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SUMMARY
Empathic function is essential for the well-being of social species. Empathy loss is associated with
various brain disorders and represents arguably the most distressing feature of frontotemporal dementia
(FTD), a leading form of presenile dementia. The neural mechanisms are unknown. We established an FTD
mouse model deficient in empathy and observed that aged somatic transgenic mice expressing GGGGCC
repeat expansions in C9orf72, a common genetic cause of FTD, exhibited blunted affect sharing and failed
to console distressed conspecifics by affiliative contact. Distress-induced consoling behavior activated
the dorsomedial prefrontal cortex (dmPFC), which developed profound pyramidal neuron hypoexcitability
in aged mutant mice. Optogenetic dmPFC inhibition attenuated affect sharing and other-directed conso-
lation in wild-type mice, whereas chemogenetically enhancing dmPFC excitability rescued empathy def-
icits in mutant mice, even at advanced ages when substantial cortical atrophy had occurred. These results
establish cortical hypoexcitability as a pathophysiological basis of empathy loss in FTD and suggest a
therapeutic strategy.
INTRODUCTION

Empathy, the capacity to understand and share the affective

states of another and respond appropriately, plays fundamental

roles in one’s well-being, kinship, and social life.1 Although com-

mon in humans and some nonhuman species,1 empathy, or its

evolutionarily conserved forms with varying levels of self-other

recognitions and affective-cognitive complexities, is observed

across diverse social species, including rodents.2,3 Rodents

exhibit behavioral homologs of human empathy and empatheti-

cally motivated prosocial behaviors, including social transfer of

fear or pain and emotional contagion,4–8 consolation toward dis-

tressed partners,7,9 and helping and sharing.10 The anterior

(ACC) and medial cingulate (MCC) cortices, central nodes en-

coding information about affective states of others,11,12 along

with regions in distributed affective and cognitive neural net-

works, e.g., themedial prefrontal cortex (mPFC), mediate human

empathy.13,14 In mice, the ACC and its descending pathways

regulate social transfer of affect in a circuit- and valence-depen-

dent manner.5,8,15–17 However, the neural mechanisms of

empathy remain largely undefined. In addition, abnormalities in
empathy manifest in various psychiatric and neurological dis-

eases,18,19 but the neurophysiological basis of empathy impair-

ments remains unknown for any disease.

Frontotemporal dementia (FTD) is a leading form of presenile

dementia associated with focal but progressive degeneration

of frontal and/or temporal lobes and encompasses a spectrum

of clinical syndromes.20,21 About half of all FTD cases are behav-

ioral variant FTD (bvFTD) characterized by marked changes in

personality, judgement, inhibitory control, and affect, including

the loss of empathy, arguably the most distressing condition

for family and caretakers.20–22 Although most FTD occurs

sporadically, a significant fraction of cases (�40%–50%) are

linked tomutations of over a dozen genes with diverse molecular

and cellular functions.23 A GGGGCC (G4C2) hexanucleotide

repeat expansion in the chromosome 9 open reading frame 72

(C9orf72) gene is themost common genetic cause of both bvFTD

(c9FTD) and amyotrophic lateral sclerosis (c9ALS),24,25 a moto-

neuron degeneration disease that overlaps with FTD clinically

and pathologically.23,26 Strikingly, despite the molecular and ge-

netic heterogeneity of bvFTD, behavioral impairments, lost

empathy in particular, remain a common and defining feature
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Figure 1. Other-directed consolation and emotional contagion in mice

(A) Schematic of DIA paradigm. O, Observer; D, Demonstrator.

(B) Proportions of time observers spent engaging in different behaviors in HC1 and HC2. A-G, anogenital. Breaks in pie charts indicate 6 min of locomotion.

(C) Representative images of allogrooming and body contact behaviors initiated by observers toward demonstrators in HC2.

(D) Cumulative duration of other-directed affiliative behaviors by observers during HC2. Inset, summary of mean affiliative duration.

(E–H) Allogrooming duration (E) and number of bouts (F) and body contact duration (G) and number of bouts (H) by observers in HC1 and HC2.

(I) Self-grooming duration during HC1 and HC2 by the observer and shocked demonstrator mice.

(J and K) Total time freezing exhibited by observers during conditioning (J) and retrieval (24 h later) (K) of OFC.

(L and M) Representative heatmaps (L) depicting cumulative time at different locations by demonstrators during a 30-min open field test and quantification of

center-to-total distance ratio (M) by demonstrators before (baseline) and after DIA (post-shock). Demonstrators either remained alone (left) or were reunited with

observers (right) after foot shocks.

(D–I and M) Statistics: two-tailed paired or unpaired Student’s t tests. (J and K) Statistics: one-way repeated measures ANOVA with Dunnett’s post hoc tests

comparing freezing with the first min of OFC baseline (no shock). *p < 0.05, **p < 0.01, ***p < 0.001. NS, not significant. Data are represented as mean ± SEM.

Statistical details are provided in Table S2.

See also Figure S1 and Video S1.
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suggesting that fundamental neurophysiological mechanisms at

the cellular and circuit levels are at play. However, such mecha-

nisms are largely unknown.

RESULTS

Other-directed consolation and emotional contagion
in mice
We first set out to develop amouse paradigm (Figure 1) that cap-

tures both emotional contagion, a basic form of affective

empathy, and distress-induced, other-directed consolation, an

empathy-driven prosocial behavior initially observed in the ro-

dent species prairie vole.7 A naive test mouse (observer) and a
2 Neuron 111, 1–10, March 15, 2023
same-sex, unrelated, non-familiar conspecific (demonstrator)

were allowed to freely interact in a home-cage interaction ses-

sion (HC1), followed by an observational fear conditioning

(OFC) session where the demonstrator received repetitive foot

shocks with the observer watching and concluded by a second

home-cage session (HC2) where the two mice were reunited

(Figure 1A). During HC1, observer mice exhibited characteristic

behavioral repertoires including social investigative (head,

body, and anogenital sniffing) and non-social (rearing, self-

grooming, locomotion, and inactive) behaviors (Figure 1B). Dur-

ing HC2 reunion following OFC, however, observers also dis-

played robust prosocial allogrooming and, more predominately,

body contact (brief but repeated body-touching or prolonged
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body-huddling) toward distressed demonstrators (Figures 1B

and 1C; Video S1). These other-directed affiliative behaviors

were nearly exclusively seen in observers interacting with

shocked, but not non-shocked, demonstrators and during

HC2, but not HC1, with significantly longer duration, larger

numbers of bouts, and shorter onset latency (Figures 1D–1H,

S1A, and S1B; Video S1). Importantly, demonstrators did not

exhibit allogrooming toward observers (Figure S1C) and instead

showed a marked increase in self-grooming (Figure 1I) and

immobility as well as a decreased number of social approaches

in HC2 (Figures S1D and S1E), signaling an elevated state of

distress. Thus, the other-directed affiliative behaviors are spe-

cific to and initiated by the observers in response to demonstra-

tors in distress. As expected, observermice showed a significant

increase of observational fear during both OFC and retrieval 24 h

later (Figures 1J and 1K), as well as a modest but significant in-

crease in self-grooming in HC2 (Figure 1I), suggesting emotional

contagion.

A purported benefit of other-oriented prosocial behaviors is

comforting.27 To test whether other-directed affiliative behavior

by observers had a stress-relieving effect on demonstrators,

we examined the anxiety level of distressed demonstrators

following isolation or reunion with observers in HC2 (Figure 1L).

In an open field, demonstrators that were alone during HC2

showed a significant decrease in center-to-total distance ratio

post-shock compared with baseline, indicating an increase in

anxiety (Figure 1M). By contrast, demonstrators that were re-

united with observers during HC2 did not exhibit an increase in

anxiety (Figure 1M), suggesting a calming effect provided by

the observer to the demonstrator, consistent with social buff-

ering of stress previously shown in rodents.7,9 Together, we

have established a behavioral paradigm that captures both

distress-induced affiliative (DIA) consolation behavior and

affect-sharing emotional contagion in mice.

Empathic deficits in aged (G4C2)66/EGFP mice
Mouse models of empathy loss associated with FTD were envi-

sioned28 but have yet to become available. To establish such a

model, we adopted an adeno-associated virus (AAV)-induced

somatic transgenic mouse strain that expresses 66-G4C2 hexa-

nucleotide repeat expansions throughout their CNS and de-

velops characteristic c9FTD pathologies.29,30 Mice at postnatal

day 0 (p0) received intracerebroventricular (ICV) microinjections

of AAV9 expressing (G4C2)66 and EGFP ((G4C2)66/EGFP), (G4C2)2
and EGFP ((G4C2)2/EGFP), or EGFP alone, with EGFP serving as

control while labeling infected neurons (Figures S2A and S2C). At

�12 months, an age equivalent to 45–50 human years when

most FTD symptoms peak,31 (G4C2)66/EGFP mice displayed

22%–25% neuron loss in the mPFC relative to control (G4C2)2/

EGFP and EGFP mice (Figure S2B), indicating substantial pre-

frontal atrophy. Consistent with previous reports,29,30 (G4C2)66/

EGFP mice showed characteristic poly(GR) and poly(GA) dipep-

tide repeat (DPR) protein inclusions in EGFP-positive neurons in

the mPFC (Figure S2C).

When tested in the DIA assay, aged (G4C2)66/EGFP observers

showed a marked loss of affiliative allogrooming and body con-

tact toward distressed demonstrators in HC2 (Figure 2A), with

significantly shorter duration, lower bout number, and longer la-
tency of other-directed affiliation compared with age-matched

(G4C2)2/EGFP and EGFP observers (Figures 2B–2D; Video S1).

Aged (G4C2)66/EGFP observers also exhibited significantly less

observational fear during both OFC (Figure 2F) and 24-h retrieval

(Figure 2G), as well as blunted distress-induced self-grooming

(Figure 2E), suggesting impaired emotional contagion. General

self-grooming capacity, however, was intact in mutantmice (Fig-

ure S2G). The empathic deficits in (G4C2)66/EGFP mice were un-

likely due to potential deficits in olfactory functions, which are

involved in both vicarious fear and allogrooming in mice,5,9 as

mutant mice showed similar levels of olfactory sensitivity and

discrimination relative to controls (Figures S2H and S2I).

The lack of other-directed affiliative behaviors of (G4C2)66/

EGFP mice in HC2 was unlikely due to their inability to acquire

vicarious fear in OFC because mutant observers still showed

significantly less affiliative behaviors than EGFP mice when

demonstrators received shocks without their direct observation

in a non-observational DIA assay (Figures 2H, 2I, and S2J–S2L).

These mice, as expected, showed impaired distress-induced

self-grooming in HC2 (Figure S2M), consistent with an

emotional contagion deficit. Finally, in both observational and

non-observational DIA paradigms, mutant mice spent more

time locomoting in HC2, likely a result of reduced affiliative

drive, but were not significantly or consistently affected in other

non-social behaviors (Figures 2E, S2D–S2F, and S2N–S2P),

suggesting little contributions of these behaviors to empathy

deficits in mutant mice.

dmPFC hypoexcitability in aged (G4C2)66/EGFP mice
We next explored the potential mechanism underlying the lost

empathy in mutant mice. Because the prefrontal underpinnings

of consolation in mice have not been determined, we first identi-

fied the PFC subregions activated in observer mice during our

observational DIA test using c-Fos (an immediate early gene pro-

tein) activity mapping. Significantly more c-Fos-positive cells

were detected in cingulate area 1 (Cg1) and prelimbic cortex

(PL), referred to as dorsomedial PFC (dmPFC), in observers

exposed to shocked demonstrators, compared with non-

shocked controls (Figures 3A–3C). The dmPFC regulates high-

order social behaviors32–35 and represents a viable candidate

for prosocial consolation behavior.

We then investigated the intrinsic excitability of dmPFC layer V

(LV) pyramidal neurons, the major output neurons projecting to

downstream structures36 to regulate behaviors. Using slice elec-

trophysiology (Figure 3D), we found that the amount of current

required to evoke the first action potentials (APs) in (G4C2)66/

EGFP-expressing neurons was strikingly increased compared

with (G4C2)2/EGFP- and EGFP-expressing control neurons

(Figures 3E and 3F; Table S1). Consistently, (G4C2)66/EGFP neu-

rons fired markedly fewer AP spikes compared with control neu-

rons in response to suprathreshold depolarizing current injec-

tions (Figures 3G and 3H; Table S1). Furthermore, mutant

neurons exhibited significantly smaller membrane input resis-

tance, suggesting that their capability to support repetitive AP

firing was severely compromised (Figures 3I–3K; Table S1).

Except for a slower AP decay in mutant Cg1 neurons and an

increased fast after-hyperpolarization (fAHP) in mutant PL neu-

rons, the overall AP waveform, resting potential, and membrane
Neuron 111, 1–10, March 15, 2023 3
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Figure 2. Impaired empathic function in

aged (G4C2)66/EGFP mice

(A) Proportions of time aged (G4C2)66/EGFP,

(G4C2)2/EGFP, and EGFP observers spent

engaging in different behaviors in DIA tests. Breaks

in pie charts indicate 6 min of omitted locomotion

and social investigation behaviors.

(B–D) Total duration (B), number of bouts (C), and

latency (D) of affiliative behaviors by observers

toward distressed demonstrators.

(E) Total self-grooming by observers during HC1

and HC2.

(F and G) Total freezing time by observers during

conditioning (F) and 24-h retrieval (G) of OFC.

(H) Schematic of non-observation DIA paradigm.

(I) Total duration of other-directed affiliative be-

haviors by aged (G4C2)66/EGFP and EGFP ob-

servers during non-observational DIA tests.

(B–E and I) Statistics: two-tailed paired or unpaired

Student’s t tests. (F and G) Statistics: two-way

repeated measures ANOVA with Bonferroni’s post

hoc tests. *p < 0.05, **p < 0.01, ***p < 0.001 vs. both

EGFP and (G4C2)2/EGFP, where notations indicate

the least significant p values of both comparisons.
##p < 0.01, ###p < 0.001 vs. (G4C2)2/EGFP. NS, not

significant. Data are represented as mean ± SEM.

Statistical details are provided in Table S2.

See also Figure S2 and Video S1.
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capacitance in both Cg1 and PL neurons were similar across

groups (Table S1). Together, these results demonstrate a pro-

found hypoexcitability in dmPFC LV pyramidal neurons in aged

mutant mice.

In vivo dmPFC photoinhibition attenuates empathic
function
To examine whether dmPFC hypoexcitability is responsible for

the lost empathy in mutant mice, we inhibited dmPFC pyramidal

neurons in wild-type mice and tested the effects on observa-

tional fear and other-directed comforting behaviors using in vivo

optogenetics.37 AAVs encoding the inhibitory halorhodopsin

eNpHR3.0 or mCherry were bilaterally injected into the dmPFC

and chronic optic fibers were implanted above the target sites

(Figures 4A and S3A). Ex vivo electrophysiology confirmedmark-

edly reduced AP firing (Figures S3B–S3D) and excitability (Fig-

ure S3E) in dmPFC pyramidal neurons expressing eNpHR3.0 in

response to 593 nm LED illumination. A continuous laser
4 Neuron 111, 1–10, March 15, 2023
stimulation (561 nm) was used to inhibit

pyramidal neurons in vivo during

HC2 (counterbalanced laser-ON-OFF or

laser-OFF-ON schedules; Figure 4A).

dmPFC photoinhibition potently attenu-

ated other-directed affiliative behaviors

in eNpHR3.0- but not mCherry-injected

observers, with significantly shorter allog-

rooming and body contact duration,

smaller bout numbers, and longer latency

during laser-ON compared with laser-

OFF phases (Figures 4B–4I and S3F–

S3I; Video S2), regardless of ON-OFF or
OFF-ON sequences (Figures S3J and S3K). dmPFC photoinhibi-

tion also significantly decreased observational fear in

eNpHR3.0-injected mice compared with mCherry-injected

mice (Figure 4J). Furthermore, dmPFC photoinhibition markedly

attenuated other-directed affiliation in the non-observational DIA

paradigm (Figures S3L–S3Q). By contrast, dmPFC inhibition did

not affect locomotor activity or anxiety behavior in an open field

(Figures S3R and S3S). Together, these experiments demon-

strate that pyramidal neuron activity in the dmPFC is required

for both vicarious fear and prosocial consolation in mice.

Rescue of empathic deficits in aged (G4C2)66/EGFPmice
Finally, we examined whether increasing dmPFC excitability

could rescue the lost empathy in aged (G4C2)66/EGFP mice.

We employed a chemogenetic approach38 by delivering AAVs

expressing the Gq-coupled stimulatory designer receptor

exclusively activated by designer drug (DREADD) hM3Dq

bilaterally into the dmPFC of aged (G4C2)66/EGFP mice
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Figure 3. dmPFC hypoexcitability in aged

(G4C2)66/EGFP mice

(A) Schematic indicating Cg1 and PL subregions of

the dmPFC sampled for c-Fos activation.

(B) Quantification of total c-Fos-positive cells from

Cg1 (top) and PL (bottom) of observers exposed to

shocked or non-shocked demonstrators during

observational DIA test.

(C) Representative images of c-Fos-positive cells in

Cg1 (top) and PL (bottom) of observers under no-

shock and shock conditions. Nuclei were stained

with DAPI (blue). Scale bar, 100 mm.

(D) Schematic of dmPFC recording configuration.

(E) Representative traces showing minimal current

injections required to evoke APs (red traces) from

(G4C2)66/EGFP-, (G4C2)2/EGFP-, and EGFP-ex-

pressing neurons in dmPFC.

(F) Summary of minimal currents required for AP

firing from (E).

(G) Representative AP firing of mutant and control

dmPFC neurons in response to a depolarizing step

current injection (215 pA).

(H) Summary of AP numbers elicited by step current

injections (500 ms, +25 pA steps).

(I) Representative traces of mutant and control

dmPFC neurons in response to hyperpolarizing step

current injections (500 ms, �25 pA steps).

(J and K) Summary of input resistance (J) and cur-

rent-voltage relationship (K) from (I).

(B) Statistics: two-tailed unpaired Student’s t tests.

(F and J) Statistics: one-way ANOVA with Bonfer-

roni’s post hoc tests. (H and K) Statistics: two-way

ANOVA with Bonferroni’s post hoc tests, where

notations indicate the least significant p values of

both comparisons. **p < 0.01, ***p < 0.001. Data are

represented as mean ± SEM. Statistical details are

provided in Table S2.

See also Table S1.
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((G4C2)66/hM3Dq; Figure 4K) and activating infected neurons by

the synthetic ligand clozapine-N-oxide (CNO). Slice electrophys-

iology confirmed that bath application of CNO enhanced the

excitability of hM3Dq-expressing dmPFC LV neurons by

increasing spike numbers in response to current injections, de-

polarizing the resting potential, and decreasing the minimal in-

jected current needed to induce APs (Figures S4A–S4D). Using

a within-subject, counterbalanced drug-administration design

in the observational DIA paradigm (Figure S4E), we found that

CNO, but not saline, treatments rescued both observational

fear and other-directed affiliation in aged (G4C2)66/hM3Dq ob-

servers, indicated by significantly increased affiliative duration

and number of bouts and reduced latency in CNO- relative to sa-

line-treated mice (Figures 4L–4N and S4F; Video S2). Aged

EGFP or (G4C2)66/EGFP mice transduced with control AAVs

showed similar empathic responses after saline or CNO treat-

ments (Figures 4L–4N and S4F–S4J). Activating dmPFC more

selectively during HC2 by timed CNO administration in a modi-

fied DIA assay showed a similar rescue of affiliative behavior in

(G4C2)66/hM3Dq mice, suggesting that this rescue was not due

to potential observation and fear acquisition enhancement

(Figures S4K–S4N). Furthermore, chemogenetic dmPFC activa-

tion rescued other-directed affiliative behavior in the non-obser-

vational DIA paradigm (Figures S4O–S4Q). Finally, dmPFC acti-

vation did not affect general locomotor activity in (G4C2)66/

hM3Dq mice in the open field (Figure S4R), suggesting that the

hyperlocomotion was not caused by dmPFC hypoactivity and

was unlikely to contribute to empathy deficits in mutant mice.

Together, we conclude that dmPFC hypoactivity underlies the

empathic deficits in aged (G4C2)66/EGFP mice.

DISCUSSION

It is now appreciated that evolutionarily conserved forms of hu-

man empathy are expressed by rodents.2,3 Here, we have devel-

oped a mouse empathy paradigm that captures both emotional

contagion and ensuing prosocial consolation, two foundational

empathic processes in the multilayered Russian-doll model of

empathy.1 Whereas observational fear has been extensively

studied as a model of emotional contagion in mice,3 consola-

tion-related allogrooming, initially documented in the highly so-

cial and monogamous prairie vole,7 was reported in mice only

recently.9 Other-oriented body contact (aka physical proximity)

is an affiliative behavior thought to afford comforting and
Figure 4. dmPFC-dependent mimic and rescue of FTD empathic defic

(A) Schematic, representative viral injection sites and expression and fiber placem

Arrows, optic fiber tracts.

(B–I) Allogrooming duration (B and F) and number of bouts (C and G) and body co

eNPHR3.0 (B–E) and mCherry observers (F–I) in observational DIA tests. Data fro

[PL]; blue lines) were combined to derive the means for dmPFC (dmPFC/eNpHR

(J) Freezing times by eNPHR3.0 and mCherry observers during OFC with photoi

(K) Representative AAV injection and expression in the dmPFC for in vivo chemo

(L and M) Affiliative duration (L) and number of bouts (M) by (G4C2)66/hM3Dq

demonstrators in saline or CNO conditions.

(N) Average freezing time during baseline or shock phase of OFC by observers a

(B–I and L–N) Statistics: two-tailed paired or unpaired Student’s t tests. (J) Statis

***p < 0.001. Data are represented as mean ± SEM. Statistical details are provid

See also Figures S3 and S4 and Video S2.
strengthen social bonding in group-housed rodents39 but has

not been shown in a prosocial consolation context. Our results

thus uncover a previously undocumented empathy-driven caring

behavior in rodents. Somewhat counterintuitive but not surpris-

ingly, other-directed consolation does not solely depend on

prior vicarious fear in our observational DIA paradigm, consistent

with studies that other sensory modalities, e.g., olfactory cues

from distressed conspecifics, may elicit affiliative behaviors.9,40

The extent and mechanisms of how various sensory inputs

may impact resulting affiliative responses warrant future

investigations.

Our findings that dmPFC regulates both observational fear

and prosocial consolation expand the rodent empathy circuits

along the anterior-posterior axis of the ACC as dmPFC, the

equivalent of the rostral portion of ACC in the ACC/MCC nomen-

clature,41 resides more anterior to the classical ACC involved in

rodent empathy.42,43 The dmPFC plays intricate roles in social

cognition44,45 and its anatomical homolog constitutes a node

of cognitive empathy in humans.13,14,46 Importantly, the dmPFC

regulates both observational and non-observational aspects of

empathy, consistent with its position as a central hub that eval-

uates and integrates information arrived from diverse sensory

routes to direct behaviors.47 Interestingly, a medial amygdala

(MeA)-hypothalamus circuit deep in the social behavioral

network encodes and drives prosocial allogrooming in an acute,

time-locked manner,9 whereas the dmPFC likely regulates affili-

ative behaviors via top-down-related mechanisms. These works

provide a foundation to further delineate cellular and circuit

mechanisms of various faces of empathy and empathy-driven

behaviors.

Loss of empathy is a cardinal symptom of bvFTD20–22 and is

seen in other psychiatric and neurological diseases,18,19 but

neither an animal model nor an underlying neural mechanism

has been described for any disease so far. Here, we develop a

mouse model of bvFTD that exhibits striking impairments of

two basic forms of empathy, affect-sharing and prosocial com-

forting, and displays profound dmPFC hypoexcitability. Impor-

tantly, this dmPFC hypoactivity is both necessary and sufficient

for empathy loss in mutant animals. We propose that functional

hypoactivity, independent of structural atrophy, can serve as a

pathophysiological mechanism for impaired empathy in bvFTD.

We speculate that the reduced spiking of empathy/affect-en-

coding dmPFC cells compromises their capacity to detect, inte-

grate, and process inputs that carry sensory, social, and
its

ents at two dmPFC targets, and the timeline of in vivo optogenetic experiments.

ntact duration (D and H) and number of bouts (E and I) during HC1 and HC2 by

m Cg1-targeted mice (dmPFC [Cg1]; red lines) and PL-targeted mice (dmPFC

3.0 or dmPFC/mCherry).

nhibition.

genetic experiments. Red triangles, injection sites.

or EGFP observers transduced with AAV2-hSyn-EGFP (EGFP/EGFP) toward

fter saline or CNO injections.

tics: two-way ANOVA with Bonferonni’s post hoc tests. *p < 0.05, **p < 0.01,

ed in Table S2.
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emotional information and/or to output/transfer this information

to downstream targets during empathic behaviors.

Altered neuronal excitability, particularly hyperexcitability, is

frequently associated with neurodegenerative diseases and

often serves as a diagnostic feature and/or pathological

driver.48–50 For instance, motor cortex hyperexcitability at

pre-symptomatic stages of ALS has been hypothesized to drive

motor neuron death via dying-forward trans-synaptic excito-

toxicity.48 Consistently, motoneurons derived from C9ALS

patient-induced pluripotent stem cells display an early hyperex-

citability51–53 followed by a late-stage hypoexcitability.52 The

excitability states of PFC neurons in FTD are unknown. Our

study provides in vivo evidence that prefrontal neurons are pro-

foundly hypoactive at a symptomatic stage of FTD. This hypo-

excitability manifests primarily as reduced firing capacity asso-

ciated with reduced input resistance, suggesting potential

alterations of subthreshold-operating ion channels. Although

the pathologic trajectory leading to the hypoexcitable state

and the underlying ionic basis and regional specificity remain

unknown, this hypoexcitability likely represents a late-stage

functional inactivation. Remarkably, mitigating this hypoexcit-

ability is effective to restore empathy even at an advanced

disease stage with substantial neurodegeneration. Thus,

enhancing the activity of the frontotemporal cortex may serve

as a viable therapeutical strategy for bvFTD for which there

are currently no approved, and few effective, treatments.54

Finally, our study has implications in understanding and amelio-

rating the deterioration of empathy that manifests in other brain

diseases and that of which appears to permeate our

world today.
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STAR+METHODS
KEY RESOURCES TABLE
REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Rabbit polyclonal anti-c-FOS Synaptic Systems Cat# 226003, RRID:AB_2231974

Rabbit monoclonal anti-NeuN Millipore Sigma Cat# MAB377, RRID:AB_2298772

Mouse anti-GFP Novus Cat# NB600-597, RRID:AB_10132090

Rabbit anti-(GA)8 Covance Custom

Rabbit anti-C9ORF72/C9RANT (poly-GR) Millipore Sigma Cat# ABN1361

Goat anti-mouse conjugated to Alexa 488 Invitrogen Cat# A-21121, RRID:AB_2535764

Goat anti-rabbit conjugated to Alexa 555 Invitrogen Cat# A-21428, RRID:AB_141784

Goat anti-rabbit conjugated to Alexa 586 Invitrogen Cat# A-11011, RRID:AB_143157

Goat anti-rabbit conjugated to Alexa 488 Invitrogen Cat# A-32731, RRID:AB_2633280

Bacterial and virus strains

AAV2/9-(G4C2)66 Chew et al.29 N/A

AAV2/9-(G4C2)2 Chew et al.29 N/A

AAV9-EGFP UMass Viral Vector Core N/A

AAV2-hSyn-hM3D(Gq)-mCherry

Addgene

Cat# 50474, RRID:Addgene_50474

AAV2-hSyn-EGFP

Addgene

Cat# 50465, RRID:Addgene_50465

AAV2-hSyn-mCherry-WPRE

Addgene

Cat# 114472

RRID:Addgene_114472

AAV5-CaMKIIa-eNpHR3.0-mCherry-WPRE

UNC Vector Core

N/A

AAV5-CaMKIIa-mCherry-WPRE

Addgene

Cat# 114469

RRID:Addgene_114469

Experimental models: Organisms/strains

C57BL/6J mice The Jackson Laboratory Cat# 000664, RRID:IMSR_JAX:000664

Software and algorithms

ANY-Maze Version: 6.33 Stoelting Co. https://www.any-maze.com/, RRID: SCR_014289

Clampex Version: 9.2 Molecular Devices https://www.moleculardevices.com/products/

axon-patch-clamp-system/acquisition-and-

analysis-software/pclamp-software-suite,

RRID:SCR_011323

Clampfit Version: 10.7.0.3 Molecular Devices https://www.moleculardevices.com/products/

axon-patch-clamp-system/acquisition-and-

analysis-software/pclamp-software-suite,

RRID:SCR_011323

Prism Version: 8.0 GraphPad Software https://www.graphpad.com/scientific-software/

prism/, RRID:SCR_002798

Fiji: 2.1.0 ImageJ https://imagej.net/software/fiji/, RRID:SCR_002285

Olympus FV1000 Olympus http://www.olympusconfocal.com/products/

fv1000/fv1000software.html, RRID:SCR_014215

Zeiss Zen Zeiss https://www.zeiss.com/microscopy/us/products/

microscope-software/zen.html, RRID:SCR_013672
Neuron 111, 1–10.e1–e6, March 15, 2023 e1

https://www.any-maze.com/
https://www.moleculardevices.com/products/axon-patch-clamp-system/acquisition-and-analysis-software/pclamp-software-suite
https://www.moleculardevices.com/products/axon-patch-clamp-system/acquisition-and-analysis-software/pclamp-software-suite
https://www.moleculardevices.com/products/axon-patch-clamp-system/acquisition-and-analysis-software/pclamp-software-suite
https://www.moleculardevices.com/products/axon-patch-clamp-system/acquisition-and-analysis-software/pclamp-software-suite
https://www.moleculardevices.com/products/axon-patch-clamp-system/acquisition-and-analysis-software/pclamp-software-suite
https://www.moleculardevices.com/products/axon-patch-clamp-system/acquisition-and-analysis-software/pclamp-software-suite
https://www.graphpad.com/scientific-software/prism/
https://www.graphpad.com/scientific-software/prism/
https://imagej.net/software/fiji/
http://www.olympusconfocal.com/products/fv1000/fv1000software.html
http://www.olympusconfocal.com/products/fv1000/fv1000software.html
https://www.zeiss.com/microscopy/us/products/microscope-software/zen.html
https://www.zeiss.com/microscopy/us/products/microscope-software/zen.html


ll
Report

Please cite this article in press as: Phillips et al., Dorsomedial prefrontal hypoexcitability underlies lost empathy in frontotemporal dementia, Neuron
(2022), https://doi.org/10.1016/j.neuron.2022.12.027
RESOURCE AVAILABILITY

Lead contact
Further information and requests for resources and reagents should be directed to and will be fulfilled by the lead contact, Wei-Dong

Yao (yaow@upstate.edu).

Materials availability
All data are available in the main text or supplementary materials. Requests for resources and additional information should be

directed to and will be fulfilled by the lead contact. This study did not generate unique reagents.

Data and code availability
d All data are available in the main text or supplementary materials and will be shared by the lead contact upon request.

d This paper does not report original code.

d Any additional information required to reanalyze the data reported in this paper is available from the lead contact upon request.
EXPERIMENTAL MODEL AND SUBJECT DETAILS

Age-matched (6-8 months or 12-14 months) male and female C57BL/6J mice (Jackson Laboratory) were used for all experiments.

Both male and female mice were used, because no sex dependent differences were detected throughout these studies. Mice were

group-housed 2-4 mice per cage under a 12 h light/dark cycle (8:00-20:00 light) with access to standard chow food and water ad

libitum. The animal housing facility maintains a temperature of 21-23 �C and a humidity of 30-70%. All animal studies and experi-

mental 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.’’

METHOD DETAILS

Surgeries
Neonatal intracerebroventricular (ICV) viral injections

Postnatal 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 10 mL syringe (Hamilton Company) to manually deliver 2 mL of AAV9-(G4C2)2 or AAV9-(G4C2)66 mixed

with 2 mL of AAV9-EGFP or 2 mL of AAV9-EGFP alone. The syringe was inserted at a 30� angle approximately two-fifths the distance

between the lambda suture and each eye and held at a depth of approximately 2 mm.29 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.

Stereotactic surgeries

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 dental drill. Bilateral viral injections (0.4 mL) were made with a

32 gauge 1.0 mL Neuros syringe (Hamilton Company) at a rate of 0.05 mL min-1 using an ultraprecise micromanipulator (Stoelting

Company) into the dmPFC (anterior/posterior (AP), +1.94 mm; medial/lateral (ML), +/-.375 mm; dorsal/ventral (DV), -1.70 mm

from Bregma). 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, bilateral viral injections (0.25–0.4 mL) were made with a 32

gauge 1.0 mL Neuros syringe at a rate of 0.05 mLmin-1 into two different dmPFC subregions, Cg1 (AP, +2.04mm to +1.94mm;ML, +/-

.750mm; DV, -1.45mm to -1.65mm fromBregma; 10� angle) or PL (AP, +2.04mm to +1.94mm;ML, +/-.750mm; DV, -1.75mm from

Bregma; 10� angle). Using a stereotaxic cannula holder (Thorlabs), mono fiber optic cannulas (200 mm, 0.37 NA, Doric Lenses) were

then bilaterally implanted 0.25-0.45 mm above virus injection (photostimulation) sites in Cg1 (AP, +2.04 mm to +1.94 mm; ML, +/-

.750 mm; DV, -1.2 mm from Bregma; 10� angle) or PL (AP, +2.04 mm to +1.94 mm; ML, +/-.750 mm; DV, -1.45 mm from Bregma;

10� angle). We separately targeted the two subregions to ensure that the dmPFC was adequately covered and effectively photosti-

mulated with localized optic fibers, and to reveal potential subregion-dependent differences in behaviors. Identical coordinates and

viral volumes were used in all mice within the same experimental cohorts. No differences in behaviors were found thus data fromCg1

and PL were combined. To anchor the implants to the skull several layers of industrial strength dental grip cement (Dental Supply)

were placed between the implants and dried skull creating a cement cap. After surgery, Neosporin was applied liberally around

the cement cap.

Open incisions were closed securely using Vetbond Tissue Adhesive (3M) and each mouse received a subcutaneous injection of

Buprenorphine (0.1 mg kg-1) as a post-operative analgesic. Locations of virus injections and fiber implants were verified postmortem

by histology.
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Behavioral assays

All behavioral assays were performed on age-matched 6–8-month-old (Figures 1, 3A–3C, 4A–4J, S1, and S3; Videos S1 and S2) or

12–14-month-old (Figures 2, 3D–3K, 4K–4N, S2, and S4; Table S1; Videos S1 and S2) male and female mice during the animals’ light

cycle. Behavioral equipment was illuminated with an overhead light (440 lux) and cleaned with Rescue disinfectant 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. All

tests were recorded with a Noldus EthoVision XT video-tracking system and analyzed offline. Mice were randomly assigned to indi-

vidual experimental groups.

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 homecage under overhead lighting (440 lux). Behavioral testing was performed in the observers’ homecage (covered

with a cage lid unless otherwise noted) to minimize novelty- or stress-induced behaviors. An unfamiliar 6–12-month-old same-sex

wild-type C57BL/6J mouse (demonstrator) was then introduced into the cage and allowed to freely interact with the observer for

10minutes (homecage 1, HC1 test). Immediately following the HC1 interaction test, the demonstrator mousewas placed into a trans-

parent, single-chamber fear-conditioning apparatus with a stainless-steel rod shock floor (Med Associates) and the observer mouse

was placed into an adjacent identical transparent apparatus. As such, the observingmouse could sense visual, auditory and olfactory

cues from the demonstrator as it was subjected to repetitive foot shocks. The observation fear conditioning (OFC) phase began with

5 minutes of habituation (no foot shocks) followed by 4 minutes of repetitive foot shocks (2 ms each, 1.0 mA, 10 s intervals, 20 total)

to the demonstrator delivered manually by a shocker/scrambler module (Med Associates), a protocol previously shown to elicit

homogenous behavioral responses (running, vocalizing and jumping).5 Immediately following OFC, the mice were placed back

into the observer’s homecage and post-shock behavior was recorded for 10 minutes (homecage 2, HC2 test). To assess contextual

fear retrieval, observer mice were placed back into the fear-conditioning chamber 24-hours post-conditioning (without demonstra-

tors) for 4 minutes and freezing responses were measured.

For the DIA assay without OFC (non-observational DIA), observer mice were moved to an isolated holding area after HC1 while

demonstrators were subjected to 4 minutes of repetitive foot shocks (2 ms, 1.0 mA, 10 s intervals, 20 total). Immediately

following foot shocks, demonstrators were reunited with observer mice and post-shock behavior was recorded for 10 minutes

(HC2 test).

Videos recorded from DIA experiments were manually scored (unless otherwise noted) for an array of behaviors using ANY-

Maze software. The following behavioral parameters were measured: (i) Time freezing by observer mice during OFC. Freezing

behavior was quantified automatically by ANY-Maze tracking software, unless otherwise noted. Motionless bouts with a mini-

mum duration of 1 s were considered a freeze. (ii) Affiliative behaviors (allogrooming and body contact) by observer mice during

HC1 and HC2 tests. Allogrooming was defined as visible licking and/or mouth contact on the body trunk, shoulder region and/or

head of the demonstrator mouse by the observer mouse that was accompanied by head bobbing indicative of licking motions

(Video S1). Body contact was measured as whole or partial body contact, initiated by the observer mouse, with a minimum onset

duration of 1 s (Video S1). For quantification of allogrooming or body contact number of bouts, consecutive bouts with < 1 s

interval between them were considered to be one continuous bout. (iii) Social investigation behaviors of observer mice during

HC1 and HC2 tests, including head, body, and anogenital sniffing. Sniffing was defined as nose contact with the demonstrator,

without body contact. (iv) Non-social behaviors of observer mice during HC1 and HC2 tests, including rearing, self-grooming,

inactive and locomotion. Inactive behaviors were defined as cessation of all movements and included sleeping and still and alert

behaviors as advocated at https://conductscience.com/maze/resources/mouse-ethogram/inactive-behaviors-overview/. (v)

Allogrooming, social approach, and immobility behaviors of demonstrator mice during HC1 and HC2 tests. Social approach

was defined as a sequence of behaviors initiated by the demonstrator that began with locomotor or non-social behavior followed

by an approach toward the observer that ultimately led to social investigation or allogrooming. Motionless bouts lasting longer

than 1 s were scored as time immobile.

Open field

Mice were placed in the center of a square arena (40 cm x 40 cm x 30 cm, Med Associates) illuminated by an overhead light (440 lux)

and allowed to freely explore for 60 min. A video camera was placed directly above the apparatus to track the movement of each

animal (ANY-Maze, Stoelting). Parameters measured included total distance travelled and time spent in the center zone (20 x

20 cm) of the apparatus. Heat maps were constructed as the cumulative time spent within a unit area defined in ANY-Maze software.

A ratio of total distance travelled in the center zone to total distance travelled over the entire apparatus (center-to-total distance ratio)

was calculated as an indication of anxiety. In experiments assaying the stress-reducing effects on demonstrator mice following the

DIA test, demonstrators were subjected to one 30-minute open field test 24 hours prior to the DIA test (baseline) and immediately

after (within 1 minute) HC2 test in which they were either alone or reunited with an observer. Center-to-total distance ratio was

measured as described above at baseline and post-shock to assess changes in anxiety levels.

Olfactory function

Following a 5-minute habituation to empty cageswith no bedding,micewere 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).
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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, we compiled the amount of time

spent sniffing one piece of filter paper embeddedwith a neutral scent (water) vs. one piece of filter paper embeddedwith vanilla scent

at three different dilutions (101, 102 and 103) in three consecutive 3-minute trials.

Water spray

Before testing, all cagemates were temporarily moved to a holding cage and each test mouse was allowed 1minute to explore its

homecage under overhead lighting (440 lux). The mouse was then removed from their homecage, sprayed with a single mist of dou-

ble-distilled water and placed back into its homecage. Self-grooming behaviors including manual grooming, oral grooming and/or

scratching were measured for 15 minutes.

In vivo chemogenetics

In vivo chemogenetic behavioral experiments were performed 2–4weeks post-surgery, allowing for adequate expression of viral pro-

teins and full recovery from surgery. Mice were handled and acclimated to intraperitoneal (i.p.) injections of saline (as vehicle control)

3-5 days prior to behavioral testing. Each mouse received two trials of behavioral tests counterbalanced with either CNO (1 mg kg-1)

or saline. Specifically, mice were selected randomly to receive i.p. injections of CNO or saline for the first trial of behavior experiments

followed by the reverse order (saline or CNO) for the second trial of behavioral tests two weeks later. CNO or saline injections were

administered 20 minutes prior to the start of each behavioral test.

To specifically activate dmPFC during HC2 without potential compounding effects of OFC, we used a modified observational DIA

paradigm (Figure S4K). Specifically, observer mice were administered CNO immediately after OFC and placed alone in their homec-

ages for 20minutes prior to HC2 test. Demonstrators were re-shocked (without observer witnessing) for 2 minutes (2ms each, 1.0 mA,

10 s intervals, 10 total) to ensure their states of distress immediately before they were reunited with CNO-injected observers in HC2.

In vivo optogenetics

In vivo optogenetic behavioral experiments were performed 2-4 weeks post-surgery, allowing for adequate expression of viral

proteins and full recovery from surgery. Mice were handled and acclimated to attached 1-m fiber patch cables (200 mm,

0.39 NA, Thorlabs) 3-5 days prior to behavioral testing. Using a 561 nm DPSS laser (Opto Engine LLC), each mouse received

two trials of observational or non-observational DIA behavioral tests counterbalanced with either laser ON for 4 minutes

(10-15 mW output) then OFF for 4 minutes or laser OFF then ON in HC2. Specifically, mice were selected randomly to receive light

ON for the first half of HC2 in DIA followed by light OFF for the second half of the test. Two weeks later, during the second trial of

behavioral tests, the sequence of light stimulation was reversed. To analyze DIA behaviors (Figures 4B–4I), HC2 light OFF phase

(minutes 1-4 orminutes 4-8) was compared to corresponding HC1 light OFF phase (minutes 1-4 or minutes 4-8). Similarly, HC2 light

ON phase (minutes 1-4 or minutes 4-8) was compared to HC1 light OFF phase (minutes 1-4 or minutes 4-8). DIA behaviors were

then averaged between the two counterbalanced trials. In OFC optogenetics experiments (Figure 4J), eNPHR3.0- and mCherry-

transduced observers were subjected to a 5-minute baseline (light OFF) followed by a 4 minute photoinhibition (light ON).

Freezing responses were manually scored and analyzed. In open field tests, mice were subjected to a 15-minute test with a light

OFF (5minutes) -ON (5minutes) -OFF (5minutes) schedule. For analysis, data recorded during the two light OFF phases were aver-

aged and compared to light ON phase.

Brain slice electrophysiology
Brain slice preparation

12- to 14-month-old (G4C2)66/EGFP mice, (G4C2)2/EGFP and EGFP control littermates were sacrificed and their brains rapidly

removed and placed into ice-cold artificial cerebrospinal fluid (ACSF) that contained the following (in mM): 126 NaCl, 2.5 KCl, 2.5

CaCl2, 1.2 MgCl2, 25 NaHCO3, 1.2 NaH2PO4 and 11 D-glucose. Coronal cortical slices (300 um) containing the dmPFC (including

PL and Cg1) 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 patch-clamp electrophysiology was performed as previously described.55–57 Current-clamp recordings were performed

on EGFP- or mCherry-positive dmPFC LV 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 MU) were filled with the

following (in mM): 130 K-gluconate, 8 NaCl, 10 HEPES, 0.4 EGTA, 2 Mg-ATP, and 0.25 GTP-Tris, pH 7.25. Picrotoxin (50 mM) 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 AP waveform

properties, we used a depolarizing step-current injection protocol that delivered a series of 500ms, +25 pA current steps from -35 pA

to 440 pA (20 steps) at 10 s inter-sweep intervals. To characterize input resistance, we injected a series of hyperpolarizing currents of

500 ms, -25 pA current steps at 10 s inter-sweep intervals from 0 pA to -200 pA (9 steps).
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Resting membrane potential (RMP) was measured with no current injected under current clamp. The first AP elicited by minimal

injected currents was used to measure active membrane properties. AP threshold was measured at the inflexion point during take-

off. AP amplitudewasmeasured as themembrane potential difference between the point of AP take-off and the peak. Rise and decay

slope were calculated by measuring the slope of the AP upstroke (rise) and downstroke (decay). AP half-width was measured at half

AP amplitude. fAHPwasmeasured as themembrane potential difference between AP threshold and peak hyperpolarization. Medium

AHP (mAHP) was measured as the membrane potential difference between AP threshold and the second peak hyperpolarization

(where possible). Slow AHP (sAHP) was measured as the peak hyperpolarization (relative to resting membrane potential) at the

conclusion of a train of APs induced by current injection.

To confirm chemogenetic manipulation of neuronal activity in the dmPFC using slice electrophysiology, 2–4-month-old C57BL/6J

wildtype mice were sacrificed 2–4 weeks after AAV2-hM3D(Gq)-mCherry injection. Whole-cell current-clamp recordings were per-

formed on visually identified neurons expressing hM3Dq-mCherry. Baseline RMP, spontaneous activity at resting, and AP firing

evoked by depolarizing step current injections were measured as described above. CNO (5 mM) was then applied to the bath and

recordings of both resting and evoked activities were repeated.

To confirm optogenetic manipulation of neuronal activity in the dmPFC using slice electrophysiology, 2-4-month-old C57BL/6J

wildtype mice were sacrificed 2-4 weeks after AAV5-eNpHR3.0-mCherry injection. Whole-cell current-clamp recordings were per-

formed on visually identified neurons expressing eNpHR3.0-mCherry. Baseline AP firing was recorded by delivering a series of

500 ms-depolarizing currents with a +25 pA increments (-35 pA to 440 pA, 20 steps) at 10 s intervals. After the baseline was estab-

lished, a second step-current injection test was recorded (-35 pA to 440 pA, 20 steps, 500ms) in the absence (250ms) followed by the

presence (250 ms) of 593 nm LED light stimulations as generated from a CoolLED pE-300ultra fluorescence microscopy illumination

system controlled by TTL input and delivered through a 40 X objective.

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%.

Immunohistochemistry, histology, and imaging analysis

Animals were either perfused or drop fixed with 4% paraformaldehyde (PFA) in PBS. To quantify immediate early gene (IEG) c-Fos

expression activated during behavior, mice were sacrificed 60-90 minutes after conclusion of behavior tests. Coronal (for c-Fos

experiments) or mid-sagittal (for NeuN experiments) brain slices were cut at 40-50 mmwith a vibratome (Leica 1000 Plus Sectioning

System), washed in PBS for 10minutes and permeabilized and blocked for 2 hours at room temperature with blocking solution: 1%

Triton X-100 (Sigma) and 10% goat serum (Invitrogen) in PBS. Sections were then washed in PBS (3 times) and incubated with

primary antibody for 20 minutes at room temperature, then at 4 �C overnight in antibody solution: 0.1% Triton X-100

(Sigma) and 5% goat serum (Invitrogen) in PBS. Next day sections were washed in PBS (3 times) and incubated with secondary

antibody for 2 hours at room temperature in antibody solution. Finally, sections were washed in PBS (3 times), mounted on Super-

frost Plus slides (Fisher Scientific), air dried and coverslipped. For c-Fos immunostaining, sections were mounted with Prolong

Gold Antifade with DAPI (Invitrogen). For NeuN immunostaining, sections were mounted with CC/Mount tissue mounting medium

(Sigma). For poly(GR) and poly(GA) immunostaining, slices were stained with Hoechst (Invitrogen) and mounted with CC/Mount

tissue mounting medium (Sigma).

Antibodies used and dilutions are as follows: rabbit anti-c-Fos (1:1000, Synaptic Systems), rabbit anti-NeuN (1:1000, Millipore),

rabbit anti-C9ORF72/C9RANT (poly-GR) (1:2,000, Millipore), rabbit anti-(GA)8 (1:2,000, Covance), mouse anti-GFP (1:1,000, Novus)

and Alexa Fluor 488, 555 and 568 secondary antibodies (1:500, Invitrogen).

Confocal images of NeuN- and DPR-stained sections were acquired with a Zeiss LSM 800 confocal microscope and processed

with Zeiss Zen software. Confocal images of c-Fos-stained tissues were acquired using an Olympus Fluoview FV1000 confocal mi-

croscope and processed using automated mosaic stitch image acquisition (Olympus FV1000 software). For cell counting, high-res-

olution images of the dmPFC were acquired using a 20 X oil-immersion objective. Brain regions were then defined by overlaying

confocal images with corresponding brain section images from the Mouse Brain Atlas.58 NeuN- and c-Fos-positive cells were

counted manually (ImageJ software) from 3-4 slices per mouse (3-4 animals per condition) containing regions of interest. Analyses

were performed by investigators who were not blind to experimental conditions.

To confirm localization of virus injections and optic fiber implants, brains were processed, cut (50 mm) and mounted (Prolong Gold

Antifade without DAPI, Invitrogen) as described above. Fluorescent images were acquired with an Olympus CKX53 fluorescent mi-

croscope using a 4X objective and processed with ImageJ software. Injection locations were verified in the dmPFC (Cg1 or PL) by

presence of EGFP or mCherry fluorescence. Optic fiber locations in the dmPFC were identified by fiber tracks.

QUANTIFICATION AND STATISTICAL ANALYSIS

Data are shown as mean ± s.e.m. Animals were excluded if they became sick or died before completion of behavioral or in vivo che-

mogenetic or optogenetic tests, or if post hoc histological analysis showed inaccurate placement of virus injections or optic fiber

implants. Two-sided paired Student’s t-tests were used for within-group comparison of two treatments and two-sided unpaired Stu-

dent’s t-tests for comparison between two groups. One-way ANOVAwith Bonferonni’smultiple comparison post-hoc tests were per-

formed to assess significance for multiple group comparisons and two-way ANOVAwith Bonferonni’s multiple comparison post-hoc
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tests for multiple group comparisons across multiple time points. NS, not significant. *P < 0.05, **P < 0.01, ***P < 0.001 vs. EGFP and

(G4C2)2/EGFP, where notation indicates the least significant P value of both comparisons. #P <.05, ##P <.01, ###P <.001 vs. (G4C2)2/

EGFP. Detailed information regarding sample sizes, statistical test types, P values and test statistics are summarized in Table S2. All

statistical analyses were performed using Prism 6.0 (GraphPad Software). Sample sizes were not predetermined using statistical

methods. Experiments were randomized where possible. Experimenters were not blind to group allocation.
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