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Abstract 

 

Title of Dissertation: Dominant-Negative Disrupted in Schizophrenia 1 Alters the 

Dopaminergic Modulation of Excitatory-Inhibitory Balance in the Prefrontal Cortex 

Ross Andrew Cardarelli, Doctor of Philosophy, 2013 

Dissertation Directed by: Patricio O’Donnell, MD, PhD, Department of Anatomy and 

Neurobiology, Program in Neuroscience 

 

Dysfunction of inhibitory cells, especially of fast-spiking interneurons within the 

prefrontal cortex, is a convergent phenotype existing in patients with schizophrenia and 

within animal models of the disorder. Despite a large amount of research into the 

molecular and behavioral consequences of different manipulations, the 

electrophysiological phenotype of cells within relevant brain areas including the 

prefrontal cortex remains underexplored. In this dissertation, I utilized whole cell 

recordings to first differentiate between classes of neurons in the normal-developing 

prefrontal cortex and then discerned the pattern of their modulation by dopamine receptor 

D2 agonists. I then contrasted this normal, late-maturing phenotype with that in mice 

carrying a truncated human disrupted in schizophrenia 1 (DISC1) allele. I will show that 

fast-spiking interneurons in mice expressing mutated DISC1 lose their normal 

electrophysiological phenotype including a failure to attain a normal adult firing profile 

and dopamine response, and conclude that early-life gene disruption can result in 

electrophysiological dysfunction of GABAergic interneurons. 
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Chapter 1: Introduction 

Schizophrenia: A Worldwide Health Problem 

Schizophrenia (SZ) is a debilitating psychiatric disorder that affects 

approximately 0.5% of the worldwide population (Bhugra, 2005). The onset of SZ occurs 

late in adolescence or early in adulthood, resulting in a lifetime of cognitive and 

emotional impairment (Hafner et al., 1994). In addition, patients with SZ die on average 

13.5 years sooner than the general population (Crump et al., 2013), resulting in part from 

a higher rate of suicide (Palmer et al., 2005) and increased mortality from cardiovascular 

disease and cancer (Crump et al., 2013). SZ also imposes a large societal burden: as of 

2002, the total cost of SZ in the United States, including patient healthcare and 

productivity lost by caregivers, families and patients was $62.7M USD (McEvoy, 2007). 

Cellular Dysfunction in the Prefrontal Cortex May Lead to Symptoms of SZ 

Despite decades of effort devoted to the development of novel therapeutics, there 

remains a substantial gap in alleviating patients’ symptoms, which can be grouped into 

positive, negative, and cognitive domains (Tamminga and Holcomb, 2005). Positive 

symptoms include delusions, often of persecution or grandeur; and sensory hallucinations 

(Kay et al., 1987). Negative symptoms include anhedonia (lack of pleasure), blunted 

emotional affect, and monotonic speech (Foussias and Remington, 2010). Cognitive 

dysfunctions in patients with SZ include working memory (Hartman et al., 2003b) and 

verbal fluency deficits (Goldberg et al., 1990), processes normally performed by circuits 

that incorporate the prefrontal cortex (PFC) (Goldman-Rakic, 1994, McCarthy et al., 

1996). Antipsychotics, the current treatment for SZ, ameliorate positive symptoms, but 
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have little efficacy in treating the negative and cognitive symptoms which better predict 

life satisfaction and level of functioning (Tomotake, 2011). 

The Dopaminergic and Glutamatergic Hypotheses of Schizophrenia: Clinical 

Observations Leading to Mechanistic Studies of the Disorder 

The correlation between D2 receptor block and therapeutic efficacy of 

antipsychotics in patients led to the development of the dopaminergic hypothesis of SZ, 

which originally posited that a hyperdopaminergic state underlies SZ pathology (Seeman 

and Lee, 1975). Amphetamine inhibits the DA transporter, resulting in higher DA levels 

in subcortical areas (Jones et al., 1998), and induces positive symptoms in healthy 

subjects (Bell, 1965). In animals, systemic administration of amphetamine increases 

locomotion (Stolk and Rech, 1967) and impairs sensorimotor gating (Geyer et al., 2001). 

However, AMPH administration does not impair social behavior in rodents (Sams-Dodd, 

1995), and does not generate thought disorder in humans (Bell, 1965). These are clear 

indications that while hyperdopaminergia may be involved in SZ, other processes are 

necessary to recapitulate SZ in experimental models. 

A further insight into the mechanisms that contribute to SZ came from 

observations in patients abusing the stimulant phencyclidine (PCP; 1-(1-

phenylcyclohexyl) piperidine). PCP induces a state in healthy adults that includes 

features resembling positive, negative, and cognitive symptoms (Luby et al., 1959; Lahti 

et al., 1995; Malhotra et al., 1997). PCP (and its related compounds ketamine and MK-

801) antagonize N-methyl D-aspartate (NMDA) receptors (Anis et al., 1983; Wong et al., 

1986; Huettner and Bean, 1988). The connection between their psychotomimetic 
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properties and mechanism indicates that dysfunction in glutamate signaling may 

contribute to SZ (Olney and Farber, 1995; Olney et al., 1999). Ketamine administered to 

patients with SZ and healthy controls resulted in a similar pattern of thought disorders 

(Malhotra et al., 1997; Adler et al., 1999). Many of the abnormalities generated in 

response to ketamine administration are predicated on increasing activity in the PFC and 

hippocampus, which among other things may lead to increased drive to midbrain DA 

neurons and hyperdopaminergia (Lisman et al., 2008). 

GABAergic Interneuron Pathology is a Central Feature of SZ 

A prominent hypothesis behind the dysfunction of the PFC in SZ is that GABA 

(gamma-aminobutyric acid) containing inhibitory interneurons, especially parvalbumin-

expressing (PV+) fast-spiking interneurons (FSI), are hypofunctional in SZ, leading to 

cortical disinhibition (Benes et al., 1996; Lewis and Hashimoto, 2007; O'Donnell, 2011; 

Moghaddam, 2012, Rotaru et al, 2012). GABAergic interneurons do not project out of 

the PFC, but modulate the output of this area by regulating the excitability glutamatergic 

pyramidal cells (PYR) which project to different areas of the brain. A hypofunction of 

interneurons could result in a disinhibited PFC, impairing cortical information 

processing. 

Multiple markers for GABAergic interneurons, including the 67 kilodalton 

isoform of the GABA synthesizing enzyme glutamic acid decarboxylase (GAD67) and 

the GABA transporter, are decreased in the PFC in post-mortem SZ brain tissue (Ohnuma 

et al., 1999). This could be due either to a decrease in the number of inhibitory cells, or a 

reduction in amount of the marker below a detection threshold used to indicate that the 
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cell is present. The number of inhibitory cells, including those expressing parvalbumin 

(PV) and somatostatin (SST) appear to be reduced, but the decrease in PV labeling is not 

due to a decrease in inhibitory cell number, but in some reports, a decrease in the amount 

of PV mRNA per cell (Volk et al., 2002; Hashimoto et al., 2003; Hashimoto et al., 2008; 

Curley et al., 2011; Lewis et al., 2012; Volk et al., 2012; Curley et al., 2013) or a 

decrease in the amount of cells immunopositive for parvalbumin (Torrey, 2005). 

The onset of expression of PV, GAD67, and other markers of inhibitory 

interneurons is activity-dependent during early postnatal development (Hendry, 1986; 

Benevento, 1995; Rutherford, 1997) suggesting that in SZ inhibitory interneurons are 

present but may be immature. A reduction in the maturityof interneurons leading to a 

reduction in GABAergic tone may be countered by postsynaptic upregulations of 

receptors for GABA, as the numbers of-GABAA α2 receptor-labeled pyramidal cell 

(PYR) axon initial segments is increased by 113% in the adult SZ PFC (Volk and Lewis, 

2002; Volk et al., 2002). 

Experimental animal models recapitulate many of the behavioral symptoms found 

in patients with SZ, allowing detailed investigation into the basic pathophysiology of the 

disorder (reviewed in O'Donnell, 2011). Various models, including the neonatal ventral 

hippocampal lesion (Lipska, 1993), methylazoxymethanol acetate (Lodge, 2009), 

maternal infection (Fatemi et al., 2002; Smith et al., 2007; Brown, 2011), social isolation 

(Zhao, 2009; Jiang, 2013), and NMDA antagonist administration (Wiley, 2003; Wang et 

al., 2008; Belforte, 2010) are timed to affect the development of brain circuits relevant to 

SZ. These diverse manipulations all result in a cluster of phenotypes which show 

similarity to human SZ. For example, acute administration of the NMDA antagonist 
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ketamine to rodents induces hyperactivity in the open field and impairs sensorimotor 

gating (Bubenikova-Valesova et al., 2008). At the cellular level, ketamine disinhibits 

pyramidal neurons in the PFC, increasing their activity through decreasing the firing rate 

of PV+ fast-spiking interneurons (FSI) (Homayoun and Moghaddam, 2007). 

As a direct test that decreased inhibitory function can underlie dysfunction in SZ, 

infusion of the GABA antagonist bicuculline (BIC) within the PFC of adult rats generates 

behavioral impairments similar to those seen in SZ patients (Enomoto et al., 2011) 

including increased perseverative errors in a working memory task and increased 

response latency in set-shifting tasks, which may be similar to the generalized ‘cognitive 

slowing’ observed in human patients (Hartman et al., 2003a; Hartman et al., 2003b). SZ 

patients require higher levels of dlPFC activation to complete a working memory task at 

similar accuracy to healthy controls, including (Manoach et al., 2000). Other reports have 

shown that if the demands of the task increase beyond a certain point, SZ patients cannot 

continue to increase PFC activation (Callicott et al., 2003); consistent with the idea that 

intact inhibition is important for synchronizing the activity of the PFC. 

Factors Conferring Risk to Developing Schizophrenia 

SZ does not result from any one genetic mutation, but most likely from an 

interaction between genetic mutations and environmental events (Modinos et al., 2013). 

Multiple genes with roles in the development and function of the PFC have been linked 

to SZ (Karayiorgou, 2006); including neuregulin and its receptor ErbB4 (Stefansson et 

al., 2002; O'Donovan et al., 2003, Williams et al., 2003; Norton et al., 2006; Agim et al., 

2013) which play a prominent role in interneuron development. The penetrance of each 

individual gene is low, but epistatic interactions can combine to increase SZ disease risk 
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(Nicodemus et al., 2010). A breakthrough in the search for genetic linkage to SZ came 

with the discovery of the disrupted in schizophrenia 1 (DISC1) gene in a family with 

dramatically increased risk for developing psychiatric illnesses including SZ (St. Clair et 

al., 1990); of the carriers of the original chromosomal truncation, 70% developed major 

depressive disorder, bipolar disorder, or SZ (St Clair et al., 1990). The coding sequence 

for DISC1 is interrupted by a chromosomal translocation (t [1; 11][q42.1; q14.3]) which 

bisects the full-length (13 exon, 854 amino acid) sequence encoding the DISC1 protein 

between exons 8 and 9 (St Clair et al., 1990; Millar et al., 2000; Millar et al., 2001). The 

translocation could result in either a dominant-negative (DN) C-terminal truncated 

protein or haploinsufficiency from non-expression of the affected allele (Chubb et al., 

2008). In addition to the original C-terminal truncation, the chromosomal region 

containing DISC1 shows linkage to SZ in multiple populations (Ekelund et al., 2001; 

Hwu et al., 2003), and multiple rare DISC1 variants are associated with SZ and other 

human psychiatric disorders such as depression (Sachs et al., 2005; Song et al., 2008; 

Tomppo et al., 2009; Crepel et al., 2010). 

In the mouse and human, the endogenous Disc1/DISC1 protein is non-uniformly 

distributed throughout the cell at structures including the centrosome, synapse, and 

mitochondria (Enomoto et al., 2009; Wang et al., 2011). Endogenous full-length DISC1 

is present in glutamatergic and GABAergic neurons in the cerebral cortex as evidenced 

by overlap with Excitatory Amino Acid Carrier 1 (EAAC1), a neuronal glutamate 

transporter and marker for excitatory neurons, and glutamic acid decarboxylase (GAD), 

but not the astrocyte marker glial fibrillary acidic protein (GFAP) (Austin et al., 2004; 

Schurov et al., 2004). Protein-interacting coiled-coil domains subserve DISC’s role as a 
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scaffold or adaptor protein (Soares et al., 2011; Eykelenboom et al., 2012). Proteins 

including dysbindin and phosphodiesterase 4B (PDE4B) that bind DISC1 themselves 

show linkage to SZ or are important for cognitive processes so the loss of protein-

interacting domains from the C-terminal truncated protein may affect their activity, 

implicating DISC1 as part of a ‘connectome’ linked to SZ risk (Camargo et al., 2007). 

DISC1 has a role in intracellular transport, binding microtubules through protein-protein 

interactions (Morris et al., 2003) and associating with both anterograde and retrograde 

motor proteins. DISC1 is also found in mitochondria (Millar, 2005) and at the synapse 

(Kirkpatrick et al., 2006; Maher and LoTurco, 2012). The C-terminal truncated form of 

human DISC1 retains the ability to dimerize with full-length Disc1 (Kamiya et al., 2005), 

resulting in a dominant-negative protein that dissociates the endogenous protein from its 

normal location. 

Both SZ patients with the C-terminal truncated DISC1 mutation and unaffected 

carriers in the same family show reductions in the P300 event-related potential (ERP) 

amplitude (Blackwood, 2001), an established biomarker for SZ (Luck et al., 2011). P300 

ERP amplitude is a measure of detection of intermittently-delivered auditory stimuli 

(deviant tones) that differ from a repeated (standard) stimulus (Turetsky et al., 2007; 

Rissling et al., 2010; Hong, 2012), indicating its reduction is an indication that 

disruptions in DISC1 may result in basic nervous system pathology amenable for study in 

animal models. There are multiple types of DISC1/Disc1 animal models, generated by 

expression of the human truncated sequence (Kamiya et al., 2005; Pletnikov et al., 2008; 

Ayhan et al., 2011), short-hairpin RNA (shRNA) (Niwa et al., 2010), truncated mouse 

sequence (Holley et al., 2013), or site-directed mutagenesis (Lipina et al., 2010; Lee et 
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al., 2011). This dissertation will focus on a mouse model developed by Dr. Akira Sawa at 

The Johns Hopkins University, where the human C-terminal truncated DISC1 gene is 

expressed under the alpha calmodulin-dependent protein kinase II (αCaMKII) promoter, 

leading to expression of a dominant-negative protein (Kamiya et al., 2005); through the 

remainder of this dissertation this mouse will be referred to as DN-DISC1. 

DISC1-dominant negative (DN-DISC1) mice have a number of phenotypes that 

are translatable to human SZ (Hikida et al., 2007). DN-DISC1 mice show morphological 

abnormalities similar to patients with SZ including enlarged lateral ventricles, 

hippocampal shrinkage, and asymmetric cortical thinning (human phenotypes reviewed 

in McCarley et al., 1999). DN-DISC1 also have a specific reduction of PV+ cells in the 

medial PFC, and decreased sensorimotor gating and hyperactivity in the open field. 

Consistent with DISC1 being a predisposing factor for multiple psychiatric disorders, 

measures of depression, such as immobility in the forced swim test, and anxiety, as 

revealed by the elevated plus maze test, are also increased in DN-DISC1 (Hikida et al., 

2007). In comparison to the behavioral consequences of DN-DISC1 expression, little is 

known how the genetic disturbance alters the physiology of the PFC. In this dissertation, 

I will focus on the adult phenotype of GABAergic cells, especially of fast-spiking (PV+) 

interneurons, in the DN-DISC1 mouse. 

Perinatal Manipulations Generate Schizophrenia-Relevant Pathology in Animal 

Models 

The neurodevelopmental hypothesis of SZ predicts that early genetic or 

environmental insults increase the risk for developing SZ later in life (Weinberger, 1987; 
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McGrath et al., 2003; Rapoport et al., 2005; Fatemi and Folsom, 2009). In accordance 

with this hypothesis, any manipulation or genetic disturbance in animal models must be 

timed during early postnatal development to result in a sustained illness state in the adult. 

For example, the effects of ketamine on adult brain function in the rodent vary depending 

on administration schedule, but administration in the perinatal period results in long-

lasting cortical disinhibition (Manahan-Vaughan, 2008; Bubenikova-Valesova et al., 

2008; Wang et al., 2008a; Moghaddam and Krystal, 2012). This steep temporal 

dependence exists across multiple models of SZ including immune activation (Feleder et 

al., 2010), methylazoxymethanol acetate (MAM) (Lodge et al., 2009; Lodge and Grace, 

2009) and rat neonatal ventral hippocampal lesion (NVHL) (Lipska et al., 1993; Wood et 

al., 1997) models. 

The NVHL has been extensively utilized by our laboratory and by others to 

determine how early developmental manipulations affect the adult brain (Lipska et al., 

1993; Tseng and O’Donnell, 2007; Tseng et al.,, 2008). In the NVHL, lesions of the 

ventral hippocampus after the second postnatal week do not result in SZ-relevant 

behavioral phenotypes, indicating a critical period of susceptibility during development 

(Wood et al., 1997). Excitotoxic lesions of the ventral hippocampus are produced at P7 

by infusion of ibotenic acid at (Lipska et al., 1992; Lipska et al., 1993; Lipska et al., 

1995). The perinatal insult leads to adult behavioral phenotypes that recapitulate positive, 

negative and cognitive symptoms including hyperactivity in the open field, deficits in 

social behavior; and sensorimotor gating deficits (Sams-Dodd et al., 1997; Lipska, 2004). 

The NVHL also results in impaired GABAergic function; evidenced by a decrease in PV 

immunoreactivity in the adult (P61), but not juvenile (P21) PFC (unpublished data from 
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our laboratory). Adding support that glutamatergic input is critical for interneuron 

development, specific knockout of the NMDA receptor NR1 subunit in FSI results in 

decreased expression of PV and GAD67 in the adult animal (Belforte et al., 2010). 

Expression of the DN-DISC1 construct under the αCaMKII promoter results in a 

spatiotemporal pattern similar to the NVHL. In the mouse, DISC1 is expressed from 

early embryonic ages (E10) throughout adulthood with two peaks of expression (Schurov 

et al., 2004). The first peak occurs in embryonic development at E13.5, and decreases by 

E16. Knockdown of DISC1 at this age leads to inhibition of neuronal migration of both 

excitatory and inhibitory cells to the cortex (Kamiya et al., 2005; Steinecke et al., 2012). 

The second peak of DISC1 expression occurs near the beginning of adolescence (P35), 

and expression stays elevated through six months (Schurov et al., 2004). No study has yet 

looked at specific inhibition or knockdown of DISC1 in the adolescent period, but 

conditional DN-DISC1 expression under αCaMKII as utilized in this dissertation would 

disrupt any process that relies on intact DISC1 signaling during adolescence. The 

expression of αCaMKII RNA is strong in the cortex and hippocampus in the mouse, with 

less expression in striatum, thalamus, and hypothalamus (Allen Brain Atlas). Disrupting 

DISC1 signaling in the prenatal period does not result in lateral ventricle enlargement, 

cortical shrinkage, or depressive phenotypes, although the effects of the mutant protein 

on sensorimotor gating deficits and PV-immunoreactive cells are less sensitive to the 

period of disruption (Ayhan et al., 2011). Because DN-DISC1 is expressed under the 

αCaMKII promoter, it disrupts all functions of endogenous DISC1 beginning in early 

postnatal development (Hikida et al., 2007), and allows investigation of the consequences 

of altered DISC1 function on postnatal development. 
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Knowing that the NVHL, DN-DISC1, and other perinatal models affect the 

functioning of the adult cortex, we can look for phenotypes that generalize between 

different models. By first studying the normal physiology of the PFC including the adult 

phenotypes of GABAergic interneurons, I will establish the adult phenotypes of these 

cells for comparison to that in DN-DISC1, which in turn may provide insight into 

pathological states such as SZ. First, I will introduce three cell types within the PFC, one 

excitatory and the other two inhibitory. Second, I will discuss how the dopamine 

projection to the PFC matures into adulthood and how it modulates each population of 

cells. 

Cellular Physiology of the Prefrontal Cortex 

To better understand how dysfunction of GABAergic interneurons in the PFC 

may lead to phenomena observed in SZ, we first need to understand the physiology and 

function of the mouse medial PFC. This brain area is homologous to the dorsolateral PFC 

(dlPFC) in humans, an area strongly implicated in SZ pathophysiology (Uylings et al., 

2003). The PFC is a laminar structure with six layers (I-VI) numbered consecutively from 

the pial surface down to the white matter (anatomy reviewed in: (Groenewegen et al., 

1997; Groenewegen and Uylings, 2000 for rat; Van De Werd et al., 2010 for mouse). 

Broadly, the PFC is involved in the “memory, planning, or execution of actions” based in 

time (Fuster, 2001). Prefrontal neurons are active both during the cue and in the delay 

period between presentation of stimulus and decision during ‘match-to-sample’ visual 

working memory tasks in primates (Fuster, 1973), and cooling of this area results in 

impairments in these tasks (Quintana, 1993). In later studies, certain neurons showed 

modulation of firing rate to both delay and certainty (Quintana, 1999), all consistent with 
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a role for this brain area in planning and executing actions. Other roles for the prefrontal 

cortex include selective attention (reviewed by Squire et al., 2013) and context-based 

learning (reviewed by Maren, 2013). 

The PFC is comprised of excitatory glutamatergic pyramidal cells (PYR) and 

inhibitory interneurons. PYR have basal dendrites which ramify within and below the 

somatic layer and a prominent apical dendrite which extends to the pial surface. The PFC 

integrates information about the internal environment from the hypothalamus, affective 

state from the amygdala, memory from the hippocampus, and ‘processed’ sensory 

information from association cortices (Fuster, 2001). Two layers of PYR communicate 

the output of the PFC to downstream structures: PYR in the superficial Layers II/III of 

the PFC project between cortical areas or to deeper layers in the same cortical column, 

and PYR in the deeper Layers V/VI project to subcortical structures (Gabbott et al., 2005) 

including the amygdala (Dilgen et al., 2013) and nucleus accumbens (Carr et al., 1999; 

Calhoon and O'Donnell, 2013). In the nucleus accumbens, stimulation of fibers that 

mimics the normal bursting pattern (Wong and Prince, 1981) of PYR cells suppresses 

accumbens cell responses to hippocampal excitatory transmission. Deep-layer PYR cells 

in the PFC also project to the ventral tegmental area (VTA) (Carr and Sesack, 2000; 

Sesack and Carr, 2002), where they synapse onto both dopaminergic cells (Sesack and 

Carr, 2002) and GABAergic interneurons (Geisler and Wise, 2008). 

Pyramidal cell excitability is modulated directly by ascending neurotransmitter 

systems and by inhibition from local GABAergic interneurons whose cell bodies are 

distributed throughout Layers II-VI. Despite only constituting 10-20% of the neurons in 

the cortex (Ren et al., 1992), this heterogeneous population structures the amount and 
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timing of PFC output (Cauli et al., 1997; Markram et al., 2004; Ascoli et al., 2008; 

DeFelipe et al., 2013). This dissertation will focus on the two populations of interneurons 

within the deep layers of the PFC, low threshold spiking (LTS) interneurons and fast-

spiking interneurons (FSI), which together constrain PYR activity (Bacci et al., 2003). 

LTS cells, a subpopulation of the somatostatin-expressing (SST) interneurons in 

the cortex (Ma et al., 2006), were originally described by Kawaguchi et al. in the rat 

(Kawaguchi, 1993; Kawaguchi and Kubota, 1997). Also termed Martinotti cells or 

regular-spiking non-PYR cells, LTS target the apical tuft dendrites of PYR cells, with 

fewer synapses with the proximal dendrite and soma (Wang et al., 2004). LTS receive 

weak, facilitating excitatory input (Beierlein et al., 2003), the result of a long membrane 

time constant (τ) that allows summation of EPSPs over a long time period. Connection 

studies have demonstrated that excitatory afferents to LTS are primarily from superficial-

layer PYR cells (Apicella et al., 2012). The density of projections from LTS decreases 

with distance from the soma (Fino and Yuste, 2011). 

Elicited inhibitory postsynaptic currents (IPSCs) currents from LTS cells are 

smaller and slower than those from FSI, likely due to both the location of the synapse and 

the makeup of the postsynaptic GABA receptor (Xiang et al., 2002). The GABAB 

receptor agonist baclofen limits the spread of back-propagating action potentials when 

delivered to the apical dendrite, simulating inhibition from LTS (Breton and Stuart, 

2012). Less is known about the functions of LTS in the circuit, which may include tonic 

inhibition or limiting the bursting activity of pyramidal cells (Goldberg et al., 2004; 

Krook-Magnuson et al., 2008; Szydlowski et al., 2013). 
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FSI are the largest subpopulation of inhibitory interneurons in the cerebral cortex 

(Ren et al., 1992). FSI exclusively express the calcium (Ca2+)-binding protein PV in the 

cerebral cortex (Kawaguchi and Kubota, 1998), and can be subdivided into basket cells 

which target the PYR soma and chandelier cells which target PYR axon initial segment 

(Howard et al., 2005). FSI fire non-adapting, high-frequency action potentials in response 

to supra-threshold input, enabled by rapidly-gating sodium channels (Martina and Jonas, 

1997) and potassium channels (Martina et al., 1998). These potassium channels 

temporarily hyperpolarize the membrane, opening the inactivation gate of sodium 

channels and enabling them to response to continued threshold input. 

FSI send strong, synchronous inhibition which acts on the final integrated 

excitatory drive onto the PYR. Each FS cell targets many of the neighboring PYR cells in 

a non-specific manner, forming a dense connectivity that decays with increasing distance 

from the FSI cell body (Packer and Yuste, 2011). The combination of dense connectivity 

and rapid, powerful inhibition from FSI mean strong excitation to a PYR is rapidly 

followed by inhibition; and weakly excited cells would not be able to overcome the 

feedforward inhibition. GABAB agonist baclofen subtracts from total action potential 

count when delivered to the soma, the location of most synaptic contacts from FSI 

(Breton and Stuart, 2012). 

While unitary connections from PYR to FSI are stronger than those to LTS, 

successive excitatory inputs from FSI is depressing (Angulo et al., 1997) and FSI have a 

number of mechanisms that limit their excitability. FSI have a lower input resistance, 

more hyperpolarized membrane potential (Vm), and a smaller time constant than LTS 

cells. The integration of EPSPs into FSI is linear, but each input decays rapidly; modeling 
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studies suggest that EPSPs from 8 ± 5 simultaneous action potentials in PYR cells are 

required to drive FSI to fire action potentials from rest (Angulo et al., 1999). In this 

dissertation, I will focus on mechanisms that may change the ability of synaptic input to 

drive FSI action potential firing through changing the cells’ intrinsic excitability. 

Developmental Disruptions Related to Schizophrenia Coincide With A Critical 

Period in Interneuron Development 

Because models of SZ including the NVHL and DN-DISC1 are predicated on 

early postnatal insults, FSI may be vulnerable to damage at this time point. Both SST+ 

and PV+ interneurons migrate from the medial ganglionic eminence, a developmentally 

transient structure in the ventral telencephalon (Van Eden et al., 1989; Del Rio et al., 

1992; Xu et al., 2004). Through the early postnatal period, interneurons incorporate into 

cerebral cortex, making synaptic connections with other populations. PV staining is first 

observed in rodents in the second postnatal week (de Lecea, 1995) and during this time, 

FSI are much more excitable than they are in the adult (Miller et al., 2011). Through the 

following weeks extending into adolescence, FSI undergo a long maturation process that 

involves bidirectional regulation of different ion channels and transporters that determine 

the cells’ intrinsic excitability and firing behavior (Okaty et al., 2009; Miller et al., 2011). 

Measures of intrinsic excitability include resting membrane potential, input resistance 

and rheobase, the minimum-intensity current pulse that can elicit an action potential. 

During maturation, the input resistance of FSI decreases and the rheobase increases. 

While not limited to this population of channels, the expression of a wide variety of 

potassium channels influences the intrinsic excitability of neurons including FSI 

(Goldberg, 2008; Johnston, 2010). LTS cells also undergo late developmental changes, 
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but become more excitable over time, with an increase in resting membrane potential and 

decreased rheobase with increasing age from P15 to P30 (Lazarus and Huang, 2011). 

One explanation for the hypofunction and loss of markers of FSI in SZ 

postmortem tissue and in animal models is that their high activity rate requires high 

mitochondrial energy production, which generates as by-products a number of reactive 

oxygen species (Cabungcal et al., 2012). Along with the higher intrinsic excitability of 

FSI during the juvenile period, FSI have a reduced capability to buffer reactive oxygen 

species, due to incomplete development of perineuronal nets (Wintergerst, 1996; Hartig, 

1999; Dityatev, 2007; Nowicka, 2009) (PNN), strongly anionic glial-derived extracellular 

matrix lattices that surround FSI in the cerebral cortex. PNNs do not fully develop until 

the adolescent period in rodents (Cabungcal et al., 2013b) and humans (Mauney, 2013). 

PNNs restrict plasticity after the critical period, and the formation of nets may limit 

receptor motility in the membrane or prevent the formation of new synaptic connections 

(Wang and Fawcett, 2012). In post-mortem studies, patients with SZ had fewer markers 

for PNN (Mauney, 2013), and cells with immature nets are less able to protect against 

redox imbalance in a mouse model with impaired glutathione synthesis (Cabungcal, 

2013). By introducing the dominant-negative DISC1 protein during postnatal 

development, this model is poised to affect not only the maturation of cortical 

interneurons but also impinge upon a period sensitive to environmental insult. 

Dopamine in the Prefrontal Cortex Matures into Adulthood 

The onset of SZ in late adolescence or early adulthood coincides with the late-

development of the PFC in humans and rodents (Spear, 2000). One late-developing 
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phenotype in the brain is the increase in dopaminergic (DA) projections from the ventral 

midbrain to the frontal cortex (Kalsbeek, 1988; Benes, 2000). DA projection cells from 

the VTA form the mesocortical and mesolimbic pathways to cerebral cortex and striatum, 

respectively (Emson and Koob, 1978), and the density of this projection to the PFC 

increases into adulthood (Naneix et al., 2012). Within the PFC, the DA projection is 

strongest to deep layers in both rats and mice (Divac et al., 1978; Lindvall and Bjorklund, 

1978; Lindvall et al., 1978; Van Eden et al., 1987; Benes et al., 1993; Van De Werd et al., 

2010). Dopamine varicosities contact interneurons, as 25% of TH positive fibers form 

non-synaptic contacts with GABAergic cells, and the number of DA varicosities per 

interneuron increases with age to a maximum at P60 (Vincent et al., 1995a). 

Both electrical and chemical (NMDA) stimulation of the VTA result in inhibition 

of PFC PYR cell activity in vivo through the excitation of inhibitory interneurons (Tseng 

et al., 2006b). Early studies in juvenile rats showed that dopamine increases interneuron 

excitability (Bracci et al., 2002; Gao et al., 2003) while decreasing PYR excitability 

(Gulledge and Jaffe, 1998), and spontaneous inhibitory synaptic transmission to deep-

layer PYR was increased by DA in both frequency and amplitude (Zhou and Hablitz, 

1999). Experiments utilizing in vitro approaches (acute slices of rodent brain) further 

separated out the cellular mechanisms, finding that DA exerts multiple effects that 

depend on the cell type, cortical layer, and age of the animal, as detailed below. 

Early experiments in vitro initially supported that D1 and D2 receptors signaled 

canonically regardless of the identity of the recorded cell (Seamans et al., 2001; Gorelova 

et al., 2002; Trantham-Davidson et al., 2004). These experiments were all performed in 

pre-adolescent rats. Because the final maturation of the PFC, including its DA 
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innervation, and the onset of SZ occur during or after adolescence, our laboratory further 

explored this phenotype using slices from adult rats (Tseng, 2003; Tseng, 2004; Tseng 

2007a, Tseng 2007b). These effects can be measured both in response to synaptic 

stimulation and excitation-action potential coupling measured in response to intracellular 

current, and are summarized in Figure 1. 

 

 

 

Figure 1: Cortical circuit with influence of DA: summary of the pre-existing 

knowledge in the rat PFC. 

Pyramidal cell (colored in blue) output is controlled by the balance of excitatory and 

inhibitory transmission as well as the effects of neurotransmitters such as dopamine. 
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Within pyramidal cells, D1 and D2 receptors modulate intrinsic excitability as well as 

augmenting or shunting the effects of excitatory transmission in opposite ways. Fast-

spiking interneuron (colored in red) excitability is increased by D1 but the D2 response 

shifts to excitation in the adult animal. In contrast, while some non-FS cells develop a 

stronger excitation to D2 agonists in the adult rat, the specific response of the low-

threshold spiking interneurons (colored in yellow) has not been addressed. 

D1 and D5 receptors couple to Gαs, which when stimulated is released to increase 

adenylyl cyclase activity, driving accumulation of cAMP and activating effectors 

including PKA (Neve et al., 2004). D1 stimulation also increases surface expression of 

both AMPA and NR2B subunits (Gao and Wolf, 2008) and decreases the inactivation of 

NMDA receptor currents (Chen et al., 2004). The excitatory modulation of PYR cells by 

D1 receptor activation grows stronger during adolescence (Tseng, 2003). The 

consequence of this is a boosting of ‘signal,’ where excitation is more strongly coupled to 

action potential output (Tseng and O'Donnell, 2004). 

The response to D1R activation in PYR cells is balanced by D2R-dependent 

effects both within the pyramidal cell and through activation of local circuit GABAergic 

interneurons. This response is hypothesized to limit activation to strongly-activated cells, 

reduce the impact of weak excitatory input, and reduce ‘noise’ in the circuit. In PYR 

cells, stimulation of D2-family receptors with the agonist quinpirole decreases 

excitability through a Gαi coupled cascade, inhibiting PKA (Neve et al., 2004). In 

interneurons, D2 receptors switch from being mildly inhibitory in the juvenile rat to being 

excitatory in the adult animal (Tseng and O'Donnell, 2007b). The mechanism behind this 

switch is currently unknown, but could result from a change in the second messenger 
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cascade elicited following receptor signaling (Hasbi et al. 2010). Quinpirole binds D2 and 

D3 receptors with high affinity (Tsuruta et al., 1981; Gehlert et al., 1992) and the D4 

receptor with lower affinity (Cummings et al., 2010); a change in expression of in the 

D2-family receptor expressed by FSI might underlie the switch in DA effects on 

excitability in these cells. In the second chapter of this dissertation, I will describe 

recordings from FSI and LTS GABAergic interneurons, and contrast their modulation by 

D2 agonists in adult wild-type mice. For this set of experiments, I used whole-cell 

recordings to investigate both action potential output as well as sub-threshold changes 

that accompany any modulation of cellular firing. By combining the two types of 

recordings, I intend to determine whether DA may differentially regulate excitability in 

these cells, which can be combined with existing knowledge about the cellular functions 

to create a more detailed knowledge of dopaminergic modulation in the PFC. 

The Adult Phenotype of Fast-Spiking Interneurons May be Altered In Distinct 

Models of Schizophrenia 

In the NVHL, there is a disruption of excitatory-inhibitory balance that in part 

may reflect altered interneuron maturation (Tseng, 2007). Interneurons in the NVHL are 

not recruited as efficiently by D2-family agonists, as increases in excitability of deep-

layer PYR cells by NMDA bath application were not attenuated by the D2/3 agonist 

quinpirole as they were in control animals (Tseng and O'Donnell, 2004). Direct 

recordings of FSI in NVHL rats confirmed that these cells either showed no change (9/13 

cells) or inhibition (4/13 cells) to bath-applied quinpirole (Tseng et al., 2008). The 

absence of this D2-mediated enhancement of excitability means that pyramidal cells lose 
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one mechanism of inhibition in tasks where DA is involved, and may be an intermediate 

phenotype that is present across different models of the disease. 

This late-developing phenotype of FSI may be missing in GABAergic 

interneurons in DN-DISC1 mice as well, as in utero knockdown of Disc1 results in 

blunted attenuation of synaptic stimulation by D2 agonist bath application (Niwa et al., 

2010). In utero (E14) short-hairpin RNA (shRNA) to Disc1 knocks down expression at 

P2, but not P14, resulting in hypersensitivity to stimulant exposure in open field, 

decreased PPI, and diminished performance in the novel object recognition task in adult 

animals. These animals also showed a decrease in PFC DA concentration and a specific 

loss of PV+ cells. DN-DISC1 may exacerbate the phenotype seen in the in utero shRNA 

animals because the truncated protein is constitutively expressed in PYR cells after birth. 

Thus, we will address whether DN-DISC1 FSI or any other population of cell in the PFC 

is altered in terms of its intrinsic excitability or response to dopamine D2 agonists. 

Outline of This Dissertation 

In this dissertation, I will examine how the cellular dysfunction of GABAergic 

interneurons evident in studies in DN-DISC1 mice is reflected in the physiology of cells 

within the prefrontal cortex. In the first aim, I will assess the mature profile of FS and 

LTS interneurons in the normal adult mouse PFC, including their modulation by a D2 

agonist. In the second aim, I will test the hypothesis that there is a loss of a mature 

electrophysiological phenotype in FSI in DN-DISC1. I will address how early cellular 

dysfunction resulting from a mutation in DISC1, a gene which has an established link to 

SZ, affects the adult phenotype of cells within the adult mouse prefrontal cortex. I will 
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show how a decrease in inhibitory GABAergic cell markers, a reliable and repeated 

observation in post-mortem tissue from patients with SZ, alters the late-maturing 

electrophysiological profile of these cells using current-clamp electrophysiological 

recordings in slices from adult mouse PFC. By understanding the cellular pathology 

underlying the observed interneuron deficits in DN-DISC1, we can target therapeutics to 

either recover the normal phenotype or rescue the influence of these cells.  
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Chapter 2: D2 Modulation of Interneuron Subtypes in the Adult Mouse 

Prefrontal Cortex1 

Abstract 

Dopamine (DA) increases the efficiency of information processing in the prefrontal 

cortex (PFC) through multiple cell- and age-dependent effects, including an excitation of 

fast-spiking GABAergic interneurons (FSI) that grows more powerful during 

adolescence. It is not known whether other interneuron types are modulated by dopamine 

in the same manner. Here, I tested whether FSI and low-threshold spiking (LTS) 

interneurons differ in their responses to a dopamine D2 receptor agonist. FSI firing 

increased in response to low concentrations of the D2 agonist quinpirole, whereas LTS 

interneurons did not show a consistent response. Because FSI and LTS interneurons 

differently alter the integration and output of pyramidal cells, there may be a 

compartmental specificity in the DA modulation of pyramidal cell output. 

Introduction 

Dopamine (DA) is critical for proper function of the prefrontal cortex (PFC) by 

modulating the balance between excitation and inhibition (O'Donnell, 2010). DA effects 

on PFC physiology mature during adolescence in rats (Tseng and O'Donnell, 2007b), and 

one of the most dramatic peri-adolescent changes is the acquisition of a strong excitatory 

effect of D2 receptor activation in fast-spiking GABA interneurons (FSI) (Tseng and 

O'Donnell, 2007b). It is likely that this protracted maturation contributes to proper adult 

1 Cardarelli, R.A., Martin, R.F., Powell, E.M., and O’Donnell, P., in preparation for 
submission. 

23 
 

                                                           



 
 

control of excitation-inhibition balance in PFC circuits, but there are several other 

interneuron types in cortical circuits (Kawaguchi and Kondo, 2002; Ascoli et al., 2008) 

that could also contribute to DA’s effects. 

Two of the most studied classes of inhibitory cells provide complementary 

inhibition to Layer 5 pyramidal cells (PYR) through targeting input (dendritic) and output 

(somatic) domains (Xiang et al., 2002). Fast-spiking interneurons (FSI) express the Ca2+ 

binding protein parvalbumin, and innervate the soma and axon initial segment of PYR 

(Kawaguchi and Kondo, 2002). Low-threshold spiking interneurons (LTS), which 

express somatostatin, form a complementary inhibitory subpopulation in the cortex 

(Kawaguchi, 1993; Ma et al., 2006), with a prominent axon ascending to the distal PYR 

apical dendrites. Both LTS and FSI may be involved in the pathophysiology of SZ, as 

suggested by postmortem studies (Morris et al., 2008; Curley and Lewis, 2012; Lewis et 

al., 2012). Indeed, the D2 excitation of adult FSI is impaired in diverse developmental 

manipulations that yield adult animals exhibiting phenomena relevant to SZ (Tseng et al., 

2007; Tseng and O’Donnell, 2008; Feleder et al., 2010; Niwa et al., 2010). With the 

growth of genetic mouse manipulations to test the neurobiological impact of genes 

conferring risk for SZ, it is also important to determine the nature of D2 modulation of 

mouse FSI and LTS interneurons. Here, I conducted whole-cell patch clamp recordings in 

slices from the adult mouse PFC to assess whether DA D2 agonists affect the excitability 

of FS and LTS interneurons. 

Methods 

Animals: All procedures followed the USPHS Guide for the Care and Use of Laboratory 

Animals and were approved by the University of Maryland Institutional Animal Use and 
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Care committee. Adult (> postnatal day (P) 70) male C57Bl/6NCrl mice were purchased 

from Charles River or were wild-type littermates from the DN-DISC1 and urokinase 

plasminogen activated receptor (uPAR) experimental groups (Appendix B). Data were 

combined for these cells, as no differences were observed in any baseline characteristics 

between the DISC1-WT and uPAR groups in either FSI or LTS populations. Mice were 

kept in a temperature- and humidity-controlled environment with a 12-hour on, 12 off 

light cycle. Food and water were available ad libitum. 

Slice Preparation: Following overdose with the anesthetic chloral hydrate (8% solution, 

i.p.), animals were transcardially perfused with oxygenated (95% O2, 5% CO2) ice-cold 

slicing artificial cerebrospinal fluid containing (in mM; unless stated otherwise all 

reagents were purchased from Sigma Aldrich) 125 sodium chloride, 25 sodium 

bicarbonate, 10 glucose, 3.5 potassium chloride, 1.25 monobasic sodium phosphate, 0.08 

sodium metabisulfite, 0.1 calcium chloride, and 3 magnesium chloride, pH 7.45, 

osmolarity: 290 mOsm. Following decapitation, the brain was removed and blocks 

containing the PFC were dissected on ice. Coronal slices (300 µm) containing the medial 

PFC (coordinates: AP 2.34 to 1.54 mm relative to bregma, shown below, adapted from 

plates 10 and 18 from Paxinos and Franklin) were sectioned on a vibratome (Pelco 102, 

Ted Pella) and incubated in 33°C slicing aCSF for at least one hour prior to recordings. 
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Plate 18  

Figure 2: Anterior and Posterior Limits for Mouse Prefrontal Cortex 

 

Slice Electrophysiology: PFC slices were submerged (RC-22, Warner Instruments) and 

perfused at 2 mL/min with oxygenated recording aCSF, in which calcium chloride was 2 

mM and magnesium chloride was lowered to 1 mM. All experiments were conducted at 

33°C. Drugs were prepared each day and diluted to the final concentration in oxygenated 

aCSF. Cells were visually identified by infrared differential interference contrast (IR-

DIC) video microscopy with a 40X water-immersion objective. Images were captured by 

a digital CCD camera and displayed on a monitor to visually target recordings to the 

medial wall of the PFC (Figure 2; Plates 10 and 18 from Paxinos and Franklin; 

coordinates: AP: 2.34 to 1.42 mm relative to bregma), including the prelimbic/infralimbic 

Plate 10 
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areas. Recordings were additionally targeted to the infragranular/deep layer V by first 

visualizing white matter and then moving towards the pial surface. Intracellular pipettes 

(6 - 10 MΩ) were filled with internal solution containing (in mM) 115 potassium 

gluconate, 10 HEPES, 20 potassium chloride, 2 magnesium chloride, 2 adenosine 

triphosphate (magnesium salt), 2 adenosine triphosphate (disodium salt), and 0.3 

guanosine triphosphate (lithium salt), pH 7.3, osmolarity 280 mOsm. Neurobiotin 

(0.125%, Vector Laboratories) was also dissolved in the internal solution for post-hoc 

identification of recorded neurons. Intracellular recordings were obtained through a 

headstage (CV7, Molecular Devices) and digitized (Digidata 1322A, Molecular Devices). 

Signals were acquired at a sampling rate of 20 KHz with Axoscope 9.0, low-pass filtered 

at 10 kHz and passed through a 60 Hz noise attenuation system to remove AC line noise 

(Hum Bug, Quest Scientific). Pipettes were zeroed out in the bath, and liquid junction 

potential was not corrected. Quinpirole hydrochloride was purchased from Tocris 

Bioscience. 

Experiment: Accepted cells had a membrane potential of at least -50 mV at rest. 

Changes in intrinsic excitability were assessed with a custom-designed MATLAB 

(Mathworks) protocol that delivers three current pulses in succession every 30 seconds: a 

small negative current (-10 pA to -50 pA) to monitor changes in input resistance, a 

positive square pulse set at a level (10 to 240 pA) which elicited several action potentials 

in each cell during the baseline period to test changes in excitability, and a positive-going 

ramp current with a maximum amplitude 110% of the square pulse to determine rheobase 

(Figure 2). After a baseline period including 5 minutes to determine baseline excitability, 

quinpirole was applied through the recording solution for 5 minutes, followed by a 5-
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minute washout. Following washout, the pipette was carefully retracted and the slice 

placed in 4% paraformaldehyde solution overnight. Following drop fixation, slices were 

transferred to a ‘long-term protectant’ solution (876 mM sucrose, 0.25 mM 

polyvinylpyrrolidine, 4.03 M ethylene glycol, 0.05 M phosphate-buffered saline) before 

processing for neurobiotin immunoreactivity. 

Analysis: Threshold was manually determined as the inflection point of the upstroke of 

the action potential. Action potential amplitude, afterhyperpolarization (AHP) time and 

amplitude were all measured relative to threshold. The duration of the action potential 

was measured as width at half-amplitude. Input resistance was measured as the slope 

within the linear portion of the voltage response to a series of negative current pulses, and 

tau was found by fitting a simple exponential decay function to the voltage response at 

the termination of the small negative-going current pulse. Quinpirole responses were 

quantified during the last 6 sweeps (3 minutes) of drug application and compared to the 

average of the 10 - sweep baseline period. Data are presented as mean ± standard 

deviation. Significance was determined based on α = 0.05 in Student’s t-test. 
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Figure 3: Whole-Cell Recording Cellular Excitability Protocol 

Bottom, monitor of changes in injected current showing the negative, square-positive, 

and positive-going ramp current. Top: representative voltage response of a cell during the 

baseline period with action potentials elicited to both the square and ramp current. Vm = 

resting membrane potential (at 0 pA injected current). The number of action potentials 

and latency to first action potential were measured during the square pulse. Rheobase was 

approximated by the ramp pulse during drug application to detect changes. This protocol 

is triggered every 30 seconds. 

 

Results 

Putative FSI and LTS cells exhibited distinct electrophysiological profiles. FSI (n 

= 16) showed a stuttering firing pattern in response to just supra-threshold intracellular 

current injection and a discontinuous increase in firing to further increasing current 

Vm 
Input Resistance, Tau 

Rheobase 

 

Latency to First AP 

20 mV 

100 ms 
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intensities (Figure 4 A, left), as reported previously (Kawaguchi, 1993; Tateno et al., 

2004). LTS (n = 20) responded with linear increases in firing to increasing current 

intensities, and required much lower current intensities to evoke action potentials 

compared to FSI (Figure 4 A, right). In some cases, LTS fired rebound action potentials 

at the termination of hyperpolarizing current steps. In a subset of cells, immunolabeling 

of the recorded cells by visualizing the neurobiotin fill showed overlap of the 

perineuronal net WFA with electrophysiologically-identified FSI (Figure A-2, Appendix 

A). 

Action potential characteristics were different between the two cell types. 

Threshold did not differ between the two cell types (Figure 4 B; FSI: -40.86 ± 5.11 mV, 

LTS: -43.17 ± 3.96 mV, t = 1.53, ns), but action potential amplitude was smaller in FSI 

(Figure 4 C; FSI: 52.85 ± 9.83 mV, LTS: 72.26 ± 9.47 mV, t = 6.01, p < 0.0001). FSI 

had a shorter-duration action potential than LTS as measured at half-amplitude (Figure 4 

D; FSI: 1.05 ± 0.20 ms, LTS: 1.78 ± 0.53 ms, t = 5.21, p < 0.0001). In addition, the 

afterhyperpolarization differed between the cell types with FSI showing a larger AHP 

(Figure 4 E; FSI: 19.26 ± 3.85 mV, LTS: 10.69 ± 3.61 mV, t = 6.87, p < 0.0001). The 

shape of the AHP also differed, with FSI having only a fast AHP, and LTS having 

multiple components including a transient depolarization during the rising phase. 
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Figure 4: FSI and LTS are separable interneuron populations in the PFC of control 

mice. 

Representative action potential responses to depolarizing current pulses recorded from 

FSI (left) and LTS (right) interneurons. Note the monophasic AHP in the FS cell and the 
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multi-component (fast and slow components including a transient falling phase between 

the two rising phases) AHP in the LTS cell (insets). B) Action potential threshold 

potential was not different between FSI and LTS; however C - E) amplitude, duration, 

and afterhyperpolarization amplitude were different in FSI and LTS in the adult mouse 

prefrontal cortex. ** p < 0.05. n = 11 FSI, n = 19 LTS for each panel. Error bars indicate 

mean and S.D. 

 

FSI were less excitable than LTS. The membrane potential of LTS cells was more 

depolarized at rest relative to FSI (Figure 5 A; FSI: -68.24 ± 5.97 mV; LTS: -62.29 ± 

6.85 mV, t = 2.74, p = 0.01), and LTS interneurons had higher input resistances (Figure 

5 B; FSI: 255 ± 116 MΩ, LTS: 382 ± 118 MΩ, t = 3.06, p = 0.005) and membrane time 

constant (τ) (Figure 5 C; FSI: 12.47 ± 5.72 ms; LTS: 33.40 ± 11.63 ms, t = 6.19, p < 

0.0001). Rheobase, defined as the minimum square pulse of current required to elicit an 

action potential, was larger in FSI (Figure 5 D; FSI: 75.18 ± 40.02 pA; LTS: 10.84 ± 

10.92 pA, t = 6.67, p < 0.0001). 
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Figure 5: FSI are less excitable than LTS in the adult control mouse PFC. 

Measures of excitability including A) Resting membrane potential were different between 

cell classes, in this case being more depolarized in LTS vs FSI cells. B) LTS cells had 

higher input resistance and C) higher membrane time constant than FSI. D) LTS cells 

required very little current to fire action potentials, often firing spontaneously. Rheobase 

was found as the minimum square-pulse current required to elicit an action potential. (n = 

16 FSI, 20 LTS for all panels), ** p < 0.05. 
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Activation of D2 receptors increased excitability of adult FSI (n = 7) (Figure 6 

A), but not LTS (n = 11) (Figure 8 A). For the FSI, bath application of quinpirole (1.0 – 

2.0 µM) induced a long-lasting increase in the number of action potentials evoked by a 

constant-current depolarizing pulse in FSI (Figure 6 B - C; aCSF: 5.55 ± 1.98 to QUIN: 

9.72 ± 5.29; t = 2.94, p = 0.026), and the increase in action potential count persisted 

during the washout period after the drug was removed. Quinpirole is a high-affinity 

receptor agonist for the D2 and D3 receptors, with a dissociation constant of 2.3 ± 0.3 

nM. The dose of quinpirole applied through the bath was chosen as similar to previously 

published data (Tseng, 2007). Quinpirole did not alter the resting membrane potential 

(Figure 7 A; aCSF: -67.38 ± 6.90 mV to QUIN: -66.57 ± 6.44 mV, t = 1.35, ns) or input 

resistance (Figure 7 B; aCSF: 319 ± 167 MΩ to QUIN: 331 ± 170 MΩ; t = 1.98, ns) of 

FSI. Quinpirole decreased the latency to first action potential in some cells, but this result 

did not reach statistical significance in the group data (Figure 7 C; aCSF: 80.90 ± 86.52 

ms to QUIN: 34.49 ± 29.45 ms, t = 2.05, p = 0.086). The increase in action potential 

count was accompanied by a decrease in rheobase (Figure 7 D; aCSF: 77.07 ± 60.16 pA 

to QUIN: 66.03 ± 50.77 pA, t = 2.69, p = 0.043), indicating that the intrinsic excitability 

of FSI increased in response to the D2 receptor agonist. A recovered FSI neurobiotin fill 

can be found in Appendix A, Figure A-2. 
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Figure 6: FSI are excited by bath application of the D2 agonist quinpirole in the 

control mouse PFC. 

A) Representative responses to intracellular current injection before and during 

quinpirole application. The two current steps are the same amplitude. Note the 

‘stuttering’ action potential pattern in the ‘aCSF’ condition. B) Time course of the 

excitation. The time during which quinpirole (1.0 – 2.0 µM) is in the slice bath is labeled 

in gray. Note that the increased excitability persists after quinpirole is removed from the 

bathing aCSF solution. C) Group data of D2-mediated excitation showing an increase in 

the mean action potential count over the last 3 minutes of drug application from the 10-

minute baseline period (n = 7 FSI). ** p < 0.05. 

A 
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Figure 7: Changes in rheobase indicate a specific pattern of excitability changes in 

response to D2 agonists 

A) The resting membrane potential of FSI is un-altered by quinpirole, and there are non-

significant trends (p < 0.10) towards an B) increase in input resistance and C) decrease in 

latency to first action potential. Note that cells that had a delay to first AP longer than 50 

ms at baseline had a reduction in latency to the first action potential. D) The rheobase of 

FSI was reduced by quinpirole, indicating that the cells were more excitable. (n = 7 FSI), 

** p < 0.05. 
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In contrast to the increase in intrinsic excitability and action potential output in 

FSI, LTS cells (n = 11) did not show a consistent response to the D2 agonist (Figure 8). 

Quinpirole (1.0 – 2.0 µM) did not change the number of action potentials evoked by 

somatic current injection (Figure 8 A - C; 6.36 ± 2.06 to 5.88 ± 2.09; t = 1.16, ns). As 

LTS interneurons show marked frequency accommodation, changes in the instantaneous 

firing frequency as a function of action potential number was also assessed. Further 

supporting the lack of action potential modulation, quinpirole did not change amount of 

accommodation (Figure 8 D). There was no change in membrane potential (Figure 9 A; 

aCSF: -63.60 ± 7.50 mV to QUIN: -63.47 ± 7.99 mV; t = 0.32, ns) or input resistance 

(Figure 9 B; aCSF: 538 ± 111 MΩ to QUIN: 543 ± 115 MΩ; t = 0.49, ns) to quinpirole 

application in LTS. Latency to the first evoked action potential (Figure 9 C; aCSF: 54.87 

± 40.06 ms to QUIN: 53.10 ± 45.84 ms; t = 0.22, ns) and rheobase (Figure 9 D; aCSF: 

12.89 ± 8.80 pA to QUIN: 11.66 ± 8.17 pA; t = 1.27, ns) were also unaffected by bath 

application of the D2 agonist. A recovered neurobiotin fill of a LTS interneuron can be 

found in Appendix A, Figure A-3. 
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Figure 8: The output of LTS interneurons in control adult mouse PFC is not 

affected by D2 agonists. 
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A) Representative responses to intracellular current injection before (left) and during 

(right) bath application of quinpirole (1.0 to 2.0 µM). The current intensity is set to the 

same level at both time points. B) Time course of quinpirole response (in gray). There 

was no excitation or inhibition either during or after quinpirole application. C) Group 

data showing variable responses to quinpirole application D) The decrease in 

instantaneous firing frequency (Hz) over the first eight action potentials was not affected 

by quinpirole application. (n = 11 LTS). 

 

 

Figure 9: Measures of LTS cellular excitability are unaffected by D2 agonists in 

control adult mouse PFC. 
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A) Average membrane potential, B) input resistance, C) latency to the first action 

potential, and D) rheobase) were not significantly changed by bath-application of 

quinpirole. Most cells showed no excitation or inhibition in any of the above measures. (n 

= 11 LTS), and no measures were significant. 

 

Pyramidal cells (n= 9) did not show any changes in excitability in response to 

quinpirole application (1.0 to 2.0 µM) (Figure 10 A-C; aCSF: 7.42 ± 2.69 to QUIN: 7.93 

± 2.89, t = 0.94, ns). In cells where the neurobiotin fill was recovered and visualized, 

pyramidal cells were identified by their morphology including an apical dendrite reaching 

towards the pial surface (Figure A-1, Appendix A). 
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Figure 10: Pyramidal cell action potential count shows no change to D2 agonists in 

control adult mouse PFC. 

A) Example data showing that action potential count established at baseline (left) was not 

affected by bath-application of quinpirole in the aCSF (right) in PYR. B) Time course of 

action potential response to quinpirole over the 15-minute experiment. C). Action 

potential group data. (n = 9 PYR), no measures were significant. 
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Sub-threshold measures of excitability in PYR were affected by quinpirole 

without changing firing behavior. Membrane potential (Figure 11 A; aCSF: -67.70 ± 

7.49 mV to QUIN: -66.72 ± 7.15 mV, t = 1.14, ns) did not change during application of 

the agonist. Input resistance was slightly but significantly increased (Figure 11 B; aCSF: 

253 ± 125 MΩ to QUIN: 280 ± 145 MΩ, t = 2.84, p = 0.022). The latency to the first 

action potential was not affected by quinpirole (Figure 11 C; aCSF: 26.86 ± 26.17 ms to 

QUIN: 17.67 ± 11.09 ms, t = 1.40, ns). There was a small but non-significant trend 

towards a decreased rheobase in PYR as measured during the positive-going ramp current 

(Figure 11 D; aCSF: 74.42 ± 47.45 pA to QUIN: 65.91 ± 43.77 pA, t = 2.07, p = 0.084), 

which could be a reflection of the observed increase in input resistance. 
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Figure 11: Pyramidal cell excitability was subtly altered by D2 agonists. 

A) Resting membrane potential in pyramidal neurons was not altered by quinpirole; 

however, there was a slight increase in the monitored input resistance during quinpirole 

application, from an average of 253 MΩ to 280 MΩ. Other measures including C) latency 

to first action potential and D) rheobase were not affected by bath application of the D2 

agonist. (n = 9 PYR), ** p < 0.05. 

 

Discussion 

FSI and LTS interneurons were easily distinguished based on their basic 

membrane properties and action potential characteristics. The D2 agonist quinpirole 

elicited a sustained increase in action potential firing in FSI, but not LTS interneurons or 

PYR. While the excitability of juvenile FSI in rats is either mildly decreased or not 

affected by a D2 agonist (Seamans et al., 2001; Tseng and O'Donnell, 2007b), FSI 

acquire a strong excitation by D2 receptors during adolescence (Tseng and O’Donnell 

2007b). Here, adult FSI also show an excitatory response to quinpirole through an 

increase in intrinsic excitability. The mechanisms for peri-adolescent maturation of FSI 

are unknown, but may include a change in the signaling pathway stimulated downstream 

of the dopamine receptor (Hasbi et al., 2010). 

The pattern of changes in FSI excitability that accompanied the increase in action 

potential count in control animals can provide hypotheses about the mechanisms behind 

the D2-induced FSI excitation. Furthermore, discovery of mechanisms can inform 

treatment strategies to augment or replace this important drive to FSI excitation. The 
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increase in FSI AP count in the presence of quinpirole was accompanied by a decrease in 

rheobase, and cells having a prominent delay to first spike fired earlier in response to the 

drug. At rest, there were no dramatic changes in excitability, suggesting that quinpirole 

preferentially increases the output of FSI while preserving the high amount of input 

required to drive action potential generation. Cellular input resistance was non-

significantly increased, but membrane potential was not affected by D2 receptor 

activation. These changes are distinct from D1-mediated excitation of FSI, which results 

from depolarization and increase in input resistance (Seamans et al., 2001; Bracci et al., 

2002). The expression of a large variety channels including Kv1 and TASK which shape 

FSI firing and excitability increases into adulthood (Okaty et al., 2009). Although Na+ 

and Ca2+ channels may play a role, the excitability of FSI is governed by their 

complement of potassium channels including the two-pore domain TASK channel and 

the voltage-gated channels Kv1 and Kv7. 

The increase in excitability of FSI to D2 agonists did not result from 

depolarization or increase in input resistance, but small changes in the amount of leak 

conductance might have large impact on the excitability of FSI. Tandem of p domains in 

a Weak Inward-rectifying K+ (TWIK) channel-related acid-sensitive K+ (TASK) channels 

are two-pore potassium channels which generate the leak conductance that shunts 

changes in membrane potential. The mRNA for TASK channels is found throughout the 

brain including the cortex, including in interneurons (Okaty et al., 2009), and the overlap 

of GAD67 and TASK channels is approximately 50% in the hippocampus, with TASK 

found in almost all PV+ (95%) and some SST+ interneurons. Inhibiting TASK channels 

results in a small depolarization, increased input resistance, and increased action potential 
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firing in interneurons, combined with an increase in spontaneous IPSC frequency in 

postsynaptic cells (Torborg et al., 2006). Due to their control on the excitability of FSI, 

even a small change in their gating or activity by D2 could affect the output of these cells. 

A significant decrease in rheobase accompanied the increase in action potential 

count in FSI in response to D2-family receptor activation, and the latency to first action 

potential was decreased in some cells. Kv1 channels are located at the axon initial 

segment of FSI (Goldberg et al., 2008), the site of action potential generation. Activation 

of Kv1 delays the onset of action potential firing or increases the duration of pauses 

between action potentials. The specific inhibitor α-dendrotoxin (Harvey and Robertson, 

2004) decreases action potential threshold and latency to the first action potential, 

shifting action potential responses from delayed to continuous firing. In the ventral basal 

nucleus of the thalamus, D2 receptor activation by quinpirole inhibits Kv1.1, positioning 

this channel as a prominent possibility (Govindaiah et al., 2010). 

Modulation of Kv1 can also underlie long-lasting changes in cellular excitability. 

In the hippocampus, high-frequency stimulation of Schaffer collaterals acts through 

mGluR5 receptors to drive long-term increases in FSI intrinsic excitability. Removal of 

Kv1 increases the input/output ratio (I/O) of FSI without changing input resistance or 

membrane potential (Campanac et al., 2013). LTFS and action potential threshold were 

both decreased by Schaffer collateral stimulation, and the Kv1 blocker α-dendrotoxin 

occluded the potentiating stimulus. To test the hypothesis that Kv1 inhibition is 

downstream of D2 activation, I could test whether direct manipulation of Kv1 mimics the 

effect produced by quinpirole application. I would also predict that pre-incubation of a 
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slice with a solution containing α-dendrotoxin would occlude the D2 effect on FSI 

excitability. 

Kv7 is another channel regulated by GPCRs that may be partially implicated in 

the D2 recruitment of interneurons (Halliwell, 1986). Kv7 is present in PV+ basket cells 

and some SST+ cells in the dentate gyrus (Nieto-Gonzalez and Jensen, 2013), where it is 

implicated in the bidirectional control of action potential firing. In this paper, inhibition 

of Kv7 did not change membrane potential, but increased input resistance, leading to an 

increase in action potential count. Conversely, activation of Kv7 shunted membrane 

potential changes and decreased AP count. It is not known if D2 activation affects Kv7. 

The modulation of PYR excitability by DA is complex, but GPCR-mediated 

effects on excitability are mostly canonical downstream of D1 and D2 type receptor 

activation (Seamans and Yang, 2004). In slices from primate PFC, DA increased the 

excitability of PYR, and this effect was mediated by D1 receptors (Henze et al., 2000). 

D1 receptors augment the increase in excitability in PYR to bath-applied NMDA through 

a cascade involving intracellular Ca2+ and PKA (Tseng and O'Donnell, 2004). In contrast, 

D2 receptor activation inhibits PYR action potential count with a decrease in input 

resistance (Gulledge and Jaffe, 1998). In adult rats, quinpirole dose-dependently reduces 

the number of action potentials fired by PYR in response to intracellular current pulses by 

50% at 1.0 µM (Tseng and O'Donnell, 2004). This occurred with an increase in latency to 

first spike in PYR, but no change in action potential threshold or kinetics. In unpublished 

data, the authors found that the direct inhibition of D2R activation on pyramidal cells 

persisted during picrotoxin application, confirming a cell-intrinsic effect (P. O’Donnell, 

personal communication). My data did not show any change in pyramidal cell action 
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potential output at this same dose, but did show a significant increase in input resistance 

and a trend towards a decreased rheobase. This may reflect species differences or an 

effect of time unrelated to drug application, or may reflect the exact location of the 

recordings. The recordings in the rat were all done in deep-layer pyramidal cells, 

something that I did not differentiate between in these studies. 

Recent evidence suggests that two populations of PYR exist in deep layers of the 

rodent cerebral cortex that can be separated by the amount of IH, a hyperpolarization-

activated mixed cation current (Gee et al., 2012). The authors additionally showed that 

IH
+ cells preferentially express D2 receptors. In this same paper, optogenetic stimulation 

of deep-layer excitatory synapses combined with quinpirole application resulted in a 

large Ca2+-dependent increase in AP count to the depolarizing current pulse. In addition, 

the optogenetic stimulation resulted in an afterdepolarization which generated action 

potentials in the period following the cessation of current injection. D2 receptor 

stimulation alone did not alter the firing behavior of the cells, even at doses 5 - 20 times 

higher than used in the studies in this dissertation. 

Although in rats some non-FSI can also be excited by a D2 agonist (Tseng and 

O'Donnell, 2007b), a selective characterization of LTS interneurons was not attempted. 

Here, I show that mouse LTS are not modulated by quinpirole, indicating that they do not 

express either the signaling cascades or effector channels present in FSI that contribute to 

this response. A different modulation of FSI and LTS interneurons by dopamine may 

have important functional implications for PFC physiology. FSI require synchronous 

excitation to fire (Angulo, 1999). The data presented here data indicate that under DA 

activation, fewer excitatory inputs might be required to generate fast-spiking interneuron 
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firing, and the number of action potentials generated by the same supra-threshold 

stimulus would also be increased. Therefore, DA activation would limit PYR output 

when the activity level of the cerebral cortex is high. FSI typically target the soma or 

initial segment of PYR, and strong inhibition from this cell type sharpens the integration 

window of inputs into PYR (Pouille and Scanziani, 2001), shaping the amount and timing 

of their output. FSI activity promotes gamma oscillations, synchronous activity of 

neurons which are linked to information processing (O'Keefe et al., 1993; Buzsaki et al., 

1995; Sohal et al., 2009), and direct optogenetic stimulation can induce these rhythms in 

vivo (Cardin et al., 2009). 

While in juvenile FSI D1 receptors are excitatory and D2 receptors are mildly 

inhibitory (Seamans et al., 2001; Gorelova et al., 2002; Trantham-Davidson et al., 2004, 

Tseng et al., 2007b), in the adult rat both D1 and D2 receptor activation causes a strong 

increase in excitability (Tseng, 2004; Tseng, 2007a; Tseng, 2007b). The cell-dependent 

effects of D1 receptor activation have not as yet been measured in the mouse PFC. This 

modulation would not affect LTS interneurons, which did not show consistent responses 

to quinpirole. Dendritic GABAergic innervation limits the spread of back-propagating 

action potentials, and LTS have been shown play a role in recurrent/disynaptic inhibition 

between PYR (Kapfer et al., 2007; Silberberg and Markram, 2007; Breton and Stuart, 

2012). Phasic release of dopamine as a result of burst firing of dopamine cells in the VTA 

has been hypothesized to reduce the activity of weakly-activated pyramidal cells, in part 

by activating cortical interneurons (Seamans, 2004). Here, I’ve modified this hypothesis 

to introduce the neuron-specific effects of dopamine D2 agonists, where local inhibitory 

processes would be dominated by FSI control of PYR output, and the role of LTS on 
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distal dendritic integration of inputs would be minimal. Together, these effects may 

combine to give a ‘compartment specificity’ of DA gating, where input is preserved but 

there is a higher barrier to PYR output. 

Dysfunction in both PV+ (Beasley and Reynolds, 1997; Beasley et al., 2002; 

Curley and Lewis, 2012) and SST+ (Hashimoto et al., 2003; Morris et al., 2008) cells 

have been observed in postmortem tissue of patients with SZ. FSI cell dysfunction can be 

produced by adult or neonatal manipulations in rodents to result in behavioral (PPI 

working memory impairments) and cellular (loss of parvalbumin immunoreactivity) 

endophenotypes (Tseng et al., 2006a; Behrens et al., 2007; Hikida et al., 2007; Tseng et 

al., 2007; Tseng et al., 2008; Feleder et al., 2010; Ibi et al., 2010; Ayhan et al., 2011). As 

these models are targeted to the perinatal period, they may disrupt the normal 

developmental trajectory of cells within the PFC. This work provides a baseline for 

comparison with murine/genetic models of SZ including DN-DISC1 to ask if the loss of 

D2 excitation is a generalizable endophenotype reaching into genetic models of SZ. 

Knowing that FSI in the NVHL PFC do not attain the normal excitation by D2 agonists, 

we hypothesize that DN-DISC1 FSI will also show an altered adult phenotype.  
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Chapter 3: Altered Fast-Spiking Interneurons in the Prefrontal Cortex 

of DISC1-Dominant Negative Mice2 

Abstract 

Dysfunction of inhibitory interneurons and the subsequent consequences are a 

convergent phenomenon in patients with schizophrenia and animal models that 

recapitulate key features of schizophrenia. I aimed to determine the exact nature of these 

convergent phenomena in whole-cell recordings from different interneuron types in the 

mouse prefrontal cortex, an area responsible for executive functions such as working 

memory and goal-directed behavior. I found that whereas pyramidal cells and low-

threshold spiking interneurons do not show obvious electrophysiological impairment, 

fast-spiking cells in animals expressing a dominant-negative Disrupted in Schizophrenia 

1 protein (DN-DISC1) showed an altered phenotype including hyperexcitability and an 

altered action potential phenotype. These alterations may result in an inability to sustain 

high-frequency firing. This raises the possibility that by restoring their normal phenotype 

of FSI or increasing their impact in the circuit, we may make progress in the treatment of 

schizophrenia. 

Introduction 

A widely held hypothesis of schizophrenia (SZ) pathophysiology posits the 

cortex, and prefrontal regions in particular, is in a state of disinhibition due to loss of 

GABA interneuron function (Homayoun and Moghaddam, 2007; Moghaddam and Javitt, 

2 Cardarelli RA, Jaaro-Peled H, Martin R, Powell EM, Sawa A and O’Donnell P, in 
preparation for submission. 
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2012; Moghaddam and Krystal, 2012; Driesen et al., 2013). This hypothesis has been 

driven by post-mortem findings revealing decreases in GAD67, SST, and PV in brains of 

patients (Benes et al., 1996; Lewis et al., 1999; Benes et al., 2000; Lewis, 2000; Lewis et 

al., 2012). Several animal models which impose an insult during the perinatal period 

result in a state of cortical disinhibition in the adult (Lodge et al., 2009; Lodge and Grace, 

2009; O'Donnell, 2011; Sullivan and O'Donnell, 2012). 

While developmental models are useful tools to explore possible 

pathophysiological scenarios, their link to etiological factors is poor. There are very few 

conditions in which a rare gene variation confers high penetrance for SZ and related 

disorders. However, certain genetic mutations including the 22q11 translocation (Drew et 

al., 2011) and the translocation observed in a Scottish family that allowed identification 

of the disrupted in schizophrenia 1 (DISC1) gene (Millar et al., 2000) have high linkage 

to disorder susceptibility. DISC1 is a gene found at the breakpoint of a chromosomal 

translocation in a Scottish family with increased risk for developing major psychiatric 

illnesses including SZ (St Clair et al., 1990). Expression of the truncated human DISC1 

gene in mice results in a number of SZ-relevant behaviors and reduced PV+ cells in the 

PFC (Hikida et al., 2007). 

Endogenous DISC1 is a scaffolding protein with roles in neurogenesis, 

intracellular transport, and energy production, and the truncated segment encoded by the 

chromosomal truncation acts as a dominant-negative when expressed in the cell (Kamiya 

et al., 2005). By tying expression of DISC1 to the αCaMKII promoter, expression is 

restricted to pyramidal neurons (PYR) in the cortex, starting after birth (Hikida, 2007). 

Altering DISC1 activity by expression of the dominant-negative protein affects numerous 
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physiological processes including excitation/inhibition imbalance in PFC (Holley et al., 

2013) and de-synchronized release of transmitter from presynaptic terminals (Maher and 

LoTurco, 2012). The DN-DISC1 model is therefore a useful tool to assess whether a gene 

variation with high risk for the disorder affects adult interneuron physiology. 

I reported in Chapter 2 that cortical interneurons in the control mouse PFC show 

an excitation to D2-family receptor agonists, an effect similar to that seen in control rat 

(Tseng, 2007). This maturation of interneuron function was impaired in the neonatal 

ventral hippocampal lesion (NVHL) rat developmental model of SZ (Tseng, 2008). Also, 

in utero knockdown of Disc1 (Niwa et al., 2010) resulted in diminished attenuation of 

excitatory postsynaptic potentials by a D2 agonist, a modulation dependent on D2 

recruitment of GABA interneurons (Tseng et al., 2008) Here, I explored whether the 

adult D2 modulation of two different interneuron types is affected in the PFC of DN-

DISC1 mice. 

Methods 

Animals: All procedures followed the USPHS Guide for the Care and Use of Laboratory 

Animals and were approved by the University of Maryland Institutional Animal Use and 

Care committee. All recordings were done in adult male mice (> postnatal day 70). For 

control experiments mice were combined from adult (> postnatal day 70) male 

C57Bl/6Crl mice purchased from Charles River and wild-type littermates from the DN-

DISC1 and uPAR+/+ experimental groups. DN-DISC1 heterozygotes were originally 

obtained from Dr. Akira Sawa (The Johns Hopkins University) and crossed with wild-

type (WT) C57Bl/6Crl mice from Charles River, yielding an approximate 1:1 ratio of 

heterozygous DN-DISC1 and WT mice. Animals were kept in a temperature- and 
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humidity-controlled environment with a 12-hour on, 12 off light cycle. Food and water 

were available ad libitum. 

Slice Preparation: Following overdose with the anesthetic chloral hydrate (8% solution, 

i.p.), animals were transcardially perfused with oxygenated (95 % O2, 5 % CO2) ice-cold 

slicing artificial cerebrospinal fluid containing (in mM, from Sigma unless otherwise 

indicated) 125 sodium chloride, 25 sodium bicarbonate, 10 glucose, 3.5 potassium 

chloride, 1.25 monobasic sodium phosphate, 0.08 sodium metabisulfite, 0.1 calcium 

chloride, and 3.0 magnesium chloride, pH 7.45, osmolarity: 290 mOsm. Following 

decapitation, the brain was removed and blocks containing the PFC were dissected on 

ice. Coronal slices (300 µm) containing the medial PFC were sectioned on a vibratome 

(Pelco 102, Ted Pella) (coordinates: AP 2.34 to 1.54 mm relative to bregma as seen in 

Figure 2) and incubated in 33°C slicing aCSF for at least one hour at prior to recordings. 

Slice Electrophysiology: PFC slices were submerged (RC-22, Warner Instruments) and 

perfused at 2 mL/min with oxygenated recording aCSF, in which calcium chloride was 2 

mM and magnesium chloride was lowered to 1 mM. All experiments were conducted at 

33°C. Drugs were prepared each day and diluted to the final concentration in oxygenated 

aCSF. Cells were visually identified by infrared differential interference contrast (IR-

DIC) video microscopy with a 40X water-immersion objective. Images were captured by 

a digital CCD camera and displayed on a monitor to visually target recordings to deep-

layer cells in the prelimbic and infralimbic prefrontal cortex.  Patch electrodes (6 - 10 

MΩ) were filled with internal solution containing (in mM) 115 potassium gluconate, 10 

HEPES, 20 potassium chloride, 2 magnesium chloride, 2 adenosine triphosphate 

(magnesium salt), 2 adenosine triphosphate (disodium salt), and 0.3 guanosine 
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triphosphate (lithium salt), pH 7.3, osmolarity 280 mOsm. Neurobiotin (0.125%, Vector 

Laboratories) was also dissolved in the internal solution for post-hoc identification of 

recorded neurons. Intracellular recordings were obtained through a headstage (CV7, 

Molecular Devices) and digitized (Digidata 1322A, Molecular Devices). Signals were 

acquired at a sampling rate of 20 KHz with Axoscope 9.0, low-pass filtered at 10 kHz 

and passed through a 60 Hz noise attenuation system to remove AC line noise (Hum Bug, 

Quest Scientific). Pipettes were zeroed out in the bath, and liquid junction potential was 

not corrected. Quinpirole hydrochloride (QUIN) was purchased from Tocris Bioscience, 

and N-methyl-D-aspartate (NMDA) was purchased from Sigma Aldrich. 

Experiment: Changes in excitability of cells were assessed by changes in response to a 

custom-designed excitability protocol (MATLAB). This protocol delivers three current 

pulses in succession every 30 seconds: a small negative current to monitor changes in 

input resistance, a positive square pulse which was initially set to elicit several action 

potentials during the baseline period, allowing for detection of excitation or inhibition, 

and a positive-going ramp current with a maximum amplitude set to 110% of the square 

pulse to determine rheobase. After a baseline period including 5 minutes to determine 

baseline excitability, quinpirole was applied through the recording solution for 5 minutes, 

followed by washout and withdrawal of the pipette. As in Aim I, slices were placed in 4% 

paraformaldehyde overnight. Following drop fixation, slices were transferred to a ‘long-

term protectant’ solution (876 mM sucrose, 0.25 mM polyvinylpyrrolidine, 4.03 M 

ethylene glycol, 0.05 M phosphate-buffered saline) before processing for neurobiotin 

immunoreactivity. 
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Analysis: Action potential measurements were quantified at rheobase. Threshold was 

manually determined as the inflection point of the upstroke of the action potential. 

Amplitude, afterhyperpolarization (AHP) time and amplitude were all measured relative 

to threshold. The duration of the action potential was measured as width at half-

amplitude. Input resistance was measured as the slope within the linear portion of the 

voltage response to a series of negative current pulses. Quinpirole responses were 

quantified during the last 6 sweeps (3 minutes) of drug application and compared to the 

average of the 10 - sweep baseline period. Data are presented as mean ± standard 

deviation. Significance was determined based on an α = 0.05 in either Student’s t-test or 

in a two-way ANOVA with drug and genotype as factors. 

Results 

Fast spiking interneurons were altered in DN-DISC1 mice (n = 16 control, n = 11 

DN-DISC1). All acceptance criteria from Aim 1 were bypassed in order to accurately 

determine deficits in FSI between the two populations. FSI from adult DN-DISC1 mice 

have dramatically different responses to supra-threshold current injection, including an 

abnormal action potential waveform (Figure 12 A). There was a non-significant trend 

towards a higher threshold in DN-DISC1 FSI (Figure 12 B; control: -40.86 ± 5.11 mV; 

DN-DISC1: -36.38 ± 6.81 mV, t = 1.91, p = 0.068), but no difference in action potential 

amplitude (Figure 12 C; control: 52.85 ± 9.83 mV; DISC-DN: 51.25 ± 13.85, t = 0.34, 

ns). Action potentials in putative FSI from DN-DISC1 mice exhibited longer durations 

(Figure 12 D; control: 1.05 ± 0.20 ms; DN-DISC1: 1.50 ± 0.43 ms, t = 3.64, p = 0.001). 

The large action potential afterhyperpolarization, prominent in cells from control animals, 

was smaller in DN-DISC1 FSI (Figure 12 E; control: 19.26 ± 3.85 mV; DN-DISC1: 
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13.36 ± 4.63 mV, t = 3.52, p = 0.002). The amplitude ratio between the fifth and first 

action potentials was not different between control and DN-DISC1 FSI (Figure 13 F; 

control: 0.90 ± 0.05; DN-DISC1: 0.95 ± 0.07, t = 0.10, ns). 

In addition to the changes in action potential waveform, there is an increase in 

DICS1-DN FSI intrinsic excitability. There was a non-significant trend towards a 

depolarized resting membrane potential in DN-DISC1 (Figure 13 A; control: -68.24 ± 

5.97 mV; DN-DISC1: -63.13 ± 7.24 mV, t = 1.96, p = 0.062), but input resistance 

(Figure 13 B; control: 260 ± 119 MΩ; DN-DISC1: 272 ± 107 MΩ, t = 0.26, ns) and the 

membrane time constant tau (Figure 13 C; control: 12.47 ± 5.72; DN-DISC1: 12.46 ± 

6.34, t = 0.002, ns) were not different between the two genotypes. However, the 

minimum current required to elicit action potentials (rheobase) was dramatically lower in 

DN-DISC1 FSI (Figure 13 D; control: 64.75 ± 48.44 pA; DN-DISC1: 27.70 ± 31.81 pA, 

t = 2.14, p = 0.043), indicating that FSI in DN-DISC1 mPFC are hyperexcitable. 
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Figure 12: Alterations in action potential phenotype of FSI in the DN-DISC1 adult 

mouse PFC. 

A) Representative firing responses to just-suprathreshold intracellular current injection in 

(left) control and (right) DN-DISC1 FSI. B) Action potential threshold was similar 

between FSI groups, as was C) amplitude. D) Action potential duration was longer, as 

measured at half-width in DN-DISC1, and E) afterhyperpolarization amplitude was 

decreased. F) The ratio of amplitudes between the fifth and first action potential during 

the same current pulse was similar between the two genotypes. (n = 16 control, 11 in DN-

DISC1), ** p < 0.05.  

58 
 



 
 

  

 

Figure 13: Intrinsic excitability is increased in DN-DISC1 FSI. 

A) Resting membrane potential, B) input resistance, and C) tau are similar in FSI 

between genotypes, but D) rheobase was significantly reduced in DN-FSI. (n = 16 

control, 11 DN-DISC1), ** p < 0.05. Error bars indicate standard deviation. 

 

In addition to more prolonged action potentials in FSI and increased intrinsic 

excitability at baseline, this cell type exhibited abnormal modulation by a D2 agonist in 

DN-DISC1 mice (n = 7) (Figure 14). Unlike in control FSI, the number of action 

potentials elicited by constant-current pulses were not increased in DN-DISC1 FSI in 
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response to bath-applied quinpirole (1.0 to 2.0 µM) (Figure 14; aCSF: 5.38 ± 2.72 to 

QUIN: 6.07 ± 5.02, t = 0.52, ns). Other measures including resting membrane potential 

(Figure 15 A; aCSF: -62.69 ± 6.76 mV to QUIN: -62.60 ± 7.17 mV, t = 0.15, ns), input 

resistance (Figure 15 B; aCSF: 323 ± 156 MΩ to QUIN: 321 ± 155 MΩ, t = 0.33, ns), 

latency to first spike (Figure 15 C; aCSF: 98.96 ± 126.80 ms to QUIN: 91.45 ± 125.90 

ms, t = 0.68, ns), and rheobase (Figure 15 D; aCSF: 46.46 ± 13.91 pA to QUIN: 48.35 ± 

11.39 pA, t = 1.03, ns) were also not altered by quinpirole. Thus, DN-DISC1 FSI did not 

exhibit the normal adult up-regulation in evoked firing by activation of D2 receptors, 

suggesting the presence of a functional impairment.  
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Figure 14: FSI in adult DN-DISC1 mice did not show an excitation to quinpirole. 

A) Example data showing action potential firing response during (above) aCSF and 

(below) quinpirole application. B) Time course of action potential count changes to 

quinpirole application. Note the high variability at many time points due to the 

‘stuttering’ response, a feature similar between control and DN-DISC1 FSI. C) Group 

data showing no response to quinpirole in most of the FSI recorded. (QUIN 1.0 to 2.0 

µM; n = 7 DN-DISC1 FSI). 

A 
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Figure 15: The intrinsic excitability of FSI is not affected by quinpirole in DN-

DISC1 adult mice. 

A) Resting membrane potential, B) input resistance at rest, C) latency to the first action 

potential in response to a depolarizing square pulse, and D) rheobase as measured in 

response to a depolarizing ramp current were not affected by bath application of 

quinpirole (1.0 to 2.0 µM; n = 7). 

 

LTS Cells Are Unaffected in DN-DISC1 Mice 

I also explored whether DN-DISC1 mice exhibited deficits in a different 

subpopulation of prefrontal cortical interneurons. In contrast to the deficits observed in 
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FSI, putative LTS interneurons in DN-DISC1 did not show obvious electrophysiological 

abnormalities (n = 15 control LTS, n = 18 DN-DISC1 LTS). There were no changes in 

LTS membrane potential (Figure 16 A; control: -61.48 ± 6.89 mV, DN: -61.67 ± 7.25 

mV, t = 0.08, ns), and other passive membrane properties including input resistance 

(Figure 16 B; control: 378 ± 70 MΩ, DN-DISC1: 427 ± 219 MΩ, t = 0.78, ns), tau 

(Figure 16 C; control: 35.51 ± 12.39 ms, DN-DISC1: 37.07 ± 14.52 ms, t = 0.32, ns) and 

rheobase were similar between the two genotypes (Figure 16 D; control: 10.84 ± 10.92 

pA, DN-DISC1: 14.44 ± 13.43 pA, t = 0.90, ns). Action potential characteristics 

including threshold (Figure 17 A; control -42.14 ± 2.80 mV, DN-DISC1: -41.78 ± 3.41 

mV, t = 0.33, ns), amplitude (Figure 17 B; control: 71.22 ± 8.78 mV, DN-DISC1: 68.94 

± 7.10 mV, t = 0.84, ns), duration (Figure 17 C; control: 1.76 ± 0.44 ms, DN-DISC1: 

1.88 ± 0.44 ms, t = 0.79, ns), and AHP amplitude (Figure 17 D; control: 10.94 ± 3.38 

mV, DN-DISC1: 9.27 ± 3.00 mV, t = 1.52, ns) were all similar between LTS cells of the 

two genotypes. 
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Figure 16: LTS baseline characteristics are similar between control and DN-DISC1 

genotypes. 

A) Measures of excitability including resting membrane potential, B) Input resistance, C) 

membrane time constant, and D) rheobase do not differ in LTS from control and DN-

DISC1 mouse PFC (n = 15 control, 18 DN-DISC1).  
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Figure 17: LTS action potential measurements do not differ between control and 

DN-DISC1 in the PFC. 

Example responses to depolarizing current steps in control (20 pA, left) and DN-DISC1 

(10 pA, right) LTS interneurons. Action potential waveform measures including B) 
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threshold, C) amplitude, C) duration as measured at half-amplitude and E) 

afterhyperpolarization amplitude were similar between the two genotypes (n = 15 control, 

19 DN-DISC1). 

 

Also consistent with our previous data in wild-type mice, LTS cells in DN-DISC1 

did not respond to bath application of quinpirole (1.0 to 2.0 µM; n = 12). Action potential 

number (Figure 18; aCSF: 6.43 ± 3.30 to QUIN: 5.96 ± 3.40, t = 1.28, ns) was not 

affected by the D2-family receptor agonist, and sub-threshold indicators of intrinsic 

excitability including membrane potential (Figure 19 A; aCSF: -62.92 ± 7.16 mV to 

QUIN: -63.15 ± 8.29 mV, t = 0.34, ns) input resistance (Figure 19 B; aCSF: 512 ± 131 

MΩ to QUIN: 488 ± 152 MΩ, t = 1.61, ns), latency to first spike (Figure 19 C; aCSF: 

68.65 ± 58.09 ms to QUIN: 71.60 ± 70.40 ms, t = 0.42, ns) and rheobase (Figure 19 D; 

aCSF: 20.88 ± 14.61 pA to QUIN: 20.29 ± 13.29 pA, t = 0.19, ns) were unaltered by 

quinpirole application.  
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Figure 18: LTS firing response was not affected by quinpirole in DN-DISC1. 

A) Representative traces before (left) and during (right) bath application of quinpirole. B) 

Action potential count did not change in response to quinpirole. C) Group data showing 

response to quinpirole in DN-DISC1 LTS interneurons (n = 12), error bars indicate 

standard deviation. 
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Figure 19: Measures of cellular excitability were not affected by quinpirole in DN-

DISC1 LTS interneurons. 

Sub-threshold measures including A) resting membrane potential and B) input resistance 

were similar between genotypes. Consistent with the lack of effect of quinpirole on action 

potential firing, C) latency to the first action potential and D) rheobase monitored by a 

positive- going ramp current also did not change in response to bath application of 

quinpirole (n = 12 DN-DISC1 LTS), no measures were significant.  
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FSI were still distinguishable from LTS in DN-DISC1 mice (Figure 20). In a 

two-way ANOVA, there was a significant main effect of cell type (F (1, 47) = 14.91, p < 

0.0003), on cellular input resistance, but no effect of genotype (F (1, 47) = 0.51, ns) and 

there was no interaction (F (1, 47) = 0.62, ns) (Figure 20 A). Variation in the membrane 

time constant tau followed the same pattern, with a significant main effect of cell type (F 

(1, 45) = 61.98, p < 0.0003), but no effect of genotype (F (1, 45) = 0.01, ns) and no 

interaction (F (1, 45) = 0.02, ns) (Figure 20 B). Plotting the two above measures reveals 

a near-complete separation of the two cell types into clusters regardless of genotype 

(Figure 20 C). 
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Figure 20: FSI and LTS are still distinguishable in DN-DISC1 animals. 

A) Input resistance and B) membrane time constant tau are smaller in FSI in both 

genotypes. B) Plotting the two measures reveals two clusters of FSI (blue squares) and 

LTS (red triangles) interneurons, regardless of genotype (dark colors, control; lighter 

colors, DN-DISC1). ** p < 0.05. 

 

Pyramidal Cells are Unaffected in DN-DISC1 Mice 

Even though DN-DISC1 was expressed in PYR, this cell population did not show 

marked alterations in DN-DISC1 mice. In whole cell recordings, PYR exhibited low 

input resistance, a small afterhyperpolarization, and spike frequency attenuation with or 

without an initial doublet of action potentials when driven with intracellular current 

pulses (Figure 21 A). There was a non-significant trend towards lower action potential 

threshold in DN-DISC1 PYR (Figure 21 B; control: -34.79 ± 4.51 mV, DN-DISC1: -

36.83 ± 5.86 mV, t = 1.93, p = 0.057). While action potentials were of similar amplitude 

(Figure 21 C; control: 68.07 ± 8.49 mV; DN-DISC1: 71.01 ± 9.60 mV, t = 1.59, ns), 

there was a non-significant trend towards broader action potentials in DN-DISC1 PYR 

(Figure 21 D; control: 2.14 ± 0.47 ms, DN-DISC1: 2.34 ± 0.62 ms, t = 1.82, p = 0.072). 

The afterhyperpolarization amplitude (Figure 21 E; control: 5.47 ± 2.68 mV, DN-

DISC1: 4.81 ± 2.59 mV, t = 1.17, ns) did not differ between genotypes. 
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Figure 21: Action potentials are similar in control and DN-DISC1 PFC PYR. 

A) Action potential response to intracellular current injection is similar in control (left) 

and DN-DISC1 (right) pyramidal neurons. B) Action potential threshold and C) 

amplitude were not different between genotypes. D) Action potential duration, measured 

at half amplitude, was larger in DN-DISC1, but not significantly different. E) 

CONTROL 
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Afterhyperpolarization amplitude also did not differ between control and DN-DISC1 

PYR (n = 57 control, n = 39 DN-DISC1), no measures were significant. 

 

The intrinsic excitability of PYR was not altered in DISC1 mice (n = 58 control, 

40 DN-DISC1). The resting membrane potential (Figure 22 A; control: -67.75 ± 4.67 

mV; DN-DISC1: -67.47 ± 5.80 mV, t = 0.26, ns) and input resistance (Figure 22 B; 

control: 153 ± 47 MΩ; DN-DISC1: 164 ± 57 MΩ, t = 0.97, ns) were similar between 

genotypes. The membrane constant tau, an estimation of the time during which multiple 

synaptic events can sum, is longer in DN-DISC1 PYR (Figure 22 C; control: 15.70 ± 

8.48 ms, DN-DISC1: 19.76 ± 8.28 ms, t = 2.28, p = 0.025). Rheobase, as measured by a 

square-pulse current step, was not different between control and DN-DISC1 PYR 

(Figure 22 D; control: 112.90 ± 45.84 pA; DN-DISC1: 105.10 ± 45.64 pA, t = 0.83, ns). 

The data show that most basic physiological properties are preserved in PFC PYR from 

adult DN-DISC1 mice.  
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Figure 22: Most basic membrane properties and intrinsic excitability are not 

different between pyramidal neurons in control and DN-DISC1 PFC. 

A) Resting membrane potential and B) input resistance of PYR did not differ by 

genotype. C) The membrane time constant tau (τ) was significantly greater in DN-DISC1 

PYR, and D) rheobase, as measured by a positive square pulse, was not different between 

genotypes. (n = 58 control, n = 40 DN-DISC1), ** p < 0.05. 

 

The original discovery of the DA modulation of interneuron excitability was 

found as a GABA-dependent attenuation of NMDA-dependent increases in excitability in 

** 
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response to co-application of the D2 agonist quinpirole (Tseng and O'Donnell, 2004). An 

absende of this attenuation may be one way to indirectly assay the disinhibition brought 

about by the altered electrophysiological phenotype of FSI in DN-DISC1. In PYR 

neurons in the murine PFC, NMDA (5 µM) increased action potential number in both 

control and DN-DISC1 to similar levels, but D2 co-application did not significantly 

reduce this effect in either genotype (n = 14 PYR in each genotype) (Figure 23). NMDA 

increased action potential count to similar levels in PYR in both genotypes (control: 

aCSF: 4.76 ± 1.14 to NMDA: 7.60 ± 1.90; DN-DISC1: aCSF: 5.09 ± 0.95 to 7.82 ± 

1.38). The increase in action potential count washed out after five minutes in both 

genotypes. Consistent with what I observed in Aim 1, quinpirole did not affect PYR 

excitability in either genotype (QUIN: 4.41 ± 1.43 in control; QUIN: 5.02 ± 1.83 in DN-

DISC1). Bath application of quinpirole with NMDA had no effect in either genotype 

(NMDA + QUIN: 6.74 ± 2.42 in control; NMDA + QUIN: 7.34 ± 1.55 in DN-DISC1). In 

a two-way ANOVA, there was a main effect of drug (F (3, 92) = 21.34, p < 0.0001) and 

post-hoc tests found an effect of NMDA and NMDA + QUIN above aCSF, there was no 

main effect of genotype (F (3, 92) = 1.87, ns), nor was there an interaction between the 

two factors (F (3, 92) = 0.09, ns). 

75 
 



 
 

  

Figure 23: NMDA-D2 co-application does not reveal any recruitment differences in 

cortical inhibition to pyramidal cells between control and DN-DISC1. 

A) Example firing responses to a depolarizing current pulse in control (left) and DN-

DISC1 (right) Bath application of NMDA at 5 µM increased action potential count in 

both control and DN-DISC1 PFC PYR. A second application of NMDA combined with 

1.5 µM quinpirole did not affect the increase in action potential count in either group. B) 

Group data. NMDA alone and NMDA plus quinpirole increased action potential number 

above baseline. Quinpirole alone did not result in excitation or inhibition, similar to the 

CONTROL 

CONTROL 
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results obtained with quinpirole alone in the first aim. n = 14 control, 14 DN-DISC1, ** p 

< 0.05. 

 

Discussion 

Dysfunction in GABAergic interneurons is a central pathology in patients with 

SZ, and animal models can be used to explore phenomena accompanying decreased 

interneuron staining. In this study, I established for the first time an abnormal cellular 

phenotype in FSI in a genetic model of SZ. Specifically, I showed that while PYR and 

LTS interneurons were normal in DN-DISC1, FSI lost many of their distinguishing 

physiological characteristics. The altered action potential and increased FSI excitability 

was accompanied by a loss of excitatory D2 modulation. Because of the action potential 

phenotype and increased excitability of these cells at rest, they may not be able to 

continually increase their output to higher-intensity stimuli. The absence of a D2 

response may reflect this, or that the signaling pathways or effector channels that underlie 

the normal D2 response do not properly develop in DN-DISC1. Global expression of 

receptor density by immunostaining may not be sufficient to detect the absence of these 

proteins, as FSI represent a small subpopulation of the cells in the cerebral cortex. Co-

staining with WFA, a marker for the perineuronal net structures which surround FSI may 

allow more sensitive detection in changes in the density of channels in DN-DISC1 FSI. 

In the first series of experiments in the second aim, I recorded from FSI in DN-

DISC1 which have dramatically different action potential characteristics and intrinsic 

excitability. The loss of D2-mediated excitation of FSI is a feature shared between the 

DN-DISC1 and NVHL models. In the NVHL, there was no difference in either action 
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potential shape or excitability in FSI. In contrast, the differences in DN-DISC1 FSI are 

readily apparent, and can be grouped into hyperexcitability and altered action potential 

waveform, indicating a more severe phenotype in DN-DISC1 than NVHL. Despite these 

changes, FSI in DISC1-DN were still recognizable as FSI based on other properties, 

indicating that the cells are present. 

As a result of the early and continued disruption of endogenous DISC1 function, 

FSI may not develop the same adult complement of ionic channels that shape their 

excitability and high firing rate. The absence of a D2 effect might indicate that FSI in 

DN-DISC1 are immature and do not express the channels or signaling pathway 

intermediates downstream of the D2 receptor that normally produce an increase in firing, 

or alternatively that FSI in DN-DISC1 are not able to sustain firing at higher frequencies. 

While the expression levels of these channels have not been tested in DN-DISC1 FSI, 

Kv3 and TASK channels have known roles in the rapid firing rate and low excitability of 

these cells. 

The expression of Kv3.1 reaches its peak during adolescence (Grabert and Wahle, 

2008), indicating that it has a role in establishing the mature electrophysiological 

phenotype of FSI. Kv3.1 is reduced in the brain of untreated SZ patients (Yanagi et al., 

2013). Inhibition or knockout of Kv3 subunits leads to a number of impairments similar 

to FSI from DN-DISC1 mice, including broader action potentials and a smaller 

afterhyperpolarization amplitude. FSI from Kv3-/- mice have a lower maximum firing rate 

and an inability to generate action potentials in response to γ-frequency (40 Hz) 

stimulation (Erisir et al., 1999; Lau et al., 2000). Kv3 channels open at voltages above -

10 mV, and rapidly inactivate as the cell repolarizes. The unusual gating of Kv3 rapidly 
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repolarizes the membrane, ‘resetting’ the cell to fire again at short latency (Rudy et al., 

1999; Rudy and McBain, 2001). In Aim II, the maximum firing rate of FSI in DN-DISC1 

mice was not established, but the longer-duration action potentials and smaller 

afterhyperpolarizations are consistent with a decreased expression of Kv3 channels, 

which would limit their maximum firing rate. 

In Kv3-/- mice, interneurons were not hyperexcitable, suggesting other 

mechanisms are necessary to result in the hyperexcitability seen in DN-DISC1. TASK 

channels are normally up-regulated through postnatal development in FSI, which drives 

the age-dependent decrease in intrinsic excitability of these cells. A decreased expression 

of TASK channels might therefore contribute to the increased excitability of DN-DISC1 

FSI. TASK channels can be inhibited through intra-pipette inclusion of antibodies to that 

channel, but there is no specific channel blocker. Nevertheless, by subtracting out the 

TASK antibody-sensitive current from FSI in both groups I would hypothesize that 

reduced expression of this channel may partially underlie the dysfunction in DN-DISC1 

FSI. 

The electrophysiological abnormalities in DN-DISC1 FSI may be one 

consequence of overall dysfunction, coinciding with a reduction in cells labeled for PV 

(Hikida, 2007). FSI may be a specifically vulnerable population to oxidative stress due to 

their high electrical activity level. Markers of oxidative stress in FSI, including DNA 

oxidation, can be generated through compromising antioxidant mechanisms, and 

elevation of these markers is accompanied by loss of PV immunoreactivity (Cabungcal et 

al., 2006; Cabungcal et al., 2013a; Cabungcal et al., 2013b). This parallels reports of 

decreased glutathione levels in human patients with SZ (Do et al., 2000). Ketamine, 
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which induces a psychotomimetic state in humans (Krystal et al., 1994; Malhotra et al., 

1997), leads to a reduction in excitatory drive to FSI and loss of phenotype downstream 

of IL-6 inflammatory response (Behrens et al., 2007; Behrens et al., 2008). This is 

normally counteracted by a number of processes that themselves may be reduced in SZ 

and animal models of the disorder. Parvalbumin (PV) buffers and slowly releases 

intracellular Ca2+; long-term reduction of PV could result in chronically elevated Ca2+, 

leading to cellular damage (Schwaller, 2010), and many components of the cellular 

antioxidant response are up-regulated by synchronous network activity or NMDA 

receptor activation (Papadia et al., 2008; Lau and Murthy, 2012). Glutathione deficits 

decrease the amount of perineuronal nets, and cells where these extracellular lattices are 

less mature show higher levels of damage than cells with compact nets (Cabungcal et al., 

2013b). In DN-DISC1, many nets seem to have a more ‘spidery’ morphology, indicating 

that these cells are poorly able to handle increased oxidative stress (Appendix A, Figure 

A-5). 

The loss of interneuron function in DN-DISC1 has dramatic consequences for the 

temporal organization of cortical output. Inhibition from LTS and FS shape activity in 

different ways, and together may form a compartment-specificity in gating information 

flow through the pyramidal cell. The evidence here points to an altered developmental 

trajectory in FSI that includes an abnormal adult phenotype. If FSI are hypofunctional, 

the response of the circuit to DA will change, possibly resulting in more PYR showing 

heightened activity. This would in turn result in more ‘noise’ in the circuit. 

A greater understanding of the nature of perinatal DN-DISC1 onset on the adult 

phenotype of cortical interneurons can be combined with knowledge about the DISC1 
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connectome, which includes therapeutic targets such as GSK (Lipina et al., 2011), to 

rescue processes impacted by DISC1 disruption (Brandon, 2007; Camargo et al., 2008; 

Wang et al., 2008b). Also, by supplementing the normal antioxidant tone of the PFC, we 

may be able to circumvent DN-DISC1 signaling and preserve the adult phenotype of FSI 

in DN-DISC1, an approach that has been successful in the NVHL model.  
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Chapter 4: General Discussion 

Dysfunction in cortical GABAergic interneurons is a common endpoint in post-

mortem tissue studies from patients with SZ and in diverse animal models. In the first 

aim, I demonstrated that two distinct populations of interneurons in the adult mouse PFC 

respond differently to agonists of D2-family receptors. FSI were excited by D2 agonists, 

while LTS interneurons and PYR cells do not respond with either excitation or inhibition. 

In the second aim, I found that the electrophysiological phenotype of FSI was altered in 

adult DN-DISC1 mice, manifested as hyperexcitability and an altered action potential 

waveform. In contrast, neither LTS nor PYR showed altered excitability or action 

potential waveform in DN-DISC1. In this discussion, I will offer possible interpretations 

of the results and place them into context within the normal functioning of the PFC and 

the aberrant function of this brain area in SZ. Finally, I will review potential treatments 

that may alleviate adult dysfunction or correct the derailed developmental trajectory of 

FSI in animal models of schizophrenia, which may have relevance to treatment of the 

human disorder. 

Compartment-Specific Gating of Pyramidal Cell Integration by Differential 

Activation of Fast-Spiking and Low-Threshold Spiking Interneurons 

FSI target the soma and axon initial segments of PYR, and the strong inhibition 

from these cells influences the amount and timing of PYR firing. LTS cells project 

mainly to the PYR apical dendrite, and inhibition from these cells is much weaker 

(Xiang, 2002). In control adult mice, where D2 only increases the excitability of FSI, DA 

may inhibit the output of weakly excited PYR neurons without altering dendritic 
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integration, in effect combining to gate information flow in a ‘compartment-specific’ 

way, adding more subtlety to knowledge regarding DA’s actions in the PFC. Returning to 

the concept of boosting ‘signal-to-noise’, the ‘compartment-specific’ hypothesis would 

predict that a shunting conductance as a result of FSI activation would be superimposed 

onto the final summed excitation and inhibition from the dendrite. This might mean that a 

strongly but not weakly activated cell would be able to overwhelm the inhibition 

provided by FSI (Seamans 2004), but adds the distinction that dendritic integration would 

not be altered due to an effect of D2 on LTS cells. 

I will next discuss how DA, through activation of the D2 receptor, may modulate 

signaling pathways which converge on ion channels known to affect FSI intrinsic 

excitability. The possible modulation of potassium channels is intriguing because many 

of these channels are up-regulated into adulthood in FSI, and the accompanying changes 

in excitability with the action potential increase to D2 agonists are consistent with these 

channels’ modulation. 

G-Protein Coupled Receptor Signaling May Lead to D2-Mediated Excitation in 

Interneurons 

In recordings from FSI in normal adult PFC, I found that quinpirole elicited a 

long-lasting increase in excitability of FSI that persisted through the five-minute washout 

period. This likely is due to both the long application of the agonist and effects 

downstream of the receptor, and is a repeated finding associated with GPCR activation 

(Zheng et al., 1999; Tseng and O'Donnell, 2007a; Trantham-Davidson et al., 2008). G-

proteins are assemblies of α and β/γ subunits. DA, through activation of D1 receptors, 

releases Gαs to increase adenylyl cyclase activity, and acts through the D2 receptor to 
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release Gαi resulting in the inhibition of adenylyl cyclase (Neve et al., 2004). Finally, Gαq 

subunit release results in intracellular Ca2+ release. In addition to the actions of α-

subunits, other mechanisms increase the repertoire of GPCR signaling. For instance, D2 

receptor activation elicits a Gβγ/PLC/calcineurin cascade to inhibit L-type Ca2+ channels, 

inhibiting cell firing (Hernandez-Lopez et al., 2000). 

Three GPCRs, D2, D3, and D4, make up the D2 receptor family, and the D2 

receptor has two splice variants encoding D2Short and D2Long (Fukunaga and Shioda, 

2012). Specific pharmacological manipulation of D3 or D4 receptors can help to 

determine which receptor is responsible for a ‘D2’ effect (Swant et al., 2008; Andersson 

et al., 2012a).; for example, D4 agonists selectively enhance gamma rhythms in the 

hippocampus, a phenomena strongly linked to FSI (Andersson et al., 2012a; Andersson et 

al., 2012b). The actions of neurotransmitter on the same channel can also change 

depending on which receptor/G-protein pathway is stimulated. For example, serotonin 

releases Gαi to open TASK channels, two-pore potassium channels that underlie the leak 

conductance, in PYR (Deng et al., 2007); and stimulate Gαq/11 to inhibit TASK activity in 

interneurons (Deng and Lei, 2008). The inhibition of TASK channels was not dependent 

on PLC, indicating a direct G-protein/channel interaction (also seen in (Chen et al., 

2006). 

Dopamine D2 receptors form homodimers or heterodimers, which determines 

their G-protein coupling (from Gαi to either Gαs or Gαq). For example, stimulation of D1-

D2 or D5-D2 heterodimers leads to release of intracellular Ca2+ stores through a Gαq-

dependent cascade (Hasbi et al., 2010). D1 and D2 receptor mRNAs selectively co-

localize in PV+ neurons in the rat PFC (Le Moine and Gaspar, 1998), and fluorescently-
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tagged D1 and D2 receptors co-localize in 25% of deep-layer (Layer VI) cells (Vincent et 

al., 1995b). The PFC has a high level of D1-D2 receptor dimerization in the adult mouse 

(George, personal communication), but it is not known whether the co-expression is in 

PV+ cells. 

Cell-specific expression of designer receptors exclusively activated by designer 

drugs (DREADDs) allow control over pathways elicited by GPCRs (Wess et al., 2013), 

which can inform possible mechanisms of the observed D2-mediated excitation.By 

changing the ligand binding site of a receptor to recognize a non-active ligand (clozapine-

N-oxide) (Nawaratne et al., 2008), allowing specific stimulation of a known signaling 

pathway downstream of that receptor (Armbruster et al., 2007). Another approach is to 

favor certain receptor dimerization patterns, substituting native Gαi-binding intracellular 

loops with ones which bind Gαs or Gαq (Guettier et al., 2009). 

DN-DISC1 Expression Does Not Affect Glutamatergic Pyramidal Cells or Low-

Threshold Spiking Interneurons 

PYR in DN-DISC1 mice had none of the same impairments as FSI in action 

potential phenotype or in excitability. Their excitability was enhanced to a similar degree 

by NMDA bath application, and as in control animals, not modulated by D2 receptor 

agonists. At baseline, the only significantly different measure was the membrane time 

constant, tau. Tau is determined by the membrane input resistance and capacitance. In 

cells with longer tau, the integration window, the time during which synaptic potentials 

can sum, is larger. However, other authors have found that τ only gives a rough estimate 

of synaptic integration (Koch et al., 1996). No study has yet looked at the detailed 
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morphology of pyramidal neurons in DN-DISC1, which may contribute to alterations in 

tau and affect the overall excitatory-inhibitory balance of the circuit. 

In contrast to the effects observed on FSI, there was no effect of the DN-DISC1 

mutation on the adult action potential or intrinsic excitability phenotype of LTS 

interneurons, indicating that the change in E/I balance is not due to changes in these cells. 

In other reports, PV+ cells are more sensitive to genetic and experimental manipulations 

relevant to SZ than other interneuron subtypes (unpublished data from our laboratory). 

While the number of cells expressing SST are reduced in the cortex of patients with SZ 

(Hashimoto et al., 2008; Morris et al., 2008), SST is present in a large variety of 

interneurons in the mouse, of which LTS are only a subset. Finally, the ‘reversed’ 

developmental changes in excitability between LTS and FSI may be relevant, as one 

hypothesis is the high firing rate and metabolic demand on FSI results in the generation 

of reactive oxygen species that can cause cell damage in that population. By having lower 

excitability in the early postnatal period, LTS may be less liable to damage induced by 

DN-DISC1. 

A Compromised Prefrontal Cortex May Alter Downstream Structures 

A next step in determining the pathophysiology in DN-DISC1 mice will be to see 

how transmission onto and from these disturbed FSI is changed onto PYR, and its 

consequences on cortical excitation-inhibition balance. Due to the reduction in PV 

labeling in DN-DISC1, an experimental design with mice where ChR or GFP is under the 

PV promoter might have lower expression of those proteins in DN-DISC1. Site-specific 

recombination, utilizing a Cre-loxP system that would result in stable expression of GFP 

or ChR in cells that at any point had PV expression, may allow targeting or stimulation of 
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these cells with higher throughput. Although I have not expressly tested for the levels of 

PV in the juvenile period in DN-DISC1, in the NVHL the number of PV+ cells is not 

different from control animals at P21, even though they are decreased at P61 

(unpublished data from our laboratory). Optogenetic stimulation of FSI would help 

determine how inhibition from these cells onto PYR is changed in DN-DISC1. 

In the NVHL, the dysfunction in FSI results in a generalized disinhibition of the 

cortex. For example, adult NVHL have increased ΔFosB, a marker of activity, in PFC and 

striatum (Powell et al., 2006). Baseline cytochrome oxidase-1 (CO-1), a measure of 

metabolic activity, was similar in both sham and NHVL PFC, but burst stimulation of the 

VTA increased CO-1 to a greater extent in the NVHL (Tseng et al., 2006a). Increasing 

the number of burst stimulations to VTA further increased CO-1 in rats given a sham 

lesion, but not the NVHL, indicating that the hyper-responsiveness at the lower stimulus 

intensity precluded additional response to the higher-intensity stimulus. 

Networks of interneurons promote the emergence of synchronized rhythms 

(Bartos et al., 2007). FS cells are particularly important for generating high-frequency 

oscillations (30-100 Hz) that bind activity across brain areas (Whittington and Traub, 

2003; Whittington et al., 2011). When ChR is expressed under the PV promoter, FSI can 

follow 40 Hz light stimulation and can generate oscillations in the slice (Cardin et al., 

2009). Decreases in beta (13 - 30 HZ) and gamma rhythms are seen following chronic 

ketamine administration (Roopun et al., 2008) and in the NVHL (Gruber et al., 2011). In 

the NVHL, there was no reduction of beta/gamma rhythms at rest, but these rhythms did 

not increase during a PFC-dependent task. Because interneuron activity is essential to 

coordinate activity of networks into gamma rhythms, this could result from interneurons 
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not being able to increase their activity during task. In DN-DISC1, I would predict that 

the smaller action potential afterhyperpolarization amplitude may diminish the ability of 

the cell to sustain high-frequency firing and inability to follow 40 Hz stimulation. 

In the cerebral cortex, deep-layer PYR can initiate and sustain up-states (Beltramo 

et al., 2013). Up- and down-states refer to the alternation in sleep and some anaesthesia 

states between a depolarized, highly active membrane potential and a hyperpolarized 

membrane potential with very little activity. These states can be observed both in sleep 

and under certain types of anesthesia. FSI and LTS cells fire differently during up-states. 

GFP-expressing inhibitory neurons (GIN), a subpopulation of SST+ cells, fire persistently 

and independent of state (Fanselow and Connors, 2010). Even though GIN cells did not 

show a defined up-state transition, their firing rate doubled. The Fanselow study indicated 

that FSI fire before PYR cells in up-states, suggesting a role in feed-forward inhibition; 

however another report indicated that a distinct population of FSI fire at the end of up-

states (Puig et al., 2008). 

Up-states in the cortex are stabilized by D1 receptor activation, but D2 receptor 

activation decreases the amount of firing (O'Donnell, 2003) In in vivo recordings from 

un-lesioned adult rats, VTA burst stimulation results in up-states with inhibition of firing 

during up-states. In contrast, rats with an NVHL showed increased firing in the PFC in 

response to VTA burst stimulation (unpublished data from our laboratory), indicating that 

the reduction in excitatory drive to interneurons results in increased output during these 

states. There is an ‘inverted U’ curve of D1 receptor action on working memory. 

Blocking D1 receptors impairs spatial working memory, but above a certain point D1 

activation actually impairs working memory (Zahrt et al., 1997). In vitro, the D1 effect on 

88 
 



 
 

NMDA-induced excitation of PYR grows stronger in adolescence (Tseng and O'Donnell, 

2004) and is normally counteracted by the increase in interneuron response to D2. The 

absence of this modulation in NVHL, and perhaps in DN-DISC1, may result in elevated 

activity in many more PYR, increasing the amount of noise in the circuit.  

Oxidative Stress in Interneurons: Early Pyramidal Cell Activity Contributes to 

Interneuron Development and May Add to Defense Mechanisms 

The high energy requirement of FSI drives the accumulation of reactive oxygen 

species, which when left unchecked generate cellular damage in DNA, lipids and proteins 

(Kohen and Nyska, 2002; Stadtman and Levine, 2003). Increased oxidative stress can 

also modify cysteine residues in transcription factors including NF-κB (Sun and Oberley, 

1996). SZ patients have higher levels of oxidative stress (Wood et al., 2009) which leads 

to DNA damage (Nishioka and Arnold, 2004); and protein carbonylation (Massuda et al., 

2013) in this population.  

A variety of antioxidant mechanisms counteract the accumulation of oxidative 

species. Glutathione (GSH) binds and sequesters oxidative species, and is a cofactor in 

the GSH-peroxidase catalyzed conversion of H2O2 to H2O. GSH, measured by proton 

magnetic resonance spectroscopy, is decreased by 25% in the serum of patients with SZ, 

and by 52% in the PFC, indicating an inability to handle oxidative stress (Do et al., 

2000). Genetic polymorphisms in GCLC lead to higher oxidative damage in fibroblasts 

from SZ patients due to less activity and expression of GSH (Gysin et al., 2007). This 

decreased capacity to handle oxidative stress may disturb the maturation of FSI. For 

example, knockout of the modulatory subunit of glutathione cysteine ligase, an enzyme in 
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the synthesis pathway for glutathione, results in late development of the PNN (Cabungcal 

et al., 2013b) and loss of PV immunoreactivity. 

Early manipulations that do not directly impinge on oxidative stress handling may 

still drive deficits through compromising cellular stress response. DISC1-DN animals 

show an increase in the GAPDH-Siah cascade which is upregulated following oxidative 

stress, with a trend towards an increase in protein carbonylation (Johnson, 2013). 

Synaptic NMDA receptor activation increases the antioxidant thioredoxin, linking 

activity to protection from oxidative stress (Papadia et al., 2008). Ketamine specifically 

decreases the firing rate of interneurons, leading to an increased firing of PYR 

(Homayoun and Moghaddam, 2007), but can also lead to a long-lasting loss of phenotype 

of FSI through an increase oxidative stress when delivered early in the postnatal period 

(Nakatani-Pawlak et al., 2009) that lasts into adulthood. Ketamine administration 

increases the pro-inflammatory cytokine IL-6, which increases NAPDH oxidase activity, 

generating the oxidizing agent superoxide (Behrens et al., 2007; Behrens et al., 2008). In 

the NVHL, PV loss is preceded by oxidative stress (unpublished data from our 

laboratory). 

Developmental Arrest of Fast-Spiking Interneurons May Contribute to their 

Dysfunction in DN-DISC1 

NMDA receptor activity is crucial for the maturation and maintenance of the fast-

spiking interneuron phenotype. Removal of the NR1 subunit of the NMDA receptor in 

PV+ interneurons results in increased oxidative damage, behavioral changes, and 

hyperactive frontal cortex (Belforte et al., 2010). The altered phenotype of FSI in DN-
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DISC1 mice resembles phenotypes seen in immature interneurons. In juvenile brain, FS 

cells are still distinguishable from other populations, but are more excitable and 

susceptible to oxidative stress. By altering transmission from cortical and hippocampal 

PYR, DN-DISC1 may affect the maturation of FSI, prolonging this sensitive period. In 

From the second postnatal week into adulthood, interneurons normally become less 

excitable, and can fire action potentials at higher frequencies (Yang et al., 2012). 

Dendritic-targeting interneurons such as LTS also undergo a protracted maturation, but 

their excitability decreases over time, the result of large increase in input resistance 

(Lazarus and Huang, 2011). DN-DISC1 expression may extend the sensitive period in 

FSI by preventing normal PYR-to-interneuron signals responsible for FSI maturation. In 

addition to the altered electrophysiology of DN-DISC1 FSI, the normal increase of PV 

and morphology of PNN nets is affected, indicating an immature developmental state 

(Figure A-5, Appendix A). 

PV may also counteract some of the stress intrinsic to FSI by binding excess 

intracellular Ca2+. The amount of Ca2+ bound to PV is low under basal conditions, but 

increases upon Ca2+ entry following cell depolarization or release from intracellular 

stores (Schwaller, 2010). PV may also protect against Ca2+-dependent glutamate 

excitotoxicity (Van Den Bosch et al., 2002; Paizs et al., 2010). In PV-/- mice, the decay of 

Ca2+ transients following action potentials is slower. This results in decreased 

asynchronous release of GABA (Collin et al., 2005) and a shift in the paired-pulse ratio 

of inhibitory transmission from depressing to facilitating (Caillard et al., 2000). Imaging 

of PNN nets in PV-/- mice showed no difference in the amount or characteristics of these 

structures, indicating that the number of cells was not reduced, and knockout of PV does 
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not change the fast-spiking phenotype of this cell. However, the ability of FSI to control 

cortical activity was affected, as the summed activity of all cell types was greater in PV-/- 

cortex, but the number of cells showing a bursting phenotype was reduced (Schwaller et 

al., 2004). 

In sections from the control PFC, the PNN marker WFA surrounds almost all 

cells positive for PV (Figure A-4, Appendix A). Many cells in DN-DISC1 cortex 

immuno-negative for PV were still outlined with the PNN marker Wisteria floribunda 

agglutinin (WFA), indicating that the cells are present but dysfunctional (Figure A-5, 

Appendix A). PNNs increase over postnatal development, sometimes into puberty (Ye 

and Miao, 2013), and the formation of nets is activity-dependent (Dityatev et al., 2007). 

The morphology of PNN in DN-DISC1 PFC was also different from those in control 

brains. In control PFC, the nets were compact, forming tightly around the cells they 

enveloped. In contrast, nets in DN-DISC1 were ‘spidery’ in appearance, and not as 

tightly wrapped around the enveloped neuron. This has parallels to another model of SZ, 

where the development of mature net morphology is delayed and less coalesced nets were 

associated with increased DNA oxidation (Cabungcal et al., 2013b) and susceptibility to 

loss of parvalbumin immunoreactivity with extended oxidative stress. 

The increasing DA innervation of the PFC in adolescence may exacerbate 

dysfunction in interneurons rendered susceptible by DN-DISC1. Decreasing antioxidant 

response by reducing GSH levels increases reactive metabolites of DA (Grima et al., 

2003) including quinones which oxidize proteins and DNA (Smythies, 1997; Stokes et 

al., 1999). The increased DA innervation of the cortex in DN-DISC1 may combine with 

the already fragile state of FSI, resulting in damage and loss-of-phenotype. 
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Changes in Pyramidal Neuron Function May Drive Fast-Spiking Interneuron 

Deficits in DN-DISC1 

The development of interneurons is dependent on activity, linking PYR DN-

DISC1 expression to dysfunction in FSI. GAD67 and PV, both markers for mature FSI, 

are activity-dependent (Alcantara et al., 1996), and extended activity block with TTX 

decreases GAD67 and GAT-1 levels in culture (Lau and Murthy, 2012). Ketamine and 

antagonists to NR2A produce a loss of GAD67/PV phenotype with no change in cell 

death over this time period, indicating that their expression may be downregulated by less 

activity (Kinney et al., 2006). In an animal model where DISC1 is mutated and targeted 

to astrocytes, many of the same behavioral phenotypes of SZ models are seen in adults 

downstream of a decrease in serine racemase protein, and therefore D-serine expression, 

further indicating the importance of NMDA transmission (Ma et al., 2013). 

The release of glutamate is desynchronized upon PYR stimulation in DN-DISC1 

animals (Holley et al., 2013), indicating that release may be de-coupled from activity 

during the critical period. Synchronous activity also promotes the transcription and 

release of BDNF, a neurotrophin which influences the maturation of interneurons (Huang 

et al., 1999). Membrane depolarization and BDNF drive the functional maturation of FS 

cells in culture (Berghuis et al., 2004) including increased synaptic strength, firing 

frequency, and dendritic branching. BDNF protein is reduced in the dlPFC of patients 

with SZ (Weickert et al., 2003), and BDNF is a risk factor for SZ in some populations 

(Neves-Pereira et al., 2005). Synchronous activity, leads to the synthesis and release of 

BDNF, which in turn up-regulates markers of FSI during the second postnatal week 
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(Rutherford et al., 1997; Kohara et al., 2001; Berghuis et al., 2004; Grabert et al., 2008; 

Sakata et al., 2009). 

Perinatal manipulations such as NVHL and DN-DISC1 may alter the synthesis 

and release of BDNF, altering the trajectory of interneuron development. Chronic 

ketamine-treated rats have reduced phosphorylated CREB, which usually binds promoter 

IV of the bdnf gene to increasing its translation. BDNF is produced by PYR (Ernfors et 

al., 1990), so its’ processing and release can be linked to altered DISC1 by expression of 

the dominant-negative construct. BDNF is trafficked in both anterograde and retrograde 

directions along microtubules (von Bartheld et al., 2001; Butowt and von Bartheld, 2005, 

2007). BDNF is preferentially released in response to high-frequency stimuli (Balkowiec 

and Katz, 2002). BDNF links PYR activation to interneuron development, as PV is up-

regulated by BDNF (Patz et al., 2004). DN-DISC1 affects vesicle transport, with an 

accumulation and decrease in the speed of labeled vesicles (Flores et al., 2011). By 

interfering with axonal transport of BDNF, DN-DISC1 may desynchronize or decrease 

the release of BDNF from PYR through the critical period, extending a period when cells 

are sensitive to oxidative stress and leading to the impaired phenotype that I observed in 

FSI in these animals. The model of DN-DISC1 utilized in this dissertation limits 

expression of the DN protein to pyramidal cells, which is sufficient to cause an 

interneuron deficit. Due to Disc1’s roles in regulating microtubule-dependent trafficking 

both to and from the cell bodies, expression in interneurons may lead to a worsened 

phenotype in these cells. 
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Early Disruption in Interneurons May Result in Adult Dysfunction Including 

Abnormal Response to Dopamine 

The correlation between D2 receptor block and therapeutic efficacy in patients led 

to the development of the dopaminergic hypothesis of SZ, which originally posited that a 

hyperdopaminergic state underlies SZ pathology (Seeman and Lee, 1975). Amphetamine 

inhibits the DA transporter, resulting in higher DA levels in subcortical areas (Jones et 

al., 1998), and induces positive symptoms in healthy subjects (Bell, 1965). In animals, 

systemic administration of amphetamine increases locomotion (Stolk and Rech, 1967) 

and impairs sensorimotor gating (Geyer et al., 2001). However, AMPH administration 

does not impair social behavior in rodents (Sams-Dodd, 1995), and does not generate 

thought disorder in humans (Bell, 1965). These are clear indications that while 

hyperdopaminergia may be involved in SZ, other processes are necessary to recapitulate 

SZ in experimental models. 

A further insight into the mechanisms that contribute to SZ came from 

observations in patients abusing the stimulant phencyclidine (PCP; 1-(1-

phenylcyclohexyl) piperidine). PCP induces a state in healthy adults that includes 

features resembling positive, negative, and cognitive symptoms (Luby et al., 1959; Lahti 

et al., 1995; Malhotra et al., 1997). PCP (and its related compounds ketamine and MK-

801) antagonize N-methyl D-aspartate (NMDA) receptors (Anis et al., 1983; Wong et al., 

1986; Huettner and Bean, 1988). The connection between their psychotomimetic 

properties and mechanism indicates that dysfunction in glutamate signaling may 

contribute to SZ (Olney and Farber, 1995; Olney et al., 1999). Ketamine administered to 

patients with SZ and healthy controls resulted in a similar pattern of thought disorders 
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(Malhotra et al., 1997; Adler et al., 1999). Many of the abnormalities generated in 

response to ketamine administration are predicated on increasing activity in the PFC and 

hippocampus, which among other things may lead to increased drive to midbrain DA 

neurons and hyperdopaminergia (Lisman et al., 2008). 

Rescuing GABAergic Development or Restoring Function: New Treatment 

Directions 

Novel treatment strategies for SZ have been based on either decreasing continuing 

damage in persons at risk for developing the disorder. Here the oxidative stress angle has 

the most appeal. Inhibiting NAPDH oxidase with apocyanin blocks the IL-6 mediated 

decrease of GAD67 and PV (Behrens et al., 2008), and in a new study from our 

laboratory, dietary supplementation with N-acetylcysteine, the precursor for GSH, 

rescued many abnormalities in the NVHL, including PV staining, PNN reductions, 

inhibition of PYR in response to VTA stimulation, and D2-mediated reduction of 

electrically evoked EPSPs in PYR in the NVHL. 

While each of these approaches have potential to prevent transition to SZ from a 

vulnerable state, potentiators or modulators of compromised GABAergic signaling could 

ameliorate symptoms in current patients. To that end, a number of approaches based on 

restoring excitatory/inhibitory balance in the PFC have been attempted in animal models. 

Potentiation of the extrasynaptic α5 receptors reverses some deficits in MAM model (Gill 

et al., 2011), and GABAB agonists rescued multiple behavioral and electrophysiological 

deficits in an animal NMDA hypofunction model of SZ. In humans, D-cycloserine, a 

partial agonist at the glycine site of the NMDA receptor, decreased severity of delusions 
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when combined with cognitive behavioral therapy (Gottlieb et al., 2011). BDNF crosses 

the blood-brain barrier (Pan et al., 1998), and is elevated in patients who completed 

computerized cognitive training, indicating that it correlates with better cognitive 

outcomes (Vinogradov et al., 2009). 

While no single factor leads to SZ, the superimposition of certain insults tells us 

something about the etiology of the disease and may inform the design of novel 

therapeutics. DISC1 truncation only leads to major psychiatric disorders including SZ in 

family a certain percentage of the time, with many carriers unaffected, and the same 

DISC1 truncation also increases the risk for developing depression and bipolar disorder. 

Various factors including maternal infection (Brown and Patterson, 2011) and 

immigration status (Cantor-Graae and Selten, 2005) increase SZ risk in humans, and 

disruptions in cortical function in animals can be downstream of other sources such as 

social isolation (Jiang et al., 2013), maternal infection (Abazyan et al., 2011; Lipina et al., 

2013), and perinatal immune activation (Ibi et al., 2009; Feleder et al., 2010; Ibi et al., 

2010). IL-6 is implicated in the ketamine loss of phenotype of FSI, and is present and 

detectable in some variants of SZ (Garver et al., 2003); also is elevated in depression. 

Chronic stress elevates IL-6 in the rat brain, and administration of IL-6 generates 

depressive behaviors in mice (Sukoff Rizzo et al., 2012). Therefore, treatments developed 

for one disorder could have traction in treating certain subclasses of the other that share 

the same underlying mechanism. By combining human clinical data with basic 

biomarkers of the disease including cellular dysfunction as shown in this dissertation, we 

may be able to design new therapeutics that alleviate the suffering of patients and prevent 

disease progression in vulnerable individuals.  
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Appendix A: Immunostaining of Representative Cell Types; Reduction 

of Number of WFA-labeled Cells in DN-DISC1 Including PV 

 

 

Figure A-1: Neurobiotin fill of pyramidal neuron. Apical dendrite is extending towards 
the pial surface at left.  
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Figure A-2: Electrophysiologically identified FSI are surrounded by perineuronal nets. 

Top Left: Neurobiotin fill (red) showing one labeled soma in an electrophysiologically-
identified fast-spiking interneuron. Top Middle: WFA label (green) of the same section. 
Top Right: Overlay of the two markers. Bottom: Magnified view of the overlay. The 
perineuronal net marker WFA surrounds the labeled FSI. 

 

 

Figure A-3: Neurobiotin Fill of LTS Cell. Note the absence of an apical dendrite. 
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Figure A-4: WFA labeling surrounds PV+ cells in the DISC1-WT mouse PFC 

 

Figure A-5: Many cells in DN-DISC1 cortex positive for WFA are negative for PV, 
indicating cellular dysfunction 
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Appendix B: uPAR-/- 

Introduction 

In the two aims of this dissertation, I found that dopamine, through the D2 

receptor, specifically increased the excitability of FSI in the adult mouse PFC. Perinatal 

onset of disruption of disc1, a gene where mutations are tied to increased risk for 

developing SZ, caused disruption in FSI excitability and action potential phenotype in the 

adult mouse mPFC without affecting other cell populations. While there is growing 

evidence that the number of PV+ interneurons is not reduced in patients with SZ, there 

may be a subtle reduction in the number of these cells. For example, one explanation for 

the decreased rheobase in FSI from DN-DISC1 is that the remaining population could not 

as effectively control PYR excitability, so the remaining cells are hyper-activatable. A 

test of this prediction would be utilizing mice with a smaller interneuron population to 

address whether the remaining interneurons showed any scaling of intrinsic excitability. 

In the adult uPAR-/- (urokinase plasminogen activator receptor, also written as 

Plaur) mouse, there is a 50% reduction of GABAergic interneurons in the frontal cortex, 

resulting from a nearly complete loss of PV+ interneurons, with  insignificant  reductions 

in other populations (Powell et al., 2003). uPAR is a receptor for uPA, a serine/threonine 

protease. The receptor-ligand interaction increases the protease activity of uPA, 

activating latent hepatocyte growth factor/scatter factor (HGF/SF) (Ellis et al., 1991). 

Intact signaling through this pathway is critical for interneuron migration and survival 

(Eagleson et al.; Bae et al., 2010). uPAR-/- mice survive until adulthood, but show 

increased anxiety and seizures (Powell et al., 2003). Reversal learning, a behavioral task 
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dependent on a circuit that includes the orbitofrontal cortex (OFC), is impaired. New in 

vivo data shows that the overall firing rate of neurons in the OFC is increased (Bissonette, 

unpublished). By recording from different cell populations in the prefrontal cortex of 

uPAR-/- mice I will test two possibilities for this observed hyperactivity in the OFC: that 

either PYR are hyperexcitable or the loss of local circuit GABAergic interneurons leaves 

the remaining cells unable to control cortical activity. 

Results 

In slice preparations, PYR did not differ in either their intrinsic excitability or 

action potential characteristics between uPAR+/+ (n = 26) and uPAR-/- (n = 26) mice. 

Resting membrane potential (uPAR+/+  -69.73 ± 4.85 mV, uPAR-/- -69.12 ± 6.24 mV, t = 

0.39, ns) and input resistance (uPAR+/+ 170 ± 53 MΩ, uPAR-/- 151 ± 77 MΩ, t = 0.68, ns) 

were similar between genotypes, as were the membrane time constant τ (uPAR+/+ 18.67 ± 

8.64 ms, uPAR-/- 21.66 ± 11.91 ms, t = 0.31, ns) and rheobase in response to square-pulse 

current injection (uPAR+/+ 105 ± 41 pA, uPAR-/- 108 ± 54 pA, t = 0.22, ns). Action 

potential characteristics between PYR of the two genotypes were also similar. Action 

potential threshold (uPAR+/+ -36.69 ± 6.52 mV, uPAR-/- -36.36 ± 5.70 mV, t = 0.20, ns), 

action potential amplitude (uPAR+/+ 75.28 ± 9.65 mV, uPAR-/- 71.90 ± 10.25 mV, t = 

1.20, ns), duration (uPAR+/+ 2.30 ± 0.48 ms, uPAR-/- 2.23 ± 0.39 ms, t = 0.58, ns) and 

afterhyperpolarization amplitude (uPAR+/+ 5.66 ± 2.78 mV, uPAR-/- 6.39 ± 2.45 mV, t = 

1.00, ns) did not differ between PYR, indicating an absence of dysfunction in these cells.  

In agreement with the findings that somatostatin cell count is unaltered in uPAR-/- 

mice (Powell et al., 2003), LTS interneurons (n = 4 uPAR+/+, n = 5 uPAR-/-) did not show 

any obvious changes in intrinsic excitability or action potential characteristics. Membrane 
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potential was higher and more variable in uPAR-/-, however this was not significantly 

different (uPAR+/+ -64.00 ± 2.94 mV, uPAR-/- -57.00 ± 7.78 mV, t = 1.69, ns), and input 

resistance was unchanged (uPAR+/+ 490 ± 231 MΩ, uPAR-/- 548 ± 63 MΩ, t = 0.49, ns). 

The membrane time constant τ (uPAR+/+ 28.57 ± 8.53 ms, uPAR-/- 41.13 ± 18.00 ms, t = 

1.39, ns) and rheobase (uPAR+/+ 12.50 ± 15.00 pA, uPAR-/- 14.40 ± 8.33 pA, t = 0.24, ns) 

were similar as well. Action potential characteristics including threshold (uPAR+/+ -49.13 

± 7.61 mV, uPAR-/- -40.67 ± 7.44 mV, t = 1.68, ns), amplitude (uPAR+/+ 66.94 ± 5.73 

mV, uPAR-/- 67.00 ± 12.31 mV, t = 0.01, ns), duration (uPAR+/+ 1.50 ± 0.57 ms, uPAR-/- 

1.91 ± 10.25 ms, t = 1.20, ns) and afterhyperpolarization amplitude (uPAR+/+ 9.03 ± 3.40 

mV, uPAR-/- 9.27 ± 2.31 mV, t = 0.13, ns) were similar between genotypes. 

Despite the large reduction of PV+ cells in the cortex of uPAR-/- mice, there were 

no differences in the intrinsic properties of FSI (n = 6 uPAR+/+, n = 4 uPAR-/-). Resting 

membrane potential (uPAR+/+ -68.50 ± 5.43 mV, uPAR-/- -66.75 ± 5.44 mV, t = 0.49, ns), 

input resistance (uPAR+/+ 328 ± 150 MΩ, uPAR-/- 270 ± 163 MΩ, t = 0.55, ns), 

membrane time constant (uPAR+/+ 14.50 ± 6.65 ms, uPAR-/- 7.83 ± 1.35 ms, t = 1.66, ns) 

and rheobase (uPAR+/+ 50.67 ± 49.63 pA, uPAR-/- 58.50 ± 48.61 pA, t = 0.25, ns) were 

similar. Action potentials in the recorded FSI were also similar, as measured by threshold 

(uPAR+/+ -42.43 ± 4.68 mV, uPAR-/- -41.10 ± 4.488 mV, t = 0.43, ns), amplitude 

(uPAR+/+ 57.79 ± 11.60 mV, uPAR-/- 60.48 ± 9.61 mV, t = 0.38, ns), duration (uPAR+/+ 

1.48 ± 0.64 ms, uPAR-/- 1.11 ± 0.60 ms, t = 0.91, ns) and afterhyperpolarization amplitude 

(uPAR+/+ 20.40 ± 5.42 mV, uPAR-/- 20.30 ± 1.78 mV, t = 0.03, ns). In preliminary data (n 

= 2), FSI in uPAR-/- mice retained their normal response to dopamine, with an increase in 

action potential count (aCSF 5.50 ± 4.38 to QUIN: 17.00 ± 2.60). 
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Discussion 

In uPAR-/- mice, even though there is dramatic reduction in the number of PV+ 

interneurons, all are surrounded by PNN. Paralleling this finding, current clamp 

recordings did not reveal any cellular dysfunction in FSI or any other cell group. This 

finding is in agreement with in vivo data, where firing rates are equal across genotypes 

baseline. Both the in vitro preparation, which removes most inputs from other cortical 

and subcortical areas, and the lower temperature of these recordings were postulated to 

contribute to the difference. Using this approach, I cannot rule out that there may be 

differences in EPSP to spike coupling or synaptic differences under different activation 

levels. 

Fewer interneurons in cortex may make it harder for them to scale up and control 

excitability without any change in the integrative properties of the PYR. Additionally, 

while each individual FSI may retain an excitation to DA D2 agonists, the reduction in 

cell number may mean that the overall control on PYR excitability is less than in the 

control brain. uPAR-/- mice also add support to a prediction of the neurodevelopmental 

hypothesis of SZ, which is that late manipulations that impact FSI will not induce the 

same adult deficit. Here, I saw that the excessive pruning of neurons in uPAR-/- did not 

affect the remaining cells in the same way as the early developmental lesion/genetic 

mutation in the NVHL and DN-DISC1 models.  
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Appendix C: Clinical utility of neuronal cells directly converted from 

fibroblasts of patients with neuropsychiatric disorders: studies of 

lysosomal storage diseases and channelopathy 3 

 

Abstract 

Methodologies for generating functional neuronal and glial cells from human subjects 

have been recently developed, but those technological advances have not yet contributed 

to elucidating novel disease mechanisms or therapeutic strategies. Here we have 

generated immature postmitotic glutamatergic neuronal cells directly converted from 

fibroblasts of patients with various neuropsychiatric disorders, including schizophrenia, 

lysosomal storage diseases, polyglutamine diseases, and channelopathy. Then, we have 

focused our study on neuronal cells from Tay-Sachs disease, a representative lysosomal 

storage disease, and Dravet syndrome, a form of severe myoclonic epilepsy in infancy. In  

Tay-Sachs disease, we have successfully characterized canonical neuronal pathology, 

massive accumulation of GM2 ganglioside, and demonstrated the suitability of this novel 

cell culture for future drug screening. In Dravet syndrome, we have identified a novel 

pathological phenotype that was not suggested by studies of classical mouse models and 

3 Shin-ichi Kano, M.D., Ph.D., Ming Yuan, Ph.D., Ross A. Cardarelli, Ph.D., Gustavo 
Maegawa, M.D., Ph.D., Norimichi Higurashi, M.D., Ph.D., Meriem Gaval-Cruz, Ph.D., 
Ashley M. Wilson, B.S., Carlos Tristan, M.S., Mari A. Kondo, Ph.D., Yian Chen, M.D., 
Minori Koga, Ph.D., Cassandra Obie, M.S., Koko Ishizuka, M.D., Ph.D., Saurav 
Seshadri, Ph.D., Takahiro A. Kato, M.D., Ph.D., Yasue Horiuchi, Ph.D., Thomas W. 
Sedlak, M.D., Ph.D., Yohan Lee, Ph.D., Judith L. Rapoport, M.D., Shinichi Hirose, 
M.D., Ph.D., Hideyuki Okano, M.D., Ph.D., David Valle, M.D. Patricio O'Donnell, M.D., 
Ph.D., Akira Sawa, M.D., Ph.D. and Mihoko Kai, Ph.D., as accepted for peer review.  
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human autopsied brains. Taken together, the present study demonstrates that neuronal 

cells directly converted from fibroblasts are useful for translational research to explore 

functional-level mechanisms and therapeutic strategies for neuropsychiatric disorders. 

Introduction 

Modern medicine has developed by direct examination of patients’ tissues and 

cells displaying major pathologies. In particular, cancer research has clearly benefitted 

from this strategy1. The same strategy has not been easily applied to brain disorders 

because of the difficulty in accessing brain tissues and cells from living patients. 

Therefore, many investigators have focused on techniques to generate “surrogate” brain 

cells, which reflect some, although not all, features of brain neurons and glia and can be 

used as a probe in exploring disease mechanisms2-5. A novel methodology that directly 

converts peripheral fibroblasts into neuronal cells has potential to accelerate this direction 

in translational research6, 7. Nonetheless, it is currently unclear whether this technological 

advance leads to elucidation of novel mechanisms of disease or therapeutic strategies. 

Here we demonstrate the utility of immature postmitotic glutamatergic neuronal cells 

directly converted from patient fibroblasts to study neuropsychiatric disorders. 
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Materials and Methods 

Fibroblasts. Primary human fibroblasts were collected from several sources. Normal 

control skin fibroblasts were collected from healthy volunteers at the Johns Hopkins 

Hospital or obtained from the Coriell Institute (Camden, NJ) (Table 1). Fibroblasts for 

Tay-Sachs disease, Sandhoff disease, Gaucher disease, GM1 gangliosidosis, and 

metachromatic leukodystrophy were obtained from Drs. D. Batista and E. Wohler 

(Cytogenetics Laboratory at the Kennedy Krieger Institute). Fibroblasts from patients 

with Machado-Joseph Disease (GM06153), dentatorubral-pallidoluysian atrophy 

(GM06917), Huntington’s disease (GM09197), and Tay-Sachs disease (GM00502, 

GM01110) were obtained from the Coriell Institute. Fibroblasts from patients with 

childhood-onset schizophrenia were collected at the National Institute of Mental Health. 

Dravet syndrome fibroblasts (D1, D4, D7) were collected from patients at Fukuoka 

University. Fibroblasts were maintained in minimal essential media (MEM) 

supplemented with 10% fetal bovine serum (FBS), 1% nonessential amino acids, 1% 

sodium pyruvate, and 1% Pen Strep (all from Invitrogen). Human primary astrocytes 

were purchased from ScienCell and maintained in astrocyte medium provided by the 

manufacturer. 293 FT cells were purchased from Invitrogen and maintained in DMEM 

supplemented with 10% FBS/1% sodium pyruvate/1% nonessential amino acids.  

Plasmid construction and lentiviral preparation. Human ASCL1, POU3F2, and 

MYT1L cDNA were purchased from GeneCopoeia or Open Biosystems, and cloned into 

pLenti6.3-TO/V5 lentiviral vectors by using Gateway shuttle vector system (Invitrogen). 

Human synapsin (hSyn) promoter-GFP lentivirus vector was prepared by inserting hSyn-

EGFP region from pAAV-hSyn1-EGFP vector (a gift from Dr. S. Kugler, Germany) into 
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pGIPZ lentiviral vector (Open Biosystems). Human wild-type SCN1A full-length cDNA 

(a gift from Dr. A. George, Vanderbilt University) was cloned into a CSII-EF-MCS-

IRES-Venus lentiviral vector (a gift from Dr. H. Miyoshi, Japan) to generate CSII-EF-

SCN1A-IRES-Venus vector. A CaMKII promoter-driven GFP reporter construct 

(FCKGW) was a gift from Dr. P. Osten (Cold Spring Harbor Laboratory). 293FT cells 

were transfected with each pLenti6.3 or synapsin-GFP lentiviral vector and a set of virus 

packaging vectors by using Lipofectamine 2000 (Invitrogen). Lentiviral supernatants 

were collected 72 h later, and concentrated with either ultracentrifugation or PEG 8000 

precipitation. Virus titers (infectious units: IFU) were determined using a Lenti-X p24 

Rapid-Titer kit (Clontech). Aliquots of viruses were kept frozen at -80ºC until use.  

Generation of neuronal cells from fibroblasts. Fibroblasts were seeded on 6-well 

culture dishes, and spin-infected at 1,800 rpm for 60 min with lentivirus (MOI of 9) in the 

presence of polybrene (8 µg/mL). Infected cells were maintained in fibroblast medium, 

described above, for 3 to 4 days, then cells were gently detached by TrypLE (Invitrogen) 

and passaged onto poly-D-lysine or Matrigel-coated (ECM gel, Sigma-Aldrich) 

coverslips. For some experiments, infected cells were maintained on the original plate. 

Infected cells were subsequently maintained in a 1:1 mixture of human astrocyte-

conditioned medium and Neurobasal medium supplemented with N2 and B27 

supplements and Glutamax (all from Invitrogen). Half the medium was removed every 3-

4 days and replaced with fresh 1:1 mixture. To prepare astrocyte-conditioned medium, 

human astrocytes (from ScienCell) were cultured with Neurobasal medium supplemented 

with B27 and L-glutamine (Invitrogen) for 4 days, and then the culture supernatants were 
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collected and filtered to remove any cell debris; this conditioned medium was stored at -

80ºC until use. 

Immunofluorescence staining. Cells were fixed in 4% paraformaldehyde (PFA) for 15 

min at room temperature, and then incubated with 0.1-0.3% Triton X-100 in PBS for 15 

min at room temperature. Cells were then blocked in PBS with 10% normal goat serum 

and 1% bovine serum albumin for 1 h at room temperature or overnight at 4ºC, followed 

by incubation with primary antibodies for 1-2 h at room temperature or overnight at 4ºC. 

Secondary antibodies conjugated with Alexa-488, Alexa-568, Alexa-647 (all from 

Invitrogen), or Cy5 (Jackson ImmunoResearch Lab) were applied for 1-2 h at room 

temperature. Finally, coverslips were briefly placed in 4',6-diamidino-2-phenylindole 

(DAPI) solution (Invitrogen) for nuclei staining, and mounted on glass slides. The 

following primary antibodies were used: rabbit anti-βIII tubulin (1:2,000, Covance); 

mouse anti-βIII tubulin (Tuj1) (1:500, Sigma); rabbit anti-MAP2 (1:1,000, Millipore); 

mouse anti-MAP2 (1:1,000, Sigma); chicken-anti-MAP2 (1:20,000, Abcam); rabbit anti-

VGLUT1 (1:200, Abcam); rabbit anti-GM2 (1:1,000-5,000, Matreya); rabbit anti-Nav1.1 

(1:100, Alomone labs); mouse anti-tyrosine hydroxylase (1:200, Millipore); mouse anti-

glutamic acid decarboxylase 67 (1:500, Millipore); and chicken anti-GFP (1:2,000, 

Abcam). Cells were visualized with Zeiss epifluorescence or confocal microscopy. 

Quantitative analysis of microscopy images. To calculate the percentage of MAP2-

positive cells per total cells in iN cell culture, we took pictures of 5-6 randomly selected 

20x visual fields with an epifluorescence microscope and counted the number of cells 

with MAP2-positive staining and neuronal morphology. We then divided the number by 

the total number of DAPI-positive cells to estimate the enrichment of MAP2-positive 
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neuronal cells in culture. To evaluate the extent of GM2 ganglioside accumulation, we 

counted the number of cells with GM2 accumulation (bright dots around nuclei detected 

by anti-GM2 antibodies). Pictures of randomly selected 20x visual fields were used to 

calculate the ratio of MAP2-positive neuronal cells with GM2 accumulation against total 

MAP2-positive neuronal cells. 

Electrophysiology. Coverslips containing putative neuronal cells were loaded into an 

upright microscope (Olympus BX-50-WI) fitted with a Warner RC-27 submerged 

recording chamber. Patch pipettes (7–10 MΩ) were filled with 0.125% Neurobiotin 

solution containing 115 mM potassium gluconate, 10 mM 4-(2-hydroxyethyl)-1-

piperazineethanesulfonic acid, 2 mM MgCl2, 20 mM KCl, 2 mM MgATP, 2 mM Na2-

ATP, and 0.3 mM GTP (pH 7.3, 280 ± 5 mOsm). Recordings were made at 32-35°C in 

oxygenated artificial cerebrospinal fluid (aCSF) (pH 7.4, osmolarity 290 ± 5 mOsm) 

perfused at 2 mL/min containing125 mM NaCl, 25 mM NaHCO3, 10 mM glucose, 3.5 

mM KCl, 1.25 mM NaH2PO4, 2 mM CaCl2, and 1 mM MgCl2. Neuronal cells were 

identified under visual guidance with infrared differential interference contrast optics 

(Olympus BX-50-WI) with a 40x water-immersion objective. The image was captured 

with an infrared-sensitive CCD camera (Dage-MTI) and displayed on a monitor. In 

addition, the image was sent to a computer with a USB connector and captured 

(KWorld). Whole-cell current clamp recordings were made with a headstage (CV-7B) 

connected to a computer-controlled amplifier (MultiClamp 700B, Axon Instruments), and 

acquired at a sampling rate of 10 kHz. All current steps to set membrane potential and 

elicit action potentials were delivered through the recording pipette and controlled by 

Axoscope 9.0 (Axon). Liquid junction potential was not corrected, and electrode 
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potentials were adjusted to zero before recording. Cells were held at approximately -70 

mV with negative current delivered through the recording electrode. In some 

experiments, tetrodotoxin (TTX) (1 μM, Tocris) was used to confirm that action 

potentials were sodium-dependent. 

Pharmacological and genetic rescue experiments. For rescue experiments in Tay-

Sachs disease, Tay-Sachs neuronal cells were treated with NB-DNJ (10 or 50 µM, EMD 

bioscience or Toronto Research Chemicals) or vehicle control (DMSO) three times every 

3-4 days from day 10 to 20. For rescue experiments in Dravet syndrome, Dravet neuronal 

cells were transfected with CSII-EF-SCN1A-IRES-Venus vector by using HilyMax 

transfection reagents (Dojindo) at days 15-25 and electrophysiological assessment was 

performed 4-7 days after transfection. 

Statistical analysis. Student’s t-test was used to determine the difference between two 

groups. For the comparison among three or more groups, one-way ANOVA followed by 

Tukey’s correction was used. A p-value <0.05 was regarded as statistically significant. 

Data are shown as mean ± S.E.M or mean ± S.D. as indicated in the figure legends. 

Results and Discussion 

We established a protocol to directly generate neuronal cells from human 

fibroblasts by lentiviral transduction of ASCL1 (also known as MASH1), POU3F2 (also 

known as BRN2), and MYT1L cDNA into early-passage human fibroblasts, a method 

similar to that was used in previous studies on induced neuronal cells 6-9 (Supplementary 

Text; Table C-1; Fig. C-1). These fibroblast-derived postmitotic neuronal cells are 

functional and mostly glutamatergic in subtype (Fig. C-3). Using this protocol, we 
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successfully generated neuronal cells from patients with neuropsychiatric disorders 

including schizophrenia, polyglutamine diseases [dentatorubral-pallidoluysian atrophy 

(DRPLA), Huntington’s disease, and Machado-Joseph disease], lysosomal storage 

diseases (Tay-Sachs disease, Sandhoff disease, Gaucher disease, GM1 gangliosidosis, 

and metachromatic leukodystrophy), and channelopathy (Dravet syndrome) (Fig. C-1; 

Fig. C-2; Fig. C-4). We did not observe any significant difference in the generation of 

neuronal cells from various disease and control fibroblasts. In this study, we have focused 

on two specific types of disorders, lysosomal storage diseases and channelopathy, in 

order to address their clinical utility in neuropsychiatric research. 

We first studied lysosomal storage diseases in which unavailability of human 

neuronal cell models hampers development of translational studies. Tay-Sachs disease, a 

representative lysosomal storage disease, is caused by β-hexosaminidase A deficiency 

that results in the accumulation of its substrate GM2 gangliosides in neurons10, 11. The 

massive accumulation of GM2 gangliosides leads to phenotypes ranging from a very 

severe, rapidly progressive infantile form to a milder, chronic adult-onset form with 

mostly peripheral nerve and psychiatric symptoms12. Investigation of the molecular 

pathogenesis and development of mechanism-based therapeutic strategies have been 

limited because endogenous GM2 accumulation is not observed in peripheral cells from 

patients13. Therefore, we generated immature postmitotic glutamatergic neuronal cells 

directly from fibroblasts of Tay-Sachs patients. We observed robust accumulation of 

GM2 gangliosides in the patient-derived neuronal cells, but not in those from normal 

controls (Fig. C-1 a, b; Fig. C-5). No accumulation of GM2 gangliosides was detected in 

patient and control fibroblasts (Fig. C-1 a, b; Fig. C-5). Neuronal cells from Sandhoff 
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disease, another GM2 gangliosidosis, also showed robust GM2 accumulation (Fig. C-1 

c). N-Butyldeoxynojirimycin (NB-DNJ), or miglustat (Zavesca®), inhibits 

glycosphingolipid biosynthesis and is known to reduce lysosomal storage in patients with 

Gaucher disease and Hexa-deficient mice, a model of Tay-Sachs disease14. We found that 

NB-DNJ decreased GM2 accumulation in human Tay-Sachs neuronal cells (Fig. C-1 d). 

These data establish that patient fibroblast-derived neuronal cells are useful for 

investigating lysosomal storage disease phenotypes and for screening potential 

therapeutic compounds. 
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Figure C-1 | GM2 ganglioside accumulation in neuronal cells from patients with 

Tay-Sachs disease. a, Representative picture of GM2 ganglioside accumulation in 

neuronal cells derived from Tay-Sachs disease fibroblasts at day 20 after neuronal 

induction with lentivirus infection. Arrowhead indicates GM2 accumulation. b, 

Quantification of MAP2-positive neuronal cells with GM2 accumulation per total MAP2-

positive neuronal cells. Data are presented as mean ± S.E.M of at least three independent 

experiments for each Tay-Sachs patient and control subject (15-20 neuronal cells per 

experiment). *p < 0.05. c, Representative pictures of GM2 ganglioside accumulation in 

MAP2-positive neuronal cells from a patient with Sandhoff disease. Arrowhead indicates 

GM2 accumulation. d, Dose-dependent reduction of GM2 ganglioside accumulation in 

Tay-Sachs neuronal cells treated with N-Butyldeoxynojirimycin (NB-DNJ). *p < 0.05. 

Scale bars, 20 µm (a, c). 

 

Previous studies with either directly converted neuronal cells or induced 

pluripotent stem cell-derived neuronal cells have successfully recapitulated brain 

pathology described in patient peripheral tissues, autopsied brains, and animal models7, 15-

17. We questioned whether human neuronal cell models could be used as a tool to identify 

novel mechanisms that have not been uncovered by other research methodologies. Dravet 

syndrome is a form of severe myoclonic epilepsy in infancy, caused by de novo 

mutations in the SCN1A gene encoding the α-subunit of the NaV1.1 (SCN1A) channel18, 

19. SCN1A is also expressed in glutamatergic pyramidal neurons in the human brain20, 

whereas expression in mice is confined to GABAergic interneurons21. Thus, mouse 

genetic models currently indicated that the mutation mainly affects GABAergic 
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interneurons, and less attention was paid to any pathological changes in glutamatergic 

neurons21, 22. Consistent with the expression pattern in the human brain20, we found that 

SCN1A is expressed in human fibroblast-derived glutamatergic neuronal cells (Fig. C-

2a). We did not see any significant difference in the ratio of glutamatergic neuronal cells 

per total neuronal cells between control and Dravet neuronal cell cultures (Fig. C-3). 

Unexpectedly, action potentials in glutamatergic excitatory neuronal cells from Dravet 

patients had a significantly shorter duration relative to neuronal cells derived from 

healthy control subjects (n = 10 experiments per subject); other action potential 

characteristics such as threshold, amplitude, afterhyperpolarization amplitude, and decay 

time were not different between the two groups (Fig. C-2 b, c, d; Fig. C-6, 7; Table 2). 

Further analysis of the action potential waveform revealed a reduction in the rise time 

with no significant change in decay time (Fig. C-2 c, d). The duration of the action 

potential is determined by both sodium and potassium channel kinetics. The depolarized 

membrane potential, extremely high input resistance, and small afterhyperpolarization of 

these neuronal cells suggest that potassium channels may be absent or expressed at low 

levels in the fibroblast-derived neuronal cells. Because sodium but not potassium 

channels contribute to the rising phase of the action potential, this measure accurately 

reflects the altered sodium channel kinetics of sodium channels in Dravet syndrome-

derived neuronal cells. These data suggest that excitatory glutamatergic neurons from 

Dravet patients may have enhanced sodium channel activity. 
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Figure C-2 | Altered patterns of action potential firings in neuronal cells from 

Dravet syndrome patients. a, SCN1A staining in Dravet glutamatergic neuronal cells. 

b, Representative traces of membrane potential changes induced by current injection in 

control and Dravet neuronal cells. Parameters for electrophysiological data analysis are 

shown to the right. Threshold was measured as the point of inflection leading to the rising 

phase of the action potential following the current stimulus. The difference in membrane 

potential between the threshold and the peak of the action potential was considered the 

amplitude. Duration was measured as the distance between the rising and the falling 

phases of the action potential at half the total amplitude. When present, 

afterhyperpolarization (AHP) amplitude was calculated as the difference between the 

threshold and the lowest point of the undershoot in the falling phase. Duration was 

measured as the width at half-amplitude. Rise time and decay time of action potentials 

were measured as the width from the threshold to half-amplitude and from the half-

amplitude to the threshold, respectively. c, No differences in action potential amplitude, 

threshold, afterhyperpolarization (AHP) amplitude, and decay time in Dravet neuronal 

cells compared to control neuronal cells. d, Decrease in action potential durations and 

rise time in Dravet neuronal cells compared to control neuronal cells. ** p <0.01, * p < 

0.05. e, Effects of wild-type SCN1A overexpression on action potential rise time in 

Dravet neuronal cells. ** p < 0.01, *p < 0.05. Scale bars, 20 µm (a). For c and d, data are 

presented as mean ± S.D of 4-5 experiments per subject. 

 

We next attempted to rescue the Dravet-associated abnormal action potentials by 

transfecting the neuronal cells with a vector encoding full-length human SCN1A cDNA. 
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If the faster rise time of action potentials resulted from altered sodium channel kinetics 

due to the mutation, reinserting normal channels would restore the rise time of action 

potentials. We compared matched pairs of neuronal cells from the same cultures, one 

expressing SCN1A cDNA and the other a mock vector. In both of the two patients (D1 

and D2), neuronal cells expressing SCN1A cDNA showed significant rescued phenotypes 

(i.e., normalized rise time) (Fig. C-2 e): on the contrary, neuronal cells expressing a 

mock vector did not show any rescued phenotype. Of note, recent studies using induced 

pluripotent stem cell-derived neuronal cells from Dravet patients observed altered 

electrophysiological properties in the mixed population of GABAergic and glutamatergic 

cells and indicated a cell-intrinsic abnormally in glutamatergic neuronal cells 23, 24. Here 

our data showed a specific cell-autonomous alteration in Dravet glutamatergic neuronal 

cells in the absence of GABAergic neurons, highlighting the potential impact of Dravet 

mutations on glutamatergic neuronal cells. Future studies are necessary to further 

determine the mechanisms whereby loss of normal SCN1A function paradoxically 

increases the excitability of immature postmitotic glutamatergic neuronal cells.  

As Dravet syndrome can result from a number of different mutations, induced 

neuronal cells provides an opportunity to understand the phenotypic variations resulting 

from those mutations. We analyzed another patient (D3) with a mutation resulting in a 

much shorter truncated protein than the other two patients (D1 and D2), and found almost 

no effects on the cellular electrophysiology of glutamatergic neuronal cells (data not 

shown). The mutation in this patient (D3) completely removes the channel pore while the 

mutations in other two patients preserves it. Thus, it is likely that the observed functional 

phenotypes of glutamatergic neuronal cells are only limited to the subgroups of patients 
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where the mutated channel is still able to function. In these patients, the seizure may 

result from converging effects of deficits in glutamatergic and GABAergic neurons. 

Taken together, these results support the use of fibroblast-derived neuronal cells to 

identify novel disease-related functional phenotypes at the cellular level.  

Ethical and technical issues have so far limited access to living brain tissues and 

have hampered understanding of the mechanisms underlying neuropsychiatric disorders. 

Induced pluripotent stem cells provide an innovative method to generate neuronal cells, 

but there are several limitations to their translational application including time-

consuming and costly experimental procedures. Here we show that neuronal cells directly 

converted from patient fibroblasts are useful for identifying novel disease phenotypes and 

for testing the efficacy of therapeutic compounds against key disease phenotypes in the 

brain. These neuronal cells can be utilized as complementary resource to induced 

pluripotent stem cell-derived neuronal cells in translational research for neuropsychiatric 

disorders.  

119 
 



 
 

SUPPLEMENTARY TEXT 

Characterization of neurons directly generated from fibroblasts 

Using a method similar to that used in previous studies (Vierbuchen et al., 2010; 

Caiazzo et al., 2011; Pang et al., 2011; Qiang et al., 2011), we generated neuronal cells 

by lentiviral transduction of ASCL1 (also known as MASH1), POU3F2 (also known as 

BRN2), and MYT1L cDNA into early-passage fibroblasts. These cells have characteristic 

neuronal morphology and are stained with neuronal markers, βIII-tubulin and MAP2 

(Fig. C-3 a). Consistent with previous findings (Yoo et al., 2011), more efficient 

conversion to MAP2-positive cells was observed from the fibroblasts of subjects at 

younger ages (Fig. C-3 b, c). We also generated neuronal cells carrying a neuron-specific 

promoter (human synapsin promoter)-driven GFP, in which the GFP signal overlapped 

with MAP2 (Fig. C-3 d). Vesicular glutamate transporter 1 (VGLUT1)-positive cells 

were present, but no detectable GAD67+ or TH+ cells were observed at the protein level 

(Fig. C-3 e). These results show that our culture conditions are favorable for obtaining 

glutamatergic neuronal cells. 
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Figure C-3 | Generation of neuronal cells directly from human fibroblasts by using 

human ASCL1, POU3F2, and MYT1L. a, βIII-tubulin and MAP2 staining in neuronal 

cells derived from adult human skin fibroblasts with human astrocyte-conditioned 

medium. Representative images of neuronal cells from multiple independent conversion 

experiments are shown. Cells were stained at 2-3 weeks after lentiviral infection. b, 

Neuronal induction from fetal fibroblasts MRC-5. c, Quantification of MAP2-positive 

neuronal cells obtained from adult and fetal skin fibroblasts. Data are presented as mean 

± S.E.M. HAM: human astrocyte-conditioned medium. d, Considerable overlap of 

human CaMKII promoter-driven GFP (CaMKII::GFP) and MAP2 staining in neuronal 

cells. Quantification is presented as mean ± S.D. of three independent neuronal cultures 

for control (C1) and Dravet (D2) subjects. e, Neuronal subtype analysis at 4 weeks after 

neuronal induction. Note that no tyrosine hydroxylase- or GAD67-positive cells are 

observed. f, Whole-cell recordings of adult neuronal cells with a typical neuronal 

morphology. g, Representative traces of changes in membrane potential induced by 

current injection before and after TTX (1 µM) treatment. Scale bars; 50 µm (a, b), 20 µm 

(d). Arrowheads indicate MAP2-positive neuronal cells (a, b) and VGLUT1/MAP2-

double positive neuronal cells (e). 

 

We also characterized the electrophysiological properties of these cells. Whole-

cell current clamp recordings were performed with neuronal cells at 7 - 37 days after 

introduction of the three factors (Fig. C-3 f). The resting membrane potential of neuronal 

cells (n = 10) was -30.00 ± 12.8 mV, and input resistance was 1169 ± 805 MΩ (mean ± 

SD). Action potentials were observed from cells of neuronal morphology in response to 
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depolarizing current pulses after cells were held at about -70 mV with intra-somatic 

current injection. These action potentials were reversibly blocked by the addition of the 

sodium channel blocker tetrodotoxin (TTX, 1 μM) (Fig. C-3 e). The average duration of 

the action potentials, measured at half-width, was 16.21 ± 5.9 ms. The depolarized 

membrane potential, high input resistance, needed to hyperpolarize the membrane to 

elicit spikes, and the slow nature of the action potentials indicate that these neurons have 

a low number of potassium channels. Thus, our protocol results in the generation of 

MAP2-positive, glutamatergic neurons displaying action potentials. We used these 

neurons at day 15 - 30 days after lentiviral infection for subsequent experiments. 

 

Table 1 | Generation of neuronal cells from fibroblasts 

 

Diseases OMIM# Molecular defects Age Sex 

Tay-Sachs disease (TSD) 

(GM00502)  
272800 

Deficiency of 

Hexosaminidase A 

11 

M 
M 

Tay-Sachs disease (TSD) 

(GM01110) 
272800 

Deficiency of 

Hexosaminidase A 

10 

M  
M 

Tay-Sachs disease (TSD) 

(TC86-1530) 
272800 

Deficiency of 

Hexosaminidase A 

11 

M 
F 

Sandhoff disease (SD) 268800 
Deficiency of 

Hexosaminidase A and B 

10 

M 
F 

GM1 gangliosidosis (GM1) 230500 
Deficiency of -

galactosidase 
3 M M 
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Gaucher disease (GD) type 

II 
230900 

Deficiency of 

Glucocerebrosidase 
1 Y M 

Metachromatic 

leukodystrophy (MLD) 
250100 

Deficiency of 

Arylsulfatase A  
2 Y M 

Dravet syndrome (D1) 607208 
c.2584C>T (p.R862X), 

SCN1A gene 
15 Y M 

Dravet syndrome (D2) 607208 
c.3306C>A (p.Y1102X), 

SCN1A gene 
 2 Y F 

Dravet syndrome (D3) 607208 

c.126delA (K42fxX91) 

male, samples collected 

at 24 yo 

24 Y M 

Childhood Onset 

Schizophrenia 
181500 16p11.2 duplication 30 Y F 

 181500 
SRGAP3 gene 

duplication 
33 Y M 

Machado-Joseph disease 

(MJD) (GM06153) 
109150 

71 CAG repeats, Ataxin-

3 gene 
44 Y M 

Dentatorubral-

pallidoluysian atrophy 

(DRPLA) 

(GM06917) 

125370 
68 CAG repeats, 

Atrophin gene 
15 Y M 

Huntington’s disease (HD) 

(GM09197) 
143100 

180 CAG repeats, 

Huntingtin gene 
6 Y M 

Control (C1)  --- --- 51 Y F 
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Control (C2) --- --- 42 Y M 

Control (C3) --- --- 57 Y F 

Control (C4) --- --- 27 Y F 

Control (GM05399)  --- --- 1 Y M 

Control (TC11-3782)  --- --- 10M M 

Control (GM05659)  --- --- 1 Y M 

*OMIM: Online Mendelian Inheritance in Man 

**Y, year; M, month. 

 

Table 2 | Summary of electrophysiological properties of neuronal cells  

 Control Dravet 

Days after infection 21.80 ± 9.43 21.25 ± 5.63 

Vm (mV) -31.00 ± 12.75 -28.40 ± 22.70 

Threshold (mV) -25.72 ± 6.51 -30.25 ± 4.43 

AP Amplitude (mV) 44.80 ± 10.42 42.81 ± 9.48 

AHP (mV) -9.57 ± 9.80 -6.81 ± 11.42 

Duration (ms) * 16.21 ± 5.91 8.39 ± 3.56 

Rise time (ms) * 10.46 ± 5.07 3.95 ± 1.60 

Decay time (ms) 27.61 ± 11.89 14.46 ± 10.95 

 

*Statistically significant difference (p<0.05) between control and Dravet subjects
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Table 3 | Variability in the Dravet electrophysiology data (action potential duration) 

within versus between groups. 

 

 C1 C2 D1 D2 

Number of values 5 5 4 4 

Minimum (ms) 6.200 8.54 2.470 7.780 

25% Percentile 8.090 14.35 3.143 7.883 

Median (ms) 15.74 20.42 6.500 10.37 

75% Percentile 17.73 22.50 9.460 13.01 

Maximum (ms) 18.02 24.58 10.00 13.16 

Mean (ms) 13.47 18.82 6.368 10.42 

Std. Deviation (ms) 5.162 6.04 3.267 2.825 

Std. Error (ms) 2.308 2.7 1.633 1.413 

Lower 95% CI 7.065 11.33 1.170 5.922 

Upper 95% CI 19.88 26.32 11.57 14.91 

 

The two control subjects (C1 and C2) have action potentials with durations larger on 

average than the Dravet patients (D1 and D2). This is confirmed with a statistical test, 

where a one-way ANOVA is significant, and driven by C2 vs D1 when correcting for 

multiple comparisons by using a Tukey’s post-hoc test. 
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Figure C-4 | Generation of fibroblast-derived neuronal cells from various brain 

disorders. a, Generation of MAP2-positive neuronal cells from various lysosomal 

storage diseases (Gaucher disease, GM1 gangliosidosis, and Metachromatic 
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leukodystrophy). b, MAP2-positive neuronal cells from patients with three polyglutamine 

diseases [Machado-Joseph disease, Dentatorubral-pallidoluysian atrophy (DRPLA), and 

Huntington’s disease]. c, MAP2-positive neuronal cells from the patients with childhood 

onset schizophrenia. 
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Figure C-5 | GM2 ganglioside accumulation in neuronal cells from Tay-Sachs 

disease and Sandhoff disease. Representative pictures of MAP2-positive neuronal cells 

from other two patients and controls. Tay-Sachs MAP2-positive neuronal cells show 

robust accumulation of GM2 ganglioside (arrowheads). 

 

Figure C-6 | Representative action potential traces in neuronal cells from control 

(C1 and C2) and Dravet syndrome subjects (D1 and D2). 
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Figure C-7 | Electrophysiological characterization of neuronal cells from Dravet 

patients and controls. Electrophysiological recordings were performed on neuronal cells 

at days 10-38 after lentiviral infection into fibroblasts. Blue circles, control subjects (n = 

2); red rectangles, Dravet patients (n = 2). Even if the two data points recorded at 37 days 
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post-infection are removed from the data set, duration is still significantly different 

(Control: 14.64 ± 5.09 ms vs Dravet: 9.04 ± 3.29 ms, t = 2.804, p = 0.013). In addition, a 

Pearson correlation analysis did not show a significant correlation between the duration 

and number of days in culture. For Duration, Control: Pearson r = 0.53; r2 = 0.28; p = 

0.11, Dravet: Pearson r = 0.24; r2 = 0.06; p = 0.51. For Rise time, Control: Pearson r = 

0.65; r2 = 0.43; p = 0.08, Dravet: Pearson r = 0.25; r2 = 0.06; p = 0.69. 
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