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Depression-like episodes in mice harboring mtDNA deletions

in paraventricular thalamus

T Kasahara'”, A Takata'®, TM Kato'”, M Kubota-Sakashita', T Sawada’, A Kakita?, H Mizukami3, D Kaneda®, K Ozawa® and T Kato'

Depression is a common debilitating human disease whose etiology has defied decades of research. A critical bottleneck is the
difficulty in modeling depressive episodes in animals. Here, we show that a transgenic mouse with chronic forebrain expression of a
dominant negative mutant of Polg7, a mitochondrial DNA (mtDNA) polymerase, exhibits lethargic behavioral changes, which are
associated with emotional, vegetative and psychomotor disturbances, and response to antidepression drug treatment. The results
suggested a symptomatic similarity between the lethargic behavioral change that was recurrently and spontaneously experienced
by the mutant mice and major depressive episode as defined by DSM-5. A comprehensive screen of mutant brain revealed a
hotspot for mtDNA deletions and mitochondrial dysfunction in the paraventricular thalamic nucleus (PVT) with similar defects
observed in postmortem brains of patients with mitochondrial disease with mood symptoms. Remarkably, the genetic inhibition of
PVT synaptic output by Cre-loxP-dependent expression of tetanus toxin triggered de novo depression-like episodes. These findings
identify a novel preclinical mouse model and brain area for major depressive episodes with mitochondrial dysfunction as its cellular

mechanism.
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INTRODUCTION

Despite decades of research, the clinical time course of depres-
sion, most notably its spontaneous episodic recurrent nature has
been difficult to model in animals. Current animal models of
depression primarily use acute stress-induced behavioral
changes.! However, roughly half of depression patients experi-
ence relapses? that are not formally preceded by overt stressful
events,® and genetic factors have a role in some aspects of the
depression time course.* An additional limiting factor hampering
the establishment of more accurate depression models in animals
is the lack of valid verification tests. Forced swimming and tail
suspension tests, which are widely used as behavioral tests for
depression, are assays for the pharmacological effects of
antidepressants, not for depression itself.! Likewise, the sucrose
preference test, used to measure anhedonia in disease models,
can be confounded by appetite.®> More recent depression mouse
models involving chronic mild stress or social defeat stress are
improvements but remain variations of the acute stress tests, and
furthermore do not recapitulate the episodic time course.
Recently, the roles of mutations of Mendelian disease loci in
complex disease risk have drawn attention.°® Such mutations
may have pleiotropic effects and confer risk for multiple diseases
including neuropsychiatric disorders. One example is chronic
progressive external ophthalmoplegia (CPEO),° a Mendelian-
inheritance mitochondrial disease. Mutations of several genes
including POLGT encoding the catalytic subunit of mitochondrial
DNA (mtDNA) polymerase are causative for CPEO.'° In addition to
muscular symptoms, these mutations cause a wide range of

neuropsychiatric symptoms including epilepsy, sensory ataxia,
neuropathy and Parkinsonism. A retrospective study reported that
depression is the most frequent neuropsychiatric syndrome of
mitochondrial disease seen in more than half of patients with
mitochondrial diseases.”'? Deleted mtDNAs (A-mtDNAs) were
observed in the postmortem brains of patients with depressive
episodes.'®'* Thus, we examined the role of CPEO mutations in
brain circuits as a candidate entry point to modeling depression
phenotypes in mice.

Though knock-in mice of Polg1 were reporte expression of
mutant Polgl in non-neuronal tissues hampers behavioral
analyses.'”” We thus generated a mutant mouse line expressing
proofreading-deficient Polg1 in forebrain neurons by the CaMKila
promoter'® to avoid complications in analysis. In our initial study,
we analyzed trait-dependent phenotypes and found unusual
activity patterns in daytime and estrus cycle-associated behavioral
activity changes.”® During the course of that study, however, we
noticed that female mutant mice showed a remarkable propensity
for spontaneous recurrent episodes of lethargy, which we
operationally defined as hypoactivity. Here, we expanded the
time course of the behavioral analyses to more than 6 months and
characterized the hypoactivity episodes of the mice showing they
were both spontaneous and recurrent. Further analysis showed
reasonable concordance with clinical depression symptoms in
reference to the DSM-5 (Diagnostic and Statistical Manual of
Mental Disorders, 5th edition),> which is commonly used in
neuroscience, genetics and clinical psychiatry. We then mapped
the brain regions accumulating A-mtDNAs to the paraventricular
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thalamic nucleus (PVT), a brain area not previously known to be
associated with depression, and provided causal evidence for the
PVT in initiation of the episodes.

MATERIALS AND METHODS

The Wako Animal Experiment Committee, RIKEN, approved all
animal experiment protocols. The study using human samples was
approved by the Wako first ethics committee of RIKEN. Materials
and methods are described in detail in Supplementary Methods.

Animals

All mutant Polg1 transgenic mice (Polg? mutant mice) used were
heterozygotes. Polgl mutant mice chronically express a
proofreading-deficient Polgl transgene in forebrain neurons by
the CaMKlla promoter at expression levels comparable to
endogenous Polg1, and A-mtDNAs were accumulated in the brain
of mutant mice.'® For AAV (adeno-associated virus)-mediated,
region-specific inhibition of neural transmission, heterozygous
CaMKlla promoter—loxP-STOP-loxP-tTA (Tg2) and TetO-TeTX
(Tg3) transgenic mice'® were crossed to obtain the double
transgenic mice (Tg2/+;Tg3/+), which expressed TeTX (tetanus
toxin) depending on Cre recombinase.

Long-term recording of wheel-running activity

Recoding and analyses of wheel-running activity were performed
as described previously.'®

Behavioral test battery during episodic hypoactivity

We recorded the wheel-running activity for 30 weeks and
conducted a behavioral test battery when an animal exhibited
episodic hypoactivity. On the first day of the test battery,
open-field, Y-maze, and forced swimming tests were performed.
Tail suspension and treadmill tests were carried out on the
second day.

Electroencephalogram/electromyogram recording and sleep
analysis

Electroencephalogram and electromyogram signals were
recorded using telemetry transmitters. The polysomnographic
data in 10-s epochs were classified as either wake, non-rapid eye
movement or rapid eye movement sleep with the aid of a sleep
scoring software.

Escitalopram and lithium treatment
Escitalopram oxalate was given in drinking water containing
150 ug ml~" escitalopram base.

Lithium chloride was given in the diet (1.7gkg™"), and a salt
solution (450 mm NaCl) as well as water were provided according
to Engel et al>® We administrated these agents in a two-period
cross-over design with a baseline measurement.

Mapping of A-mtDNA accumulation

Coronal sections (40 um thick) of fresh-frozen brains were
microdissected into small pieces (300 x 300 um?). The pieces were
treated with Proteinase K, and amount of A-mtDNAs in each piece
was determined by gPCR as described previously.'®

Cytochrome ¢ oxidase/succinate dehydrogenase
immunohistochemistry

Paraformaldehyde-fixed, OCT compound-embedded mouse
brains and formalin-fixed, paraffin-embedded human postmortem
brain tissues of patients with mitochondrial diseases and controls
were sectioned and treated for antigen retrieval. Primary
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antibodies used were monoclonal anti-MTCO1 and anti-SDHA
(anti-SDH subunit A).

Virus injection into mouse PVT

Recombinant AAV2 expressing Cre recombinase and EGFP were
injected into the PVT of Tg2/+Tg3/+ mice (at AP —1.7mm,
ML 0.0 mm and DV 3.2 mm from the bregma).

RESULTS
Depressive episode-like behavioral change in Polg1 mutant mice

We expanded the time of behavioral analyses of previously
constructed Polg1 mutant mice and observed that 60% of female
mice showed noticeable, episodic behavioral change in wheel
running around once every 6 months. A single episode lasted
~2-3 weeks with a spontaneous start and end (Figure 1a and
Supplementary Figure 1a). On the basis of a Relative Strength
Index analysis (Supplementary Figure 1a), female Polgl mutant
mice had lethargic episodes more often than control mice
(Figure 1b) and most episodes occurred in mice older than
30 weeks (Supplementary Figure 1b). Several individuals experi-
enced two or more (that is, recurrent) episodes of hypoactivity
during the 6-month observation (Figure 1a and Supplementary
Figure 1a). No episodes defined by Relative Strength Index were
observed in male Polg? mutant mice (n=33) or ovariectomized
female mutant mice (n=14; P<0.01 compared with sham-
operated mice; Supplementary Table 1).

We videotaped the wheel-running behavior of female Polg1
mutant mice (n=6) for 24 h per day over 2 months and observed
three hypoactivity episodes. No neurological behaviors suggestive
of epilepsy, ataxia, hypotonia or Parkinsonism symptoms were
observed during the hypoactivity episodes as well as before and
after their occurrence (Supplementary Movies 1-3).

To examine whether the hypoactivity episode was likely to be a
depressive episode-like behavioral change and whether the
episodes responded to antidepression drug treatment, we tested
the effects of escitalopram, a selective serotonin reuptake
inhibitor, and lithium, a mood stabilizer that mitigates
depressive episodes in bipolar disorder. We administered escita-
lopram to mice (Supplementary Figures 2a-d) in a two-period
cross-over design, with each period lasting for 12 weeks
(Figure 1c). After a 12-week baseline measurement, mice were
randomly divided into two groups (A and B). Episodes were less
frequent during treatment compared with the control group
(Figure 1d). Lithium was also tested in a two-period cross-over
design. We recorded a more frequent occurrence of episodes after
termination of lithium treatment, suggesting that drug withdrawal
could have triggered new episodes (Figure 1e and Supplementary
Figure 2e), a phenomenon that has been observed in depressive
patients.?’

Physiological characterization of depressive episode-like
behavioral change

There are no established biomarkers for depression at present, but
measurable alterations in cortisol levels, sleep-wake patterns and
body temperature (T,) in depressive patients have been
consistently documented.?>?* To measure corticosterone, the
major glucocorticoid in rodents, over several months, we sampled
the feces of Polg? mutant mice 1-2 times a week. We detected
higher corticosterone levels during the episodes that are
consistent with clinical observations (Figures 2a and b). We also
analyzed sleep-wake patterns during and after single episodes
using telemetry probes to record electroencephalogram and
electromyogram activity. During the episodes, we observed an
increase in total sleep time, but sleep time specifically in the light
phase when mice are normally resting was decreased (Figures 2c
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Figure 1. Depression-like hypoactivity episodes in Polg? mutant mice. (a) Representative recordings of wheel-running activity of a female

Polg1 mutant mouse (Tg) and a non-Tg mouse. Left-right arrows depict the duration of hypoactivity episode. Nominal running distance is
given on the right. (b) Frequency of the hypoactivity episodes. Each circle indicates one mouse measured for more than 4 months. The
horizontal line indicates median. Female Polg? mutant mice showed hypoactive episodes more than non-Tg control mice. **P < 0.0001. The
details of statistical tests are provided in Supplementary Table 1. (c) Experimental design of escitalopram and lithium trials. n=11 or 12 per
group for the escitalopram trial, and n=11 per group for the lithium trial. (d) Effect of escitalopram treatment on episode frequency. There
was a tendency for a group X period interaction (P=0.052). The episode was significantly less frequent during treatment (Group A in Period 1)
than the other group (Group B in Period 1; *P < 0.05). Data are expressed as mean +s.e.m. (e) Effect of lithium treatment on episode
frequency. There was a significant group x period interaction (P < 0.05). The episode tended to be more frequent after the termination of the

treatment (Group A in Period 2) than the other group during treatment (Group B in Period 2; *P < 0.05).

and d). This sleep pattern disturbance during the episodes was
also seen in the wheel-running activity data (Figure 2d). We also
measured the core T, of mutant mice using a telemetry probe
placed in the abdominal cavity. Abnormal T, dynamics were
observed during episodes, including a damped diurnal rhythm of
Ty, due to a higher minimum T, (Figure 2e and Supplementary
Figure 3a) or a sharp drop of T, in the early morning
(Supplementary Figure 3b). Conversely, hyperthermia always
accompanied episodes of hypoactive wheel running.

Comprehensive behavioral analysis of depression-like episodes

Using the radio telemetry system, we recorded the ambulatory
activity of PolgT mutant mice housed in cages without a running
wheel and observed that hyperthermia bouts did not accompany
hypoactive ambulation (Supplementary Figure 3c). The open-field
test did not show alterations in distance traveled during the
episodes of hypoactive wheel running (Figure 3a). These results
indicated that the episodic reduction in wheel-running activity

© 2016 Macmillan Publishers Limited

was not owing to a general loss of physical activity. Unlike other
forms of locomotor activity, wheel running is well established to
be a voluntary, motivated behavior for rodents.>>?® Thus, the
hypoactivity in wheel running observed in Polgl mutant mice
might reflect a loss of hedonic interest, one of the core clinical
symptoms of depression.’

We next investigated whether episodes were associated with
vegetative, psychomotor or emotional signs of depression, which
were described as characteristic symptoms in the DSM-5 diagnosis
of depression.® Polg7 mutant mice gained significant weight
during the episodes (Figures 3b and c) and food intake as well as
sucrose consumption increased (Figures 3b and d-f). During the
episodes, the mutant mice had slower running speeds compared
with non-episode periods (Figures 3g and h), indicating psycho-
motor retardation. In a treadmill endurance test, the mutant mice
showed marked fatigue and reached exhaustion earlier during the
episodes (Figure 3i). Attention or concentration was evaluated by
five-choice serial reaction time task and Y-maze test, which also
measured impulsivity and working memory, respectively.

Molecular Psychiatry (2016), 39-48
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Figure 2. Physiological analyses of hypoactivity episodes. (@ and b) Increased fecal corticosterone level during the episodes. (a) A

representative recording. Feces were sampled once or twice a week. (b) Cumulative data for all the episodes analyzed. The average values for
7 days before (‘Pre’), during (‘Episode’) and following (‘Post’) the hypoactivity episodes are shown, respectively. **P < 0.01. (c and d) Sleep
disturbance during the episodes; hypersomnia in 24 h, but insomnia in the light period. (c) A representative recording of total sleep time in
24 h and in 12-h light period, as well as wheel-running activity in 12-h light period. (d) Cumulative data for all the episodes analyzed. *P < 0.05,
**P < 0.01. (e) Altered body temperature during the episodes: higher minimal temperature or damped circadian amplitude of body
temperature. Core body temperature was measured every 10 min. An image magnified along the temporal axis is shown in Supplementary

Figure 3a.

Significant changes during the episode were not detected in
either test (Supplementary Figures 4a-c). To assess the intrinsic
motivation and social function of the female mutant mice, we
performed a pup-retrieving assay?’ during the episode. Polg1
mutant mice in the episodes retrieved significantly fewer pups
than mutant mice in the non-episode state (Figure 3j). The latency
to sniff pup(s) for the first time was unchanged during the episode
(Supplementary Table 1). The result of the assay indicates that
during the episode even fundamental social parental functions are
impaired.

We also examined the forced swimming and tail suspension
tests that are currently in use as traditional measures of
depression. In these tests, the mutant mice showed shorter
immobility time during episodes compared with the non-episode
state (Figures 3k and ) in contrast to longer immobility time
observed in other models.

Molecular Psychiatry (2016), 39 -48

Identification of the PVT as a hotspot for mtDNA deletions

In CPEO, detection of A-mtDNAs in skeletal muscle is diagnostic.
We hypothesized that in Polg? mutant mice, the selective
accumulation of A-mtDNA in particular brain areas could impair
specific mood-related neural circuits resulting in depressive
episodes. To test this hypothesis, we conducted a comprehensive
screen of A-mtDNA levels over the entire brain of Polgl mutant
mice. Brain sections were cut into tiny pieces using a laser
microdissection system, and the A-mtDNA level for each piece
was assayed using quantitative PCR (Figure 4a and Supplementary
Figure 5). We analyzed four coronal sections and found a high
amount of A-mtDNAs concentrated in several forebrain regions
(Figure 4b). We chose 12 regions with the highest levels of
A-mtDNAs (Figure 4b) and 10 control regions (Supplementary
Figure 6), and quantified A-mtDNA levels in the regions of interest.
The highest levels of A-mtDNA accumulation by far were observed

© 2016 Macmillan Publishers Limited
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Figure 3. Behavioral analyses of hypoactivity episodes. (a) No significant change in total distance traveled in an open-field test during the
episodes as compared with Tg mice in non-episode state. Data for non-Tg mice were shown just as a reference. (b-d) Increased body weight
and food intake during the episodes. (b) A representative recording. (c and d) Cumulative data for all episodes tested. The average values for
7 days before (‘Pre’), during (‘Episode’) and following (‘Post’) the hypoactivity episodes are shown, respectively. *P < 0.05, **P < 0.01. (e and f)
Increased sucrose preference during the episodes. (e) A representative recording. A left-right arrow depicts the duration of a hypoactivity
episode. (f) Cumulative data for all episodes tested. **P <0.01. (g and h) Slower wheel-running speed during the episodes.
(g) A representative recording. (h) Cumulative data for all episodes tested. Data for non-Tg mice were shown as a reference. *P < 0.05,
**P < 0.01. (i) Reduced endurance on a treadmill during the episodes. Values are means+s.e.m. (n=11-14). Data for non-Tg mice were shown
as a reference. **P < 0.01. (j) Impaired maternal behavior during the episodes. The numbers of newborn pups retrieved within 20 min were
plotted. *P < 0.05. (k and I) Reduced immobility time during the episodes in forced swimming (k) and tail suspension tests (l). Values are
means+s.e.m. (n=11-14). Data for non-Tg mice were shown as a reference. #P < 0.1, **P < 0.01. FST, forced swimming test; OFT, open-field
test; TST, tail suspension test.

in the PVT, a part of the epithalamus (Figure 4c). There was no of COX and SDH activities is indicative of accumulation of
significant correlation between A-mtDNA level and expression A-mtDNAs*® In the PVT of mutant mice, we detected COX-

level of the mutant Polg1 transgene (Supplementary Figure 5d). negative cells that were deficient in COX activity but retained SDH
Together, the screen revealed that across all brain areas examined, activity (Figure 4d), bU'F not in contrpl mice. N€Xt, we determined
the PVT appears to be the most susceptible locus to accumulate  the level of A-mtDNAs in COX-negative cells (Figure 4e) and found
A-mtDNAs in the mutant mice. that COX-negative cells in the PVT contained a significantly larger

amount of A-mtDNAs (~50%) than COX-positive cells in PVT
and also compared with control animals (Figure 4f), indicating

PVT neurons have localized mitochondrial dysfunction that accumulation of A-mtDNA in a cell causes mitochondrial

To assess mitochondrial function in the PVT at the cellular level, dysfunction at a cellular level.

the enzymatic activities of two critical mitochondrial proteins, To quantitatively evaluate COX-negative cells in PVT, we
succinate dehydrogenase (SDH, mitochondrial complex Il encoded performed double immunofluorescent staining using anti-
by the nuclear genome) and cytochrome ¢ oxidase (COX, complex ~ MTCO1 and anti-SDHA (SDH subunit A) antibodies on fixed brain
IV containing mtDNA-encoded subunits such as MTCO1) were sections. In the PVT, we observed significantly more COX-negative
visualized on fresh-frozen brain sections, where the relative ratio cells positive for SDHA but not MTCO1 compared with control

© 2016 Macmillan Publishers Limited Molecular Psychiatry (2016), 39-48
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suggested. n=>5 (individual mice) per region. **P < 0.01. (d) Activity staining of SDH (blue) and COX (brown) of coronal sections at the level of
PVT. The right images are magnified views of the boxed regions (left). A cell without COX activity (COX-negative cell) in the PVT is indicated by
an arrowhead. Scale bars, 0.5 mm (left) and 10 um (right). (e) Laser capture microdissection (LCM) of COX-negative cells after COX activity
staining. Scale bar, 10 pm. (f) Quantification of A-mtDNA levels in LCMed COX-negative and -positive cells. The copy number ratio of mt-Co1/D-
loop in LCMed cells inversely reflects the A-mtDNA level, and the ratio for the PVT of an 8-week-old wild-type mouse, assumed to have no
deletion, is set to 100%. For example, the mt-Co1/D-loop ratio of 60% means that 40% of mtDNA molecules are A-mtDNAs. Data are expressed
as means + s.e.m. of three mice. *P < 0.05, **P < 0.01. BA, basal amygdala; BNST, bed nucleus of the stria terminalis; CA, corpus ammonium;
cDG, dentate gyrus, caudal part; CP, caudate putamen; dENT, entorhinal area, deep layer; Ect, ectorhinal area; EP, endopiriform nucleus; IL,
infralimbic cortex; Ins, insular cortex; LHR, lateral hypothalamic region; LS, lateral septum; LTR, lateral thalamic region; M1, primary motor
cortex; mHb, medial habenula; MHR, midline hypothalamic region; A-mtDNA, deleted mtDNA; NAc, nucleus accumbens; PL, prelimbic cortex;
PVT, paraventricular thalamic nucleus; rDG, dentate gyrus, rostral part; S1, primary somatosensory cortex; VENT, entorhinal area, ventral part;
VL, ventral lateral nucleus of the thalamus (See Supplementary Table 3).
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EGP, external globus pallidus; IC, internal capsule; Pu, putamen; PVT, paraventricular thalamic nucleus; SDH, succinate dehydrogenase; SDHA,
SDH subunit A; 3V, third ventricle.

mice (Figures 5a and b). The COX-negative cells co-stained with dysfunction in COX-negative neurons, could cause depression-
calretinin (Figure 5c), a marker of glutamatergic neurons in the like episodes. To test this, we used transgenic mice that
PVT,**° but not with microglial or astrocyte markers  expressed TeTX, which cleaves VAMP2 to inhibit synaptic
(Supplementary Figures 7a and b), suggesting the damage in transmission, in neurons dependent on Cre recombinase.'®
excitatory neurons consistent with the expression of the CaMKlla Adeno-associated virus (AAV) expressing Cre and EGFP was
transgene promoter. To extend the observations to human stereotaxically injected into the PVT of the mice (Figure 6a).
patients, we examined the immunohistochemical COX/SDH levels These mice expressing TeTX in the PVT (AAV-TeTX) showed
in postmortem brains of two CPEO patients with comorbid mood significantly reduced VAMP2 immunoreactivity in the anterior

symptoms including depression, and both contained a high level part of the brain and amygdala (Figures 6b-g). Remarkably,
of COX-negative cells in paraventricular thalamus compared with when we recorded wheel-running activity over 6 months we
age-matched controls (Figure 5d and Supplementary Figure 7c). observed the appearance of de novo hypoactivity episodes

defined by the Relative Strength Index when compared with
Causal role of the PVT in triggering depression-like episodes control mice (Figures 6h and i). This result indicates that PVT
We hypothesized that defective PVT synaptic output, a dysfunction is causally linked to the depression-like episodes of
probable downstream consequence of mitochondrial Polg1 mutant mice.
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Figure 6. Functional role of defective PVT output in development of hypoactivity episodes. (a) Schematic diagrams of the AAV and the
transgene constructs used. AAV, Cre recombinase and EGFP are expressed in AAV infected cells. Tg2, a tetracycline transactivator (tTA) is
expressed under control of CaMKlla promoter after excision of the floxed STOP cassette by Cre. Tg3, TeTX is expressed under control of Tet-
operator. (b and ¢) EGFP immunostaining of coronal sections at the PVT level of control (b) and TeTX-expressing mice (c) used for wheel-
running analysis. Scale bars, 100 um. (d-g) EGFP (green) and VAMP2 (magenta) immunostaining of coronal sections at the anterior part of the
brains including PL, IL, DP and NAc (d and e) and the amygdala (f and g) of control (d and f) and TeTX-expressing mice (e and g). BLA,
basolateral nucleus of the amygdala; CeA, central nucleus of the amygdala. Scale bars, 500 pm (d and e), 50 um (f and g). (h) Representative
recordings of wheel-running activity of a mouse expressing TeTX in the PVT (AAV-TeTX) and a control. (i) Frequency of the episodic
hypoactivity. AAV-TeTX mice showed hypoactive episodes more than control mice. *P < 0.05. Horizontal lines indicate average values. AAV,
adeno-associated virus; CMV, cytomegalovirus; DP, dorsal peduncular; IL, infralimbic cortex; NAc, nucleus accumbens; PL, prelimbic cortex;
TeTX, tetanus toxin.
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DISCUSSION

Three aspects of validity (construct, face and predictive validities)
have been considered to be an acknowledged framework for the
evaluation of an animal model for a human disease." In this study,
using multi-method approaches, we demonstrated that Polg1
mutant mice showed outstanding face validity for a depression
model with supporting construct and predictive validities. The
mutant mice exhibited a broad spectrum of symptoms during the
episodes, emotional, vegetative and psychomotor disturbances,
which fulfilled five of the nine Criteria A of DSM-5 for major
depressive episode (Supplementary Table 2). Another symptom in
Criteria B, distress or impairment in social, work or other important
areas of functioning, was also present; PolgT mutant mice during
the episodes displayed an impairment in maternal behavior
(Figure 3j), one of the most important social functions of female
mice. By contrast, conventional face validity for depression models
has been associated with prolongation of immobility time in
behavioral despair tests or a decrease of sucrose preference. Polg1
mutant mice during the episodes, however, exhibited the
opposite patterns in these tests. The increased sucrose preference
(Figure 3f) was possibly owing to a carbohydrate craving or an
increase in appetite (Figure 3d), one of the symptoms described in
the DSM-5 criteria. Sucrose preference that is confounded by
appetite is not appropriate to measure anhedonia in disease
models of depression. The reduced immobility time during the
episodes in behavioral despair tests (Figures 3k and I) can be
explained by the actual validity of these tests to measure the
pharmacological effects of antidepressants, not depression itself.
Although it is difficult to screen antidepressants involving the
monoaminergic system by using Polg? mutant mice, the model
may instead be useful in the development of novel drugs, which
are unlikely to be discovered by traditional behavioral
despair tests.

We used the neuron-specific promoter to direct selective
expression of proofreading-deficient POLG1 to avoid confounding
effects, that is, somatic symptoms and motor dysfunction, which
are caused by heterozygous mutations of POLGT in humans®'%'?
and also present in mutant Polg1 knock-in mice.'” The forebrain
neuron-specific mutant mice did not exhibit either somatic
symptoms as we expected'® or sensorimotor dysfunction includ-
ing ataxia and Parkinsonism, working memory deficits or cognitive
impairment during the episodes and non-episode periods
(Supplementary Figure 4a-c and Supplementary Movies 1-3).
Among the psychiatric diagnoses of mitochondrial disease
patients, the most common diagnosis is major depression
(54%) followed by bipolar disorder (17%) and panic disorder
(11%).M" Polg1 mutant mice did not show any spontaneous manic-
like episodes, except for tricyclic antidepressant-induced
hyperactivity.'® The mutant mice did not show altered anxiety-
related behavior during the episodes in the open-field and light/
dark transition tests (Supplementary Figures 4d and e), indicating
that the episodes were not attributable to increased anxiety owing
to panic disorder or other anxiety disorders. Nevertheless, during
the episodes mutant mice were rebellious and hard to handle
suggesting that behavioral responses to fearful stimuli were
enhanced. This observation could potentially explain the shorter
immobility time, including enhancement of struggling/survival
behavior, in the forced swimming and tail suspension tests
(Figures 3k and I).

The prophylactic effect of escitalopram was demonstrated
(Figure 1d) for the predictive validity, whereas the curative effect
on the episode was not possible because hypoactivity episodes
experienced by mutant mice were of short duration (~2-3 weeks)
and of relatively rare occurrence (about once in half a year). The
trigger for the stochastic episodes remains unknown; however,
environmental factors (for example, earthquakes and variation in
humidity or pressure influenced by weather conditions even in

© 2016 Macmillan Publishers Limited
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our well-controlled animal facility) are unlikely because more than
two animals seldom initiated concurrent episodes. Considering
the low frequency of episodes, elucidation of the trigger of
hypoactivity episodes will facilitate future preclinical studies using
this model.

Major depression has complex contributions from genetic and
environmental factors,* and mitochondrial dysfunction or POLG1
mutations are not fully penetrant®'® and other factors may
contribute. A strong risk factor for depression is being female®
and, consistent with this, only female Polg7 mutant mice exhibited
spontaneous episodes. Also, the absence of episodes after
ovariectomy indicates that female hormonal changes are likely
to increase susceptibility. Together, the loss of proofreading
activity of POLG1 and female status confer construct validity.

Our anatomical screen for A-mtDNAs linked to the loss of
proofreading activity of POLG1, together with the TeTX inactiva-
tion experiment, suggest that the PVT is an essential brain area for
mood regulation. In the epithalamus, the PVT is ideally positioned
for both the neural processing of mood-related information and
its transfer and regulation of downstream brain areas. The PVT
receives strong afferents from the suprachiasmatic nucleus,
serotonergic neurons in the dorsal raphe, and CRH and orexin
neurons in hypothalamus, while PVT efferents project to core
mood and reward processing regions including the nucleus
accumbens, anterior cingulate cortex and amygdala.?'"** This
projection pattern together with our data support a model where
PVT neurons control mood by dampening mood instability in
affective circuits.>* The Polg1 mutant mice that we describe may
open new avenues for investigating how PVT-centered neural
circuits connect to final common pathway(s) for depression and
integration with neural systems linked to stress-induced models.
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