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Dissertation Abstract 

Behavioral and neurophysiological characterization of mouse models of  

behavioral variant frontotemporal dementia 

Author: Hannah L. Phillips 

Mentor: Wei-Dong Yao 

Frontotemporal dementia (FTD) is associated with progressive atrophy of the frontal 

and temporal lobes. It is the second most common type of dementia after Alzheimer’s 

Disease (AD), and there is no cure. About half of all FTD cases are behavioral variant FTD 

(bvFTD) characterized by marked changes in personality, judgement, and affect, including 

loss of empathy, arguably the most distressing condition for family and caretakers. The 

underlying neuropathogenic mechanisms at the cellular, synaptic and circuit levels remain 

largely unknown, mainly because of a lack of robust models that exhibit hallmark behavioral 

features. The goals of this dissertation were to develop a viable bvFTD mouse model and to 

delineate the neurophysiological mechanisms underlying core behavioral deficits. Here I 

showed that mice expressing disease-causing G4C2 repeat expansions in C9ORF72, the most 

common genetic risk of FTD, recapitulated key bvFTD-related pathologies and behavioral 

deficits at advanced ages including increased anxiety, risk taking, overeating and impaired 

sociability. Most importantly, I established a novel empathy behavior paradigm that 

captures social transfer of fear and distress-induced affiliative (DIA) behavior, two key 

forms of empathy. Importantly, aged mutant mice exhibit a striking loss of both vicarious 

fear and DIA behavior, indicating impaired empathy. In search of underlying mechanisms, 

ex vivo whole-cell patch-clamp slice electrophysiology revealed profound hypoexcitability 

in mutant layer V (LV) pyramidal neurons in the dorsomedial prefrontal cortex (dmPFC), 
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encompassing both the anterior cingulate cortex (ACC) and prelimbic cortex (PL). 

Enhancing ACC or PL excitability by chemogenetics selectively rescued empathy and 

sociability deficits, but not other behaviors, in aged mutant mice. Conversely, in vivo 

optogenetic inhibition of ACC or PL eroded both empathy and sociability in normal mice, 

supporting that both dmPFC subregions are required for prosocial behaviors. In summary, 

my study established a robust bvFTD mouse model that recapitulates all core behavioral 

impairments of FTD and demonstrated that dmPFC hypoexcitability is causally responsible 

for prosocial behavior deficits in FTD. Thus, restoring frontal excitability, even at late stages 

when substantial cell loss has occurred, may serve as a viable strategy to treat affective and 

social symptoms of bvFTD.  
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Abstract  

Frontotemporal dementia (FTD), the second leading cause of dementia after 

Alzheimer’s Disease (AD), is characterized with progressive atrophy of the frontal and 

temporal lobes. The major subtype of FTD is behavioral variant FTD (bvFTD), 

characterized by changes in personality, inappropriate social conduct, loss of empathy, 

anxiety, compulsive behaviors, overeating and disinhibition. Despite the genetic and 

molecular heterogeneity of FTD, the clinical outcomes (behavior and cognitive) are 

strikingly similar, suggesting shared cellular, synaptic and circuit mechanisms. Based on 

extensive work on AD and other common neurodegenerative diseases, it was hypothesized 

that synaptic dysfunction, synapse loss and altered neuronal excitability underlie ongoing 

behavior and cognitive impairments and drive disease progression, leading to massive 

neural degeneration, disability and death. However, whether this hypothesis holds true for 

FTD is unclear, but emerging studies begin to reveal important insights about the 

neurophysiological underpinnings of FTD. In this chapter, I reviewed available literature on 

neuronal excitability, excitatory and inhibitory synaptic functions, neuromodulation and 

neural circuits involved in FTD pathogenesis in both human patients as well as cell and 

animal models. Although a clear consensus regarding synaptic and circuit basis is lacking, 

a potential hypoexcitability hypothesis begins to emerge as a novel potential mechanism for 

FTD. Despite some available treatments to manage behavior and cognitive symptoms, there 

are currently no FDA-approved therapies to stop or slow down the disease progression. 

Thus, a better understanding of the neurophysiological mechanisms will be of utmost 

importance.  
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Introduction  

Frontotemporal dementia (FTD) is a leading form of presenile dementia associated 

with focal, progressive degeneration of the frontal and/or temporal lobes (Neary et al., 2005; 

Perry & Miller, 2013). Epidemiological studies indicate that FTD is the second most 

common cause of dementia after Alzheimer’s Disease (AD). The prevalence of FTD is 

highest in the 45 to 65 years age group, accounting for more than 60% of all cases or an 

estimated 15-22 per 100,000 persons (Finger, 2016; Majounie et al., 2012). FTD was first 

described by Arnold Pick more than 100 years ago in patients with behavioral disturbances 

and frontal or temporal lobar cortical atrophy, a clinical condition later referred to as “Pick’s 

Disease” (Pick, 1892, Gans, 1923). Subsequent studies have expanded Pick’s early findings 

to show that FTD encompasses several subtypes characterized by heterogeneous clinical 

manifestations including behavioral variant FTD (bvFTD), semantic variant primary 

progressive aphasia (PPA), nonfluent agrammatic variant PPA and FTD associated with 

motor neuron disease (FTD-MND) (Piguet et al., 2011). bvFTD is considered the most 

prevalent, comprising nearly half of all FTD cases and manifesting as extreme changes in 

personality, loss of empathy and social tact, apathy, anxiety, disinhibition, compulsive 

behaviors and eating disturbances. FTD is also correlated with several other 

neurodegenerative disorders that develop frontal dysfunction including progressive 

supranuclear palsy, corticobasal syndrome and, most notably, amyotrophic lateral sclerosis 

(ALS), a common motoneuron degeneration disease that overlaps with FTD clinically, 

pathologically and mechanistically (Neary et al., 2005). At the pathological levels, post-

mortem studies show that FTD patient brains are characterized by intracellular inclusions 

of TDP-43, FUS/TLS or hyperphosphorylated Tau proteins (F. Gao et al., 2017).  
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While most FTD occurs sporadically, a significant fraction of cases (up to 50%) are 

linked to mutations of more than a dozen genes with diverse functions (F. Gao et al., 2017). 

Mutations to three genes including C9ORF72 (encoding a guanine exchange factor involved 

in autophagy), GRN (encoding the secreted growth factor progranulin) and microtubule 

associated protein tau (MAPT) account for the vast majority of familial FTD cases, thus are 

considered the common genetic mutations. Among them, a GGGGCC (G4C2) 

hexanucleotide repeat expansion (HRE) in the C9ORF72 gene is the most common familial 

cause of both FTD and ALS (C9FTD/ALS) (DeJesus-Hernandez et al., 2011; Renton et al., 

2011).The remaining genetic risks are rare and are associated with more than a dozen genes 

(e.g. FUS/TLS, TDP-43 CHMP2B and VCP), each with very small incidence. These genes 

encode proteins of distinct and diverse functions, but participate in converging cellular 

processes including mRNA metabolism, protein degradation and intracellular trafficking 

pathways (Filippi et al., 2016; Ji et al., 2017). Molecular mechanisms underlying FTD 

pathogenesis associated with both common and rare mutations have been extensively 

studied and a multitude of molecular, cellular and pathological impairments have been 

identified that lead to cortical neurodegeneration (Ling et al., 2013; Todd & Paulson, 2013; 

Yuva-Aydemir et al., 2018). Specifically, mechanisms of autophagy, RNA processing, 

nucleocytoplasmic transport, mitochondrial function and vesicle and inclusion formation 

have been implicated as central disease pathways.  

 Despite the genetic and molecular heterogeneity of FTD, behavioral impairments 

remain a common and defining feature, suggesting overlapping neural mechanisms at the 

cellular, synaptic and circuit levels. Notably, bvFTD behavioral deficits typically appear in 

the early to mid-stages of the disease, prior to massive neuronal cell loss, suggesting 
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neurophysiological deficits precede neurodegeneration. This notion of presymptomatic 

neurophysiological impairments is thought to not only contribute to future cell death but 

also directly mediate disease-related behaviors at this early stage. This hypothesis is 

particularly true and well established for other dementias (i.e. AD) (Maestú et al., 2021) and 

the more closely related ALS (Kanai et al., 2012; Saxena et al., 2013; Wainger et al., 2014). 

However, whether this holds true for FTD remains unclear. Thanks to the explosion in FTD 

genetics in the last decade, animal models targeting specific genes with human mutation 

relevance have been established thereby providing an unprecedented opportunity to 

delineate underlying mechanisms. In this review, I will examine emerging evidence 

regarding the neurophysiological deficits associated with FTD at different levels and in 

various systems. It is anticipated that this in-depth literature review and synthesis in this 

field will help formulate core hypotheses, generate mechanistic insights and uncover 

potential targets for therapies of this devastating disease. Finally, this review will also 

provide the basis and rational for the proposed studies in the main chapters of this 

dissertation (Chapter 2 and Chapter 3).  

Neuronal excitability deficits in bvFTD 
 

One of the leading hypotheses of neurodegeneration is the excitability hypothesis 

that suggests changes in neuronal excitability leads to cell vulnerability and death. In 

particular, an increase in intrinsic excitability (hyperexcitability) has been proposed as a 

cornerstone hypothesis for many common neurodegenerative diseases including ALS and 

AD, where pre-symptomatic neuronal hyperexcitability is emerging as an early biomarker 

and disease driver for subsequent neurodegeneration (Kanai et al., 2012; Mills & Nithi, 
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1997; Vucic et al., 2008; Vucic & Kiernan, 2006). The excitability state changes associated 

with FTD remain largely unknown, however emerging studies have begun to fill this gap. 

Clinical evidence 

In the clinical setting, transcranial magnetic stimulation (TMS) has become a well-

established tool for non-invasively measuring dynamic changes in human brain function 

including excitability (Hallett, 2000). TMS studies have consistently shown system level 

hyperexcitability in patients with ALS, but not FTD, that precedes the onset of symptoms 

and often recedes at later disease stages (Geevasinga et al., 2015; Kanai et al., 2012; Mills 

& Nithi, 1997; Schanz et al., 2016; Vucic et al., 2008; Vucic & Kiernan, 2006; Williams et 

al., 2013). In contrast, bvFTD patients with mild-moderate disease symptoms have been 

shown to exhibit central motor circuit abnormalities that include reduced amplitude or 

absent motor evoked potentials (MEPs) in response to a single TMS pulse applied to the 

primary motor cortex (M1) as well as increased MEP latency and central motor conduction 

time (CMCT), suggesting motor cortex hypoexcitability (Cantone et al., 2014). Consistent 

with these findings, Wang and colleagues revealed a negative correlation between cognitive 

function (determined by the Montreal cognitive assessment (MoCA) core) and p300 wave 

latency, an event related potential that indicates changes in association cortex, working 

memory and attention function, in bvFTD patients (Wang et al., 2016). Paired-pulse TMS 

(ppTMS) studies have further reported impaired glutamatergic and GABAergic 

neurotransmission in patients with FTD (Antczak et al., 2021). In conclusion, despite 

overlapping clinical, genetic and pathological features between FTD and ALS, alterations 

in cortical excitability may differ between these two diseases and future studies will be 

required to determine how precisely excitability is impaired in FTD.  
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Preclinical studies using cellular and animal models 
 

Human patient induced pluripotent stem cell (hiPSC)-derived neurons have emerged 

as an important in vitro cellular model to elucidate neurophysiological changes in 

neurodegenerative diseases (Amponsah et al., 2021; MacDougall et al., 2021). 

Electrophysiological studies using hiPSC-derived neurons have confirmed the presence of 

altered neurophysiological properties in familial forms of ALS and FTD. A number of 

studies using hiPSC-derived motoneurons (hiPSC-MNs) from ALS patients harboring 

C9ORF72, TDP-43, FUS or SOD1 mutations showed either hyper (Devlin et al., 2015; 

Wainger et al., 2014) or hypoexcitable phenotypes (Devlin et al., 2015; Martínez-Silva et 

al., 2018; Naujock et al., 2016). In comparison, more limited studies have examined 

excitability of hiPSC-derived cortical neurons from FTD patients. Specifically, hiPSC-

derived neurons carrying the FTD-linked MAPT IVS10+16 mutation displayed impaired 

excitability, reflected by reduced action potential (AP) firing and increased threshold for AP 

initiation (Kopach et al., 2021). In contrast, hiPSC-derived neurons with the V337M 

mutation in MAPT exhibited an abnormal increase in neuronal activity in response to 

chronic depolarization (P. D. Sohn et al., 2019). Interestingly, it has been suggested that a 

pathological switch from early hyperexcitability to late hypoexcitability exists as the disease 

progresses, at least in the case of C9ALS hiPSC-MNs (Devlin et al., 2015).This idea may 

also hold true for FTD as the hyperexcitability phenotype was observed in early 4-5-week-

old hiPSC neurons (P. D. Sohn et al., 2019) and the hypoexcitable phenotype was observed 

in “mature” (~180-230 days in vitro) hiPSC-derived cortical neurons (Kopach et al., 2021). 

Taken together, these studies provide strong evidence that cortical neuronal excitability is 

impaired in FTD, likely in a disease state-dependent manner. 



  

8 
 

 Animal models of FTD provide a means to delineate excitability changes in an in 

vivo setting. Transgenic mice with the mutation P301L in MAPT, resulting in 

hyperphosphorylated tau, display higher threshold for AP initiation and reduced evoked 

firing in hippocampal CA1 neurons from aged mutant mice (Hatch et al., 2017; Müller-

Thomsen et al., 2020). Further, brain slice electrophysiology on CA1 pyramidal neurons 

from 1-month-old mice harboring a UBQLN2 mutation (UBQLN2P497H mice) that causes 

heavy depositions of ubiquilin2-positive aggregates display a more depolarized AP 

threshold and ~30% reduction in firing frequency in response to depolarizing current 

injection compared to control neurons, suggesting these mutant neurons are hypoexcitable 

(Radzicki et al., 2016). Together, these studies indicate that FTD-causing mutations may 

hinder neuronal excitability in vivo, likely constituting a neurophysiological mechanism for 

cognitive decline. However, no studies have examined the excitability deficits in C9FTD 

models and potential deficits in the more relevant prefrontal circuits and, more importantly, 

how neurophysiological mechanisms, if any, may underlie FTD-related behavior 

impairments.  

Ionic mechanisms  
 

Emerging studies have begun to uncover the ionic mechanisms underlying altered 

excitability states in FTD. hiPSC-derived cortical neurons with MAPT IVS10+16 mutation 

displayed reduced fast-inactivating voltage-gated sodium currents (VGSCs) and voltage-

gated potassium channel currents (Kopach et al., 2021). Consistently, a significant decrease 

in VGSCs in aged (10 months) hippocampus CA1 neurons was also observed in an AD 

mouse model that overproduce beta-amyloid peptides (Brown et al., 2011). Moreover, in 

mouse models of P301L MAPT mutations, aggregation of hyperphosphorylated tau caused 
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an increase of inward rectifying potassium channel currents (Müller-Thomsen et al., 2020) 

as well as a relocation of the axon initial segment (Hatch et al., 2017), thereby contributing 

to decreased excitability in mutant hippocampal CA1 neurons. In 1-month-old 

UBQLN2P497H mice, FTD-causing ubiquilin2-positive aggregates were associated with 

reductions in the fast afterhyperpolarization (fAHP), slow afterhyperpolarization (sAHP) 

and AP amplitude (Radzicki et al., 2016), likely resulting from modifications of multiple 

channels including calcium-activated potassium channels. Collectively, these limited 

studies suggest that excitability deficits under FTD conditions are associated with changes 

in multiple ion channels, especially voltage-gated sodium and potassium channels and 

calcium-activated potassium channels. 

The sodium and potassium channel vulnerability associated with FTD are also 

frequently found in ALS motoneurons carrying closely related mutations. Studies using 

hiPSC-MNs from ALS patients harboring C9ORF72, TDP-43 or SOD1 mutations showed 

reduced voltage-gated delayed-rectifier potassium currents (M currents) (Devlin et al., 

2015; Wainger et al., 2014). Longitudinal studies in patient iPSC-derived motoneurons with 

C9ORF72 or TDP-43 mutations showed a decrease in voltage-gated potassium currents that 

preceded a significant reduction in voltage-gated sodium currents, suggesting progressive 

and coordinated channel alterations as a potential mechanism of membrane excitability 

deficits in C9ALS patients (Devlin et al., 2015). Another study using hiPSC-MNs carrying 

FUS or SOD1 mutations showed reduced peak Na+/K+ ratios accompanied by elevated 

potassium channel (FUS) and attenuated sodium channel expression levels (FUS, SOD1) 

(Naujock et al., 2016). Finally, a recent paper showed that small conductance potassium 

(SK) channel blocker, Apamin, and M-current channel blocker, XE991, could rescue 
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synaptic dysregulation and neuronal survival in C9ORF72 and TBK-1 mutant hiPSC-

derived motoneurons, suggesting dysregulation of these channels in ALS (Catanese et al., 

2021). Taken together, although different neuron types are differentially affected by the 

same genetic mutations in ALS and FTD, a select set of sodium and potassium channels 

appear to be primarily and similarly dysregulated in motoneurons and cortical/hippocampal 

neurons under these conditions. 

Synaptic deficits in bvFTD 
 

Synaptic loss and dysfunctions (synaptopathies) that precede and contribute to 

progressive neuronal degeneration and underlie cognitive and behavioral decline represents 

a core hypothesis in neurodegenerative diseases. This hypothesis has been established with 

extensive studies in AD (DeKosky et al., 1996; Masliah & Terry, 1993; Selkoe, 2002), ALS 

(Belzil et al., 2016; Cleveland & Rothstein, 2001), Huntington’s Disease (HD) (Tyebji & 

Hannan, 2017) and Parkinson’s Disease (PD) (Bridi & Hirth, 2018; Imbriani et al., 2018; 

Sassone et al., 2017). The synaptopathies under FTD conditions have been less well 

characterized, but this hypothesis is believed to hold true for FTD (Starr & Sattler, 2018) 

and emerging studies begin to reveal widespread synaptic dysregulations including synapse 

loss/pruning, impaired synaptic transmission and plasticity and receptor dysregulations, 

among others; much of the published works directly or presumably concerned glutamatergic 

synapses, which I summarize below. 

Clinical evidence 

 In vivo neurophysiological studies using TMS have revealed impairments of 

glutamatergic circuits in FTD. ppTMS paradigms showed reduced intracortical facilitation 

(ICF) in patients with FTD carrying a GRN or C9ORF72 mutation, even in pre-symptomatic 
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disease stages (up to 30 years prior). Notably, dysfunction of faciliatory intracortical circuits 

correlated with disease severity, progression and reduced cortical thickness (Benussi et al., 

2016). More recently, several studies have observed the presence of autoantibodies for the 

GluA3 subunit of AMPA receptors in nearly 25% of FTD patients (Borroni et al., 2017; 

Palese et al., 2020; Scheggia et al., 2021). Intriguingly, GluA3 autoantibodies affected 

glutamatergic neurotransmission, decreasing glutamate release and altering GluA3-

containing AMPA receptor levels (Palese et al., 2020). Interestingly, when injected into the 

mouse brain via intracerebroventricular (ICV) infusion, anti-GluA3 antibodies caused 

profound alterations and loss of dendritic spines in mouse PFC (Scheggia et al., 2021). 

Taken together, these studies suggest altered glutamatergic transmission in FTD patients 

well before hallmark symptoms begin to emerge. 

Preclinical studies using cellular and animal models 
 

Emerging evidence in mouse and hiPSC models of FTD have revealed a range of 

synaptic abnormalities. Transgenic mice expressing human tau (V337M mutation in 

MAPT), showed depleted PSD-95, resulting in smaller post-synaptic densities and both 

AMPA and NMDA receptor hypofunction in the ventral striatum and insular cortex 

(Warmus et al., 2014). In comparison, tau models expressing P301L or A152T (hTauAT) 

mutations in MAPT displayed a significant increase in hippocampal glutamate release 

accompanied by a decrease in glutamate clearance and enhanced basal synaptic 

transmission without changes in short- or long-term plasticity, respectively, indicating a 

mechanism by which tau may contribute to hyperexcitability (Decker et al., 2016; Maeda et 

al., 2016). The apparent inconsistencies in synaptic phenotypes are not clear, but may reflect 

brain region differences or different mutations involved.  
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Analysis of changes in synaptic transmission associated with GRN mutations have 

also revealed significant synaptic deficits. Aged GRN knockout mice display severely 

altered morphology of apical dendrites and decreased spine density that correlated with 

altered synaptic connectivity and impaired LTP in hippocampal CA1 pyramidal cells 

(Petkau et al., 2012). In addition, GRN knockdown in cultured rat primary hippocampal 

neurons showed decreased dendritic arborization and neurite length and synapse density, 

but increased presynaptic vesicle number and mEPSC frequency. Importantly, the number 

of synaptic vesicles is also increased in postmortem brains from FTD patients with GRN 

haploinsufficiency (Tapia et al., 2011). Thus, GRN mutations appear to affect both pre- and 

postsynaptic remodeling and function.  

Loss of C9ORF72 protein in a mouse model was shown to reduce LTP at the dentate 

granule cells and LTD in the Schaffer collateral/commissural-CA1 synapses in the 

hippocampus (Ho et al., 2020). C9ORF72 knockout mice also show mild social interaction 

and recognition deficits (Jiang & Cleveland, 2016). Moreover, overexpression of 

C9ORF72-associated toxic poly-GA repeat aggregates has been shown to reduce synaptic 

vesicle-associated protein 2 (SV2) thereby altering Ca2+ influx and synaptic vesicle release 

(Jensen et al., 2020). Furthermore, a transgenic mouse expressing 80 copies of poly-GR in 

forebrain pyramidal neurons display synaptic dysfunction as shown by reduced frequency 

of mEPSCs in the mPFC, accompanied by increased anxiety and reduced sociability (Choi 

et al., 2019). hiPSC-derived cortical neurons harboring C9ORF72 mutations display 

elevated network burst activity associated with enhanced synaptic input, reduced burst 

duration associated with presynaptic vesicle abnormalities, and impaired activity dependent 

synaptic potentiation (Perkins et al., 2021). Taken together, FTD-associated mutations have 
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multifaceted and complex effects on glutamatergic synaptic numbers, function and 

plasticity.  

Studies on some rare FTD mutations have also generated important insights about 

FTD-associated synaptopathies. For example, in mice expressing disease causing 

aggregates of ubiquilin2, AMPA receptor currents were reduced by approximately 50% 

with no change in paired pulse ratio (Radzicki et al., 2016), suggesting postsynaptic but not 

presynaptic deficits. Severe dendritic spinopathies were also observed in these mice as 

indicated by a decrease in dendritic spine density and synaptic dysfunction (Gorrie et al., 

2014). Furthermore, TDP-43 overexpression reduced spine density, thereby lowering 

efficacy of synaptic transmission (Handley et al., 2016), and FUS overexpression decreased 

expression of ion channels and transporters, contributing to reduced synaptic activity 

(López-Erauskin et al., 2018). Lastly, forebrain specific expression of FTD-associated 

mutant CHMP2B intron5 in mice caused sociability deficits that were correlated with the loss 

of GluA2-lacking, Ca2+-permeable AMPARs (CP-AMPARs) in mutant mPFC synapses 

(Gascon et al., 2014). This loss of CP-AMPARs was due to altered AMPAR composition 

in mutant synapses characterized by upregulation of GluA2, GluA3 and GluA4 subunits as 

a result of significantly reduced microRNA 124 (miR124). Importantly, similar 

dysregulated miR124 and GluA2-4 changes were also observed in postmortem brains of 

FTD patients and patient iPSC-derived cortical neurons. This study identifies a potential 

shared molecular pathway that drives synaptic deficits in FTD. In conclusion, while it is 

clear that FTD mutations affect synapses, a clear-cut picture on how they are impaired has 

yet to emerge. In addition, how these synaptic impairments underlie or correlate with 

bvFTD-related behavior has not been extensively studied. Finally, it will be critical to 
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understand how intrinsic excitability and synaptic changes are mechanistically and 

pathologically linked so that we can develop novel therapeutic targets. 

Inhibitory system deficits in bvFTD 
 

Although glutamatergic pyramidal neurons are considered the major cell type 

affected by FTD, and have been predominantly studied in the field, recent studies begin to 

indicate GABAergic interneurons may be more vulnerable. In support of this idea, clinical 

studies using ppTMS on patients with FTD show reduced short-interval intracortical 

inhibition (SICI), thought to depend on postsynaptic inhibition exerted by local interneurons 

through the GABAA receptor, and partial impairment of long-interval intracortical inhibition 

(LICI), likely mediated by GABAB receptors, indicating impaired GABAergic 

neurotransmission (Antczak et al., 2021; Benussi et al., 2016, 2017). However, another 

study showed changes in SICI are only evident in patients with PPA, but not bvFTD or 

semantic dementia, whereas abnormalities in motor evoked potential (MEP) amplitude only 

appeared in patients with bvFTD and semantic dementia, but not PPA (Burrell et al., 2011). 

In the closely related ALS, a recent study indicated two types of cortical GABAergic cells 

including PVALB-expressing and TOX-expressing neurons and ADARB2- and RELN-

expressing neurons were highly associated with familial and sporadic ALS risk (Saez-

Atienzar et al., 2021). Collectively, these studies indicate GABAergic deficits in patients 

with FTD, however future studies will be critical to delineate changes in inhibitory circuits 

across disease states (pre-symptomatic vs symptomatic), brain regions and FTD variants.  

Impairments of the cortical GABAergic system in FTD patients were recapitulated 

in mouse models of FTD. Specifically, Tsuji and colleagues (2017) demonstrated an 

accumulation of abundant polyubiquitinated TDP-43 protein aggregates in the hippocampus 
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of aged TDP-43 transgenic mice that contained interneuron-specific proteins such as 

parvalbumin and calretinin that increased with age and overexpression of TDP-43 (Tsuiji et 

al., 2017). In support of this finding, another study showed an ~25% reduction in 

parvalbumin-positive cells in the frontal cortex of a TDP-43 knock-in mouse carrying a 

human-equivalent mutation (White et al., 2018). Moreover, mouse models of FTD-linked 

tau mutations reveal a significant reduction in hippocampal GABAergic interneurons, 

which likely mediates enhanced long-term potentiation (LTP) (Levenga et al., 2013). 

Furthermore, progranulin deficient mice display loss of inhibitory synapses in the ventral 

thalamus which leads to hyperexcitability in the thalamocortical circuits and obsessive-

compulsive disorder (OCD)-like grooming behaviors (Lui et al., 2016). In addition, one 

recent study demonstrated that a mutant mouse model of TDP-43 mutations showed 

hyperactive somatostatin (Sst), but not parvalbumin (PV), interneurons in the 

somatosensory cortex of adult mice as indicated by significantly increased spontaneous 

IPSCs (sIPSCs) (W. Zhang et al., 2016). More importantly, they demonstrated that Sst 

interneurons disinhibited layer V (LV) pyramidal neurons (PNs) via inhibition of PV 

interneurons, thereby leading to hyperactivity of LV PNs. Strikingly, focal ablation of Sst 

interneurons in mutant mice fully restored spiking activity of LV PNs to control levels and 

alleviated neurodegeneration (W. Zhang et al., 2016). Taken together, these studies suggest 

changes in GABAergic interneurons may play a key role in mediating changes in 

excitability states and neurodegeneration in FTD. In general, however, our understanding 

of the underlying role of interneurons in FTD pathogenesis is still at the elementary stages, 

but this area may be highly rewarding for future studies.  
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Neuromodulatory deficits implicated in bvFTD  
 

Emerging evidence has revealed that FTD is associated with a series of changes in 

several neuromodulatory systems, especially the monoamine system, including serotonin 

(5-HT), dopamine (DA) and norepinephrine (NE).  

Serotonin 

Post-mortem analyses of brains from FTD patients have revealed a significant loss 

of 5-HT receptors in the frontal and temporal cortices, although serotinergic afferents and 

5-HT concentration, which are inhibitory on pyramidal neurons, were relatively preserved 

(Bowen et al., 2008). In support of these findings, Franceschi et al. (2005) used positron 

emission tomography (PET) to show a significant reduction in 5-HT2A receptors in the 

orbitofrontal, frontal, medial and cingulate cortices of FTD patients (Franceschi et al., 

2005). Other in vivo studies measuring 5-HT metabolism by PET and the 

[18F]fluorodeoxyglucose method (FDG-PET) revealed a significant reduction in 

serotonergic activity in the medial prefrontal, cingulate, orbitofrontal and anterior temporal 

cortices, extending to the dorsolateral prefrontal regions, in patients with FTD (Garraux et 

al., 1999; Salmon, 2007). Furthermore, Yang and Schmitt (2001) reported a significant 

reduction in serotonergic neurons in the nucleus of the centralis superior and the nucleus 

raphe dorsalis, a brain region that extends strong serotonergic projections to the frontal 

cortex (Yan Yang & Schmitt, 2001). In summary, there appears to be extensive alterations 

in the serotoninergic circuits in FTD patients. Considering that 5-HT plays critical roles in 

prosocial behavior (X. Wu et al., 2021), affect (Donaldson et al., 2013) and many other 

related psychiatric behaviors (Weisstaub et al., 2006), it is reasonable to hypothesize that 

the anatomic and functional impairments of 5-HT circuits observed in FTD patients may 
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contribute to the pathogenesis of this disease, in particular, the behavioral symptoms, 

however this hypothesis has not been tested. 

Dopamine 

Regions of the cortex that are focally degenerated in FTD also receive rich 

dopaminergic projections. In FTD variants such as FTD and parkinsonism (FTDP), PET 

studies showed decreased presynaptic DA transporter in the putamen and caudate (Rinne et 

al., 2002). Moreover, a single-photon emission computed tomography (SPECT) study 

reported significantly reduced presynaptic dopaminergic terminals and mild reduction of 

postsynaptic D2 receptor binding in the striatum of a patient with FTDP (Sperfeld et al., 

1999). CSF studies have shown severely reduced levels of homovanillic acid (HVA, a 

metabolite of DA) and DA in FTD as well as decreased D2 ligand uptake in the frontal 

cortex (Frisoni et al., 1994). Interestingly, the same group found that CSF HVA to 5-

hydroxyindoleacetic acid (5-HIAA, a 5-HT metabolite) ratio correlated with aggressiveness 

in FTD, but not AD (Engelborghs et al., 2008). In contrast, other studies did not find 

abnormalities of CSF HVA (Francis et al., 1993) or brain DA concentration (Sjögren et al., 

2002), suggesting a need for a more complete understanding of the role of DA in FTD 

pathogenesis. Of note, FTD also shares clinical overlap with psychiatric disorders involving 

the DA system such as executive dysfunction associated with schizophrenia and attention-

deficit/hyperactivity disorder (ADHD) that are linked to prefrontal cortex DA 

hypometabolism (Zametkin et al., 1990). 

Norepinephrine 

Finally, there is limited evidence implicating the NE system in FTD. More 

specifically, there are reports of decreased noradrenergic neurons in the locus coeruleus of 
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patients with Picks’ disease (Luque & Chan-Palay, 1991), while other groups have shown 

the opposite in FTD (Yan Yang & Schmitt, 2001). Thus, additional investigations are 

warranted to clarify whether and how NE is indeed impaired in different variants of FTD 

and how these potential NE impairments may contribute to FTD pathogenesis.  

Neural circuits and networks affected by bvFTD 
  

Recent studies indicate that FTD pathogenesis can also manifest at the circuit/system 

level. Human studies using advanced neuroimaging techniques such as functional MRI 

(fMRI) and PET have been instrumental in revealing the brain regions and circuits impaired 

in FTD. Using PET, one study implicated diminished brain volume in the right anterior 

parahippocampal gyrus of bvFTD patients (Garraux et al., 1999; Salmon, 2007). Another 

group used fMRI to reveal gray matter volume deficits in the cingulate, insula, thalamus 

and striatum and white matter volume deficits in the corpus callosum, cingulum bundles 

and corticospinal tracts, uncinate fasciculi and inferior longitudinal fasciculi of patients with 

C9bvFTD (Lee et al., 2019). Dermody and colleagues (2016) also compared behavioral 

deficits with neuroanatomical profiles and revealed that reduced empathic concern in 

bvFTD was correlated with atrophy of a distributed network of frontoinsular and temporal 

structures that included the left orbitofrontal, inferior frontal and insular cortices and the 

bilateral mid-cingulate gyrus (Dermody et al., 2016). Similarly, Baez and colleagues 

showed atrophy of limbic structures (amygdala and anterior paracingulate cortex) and the 

frontal, temporal and insular cortices were related to impairments in executive functions, 

whereas atrophy of the orbitofrontal cortex was associated with loss of empathy in bvFTD 

patients (Baez et al., 2016). Another study showed reduced function of anterior medial 

cingulate cortex (aMCC) connectivity in bvFTD carriers compared with controls and 
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connectivity between the frontoinsula and aMCC and several other brain regions 

significantly decreased with age (Dopper et al., 2013). Notably, these frontal regions are 

heavily involved in empathetic responses (Bernhardt & Singer, 2012). Taken together, brain 

regions implicated in the regulation of emotion, executive cognition, social domains and 

impulsive control appear to be primarily impaired in FTD patients. 

Despite extensive human literature regarding the neuroanatomy of FTD, little is 

known about the precise neural circuits that can be best dissected using animal models. 

Using in vivo electrophysiology in progranulin-deficient mice, Nagy et al. showed impaired 

mediodorsal thalamic nucleus (MD)-driven thalamocortical feedforward inhibition onto the 

mPFC pyramidal neurons as indicated by paired-pulse depression, suggesting deficits in 

both local cortical circuitry and thalamocortical networks in these mutant mice (Nagy et al., 

2019). With the availability of behavior assays that robustly model hallmark FTD-related 

behaviors (i.e. empathy, sociability, risk-taking and impulsive control) and the rapid 

advancement of modern neural circuit tracing, tagging and manipulation technologies, 

future studies delineating the circuit mechanisms of FTD will be a priority both for 

understanding the neurophysiological basis and developing therapeutic interventions. 

Therapeutic approaches for bvFTD  

 Currently, there is no cure for FTD. Moreover, there are no FDA-approved 

treatments to stop or slow down the progression of the disease. However, there are some 

medications originally developed to treat psychiatric symptoms of other diseases have been 

repurposed to manage cognitive and behavioral impairments of FTD. In addition, other 

approaches based on manipulating cortical network activity have been explored to manage 

behavioral and cognitive symptoms. Unfortunately, however, each of these therapeutic 
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strategies only provide non-specific and mostly temporary symptom relief and do not target 

the underlying pathogenic mechanisms of the disease. 

Molecular treatments  

Medications targeting the serotoninergic system have been most studied in FTD to 

treat symptoms. Trazodone, a 5-HT receptor (5-HT1A, 5-HT1C and 5-HT2) antagonist and 

reuptake inhibitor (SARI) was observed to strikingly improve behavioral, but not cognitive, 

symptoms in FTD patients (Lebert et al., 2004). Specifically, 26 patients receiving up to 

300mg/day of Trazodone reported a significant decrease in informant distress as well as 

their Neuropsychiatric Inventory (NPI) score, an informant-based instrument that measures 

the presence and severity of 12 neuropsychiatric symptoms (delusions, hallucinations, 

agitation/aggression, dysphoria/depression, anxiety, euphoria/elation, apathy/indifference, 

disinhibition, irritability, aberrant motor behaviors, night-time behavioral disturbances and 

appetite/eating disturbances). Of note, there was no change in the Mini-Mental State 

Examination (MMSE) score and nearly half of patients reported adverse side effects 

including fatigue, dizziness and hypotension. In comparison, another study employed 40mg 

of paroxetine, an SSRI, for 6 weeks in 10 FTD patients and did not see an improvement in 

behavioral or cognitive symptoms (Deakin et al., 2004), thereby raising the need for more 

extensive studies on medications targeting the serotonergic system in the future. 

While most medications have focused on the serotonergic system, a few case studies 

have investigated the effect of DA-targeted therapies (i.e. antipsychotic medications) on 

improving the behavioral and cognitive symptoms of FTD. Atypical antipsychotic 

medications such as olanzapine, for which the action mechanism is not entirely clear, 

reduced NPI scores in FTD patients (Moretti et al., 2003). Given the dopaminergic 
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deficiencies associated with disease pathology, other investigators have taken an interest in 

medications aiming to increase dopaminergic transmission. Separate case studies using DA 

stimulants selegiline and methylphenidate have reported decreased NPI scores (Moretti et 

al., 2002) and reduced risk-taking behavior in FTD patients (Rahman et al., 2006), 

respectively. Taken together, DA-enhancing medications have the potential to improve 

aspects disrupted in FTD such as affect, hedonic states and impulse control, which are 

mechanistically associated with DA circuit functions. 

Although glutamatergic dysfunction is believed to be a primary feature of FTD, 

there are surprisingly few medications targeting this system to manage FTD. Riluzole, a 

blocker of glutamate excitotoxicity, is neuroprotective and the only FDA-approved 

treatment for the closely related ALS. Whether Riluzole can be used in FTD therapy 

treatments remains to be tested. Finally, antisense oligonucleotides (ASOs) are emerging as 

a potential gene therapy approach in the treatment of ALS (Zundert & Brown, 2017) and 

FTD (Lagier-Tourenne et al., 2013).  

Cellular and circuit-based treatments  

Non-invasive brain stimulation (NIBS) approaches have been explored as a potential 

treatment for behavior and cognitive deficits in FTD. The majority of these studies have 

employed transcranial direct current stimulation (tDCS) which passes weak constant 

electrical current (1-2 mA) between an active and return electrode placed on distant regions 

of the skull (Nitsche & Paulus, 2000). tDCS polarizes large areas of targeted cortical 

neurons thereby modulating membrane potentials and influencing neuronal excitability 

(Sanches et al., 2021). The first study to use tDCS in patients with bvFTD reported no effects 

on verbal fluency tasks after 20 minutes stimulation over the left prefrontal area (Huey et 
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al., 2007). Another case report showed 10 consecutive days of tDCS over the left dorsal 

lateral PFC (dlPFC) improved speech production and cognitive function in FTD patients 

(Agarwal et al., 2016). A further study applied tDCS bilaterally over the fronto-temporal 

cortex of 13 FTD patients and found significant improvements of NPI scores immediately 

after treatment and simple visual reaction times (sVRTs) up to 1 month after treatment 

(Ferrucci et al., 2018). A more recent study by Benussi et al. (2020) subjected 25 bvFTD 

patients to tDCS stimulation of the left PFC and revealed improvements in visual attention 

and task switching abilities, but not in other cognitive tasks (i.e. the Stroop test) (Benussi et 

al., 2020). Lastly, Antczak et al. (2008) applied high-frequency repetitive TMS (rTMS), a 

TMS protocol that can induce prolonged modulation of cortical excitability, to the dlPFC 

bilaterally for 2 weeks in a cohort of 9 bvFTD patients and revealed significant 

improvements in the MoCA and Stroop tests (Antczak et al., 2018). Taken together, these 

studies illuminate the potential of NIBS as a promising therapeutic strategy for FTD, 

however, the mechanistic basis of these cell/network-based therapies remains to be 

elucidated. 

Conclusions 

Although FTD is the most prevalent form of presenile dementia and the second 

leading cause of dementia after AD, there is a large gap in the understanding of the 

underlying neurophysiological basis. In particular, despite emerging limited studies about 

impairments of neuronal excitability and ionic mechanisms in FTD models, we still do not 

have a consensus hypothesis about how cortical neuron excitability is precisely affected in 

FTD, compared to the now well-accepted hyperexcitability hypothesis for AD and ALS. 

Similarly, although synaptic structures, functions and plasticity are clearly affected in FTD, 
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a coherent picture and core principles about how synapses are impaired under various FTD 

conditions and the underlying mechanisms have yet to emerge. These intrinsic and synaptic 

neurophysiological mechanisms are believed to not only underlie the cognitive deficits and 

behavioral symptoms, but also to act as a pre-symptomatic driver of disease progression. 

Therefore, it is of paramount importance to understand the neurophysiological 

underpinnings of the disease including early and late-stage intrinsic and synaptic deficits, 

ionic and receptor mechanisms and circuits and network miswirings. 

To achieve these goals, one of the most important tasks is to develop robust and 

faithful animal models that can be used to elucidate these mechanisms and investigate 

therapeutic treatments with a clear mechanistic understanding at the cellular, synaptic and 

circuit levels. These goals are becoming possible given the rapidly available genetic models, 

increasingly diverse viral tools, sophisticated behavioral assays and powerful optogenetic, 

chemogenetic and electrophysiological approaches. I will attempt to address some of these 

questions in this dissertation.  
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Abstract  
Frontotemporal dementia (FTD) is a leading form of presenile dementia caused by 

progressive atrophy of the frontal and temporal lobes. About half of all FTD cases are 

behavioral variant (bvFTD), characterized by changes in personality, inappropriate social 

conduct, loss of empathy, anxiety, compulsive behaviors, overeating and disinhibition. The 

most common genetic cause of both FTD and amyotrophic lateral sclerosis (ALS) is a 

GGGGCC (G4C2) hexanucleotide repeat expansion (HRE) in the C9ORF72 gene 

(C9FTD/ALS). Despite the recent availability of several bvFTD mouse models, the 

underlying neurophysiological disease mechanisms remain largely unknown, mainly 

because of a lack of robust models that exhibit hallmark behavioral features. Here I 

developed an AAV-based somatic transgenic mouse model that expresses 66-G4C2 HREs 

throughout their central nervous system and recapitulate key bvFTD-related pathologies and 

behavioral deficits. Mutant mice show characteristic progressive neurodegeneration and 

accumulation of toxic dipeptide repeats at a late disease stage. Aged (12 months) mutant 

mice exhibited reduced sociability, increased risk-taking behavior, increased anxiety and 

overeating. More importantly, by developing a novel distress induced affiliative (DIA) 

behavioral assay, I show that aged mutant mice develop a loss of empathy, including 

vicarious fear and distress induced consolation. This mouse model should prove valuable 

for deciphering the underlying neural mechanisms at the cellular, synaptic and circuit levels 

that underlie bvFTD behavioral symptoms and in testing novel therapeutic treatments to 

stop or slow the progression of the disease, for which there are currently none.  
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Introduction  

Frontotemporal dementia (FTD) encompasses a spectrum of clinical syndromes that 

are associated with focal but progressive degeneration of the frontal and/or temporal lobes 

(Olney et al., 2017). Trademark clinical presentations of FTD are heterogeneous, including 

primary progressive aphasia (language), progressive supranuclear palsy or corticobasal 

syndrome (movement) and behavioral variant (bvFTD) (Cairns et al., 2007; Miller & 

Guerra, 2019; Olney et al., 2017). bvFTD, the most common form, manifests as extreme 

changes in personality and behavior that include loss of empathy, improper social conduct, 

emotional blunting/apathy, changes in eating habits, anxiety and disinhibition (Miller & 

Guerra, 2019; Neary et al., 2005; Piguet et al., 2011). While most FTD occurs sporadically, 

a significant fraction of cases (~40%) are linked to mutations of more than a dozen genes. 

These genes including both common (C9ORF72, GRN, and MAPT) and rare (e.g. FUS, 

CHMP2B, TDP-43 and VCP) encode proteins of molecularly diverse functions and their 

mutations lead to a plethora of molecular and cellular impairments leading to cortical 

neurodegeneration (F. Gao et al., 2017). Among all FTD genes, a GGGGCC (G4C2) 

hexanucleotide repeat expansion (HRE) in the chromosome 9 open reading frame 72 

(C9ORF72) gene, which encodes a predicted guanine nucleotide exchange factor that 

regulates Rab GTPases in autophagy (Sellier et al., 2016), is the most common genetic cause 

of both FTD (C9FTD) and amyotrophic lateral sclerosis (C9ALS) (DeJesus-Hernandez et 

al., 2011; Renton et al., 2011). Despite the significant genetic and molecular heterogeneity 

of FTD, the clinical outcomes are remarkably similar, suggesting shared synaptic and circuit 

impairments. To date, the underlying mechanisms are largely unknown because of the lack 

of robust bvFTD animal models.  
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Since the explosion of FTD genetics in the last decade, animal models targeting 

specific genes with human mutation relevance have been generated. Mice deficient in the 

GRN gene (encoding the secreted growth factor progranulin) show progressive 

neurodegeneration associated with impaired learning and memory and repetitive behaviors 

(Lui et al., 2016; Petkau et al., 2012). An inducible transgenic mouse strain carrying a 

human CHMP2B mutation within intron 5 displayed frontal cortical neuronal degeneration, 

especially in the superficial layer pyramidal neurons, dendritic spine deficiency, p62 

accumulation and impaired social interaction (Gascon et al., 2014). Several mouse models 

targeting TDP-43 have been generated that show a variety of molecular pathology and 

neurodegenerative phenotypes with learning/memory and motor impairments (Starr & 

Sattler, 2018). Various tau mouse models have been shown to develop characteristic 

neurodegeneration and molecular pathological phenotypes without overt behavioral 

manifestations (Biundo et al., 2018). Following the discovery of C9ORF72 as the most 

prevalent FTD/ALS disease causing gene, numerous mouse models have been generated. 

Early C9BAC transgenic mice carrying variable sizes of (G4C2) repeats develop 

characteristic RNA foci, dipeptide repeat proteins (DPRs) and neuronal loss, but 

surprisingly non-detectable or relatively subtle behavioral phenotypes including anxiety, 

spatial learning and motor deficits. Inspired by the ‘gain of toxic dipeptide’ hypothesis as a 

disease driver for C9FTD neurodegeneration, several transgenic mouse strains harboring 

specific DPRs (GR, GA, GP) have been generated that show age-dependent 

neurodegeneration associated with novel molecular and cellular dysfunctions (e.g. 

mitochondrial damage and nucleocytoplasmic transport abnormalities) as well as significant 

social and anxiety behavior phenotypes (Choi et al., 2019; F. Gao et al., 2017; Lopez-
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Gonzalez et al., 2016; D. Yang et al., 2015; Yuva-Aydemir et al., 2018; Y.-J. Zhang et al., 

2016). To test the loss of C9ORF72 protein function, several C9ORF72 knockout mice were 

generated that showed profound immune deficits but surprisingly little neurodegeneration 

and behavior phenotypes (Zhu et al., 2020). However, inactivation of one or both 

endogenous C9ORF72 alleles in mice harboring 66-G4C2 repeats ((G4C2)66 mice) led to an 

acceleration of the age-dependent accumulation of poly(GA) and poly(GR) DPRs and 

sudden premature death, indicating a synergistic insults by combined gain of toxic DPR 

proteins and loss of C9ORF72 protein function (Zhu et al., 2020). In summary, despite 

numerous mouse strains targeting bvFTD genes and disease mechanisms, there is a major 

lack of robust animal models for bvFTD. 

To address this major gap, I sought to establish a robust bvFTD mouse model for 

investigating the underlying neurophysiological mechanisms (c.f. chapter 3). I adopted and 

modified a somatic transgenic mouse model that expresses 66-(G4C2) HREs throughout 

their central nervous system (CNS) ((G4C2)66 mice). This mouse strain, at six-months-old, 

has been previously shown to display nuclear RNA foci, poly(GP), poly(GA) and poly(GR) 

DPRs and TDP-43 pathology and develop some behavioral abnormalities that mimic key 

disease features of early- to mid-stage FTD patients (1-3 years after onset) including 

hyperactivity, anxiety, mild loss of sociability and motor impairments (Chew et al., 2015). 

In this study, I modified this C9FTD model and tested it in an array of additional existing 

and newly developed behavioral paradigms at later disease stages and show that this model 

recapitulates essentially all core behavioral features of bvFTD, thus presenting this first 

comprehensive late-stage bvFTD mouse model. 
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Results 

A somatic transgenic mouse model of bvFTD  

To establish an animal model that can recapitulate hallmark bvFTD behaviors, I adopted 

an adeno-associated virus (AAV)-induced somatic transgenic mouse strain that expresses 

66-G4C2 repeats and develop C9FTD-pathologies (Chew et al., 2015). At postnatal day 0 

(p0), mice received intracerebroventricular (ICV) microinjections of AAV2/9 expressing 

(G4C2)66 and GFP, (G4C2)2 and GFP or GFP alone, with GFP serving as a “vehicle” control 

while labelling infected neurons (Fig. 1a). At approximately 12 months, an age equivalent 

of 45-50 human years when most FTD symptoms peak (Majounie et al., 2012), viral-infused 

mice showed robust GFP expression throughout the cortex. Consistent with previous reports 

(Chew et al., 2015; Zhu et al., 2020), (G4C2)66 mice had characteristic DPR inclusions in 

their brains (Fig. 1d) but showed normal survival rate compared to control GFP and (G4C2)2 

mice. At this stage, (G4C2)66 mice displayed significant neurodegeneration in the prefrontal 

cortex (PFC), with an estimated 22% neuron loss in either the anterior cingulated cortex 

(ACC) or prelimbic cortex (PL) (Fig. 1b, c), indicating substantial structural atrophy. 

Finally, (G4C2)66 mice, but not (G4C2)2 mice, show poly-(GA) and poly-(GR) DPR 

aggregates that colocalize with GFP-positive neurons (Fig. 1d), a pathological hallmark of 

C9FTD patient brains (F. Gao et al., 2017). In summary, (G4C2)66 mice at 12-months of age 

represent a viable model of C9FTD with characteristic molecular pathologies.  

Hyperactivity, anxiety and potential apathy phenotypes in aged (G4C2)66 mice 

I first evaluated general locomotor activity and anxiety-like behavior of (G4C2)66 mice 

using the open field assay (Fig. 2). Compared to age-matched controls, aged (G4C2)66 mice 

displayed increased total distance traveled, indicating hyperlocomotor activity (Fig. 2b, c). 

In addition, mutant mice also spent proportionally more time in the periphery as shown by 
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the reduced center to total distance ratio suggesting elevated anxiety-like behavior (Fig. 2a, 

d, e). In attempting to further confirm the anxiety phenotype, I employed the marble burying 

task which is often used to assay repetitive behavior (Angoa-Pérez et al., 2013). 

Unexpectedly, aged mutant mice buried strikingly less marbles over three, 60-minute 

consecutive trials, which does not appear to support an increased anxiety in these mice (Fig. 

3a, b). However, careful observations found that mutant mice often did not show any interest 

in the marbles, preventing the subsequent burying behavior. This phenotype may instead 

suggest an apathy-like behavior in the mutant mice, thereby supporting the conclusion that 

mutant mice are more anxious. Taken together, aged (G4C2)66 mice display hyper-locomotor 

activity and anxiety-like behaviors similar to those found in younger (6-month-old) mutant 

mice (Chew et al., 2015), and potential apathy-like behavior. 

Impaired sociability in aged (G4C2)66 mice 

I next examined social behaviors in aged (G4C2)66 mice using the classical 5-trial three-

chamber assay which tests sociability, social memory and social novelty (Fig. 4a) (Boxer & 

Miller, 2005; Finger, 2016; Piguet et al., 2011). During trial 1, which assays sociability, 

(G4C2)66 mice spent significantly less time interacting with a novel stranger (S1) compared 

to control mice, indicating severe sociability impairments (Fig. 4b). Accordingly, the social 

indifference score (time spent not interacting with S1 / total time spent in S1 target zone) 

was significantly increased in mutant mice (Fig. 4c). In trials 2-4, mutant and control mice 

showed proportionally similar decreases in social interaction with S1 (familiar mouse), 

suggesting social memory is intact (Fig. 4b). During trial 5 that measures social recognition, 

(G4C2)66 mice did not show a significant difference compared to controls in proportion of 

time spent interacting with novel stranger (S2), indicating similar ability to recognize a 
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novel social stimulus (Fig. 4g). However, mutant mice still spent less time interacting with 

S2 compared to control mice supporting impaired sociability revealed in trial 1 (Fig. 4e, f). 

All mice spent comparable amounts of time exploring target chambers throughout trials 1 

and 5, suggesting unaltered exploration patterns (Fig 4d, h). These results demonstrate that 

(G4C2)66 mice show a selective impairment of sociability with social novelty and memory 

spared at this advanced disease stage, significantly extending previous observations that 

younger (6-month-old) (G4C2)66 mice exhibit modest antisocial behaviors. 

Aged (G4C2)66 mice show distress-induced consolation (empathy) deficits 

To model empathy, I designed a paradigm that consists of an observational fear 

conditioning (OFC) assay (to enable socially-transmitted fear) (Jeon et al., 2010; S. Keum 

et al., 2016) flanked with two home-cage (HC) social interaction tests (to probe distress-

induced consolation-like behavior) (Fig. 5a). During HC1 where a test mouse (observer) 

and a same-sex, unrelated, non-familiar conspecific (demonstrator) were allowed to freely 

interact, mice displayed stereotypical mutual social investigation behavior (ano-genital, 

head, and body sniffing) with minimal affiliative touching, and extensive non-social 

behavior (Fig. 5b). During HC2 test where the observer was reunited with the demonstrator, 

the observer exhibited marked prosocial affiliative prosocial behaviors, characterized by 

allogrooming and body contact toward the shock-distressed demonstrator (Fig 5b-c). In the 

absence of shocks to the demonstrator during OFC, the observers showed negligible 

allogrooming or body contact toward the unstressed demonstrators during HC2, (Fig. 5b, 

c). Significantly longer duration, larger number of bouts, and shorter onset latency of 

allogrooming and body contact were found for observers in shock compared to no-shock 

and in HC2 compared to HC1 (Fig. 5d-i), suggesting that the other-directed affiliative 
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behaviors were induced by distress. Observers also showed increased self-grooming in HC2 

following OFC (Fig. 5j), suggesting development of emotional contagion. Importantly, 

demonstrator mice did not exhibit affiliative allogrooming or body contact behavior toward 

observers (Fig. 5k), and instead showed significantly higher immobility (Fig. 5m) and self-

grooming (Fig. 5j) but decreased social approaches in HC2 (Fig. 5l). Thus, the other-

directed affiliative prosocial behaviors are specific to and initiated by the observers in 

response to demonstrator distress.  

To test whether the distress-induced affiliative (DIA) behavior by observers had a stress-

relieving effect on stressed demonstrators, I examined the anxiety level of stressed 

demonstrators in the absence or presence of an observer in HC2. Demonstrator mice that 

were reunited with observer mice during HC2, compared to those alone, showed no 

significant changes in anxiety compared to baseline levels when tested in an open field assay 

(Fig. 5n, o). This suggests a stress-relieving or calming effect provided by the observer to 

the demonstrator, consistent with social buffering observed in rodents (Burkett et al., 2016; 

Kikusui et al., 2006). Thus, the DIA behavior is consoling in effect. Together, I establish a 

behavioral paradigm that measures distress-induced consolation behavior, a key feature of 

empathy.  

Age-matched (G4C2)2 observer mice behaved similarly to control GFP mice, showing 

similar levels of DIA behavior toward distressed demonstrators (Fig. 6 a-e). In contrast, 

(G4C2)66 observer mice showed marked impairment of DIA behaviors (Fig. 6b) in HC2, 

with significantly shorter duration, longer latency, and smaller bout numbers compared to 

GFP and (G4C2)2 control observers (Fig. 6b-d). In addition, control observers showed a 

significant increase in self-grooming following OFC, which was statistically absent in 
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(G4C2)66 observers (Fig. 6e), suggesting that emotional contagion failed to develop in these 

mice. Consistently, (G4C2)66 observer mice displayed no increase in freezing during OFC 

and the 24-hr retrieval, suggesting the lack of socially-transmitted fear (Fig 6f, g.). However, 

the lack of DIA behavior of (G4C2)66 mice in HC2 was unlikely due to their inability to 

acquire observational fear in OFC, because mutant observers still showed significantly less 

DIA behavior than GFP mice when the demonstrator mice received shocks without their 

direct observation (Fig. 6h). Together, (G4C2)66 mice display severely impaired empathy-

like behavior in advanced ages. 

Intact olfactory function in aged (G4C2)66 mice 

Because both social and empathy behavior require intact olfactory function, I 

examined sensitivity and discrimination of various scents using a classical olfactory assay. 

I found similar aversion to 2-methylbutyric acid and attraction to vanilla and cinnamon 

scents suggesting largely unaltered olfactory discrimination (Fig. 7a). In addition, all three 

groups showed similar amount of attraction to increasing dilutions of vanilla scent 

suggesting intact olfactory sensitivity (Fig. 7b). Taken together, basic olfactory functions 

were not impaired in aged mutant mice, reinforcing that sociability and empathy deficits 

were not caused by potential olfactory abnormalities.  

Risk taking-like behavior in aged (G4C2)66 mice 

I next probed potential risk-taking behavior on an elevated plus maze, which assays 

approach-avoidance performance of mice. Ethological behavioral analysis showed that 

(G4C2)66 mice showed significantly increased duration in open arms and on the edge of open 

arms (sometimes jumping off) compared to controls (Fig. 8a-c). These results are consistent 

with an increased risk taking-like behavior in mutant mice. 
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Overeating behavior in aged (G4C2)66 mice 

Finally, I examined feeding behavior of aged (G4C2)66 mice. When fed with pallatable 

high-fat pellets ad libitum, (G4C2)66 mice consumed significantly more compared to 

controls, indicating hyperphagia (Fig. 9a, b). However, there were no overt differences in 

body weight (Fig. 9c, d). These results indicate that aged (G4C2)66 mice have overeating 

behavior. 

Discussion 

I have developed a mouse model of late-stage C9ORF72-related bvFTD that mimics 

key pathological and behavioral disease features. I found that aged (12 months) somatic 

transgenic mice expressing 66-repeat expansions display significant neuronal cell loss and 

toxic DPR aggregates throughout their cortex. These mice also develop severe behavioral 

deficits reminiscent of clinical symptoms of C9FTD patients including sociability 

impairments, loss of empathy, anxiety, risk-taking and overeating. Despite numerous 

bvFTD mouse models, the underlying disease mechanisms remain largely unknown because 

of a lack of robust animal models that exhibit hallmark behavioral features. These efforts 

establish a comprehensive model that should prove valuable for investigating the 

neurophysiological mechanisms that underlie bvFTD-related behaviors (chapter 3), which 

can be targeted for therapeutical intervention. 

Initially thought to be limited to humans, empathy-related behaviors are now 

believed to be a conserved trait across species, including rodents (Sehoon Keum & Shin, 

2019; Panksepp & Lahvis, 2011; Sivaselvachandran et al., 2018). Specifically, rats display 

prosocial helping behaviors and prairie voles show other-directed consolation behaviors, 
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however these empathetic behaviors have not been established in mice1, which have been 

shown to display a more primitive level of empathy, socially transmitted affect (emotional 

contagion) (Jeon et al., 2010; Smith et al., 2021). Here I developed a paradigm that captures 

two levels of empathy in mice, social transfer of affect and DIA consolation. Control mice 

displayed socially transmitted fear responses during an observational fear test and 

subsequent DIA behaviors towards the distressed demonstrator. The DIA behaviors I 

observed also included distress-induced body-contact, a previously unknown behavior, 

thought to be psychologically beneficial for strengthening social bonding, security and 

warmth. Further, these mice provide a social buffering effect of stress, consistent with other 

studies showing stress reduction in rodents (Burkett et al., 2016). Importantly, the 

empathetic responses were specific to the observer mouse and absent when the stressor (foot 

shocks) were omitted. Remarkably, mice that did not witness the demonstrator receiving 

foot shocks still exhibited consoling behaviors towards the demonstrator during the second 

homecage test, suggesting the distressed state of the demonstrator can be readily detected, 

likely by stress-induced physiological and/or behavioral cues as shown in other species (i.e. 

elevated cortisol levels or self-grooming) (Burkett et al., 2016). These features comprise all 

key elements of empathy. The partner-directed consolation behaviors displayed by inbred 

mice are particularly notable as they bear similarities to the allogrooming behaviors 

previously observed in a highly social and monogamous rodent species, the prairie vole 

(Burkett et al., 2016), suggesting such traits are more widespread than previously 

recognized. Hence, my experiments establish mice as a viable model for both emotional 

 
1 As this dissertation was being finalized for submission, a recent publication reported distress-induced 
prosocial allogrooming behaviors in mice, similar to some of the results presented in Figure 5 of this 
Chapter. (Wu et al., 2021) 
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contagion and higher level prosocial affiliative behaviors. Lastly, I show that much of the 

affect sharing and prosocial consolation behaviors are conserved in aged mice but lost in 

their bvFTD counterparts. To our knowledge, this is the first mouse disease model to portray 

loss of empathy-like behaviors. Most importantly, this model should prove valuable for 

deciphering the neural mechanisms underlying empathy deficits that are present in 

numerous neuropsychiatric conditions including autism, schizophrenia and dementia. 

Impaired social tact is another hallmark symptom of bvFTD. A number of C9FTD 

mouse models have recapitulated certain features of social behavior impairments relevant 

to bvFTD (Choi et al., 2019; Gascon et al., 2014). A previous report showed that 6-months-

old (G4C2)66 mice display reduced social interaction in the three-chamber sociability assay 

(Chew et al., 2015). My results are consistent with this earlier data, but extend the sociability 

phenotype to 12-months of age that is presumably equivalent to 45-50 years in humans, 

when the disease onset occurs. In addition, I further provide evidence that social memory 

and social novelty are intact and major sensory functions are not altered in aged mutant 

mice, thus supporting that sociability is specifically impaired in this mouse model. 

Importantly, olfactory functions are intact in the mutant mice, excluding potential 

contribution of sensory deficits in affect detection and social behavior. Taken together, the 

(G4C2)66 mice represent a valuable model for bvFTD-related prosocial behavior deficits.  

FTD patients often show elevated anxiety and, more frequently, apathy (lack of 

concern) and risk-taking behaviors that reflect poor judgment and impulsivity (Perry & 

Miller, 2013; Zamboni et al., 2008). Consistently, I found marked hyperactivity and reduced 

center to total distance ratio in the open field assay, suggesting possible anxiety-like 

behavior in (G4C2)66 mice. In addition, mutant mice bury significantly less marbles in the 



  

50 
 

marble burying test, suggesting a lack of concern. In the elevated plus maze, I found mutant 

mice spent significantly more time in the open arms compared to closed arms, to the extent 

that some mutant mice even jumped off of the open arms. Elevated plus maze is often used 

in the field as an anxiety assay, where the time in the open arm compared to closed arms is 

a measure of anxiety state, therefore these results are somewhat unexpected. However, EPM 

may be more accurately considered as an approach avoidance paradigm, where the mice use 

their decision making and judgment system to go to either the open or closed arms, an 

ethology behavior many consider to be anxiety-independent (Macrı̀ et al., 2002). In these 

results, my data may indicate increased risk-taking behavior, indicating by risk assessment 

(time in open arms) and time on edge of the open arm. The behavior spectrum of bvFTD is 

notoriously complex, which appears to be true for my bvFTD mouse model. In this regard, 

in the future, it will be interesting to further dissect the possible anxiety, risk-taking and 

apathy phenotypes in aged (G4C2)66 mice using more sophisticated behavioral assays, which 

are yet to be developed in the field. 

Hyperphagia (higher calory intake), preference for sweets (“sweet tooth”) and binge 

eating (eating quickly) are behavioral features specific for patients with bvFTD compared 

with other forms dementia (i.e. AD) (Johnen & Bertoux, 2019). Notably, aged (G4C2)66 mice 

ate significantly more high fat food pellets compared to control mice, indicating 

hyperphagia. Interestingly, mutant mice did not show significant differences in total body 

weight, likely due to their increased activity level. This is the first characterization of 

hyperphagia in a mouse model of bvFTD.  

Efforts to develop therapeutic strategies for FTD have been hampered by the lack of 

robust models. The (G4C2)66 mouse model is the first that recapitulates essentially all core 
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behavioral features of C9ORF72-related bvFTD. These mice provide an important tool that 

can be used to tease apart the underlying neurophysiological mechanisms at the cellular, 

synaptic and circuit levels that underlie the loss of control of behaviors in bvFTD. Most 

importantly, these mice should prove valuable in testing the efficacy of therapeutic 

strategies, for which there are none.  
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Materials and Methods 

All animal studies and experimental procedures were approved by the Institutional Animal 

Care and Use Committee of SUNY Upstate Medical University and conducted in 

accordance with the National Institutes of Health “Guidelines for the Care and Use of 

Laboratory Animals.” 

Mice. Age-matched (12-14 months) male and female C57BL/6 mice (Jackson Laboratory) 

were used for all experiments. Mice were group-housed two to four mice per cage under a 

12 h light-dark cycle (light on from 8 a.m. to 8 p.m.) with access to standard chow food and 

water ad libitum, unless otherwise noted.  

Neonatal intracerebroventricular (ICV) viral injections. Post-natal day 0 (p0) mice were 

cryoanesthetized on ice for approximately 3 minutes or until there was no movement. A 32-

gauge needle was attached to a 5 uL syringe (Hamilton) to manually deliver two microliters 

(1E10 genomes/uL) of AAV2/9-(G4C2)2 or AAV2/9-(G4C2)66 mixed with two microliters 

(1E10 genomes/uL) of AAV2/9-GFP or two microliters of AAV2/9-GFP alone. The syringe 

was inserted at a 30-degree angle approximately two-fifths the distance between the lambda 

suture and each eye and held at a depth of approximately two millimeters. Immediately 

following injections, the pups were placed on a heating pad to recover before being placed 

back into their home cages. For all injections, mice were randomly assigned. 

Viral vectors. AAV vectors used for intracerebroventricular (ICV) injections to mediate 

expression of 2-G4C2 repeats (AAV2/9-(G4C2)2), 66-G4C2 repeats (AAV2/9-(G4C2)66) and 

AAV2-hSyn-GFP have been described previously (Chew et al., 2015). All viral titer 

concentrations are at least 1E14 genomes/uL. Upon arrival, all viruses were aliquoted and 

stored at -80 °C prior to use.  
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Behavioral assays. All behavioral assays were performed on 12-14-month-old mice during 

the light phase, except a cohort of 6-month-old wildtype mice used to establish the DIA test. 

Behavioral equipment was illuminated with an overhead light and cleaned with Clidox prior 

to use with each animal. Mice were habituated to the testing room 1-2 days prior to the start 

of testing and 1 hour before each test and returned to their home cages at the conclusion of 

each test. Animals were allowed 1-2 days of rest between different behavioral assays in each 

battery of tests. All tests were recorded with a Noldus EthoVision XT video-tracking system 

and analyzed offline. All behavioral assays were performed using age-matched male and 

female mice randomly assigned to individual experimental groups. 

Open field (OF). Mice were placed in the center of a square arena (40 X 40 X 40.5 cm) 

illuminated by an overhead light and allowed to freely explore for 60 min. In DIA tests, 

demonstrator animals were allowed 30-minutes in the open field after alone or reunion HC2 

test. A video camera was placed directly above the apparatus to track the movement of each 

animal (Any-maze, Stoelting). Parameters measured included total distance traveled and 

time spent in the center zone (20 X 20 cm) of the apparatus. A ratio of the total distance 

traveled in the center zone to the total distance traveled was calculated as an indication of 

anxiety.  

Marble burying test. Mice were placed in a cage filled with Sani-chip bedding (2 inches 

deep) and 20 marbles placed in five rows of four for a total of 60 minutes. Mice were 

subjected to 3 trials on 3 consecutive days and total number of marbles buried were analyzed 

by two scorers (one blind to conditions) and averaged for all 3 trials. A marble was 

considered buried if two-thirds or more of the marble was covered in bedding. Marbles were 

washed and dried with Alconox lab detergent between tests. 
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Three chamber sociability test. The apparatus consisted of three chambers (17 X 40 cm) 

connected by small openings (8 X 5 cm) that allowed the mice to freely explore each 

chamber. To begin, each mouse was accustomed to the center chamber (isolated from other 

chambers by opaque dividers) for 5 min. Then, dividers were removed, and the mice freely 

explored all three chambers for 10 minutes. During trial 1, a novel stranger mouse (S1) of 

the same sex and strain was placed in one of two inverted wire-mesh pencil cups in opposing 

corners of the outside chambers. During trials 2-4, the same probe mouse (now considered 

a familiar mouse) was placed back in the same inverted pencil cup for the duration of the 

tests. Lastly, during trial 5, a novel stranger mouse (S2) was placed in the previously empty 

cup and the test mouse was allowed to freely interact with both the novel and familiar probe 

mice. All trials were recorded with an overhead video camera and analyzed with video-

tracking software (Any-maze, Stoelting). Parameters measured included total time spent 

interacting with each probe mouse during all 5 trials as a measurement of sociability and 

social memory as well as time spent in each chamber which indicated general exploratory 

behavior. Social novelty was analyzed by the total time spent interacting with S2 vs. total 

time spent interacting with both S2 and S1 in trial 5. Finally, the total time spent interacting 

with each probe mouse vs total time spent in the area containing the cup with the probe 

mouse (target area) was measured as an indicator of social indifference.  

Distress-induced affiliation (DIA) test. Before testing, all cage mates were temporarily 

moved to a holding cage and each test mouse (observer) was allowed 1 minute to explore 

its home cage under overhead lighting. A novel 8-12-month-old wild-type C57B/L6 mouse 

(demonstrator) was then introduced into the cage and allowed to freely interact with the 

observer for 10 minutes. Immediately following the 10-minute home cage interaction test 
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the demonstrator mouse was placed in a single-chamber fear-conditioning apparatus and the 

observer mouse was placed in an adjacent transparent, Plexiglas chamber. As such, the test 

mouse could freely observe the demonstrator as it was subjected to repetitive foot shocks. 

The fear conditioning phase began with 5 min of habituation followed by 4 minutes of 

repetitive foot shocks (2 ms shock every 10 s, 1 mA), a protocol previously shown to elicit 

homogenous behavioral responses from demonstrators during training that included 

running, vocalization and jumping (Jeon et al., 2010). Immediately following the 

observational fear task, the mice were placed back into the observer’s home cage and the 

time spent interacting was recorded for 10 minutes. To assess empathetic responses, I 

measured (i) the total time the observer mouse spent freezing during no shock vs foot shock 

in the observational fear task and (ii) and affiliative behavior (allogrooming and body 

contact) by the observer during the two home cage tests before and after observational fear. 

Allogrooming was defined as visible licking and/or mouth contact on the body trunk, 

shoulder region and head of the demonstrator mouse by the observer mouse that was 

accompanied by head bobbing indicative of licking motions. Body contact was defined as 

whole or partial body contact, initiated by the observer mouse, with a minimum onset 

threshold of 1s. For quantification of allogrooming or body contact bout number and bout 

duration, consecutive bouts with <1 s interval between them were considered to be one 

continuous bout. Behavioral testing was performed in the animals’ home cage to avoid 

potential stress and/or novelty-related behaviors associated with new environments and the 

home cage was covered by a cage lid throughout the experiment to minimize any 

perturbations from the environment. 
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Olfactory testing. Following a 5-minute habituation to empty cages with no bedding, mice 

were tested for both odor discrimination and sensitivity. In the discrimination task, mice 

were challenged with two filter papers (2 x 2 in) placed in opposite ends of the cage. One 

was embedded with either an attractive scent (vanilla or cinnamon) or an aversive scent (2-

methyl-butyrate) and the other with a neutral scent (water). The mice were tested in three 

consecutive 3-minute trials where they explored the three scent pairs (vanilla-water, 

cinnamon-water, 2-methyl-butyrate-water). The amount of time spent sniffing the neutral 

scent was subtracted from the amount of time spent sniffing the aversive or attractive scents 

as an indicator of scent discrimination. For the sensitivity assay, I compiled the amount of 

time spent sniffing one piece of filter paper embedded with a neutral scent (water) vs one 

piece of filter paper embedded with vanilla scent at three different dilutions (101, 102 and 

103 in a randomized order) in consecutive, 3-minute trials.  

Elevated plus maze (EPM). The elevated plus maze consisted of two opposite open arms 

(each 6 x 40 cm2), two opposite closed arms (each 6cm wide and 40 cm long) enclosed by 

20-cm-high walls and a a central platform (6 x 6 cm2) raised 1 meter from the floor. The 

open arms have a 0.5-cmhigh railing to prevent falls. Individual mice were placed in the 

center platform at the start of the test and allowed to freely explore all arms for 5 minutes. 

The total time spent in each arm and on the edge of the open arm was scored as an indicator 

of risk-taking behavior.  

Feeding behavior. Prior to testing, all animals were placed in individual home cages and 

accustomed to a small amount of palatable, high-fat food (1 pellet; Test Diet #58Y1) for 3 

days. During testing, all standard food pellets were removed and replaced with pre-weighed 

high-fat food pellets (8-10 g). Pellets were weighed every 30 minutes for 1.5 hours. Total 
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consumption was measured by subtracting the weight of the remaining food from the total 

weight of pellets prior to testing and averaged across 3 trials over 3 consecutive days. 

Quantification and Statistical Analysis. Data are shown as mean ± S.E.M. Animals were 

excluded from samples if they became sick or died before completion of behavioral tests. 

One-way ANOVA with Tukey’s multiple comparison post-hoc test was performed to assess 

significance for multiple group comparisons and two-way ANOVA with Tukey’s multiple 

comparison post-hoc test for multiple group comparisons across multiple time points. Two-

tailed paired Student’s t-tests were used for within-group comparison of two treatments and 

the unpaired test was used for comparison between two groups. NS, not significant. *P < 

0.05, **P < 0.01, ***P < 0.001, ****p<.0001. In all figures, data are shown as mean	± 

s.e.m. All statistical analyses were performed using Prism 6.0 (GraphPad Software). Sample 

sizes were not predetermined using statistical methods. Experiments were randomized 

whenever possible. Experimenters were not blind to group allocation. 
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Fig. 1 | Aged (G4C2)66 mice develop cortical neuron loss and C9FTD pathologies. a, 

Timeline and schematic of bilateral intracerebroventricular (ICV) injections at postnatal day 

0 (p0) and behavioral assays at 12-months of age. b, Representative images of NeuN-labeled 

cells in the cortex of 12-month-old GFP, (G4C2)2 and (G4C2)66 mice. c, Quantification of 

NeuN-positive cells in the anterior cingulate (ACC), prelimbic (PL) and infralimbic (IL) 

subregions of the prefrontal cortex. d, Representative confocal images of either poly(GR) 

or poly(GA) aggregates (red) in (G4C2)2/GFP or (G4C2)66/GFP positive cells prepared from 

aged (G4C2)2 and (G4C2)66 mice. Nuclei are labeled with Hoechst (blue). Scale bar, 5 µm. 

n=3, 4, 4 for GFP, (G4C2)2, and (G4C2)66 mice, respectively. One-way ANOVAs with 

Tukey’s post-hoc tests. *p<.05, **p<.01, ***p<.001. Data represents mean ± s.e.m. 
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Fig. 2 | Aged (G4C2)66 mice are hyperactive and display increased anxiety. a, 

Representative body heat maps from individual mice during exploration of an open field 

apparatus. Color-coded heat map bar is shown on bottom. b, c, Summary of distance 

traveled in 60 minutes (b) and per 5-minute segments over 60 minutes (c). Summary of 

center to distance ratio across 60 minutes (d) and per 5-minute segments over 60 minutes 

(e). n=10, 12, 15 for GFP, (G4C2)2 and (G4C2)66 mice, respectively. (b, d) One-way 

ANOVAs with Tukey’s post-hoc tests. (c, e) Two-Way ANOVAs with Tukey’s post-hoc 

tests. *p<.05, **p<.01 ***p<.001; Data represents mean ± s.e.m. 
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Fig. 3 | Aged (G4C2)66 mice show marked deficits in a marble burying assay. a, 

Representative images of cages with marbles buried at the completion of a 60-minute marble 

burying test. b, Summary of total marbles buried (out of 20) across 3 trials. n=10, 12, 15 for 

GFP, (G4C2)2 and (G4C2)66 mice, respectively. One-way ANOVA with Tukey’s post-hoc 

tests. ***p<.001, ****p<.0001; Data represents mean ± s.e.m.  
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Fig. 4 | Aged (G4C2)66 mice exhibit sociability deficits. a, Timeline and schematic of three-

chamber sociability test. b, Total interaction time with S1 across four consecutive trials. c, 

Summary of social indifference score with S1. d, Total time spent in empty wire or S1 

chambers during trial 1. e, Total interaction time with S2. f, Social indifference score with 

S2. g, Percentage of time interacting with S2 over total time interacting with both S1 and 

S2. h, Total time spent in S2 or S1 chambers during trial 5. n=10, 12, 15 for GFP, (G4C2)2 

and (G4C2)66 mice, respectively. (c-h) One-way ANOVAs with Tukey’s post-hoc tests. (b) 

Two-way ANOVA with Tukey’s post-hoc tests. *p<.05, ***p<.001, ****p<.0001; Data 

represents mean ± s.e.m. 
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Fig. 5 | A distress-induced affiliative (DIA) behavior paradigm in mice. a, Schematic of 

the DIA test. b, Proportions of time spent engaging in affiliative, social investigation or non-

social behaviors. c, Cumulative duration of affiliative behaviors (allogrooming and body 

contact) by observer towards demonstrator during HC2 after no shock or shock DIA test 

and summary (inset). d-f, Allogrooming duration (d), latency (e) number of bouts after no-

shock or shock DIA test. g-i, Body contact duration (d), latency (e) number of bouts after 

no shock or shock DIA test. j, Total self-grooming during HC1 vs HC2 in observer and 

demonstrator mice after observational fear (with foot shocks). k-m, Demonstrator behaviors 

after shock DIA test. Allogrooming duration towards observer (k), number of social 

approaches towards observer (that resulted in a social interaction) (l) and time immobile 

(m). n, Representative heat maps that show average occupancy at different locations by 

demonstrator mice during a 30-minute open field test performed directly after a DIA test. 

Mice either remained alone or were reunited with observers after experiencing foot-shocks. 

o, Center to total distance ratio of the open field test before (baseline) and after shock for 

demonstrator mice. Breaks in pie charts indicate 5 minutes of locomotion and resting. (c-j) 

n=8 observers (j-o), n=8 shock and alone, n=8 shock and reunited demonstrators. Two-tailed 

paired Student’s t-tests were used for within group comparisons (HC1 vs HC2) and two-

tailed unpaired Student’s t-tests were used for comparison between two groups. *p<.05, 

**p<.01, ***p<.001, ****p<.0001. Data represents mean ± s.e.m. 
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Fig. 6 | Aged (G4C2)66 mice show severe empathy deficits. a, Proportions of time spent 

engaging in affiliative, social investigation or non-social behaviors. b-d, Affiliative total 

duration (b), latency (c) and number of bouts by observers towards demonstrators. e, Total 

self-grooming during HC1 vs HC2. f, Total freezing by observer mouse during 

observational fear test and 24 hours later (g). h, Total duration of affiliative behaviors by 

observer mice that did not witness demonstrator mice during foot shocks (without OFC). 

Breaks in pie charts indicate 5 minutes of locomotion and resting. n=10, 12, 15 for GFP, 

(G4C2)2 and (G4C2)66 mice, respectively. Two-tailed paired Student’s t-tests were used for 

within group comparisons (HC1 vs HC2) and two-tailed unpaired Student’s t-tests were 

used for comparison between two groups. *p<.05, **p<.01, ***p<.001. Data represents 

mean ± s.e.m. 
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Fig. 7 | Aged (G4C2)66 mice do not exhibit olfactory deficits. a, Total time sniffing 

attractive and aversive olfactory stimuli (discrimination). b, Total time sniffing various 

dilutions of vanilla scent (sensitivity). n=10, 12, 15 for GFP, (G4C2)2 and (G4C2)66 mice, 

respectively. Data represents mean ± s.e.m. 
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Fig. 8 | Aged (G4C2)66 mice display risk-taking behavior. a, Representative body heat 

maps from individual mice during elevated plus maze test. Color-coded heat map bar is 

shown on bottom.  b, Total time spent in open arms and on edge of open arms (c) during a 

5-minute elevated plus maze test. n=10, 12, 15 for GFP, (G4C2)2 and (G4C2)66 mice, 

respectively. One-way ANOVAs with Tukey’s post-hoc tests. *p<.05, **p<.01; Data 

represents mean ± s.e.m. 
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Fig. 9 | Aged (G4C2)66 mice consume more food in a feeding assay. a, Cumulative high 

fat pellet consumption per 30-minute intervals over 90 minutes. b, Summary of cumulative 

food intake in 90 minutes. c, d, Summary of average body weight of male and female mice. 

n=10, 12, 15 for GFP, (G4C2)2 and (G4C2)66 mice, respectively. (b-e) One-way ANOVAs 

with Tukey’s post-hoc tests. (a) Two-way ANOVA with Tukey’s post-hoc tests. **p<.01, 

***p<.001; Data represents mean ± s.e.m. 
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Abstract  

Frontotemporal dementia (FTD) is associated with progressive atrophy of the frontal 

and temporal lobes. It is the second most common type of dementia after Alzheimer’s 

Disease (AD), and there is no cure. The major subtype of FTD is behavioral variant 

(bvFTD), characterized by marked changes in personality, judgement, and affect, including 

loss of empathy, arguably the most distressing condition for families and caretakers (Miller 

& Guerra, 2019; Neary et al., 2005; Piguet et al., 2011; Snowden, 2018). The underlying 

neuropathogenic mechanisms are largely unknown. A newly developed bvFTD mouse 

model that expresses disease-causing G4C2 hexanucleotide repeat expansions (HREs) in 

C9ORF72, the most common genetic risk of FTD (Renton et al., 2011; De-Jesus-Hernandez 

et al., 2011), display deficits in social transfer of fear and distress-induced affiliative (DIA) 

behavior, two forms of empathic behavior (Sehoon Keum & Shin, 2019; Panksepp & 

Lahvis, 2011; Waal & Preston, 2017) (Chapter 2). Using immediate early gene (c-Fos) 

neuronal activity mapping and in vivo optogenetics, I identified a dorsomedial prefrontal 

cortex (dmPFC) region comprising the prelimbic (PL) and anterior cingulate cortex (ACC) 

that mediates DIA behavior. Ex vivo electrophysiological analysis revealed that pyramidal 

neuron excitability in this dmPFC region is significantly reduced in mutant mice. 

Importantly, chemogenetic enhancement of either ACC or PL excitability rescued DIA 

behavior deficits in aged mutant mice, suggesting that dmPFC hypoexcitability underlies 

the behavioral phenotype. Chemogenetically enhancing the ACC, but not PL, also rescued 

the observation fear deficits in mutant mice, supporting differential roles of dmPFC 

subregions in vicarious fear. Finally, stimulation of both ACC and PL also ameliorated 

sociability deficits in mutant mice, supporting cortical hypoexcitability in this social, 
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emotional cortical network as a more general disease driver in bvFTD prosocial behaviors. 

Thus, restoring prefrontal excitability, even at late stages when substantial cell loss has 

occurred, may serve as a viable strategy to treat affective and social symptoms of bvFTD.  

Introduction 

Frontotemporal dementia (FTD) is a fatal, neurodegenerative disease that lacks a cure. 

FTD encompasses a spectrum of clinical syndromes that are associated with focal but 

progressive degeneration of the frontal and/or temporal lobes (Boxer & Miller, 2005; 

Finger, 2016). bvFTD, the most common form, manifests as extreme changes in personality 

and behavior that include loss of prosocial behaviors including empathy and social tact, 

emotional blunting/apathy, overeating, anxiety and disinhibition (E. Mioshi et al., 2010). 

The unique early onset of bvFTD (ages 45-65) affects one’s ability to work and support 

themselves and their families financially; imposing a major economic burden to society. 

While most bvFTD occurs sporadically, a significant fraction of cases (40-50%) are linked 

to mutations of more than a dozen genes with diverse molecular and cellular functions (F. 

Gao et al., 2017). A GGGGCC (G4C2) hexanucleotide repeat expansion (HRE) in the 

chromosome 9 open reading frame 72 (C9ORF72) gene is the most common genetic cause 

of both bvFTD (C9FTD) and amyotrophic lateral sclerosis (ALS) (DeJesus-Hernandez et 

al., 2011; Majounie et al., 2012; Renton et al., 2011), a common motorneuron degeneration 

disease that overlaps with FTD clinically and mechanistically (F. Gao et al., 2017; Ling et 

al., 2013). Strikingly, despite the molecular and genetic heterogeneity of bvFTD, behavioral 

impairments remain a common and defining feature, suggesting shared, yet to be elucidated 

neural mechanisms at cellular, synaptic and circuit levels. 
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 Loss of empathy, the capacity to share the feelings and concerns of others, is 

arguably the most common and distressing bvFTD symptom with immense adverse impacts 

to patients and families (Eneida Mioshi et al., 2013; Snowden, 2018). An innate affective 

behavior, empathy is, or some of its deconstructed forms are, evolutionally conserved across 

species (Waal & Preston, 2017). Rodents exhibit several behaviors homologous to human 

empathy with varying degrees of self-other recognitions, including emotional contagion 

(Burkett et al., 2016; Langford et al., 2006; Smith et al., 2021), social transfer of affect (e.g. 

fear and pain) (Burkett et al., 2016; Jeon & Shin, 2011; Y. E. Wu et al., 2021), and prosocial 

buffering, consoling, and helping and sharing (Bartal et al., 2011; Burkett et al., 2016; Ueno 

et al., 2019) The ACC, a central node in the emotional and social cognition networks 

encoding information about affective states of others (Apps et al., 2016; Carrillo et al., 2019; 

Waal & Preston, 2017) has been shown to mediate empathy in both humans (Jackson et al., 

2006; Olsson et al., 2007; Singer et al., 2004) and animals (Burkett et al., 2016; Jeon et al., 

2010; S. Keum et al., 2016). Recent studies indicate that the ACC participates in the social 

transfer of fear, pain, and analgesia via its local inhibitory circuit and long-range outputs in 

a circuit- and valence-dependent manner (Allsop et al., 2018; Sehoon Keum et al., 2018; 

Smith et al., 2021). Nevertheless, the neural mechanisms underlying the loss of empathy in 

bvFTD is essentially unknown.  

In addition to empathy deficits, other hallmark behavioral deficits in bvFTD include 

inappropriate social behavior, anxiety, apathy, impulsivity or risk-taking and overeating. 

Although different brain regions/circuits and distinct neural mechanisms are involved in the 

regulation of these behaviors, the PFC has a role in each behavior. For example, the ACC 

regulates socially transmitted fear and pain (Jeon et al., 2010; Smith et al., 2021), social 
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interaction (Guo et al., 2019; Yizhar, Fenno, Prigge, et al., 2011), affect or emotion (Apps 

et al., 2016; Carrillo et al., 2019; Waal & Preston, 2017) and feeding (J.-W. Sohn et al., 

2013). Thus, an attractive hypothesis is that impairments of the same prefrontal circuits may 

underlie core bvFTD behavior deficits. This hypothesis has not been tested.  

The neurophysiological basis of FTD remains largely unknown. In particular, the 

excitability hypothesis of neurodegeneration, which posits that altered (and often increased) 

neuronal excitability serves as both a disease driver for progressive neurodegeneration and 

an underlying mechanism of ongoing cognitive and behavioral impairments, has been well 

established and accepted in other common diseases, such as AD and ALS. In contrast, 

limited studies have examined alterations of neuronal excitability under some FTD 

conditions in vitro and it is unknown how prefrontal excitability is impaired in FTD in vivo 

or how the potential impairments may contribute to bvFTD behavioral deficits.  

In this chapter, I adopted a somatic transgenic C9FTD mouse model expressing 66-

(G4C2) repeats as developed in chapter 2 and examined the neuronal excitability in layer V 

(LV) neurons of the dmPFC, and discovered profound hypoexcitability of these neurons. I 

then tested the role of hypoactivity in various FTD behavioral deficits using a range of 

electrophysiological, optogenetic and chemogenetic approaches. My data provided strong 

support that prefrontal hypoexcitability underlies social, empathy and overeating, but not 

locomotor, risk-taking and anxiety deficits, in mutant mice. Importantly, restoring prefrontal 

excitability, even at a late disease stage where significant cell loss has occurred, rescues 

prosocial deficits in aged mice suggesting a viable strategy to treat affective and social 

symptoms of bvFTD. 
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Results 

Mapping brain regions activated by DIA 

I first sought to identify the brain regions involved in empathy. Mice were divided into two 

groups and subjected to the previously established distress-induced affiliative (DIA) assay 

(chapter 2) in the presence (experimental group) or absence (control group) of electric foot 

shocks to the demonstrator during the OFC phase of the DIA test (Fig. 1a). 75 minutes after 

the last behavior session mice were sacrificed and their brains removed and processed for 

immediate early gene (c-Fos) immunohistochemistry (IHC). Compared to controls groups, 

I found that dmPFC subregions including the anterior ACC (Cg1) and PL display a 

significant increase in the number of c-Fos-positive cells in the DIA group (Fig. 1b-e). 

Importantly, these regions are classical brain circuits involved in social, affect and empathy 

(Engen & Singer, 2013). These results were consistent with previous studies showing that 

the ACC is activated during social-transfer of pain in mice and other-directed consolation 

behavior in prairie voles (Burkett et al., 2016; Jeon et al., 2010; Smith et al., 2021). My 

results also reveal that the PL subregion of the dmPFC may mediate distress induced 

comforting in mice.  

dmPFC is required for DIA behavior in mice 

I next examined whether the dmPFC subregions identified above were required for 

DIA behaviors. I employed in vivo optogenetics that allows temporally precise regulation 

of specific neuronal population activity during behavioral tasks (Fenno et al., 2011; Yizhar, 

Fenno, Davidson, et al., 2011). AAVs encoding an inhibitory halorhodopsin (AAV5-

CaMKIIα-eNpHR3.0-mCherry) were bilaterally injected into the ACC or PL subregions of 

the dmPFC and chronic optic fibers were implanted over the target sites (Fig. 2a, b). Ex vivo 
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electrophysiology confirmed reduced action potential firing in dmPFC LV eNpHR3.0-

mCherry-expressing neurons in response to laser activation of NpHR (Fig. 2c-e). Mice were 

subjected to the DIA assay and a continuous laser stimulation at 593 nm was used to inhibit 

pyramidal neurons during the HC2 phase in a counterbalanced laser-ON or laser-OFF 

design (Fig. 3a). Photoinhibition of ACC or PL neurons significantly attenuated distress-

induced, other-directed comforting behaviors, with a shorter allogrooming and body contact 

duration and smaller number of bouts during laser-on phase compared to laser-off phase 

(Fig. 3b-i). Notably, in some cases, the observer mice showed instant decrease or increase 

of allogrooming toward the distressed demonstrator following laser-on or laser-off.      

Furthermore, optogenetic inhibition of ACC or PL pyramidal neurons significantly impaired 

sociability during the three-chamber sociability assay (Fig. 4b-e). As a control, neither ACC 

nor PL inhibition affected locomotor activity or anxiety behavior during the open field assay 

(Fig. 5a-d). These experiments demonstrate that pyramidal neuron activity in the anterior 

dmPFC are required for prosocial behaviors including both empathy and sociability.  

Profound dmPFC hypoexcitability in (G4C2)66 mice  

I next sought to elucidate the neural mechanisms underlying the loss of prosocial 

behaviors in bvFTD using the (G4C2)66 mouse model established in chapter 2. I focused on 

the intrinsic excitability of LV pyramidal neurons in the dmPFC, the major cortical output 

neurons that exert top-down control of subcortical structures. I performed ex vivo whole-

cell current-clamp recordings on GFP-positive and morphologically confirmed LV neurons 

in the dmPFC (ACC/PL) from 12-month-old (G4C2)66 mice to characterize their active and 

passive membrane excitability. I found a striking increase in the amount of current required 

to induce the first action potential in ACC and PL (G4C2)66/GFP-expressing neurons 
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compared to (G4C2)2/GFP- and GFP-expressing control neurons (Fig. 6a-d). Consistently, 

(G4C2)66/GFP-expressing neurons fired markedly fewer action potential spikes in response 

to suprathreshold depolarizing step current injections (Fig. 7a-d). Furthermore, mutant 

neurons exhibited significantly smaller input membrane resistance, measured as the slope 

of the current-voltage response to hyperpolarizing currents, suggesting their capability to 

support repetitive action potential firing was severely compromised (Fig. 8a-f). Except for 

an increased fast after-hyperpolarization (fAHP) and slower action potential decay in 

mutant ACC neurons, the overall action potential waveform and resting membrane potential 

in both ACC and PL neurons were similar in all groups (Fig. 9). Together, these results 

demonstrate a profound hypoexcitability in dmPFC LV pyramidal neurons of aged (G4C2)66 

mice. 

Chemogenetic activation of dmPFC rescues empathy in (G4C2)66 mice  

I next tested the hypothesis that dmPFC hypoactivity underlies the lost empathy 

behavior in aged (12 months) (G4C2)66 mice. In particular, if the empathy deficit is due to 

functional hypoactivity rather than structural atrophy in the mutant mice, I should be able 

to restore it by enhancing dmPFC neuronal activity. Toward this goal, I used an AAV virus 

to express the Gq-coupled stimulatory DREADD (designer receptor exclusively activated 

by designer drug) hM3Dq that is activated by the synthetic ligand clozapine-N-oxide (CNO) 

(Roth, 2016). Specifically, I delivered bilateral injections of hM3Dq (AAV5-hSyn-hM3Dq-

mCherry) or control EGFP (AAV5-hSyn-EGFP) virus into the ACC or PL subregions of 

the dmPFC of aged (G4C2)66 or GFP mice, respectively. As expected, bath application of 

CNO depolarized the membrane and increased neuronal excitability in hM3Dq-mCherry-
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expressing dmPFC LV neurons in acute slices of 2-3-month-old C57B/L6 mice (Fig. 10b-

f), thereby confirming the efficacy of CNO in vitro.  

To rescue empathy behavior in aged mutant mice, I employed a within-subjects design 

whereby mice received counterbalanced injections of saline or CNO before an empathy test 

(Fig. 11a). GFP mice transduced with control EGFP AAVs in either the ACC or PL showed 

similar OFC and DIA behaviors following saline or CNO treatments (Fig. 11b-k). In 

comparison, saline-treated (G4C2)66 mice transduced with hM3Dq in either the ACC or PL 

showed significant impairments in these empathy behaviors (Fig. 11b-k). However, after 

CNO treatment, the DIA behavior (duration, bout number, and duration/bout) were 

effectively restored in the same mice that received hM3Dq in either ACC or PL (Fig. 11b-

k), suggesting that the hypoexcitability in these dmPFC regions was responsible for the DIA 

impairment in mutant mice. Interestingly, CNO also rescued OFC (freezing) deficits in 

ACC-, but not PL-infected mutant mice, suggesting that ACC hypoexcitability underlies the 

impaired vicarious fear in these mice (Fig. 11 f, k), consistent with the idea that ACC, but 

not PL, is involved in social transfer of fear in mice (Jeon et al., 2010; Smith et al., 2021). 

Moreover, in the three-chamber assay (Fig. 12a), chemogenetic activation of ACC or PL 

pyramidal neurons in (G4C2)66 mice significantly rescued the sociability deficits in these 

mice (Fig. 12b-k). Therefore, selective and functional restoration of dmPFC activity, even 

at a stage when significant cell loss has occurred, is sufficient to ameliorate prosocial deficits 

in mutant mice. 

Given that dmPFC plays central roles in top-down regulations of a wide-range of social, 

affective, and inhibitory control behaviors (Allsop et al., 2018; Apps et al., 2016; Zhou et 

al., 2017), I next asked whether dmPFC hypoexcitability underlies other bvFTD-related 
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behavioral deficits in aged (G4C2)66 mice. I found that chemogenetic activation of either 

ACC or PL did not significantly affect locomotor activity or anxiety-like behavior of mutant 

mice during the open field assay (Fig. 13a-d). Further, CNO treatments did not affect risk-

taking behavior in the elevated plus maze (Fig. 14a, b). Interestingly, chemogenetic 

activation of PL partially restored overeating behaviors in the high-fat feeding assay in 

(G4C2)66 mice (Fig.15c, d), whereas ACC activation did not change overeating (Fig.15a, b), 

suggesting that this behavioral impairment in (G4C2)66 mice may be mediated by PL 

hypoactivity. Taken together, these data indicate that reduced intrinsic excitability in the 

dmPFC more preferentially underlies the loss of prosocial behaviors but perhaps no other 

bvFTD-related behaviors in (G4C2)66 mice.  

Discussion 

In this study, I investigated the underlying neural mechanisms for behavioral deficits 

in a mouse model of bvFTD somatically expressing 66-G4C2 HREs throughout their CNS. 

In the previous chapter, I have established that this mouse model recapitulates a number of 

hallmark behavioral features associated with bvFTD including loss of empathy and 

sociability, hyperlocomotor activity, anxiety, risk-taking and overeating. Using 

multidisciplinary c-Fos activity mapping, ex vivo electrophysiology, in vivo chemogenetics 

and optogenetics and behavior approaches, I have identified the underlying dmPFC neural 

populations that mediate consolation and social behaviors and demonstrate that 

hypoexcitability of dmPFC pyramidal neurons underlies the loss of prosocial consolation 

and sociability behaviors as well as overeating, but not risk-taking and anxiety, in aged 

mutant mice. These results are fundamentally significant in that it demonstrates that the 

functional impairments of dmPFC neuronal excitability, even with significant structural 
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atrophy, mediate some core behavioral deficits of bvFTD. Most importantly, restoring 

neuronal activity rescued social and prosocial behavioral deficits, even at a late disease 

stage, providing a proof of principle therapeutic strategy to treat bvFTD. 

My study identified an anterior dorsomedial prefrontal subregion, consisting of the 

PL and a portion of the ACC that drives distress-induced, other directed affiliative behavior 

in laboratory mice. Human imaging studies have established that the pACC and aMCC, 

rodent homologues of PL and ACC (Cg1/Cg2), respectively, regulate empathetic responses 

(Bernhardt & Singer, 2012). In addition, the ACC and its descending pathways are involved 

in various forms of empathy including socially transmitted fear, pain and analgesia in mice 

(Malenka and Shin). Further, in the social prairie vole, the ACC, but not the PL, has been 

reported to mediate distress-induced, other-directed consolation behavior (Burkett et al., 

2016). My studies indicate that similar consolation-like behavior is also observed in 

laboratory mice, suggesting that such behavior is more widespread than previously thought. 

My novel finding that optogenetic inhibition of either PL or ACC robustly reduces DIA 

behavior, suggests that both regions are involved in this behavior, which is different from 

the prairie vole, but more in line with human data. This may not come as a surprise because 

the empathy paradigm developed here measures social interaction, observational fear and 

DIA that likely require the intact social affect and empathy networks of the brain. In fact, 

PL and ACC subregions are information hubs of the brain social network (Allsop et al., 

2018; Apps et al., 2016; Carrillo et al., 2019; Waal & Preston, 2017; Zhou et al., 2017) that 

exerts potent and complex control of social behaviors (Guo et al., 2019; Ko, 2017; 

Yamamuro et al., 2020; Yizhar, Fenno, Prigge, et al., 2011; Zhou et al., 2017). Taken 
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together, my study identified a social affect network in the anterior dmPFC that represents 

shared neural substrates for both sociability and empathy behavior.  

My results reveal a fundamental role for the intrinsic excitability of dmPFC pyramidal 

neurons in driving prosocial behavior and provide direct evidence supporting that dmPFC 

hypoexcitability plays a causal role in the loss of prosocial behaviors in a model of bvFTD. 

Indeed, the output pyramidal neurons of dmPFC are profoundly hypoactive in mutant mice 

and chemogenetic dmPFC excitation restores prosocial behavior in these mice. It is 

reasonable to speculate that a reduced spiking of empathy/affect-encoding dmPFC neurons, 

such as mirror neurons (Carrillo et al., 2019; Iacoboni & Dapretto, 2006) compromise their 

capacity to detect, integrate and process inputs carrying sensory, social, and emotional 

information and/or to transfer this information to downstream subcortical targets. Further 

studies on hypoactive dmPFC cell types and associated afferent and efferent circuits will 

help elucidate the specific or generalized nature of affect valence and mechanisms impaired 

in FTD. 

Importantly, the hypoexcitability of dmPFC pyramidal neurons also underlies, at least 

partially, sociability deficits in (G4C2)66 mice, providing a causal link between hypoactive 

dmPFC and FTD-related social impairments in bvFTD. This further supports the idea that 

a shared social and emotional network including the PL and ACC mediate both social and 

empathy behavior. Interestingly, although PL hypoexcitability may contribute to the 

overeating phenotype in mutant mice, neither ACC nor PL hypoexcitability mediate the 

anxiety and risk-taking behavioral deficits observed in my bvFTD mice, suggesting other 

neural circuits and/or mechanisms may be primarily involved. 
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Altered neuronal excitability is frequently associated with neurodegenerative diseases 

and often serves as a diagnostic feature and/or pathological driver (Geevasinga et al., 2016). 

For instance, in the clinically and mechanistically related ALS, early motor cortex 

hyperexcitability is commonly observed at pre-symptomatic stages and has been 

hypothesized to drive motor neuron death via dying-forward trans-synaptic excitotoxicity 

(Bae et al., 2013; Williams et al., 2013). In addition, motoneurons derived from C9ALS 

patient hiPSCs display an early hyperexcitability (Devlin et al., 1 C.E.; Sareen et al., 2013; 

Wainger et al., 2014) followed by a late-stage hypoexcitability (Devlin et al., 1 C.E.). The 

underlying ionic mechanisms may involve reduced sodium current and delayed-rectifier M-

type potassium currents and possibly calcium-activated small conductance potassium 

currents (Devlin et al., 1 C.E.; Wainger et al., 2014). In contrast, the excitability states of 

prefrontal cortex neurons in FTD are unknown (Cantone et al., 2014; Schanz et al., 2016). 

My study provides in vivo evidence that prefrontal neurons are profoundly hypoactive at a 

symptomatic stage of FTD. This hypoexcitability is manifested primarily as reduced firing 

capacity associated with reduced input resistance and increased fAHP, suggesting potential 

alterations of subthreshold-operating ion channels. Although the underlying ionic basis and 

pathologic trajectory leading to the hypoexcitable state remain unknown, this 

hypoexcitability likely represents a late-stage functional inactivation.  

Remarkably, my chemogenetic experiments show that normalizing the dmPFC 

hypoexcitability is effective to restore prosocial and social behavioral deficits even at late 

disease stage with substantial neurodegeneration. Thus, I propose that functional 

hypoactivity, independent of a structural atrophy, can serve as a pathogenic mechanism for 

certain bvFTD behavioral impairments, analogous to the hypofrontality hypothesis in 
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symptom-overlapping psychiatric conditions(Chen et al., 2013; J. Coyle et al., 2002; J. T. 

Coyle, 2004; Goldstein & Volkow, 2011). My study suggests that stimulating the activity 

of fronto-temporal cortex (Agarwal et al., 2016; Ferrucci et al., 2018) may be a viable 

therapeutical strategy for bvFTD, for which there are currently no approved, and few 

effective, treatments (Allain et al., 2003).   
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Methods 

All animal studies and experimental procedures were approved by the Institutional Animal 

Care and Use Committee of SUNY Upstate Medical University and conducted in 

accordance with the National Institutes of Health “Guidelines for the Care and Use of 

Laboratory Animals.” 

Mice. Age-matched male and female C57BL/6 mice (Jackson Laboratory) were used for all 

experiments. 6-8 month-old mice were used for optogenetic and c-Fos experiments and 12-

14-month-old mice were used for all other experiments. Mice were group-housed two to 

four mice per cage under a 12 h light-dark cycle (light on from 8 a.m. to 8 p.m.) with access 

to standard chow food and water ad libitum, unless otherwise noted.  

Immunofluorescence and imaging. Animals were either perfused or drop fixed with 4% 

paraformaldehyde (PFA) in PBS. To quantify immediate early gene (IEG) expression in 

response to behavior, mice were sacrificed 90 minutes after the last behavior session. 

Coronal sections (50 μm) were cut with a vibrotome (Leica), washed 3 times in PBS for 10 

minutes each and permeabilized and blocked for 2 hours at room temperature with solution 

consisting of 1% Triton X-100 (Sigma) and 10% goat serum (Invitrogen) in PBS. Sections 

were then incubated with a rabbit anti-Fos primary antibody (1:1000, Santa Cruz) in PBS 

containing 0.1% Triton X-100 and 5% goat serum at 4° C overnight. Next day sections were 

washed 3 times with PBS for 10 minutes each and incubated with Alexa 555 secondary 

antibodies (1:500, Invitrogen) for 2 hours at room temperature. Lastly, sections were 

washed 3 times in PBS for 10 minutes each and mounted with Prolong Gold Antifade 

Mountant with DAPI (Thermo Fisher). Fluorescent images were acquired with an Olympus 

confocal microscope. Image analysis was done using ImageJ software. 
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Behavior Tests. Behavior tests were performed essentially as described in chapter 2 with 

minor modifications to fit the chemogenetic and optogenetic manipulations. Briefly, DIA 

test consisted of homecage 1, observational fear and homecage 2 assays. Social behaviors 

were analyzed by the 3-chamber sociability test. Locomotor behavior was measured by open 

field assay. Risk-taking behavior was measured on an elevated plus maze and feeding 

behavior was assayed by the total consumption of high fat pellets over 90 minutes. Mice 

were acclimated to i.p. injections or optic fiber patch cables 3-5 days prior to chemogenetic 

or optogenetic behavior testing. 

Viral vectors. AAV vectors for expression of hM3Dq (AAV5-hSyn-hM3D(Gq)-mCherry) 

or EGFP control (AAV5-hSyn-EGFP) were provided courtesy of B. Roth via Addgene. 

AAV vectors expressing eNpHR3.0 (AAV5-CaMKIIα-eNpHR3.0-mCherry) were provided 

courtesy of K. Deisseroth via Addgene. All viral titer concentrations are at least 1E14 

genomes/uL. Upon arrival, all viruses were aliquoted and stored at -80 °C prior to use. 

Stereotactic surgery procedures. Surgical procedures were conducted with a small animal 

stereotaxic apparatus (Kopf Instruments) under aseptic conditions. Mice were anesthetized 

with isoflurane (5% for induction, 1.5%-2% for maintenance) and placed in the stereotaxic 

apparatus. Two small bilateral burr holes were made directly above the injection sites using 

a micro-precision drill. Bilateral viral injections (0.4 uL) were made with a 32 gauge 1.0 uL 

Neuros syringe (Hamilton Company) at a rate of 0.05 uL per min using an ultraprecise 

micromanipulator into the ACC (AP: + 1.94 mm, ML: +/- .350 mm, DV: - 1.35 mm) or PL 

(AP: +1.94 mm, ML: +/-.375 mm, DV: -1.73 mm). Following injections, needles were left 

in place for 10 minutes to assure complete delivery of the virus. For optogenetic experiments 

performed with in vivo photostimulation, ferrule-capped fibres (1.25 mm Ceramic Ferrule; 
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Thorlabs) were implanted bilaterally 0.3-.4 mm above the ACC (AP: + 1.94 mm, ML: +/- 

.350 mm, DV: - 1.03 mm, 10° angle) or PL (AP: +1.94 mm, ML: +/-.375 mm, DV: -1.4 

mm, 10° angle) following viral injections. To fix the implants to the skull, grip cement 

(Dental Supply) was placed around the ferrule-capped fibres. After surgery, Neosporin was 

applied around the cement cap and each mouse received a subcutaneous injection of slow-

release Buprenorphine (0.1 mg/kg) as a post-operative analgesic. In vivo optogenetic and 

chemogenetic behavioral experiments were performed 2-6-weeks post-surgery, allowing for 

adequate expression of viral proteins and full recovery from surgery.  

In vivo optogenetic manipulation. Mice were handled and acclimated to attached fiber 

optic patch cables 3-5 days prior to behavioral testing. Each mouse received two trials of 

behavioral tests counterbalanced with either light ON then OFF or light OFF then ON. 

Specifically, mice were selected randomly to receive light stimulation or no stimulation for 

the first half of the consolation test (HC2), 3-chamber test and open field test followed by 

light OFF for the second half of the test. During the second trial of behavioral tests the 

sequence of light stimulation was reversed.  

In vivo chemogenetic manipulation. Mice were handled and acclimated to i.p. injections 

of vehicle saline 3-5 days prior to behavioral testing. Each mouse received two trials of 

behavioral tests counterbalanced with either CNO (1 mg/kg) or control vehicle saline. 

Specifically, mice were selected randomly to receive i.p. injections of CNO or vehicle saline 

for the first trial of behavior experiments followed by reverse order (vehicle saline or CNO) 

for the second trial of behavioral tests two weeks later. CNO or vehicle saline injections 

were administered 20 minutes prior to the start of each behavioral test.  
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Electrophysiological recordings. Slice Preparation. 12- to 14-month-old (G4C2)66 mice 

and (G4C2)2 and GFP control littermates were sacrificed and their brains rapidly removed 

and placed into ice-cold artificial cerebrospinal fluid (ACSF) that contained the following 

(in mΜ): 126 NaCl, 2.5 KCl, 2.5 CaCl2, 1.2 MgCl2, 25 NaHCO3, 1.2 NaH2PO4 and 25 D-

glucose. Coronal cortical slices (300 um) containing the dmPFC were cut using a vibratome 

(Leica) and superfused with ice-cold ACSF that was saturated with 95% O2 and 5% CO2. 

Brain slices were incubated at room temperature (21-23 °C) for at least 1 hour prior to being 

transferred to a recording chamber continuously perfused with oxygenated ACSF and 

maintained at 32 °C with a temperature controller (Warner Instruments). All drugs used in 

this study were delivered to the bath by a gravity-driven perfusion system (Harvard 

Apparatus). 

Electrophysiology. Whole-cell current-clamp recordings were performed on ACC and PL 

LV cortical pyramidal neurons that were identified by their characteristic morphology and 

adaptive firing patterns in response to suprathreshold depolarizing current injections. 

Recording pipettes (3.5 – 4.5 MΩ) were filled with the following (in mΜ): 142 KCl, 8 NaCl, 

10 HEPES, 0.4 EGTA, 2 Mg-ATP, and 0.25 GTP-Tris, pH 7.25. Picrotoxin (50 uM) was 

included in the superfusion medium to block GABAA receptor-mediated inhibitory 

responses. All recordings were made at resting membrane potential using a Multiclamp 

700B amplifier (Molecular Devices). Cells with a resting membrane potential >-55 mV or 

that became depolarized >-55 mV during recordings were excluded from analysis. To assess 

intrinsic excitability and action potential waveform properties, I used a depolarizing step-

current injection protocol that delivered a series of 500 ms, +25 pA current steps (-35 pA to 

440 pA; 20 steps) at 10 s intervals. To characterize input resistance, I injected a series of 
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hyperpolarizing step-current injections of 500 ms, -25 pA current steps at 10 s intervals from 

0 pA to -200 pA (9 steps).  

Data acquisition and analysis were carried out using Digidata 1322A and pClamp 

software (version 9.2; Molecular Devices). All signals were digitized at 20 kHz and filtered 

off-line at 2 kHz. Series resistance was monitored throughout the whole-cell recordings and 

data were discarded if the resistance changed by >15%. Analysis of action potential 

waveform properties was conducted on the first single action potential from the minimum 

step-current injection that elicited action potential firing.  

  To confirm chemogenetic and optogenetic manipulation of neuronal activity in the 

dmPFC, I sacrificed mice 2-4 weeks after viral injections of either hM3Dq or eNpHR3.0 

and prepared brain slices containing the dmPFC region. For chemogenetic manipulation, 

whole-cell current-clamp recordings were performed on visually identified neurons 

expressing hM3Dq-mCherry. Neuronal baseline spontaneous activity at resting membrane 

potential and action potential firing evoked by depolarizing step current injections 

(described above) were measured. CNO (5 μM) was then applied to the bath and recordings 

of both resting and evoked activities were repeated.  

  For optogenetic manipulation, whole-cell current-clamp recordings were performed 

on visually identified neurons expressing eNpHR3.0-mCherry. Baseline depolarization-

induced action potential firing was recorded using depolarizing step-current injection 

protocol that delivered a series of 500 ms, +25 pA current steps (-35 pA to 440 pA; 20 steps) 

at 10 s intervals. After baseline was established, a second step-current injection test was 

recorded in the absence (250ms) followed by the presence (250ms) of 593nm laser 

stimulation during of each current step (-35 pA to 440 pA; 20 steps). Laser stimulation was 
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generated by a CoolLED pE-300ultra fluorescence microscopy illumination system and 

delivered through the 40 X objective.  

Quantification and Statistical Analysis. Data are shown as mean ± S.E.M. Animals were 

excluded from samples if they became sick or died before completion of behavioral or in 

vivo chemogenetic or optogenetic tests or if post hoc histological analysis showed inaccurate 

AAV viral injections or placement of optic fiber implants. One-way ANOVA with Tukey’s 

multiple comparison post-hoc test was performed to assess significance for multiple group 

comparisons and two-way ANOVA with Tukey’s multiple comparison post-hoc test for 

multiple group comparisons across multiple time points. Two-tailed paired Student’s t-tests 

were used for within-group comparison of two treatments and the unpaired test was used 

for comparison between two groups. When normal distributions were not assumed, the 

Wilcoxon signed rank tests was performed for within group comparisons of two treatments, 

Mann-Whitney for between group comparison, and Kruskal-Wallis with post-hoc Dunn’s 

test for multiple comparisons. NS, not significant. *P < 0.05, **P < 0.01, ***P < 0.001. In 

all figures, data are shown as mean + s.e.m. All statistical analyses were performed using 

Prism 6.0 (GraphPad Software). Sample sizes were not predetermined using statistical 

methods. Experiments were randomized whenever possible. Experimenters were not blind 

to group allocation. 
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Fig. 1 | dmPFC is activated during empathy behavior. a, Schematic of experimental 

design. Mice were sacrificed and perfused within 90 minutes after the last behavior session. 

b, Quantification of total c-Fos-positive cells from ACC of no shock vs shock observer 

mice. c, Representative confocal images of c-Fos staining of ACC from no shock and shock 

observer mice. d, Quantification of total c-Fos-positive cells from PL of no shock vs shock 

observer mice. e, Representative confocal images of c-Fos staining of PL from no shock 

and shock observer mice. n=3, 4 for no demonstrator-no shock, demonstrator-shock, 

respectively. Two-tailed unpaired Student’s t-tests. ***p<.001, ****p<.0001. Data 

represents mean ± s.e.m. 
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Fig. 2 | Optogenetic manipulation of dmPFC neuron activity. a,b, Representative images 

obtained from transduced mice showing AAV-eNpHR3.0-mCherry expression and optical 

stimulation site in ACC or PL (left). Diagrams of AAV-eNpHR3.0-mCherry expression and 

fiber placements throughout the ACC (blue) or PL (purple) in consecutive coronal brain 

sections (right). c, Representative traces showing injected current steps (500 ms, +25pA 

steps) reliably evoked action potentials in dmPFC neurons (left) and, in the same neuron, 

eNpHR3.0 activation by yellow light (593 nm, 250 ms) inhibited evoked action potentials 

(right). d, Summary of AP spike numbers elicited by step current injections in the absence 

and presence of yellow light. e, Current voltage relationship from (c) in the absence vs. 

presence of yellow light. (a) n=7 (b) n=7 (d, e) n=13. Two-way ANOVA with Bonferroni’s 

post-hoc tests. *p<.05, **p<.01, ****p<.0001. Data represents mean ± s.e.m. 
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Fig. 3 | dmPFC activity is required for empathy behavior. a, Timeline for in vivo 

optogenetic empathy experiments. b-e, Total allogrooming (b, c) and body contact (d, e) 

behaviors during HC1 and HC2 (light off vs. light on) for ACC. f-i, Total allogrooming (f, 

g) and body contact (h, i) behaviors during HC1 and HC2 (light off vs. light on) for PL. (b-

e) n=7 (f-i) n=7. Two-tailed paired Student’s t-tests were used for within group comparisons 

(HC1 vs HC2) and two-tailed unpaired Student’s t-tests were used for comparison between 

two groups.  *p<.05, **p<.01, ***p<.001. Data represents mean ± s.e.m 
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Fig. 4 | dmPFC activity is required for social behavior. a, Timeline for in vivo 

optogenetic sociability experiments. b, Total interaction time with S1 during trial 1 of three-

chamber sociability test during light OFF vs. light ON for ACC. c, Social indifference index 

(total time spent not interacting with S1 / time in S1 target zone) during light OFF vs. light 

ON for ACC.  d, Total interaction time with S1 during trial 1 of three-chamber sociability 

test during light OFF vs. light ON for PL. e, Social indifference index (total time spent not 

interacting with S1 / time in S1 target zone) during light OFF vs. light ON for PL.  (b, c) 

n=7, (d, e) n=7. Two-tailed paired Student’s t-tests. **p<.01, ***p<.001. Data represents 

mean ± s.e.m. 
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Fig. 5 | Opotogenetic manipulation of dmPFC does not affect locomotion. a, Total 

distanced travelled and center to total distance ratio (b) during open field test with light OFF 

vs light ON in ACC. c, Total distanced travelled and center to total distance ratio (d) during 

open field test with light OFF vs light ON in PL. (a, b) n=7, (c, d) n=7. Two-tailed paired 

Student’s t-tests. Data represents mean ± s.e.m. 
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Fig. 6 | Increased rheobase in dmPFC LV pyramidal neurons of aged mutant mice. a, 

Representative traces showing minimal current injections required to induce an AP from 

mutant and control neurons in ACC. b, Summary of minimal currents required for AP firing 

from (a). c, Representative traces showing minimal current injections required to induce an 

AP from mutant and control neurons in ACC. d, Summary of minimal currents required for 

AP firing from (c). Numbers at left side of traces in (a, c) indicate resting membrane 

potential (mV). (a, b) n= 8, 14 and 6 neurons from 3 GFP mice, 3 (G4C2)2 mice and 3 

(G4C2)66 mice, respectively. (c, d) n= 20, 11 and 11 neurons from 5 GFP mice, 5 (G4C2)2 

mice and 4 (G4C2)66 mice, respectively. One-way ANOVA with Tukey’s post-hoc tests. 

**p<.01, ****p<.0001; Data represents mean ± s.e.m. 
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Fig. 7 | dmPFC LV pyramidal neurons of aged mutant mice display marked 

hypoexcitability. a, Representative AP firing from ACC mutant (G4C2)66/GFP-expressing 

and control (G4C2)2/GFP- and GFP-expressing neurons in response to a depolarizing step 

current injection. b, Summary of AP spike numbers elicited by step current injections.  

c, Representative AP firing from PL mutant (G4C2)66/GFP-expressing and control 

(G4C2)2/GFP- and GFP-expressing neurons in response to a depolarizing step current 

injection. d, Summary of AP spike numbers elicited by step current injections. Numbers at 

left side of traces in (a, c) indicate resting membrane potential (mV). (a, b) n= 8, 14 and 6 

neurons from 3 GFP mice, 3 (G4C2)2 mice and 3 (G4C2)66 mice, respectively. (c, d) n= 20, 

11 and 11 neurons from 5 GFP mice, 5 (G4C2)2 mice and 4 (G4C2)66 mice, respectively. 

Two-way ANOVA with Tukey’s post-hoc tests. *p<.05, **p<.01, ***p<.001, 

****p<.0001; Data represents mean ± s.e.m. 
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Fig. 8 | Decreased input resistance in dmPFC LV pyramidal neurons of aged mutant 

mice. a, Representative traces of ACC mutant and control neurons in response to 

hyperpolarizing step current injections. b, c, Summary of input resistance (b) and current-

voltage relationship (c) from (a). d, Representative traces of PL mutant and control neurons 

in response to hyperpolarizing step current injections. e, f, Summary of input resistance (e) 

and current-voltage relationship (f) from (d). Numbers at left side of traces in (a, d) indicate 

resting membrane potential (mV). (a-c) n= 8, 14 and 6 neurons from 3 GFP mice, 3 (G4C2)2 

mice and 3 (G4C2)66 mice, respectively. (d-f) n= 20, 11 and 11 neurons from 5 GFP mice, 5 

(G4C2)2 mice and 4 (G4C2)66 mice, respectively. (b, e) One-way-ANOVA with Tukey’s 

post-hoc tests. (c, f) Two-way ANOVA with Tukey’s post-hoc tests. *p<.05, **p<.01, 

***p<.001, ****p<.0001; Data represents mean ± s.e.m. 
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Figure 9 | Intrinsic membrane properties of dmPFC LV pyramidal neurons from aged 

mice. For ACC n= 8, 14 and 6 neurons from 3 GFP mice, 3 (G4C2)2 mice and 3 (G4C2)66 

mice, respectively. For PL n= 20, 11 and 11 neurons from 5 GFP mice, 5 (G4C2)2 mice and 

4 (G4C2)66 mice, respectively. One-way-ANOVA with Tukey’s post-hoc tests. **p<.01, 

****p<.0001; Data represents mean ± s.e.m. 
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Fig. 10 | Chemogenetic manipulation of dmPFC. a, Schematic of a coronal PFC slice 

(left) and recording configuration from a LV mCherry-expressing pyramidal neuron 

identified by morphology (right). b, Representative trace showing spontaneous action 

potential firing before and after CNO application. c, Summary of resting membrane 

potential before and after CNO application. d, Representative traces showing individual 

voltage responses to series of 500 ms current pulses (+25pA steps). Red traces indicate the 

minimal current to induce action potentials. e, f, Summary of minimal current to induce 

action potentials (e) and induced action potentials at different current steps in the absence 

and presence of CNO (f).  n= 7-9 neurons from 4 hM3Dq injected mice. (c, e) Two-tailed 

paired Student’s t-tests. (f) Two-way ANOVA with Tukey’s post-hoc tests. *p<.05, 

**p<.01, ***p<.001. Data represents mean ± s.e.m. 
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Fig. 11 | In vivo Chemogenetic activation of ACC or PL reverses empathy behavioral 

deficits in aged mutant mice. a, Timeline and schematic for chemogenetic empathy 

experiments. b-f, Empathy behaviors in mice with EGFP or hM3Dq in ACC after saline or 

CNO i.p injections. (b) Proportions of time spent engaging in affiliative, social investigation 

or non-social behaviors in HC2. Affiliative total duration (c), number of bouts (d) and per-

bout duration (e) by observers towards demonstrators. (f) Average time spent freezing 

during baseline (min 1-5) or shock (min 5-9) phase of the observational fear test. g-k, 

Empathy behaviors in mice with EGFP or hM3Dq in PL after saline or CNO i.p injections. 

(g) Proportions of time spent engaging in affiliative, social investigation or non-social 

behaviors in HC2. Affiliative total duration (h), number of bouts (i) and per-bout duration 

(j) by observers towards demonstrators. (k) Average time spent freezing during baseline 

(min 1-5) or shock (min 5-9) phase of the observational fear test. Breaks in pie charts 

indicate 5 minutes of locomotion and resting. (b-f) n=8, 9 for GFP/EGFP and 

(G4C2)66/hM3Dq mice, respectively (g-k) n=9, 9 for GFP/EGFP and (G4C2)66/hM3Dq 

mice, respectively. Two-tailed paired Student’s t-tests were used for within group 

comparisons (saline vs CNO) and two-tailed unpaired Student’s t-tests were used for 

comparison between two groups.  *p<.05, **p<.01, ***p<.001, ****p<.0001. Data 

represents mean ± s.e.m 
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Fig. 12 | In vivo Chemogenetic activation of ACC or PL reverses sociability behavioral 

deficits in aged mutant mice. a, Timeline for chemogenetic sociability experiments. b-f, 

Total interaction time with S1 (b) and S2 (d)and social indifference scores with S1 (c) and 

S2 (e) and percentage of time interacting with S2 over total time interacting with both S1 

and S2 (f) with saline or CNO i.p. injection from ACC injected mice. g-k, Total interaction 

time with S1 (g) and S2 (i)and social indifference scores with S1 (h) and S2 (j) and 

percentage of time interacting with S2 over total time interacting with both S1 and S2 (k) 

with saline or CNO i.p. injection from PL injected mice. (a-f) n=8, 9 for GFP/EGFP and 

(G4C2)66/hM3Dq mice, respectively (g-k) n=9, 9 for GFP/EGFP and (G4C2)66/hM3Dq 

mice, respectively. Two-tailed paired Student’s t-tests were used for within group 

comparisons (saline vs CNO) and two-tailed unpaired Student’s t-tests were used for 

comparison between two groups.  *p<.05, **p<.01, ***p<.001, ****p<.0001. Data 

represents mean ± s.e.m 
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Fig. 13 | In vivo Chemogenetic activation of ACC or PL does not alter locomotion or 

anxiety behavior in aged mutant mice. a, Total distanced travelled and center to total 

distance ratio (b) during open field test with saline or CNO i.p. injection from ACC injected 

mice. c, Total distanced travelled and center to total distance ratio (d) during open field test 

from PL injected mice. (a, b) n=8, 7 for GFP/EGFP and (G4C2)66/hM3Dq mice, 

respectively (c, d) n=9, 9 for GFP/EGFP and (G4C2)66/hM3Dq mice, respectively. Two-

tailed paired Student’s t-tests were used for within group comparisons (saline vs CNO) and 

two-tailed unpaired Student’s t-tests were used for comparison between two groups.  

*p<.05, **p<.01, ***p<.001, ****p<.0001. Data represents mean ± s.e.m 
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Fig. 14 | In vivo Chemogenetic activation of ACC or PL does not alter risk-taking 

behavior in aged mutant mice. a, Time spent in open arms during elevated plus maze with 

saline or CNO i.p. injection from ACC injected mice. b, Time spent in open arms during 

elevated plus maze with saline or CNO i.p. injection from PL injected mice.  (a) n=8, 7 for 

GFP/EGFP and (G4C2)66/hM3Dq mice, respectively (b) n=9, 9 for GFP/EGFP and 

(G4C2)66/hM3Dq mice, respectively. Two-tailed paired Student’s t-tests were used for 

within group comparisons (saline vs CNO) and two-tailed unpaired Student’s t-tests were 

used for comparison between two groups.  *p<.05, **p<.01, ***p<.001. Data represents 

mean ± s.e.m 
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Fig. 15 | In vivo Chemogenetic activation of ACC or PL does not alter feeding behavior 

in aged mutant mice. a, Cumulative high fat food pellets eaten over a 90 min test at 30 min 

segments and (b) total cumulative food intake at the end of 90 minutes with saline or CNO 

i.p. injections from ACC injected mice. c, Cumulative high fat food pellets eaten over a 90 

min test at 30 min segments and (d) total cumulative food intake at the end of 90 minute 

with saline or CNO i.p. injections from PL injected mice. (a, b) n=8, 7 for GFP/EGFP and 

(G4C2)66/hM3Dq mice, respectively (c, d) n=9, 9 for GFP/EGFP and (G4C2)66/hM3Dq 

mice, respectively. Two-tailed paired Student’s t-tests were used for within group 

comparisons (saline vs CNO) and two-tailed unpaired Student’s t-tests were used for 

comparison between two groups. Two-way ANOVAs were used for analysis across time 

points. *p<.05, **p<.01. Data represents mean ± s.e.m 
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Overview of main findings. 

The main goal of this dissertation was to elucidate a neural mechanism of bvFTD, 

which were largely unknown. Toward this, I first established a mouse model somatically 

expressing 66-(G4C2) hexanucleotide repeat expansions throughout their CNS that 

recapitulate hallmark pathological and behavioral disease features (chapter 2). I showed that 

aged (12 months) (G4C2)66 mice display significant neurodegeneration and dipeptide repeat 

protein aggregates throughout their cortex as well as severe bvFTD-related behavioral 

deficits including loss of prosocial empathy and sociability behaviors, anxiety, risk-taking 

and overeating. Using this bvFTD mouse model and employing multidisciplinary c-Fos 

activity mapping, ex vivo electrophysiology, in vivo chemogenetics and optogenetics and 

behavior approaches, I identified underlying dmPFC neural populations that mediate 

distress-induced consolation-like and social behaviors and demonstrate that 

hypoexcitability of pyramidal neurons in this region underlies the loss of such prosocial 

behaviors in aged mutant mice. Remarkably, restoring neuronal activity rescued prosocial 

deficits in mutant mice, even at a late disease stage with substantial neurodegeneration.  

Importance, novelty and significance of main findings. 

The lack of robust bvFTD disease models has been a bottleneck to elucidating the 

underlying neural mechanisms which is a prerequisite for development of effective 

therapeutic strategies. The (G4C2)66 somatic transgenic mouse model is the first to develop 

essentially all core behavioral features of C9ORF72-related bvFTD, thereby providing an 

unprecedent tool to uncover neural mechanisms underlying bvFTD-related behavior 

phenotypes. Indeed, using this model I discovered a previously unknown hypoexcitability 

phenotype in pyramidal neurons in a social affect network in aged mutant mice. This is 

significant because how cortical neurons are functionally impaired under FTD conditions in 
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vivo has been elusive and essentially unknown. In particular, although patients with the 

closely related ALS have been routinely found to display early motor cortex 

hyperexcitability at pre-symptomatic stages (Martínez-Silva et al., 2018; Vucic et al., 2008) 

and motoneurons derived from C9ALS patient IPSCs display an early hyperexcitability 

(Devlin et al., 1 C.E.; Sareen et al., 2013; Wainger et al., 2014) followed by a late-stage 

hypoexcitability (Devlin et al., 1 C.E.). In contrast, using the same TMS approach, it has 

not been able to provide a consensus on the in vivo excitability states in FTD patients and 

the excitability states have not been investigated using FTD patient IPSC-derived cortical 

neurons. Importantly, using a chemogentic approach to normalize this hypoexcitability was 

effective in rescuing prosocial behavioral deficits in mutant mice, even at a late disease stage 

with significant neurodegeneration, suggesting that stimulating the activity of fronto-

temporal cortex (Agarwal et al., 2016; Ferrucci et al., 2018) may be a viable therapeutical 

strategy for bvFTD (Allain et al., 2003). Further, my study also raises the intriguing 

hypothesis that functional hypoactivity, independent of a structural atrophy, can serve as a 

pathogenic mechanism for certain bvFTD behavioral impairments, analogous to the 

hypofrontality hypothesis in symptom-overlapping psychiatric conditions (Chen et al., 

2013; J. Coyle et al., 2002; J. T. Coyle, 2004; Goldstein & Volkow, 2011).  

Limitations of mouse models. 

Mouse models of neurodegenerative diseases are challenged by the short life-span 

of rodents that thwarts the development of hallmark pathological, behavioral and 

neurodegenerative disease features. For instance, while there have been numerous C9FTD 

mouse models generated carrying variable sizes of (G4C2) repeats, surprisingly, only a few 

develop relatively subtle behavioral phenotypes. Here, I show that the AAV-based somatic 
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transgenic model displays essentially all core behavioral features of bvFTD. This could be 

due to overexpression of mutant proteins beyond physiological levels. Although potentially 

artificial, this approach might have been necessary to produce such a robust disease 

phenotype, given the short lifespan and less complicated brain anatomy and neural 

chemistry of rodents compared to higher order species that can limit the toxicity 

development of the disease protein. Nevertheless, this remains a potential limitation and 

future work will be necessary to develop more physiologically relevant genetic models in 

mice and even higher species (e.g. nonhuman primates). In addition, while the current AAV 

mouse model harbors C9ORF72-linked mutations and naturally models C9FTD, it remains 

to be seen if the frontal hypoexcitability phenotype holds true to sporadic bvFTD and 

familial bvFTD associated with other genetic mutations.  

Limitations of behavioral approaches.  

Although the empathy paradigm that I have established is robust, consistent and 

powerful, other behavior paradigms including anxiety, risk-taking, marble burying/digging 

and feeding assays need further development. Specifically, the elevated plus maze can 

measure both anxiety-like behavior (time spent in open vs closed arms) and risk-taking 

behavior (ethological analysis of risk-assessment, head dipping and rearing on open arm). 

Marble burying/digging is part of a wider behavioral sequence including digging, burrowing 

and nesting and thus can measure both compulsive/repetitive behavior and/or the interest to 

build a nest, making the interpretation more complicated (Angoa-Pérez et al., 2013). 

Moreover, the open field assay as a measurement of anxiety (center to total distance ratio) 

and/or stereotyped behavior (pacing) must also be further clarified using more advanced 

behavior analysis software, for example DeepLabCut (Yiyuan Yang et al., 2021). Finally, 
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the feeding assay can be further refined by employing more advanced feeding apparatuses 

and metabolic approaches. In this regard, it is worth noting the aforementioned assays have 

been established in the field for study of disease behaviors other than dementia, which is 

more complicated because of widespread impairments of cognitive, social and emotional 

domains. Nevertheless, the main goals of this dissertation were to focus on prosocial and 

empathetic behavior. The DIA and three-chamber sociability assays have proven valuable 

and sufficient for analyzing these behaviors. Behavioral tests targeting other bvFTD-related 

behavioral features such as apathy and impulse control have not been developed in the field, 

but will be important tools for investigating the neural circuits underlying these specific 

disease features. 

Lastly, while other studies have used optogenetic approaches to manipulate social 

transmission of fear (freezing) during the observational fear conditioning task (Jeon et al., 

2010; Smith et al., 2021), I could not consistently induce the freezing response during 

baseline testing (no light stimulation), to the extent that some mice showed no freezing 

during the foot shock phase. I suspect that the reason for this effect on the mouse behavior 

was due to the patch cables that were tethered to the optic fiber implants. This limitation 

can be further refined by the use of a wireless optogenetic approach. Another reason could 

be that I used non-familiar observer-demonstrator mice, which is known to produce a lower 

level of freezing behavior during OFC compared to familiar mouse pairs. Future studies can 

examine this possibility as well.  

Limitations of electrophysiological approaches. 

Although the electrophysiological techniques used in my studies are ex vivo, it is a 

standard, conventional approach with sufficient power to delineate the neural mechanisms 
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at the cellular level. Nevertheless, future studies could look to employ in vivo 

electrophysiology and imaging that have become more developed today. 

Final Conclusions and Future Directions 

Ionic mechanisms of bvFTD 

My study provides in vivo evidence that prefrontal neurons are profoundly 

hypoactive at a symptomatic stage of FTD. This hypoexcitability is manifested primarily as 

reduced firing capacity associated with reduced input resistance and increased fAHP, 

suggesting potential alterations of subthreshold-operating ion channels. Although the 

underlying ionic basis of and the pathologic trajectory leading to the hypoexcitable state 

remains unknown, this hypoexcitability likely represents a late-stage functional 

inactivation. Further electrophysiological studies employing more sophisticated patch-

clamping and biophysical analysis will be required to elucidate the ionic mechanisms such 

as gating and inactivation kinetics as well as voltage-dependence of activation and 

inactivation of various channels that control action potential initiation and propagation. A 

particularly powerful tool that can be incorporated into future studies is to include the 

Neuron modeling and simulation program which allows quantitative delineation of 

essentially all ion conductances and their interplay within a neuron in the control of neuronal 

firing and network properties (Tikidji-Hamburyan et al., 2017). Lastly, it will be important 

to determine the time course of the excitability states leading up to the dmPFC hypoactivity 

in mutant mice at 12-months of age. In particular, it will be critical to distinguish whether 

late stage hypoexcitability is preceded by an earlier hyperexcitability as shown by C9ALS 

motoneurons (Devlin et al., 1 C.E.) or by progressive loss of excitability.  

Synaptic mechanisms of bvFTD 
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Sustained changes in intrinsic neuronal excitability are known to lead to global 

compensatory adjustments in synaptic strength at the network level, known as 

homeostatic plasticity (Turrigiano, 1999, 2008; Turrigiano & Nelson, 2000). 

Conversely, synaptic transmission changes within a network can contribute to intrinsic 

excitability alterations (Desai et al., 1999). Indeed, previous work on CHMP2BIntron5 

mice showed dysregulated AMPAR composition, characterized with a loss of GluA2-

lacking, Ca2+-permeable AMPARs (CP-AMPARs) in mutant mPFC synapses (Gascon 

et al, 2014). Furthermore, synaptic strength was significantly impaired in mice 

overexpressing 80-poly(GR) dipeptide repeat proteins throughout their frontal 

pyramidal neurons (Choi et al., 2019). It will be important in the future to decipher 

alterations in synaptic transmission and plasticity in the dmPFC of aged (G4C2)66 mice.  

Neural Circuitry of bvFTD 

 Here I have identified the dmPFC region that underlies consolation and prosocial 

behaviors impaired in FTD. A future direction will be to identify the neural circuits 

involved. In particular, both the upstream inputs to the dmPFC and the downstream 

efferents will need to be determined. One input of the ACC is the insular cortex, which 

makes direct projections to the ACC and has been implicated in empathy related 

behaviors in both humans and rodents (Bernhardt & Singer, 2012; Engen & Singer, 

2013). Two key downstream structures linked to empathy are the nucleus accumbens 

(NAc) and basolateral amygdala (BLA) which have been shown to play a role in socially 

transmitted fear and pain, respectively. It will be important to determine how the 

synaptic connections and excitability states are altered in different cell populations 

within these discrete circuits that underlie FTD-related behaviors. Furthermore, one 
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hallmark modulator of empathy is oxytocin, a neuromodulator that regulates neuronal 

excitability and synaptic efficacy of forebrain circuits. It will be critical in the future to 

investigate the role of oxytocin circuits in FTD-related prosocial consolation and 

sociability deficits. The same is true for FTD-implicated neuromodulatory systems, such 

as serotonergic circuits which have been consistently observed to be impaired in FTD 

(Chapter 1). Finally, with the development of more sophisticated and powerful 

behavioral assays for risk-taking, impulsivity and binge-eating, the underlying neural 

circuits for these key bvFTD-related symptoms will also be a major interest of future 

studies.  

Therapies for treating bvFTD 

My study provides a foundation for developing a potential therapeutic strategy 

targeting prefrontal excitability to alleviate behavioral symptoms. Currently, there are no 

FDA-approved, and few effective, treatments for behavioral symptoms. There are some 

available interventions that are based on compounds targeting the glutamate system (Huey 

et al., 2006) and cortical excitability (TMS), but the underlying neural mechanisms remain 

elusive. The hypoexcitability identified in the (G4C2)66 bvFTD mouse model provides the 

first evidence of a compromised excitability state and, most importantly, by restoring the 

excitability deficit in these mice it was feasible to rescue the behavioral deficits, even at a 

late disease stage with significant neurodegeneration. This represents the first proof-of-

principle strategy to treat FTD by enhancing PFC excitability. Targeting excitability in 

closely related ALS is currently under clinical trials (Wainger et al., 2014). Thus, my study 

indicates it may be fruitful to target prefrontal excitability to alleviate FTD behavioral 

deficits in humans.   
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Abstract  

The GGGGCC repeat expansion in C9ORF72 is the most common genetic cause of 

amyotrophic lateral sclerosis (ALS) and frontotemporal dementia (FTD). However, it is not 

known which dysregulated molecular pathways are primarily responsible for disease 

initiation or progression. Iestablished an inducible mouse model of poly(GR) toxicity in 

which (GR)80 gradually accumulates in cortical excitatory neurons. Low-level poly(GR) 

expression induced FTD/ALS-associated synaptic dysfunction and behavioral 

abnormalities, as well as age-dependent neuronal cell loss, microgliosis and DNA damage, 

probably caused in part by early defects in mitochondrial function. Poly(GR) bound 

preferentially to the mitochondrial complex V component ATP5A1 and enhanced its 

ubiquitination and degradation, consistent with reduced ATP5A1 protein level in both 

(GR)80 mouse neurons and patient brains. Moreover, inducing ectopic Atp5a1 expression 

in poly(GR)-expressing neurons or reducing poly(GR) level in adult mice after disease onset 

rescued poly(GR)-induced neurotoxicity. Thus, poly(GR)-induced mitochondrial defects 

are a major driver of disease initiation in C9ORF72-related ALS/FTD. 
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Introduction 

FTD, the second most common form of presenile dementia, overlaps clinically, 

pathologically and genetically with the motor neuron disease ALS (Hardiman et al., 2017; 

Olney et al., 2017). Many genetic mutations cause both ALS and FTD; the most prevalent 

is a GGGGCC (G4C2) repeat expansion in the non-coding region of C9ORF72 (DeJesus-

Hernandez et al., 2011; Renton et al., 2011). Studies in cellular and animal models have 

uncovered several downstream molecular pathways that are dysregulated in C9ORF72-

related ALS/ FTD, including the autophagy, nucleocytoplasmic transport, pre-messenger 

RNA splicing, stress granule dynamics and DNA damage repair pathways (F. Gao et al., 

2017). However, it is unclear which molecular events initiate disease. 

 One of the major unusual features of C9ORF72-related ALS/ FTD is the 

accumulation of proteins containing dipeptide repeats (DPRs) and the formation of DPR 

aggregates in patient neurons, mostly in the cytoplasm (Ash et al., 2013; Davidson et al., 

2014; Degeneration et al., 2015; I. R. Mackenzie et al., 2013; I. R. A. Mackenzie et al., 

2015; Mori et al., 2013; Saberi et al., 2018; Sakae et al., 2018; Zu et al., 2013). These 

endogenous abnormal proteins, such as poly(GA), poly(GR), poly(GP), poly(PR) and 

poly(PA), can be synthesized from either sense or antisense transcripts containing expanded 

hexanucleotide repeats, potentially through different translation mechanisms in human 

patient cells, including repeat-associated non-AUG (RAN) translation (Cleary & Ranum, 

2013; F.-B. Gao et al., 2017). Multiple lines of evidence suggest that arginine-containing 

DPR proteins are highly toxic when ectopically expressed in experimental systems. In 

Drosophila, for instance, poly(GR) and poly(PR) expression induces the death of neuronal 

and non-neuronal cells (Mizielinska et al., 2014; Wen et al., 2014; D. Yang et al., 2015). In 
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mammalian cells, poly(GR) and poly(PR) expression causes nucleolar stress (Kwon et al., 

2014; Wen et al., 2014), increases DNA damage (Farg et al., 2017; Lopez-Gonzalez et al., 

2016)and blocks the nuclear pore through interactions with proteins containing FG domains 

(Shi et al., 2017). However, it is not known whether low-level expression of arginine-

containing DPR proteins in mice induces ALS/FTD relevant phenotypes and which cellular 

defect occurs first during disease onset. 

The exact pathogenic roles of individual DPR proteins in patient brains are unclear, 

in part because different DPR proteins are present in both aggregated and diffusible forms 

(Davidson et al., 2014; Degeneration et al., 2015; I. R. A. Mackenzie et al., 2015; Vatsavayai 

et al., 2016). Two recent studies showed that poly(GR) is associated with neurodegeneration 

in the brains of patients with C9ORF72-related ALS/FTD (Saberi et al., 2018; Sakae et al., 

2018), suggesting a central role for poly(GR) in disease pathogenesis. To help under-stand 

how poly(GR) initiates neurodegenerative processes in vivo, Iestablished a mouse model in 

which (GR)80 is expressed in the brain at a substantially lower level than in C9ORF72-

related ALS/FTD brain tissues, under the control of an inducible promoter. Using this 

model, Idiscovered that mitochondrial defects are a major driver of disease initiation in 

C9ORF72-related ALS/FTD. 

Results 

To investigate the effects of GR dipeptide repeats on the synaptic transmission in 

PFC neurons in mutant mice, Ianalyzed AMPA receptor (AMPAR)-mediated miniature 

excitatory post-synaptic currents (mEPSCs) in Layer 5 (L5) pyramidal neurons, the major 

output relay of the cortex that exerts top-down control of behavior. Whole-cell patch-clamp 

recordings were performed from acute PFC slices prepared from 4.5-months old GR 
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transgenic mice and control littermates. mEPSCs were recorded at -70mV in the presence 

of picrotoxin (100uM) to block GABAA-mediated inhibitory responses. Ifound no 

differences in the amplitude of mEPSCs between GR mice and respective controls (Fig. 

1D), suggesting that postsynaptic AMPARs are largely unaltered in the PFC of mutant mice.  

In contrast, the frequency of mEPSCs was significantly reduced in GR mice (Fig 1E), 

indicating a loss of functional synapses and/or a decrease in the probability of pre-synaptic 

glutamate release. Taken together, these experiments show that GR dipeptide repeats impair 

synaptic efficacy in vivo in the PFC.  

Discussion 

Synaptic dysfunction in the prefrontal cortex probably under-lies the behavioral 

deficits in this mouse model, as this brain region is critically important for social cognition 

and many other behaviors (Forbes & Grafman, 2010). Interestingly, poly(GR) accumulated 

preferentially in the soma and dendrites of frontal cortex neurons, especially those in deep 

layers. This accumulation may result from a compromised degradation and might help 

explain the selective vulnerability of these neurons in patients with FTD. The observed 

synaptic dysfunction in CamKII;(GR)80 mice can be caused at least in part by mitochondrial 

dysfunction as in other experimental systems (Ebrahimi-Fakhari et al., 2016; Li et al., 2004; 

Pathak et al., 2015). Remarkably, morphological defects in mitochondria were present in 

CamKII;(GR)80 mice at 3 months of age, before social behavioral and other cellular defects 

become apparent, suggesting that mitochondrial dysfunction is an early pathogenic event. 

Other cellular phenotypes, such as increased proliferation of microglia, could result from 

synaptic loss caused by cell-autonomous toxicity of poly(GR) in neurons, as microglia have 

a key role in the formation and maintenance of functional synapses (Hong et al., 2016). In 
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conclusion, synaptic impairment in CamKII;(GR)80 mice could be a result and/or cause of 

mitochondrial dysfunction and microglia activation, which may contribute to social and 

anxiety behavioral deficits. 
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Methods  

Mice. All procedures involving mice were approved by The University of Massachusetts 

Medical School Institutional Animal Care and Use Committee. A DNA sequence encoding 

the Flag tag followed by 80 copies of the dipeptide GR (sequence (GGXCGX)80, FLAG-

(GR)80) was cloned into the pTRE-Tight-BI-ZsGreen1 mammalian expression vector 

(Clontech) with the restriction enzymes NotI and SalI. Before microinjection into mouse 

oocytes, the vector was linearized with BbsI, which cuts the vector twice in the region 

encoding ZsGreen1 and removes a 447-base pair fragment to prevent expression of the 

ZSGreen 1 gene. The F1 litters were analyzed by PCR for transgene insertion with the 

following set of primers: forward 5 ́-GATTACAAGGACGACGACGA-3′ and reverse 5′-

GACAAGTTATCAACGTCCAC-3′. Six germline-transmitting founders were obtained 

and backcrossed to wild-type C57BL/6 mice to maintain hemizygous lines. To express the 

transgene in the forebrain, the (GR)80 transgenic male mice were crossed with CamKII-

tTA female mice (Jackson Laboratory, 007004). Equal or near equal numbers of male and 

female double-transgenic offspring were used in all experiments. Except unexpected 

accidental death, all animals and data points are used in the analyses. Mice were randomly 

assigned to the various experimental groups and selected for behavioral experiments. 

Electrophysiology. CamKII and CamKII;(GR)80 mice (4.5 months of age) were killed. 

Their brains were rapidly removed and placed in saturated (95% O2/5% CO2) ice-cold 

artificial cerebrospinal fluid (ACSF) containing 126 mM NaCl, 2.5 mM KCl, 2.5 mM 

CaCl2, 1.2 mM MgCl2, 25 mM NaHCO3, 1.2 mM NaH2PO4 and 11 mM d-glucose. 

Coronal slices (300 μm) containing the medial prefrontal cortex (1.54–2.8 mm anterior to 

the bregma) were cut with a Leica VT1200 vibratome. Slices were collected into a tissue 
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incubator (Harvard Apparatus), incubated in ACSF for at least 1 h at room temperature (21–

23 °C), transferred to a recording chamber and continuously perfused with oxygenated 

ACSF by a gravity-driven perfusion system. Recordings were made at 32 °C; temperature 

was maintained with a temperature controller (Warner Instruments). Whole-cell voltage-

clamp recordings of individual layer V pyramidal neurons in the anterior cingulated cortex, 

prelimbic cortex or both were done with an Axopatch 200B amplifier (Molecular Devices). 

Pyramidal neurons were identified morphologically by infrared differential interference 

contrast microscopy. Recording pipettes (4.5–5.5 MΩ) were filled with solution containing 

142 mM Cs-gluconate, 8 mM NaCl, 10 mM HEPES, 0.4 mM EGTA, 2.5 mM QX-314 (N-

(2,6-dimethylphenylcarbamoylmethyl) triethylammonium bromide), 2 mM Mg-ATP and 

0.25 mM GTP-Tris, pH 7.25. The superfusion solution contained 1 μM tetrodotoxin (Sigma) 

(to block voltage-gated Na+ channels) and 100 μM picrotoxin (to block GABAA receptor-

mediated inhibitory synaptic responses). Series resistance was monitored throughout the 

recordings, and data were discarded if the resistance changed by more than 15%. All data 

were digitized and collected with Digidata 1322A and pClamp software (version 9.2; 

Molecular Devices). Signals were filtered at 2 kHz and analyzed with Mini Analysis 6 

(Synaptosoft). 

Statistical Analysis. For statistical analyses, Iused unpaired or two-sided t-tests, one-way 

analysis of variance (ANOVA) followed by Tukey post hoc comparison or two-way 

ANOVA followed by Bonferroni correction for multiple comparisons; the chi-squared test 

was used for categorical data. Values are presented as mean ± s.e.m. or mean ± s.d.; P < 

0.05 was considered statistically significant. The exact value of P is not provided by the 

software when it is less than 0.0001. Data distribution was assumed to be normal but this 
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was not formally tested. No statistical methods were used to predetermine sample sizes, but 

our sample sizes are similar to those reported in previous publications, such as minimal 

number of mice needed for behavioral experiments.  

Data collection. Data collection and analysis were not performed blind to the conditions of 

the experiments. 

  



  

158 
 

References 

 
 

Ash, P. E. A., Bieniek, K. F., Gendron, T. F., Caulfield, T., Lin, W.-L., DeJesus-
Hernandez, M., van Blitterswijk, M. M., Jansen-West, K., Paul, J. W., Rademakers, R., 
Boylan, K. B., Dickson, D. W., & Petrucelli, L. (2013). Unconventional Translation of 
C9ORF72 GGGGCC Expansion Generates Insoluble Polypeptides Specific to 
c9FTD/ALS. Neuron, 77(4), 639–646. https://doi.org/10.1016/j.neuron.2013.02.004 

Cleary, J. D., & Ranum, L. P. W. (2013). Repeat-associated non-ATG (RAN) translation 
in neurological disease. Human Molecular Genetics, 22(R1), R45–R51. 
https://doi.org/10.1093/hmg/ddt371 

Davidson, Y. S., Barker, H., Robinson, A. C., Thompson, J. C., Harris, J., Troakes, C., 
Smith, B., Al-Saraj, S., Shaw, C., Rollinson, S., Masuda-Suzukake, M., Hasegawa, M., 
Pickering-Brown, S., Snowden, J. S., & Mann, D. M. (2014). Brain distribution of 
dipeptide repeat proteins in frontotemporal lobar degeneration and motor neurone 
disease associated with expansions in C9ORF72. Acta Neuropathologica 
Communications, 2(1), 70. https://doi.org/10.1186/2051-5960-2-70 

Degeneration, G. C. for F. L., Alliance, B. B. B., Schludi, M. H., May, S., Grässer, F. A., 
Rentzsch, K., Kremmer, E., Küpper, C., Klopstock, T., Arzberger, T., & Edbauer, D. 
(2015). Distribution of dipeptide repeat proteins in cellular models and C9orf72 
mutation cases suggests link to transcriptional silencing. Acta Neuropathologica, 
130(4), 537–555. https://doi.org/10.1007/s00401-015-1450-z 

DeJesus-Hernandez, M., Mackenzie, I. R., Boeve, B. F., Boxer, A. L., Baker, M., 
Rutherford, N. J., Nicholson, A. M., Finch, N. A., Flynn, H., Adamson, J., Kouri, N., 
Wojtas, A., Sengdy, P., Hsiung, G. Y. R., Karydas, A., Seeley, W. W., Josephs, K. A., 
Coppola, G., Geschwind, D. H., … Rademakers, R. (2011). Expanded GGGGCC 
Hexanucleotide Repeat in Noncoding Region of C9ORF72 Causes Chromosome 9p-
Linked FTD and ALS. Neuron, 72(2), 245–256. 
https://doi.org/10.1016/j.neuron.2011.09.011 

Ebrahimi-Fakhari, D., Saffari, A., Wahlster, L., Nardo, A. D., Turner, D., Lewis, T. L., 
Conrad, C., Rothberg, J. M., Lipton, J. O., Kölker, S., Hoffmann, G. F., Han, M.-J., 
Polleux, F., & Sahin, M. (2016). Impaired Mitochondrial Dynamics and Mitophagy in 
Neuronal Models of Tuberous Sclerosis Complex. Cell Reports, 17(4), 1053–1070. 
https://doi.org/10.1016/j.celrep.2016.09.054 

Farg, M. A., Konopka, A., Soo, K. Y., Ito, D., & Atkin, J. D. (2017). The DNA damage 
response (DDR) is induced by the C9orf72 repeat expansion in amyotrophic lateral 
sclerosis. Human Molecular Genetics, 26(15), 2882–2896. 
https://doi.org/10.1093/hmg/ddx170 



  

159 
 

Forbes, C. E., & Grafman, J. (2010). The Role of the Human Prefrontal Cortex in Social 
Cognition and Moral Judgment*. Neuroscience, 33(1), 299–324. 
https://doi.org/10.1146/annurev-neuro-060909-153230 

Gao, F., Almeida, S., & Lopez‐Gonzalez, R. (2017). Dysregulated molecular pathways in 
amyotrophic lateral sclerosis–frontotemporal dementia spectrum disorder. The EMBO 
Journal, 36(20), 2931–2950. https://doi.org/10.15252/embj.201797568 

Gao, F.-B., Richter, J. D., & Cleveland, D. W. (2017). Rethinking Unconventional 
Translation in Neurodegeneration. Cell, 171(5), 994–1000. 
https://doi.org/10.1016/j.cell.2017.10.042 

Hardiman, O., Al-Chalabi, A., Chio, A., Corr, E. M., Logroscino, G., Robberecht, W., 
Shaw, P. J., Simmons, Z., & Berg, L. H. van den. (2017). Correction: Amyotrophic 
lateral sclerosis. Nature Reviews Disease Primers, 3(1), 17085. 
https://doi.org/10.1038/nrdp.2017.85 

Hong, S., Dissing-Olesen, L., & Stevens, B. (2016). New insights on the role of microglia 
in synaptic pruning in health and disease. Current Opinion in Neurobiology, 36, 128–
134. https://doi.org/10.1016/j.conb.2015.12.004 

Kwon, I., Xiang, S., Kato, M., Wu, L., Theodoropoulos, P., Wang, T., Kim, J., Yun, J., 
Xie, Y., & McKnight, S. L. (2014). Poly-dipeptides encoded by the C9orf72 repeats 
bind nucleoli, impede RNA biogenesis, and kill cells. Science, 345(6201), 1139–1145. 
https://doi.org/10.1126/science.1254917 

Li, Z., Okamoto, K.-I., Hayashi, Y., & Sheng, M. (2004). The Importance of Dendritic 
Mitochondria in the Morphogenesis and Plasticity of Spines and Synapses. Cell, 
119(6), 873–887. https://doi.org/10.1016/j.cell.2004.11.003 

Lopez-Gonzalez, R., Lu, Y., Gendron, T. F., Karydas, A., Tran, H., Yang, D., Petrucelli, 
L., Miller, B. L., Almeida, S., & Gao, F. B. (2016). Poly(GR) in C9ORF72-Related 
ALS/FTD Compromises Mitochondrial Function and Increases Oxidative Stress and 
DNA Damage in iPSC-Derived Motor Neurons. Neuron, 92(2), 383–391. 
https://doi.org/10.1016/j.neuron.2016.09.015 

Mackenzie, I. R. A., Frick, P., Grässer, F. A., Gendron, T. F., Petrucelli, L., Cashman, N. 
R., Edbauer, D., Kremmer, E., Prudlo, J., Troost, D., & Neumann, M. (2015). 
Quantitative analysis and clinico-pathological correlations of different dipeptide repeat 
protein pathologies in C9ORF72 mutation carriers. Acta Neuropathologica, 130(6), 
845–861. https://doi.org/10.1007/s00401-015-1476-2 

Mackenzie, I. R., Arzberger, T., Kremmer, E., Troost, D., Lorenzl, S., Mori, K., Weng, S.-
M., Haass, C., Kretzschmar, H. A., Edbauer, D., & Neumann, M. (2013). Dipeptide 
repeat protein pathology in C9ORF72 mutation cases: clinico-pathological correlations. 
Acta Neuropathologica, 126(6), 859–879. https://doi.org/10.1007/s00401-013-1181-y 



  

160 
 

Mizielinska, S., Grönke, S., Niccoli, T., Ridler, C. E., Clayton, E. L., Devoy, A., Moens, 
T., Norona, F. E., Woollacott, I. O. C., Pietrzyk, J., Cleverley, K., Nicoll, A. J., 
Pickering-Brown, S., Dols, J., Cabecinha, M., Hendrich, O., Fratta, P., Fisher, E. M. C., 
Partridge, L., & Isaacs, A. M. (2014). C9orf72 repeat expansions cause 
neurodegeneration in Drosophila through arginine-rich proteins. Science, 345(6201), 
1192–1194. https://doi.org/10.1126/science.1256800 

Mori, K., Weng, S.-M., Arzberger, T., May, S., Rentzsch, K., Kremmer, E., Schmid, B., 
Kretzschmar, H. A., Cruts, M., Broeckhoven, C. V., Haass, C., & Edbauer, D. (2013). 
The C9orf72 GGGGCC Repeat Is Translated into Aggregating Dipeptide-Repeat 
Proteins in FTLD/ALS. Science, 339(6125), 1335–1338. 
https://doi.org/10.1126/science.1232927 

Olney, N. T., Spina, S., & Miller, B. L. (2017). Frontotemporal Dementia. Neurologic 
Clinics, 35(2), 339–374. https://doi.org/10.1016/j.ncl.2017.01.008 

Pathak, D., Shields, L. Y., Mendelsohn, B. A., Haddad, D., Lin, W., Gerencser, A. A., 
Kim, H., Brand, M. D., Edwards, R. H., & Nakamura, K. (2015). The Role of 
Mitochondrially Derived ATP in Synaptic Vesicle Recycling* ♦. Journal of Biological 
Chemistry, 290(37), 22325–22336. https://doi.org/10.1074/jbc.m115.656405 

Renton, A. E., Majounie, E., Waite, A., Simón-Sánchez, J., Rollinson, S., Gibbs, J. R., 
Schymick, J. C., Laaksovirta, H., Swieten, J. C. van, Myllykangas, L., Kalimo, H., 
Paetau, A., Abramzon, Y., Remes, A. M., Kaganovich, A., Scholz, S. W., Duckworth, 
J., Ding, J., Harmer, D. W., … Traynor, B. J. (2011). A hexanucleotide repeat 
expansion in C9ORF72 is the cause of chromosome 9p21-linked ALS-FTD. Neuron, 
72(2), 257–268. https://doi.org/10.1016/j.neuron.2011.09.010 

Saberi, S., Stauffer, J. E., Jiang, J., Garcia, S. D., Taylor, A. E., Schulte, D., Ohkubo, T., 
Schloffman, C. L., Maldonado, M., Baughn, M., Rodriguez, M. J., Pizzo, D., 
Cleveland, D., & Ravits, J. (2018). Sense-encoded poly-GR dipeptide repeat proteins 
correlate to neurodegeneration and uniquely co-localize with TDP-43 in dendrites of 
repeat-expanded C9orf72 amyotrophic lateral sclerosis. Acta Neuropathologica, 
135(3), 459–474. https://doi.org/10.1007/s00401-017-1793-8 

Sakae, N., Bieniek, K. F., Zhang, Y.-J., Ross, K., Gendron, T. F., Murray, M. E., 
Rademakers, R., Petrucelli, L., & Dickson, D. W. (2018). Poly-GR dipeptide repeat 
polymers correlate with neurodegeneration and Clinicopathological subtypes in 
C9ORF72-related brain disease. Acta Neuropathologica Communications, 6(1), 63. 
https://doi.org/10.1186/s40478-018-0564-7 

Shi, K. Y., Mori, E., Nizami, Z. F., Lin, Y., Kato, M., Xiang, S., Wu, L. C., Ding, M., Yu, 
Y., Gall, J. G., & McKnight, S. L. (2017). Toxic PRn poly-dipeptides encoded by the 
C9orf72 repeat expansion block nuclear import and export. Proceedings of the 
National Academy of Sciences, 114(7), E1111–E1117. 
https://doi.org/10.1073/pnas.1620293114 



  

161 
 

Vatsavayai, S. C., Yoon, S. J., Gardner, R. C., Gendron, T. F., Vargas, J. N. S., Trujillo, 
A., Pribadi, M., Phillips, J. J., Gaus, S. E., Hixson, J. D., Garcia, P. A., Rabinovici, G. 
D., Coppola, G., Geschwind, D. H., Petrucelli, L., Miller, B. L., & Seeley, W. W. 
(2016). Timing and significance of pathological features in C9orf72 expansion-
associated frontotemporal dementia. Brain, 139(12), 3202–3216. 
https://doi.org/10.1093/brain/aww250 

Wen, X., Tan, W., Westergard, T., Krishnamurthy, K., Markandaiah, S. S., Shi, Y., Lin, 
S., Shneider, N. A., Monaghan, J., Pandey, U. B., Pasinelli, P., Ichida, J. K., & Trotti, 
D. (2014). Antisense Proline-Arginine RAN Dipeptides Linked to C9ORF72-
ALS/FTD Form Toxic Nuclear Aggregates that Initiate In Vitro and In Vivo Neuronal 
Death. Neuron, 84(6), 1213–1225. https://doi.org/10.1016/j.neuron.2014.12.010 

Yang, D., Abdallah, A., Li, Z., Lu, Y., & Almeida, S. (2015). FTD/ALS-associated 
poly(GR) protein impairs the Notch pathway and is recruited by poly(GA) into 
cytoplasmic inclusions. Acta Neuropathologica, 130(4), 525–535. 
https://doi.org/10.1007/s00401-015-1448-6 

Zu, T., Liu, Y., Bañez-Coronel, M., Reid, T., Pletnikova, O., Lewis, J., Miller, T. M., 
Harms, M. B., Falchook, A. E., Subramony, S. H., Ostrow, L. W., Rothstein, J. D., 
Troncoso, J. C., & Ranum, L. P. W. (2013). RAN proteins and RNA foci from 
antisense transcripts in C9ORF72 ALS and frontotemporal dementia. Proceedings of 
the National Academy of Sciences, 110(51), E4968–E4977. 
https://doi.org/10.1073/pnas.1315438110 

  
  



  

162 
 

  

0.0 0.5 1.0 1.5 2.0 2.5 3.0
0.0

0.2

0.4

0.6

0.8

1.0

Inter-event interval (s)

C
um

ul
at

iv
e 

 P
ro

ba
bi

lit
y

500ms
20pA

###

I

II/III

V

IV

ACC

PL

IL

���ȝP

CamKII (12)
CamkII;(GR)80 (17)

**

0

2

4

6

8

10

Fr
eq

ue
nc

y 
 (H

z)

CamKII CamKII;(GR)80 

CamKII CamKII;(GR)80

0
2
4
6
8

10
12
14
16
18
20
22

m
EP

SC
 (p

A
)

CamKII CamKII;(GR)80

0 10 20 30 40
0.00

0.25

0.50

0.75

1.00

Amplitude (pA)

C
um

ul
at

iv
e 

P
ro

ba
bi

lit
y

a

b

c d

CamKII (12)
CamkII;(GR)80 (17)



  

163 
 

Fig. 1 | Altered synaptic transmission in the PFC of CamKII;(GR)80 mice. A. Schematic 

showing a coronal PFC slice. ACC, anterior cingulated cortex; PL, prelimbic cortex; IL, 

infralimbic cortex. B. Recording configuration from a LV pyramidal neuron identified by 

morphology (arrow). C. Sample mEPSC recordings recorded at -70mV. D, E, Cumulative 

probabilities of amplitude (D) and inter-event interval (E) distributions of mEPSCs. Insets, 

mean amplitudes (D) and frequencies (E). ###, p<.001, Kolmogorov-Smirnov tests vs. WT. 

**, p<.01 vs. WT, two-tailed Student’s t-test. 
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Abstract  

Epitranscriptomic mechanisms linking tRNA function and the brain proteome to cognition 

and complex behaviors are not well described. Here, we report bi-directional changes in 

depression-related behaviors after genetic disruption of neuronal tRNA cytosine 

methylation, including conditional ablation and transgene-derived overexpression of Nsun2 

in the mouse prefrontal cortex (PFC). Neuronal Nsun2-deficiency was associated with a 

decrease in tRNA m5C levels, resulting in deficits in expression of 70% of 

tRNAGly isodecoders. Altogether, 1488/5820 proteins changed upon neuronal Nsun2-

deficiency, in conjunction with glycine codon-specific defects in translational efficiencies. 

Loss of Gly-rich proteins critical for glutamatergic neurotransmission was associated with 

impaired synaptic signaling at PFC pyramidal neurons and defective contextual fear 

memory. Changes in the neuronal translatome were also associated with a 146% increase in 

glycine biosynthesis. These findings highlight the methylation sensitivity of glycinergic 

tRNAs in the adult PFC. Furthermore, they link synaptic plasticity and complex behaviors 

to epitranscriptomic modifications of cognate tRNAs and the proteomic homeostasis 

associated with specific amino acids. 
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Introduction 

Targeting the brain’s translational machinery bears promise for psychiatric disease 

treatment (Monteggia et al., 2013; Niciu et al., 2014) but the role of tRNAs—76–90 

nucleotide cloverleaf-shaped structures and key players for ribosomal protein synthesis 

comprising ~10% of the cell’s RNA pool—remains unexplored. This is surprising given 

that neurological phenotypes are often the primary manifestation of mutations affecting the 

tRNA regulome (Fine et al., 2019; Ognjenović & Simonović, 2017; Schaffer et al., 2019). 

For example, mutations in a subset of mitochondrial enzymes charging tRNAs with their 

cognate amino acids have been associated with adult-onset frontal lobe dysfunction, 

depression, and cognitive decline (Dallabona et al., 2014). Furthermore, a recent 

metabolomics meta-analysis integrating findings from multiple mouse and rat stress-based 

depression models listed tRNA charging and amino acid metabolism among the top five 

ranking pathways significantly affected in the depressed brain, together with 

endocannabinoid signaling, catecholamine biosynthesis, and GABA receptor signaling 

(Tian et al., 2020). Here, Ifocus on adult brain phenotypes after genetic disruption of tRNA 

epitranscriptomic modification by NOL1/NOP2/SUN domain tRNA cytosine 

methyltransferase (Nsun2), which is essential for cytosine methylation (m5C) at the tRNA’s 

variable loop on >75% of actively transcribed mammalian tRNAs (Blanco et al., 2014). 

Evidence for the importance of solely NSUN2-mediated m5C in human health and disease 

was first provided by individuals with a loss-of-function mutation inNSUN2, displaying 

intellectual disability (ID), facial dysmorphism, and distal myopathy (Abbasi-Moheb et al., 

2012; Komara et al., 2015). The idea that Nsun2 deficiency causes neurological 

abnormalities was further delineated by studies in Drosophila (d) and mouse (Abbasi-
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Moheb et al., 2012; Blanco et al., 2014), including knockdown of Drosophila Nsun2 

(dNsun2) which impaired short-term memory after aversive olfactory conditioning, and the 

phenotype was rescued by pan-neuronal expression of dNsun2 (Abbasi-Moheb et al., 2012). 

Furthermore, mice with Nsun2 germline deletion demonstrated various impairments in 

locomotor activity and behavior together with reduced brain size due to excessive cell death 

in the prenatal brain (Blanco et al., 2014). The mechanism thus far suggested for these 

deficits is impaired translation induced by increased tRNA fragmentation after Nsun2 

ablation (Blanco et al., 2014; Flores et al., 2017). While there is evidence for global 

impairment of protein synthesis via fluorescent labeling of nascent proteins in embryonic 

mouse brain(Blanco et al., 2014) and adult mouse skin (Blanco et al., 2014), to our 

knowledge no one has used unbiased proteomic approaches such as mass spectrometry to 

directly measure specific molecular pathways altered by Nsun2 ablation in any tissue type. 

It has been established previously that global Nsun2 knockout in mouse alters the pool of 

mature tRNAs in the embryonic brain and adult skin (Blanco et al., 2014) and liver (Shinoda 

et al., 2019), including a marked depletion of tRNAGly, which is a key target of Nsun2 

methylation. However, although tRNA cytosine methylation (m5C) has recently been 

profiled in various tissues, including embryonic brain (Blanco et al., 2014; Flores et al., 

2017; Hussain et al., 2013; Khan et al., 2012; Shinoda et al., 2019; Tuorto et al., 2012), the 

molecular characterization of the Nsun2-dependent epitranscriptome, and its functional 

relevance in the mature adult mammalian brain is still completely unexplored. In this study, 

Iuse three different genetic approaches selectively targeting Nsun2 function in differentiated 

neurons of the postnatal and adult brain. These include neuron-specific conditional Nsun2 

ablation and transgene-mediated increase inNsun2expression and methylation activity in 
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the adult prefrontal cortex (PFC), thereby focusing on the effect of Nsun2 enzymatic activity 

on specific neuronal subpopulations in the mature brain. Ireport that Nsun2 shapes complex 

behaviors and neuronal function, which are highly sensitive to bi-directional changes in 

tRNA methyltransferase activity. Ishow that the underlying mechanisms include alterations 

in tRNAs defined by high cytosine methylation specifically in the variable loop region, 

resulting in prominent deficits of tRNAGly isodecoders with corresponding shifts in the 

neuronal proteome due to decreased translational efficiency of glycine-rich neuronal 

proteins. Ultimately, these distortions in the glycinergic neuronal translatome lead to a 2.46-

fold increase in PFC glycine levels associated with multifold increases in several key 

enzymes of the glycine biosynthetic pathway, further illustrating that in the adult brain, 

proteomic and metabolic homeostasis associated with specific amino acids is linked to 

epitranscriptomic modification of cognate tRNAs. 

Results and Discussion 

Altered synaptic efficacy in mPFC-ACC synapses of NSUN2 KO mice 

To elucidate changes in synaptic transmission of mPFC neurons in NSUN2 KO mice, 

Ianalyzed AMPA receptor (AMPAR)-mediated miniature excitatory post-synaptic currents 

(mEPSCs) in layer 5 (L5) pyramidal neurons of the anterior cingulated cortex (ACC) and 

the prelimbic (PL) regions of the mPFC. L5 neurons are the major output relay neurons of 

the mPFC that exert a top-down control of subcortical brain regions and neuronal circuits 

critical for behavior. Acute brain slices containing the mPFC region were prepared from 3-

months old CamKII;NSUN2 KO and CamkII mice. Whole-cell patch-clamp recordings were 

performed on L5 neurons in both the ACC and PL regions of the mPFC. mEPSCs were 

recorded at -70mV in the presence of tetrodotoxin (1uM) and pictrotoxin (100uM) to block 
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GABAA-mediated inhibitory responses. In the ACC region, Ifound a significant decrease in 

the frequency of mEPSCs between CamKII;NSUN2 KO and CamkII mice, indicating a loss 

of functional synapses and/or a decrease in the probability of pre-synaptic glutamate release. 

Moreover, there was a significant decrease in the amplitude of mEPSCs, suggesting 

alterations in postsynaptic AMPARs in mutant mice. In contrast, recordings from the PL 

region showed no differences in frequency or amplitude of mEPSCs between 

CamKII;NSUN2 KO and CamkII mice. These results suggest that the loss of NSUN2 

impairs synaptic efficacy in vivo in the ACC region of the mPFC. Taken together, this 

finding showed that Nsun2 expression and activity in mature neurons is essential for 

synaptic transmission, which may contribute to Nsun2 regulation of affective states 

associated with depression and anxiety 
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Methods  

Animals. All animal work was approved by the Institutional Animal Care and Use 

Committee of the Icahn School of Medicine at Mount Sinai. Mice were grouphoused 2–

5/cage with ad libitum access to food and water and a 12 h light/dark cycle (lights off at 7 

pm) under constant conditions (21 ± 1 °C; 60% humidity). Mice bred in-house were weaned 

at ~P28, housed with same-sex littermates, and ear-tagged/genotyped. 

Nsun2 conditional knockout mice. C57BL/6N-Nsun2tm1c(EUCOMM)WtsiOulu mutant mouse 

sperm were obtained from the Wellcome Trust Sanger Institute (Cambridgeshire, UK). This 

line is modified from EUCOMM ES clone EPD0105_2_F10, after breeding with a Flp 

recombinase deleter line to convert the original knockout first targeted allele (tm1a) into a 

conditional allele (tm1c). Mice with the tm1c allele exhibit a phenotypical wild-type state 

although exon 6 of Nsun2 is flanked by loxP sites, where the presence of Cre-recombinase 

excises this exon and produces a frame-shift, resulting in early termination of Nsun2 

translation. IVF was performed with C57BL/6N-Nsun2tm1c(EUCOMM)WtsiOulu mutant mouse 

sperm and wild-type (WT) C57BL/6N females. Mice were then bred further to obtain 

Nsun22lox/2lox mice (two copies of tm1c mutant allele). Nsun22lox/2lox mice were crossed with 

a CamK-Cre+ line to produce CamK-Cre+,Nsun22lox/ 2lox mice for knockout of Nsun2 in 

excitatory forebrain neurons. This particular calmodulin-kinase II (CamK)-Cre transgenic 

line is associated with widespread neuronal Cre-mediated deletion across the forebrain 

before postnatal day 18, as previously described. For behavioral and molecular experiments, 

we bred CamK-Cre-,Nsun22lox/2lox males with CamK-Cre+,Nsun22lox/- females and obtained 

expected Mendelian ratios of offspring genotypes (X2(3, N = 99) = 0.459, P = 0.928). Age- 

and sex-matched CamK-Cre-,Nsun22lox/2lox or Nsun22lox/− were used as wild-type controls in 
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genotype experiments. Mice were 13–16 weeks old for all behavioral experiments and 

sacrificed at 13–16 weeks for all molecular experiments except for tRNA bisulfite 

sequencing of CamK-Cre+, Nsun22lox/2lox mice, which were ~8 weeks old at the time of 

sacrifice. 

Slice electrophysiology. Nsun2 KO and WT mice (~3 months old) were sacrificed and their 

brains rapidly removed and placed in saturated (95% O2and 5% CO2), ice-cold artificial 

cerebrospinal fluid (ACSF) containing 126 mM NaCl, 2.5 mM KCl, 2.5 mM CaCl2, 1.2 

mM MgCl2, 25 mM NaHCO3, 1.2 mM NaH2PO4, and 11mMD-glucose. Coronal slices 

(300μm) containing the medial prefrontal cortex (mPFC) (1.54–2.8 mm anterior to the 

bregma) were sectioned on a Leica VT1200Vibratome and immediately transferred into an 

incubation chamber (Harvard Apparatus) containing oxygenated ACSF. Slices were 

recovered in the chamber for at least 1 h at room temperature (21–23 °C) before recordings. 

Slices were then transferred to a recording chamber and continuously perfused with heated 

(32 °C) ACSF equilibrated with 95% O2and 5% CO2. All recordings were performed 

with100μM picrotoxin in the ACSF to block GABAA receptor-mediated inhibitory synaptic 

responses. Glass recording pipettes (3–4MΩ) were filled with a solution containing 142 mM 

Cs-gluconate, 8 mM NaCl, 10 mM HEPES, 0.4 mM EGTA,2.5 mM QX-314 [N-(2,6-

dimethylphenylcarbamoylmethyl) triethylammoniumbromide], 2 mM Mg-ATP, and 0.25 

mM GTP-Tris, pH 7.25. Data were collected with a MultiClamp 700B amplifier (Molecular 

Devices), digitized with a Digidata1322 A data acquisition system (Molecular Devices), and 

analyzed with pClamp Software (version 10.7; Molecular Devices). 

Miniature EPSCs. AMPAR-mediated mEPSCs were recorded from individual 

L5pyramidal neurons in the anterior cingulated (ACC) cortex and the prelimbic (PL)cortex. 
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Pyramidal neurons were identified morphologically by infrared differential interference 

contrast microscopy. Whole-cell recordings were performed undervoltage-clamp mode 

(holding at−70 mV) in the presence of 1μM tetrodotoxin (TTX; Sigma) in ACSF. Series 

resistance was monitored throughout the recordings and data were discarded if the resistance 

changed by more than 15%. Signals were filtered offline at 2 kHz and analyzed with Mini 

Analysis 6 (Synaptosoft). Average mEPSC amplitude and frequency, as well as cumulative 

probability for mEPSC amplitude and inter-event interval for each cell, was calculated by 

collecting mEPSCs recorded during the initial 5-min period after whole-cell access and 

stable series resistance was achieved. 

Statistical Analyses. Statistical analyses were performed using Graphpad Prism 8.4.3 

software. For electrophysiology experiments, average mEPSC amplitude and frequency 

were compared between WT and KO by unpaired two-tailed t tests. Statistical significance 

was denoted by P < 0.05. All bar graphs are presented as the mean with error bars 

representing the standard error of the mean (SEM) and include all individual data points. 
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Figure 1. Decreased synaptic transmission in ACC L5 neurons of NSUN2 KO mice. a, 

d, Sample mEPSC recordings from the ACC (a) and PL (d) regions of the mPFC recorded 

at -70mV. b, c, Cumulative probabilities of inter-event interval (b) and amplitude (c) 

distributions of mEPSCs in the ACC region. Insets, mean frequencies (b) and amplitudes 

(c). e, f, Cumulative probabilities of inter-event interval (e) and amplitude (f) distributions 

of mEPSCs in the PL region. Insets, mean frequencies (e) and amplitudes (f). Values are 

mean±s.e.m. **p<.01 by two-sided Student’s t-test, *p<.05 by two-sided Student’s t-test. 

 

 


