may lead to transient hypo-NMDA function during a critical period for proper 

brain development. Alternatively, D-serine may influence brain development by an 

unknown mechanism independent of its action on NMDA receptors. The next question, 

although it is beyond the scope of the present study, is to characterize how neonatal D-

serine administration to Pick1 knockout mice may change (possibly normalize) neural 

network formation during the developmental trajectory, in comparison with non-treated 

Pick1 knockout and wild-type mice. By comparing these data with those from mice with 

direct genetic modulation of NMDA receptors, we may be able to clarify whether the 

effects of neonatal D-serine supply are via NMDA receptors. 

Acute or sub-chronic administration of phencyclidine (PCP), a NMDA receptor 

antagonist, to rodents can produce behaviors resembling phenomena observed in 

schizophrenia (Javitt and Zukin, 1991). Clinical observation of PCP-induced psychosis 

and schizophrenia-like manifestation in normal subjects with non-competing NMDA 

receptor antagonists indicate a possible role of adult NMDA neurotransmission in the 

disease (Luby et al., 1959; Rosenbaum et al., 1959; Krystal et al., 1994). The current 

view on the mechanisms by which NMDA antagonists may produce psychosis relates to 
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their ability to selectively suppress local inhibitory processes yielding cortical 

disinhibition and these effects are evident in adolescents and adults (O’Donnell, 2011). 

Thus, the mechanism leading to behavioral deficits in Pick1 knockout mice is different 

from those elicited by adult and adolescent administration of NMDA receptor antagonists 

that functionally impair glutamatergic neurotransmission (Sawa, 2009). Instead, as 

discussed above, neonatal D-serine and NMDA receptors are likely to influence neural 

circuit formation during neurodevelopment, secondarily affecting adult brain function 

and behavior in neonatal manipulations that reduce NMDA receptor activity. Thus, 

neonatal administration of PCP may be a useful model for adult mental illnesses (Semba 

et al., 2001; Harich et al., 2007; Nakatani-Pawlak et al., 2009; Deutsch et al., 2010), but 

is justified in the context of neurodevelopment, distinct from models with adult and 

adolescent administration of NMDA receptor antagonists. 

As PICK1 is a multifunctional protein, the phenotypes of Pick1 knockout mice 

reflect not only D-serine associated abnormalities but also deficits elicited by many other 

mechanisms. Thus, in the present study, we conducted neonatal supplement of D-serine 

to address the primary cause of D-serine.  Nonetheless, one may wonder why we did not 

use conditional knockout mice lacking serine racemase (Basu et al., 2009), the 

synthesizing enzyme for D-serine, for this study. This is in part because we currently do 

not have access to the conditional mice. Furthermore, as serine racemase generates not 

only D-serine but also pyruvate, keto-acid, and ammonia (Foltyn et al., 2005), its 

knockout may not be a tool to purely address the role for D-serine. Thus, both conditional 

serine racemase knockout and Pick1 knockout mice are complementary towards 

investigating the neonatal role for D-serine. 
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Genetic studies have suggested that genes encoding key molecules of D-serine 

synthesis, degradation, and regulation (e.g., D-amino acid oxidase, PICK1, serine 

racemase, DISC1, and possibly G72) are frequently associated with bipolar disorder and 

schizophrenia (Craddock et al., 2006; Detera-Wadleigh and McMahon, 2006; Hayden 

and Nurnberger, 2006). In addition, a chromosomal abnormality associated with 

schizophrenia is reportedly linked to down-regulation of phosphoserine 

aminotransferase1, PSAT1, a key enzyme for the synthesis of L-serine, the precursor of 

D-serine (Ozeki et al., 2011). Thus far, the significance of these genetic polymorphisms 

and mutations that may influence D-serine might naively be postulated in conjunction 

with hypo-NMDA function in the adult brain. The present data indicating that neonatal 

D-serine plays a crucial role in PPI (impaired in schizophrenia and related disorders), 

however, may urge us to consider the neurodevelopmental role for D-serine and 

associated molecules as an alternative mechanism in the pathology of major mental 

illnesses. 
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