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The advent of endothermy, whichis achieved through the continuous homeostatic
regulation of body temperature and metabolism'?, is a defining feature of mammalian

and avian evolution. However, when challenged by food deprivation or harsh
environmental conditions, many mammalian species initiate adaptive
energy-conserving survival strategies—including torpor and hibernation—during
which their body temperature decreases far below its homeostatic set-point®>>. How
homeothermic mammalsinitiate and regulate these hypothermic states remains
largely unknown. Here we show that entry into mouse torpor, a fasting-induced state
with agreatly decreased metabolic rate and abody temperature as low as 20 °C%, is
regulated by neuronsin the medial and lateral preoptic area of the hypothalamus. We
show that restimulation of neurons that were activated during a previous bout of
torporis sufficient toinitiate the key features of torpor, even in mice that are not
calorically restricted. Among these neurons we identify a population of glutamatergic
Adcyapl-positive cells, the activity of which accurately determines when mice
naturally initiate and exit torpor, and the inhibition of which disrupts the natural
process of torpor entry, maintenance and arousal. Taken together, our results reveal a
specific neuronal populationin the mouse hypothalamus that serves asa core
regulator of torpor. This work forms a basis for the future exploration of mechanisms
and circuitry that regulate extreme hypothermic and hypometabolic states, and
enables genetic access to monitor, initiate, manipulate and study these ancient
adaptations of homeotherm biology.

Torpor and hibernation enable warm-blooded animals to survive
harsh environments that are otherwise incompatible with life”®,
Although constituting complex multifaceted behaviours®™, perhaps
the most notable feature of these states is the profound decrease in
core body temperature to far below its tightly controlled homeo-
static set-point®*. Several regions in the mammalian brain—including
the preoptic area (POA)", the dorsomedial hypothalamus® and the
raphe nuclei**—have been implicated in the coordination of tempera-
ture regulation? Specific electrophysiologically and/or molecularly
defined cellular components of homeostatic thermoregulation have
been identified, including neurons that are sensitive to changes in
ambient temperatures® and/or local brain temperature®2'. How-
ever, although a picture of the circuitry that underpins normal ther-
moregulation is beginning to emerge'?, how animals disengage or
circumvent these conserved homeostatic mechanisms in response
to environmental challenges to enter profoundly hypothermic states
suchastorpor and hibernation remains a central questionin homeo-
therm biology.

To study the mechanisms that underlie the initiation of these adap-
tive hypothermic states, we used a model of fasting-induced torpor
inlaboratory mice (Mus musculus). Mice placed in environments that

are devoid of food and are colder than their thermoneutral point
(around 30 °C)?** alternate between two survival strategies: high-risk
food-seeking behaviour® and energy-conserving torpor>*%, Mouse
torporisacomplex natural behaviour thatis characterized by repeated
bouts of profoundly reduced core body temperature (aslow as 20 °C),
along with decreases in movement, sensory perception, breathing,
heart rate and metabolic rate* *1%%28 To study fasting-induced torpor,
mice were housed at 22 °C and implanted with telemetric tempera-
ture probes. Whereas fed mice maintained a core body temperature
(T,) higher than 35.1+ 0.2 °C, all mice that were food-restricted for
24 hours experienced one or more bouts of torpor, which we charac-
terized as a precipitous drop in core body temperature (greater than
1°C per 20 min), a period of deep hypothermia (7, of 24-35 °C) last-
ing up to several hours, and finally, arousal from torpor (Fig. 1a). Each
bout of torpor was preceded by a45.1+4.6% decrease in metabolicrate
and was accompanied by reduced movement (73.4 + 7.0% reduction;
Fig.1a-c, Extended DataFig. 1a). Although circadian rhythms?, leptin
signalling®?, sympathetic nervous systemactivity and adipose tissue
thermogenesis***° have allbeen shown to modulate torpor, the mecha-
nisms by which animals trigger and regulate this natural hypothermic
state remain unknown.
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Fig.1|Neuronal activity induces key features of torpor. a, Core body
temperature (T,) and gross motor activity of arepresentative non-fasted (left)
or fasted (right) mouse over 24 h. Fasted mice enter torpor, whereas non-fasted
mice do not. The grey and white backgroundsindicate12-h periods of darkness
andlight, respectively. The dashed line indicates the minimum T, observedin
non-fasted mice. b, ¢, Minimum T, (b) and the minimum metabolic rate as
measured by the volume of oxygen consumed (VO,) (c) in non-fasted (fed) and
fasted (torpor) mice (n=7 mice, **P=6 x10"*(b), **P=1x10"(c)). d, Schematic
showing the procedure for gaining genetic control over torpor-regulating
neurons. Neurons active during torpor in FOSTRAP, LSL-Gq-DREADD mice are
TRAPed by 4-OHT administration and chemogenetically restimulated 7 days
later in non-fasted mice by treatment with CNO. e, CNO-induced reactivation of
4-OHT-TRAPed neurons thatare active during torporentry triggers a decrease
in Ty characteristic of mouse torpor (fast:-TRAP CNO, n=14 mice). The same
mice injected with PBS (fast-TRAP PBS, n=8 mice), or control micein which
neurons were not TRAPed (no-TRAP CNO, n=6 mice) or were TRAPed during a
non-torpid state (fed-TRAP CNO, n=9 mice), did not show adecreasein T, upon
CNO administration. The dashed line indicates the onset of CNO or PBS
administration, shadingindicates 95% confidence interval. f, The minimum T,
after CNO administrationislower in fast:-TRAP CNO (n =14) mice compared
tono-TRAPCNO (n=6,P=6.2x107*),fed-TRAPCNO (P=2.4x107®) or
fast:-TRAPPBS (P=2.5x10"°) mice. For the box plots, the centre line and box
boundariesindicate mean +s.e.m.Pvalues were calculated using a two-tailed
Mann-Whitney U-test, ***P<0.001.

Torpor-associated circuit activity

Inprinciple, entryinto torpor could be triggered by circulating factors
capable of reducing metabolic rate and/or by changesin thermoregula-
toryneural circuit activity. Consistent with the idea that altered circuit
activity contributes to entry into torpor?®, staining for FOS—a marker
of neuronal activity-induced transcription®—followed by whole-brain
imaging and machine learning-enabled registration of the FOS signal to
the Allen Mouse Brain Atlas® (Methods) revealed several brain regions
thatare active during fasting-induced torpor. As might be expected, we
observed neuronal activity in brain regions that regulate hunger, feed-
ingand energy balance®?*, as well asin thermoregulatory areas*** and
inalarge number of other brainregions. This finding that brain circuits
are engaged as fasted mice enter torpor suggests that these circuits
might potentially drive the entry process (Extended Data Fig. 1b-f).
To determine whether neural circuit activity is sufficient to induce
torpor phenotypesindependent of caloricrestriction, we used genetic
tools that enable the expression of a chemically activated receptor,

2 | Nature | www.nature.com

Gq-DREADD (Gq-coupled Designer Receptor Exclusively Activated
by Designer Drug), specifically in the neurons that are active as mice
enter torpor. Reactivation of the putative torpor-regulating neurons
by administration of the Gg-DREADD-activating synthetic ligand clo-
zapine N-oxide (CNO) to the mice enabled us to determine whether
thereactivation of these neurons alone—without caloric restriction—is
sufficienttoinduce torpor-associated phenotypes. For this experiment,
we used mice harbouring atamoxifen-dependent form of Cre recombi-
nase driven from the Foslocus (Fos?**“fR™2 TRAP2*®) together withan
allele of the Gg-coupled receptor thatisexpressedina Cre-dependent
manner (R26-LSL-Gq-DREADD¥). When these ‘FosTRAP-Gq’ mice are
fastedtoinduce entryinto torpor, the neurons that are active—and thus
potentially mediate torpor entry—induce FOS and CreERT2. When these
mice are exposed to 4-hydroxytamoxifen (4-OHT), the CreERT2 recom-
binesthe R26-LSL-Gq-DREADD allele, leading to the persistent expres-
sion of Gq-DREADD and enabling these specific neurons—referred to
hereafter as ‘TRAPed’ neurons—to be activated at a later time by the
administration of CNO (Fig. 1d).

FosTRAP-Gq mice (n=14) were fasted and 4-OHT was administered
as they entered natural torpor. After several days of recovery from
fasting, these mice were administered the DREADD-activating ligand
CNO to chemogenetically restimulate the neurons that were TRAPed
during natural torpor (Fig. 1d, Methods). Notably, we found that the
stimulation of neurons that were previously active during fasting and
torpor was sufficient toinduce the robust decrease in core body tem-
perature and locomotor activity associated with natural torpor, despite
the absence of caloric restriction. This effect was dependent on CNO
administrationand on previous 4-OHT-mediated TRAPingin the fasted
state (Fig. le, f, Extended Data Fig. 1g, h). Although we cannot exclude
a contribution either from fasting-regulated neurons that are active
before or after torpor or from non-neuronal cells, this result suggests
that the systemicrecapitulation of torpor-associated neuronal circuit
activity is sufficient to acutely induce key behavioural and physiologi-
cal features of torpor.

avMLPA neurons regulate features of torpor

Toidentify the brainareas that were labelled using the TRAP approach,
we immunostained brain sections of these FosTRAP-Gq mice for the
haemagglutinin-tagged Gq-DREADD protein. Whole-brain imaging
revealed widespread expression of the Gq-DREADD protein, with
190 differentially labelled regions identified between mice TRAPed
in a fasted state (fast-TRAPed) compared with mice in a fed state
(fed-TRAPed; Extended Data Fig. 1li-k, Supplementary Table 1). A
strong correlation across brain regions was observed between the
number of FOS” cells in torpid mice and the levels of Gq-DREADD
expression in fast-TRAPed mice, suggesting that our TRAP approach
labelled—asintended—neurons that areactive and induce FOS during
torpor (Extended Data Fig. 11). Althoughin principle the simultaneous
activation of multiple neural populations across several distributed
brainareas mightberequired to orchestrate torpor, we proposed that
circuit activity within a single brain region might have a major role in
the regulation of torpor. To address this possibility, we designed a
screen across the brain regions that were identified by Gq-DREADD
staining in fast-TRAPed mice. By stereotactic injection into FOSTRAP
mice, which do not express an endogenous Gq-DREADD, we admin-
istered adeno-associated viruses (AAVs) expressing Cre-dependent
Gq-DREADD fused to mCherry (AAV-DIO-Gg-mCherry); this enabled
TRAPingrestricted to theinjection area, the expression of Gg-DREADD-
mCherry, and the subsequent chemogenetic restimulation of the
neurons active during natural torpor within just the injected region
(Fig. 2a). For these studies, we focused on the torpor-associated
decrease in core body temperature. We injected FOSTRAP mice
(n=>54) indifferent areas of the anterior hypothalamus, a region of
the brain involved in thermoregulation and energy balance'? that
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Fig.2|Identification of brainregions thatregulate torpor. a, Schematic
showing the procedure foridentifying which hypothalamic regions contain
torpor-regulating neurons. b, Quantification of AAV-DIO-Gq-DREADD-
mCherry expressionin mice TRAPed during fasting-induced torpor.
Hypothalamic nuclei (n=277) are plotted on the basis of their anterior-
posterior (AP) coordinates relative to bregma (B). Mice (n=54) are ranked on
thebasis of the decreasein corebody temperature (AT,) observed after
chemogenetic stimulation of TRAPed neurons. AT is correlated with viral
expressionineachregion (Pearson correlation). c, Tworegionsin which viral
expression did not show significant correlation to AT, (first two columns) and
threeregionsinwhich viral expression did show significant correlationto AT,
(final three columns). False discovery rate (FDR)-corrected g value, Pearson
correlation test, n=54 mice. The minimum 7, was calculated across all mice
grouped onthe basis of degree of viral expressioninto ‘none’, ‘partial’ or
‘complete’. Inthebox plots the centre line denotes the median, the box

showed substantial FOS expression during fasting-induced torpor
(Extended DataFig.1). After recovery, these mice—hereafter denoted
‘FosTRAPMVC mice—were fast/torpor-TRAPed, enabling persistent
expression of the viral Cre-dependent Gq-DREADD-mCherry in fast-
and torpor-active neurons within the virally injected region. Several
days later, we administered CNO to stimulate Gq-DREADD-expressing
neuronsselectively intheinjected region of the hypothalamus to test
whether the stimulation of these neurons would resultinadecrease in
body temperature, asinnatural torpor. The reduction of core body tem-
perature was correlated with the anatomical expression of the virally
derived Gq-DREADD-mCherry across 277 hypothalamic nuclei or areas
(Fig. 2b, Methods). Leveraging the variability across injection sites in
different mice (n=54), thisunbiased screenidentified the anterior and
ventral portions of the medial and lateral preoptic area (avMLPA) as key
regions, with mice injected in the avMLPA exhibiting a large decrease
in core body temperature in response to CNO as compared with mice
inwhich theseregions were not transduced (4.90 + 0.68 °C compared
with 0.89 +0.25°C, P=1.8 x107%; Fig. 2c-f, Extended Data Fig. 2a—c,
Supplementary Tables 2, 3). FosTRAP*V ¢ mice that were injected selec-
tivelyinthe avMLPA, TRAPed during torpor, allowed sufficient time to
recover and then stimulated with CNO showed a decrease in metabolic
rate 0f30.4 +8.5% (P< 2.4 x107*) and a decrease in gross motor activity
0f 58.7 £5.2% (P < 1.5 x 107%), consistent with the features observed in
natural torpor (Extended Data Fig. 2d-g). Moreover, sectioning and

boundaries mark the interquartile range (IQR) and the whiskers extend to
1.5xIQR.MnPO, median preoptic nucleus; MPA, medial preoptic area; LPO,
lateral preopticarea.d, Representative coronal sectionfroman
avMLPA-injected mouse (n=15mice). VLPO, ventrolateral preoptic nucleus.

e, f,Chemogenetic restimulation of avMLPA TRAPed neurons (avMLPA-hit
CNO, n=15mice), the same mice (n=15) injected with PBS (avMLPA-hit PBS), or
control mice in which the avMLPA was missed (avMLPA-miss, n=11mice).
e,Adecreasein Ty characteristicof torporis seen only in avMLPA-hit CNO mice.
Thedashed lineindicates CNO or PBS administration, grey shadingindicates
95% confidence interval of T,. f, The minimum T, after CNO administrationis
lower inavMLPA-hit mice compared with avMLPA-miss mice (P=1.8 x10®) or
with avMLPA-hit mice injected with PBS (P=5.8 x107). Two-tailed Mann-
Whitney U-test, ***P<0.001. For the box plots, the centre line and box
boundariesindicate meants.e.m.

staining brains for the virally derived Cre-dependent Gq-DREADD-
mCherry fusion protein revealed projections from torpor-TRAPed
avMLPA (avMLPA™™°") neurons to the dorsomedial hypothalamus, arcu-
atenucleus, periaqueductal grey and raphe pallidus—regions that are
knownto modulate energy balance and adipose tissue thermogenesis,
which are processes thought to be involved in the induction of tor-
por®®* (Extended Data Fig. 2h—j). Together, these findings identify a
brain area in which the reactivation of torpor-associated neurons is
sufficient to acutely induce torpor-like behavioural and physiological
changes, and suggest that avMLPA™™° neurons may representacritical
node inthe circuit that regulates natural entry into torpor.

Molecular analysis of avMLPA"™° neurons

The mammalian POA houses aninterconnected ensemble of cell types
thatareinvolved intemperature™ "%, fluid®* and cardiovascular home-
ostasis*’, as well as mating, parental behaviours* and sleep****. To
catalogue the diversity of neuronal cell types present in the avMLPA,
and identify which among them are active and TRAPed during tor-
por, we adapted a high-throughput single-nucleus RNA-sequencing
(snRNA-seq)-based strategy* (Fig. 3a). Five FosTRAP mice were injected
with AAV-DIO-Gq-DREADD-mCherry. Four of these mice were TRAPed
duringtorpor, while one was kept asanon-TRAPed control. Their anter-
oventral POAs were dissected and dissociated, and 44,669 single nuclei
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Fig.3|Molecular characterization of torpor-associated avMLPA neurons.
a, Schematic showing the procedure for the molecular characterization of
avMLPA™"™" cells. AAV-DIO-Gq-DREADD isinjected into the avMLPA (n=5
mice). After TRAPing, theavMLPAis microdissected and analysed by
snRNA-seq. b, Uniform manifold approximation and projection (UMAP) plot of
39,562 nuclei from the avMLPA of 5mice. Colours group the main cell types.
OPCs, oligodendrocyte precursor cells. ¢, Expression of the indicated marker
genesacross different celltypes (named as abbreviations of the cell typesinb).
d, UMAP plot 0f 28,103 neuronal nuclei. Colours group the 36 neuronal
subtypes. e, Expression of marker genes across different neuronal cell types.
Celltypesare organized on the basis of hierarchical clustering. Theacronym

were analysed using snRNA-seq at an average depth of 1,286 genes and
2,083 transcripts per nucleus (Extended Data Fig. 3a-e). Unsupervised
graph-based clustering delineated major neuronal and non-neuronal
cell classes, and further clustering of just the neuronal subpopulation
(n=28,103) identified a considerable diversity of 24 GABAergic, 8 glu-
tamatergic, 3 hybrid (GABAergic and glutamatergic) and one choliner-
gic neuronal cell type, consistent with the large diversity of cell types
present in the POA* (Fig. 3b-e, Extended Data Fig. 4, Supplementary
Table 4). The robustness of the obtained clusters was confirmed by
subsampling analysis (Extended Data Fig. 3f). Notably, 17,424 of the
28,103 sequenced neurons—representing all 36 cell types—expressed
AAV-derived transcripts, consistent with broad tropism of AAV8 in
the hypothalamus.

We analysed the expression of Gq-DREADD-mCherry transcripts
as a means to identify which among the transduced neurons were
TRAPed during torpor. This approach detected 342 torpor-TRAPed
neurons among 15,056 transduced neurons in the four TRAPed mice,
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comprises the neuronal class (e, excitatory; i, inhibitory; h, hybrid;

¢, cholinergic) and the cluster number, followed by select marker genes.
f,UMAP plot of 17,424 neuronal nuclei that were transduced by the AAV (grey)
and 342 neuronal nuclei that were TRAPed during torpor (red). g, Distribution
of TRAPed neurons across all neuronal cell types. For the box plots, the centre
lineand boxboundariesindicate mean +s.e.m. (n=4 mice). Yellow shading
indicates cell types expressing Adcyapl and Vglut2. The acronym comprises
the neuronal class and the cluster number.Inc, e, the colour of the circle
denotes the mean expression across all nuclei normalized to the highest mean
across cell types, and the size of the circle represents the fraction of nucleiin
which the marker gene was detected.

and displayed a low false-positive and false-negative rate (Extended
DataFig.5a-e, Methods). TRAPed neuronsrepresented several avMLPA
cell types, suggesting that several neuronal populations were active
during fasting-induced torpor (Fig. 3f). However, the largest subset
(42.6 £3.5%) of all torpor-TRAPed cells consisted of several populations
of glutamatergic AdcyapI” neurons (Fig. 3g, Extended Data Fig. 5f-i),
aresult that was subsequently confirmed using in situ hybridization
methods (Extended Data Fig. 6, Extended Data Fig. 7). Differential gene
expression analysis between TRAPed and non-TRAPed Vglut2'Adcyap1*
neuronsidentified markers of e5neurons, consistent with preferential
TRAPing of this molecularly defined subtype of AdcyapI* neurons (Sup-
plementary Table 5).

Stimulation of torpor-associated neurons

Together with previous work that describes distinct populations of
GABAergic and glutamatergic warm-sensitive thermoregulatory
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Fig. 4 |Sufficiency, necessity and natural activity of avMLPA neuronal
subpopulations during torpor. a-c, Theinjection of AAV-DIO-Gq-DREADD
and subsequent chemogenetic stimulation of avMLPA'8*, avMLPA"¢"? and
avMLPAM¥! neurons (n=6,5and 8 mice, respectively). a, Schematic showing
the experimental procedure. b, Changein T, after chemogenetic

stimulation with CNO (indicated by the dashed line). c, Mean T, before and after
chemogenetic stimulation of avMLPA'8* (NS, P=0.48), avMLPA"e"?
(**P=7.9x107%), and avMLPAM®*! neurons (***P=1.6 x10™*). d, Schematic
showing theinjection of AAV-Flex-TeLC to inhibit synaptic transmission.e,f, T,
of fed and fasted mice in which avMLPA"8"? (€) or avMLPA*?! (f) neurons
remained un-injected (pre), were injected with a control AAV (ctrl), or were
injected with AAV-Flex-TeLC (TeLC). Coloured linesindicate the mean across
mice; grey shadingindicates the 95% confidence interval. The number of mice
foreach conditionisindicated in parentheses. g, Schematic showing the
injection of AAV-Flex-GCaMPé6s and fibre photometry recording from
avMLPAM! neurons. h-j, Recording sessionsin fasted mice showing T, and

neuronsinthe POA 84 ourresults suggest the possibility that avMLPA
neurons that express Vglut2 or Adcyapl (avMLPA'#"2 and avMLPA*d<y?!
neurons, respectively) regulate the decrease in core body temperature
thatis associated with natural torpor. To directly test whether stimula-
tion of these neurons is sufficient to phenocopy the decrease in body
temperature observed during natural torpor, we used Vglut2-IRES-Cre
and Adcyap1-2A-Cre mice and expressed the excitatory Gq-DREADD in
avMLPA"8"2 or avMLPAA*! neurons (Fig. 4a). Chemogeneticactivation
of avMLPAAIY2P! or avyMLPAYE"2 neurons resulted in a rapid decrease
in core body temperature (5.9 + 0.4 °C and 4.9 £1.0 °C, respectively)
and in gross motor activity (58.7 + 8.4% and 53.3 + 11.8%, respectively;
Fig.4a-c, Extended DataFig. 8a-f), which phenocopied the stimulation

the normalized GCaMPé6s signal. Coloured barsindicate the different states,
classified onthe basis of T,,. The dashed line indicates the transition between
non-torpor and torpor states (Methods). Fdenotes the fluorescence intensity
of GCaMPé6s, and df/Fis calculated by dividing the smoothed
calcium-dependent GCaMP6s signal with the Ca**-independent scaled fit.

h, Example 10-h trace spanning non-torpor and torpor states. i, j, Example
20-mintraces spanningtorpor entry (i) and torpor arousal (j). k, I, Example
photometry signals in non-torpor (k) and torpor (I) states. The baseline signal
isindicated in blue.m, Meanbaseline (left) and peak frequency (right) of the
fibre photometry signalin one mouse across non-torpor and torpor states.
Thelegendisdisplayedinn, and Pvalues areindicated above the plots.

n, Difference inaverage baseline (left) and log, fold change in average peak
frequency (right) of fibre photometry signal between non-torpor and torpor
states (n=8 mice, Pvaluesindicated above plots). For the box plots, the centre
lineand box boundariesindicate mean+s.e.m. All Pvalues were calculated
using atwo-tailed Mann-Whitney U-test.

of torpor-TRAPed avMLPA neurons and effectively recapitulated the
decreasein corebody temperature and activity observed during natural
torpor. By contrast, the chemogenetic activation of avMLPA"# neu-
rons in Vgat-IRES-Cre mice led to no significant change in core body
temperature (0.2+0.3 °C, P=0.48, Fig. 4a-c, Extended Data Fig. 8b).

Silencing of torpor-associated neurons

Although these findings are consistent with theideathat torpor-active
avMLPAA#land avMLPAY8"“ cells are critical torpor-inducing neurons
intheavMLPA, it remained possible that these cells simply constituted a
partofthe core circuitry that controls homeostatic body temperature,
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rather than being mediators of torpor entry. To directly address the role
of avMLPAA¥! and avMLPA'8" neuronal activity in basal homeostatic
thermoregulation, as well as the natural process of fasting-induced
torpor, wetargeted the expression of avirally encoded, Cre-dependent
tetanus toxin light chain*” (AAV-Flex-TeLC)—a derivative of a potent
neurotoxin that eliminates synaptic transmission—to avMLPAA¥a or
avMLPA'8“2neurons (Fig. 4d). By expressing Gg-DREADD and TeLC in
the same neurons and stimulating them with CNO, we were able tofirst
verify that TeLC expression effectively inhibited synaptic transmission
in these cells, to the extent that it blocked the decrease in core body
temperature associated with the chemogenetic stimulation (Extended
DataFig. 8g-i). Experiments with fed mice showed that avMLPAA¥P! op
avMLPA"8“2sjlencing had no significant effect on normal homeostatic
body temperature, includingits circadianrhythm (Fig. 4e, f, Extended
Data Fig. 8j-0). By contrast, mice in which avMLPA8"? neurons were
selectively silenced showed profound disruption of fasting-induced
torpor (Fig. 4e). Specifically, the decrease in core body temperature
associated with fasting-induced torpor was significantly diminished
after theinjection of AAV-Flex-TeLC, as compared with that observedin
the same mice beforeinjection (pre-fast, P=0.010) or in mice injected
withacontrol AAV vector (control fast, P=0.018, Extended Data Fig. 8j).
The kinetics of the torpor-associated decrease in body temperature
were also significantly altered by avMLPA"#"Zsilencing: mice reached
their lowest body temperature after 22 +1h, compared with14 +1h
for control mice (Extended Data Fig. 8k, P=9.2 x107). Silencing of
avMLPAMY?! neurons—a subset of avMLPA8"“> neurons—also altered
natural torpor (Fig. 4f, Extended Data Fig. 81): normal torpor bouts
were replaced with agradual decrease in core body temperature, and
anadditional 6 hwasrequired toreach asimilar degree of hypothermia
compared with normal torpor (Extended Data Fig. 8m, P<7 x107). It
must be noted that the injected site in some cases included areas that
extended beyond the avMLPA. In addition, usingin situ hybridization
techniques, we found that only a subset (43 + 5%) of avMLPA Adcyap1’
neurons expressed TeLC, perhaps due to inefficient viral transduction
or Cre-mediated recombination. This may have led to theincomplete
silencing of torpor-regulating avMLPA*¥#! neurons, and could be
areason for the incomplete elimination of fasting-induced torpor
responses that we observed in this paradigm (Extended DataFig. 8p, q).
Nevertheless, these results suggest that the activity of avMLPAA¥ap!
neurons is necessary for the normal pattern of torpor thermoregula-
tion—characterized by arapid decrease in core body temperature, its
maintenance and subsequent re-warming—and that, perhaps together
with other glutamatergic neurons, avMLPA*%®! neurons are required
for the depth of hypothermia thatis observed during natural torpor.

Dynamics of avMLPA*‘“?"! neurons in torpor

Activeinvolvement of glutamatergic Adcyapl* avMLPA neuronsinthe
initiation of torpor should be reflected by acute torpor-associated
changes in avMLPA*¥*! neuronal firing patterns. Moreover, the char-
acterization of avMLPA neuronal firing patterns during natural torpor
might provide further insightinto the underlying functional role of this
circuitintorpor regulation. For example, natural avMLPA firing patterns
might encode a caloric deficit, circadian time, rate of change in body
temperature, time of acute torpor onset or maintenance of torpor.
To distinguish between these possibilities, we expressed the calcium
reporter* GCaMP6s in avMLPA*“?! neurons, installed an optical fibre
in the region containing these neurons, and continuously monitored
neuronal calciumtransients over 7-12 hin freely moving fasted mice as
they entered torpor (Fig. 4g, Extended Data Fig. 9a, b, Methods). This
analysis did not show agradual change in neuronal activity correlated
with caloricrestriction or circadian time, or atransient pattern of activ-
ity that correlated with only the onset of torpor. Instead, we observed
amarked change in neuronal activity that coincided with torpor entry
and persisted until the mice began to exit the torpid state (Fig. 4h-1,
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Extended DataFig.9c, d, Methods). This torpor-associated activity pat-
ternwas characterized by an 8.0 +1.8% decrease in the baseline signal
(P=3x107%) and a19.0 + 7.0-fold increase in the frequency of highly
prominent Ca?*-dependent peaks (P=2x107*,Fig.4m, n, Extended Data
Fig. 9d-g) compared with the non-torpor state. Notably, this distinct
pattern of avMLPA?! neuronal activity alone was sufficient to accu-
rately model and determine when mice entered, maintained and exited
torpor (Extended Data Fig. 9h-k), which suggests that avMLPAAdapP!t
neurons encode information specific to torpor entry and maintenance.

To exclude the possibility that the avMLPA*%¥?! neurons were
merely responding to an acute change in body temperature, we
recorded their activity in fed mice in which hypothermia had been
artificially induced by administration of the adenosine receptor ago-
nist N®-cyclohexyladenosine (CHA)*. Chemically induced hypother-
miaresultedin asimilar decrease in baseline signal (7.2 £1.7%) to that
seenintorpor, perhaps due to decreased neuronal discharge at lower
body temperature. However, chemically induced hypothermia failed
to produce the prominent Ca®*-dependent peaks that are associated
with fasting-induced torpor, suggesting that the large Ca®* transients
observed in avMLPA*?! neurons may encode information that is
relevant specifically to torpor and not simply to hypothermia or cool-
ing (Extended Data Fig.10a-€). Whether this pattern of Ca*' transients
reflects the existence of distinct neuronal subpopulations—or perhaps
burst firing of a single population of responsive neurons—remains
unclear, as does its function in the process of torpor entry.

Toinvestigate whether torpor-active avMLPA**! neurons are dis-
tinct from previously identified populations of warm-sensitive neurons
inthe POA™'84¢ we next challenged the mice in which we had previously
observed torpor-related avMLPA*>?! neuronal activity with either
warm (37 °C) or cold (10 °C) environments. Unlike previously described
warm-sensitive neurons, avMLPA*%! neurons showed no significant
changesinactivity in the warm environment; however, they did display
sensitivity to a cold environment, suggesting the existence of several
functionally distinct subpopulations of POA*¥?! neurons (Extended
DataFig.10f-i). In summary, we show that avMLPA*‘¥?! neurons both
contribute to and are necessary for the natural decrease in body tem-
perature thatis observed during torpor, and encode a unique pattern
of broad and highly prominent Ca* transients as mice enter and sustain
torpor. This suggests that the activity of these neuronsis critical to the
natural process of torpor initiation and maintenance in mice.

Discussion

Our study examines the mechanisms underlying acomplex naturalistic
behaviour by using several recent technological advances, including
the FosTRAP approach, machine learning-enabled image registration,
snRNA-seq and long-term recordings of neuronal activity. We impli-
cate specific neuronal cell types within a defined brain region in the
regulation of torpor, one of the most extreme and poorly understood
physiological adaptationsin homeothermic animals. We discover that
neural activity aloneis sufficient to induce several key features of tor-
por,including decreased locomotion and a profoundly lowered meta-
bolic rate and core body temperature in mice that are not calorically
restricted. Weidentify the avMLPA of the hypothalamus asatorpor con-
trol centre, and Vglut2'AdcyapI* neurons as acentral torpor-regulating
neuronal population. We observe that the activity of these neurons
changes markedly when mice naturally enter torpor, and that this
both contributes to and is necessary for the precipitous decrease in
core body temperature that is observed during natural torpor. How
these torpor-regulating neuronsintegrate information about internal
states and environmental experience remains to be understood. Gluta-
matergic avMLPA*?! neurons receive information about decreasing
ambient temperatures, leading us to speculate that these neurons
might integrate information about environmental conditions with
information about the internal energy reserves of the animal, so as to



control when the animal enters torpor. Transcriptome-wide analysis
of Vglut2'AdcyapI* neuronsidentified expression of the leptin recep-
tor in two of the Vglut2*AdcyapI” neuronal subtypes, suggesting the
possibility that circulating leptin levels might modulate the activity of
torpor-regulating neurons and provide a potential mechanism for how
informationabout decreased energy reservesin fasted mice could be
conveyed to torpor-regulating avMLPA8 Adeyapt neyrons?3° (Extended
DataFig. 5j). Inaddition, giventhatentry into torpor requires hours of
fasting, and involves many neuronal populations in which the FOS tran-
scription factor is induced, one possibility is that activity-dependent
gene transcription has a mechanistic role in establishing a state that
is permissive for torpor entry.

Because torpor is a dynamic and complex behaviour that involves
profound changes in body temperature, metabolic rate, locomo-
tion, perception, breathing and heart rate™®, the engagement of
other neuronal populations and brain regions—including additional
torpor-associated neurons identified here by the FosTRAP approach
and by snRNA-seq—is likely to be involved in orchestrating the full pro-
gramof natural torpor entry, maintenance and arousal. The elucidation
of torpor-regulating neuronal circuitry will enable an investigation of
the mechanisms by which this circuit inhibits, circumvents or inverts
normal cold defensive thermoregulatory processes***°. This should
provide insight into why only certain mammalian species have the
ability toenter torpor,and whether such ahypometabolic state could
beinducedin species that typically do not enter torpor. For example,
although rats and humans do not naturally enter torpor, a study has
recapitulated attributes of torpor in rats®, suggesting the possibility
of inducing a similar state in humans. Future investigations should
deliver further advances through the study and manipulation of these
ancient adaptations of homeotherm biology.
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Methods

Mice
Animal experiments were approved by the National Institutes of Health
and Harvard Medical School Institutional Animal Care and Use Commit-
tee, following ethical guidelines described in the US National Institutes
of Health Guide for the Care and Use of Laboratory Animals. For initial
torpor experiments, we used adult (6-10-week-old) C57BL/6) mice
(TheJackson Laboratory, Stock 000664). To generate FOsTRAP-Gq
mice we crossed Fos2A-iCreER (TRAP2) mice (TheJackson Laboratory,
Stock 030323) with R26-LSL-Gq-DREADD mice (The Jackson Labora-
tory, Stock 026220) and used adult (6-18-week-old) male and female
F, progeny. For viral injections we used Fos2A-iCreER (TRAP2) mice
(The Jackson Laboratory, Stock 030323), Adcyap1-2A-Cre mice (The
Jackson Laboratory, Stock 030155), Vglut2-ires-Cre mice (The Jackson
Laboratory, Stock 028863) and Vgat-ires-Cre mice (The Jackson Labo-
ratory, Stock 028862). All mice were housed at 22 °C under astandard
12 hlight/dark cycle.

No statistical methods were used to predetermine the sample size.
Mice were randomly assigned to experimental groups before surgery.
Where possible, investigators were blinded during analysis.

Telemetric monitoring of core body temperature and gross
motor activity

Mice with genotypes of interest were singly housed and implanted
abdominally with telemetric temperature and activity probes (Starr
Life Science VV-EMITT-G2). After at least four days of recovery, mice
were recordedinstandard cages placed onto aradiofrequency receiver
platform (Starr Life Science ER4000). Core body temperature and gross
motor activity were logged every 60 s.

Measurements of oxygen consumption

Oxygen consumption was measured using the Columbus Instruments
Comprehensive Lab Animal Monitoring System (CLAMS) at the Brigham
and Women's Hospital or the Beth Israel Deaconess Medical Center
Metabolic Core. Individual mice were placed into metabolic cages ena-
bling the measurement of oxygen consumption (recorded as VO,, the
volume of O,consumed per unit time). The CLAMS systemis compatible
with simultaneous measurements of core body temperature and gross
motor activity using the implanted telemetric probes.

Torporinduction

Adult (6-18-week-old) mice were singly housed before the induction
of torpor. Each mouse was moved to a new individual cage contain-
ing water and nesting material but devoid of bedding and food at the
beginning of the dark cycle. Initial bouts of torpor were observed after
approximately 8 h of fasting. Mice were returned to their standard cages
containing food 24 hafter the start of the fast. The ambient temperature
of the facility was maintained at around 22 °C.

TRAPing
Tolabelneuronsthat areactive during torpor, we used mice harbouring
atamoxifen-dependent formof Cre recombinase (CreERT2) driven from
the Fos locus (Fos?'*fRT2 FosTRAP>%). When these mice are fasted to
enter torpor, the neurons thatare activeinduce FOS and CreERT2. When
these mice are exposed to4-OHT (Sigma-Aldrich, H6278), the CreERT2
willtranslocate to the nucleus. Once translocated, CreERT2 can recom-
bine the genomically encoded Cre-dependent R26-LSL-Gq-DREADD
allele or the virally introduced Cre-dependent AAV-DIO-Gq-DREADD-
mCherry construct selectively inthe FOS-expressing cells. Thisrecom-
bination leadsto the persistent expression of Gq-DREADD and allows
for the activation of these specific TRAPed neurons at alater time by
the administration of CNO®".

4-OHT solution was prepared by initially dissolving 10 mg of 4-OHT
in500 pl of 100% ethanol, then adding 450 pl of a1:4 mixture of castor

oil:sunflower oil and vortexing. The ethanol was removed via vacuum
centrifugation, and the remaining 4-OHT solution was diluted with the
same 1:4 mixture of castor oil:sunflower oil to a final concentration of
approximately 6.25 mg ml™. For TRAPing, each mouse was injected
intraperitoneally with 50 mg kg™ of 4-OHT during torpor entry.

CNOssolutionwas prepared by initially dissolving CNO hydrochloride
(Sigma-Aldrich, SML2304) in H,0 to a stock solution of 100 mM. The
stock solution was diluted with PBS to a final concentration of 0.6 mM,
and approximately 250 plwas injected intraperitoneally per mouse for
afinal injection concentration of 2mgkg™

Immunofluorescent staining

Mice were euthanized by transcardial perfusion of 10 mI PBS followed by
10 ml of 4% paraformaldehyde (PFA). Brains were extracted, post-fixed
overnight with 4% PFA at 4 °C and then embedded in PBS with 3% aga-
rose. Brains were sliced on a vibratome (Leica VT1000S) into 50-pm
coronal sections. Coronal sections were washed three times with PBS
containing 0.3% TritonX-100 (PBST) and blocked for 1 h at room tem-
perature with PBST containing 5% donkey serum (blocking buffer).
Sections were incubated overnight at 4 °C with primary antibodies
diluted in blocking buffer, washed again three times with PBST, and
incubated for 1 h at room temperature with secondary antibodies
diluted in blocking buffer. After washing twice in PBST and once in
PBS, samples were mounted onto SuperFrost Plus glass slides (VWR)
using DAPI Fluoromount-G.

Detection of FOS" and Gq-DREADD-HA’ cells
Tissues were processed as indicated in the section Immunofluores-
cent staining’ using the following reagents: primary antibodies: rab-
bit anti-FOS antibody 1:2,000 (Cedarlane, 226003(SY)) and rabbit
anti-haemagglutinin (HA) antibody 1:1,000 (Cell Signaling Technology,
3724S).Secondary antibody: 1:500 donkey anti-rabbit 647 secondary
antibody (Life Technologies, A31573).

Sections were imaged on an Olympus BX61VS microscope using a
UPlanSApo 10 x 0.4 objective (Harvard NeuroDiscovery Center).

Image registration to the Allen Brain Atlas and analysis

Imaged immunofluorescent brain slices were converted to TIF format
and organized in sequential anterior to posterior order. To quantify the
average Gq-DREADD-HA signal and count FOS* cells over different brain
regions, the brain slices were registered with the Allen Brain Atlas* as
described previously*>5, with some custom modifications. There are
three main parts to the pipeline: pre-processing, stack registration
and plane alignment. The pre-processing stage includes downsizing
image files, using a previously trained machine-learning algorithm
to compute the brain slice borders, generating a mask and edge map,
and detecting punctaif necessary. The stack-registration stage aligns
the dataset with itself using the vertical line of symmetry as a guide.
Inthe plane-assignment stage, eachinternally registered brainslice is
paired to the Allen Brain Atlas using an estimate of the bregma value
and amethod similar to sequence alignment using dynamic program-
ming. After pairwise registration to the Allen Brain Atlas, experimental
brain slices are further adjusted using local nonlinear deformations
to maximize the fit between the experimental image and the image
from the Allen Brain Atlas. Then, the signal intensity and the number
of spotsare quantified for each brain region defined by the Allen Brain
Atlas. Finally, the volume of each brainregionis calculated so that the
signal density (signal intensity divided by volume) and density of spots
(number of spots divided by volume) could be determined.

Several parameters in the pipeline were adjusted to optimally process
our experimental brainslices. For both FOS and Gq-DREADD-HA signal
quantification, aboundary erosion with radius 1 (after downsizing)
was implemented to exclude quantification at the edge of the brain
slices, where inaccuracies during the experimental preparation may
occur. Estimated bregma values for the most anterior and posterior



brain slices were also adjusted on the basis of each sample. To detect
individual FOS* nucleivia Laplacian of Gaussian filtering of theimage,
we found and distinguished the local maxima that are FOS puncta from
local maxima in the background. The distribution of local maximain
the background was computed, and the threshold distance to back-
ground distribution was set to 7 toindicate that only spots 7 standard
deviations away from the mean of the background distribution were
selected. For selected spots (putative FOS* nuclei), their correlation
with theideal circular spot was measured, and any spot witha correla-
tion below 0.5 was eliminated. These parameters were ignored when
the FOsTRAP-Gq-HA brain signal was quantified, as the haemagglutinin
signal was not nuclear and was instead distributed across the cell body
and neuronal processes, and thus could not be modelled and quanti-
fied as acircular spot.

Viral constructs

AAV8-hSyn-DIO-Gq-mCherry (Addgene, 44361-AAV8) and
AAV1-Syn-Flex-GCaMP6s-WPRE-SV40 (Addgene, 100845-AAV1) were
obtained from Addgene. AAV2/1-hSyn-Flex-TeLC-eYFP** was prepared
through Boston Children’s Hospital Viral Core. All viruses were diluted
with PBS to a final concentration between 5 x 102 and 1x 10* genome
copies per ml before stereotaxic delivery into the mouse brain.

Stereotactic viral injection and photometry fibre implantation
Forinjections, mice were anaesthetized with 3% isoflurane and placedin
astereotaxic head frame (KopfInstrument, model1900). Coordinates
AP +0.4 mm, ML +0.5mm, DV-5.1mmrelative to bregma, were used for
allavMLPA injection. Unless otherwise specified, all experiments were
carried out with bilateralinjections. An air-based injection system built
with Digital Manometer (Grainger, 9LHH8) was used to infuse the virus.
Thevirus wasinfused atapproximately 100 nlmin™, and the needle was
kept attheinjectionsite for 10 min before withdrawing. For chemoge-
netic stimulation, about 25-100 nl of AAV8-hSyn-DIO-Gq-mCherry
was deliveredinto the region of interest. For fibre photometry record-
ings, 200 nl of amixture (1:1ratio) of AAV8-hSyn-DIO-Gq-mCherry and
AAV1-Syn-Flex-GCaMP6s-WPRE-SV40 was delivered into the region
of interest, either unilaterally or bilaterally. For fibre photometry
recording, Mono Fibre-optic cannulas (Doric, MFC_200/230-0.37_###_
MF1.25_FLT) wereimplanted 200 pum above the injection site. The fibre
was fixed to the skull with Loctite 454 Instant Adhesive and further
covered by dental cement to ensure the stability of the implant.

Mapping of virally injected hypothalamic nuclei and correlation
with chemogenetically induced changes in core body
temperature

Viraliinjection, sample preparation and imaging. To minimize initial
differences in body weight between mice, which might influence the
effects on core body temperature and confound our screen across
brainregions, we used a cohort of fifty-four 6-10-week-old female
FosTRAP mice. Mice were bilaterally injected with AAV8-hSyn-DIO-Gq-
mCherry, allowed to recover for 4-10 days and then fasted and injected
with 4-OHT during torpor to TRAP active neurons. Subsequently (3-14
days later), mice were administered CNO to stimulate fast-TRAPed
neurons within the virally injected regions and their core body tem-
perature and activity were recorded. Given that different mice were
injected in different hypothalamic areas and that no two injections
will beidentical due to the subtle variabilities in the injection site and
viral spread, all mice were euthanized to map post hoc the exact brain
regions that were transduced and contained TRAPed neurons. Mice
were euthanized by transcardial perfusion of 10 ml PBS followed by 10
ml of 4% PFA. Brains were extracted, post-fixed overnight with 4% PFA
at4°Candthenembedded in PBS with 3% agarose. Brains were sliced
onavibratome (Leica VT1000S) into 50 pm coronal sections, mounted
onto glass slides and imaged on an Olympus BX61VS microscope us-
ingaUPlanSApo10 x 0.4 objective (Harvard NeuroDiscovery Center).

The expression of AAV-DIO-Gq-DREADD-mCherry was detected by its
endogenous fluorescence.

Image analysis. Viral mCherry expression was quantified across 277
hypothalamic regions, noting semiquantitatively for each region and
eachhemisphere whether the viral expressionwas 0 (none),1(minimal),
2 (partial) or 3 (total; Fig. 2b, Supplementary Table 3). The analysis was
performed blinded to the effect on core body temperature that was
previously observed in each mouse.

Correlation with changes in core body temperature. To assign a
single numeric value for each hypothalamic region in each mouse,
we added the semiquantitative transduction values from the two
hemispheres. For correlation analysis, we analysed 226 of the 277
brain regions that were transduced in at least three mice. For each
regionindependently, we determined the Pearson correlation across
all mice between the viral expression in that region and the decrease
in core body temperature that was observed. FDR-corrected g values
areshownin Extended Data Fig.2a-c.For eachregionindependently,
we also calculated the average (across mice) minimum temperature
that was observed after the chemogenetic stimulation of all mice in
which the region was hit (viral expression > 0) and all mice in which
the regions were missed (viral expression = 0). Values are plotted in
Extended Data Fig.2a-c.

Nuclear isolation for snRNA-seq

Mice were anaesthetized with 3% isoflurane and transcardially perfused
with cold choline dissection media. The brains were extracted and
sectioned into 300-pm coronal sections. Sections containing the MPA
were microdissected to isolate the avMLPA.

Single-nuclei suspensions for droplet-based snRNA-seq*’ " were
generated as described previously®®, with minor modifications. The
avMLPA was dissected and placed into a Dounce with homogenization
buffer (0.25 M sucrose, 25 mM KCI, 5 mM MgCl,, 20 mM Tricine-KOH,
pH7.8,1mM DTT, 0.15 mM spermine, 0.5 mM spermidine, protease
inhibitors). The sample was homogenized using a tight pestle with 10
strokes. IGEPAL solution (5%, Sigma) was added to afinal concentration
of 0.32%, and 5 additional strokes were performed. The homogenate
wasfiltered through a40-pm filter, and OptiPrep (Sigma) wasadded to
afinal concentration of 25% iodixanol. The sample was layered onto an
iodixanol gradient and centrifuged at10,000g for 18 min as previously
described***°. Nucleiwere collected between the 30% and 40% iodixanol
layers and diluted to 80,000-100,000 nuclei per ml for encapsulation.
All buffers contained 0.15% RNasin Plus RNase Inhibitor (Promega)
and 0.04% BSA.
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avMLPA snRNA-seq
snRNA-seq library preparation and sequencing. Single nuclei were
captured and barcoded for whole-transcriptome libraries using the
10X Genomics Chromium v2 platform according to the manufacturer’s
recommendations, collecting one library of approximately 10,000
nuclei from each of the 5 mice. In brief, single nuclei along with single
primer-carrying hydrogels were captured into droplets using a micro-
fluidic device. Each hydrogel carried oligodT primers with a unique cell
barcode. Nuclei were lysed and the cell-barcode-containing primers
released fromthe hydrogel, initiating reverse transcription and barcod-
ing of all cDNA in each droplet. Next, the emulsions were broken and
cDNA across approximately 10,000 nuclei were pooled into the same
library. The cDNA was amplified, fragmented and adapters were added
for sequencing on aNextseq 500 benchtop DNA sequencer (Illumina).
For enrichment of virally derived transcripts, a fraction (1 pl) of
the non-fragmented cDNA was PCR-amplified. The forward primer
(5’-GCATGGACGAGCTGTACA) was designed to anneal to the sequence
uniquely present at the 3’ terminus of mCherry. The reverse primer
(5’-CTACACGACGCTCTTCCG) was designed to anneal to the R1
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sequence, uniquely present at the 5’ terminus, to the 10X barcode and
unique molecular identifier (UMI) sequence that were introduced dur-
ingthereverse transcription. Theresult of the PCRis preferential ampli-
fication of the viral-derived transcripts, while simultaneously retaining
the cell-barcode sequence necessary to assign each viral transcripttoa
particular cell or nucleus. After PCR amplification (18 cycles, Hot Start
High-Fidelity Q5 polymerase, NEB, M0494S), the product was purified
using 0.6X SPRIselect reagent (Thermo Fisher Scientific, NC0406406)
and 1 pl of the 50 pl eluent was used in a second PCR reaction. The
forward primer for the second PCR (5’-GTGACTGGAGTTCAGACGTG
TGCTCTTCCGATCTgtaaggcgcgccataac) was designed to anneal to
the sequence uniquely present between the mCherry and loxP sites of
the AAV-DIO-Gq-DREADD-mCherry vector. In addition, this primer
introduced the R2 sequence necessary for later library amplification.
The reverse primer (5-CTACACGACGCTCTTCCG) was the same as in
thefirst PCRreaction. Theresult of the PCR s again preferential ampli-
fication of the viral-derived transcripts, while simultaneously retaining
the cell-barcode sequence necessary to assign each viral transcript
to a particular cell or nucleus. After PCR amplification (18 cycles, Hot
Start High-Fidelity Q5 polymerase, NEB, M0494S), all the libraries were
indexed according to the 10X protocol, pooled, and sequenced on a
Nextseq 500 benchtop DNA sequencer (Illumina).

snRNA-seq sample mapping and viral barcode deconvolution by
cell. The 10X Genomics package cellranger 3.1.0 was used to map tran-
scripts to the mm10 reference mouse genome. Because snRNA-seq
captures unspliced pre-mRNA as well as mature mRNA, we created
a custom ‘pre-mRNA’ gene annotation file, in which all features are
recoded as exons, enabling us to map unspliced reads to these arti-
ficial exons and to assign them to the corresponding genes. Feature
barcoding with custom features was used to assign viralmRNA reads to
cellsand distinguish between the transcript sequence from the initial
AAV-DIO-Gq-DREADD-mCherry vector and the transcript sequence
produced by the Cre-recombined vector in TRAPed neurons.

Doublet removal, embedding and identification of main cell
classes. Microfluidic encapsulation of nucleiresultsin some droplets
containing more than one nucleus. During reverse transcription, tran-
scripts from co-encapsulated nuclei would be labelled with the same
cellbarcode, effectively creating a hybrid cell or a‘doublet’. To detect
and remove predicted doublets using bioinformatics, each of the five
libraries were independently processed using the scrublet package®
with the following commands:

scrub=scr.Scrublet(counts matrix, expected doublet rate=0.10)

doublet scores, predicted doublets = scrub.scrub_doublets(min_
counts = 2, min_cells = 3, min_gene_variability pctl = 85, n_prin_
comps=230).

Doublet-removal eliminated 2,037 cells, leaving 44,669 nuclei across
fivelibraries for further processing. We recovered an average of 2,083
unique non-viral transcripts per nucleus, representing 1,286 unique
genes (Extended Data Fig. 3). Datafromall nuclei were analysed simul-
taneously and virally derived sequences were removed for the purposes
of embedding, clustering and cell-type identification. The R software
package Seurat 3.1°%* was used to assign cells to clusters. Any genes
that were expressed in fewer than three cells were removed from the
analysis. Data was normalized with the number of transcripts per cell
and the per cent transcripts derived from the mitochondrial genes
regressed using the SCTransform function with default parameters.
Initially, the 3,000 most variable genes were identified.

Tissue dissociation has beenshowntoincrease the expression of mito-
chondrial RNAs, ribosomal-protein RNAs,andimmediate-early genes®* .,
To minimize the influence of these tissue-processing-induced genes on
the identification and molecular characterization of avMLPA cells, we
removed fromtheinitial list of 3,000 most variable genes any genes that
wereidentified as mitochondrial, ribosomal-protein-encoding or were the

immediate-early genes Fos, Fosb, Fosl1, Fos[2, Fgrl and Npas4. To further
diminish any potential effects of tissue-dissociation-induced expression
changeson clustering, we identified and removed from the list of variable
genes any genes for which their expressionacrossall cells correlated with
any mitochondrial, ribosomal-protein-encoding or immediate—early
genes listed above***¢ (Pearson correlation coefficient greater than
0.2 or smaller than -0.2). The final list contained 2,827 variable genes.
Next, principal component analysis (PCA) was carried out using the Run-
PCA(Q) function. The FindNeighbours() function, using the top 30 principal
components (PCs) and the FindClusters(), was used to identify the initial
34 clusters. Clusters that were disproportionately derived from a single
sample were removed, leaving 39,562 cells. On the basis of the expres-
sion of known marker genes, we merged clusters that represented the
same cell type. Our final list of cell types was: glutamatergic neurons
(Glut), GABAergic neurons (GABA), cholinergic neurons (Chol), astrocytes
(Astro), endothelial cells (Endo), microglia (Micro), oligodendrocytes
(Oligo) and oligodendrocyte precursor cells (OPCs) (Fig. 3b, c).

Identification of neuronal subtypes. Cells classified as neurons
(n=28,103 cells) were additionally processed to identify neuronal
subtypes in the avMLPA. The same Seurat 3.1.0 pipeline was used as
described in the section ‘Doublet removal, embedding and identifica-
tion of main cell classes’. Clustering identified 24 GABAergic, 8 gluta-
matergic, 3 hybrid and 1 cholinergic neuronal cell type (Fig. 3d). The
function FindAlIMarkers(seurat mat, only.pos = F, min.pct = 0.1, thresh.
use=0.25)uses aBonferroni-corrected (across 23,967 genesin the data-
set) two-tailed Mann-Whitney U-test to perform differential gene expres-
sionanalysis and identify markers of each cell type. The top five markers
based onfold enrichmentare plottedin Extended Data Fig. 4. The top 20
markers are displayed in Supplementary Table 4. Cross-referencing these
markers with previously described markers for cell types in the MPA*
led to the annotation of the 36 neuronal cell types indicated in Fig. 3e.

Hierarchical tree construction. Neuronal cell types were clustered on
the basis of average gene expression across all 2,954 variable genes. A
distance matrix was then calculated in Euclidean space and hierarchi-
cal clustering was carried out using the function hclust and the ward.D
method.

Identification of TRAPed neurons in snRNA-seq data. Feature bar-
coding with custom features identified for each nucleus the number
of viral mRNA reads that were derived from the non-recombined
AAV-DIO-Gq-DREADD-mCherry vector and the number of viralmRNA
reads fromthe Cre-recombined AAV-DIO-Gq-DREADD-mCherry vector
(Extended Data Fig. 5a). Neuronal nuclei or cells containing three or
more virally derived transcripts (17,424) were considered transduced
by the AAV. Among them, 343 neuronal nuclei or cells contained three
or more virally derived transcripts for which the mRNA sequence in-
dicated that the vector had been recombined by Cre, suggesting that
these cells were previously TRAPed and now express the Gq-DREADD-
mCherry protein.

Differential gene expression between TRAPed and non-TRAPed
AdcyapT' neurons. Differential gene expression analysis was carried
out between TRAPed (n =139 cells) and non-TRAPed (n = 5,848 cells)
Adcyapi+neuronsinthe snRNA-seq dataset. The FindMarkers(PACAP.
cells, ident.1="“TRAP”, ident.2 = “Non-TRAP”, verbose = FALSE) func-
tion in the R software package Seurat 3.1 was used to perform a
Bonferroni-corrected (across 23,967 genes in the data set) two-tailed
Mann-Whitney U-test and identify differentially expressed genes.

Combined fluorescence insitu hybridization and
immunofluorescence

Fluorescence in situ hybridization. Mice were euthanized by tran-
scardial perfusion of 10 ml PBS followed by 10 ml of 4% PFA. Brains were



extracted, post-fixed overnight with 4% PFA at4 °C and then incubated
in PBS with 30% sucrose for 48 hat 4 °C for cryoprotection. Brains were
embeddedintissue freezing medium and frozen in 2-methylbutane that
hadbeen cooled by liquid nitrogen. Brains were sliced onacryostat (Leica
CM1950) into 20-pm sections, adhered to SuperFrost Plus slides (VWR)
and immediately stored at =80 °C until use. Samples were processed
according to the ACD RNAscope Fluorescent Multiplex Assay manual
withthe following modifications: 500 ml of 1x Antigen retrieval solution
was heated to 99-100 °Cand maintained ata uniform boil. The slides of
fixed frozenbrainslices, stored at—80 °C, wereimmediately placed into
aslide rack and slowly submerged into the boiling 1x Antigen retrieval
solution for 5 min. Immediately afterwards, the slides were washed 3-5
times by moving the slide rack up and down in Milli-Q H,0 and washed
againin 100% EtOH at room temperature. A hydrophobic barrier was
drawnaround eachslice and it was allowed todry for1minatroom tem-
perature. Fromthis point on, the procedure followed the standard in situ
hybridization protocol for RNAscope Fluorescent Multiplex Assay.

Immunofluorescence. Slides were washed twice for 2 min in PBST
(PBS +0.01% Tween) and blocked by incubation with 1% BSA and 10%
donkey serum in PBST for 30 min room temperature. They were then
incubated with primary antibody diluted in PBS +1% BSA overnight at
4 °C and washed three times for 5 min with PBST. Slides were subse-
quently incubated with secondary antibody diluted in PBS +1% BSA
for1hatroomtemperature, washed with PBST three times for 2min at
room temperature, stained with DAPI (RNAscope), and finally mounted
with ProLong Gold antifade reagent.

Determining markers of torpor-TRAPed avMLPA neurons

Brains were processed as indicated in the section ‘Combined fluo-
rescence in situ hybridization and immunofluorescence’ using the
following reagents: for the detection of mCherry”* cells, 1:300 rabbit
anti-mCherry (Abcam, ab167453) was used as the primary antibody
and 1:500 donkey anti-rabbit 568 (Life Technologies, AB_2534017) as
the secondary antibody.

Sample imaging. Sections containing avMLPA wereimaged onaLeica
SPE confocal microscope using an ACS APO 20%/0.60 IMM CORR objec-
tive (Harvard NeuroDiscovery Center). Tiled MPA areas were imaged
with a single optical section to avoid counting the same cell across
multiple optical sections. Channels wereimaged sequentially to avoid
any optical crosstalk.

Image analysis. To determine the fraction of TRAPed mCherry* cells
thatexpress each marker gene, in eachimage mCherry* cells were manu-
ally marked while staying blinded to the in situ hybridization signals
(Adcyapl, Vglut2, Vgat). Because mCherry was fused to the Gq-DREADD
and thuslargely membrane-bound, we reasoned that manually marking
mCherry’cellswould provide amore accurate measurement compared
to semi-automated algorithms that are optimized for amore focal (nu-
clear or cytoplasmic) signal. After the identification of mCherry” cells,
for each cell we evaluated whether it appeared positive for markers
detected by insitu hybridization, staying blinded to the identity of the
marker that was being evaluated. To determine the fraction of marker”
cells that are mCherry*, we additionally counted the total number of
marker” cells.

Mapping anterograde projections of torpor-TRAPed avMLPA
neurons

FosTRAP mice that were injected with AAV8-hSyn-DIO-Gq-mCherry
and TRAPed during natural torpor were euthanized 2 months later.
Brains were processed asindicated in the section ‘Immunofluorescent
staining’ using the following reagents: primary antibody: 1:300 rabbit
anti-mCherry antibody (Abcam, ab167453); secondary antibody: don-
key anti-rabbit 647 secondary antibody (Life Technologies, A31573).

Sections were imaged on an Olympus BX61VS microscope using a
UPlanSApo 10x 0.4 objective (Harvard NeuroDiscovery Center).

Silencing avMLPA neurons

The avMLPA of male and female Adcyap1-2A-Cre and Vglut2-IRES-Cre
micewasinjected withapproximately100-150 nl AAV-DIO-Gq-DREADD-
mCherry and AAV-Flex-TeLC-eYFP (1:1ratio). Control mice were injected
with AAV-DIO-Gq-DREADD-mCherry and/or AAV-Flex-GCaMPés. After
5-14 days of recovery from surgery, mice were fasted to induce torpor
and their core body temperature was monitored. The minimum core
body temperature is shown in Fig. 4d-f, Extended Data Fig. 8j-m. To
analyse thekinetics of torpor, we calculated the time it took eachmouse
toreachminimumbody temperature, requiring that the minimumbody
temperatureisatleastaslow as the 10th percentile of the body tempera-
ture observed in control fed mice (33.2 °C). To avoid counting smaller
oscillations inbody temperature in this analysis, we classified the mice
asnot having entered torporifthe body temperature of afasted mouse
did not decrease below this threshold. In this case, we assigned the time
ittook toreach the minimum body temperature (‘Time to Min. 7") tobe
24 h,indicating that the mouse did not decrease its body temperature
below this required threshold during the 24-h recording.

Identification of Adcyap1’ cells that express TeLC-eYFP

Sample preparation. TeLC-silenced Adcyap1-2A-Cre mice were eutha-
nized and the brains were processed asindicated in section ‘Combined
fluorescence in situ hybridization and immunofluorescence’ using
the following reagents: for the detection of TeLC-eYFP* cells 1:1,000
chicken anti-GFP antibody (Abcam, ab13970) was used as the primary
antibody and 1:500 donkey anti-chicken 488 antibody (Jackson Im-
munoResearch Laboratories, 703-545-155) as the secondary antibody.

Sample imaging. Sections containingavMLPA wereimaged onaLeica
SPE confocal microscope using an ACSAPO 20%/0.60 IMM CORR objec-
tive (Harvard NeuroDiscovery Center). Tiled MPA areas were imaged
with a single optical section to avoid counting the same cell across
multiple optical sections. Channels were imaged sequentially to avoid
any optical crosstalk.

Image analysis. To determine the fraction of ISH Adcyap1I® cells that
are co-positive for eYFP, AdcyapI” cells in each image were manually
marked while staying blinded to the eYFP* cells. After the identifica-
tionof Adcyapl’ cells, each cell was evaluated for whether it appeared
positive for eYFP.

Fibre photometry

Set-up. A three-channel multi-fibre photometry system (Neurophoto-
metrics Ltd) was used for these experiments. In brief, light from three
LEDs of different wavelengths (470 nm and 560 nmin phase,and415nm
out of phase) were bandpass filtered and directed down a fibre-optic
patch cord via a 20x objective. This was coupled to a fibre-optic can-
nulaimplanted in the mouse. Fluorescence emission from GCaMP6s
and mCherry was collected through the same cannulaand patch cord,
split by a 532-nm longpass dichroic, bandpass filtered, and focused
onto opposite sides of a CMOS camera sensor.

Datawere acquired and quantified using the open-source software
Bonsai by drawing aregion of interest around the two images (green
andred) of the patch cord and calculating the mean pixel value. To per-
formlongitudinal fibre photometry recordings, the duty cycle of the
excitation light was decreased to 10% (interleaved 470 nm + 560 nm/
415 nmwith 25 ms period at4 Hz). LED light was delivered at the mini-
mum power and resulted in about 15 uW of 470 nm light and 25 pW of
total light at the tip of the patch cord. A pigtailed fibre-optic rotary
joint (Doric FRJ_Ix1_PT 200/220/LWM]J-0.37 1.0_FCM_0.15_FCM) was
connected to the patch cord (Doric MFP_200/220/900-0.37_#.# FC_
MF1.25) to eliminate bending and coiling of the patch cord.
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Fasting and CHA-administration photometry session. Mice were
placed in custom-built cages to allow free movement during the
entire recording session in the dark. The cages were placed onto ra-
diofrequency receiver platforms (Starr Life Science ER4000). Core
body temperature and gross motor activity were logged every 10 s.
For fasting-induced torpor sessions, water and nesting material only
were provided. The fasting was initiated at the beginning of the dark
cycle, while the recordings were started up to several hours after the
onset of fasting. For CHA-administration sessions, mice were given
access to excess food so as to be maintained in a fed state. CHA (0.2 mg
kg™) was administered via intraperitoneal injection without pausing
therecordings.

Analysis of torpor entry, maintenance and arousal for fibre pho-
tometry. Within each recording session, atemperature threshold was
determined under which the mouse was considered tobein torpor. This
threshold was set as 2 °Cbelow the top 95% percentile of the tempera-
tures recorded during the entire session (35.6 + 0.2 °C, mean +s.e.m.).
Any time the mouse was in torpor (as determined by low core body
temperature) and the core body temperature was decreasing by more
than 0.05 °C min™ the mouse was considered to be entering torpor
(Fig. 4i). Anytime the mouse was in torpor (as determined by low core
body temperature) and its core body temperature was increasing by
more than 0.1°C min™ the mouse was considered to be arousing from
torpor (Fig. 4j).

Analysis of fibre-photometry data. Custom-written MATLAB software
was used to analyse photometry data. Background signal measurement
(mean signal with excitation lights off) was first subtracted from all
signals. To correct for photobleaching and heat-mediated LED decay,
theisosbestic signal was fit with a biexponential that was then linearly
scaled to the calcium-dependent fluorescence signal F. To calculate
dF/F,we divided the signal by this scaled fit. A three-minute sliding win-
dowwasapplied to calculate the local baseline (10th percentile value)
and standard deviation of the dF/F values (Extended Data Fig. 9d).
Peaks were chosen onthe basis of the prominence (top 1%) of all peaks
identified with MATLAB findpeaks function. The body temperature
data set was linearly interpolated, such that the number of samples
was equal to the number of photometry data points.

Toplot the distribution of the baseline, peak frequency and standard
deviation across non-torpor and different stages of torpor, the entire
recording was separated into tiled 3-min periods. For each period the
average was calculated, and all the 3-min time periods that overlap with
eachstage of torpor (torpor entry, torpor, torpor arousal) or non-torpor
were plotted as a box plot (mean + s.e.m., Fig. 4m, n, Extended Data
Fig.9e-g).

Temperature challenge. The temperature challenge was set up and
performed similarly to that described previously’. Food was provided
to the mice in the chamber. The raw calcium-dependent GCaMPé6s
fluorescence signal was smoothed over a 5-element moving average
window, and the baseline Fwas defined as the average fluorescence of
al0-minwindow at 25 °Cbefore the first ramp of temperature. df/Fwas
calculated by dividing the smoothed calcium-dependent GCaMPé6s
signal by the baseline signal.

Fibre-photometry model. Because we observed marked, statistically
significant changes in neural activity when mice were entering and
maintaining torpor compared with non-torpid mice or mice that were
arousing from torpor, we investigated whether fibre-photometry
data are sufficient to determine when mice were entering and
maintaining torpor. We first extracted several features from our
photometry data—baseline signal, frequency of large peaks and the
standard deviation—and calculated the average value for each of

these featuresacrossa3,10 and 30-minsliding window, resultingin a
total of 9 distinct features. Using these 9 data features, we performed
unsupervised k-means clustering across each of the recording ses-
sions (n=38). Silhouette scores were used to determine the optimum
number of clusters (n =2), suggesting that fibre photometry data
during each recording session could be robustly grouped into two
clusters. Next, we asked which of the features that were included in
the k-means clustering contributed most to these clusters and ob-
served that the standard deviation and the baseline calculated from
the 3-minsliding window were the main contributors. We therefore
used these two features to cluster our fibre-photometry data and
investigate whether the clusters (states) accurately correlate with
the behavioural data for when mice are entering or maintaining
torpor. To evaluate the specificity and sensitivity of our model, we
cross-referenced the states (clusters) generated by features of the
neural datato torpid versus non-torpid periods as defined by move-
ment and body temperature. The sensitivity of the model that was
based onthe photometry datawas calculated by dividing the amount
of time that the model accurately determined torpor entry and main-
tenance by the total amount of time that a mouse spent entering or
maintaining torpor (Extended DataFig. 9j, k). The model specificity
was calculated by dividing the amount of time that the model accu-
rately determined torpor entry or maintenance by the total amount
of time that the model calculated that the mouse would be entering
or maintaining torpor (whether it was accurate or not, Extended Data
Fig.9j, k). Toinvestigate what the accuracy of the model would have
beenby chance, we randomly shuffled the model output for each of
therecording sessions and evaluated the sensitivity and specificity
of this shuffled model (Extended Data Fig. 9k).

Reporting summary
Further information on research design is available in the Nature
Research Reporting Summary linked to this paper.
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Extended DataFig.1| Torpor metabolicrate, brain-wide search for torpor-
regulating cellsand chemogeneticreactivation of FoOsTRAP-Gqmice.
a,Mean metabolicrate (VO,), body temperature (7,) and gross motor activity
(Act) of micein torpor compared to mice that are fed or fasted yet notin torpor
(n=7,Pvaluesindicated onthe graph).b, Schematic for the whole-brain
reconstruction of FOS staining. ¢, Example brain slice showing Fos stainingina
fasted torpid mouse (representative of n=3 mice). d, 3D-reconstructed Fos-
stained brainslices from afasted torpid mouse. e, Average density of FOS" cells
(number of cells divided by the volume of the region, n=3 mice, see Methods)
across179 brainregions thathad onaverage atleast 100 FOS" cells.
Paraventricular hypothalamus (PVH), asubregion of the preoptic area (POA),
arcuate nucleus (ARC), dorsomedial hypothalamus (DMH) and paraventricular
thalamus (PVT) areindicated. f, FOS staining of the PVH, xiphoid nucleus (Xi),
POA,ARC,DMH and PVT of fasted torpid mice (n =3 mice). g, Mean core body
temperature (7,) over 4 hafter CNO administration is significantly lower in
torpor-TRAP (n=14 mice) compared tonon-TRAP (n=6 mice, P=5.2x1075) and
fed-TRAP (n=9 mice, P=2.9 x107°) mice and compared to torpor-TRAP mice
injected with PBS (n=8 mice, P=2.5x107°). h,Meanactivity over 4 hafter CNO

administrationissignificantly lower in torpor-TRAP (n=14 mice) compared to
non-TRAP (n=6mice, P=5.2x107°) and fed-TRAP (n=9 mice, P=9.8 x107%) mice
and compared to torpor-TRAP mice injected with PBS (n=8 mice, P=2.5x107).
i, Coronal brain sections from FOSTRAP, LSL-Gq-DREADD-HA mice TRAPed
during fasting-induced torpor (fast-TRAP, n=2mice) orin afed state (fed-TRAP,
n=4mice) andimmunostained for HA. Stainingin selected brainareas (PVH,
POA,ARC,DMHand PVT)isshown.j, Volume-normalized signal intensity of HA
staining across different hypothalamic nucleiin four fed-TRAP and two fast-
TRAP mice.k, Brain-wide quantification of HA staining from four fed-TRAP
and two fast-TRAP mice. Numerous (190/316) brain regions, including 32
hypothalamic areas, showincreased Gq-DREADD-HA expression (>2-fold) in
fast-TRAP mice compared to fed-TRAP mice. The solid line indicates unity,
dashedlinesindicate twofold differences. 1, Correlation across brain regions
between the number of FOS* cellsin torpid mice and the levels of Gq-DREADD
expressionin fast-TRAP mice (R=0.83,P=2.2x107'¢, Pearson correlation test,
n=316regions). Allbox plotsindicate mean+s.e.m.All Pvalues are calculated
using two-tailed Mann-Whitney U-tests, **P<0.01, ***P<0.001.
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Extended DataFig.2|Chemogeneticreactivation oftorpor-TRAPed
neuronsindifferenthypothalamicregionsand anterograde projections of
torpor-TRAPed avMLPA neurons. a-c, AAV-DIO-Gg-mCherry was injected
into different hypothalamicregions of FOSTRAP mice (n =54 mice). After
TRAPing during torpor, we administered CNO and measured the effect of the
reactivationof torpor-TRAPed neurons within the virally injected region on
corebodytemperature. Allmice were euthanized, and the expression of the
virally derived Gq-DREADD-mCherry was evaluated in eachmouse across 277
hypothalamicnuclei. a, b, Eachcirclerepresents one of the 277 hypothalamic
nuclei, and the yaxis represents the -log,, FDR-corrected g value of the Pearson
correlation (across 54 mice, g values displayed in Supplementary Table 3)
betweentheviralexpressioninthat nucleusand the decreasein T that was
observed after CNO stimulation. Next, for each nucleus, 54 mice were grouped
into those in which the nucleus was hit (a) and those in which it was missed (b).
Foreach of the two groups of mice, the minimum body temperature after CNO
administration was averaged and plotted. ¢, For each nucleus and the
corresponding two groups of mice, the minimumbody temperature after CNO
administrationwas plotted (hit group, y axis; missed group, x axis). Arrows
indicate anterior MPAand LPO regions. When these regions were hit with the
virus and the TRAPed neurons were chemogenetically reactivated, the body
temperature of the mouse decreased, whereas when these regions were missed
thebody temperature did not decrease.d, Mean activity over 4 hafter CNO

administrationis significantly lower in avMLPA-hit (n=15mice) compared with
avMLPA-missed (n=11mice, P=1.4 x10®) mice, and compared with avMLPA-hit
miceinjected with PBS (n=15mice, P=4.8 x107°). e, Mean metabolic rate (VO,)
over 4 hafter CNO administrationis significantly lower in avMLPA-hit (n=7
mice) compared with non-injected (n=6 mice, P=2.3 x107®) mice or avMLPA-hit
miceinjected with PBS (n=6mice, P=1.2x107).f, Mean core body temperature
(T,) over 4 hafter CNO administrationis significantly lower inavMLPA-hit
(n=15mice) compared to avMLPA-missed (n=11mice, P=2.6 x10”7) mice or
avMLPA-hit miceinjected with PBS (n=15mice, P=9.0 x107%). g, Minimum
metabolicrate (VO,) over 4 hafter CNO administrationis significantly lower in
avMLPA-hit (n=7 mice) compared with non-injected (n=6 mice, P=2.3x107)
mice or avMLPA-hit mice injected with PBS (n=6 mice, P=1.2x107).

h, Schematic showing projections of TRAPed avMLPA*™* neurons.

i,j, Gq-DREADD-mCherry fusion protein expression was used to visualize the
projection of TRAPed avMLPA™™° neurons across the brain (n=4 mice).

i, Expression of mCherry near the injection site (avMLPA). j, Representative
images of projections to the medial habenula (MHb), PVT, DMH,
periaqueductal grey (PAG), ARC and raphe pallidus (RPa). Scale bars, 50 pm.
For the box plots, the centre line and box boundariesindicate mean +s.e.m.

All Pvalues were calculated using a two-tailed Mann-Whitney U-test, **P< 0.01,
***P<0.001.
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cells; oligodendrocytes, n=4,718 cells;and OPCs, n=1,594 cells). e, Violin plot
ofthe distribution of genes per cell for each main cell class. f, Number of
neuronal clusters formed when different fractions (25%, 50%, 75% and 90%) of
totalneurons (n=7,025,14,051,21,077 and 25,292, respectively) are used for
clustering. For each fractionarandom subset of neurons was used and the
analysiswas repeated ten times. For the box plots, the centre lineand box
boundariesindicate mean +s.e.m, and the violin plot shows the distribution
fromthe lowest to the largest value.



SICPZI‘%% ®
c
Gm38505 : ’ L J @
Spﬁﬁ1 3 @
aj
pChapt

o 0 0
[T T8
[]
[]
[
)
[
[
[o )

Rarb [
Cacna2d3 ® (J
Pdzd2
Unc13c

[}
El
]
2
D
000 000

o
Q
Q
=1
=
()
@®° 00000
®
®
000000 o O

o
0,
8
=
T

(]
[

o
Q)
A
L ]
O
[
000
[
[

1 Max
@ ® g. ooee@ ® : I

Min

® H ® ® Fraction
o of cells

©©wo

0.
0.

[
[]

0°000000 000

stn2
DO030068K23Rik
Rmst

mt-Nd4
mt-Atp6

Prkg1

Pard3b

Gpc5

i15-Gal
i31-Bnc2 4

i34-Esr1/Nts

i29-Gli3
i21-Penk/Zeb2 4

i28-Npsr1 4
i32-Sox6/Etv1 4@

e10-Adcyap1/Opn5
e27-Trhr

c25-Chat 4
i7-Sox6/Casz1
i20-Sox6/Npas1 4
i23-Adrata
e22-Bdnf/Tcf712 4

i3-Kcnh8/Gm2164
i1-Nts/Zeb2

i4-Map3k15
e2-Adcyap1/Pdeic o

h12-Onecut2/Arhgap6 -

i35-Mgmt/Syt2 {0000 e 000

i6-Tac1/Rreb1
i14-Sox6/Tshz3
i18-Sox6/Eya4 4
i8-Sox6/1tga8
i9-Sox6/Tshr 4
e30-Adcyap1/Ebf1
i0-Tac1/Crym 4
i19-Penk/Adora2a
i26-Foxp2/Grm8
h33-Trpm3/Pdgfd o
i13-Meis2/Fign
h24-Ntng1/Rgs6
i17-Nfia/Otx20s1
e5-Adcyap1/Sntg2

e11-Adcyap1/Trp73
e16-Adcyap1/Otx20s1

Extended DataFig. 4 |Marker gene expression across neuronal cell types. hierarchical clustering across all variable genes. The five most unique makers
The colour denotes mean expressionacross all nucleinormalized to the areidentified and plotted for each cell type unless amarker was identified
highest meanacross cell types, and the size represents the fraction of nucleiin across multiple cell types, in which case it was plotted only once.

which the marker gene was detected. Cell types are organized on the basis of



Article

a hSyn
ITR Promoter [>>/_ q ‘ WPRE Poly-A  ITR
Cre - —p—mmn—" CEE—— S
Ausyow-gavaya-bo
hSyR - > Ga-DREADD-mCh
ITR Promoter q- -mCherry {  wpRE Poly-A ITR
Cre + —p—
I
Cre - AGTAAGGCGCGCCATAACTTCGTATAATGTATGCTATACGAAGTTATTAAGAGGTTTCA
Cre + AGTAAGGCGCGCCATAACTTCGTATAATGTATGCTATACGAAGTTATGAATTCGATATC
b 3764 +134 2368 c 8727 1 d - 23+07%  0.04% e 1.8+0.3%
o
» 4000 4 [ ] 150 [ % 3
3 PR * £
§ 3000 3 E =
2 8 100 1 =34 S 34
£ 2000 £ E g ]
§ % g 24 £ 2-
Z g 504 B £
2 1000 4 € 5 5
3 2 =11 £ 11
5 g 8
z 8 &
04 04 —_— § 0 N 04
TRAPed Non-TRAPed TRAPed Non-TRAPed & TRAPed Non-TRAPed TRAPed sample
sample sample sample sample sample sample in situ
f g
@ 0.6 + @ 0.6
3 g
Bl g
g 0.4 g 04
5 g
S 02+ é 024
& c
2 i i £ I
00+ dliih & = ol cakecBallale B sk s
& CRE RO SRR R ER IS B ERER SIS
h i
? 2 3? 100
8_ 0.20 4 g<z,:
2 2 754
5 0154 & 2 .
g =] ai
8 3
= 010+ >+ 501
o B o
©
& )
2 005+ < 251
s se
Sl . Lk T L 2:
TT TTIT T TTrTTrrrrrrTrT TTTTTrTTrorT < 9
85352 N 8T ¥-2YRBeREI Y =8E20 -

0.125 o
0.100 4
0.075
0.050 4

0.025

T AR T

Extended DataFig. 5|See next page for caption.

Mean Lepr transcripts per cell




Extended DataFig. 5|Strategy foridentifying TRAPed torpor-regulating
neuronsviasnRNA-seqand gene expression of marker genesinthe
avMLPA. a, Schematic for the identification of Cre-dependent AAV-DIO-Gq-
DREADD-mCherry mRNA with or without recombination. Top, AAV-DIO-Gq-
DREADD-mCherry vector map before (Cre”) and after (Cre*) Cre-mediated
recombination. Blue and white triangles surrounding the Gq-GREADD-
mCherryindicate loxPsites. Black arrows indicate the binding site of the
sequencing primer.ITR, inverted terminal repeats; WPRE, Woodchuck
Hepatitis Virus post-transcriptional regulatory element; Poly-A,
polyadenylation signal. Bottom, owing to the Cre-mediated inversionin the
AAV-DIO-Gq-DREADD-mCherry vector, the mRNA transcript sequence 3’ of
thesequencing primeris differentafter Cre-mediated recombination, enabling
ustoidentify TRAPed cells during snRNA-seq as those cells in which the viral
mRNA contains the recombined (Cre*) sequence. b, Quantification of the
number of virally transduced cellsin TRAPed (n=4 mice) and non-TRAPed

(n=1mouse) samples. ¢, Quantification of the number of TRAPed cells in
TRAPed (86 +27 cells) and non-TRAPed (1 cell) samples. d, The percentage of
transduced cells thatare TRAPed in TRAPed (2.3+0.7%, n=4 mice) and non-
TRAPed (0.04%, n=1mouse) samples based on snRNA-seq analysis. e, The
percentage of TRAPed neuronsin TRAPed samples (1.8 £ 0.3%, n=4 mice)
based onfluorescenceinsitu hybridization analysis. f-h, Mean transcripts per
cellacrossallneuronal celltypesidentified in snRNA-seq for Vgat (Slc32al,
marker of GABAergic neurons) (f), Vglut2 (Slc17a6, marker of glutamatergic
neurons) (g) and Adcyapl (adenylate cyclase-activating peptide1) (h).i, sSnRNA-
seqindicatesthate2,e5, el0, ell, 16 and e30 represent Vglut2'Adcyapl’ cell
types, wherease22,e27,h33,h12 and h24 are Vglut2*'Adcyapl . On the basis of
this categorization, 72.4 +2.2% of Vglut2* neurons are AdcyaplI* (n=>5mice). For
thebox plot, the centre line and box boundariesindicate mean +s.e.m.j, Mean
transcripts per cell across all neuronal cell typesidentified in snRNA-seq for
Lepr.AdcyaplI’ clusterse5and elO express Lepr. Dataare mean +2s.e.m.
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Extended DataFig. 6 | Insitu hybridization analysis of torpor-regulating
avMLPA neurons. a, Coronal sections showing the avMLPA of FOSTRAP mice
(n=4mice)injected with AAV-DIO-Gq-DREADD-mCherry and torpor-TRAPed.
Immunofluorescent staining against mCherry indicates the location of
avMLPA™™ " neurons (cyan), whereas insitu hybridizationindicates the
expression of the marker gene Adcyapl1.b, High-magnificationimages of
staining showninaindicate thelocation of mCherry* avMLPA"™" neurons
(cyan), whereasinsitu hybridization indicates the expression of marker genes
Adcyapl and Vglut2. Example avMLPA®™"™*" mCherry* cellsare circled. Several
mCherry* cells express Adcyapl and/or Vglut2. ¢, Quantification of the fraction
of avMLPA™™°"neurons thatexpress Adcyapl (28.8 +3.5%, n=4 mice) and
Vglut2 (38.5+3.8%,n=4mice).d, Quantification of the fraction of

avMLPA*Y*™ (14.3 + 0.5%, n =4 mice) and avMLPA'8"?* (13.0 +1.8%, n=4 mice)
neurons thatare torpor-TRAPed. e, Coronal section showing the avMLPA of
FosTRAP mice. Insitu hybridization shows cells that are positive for Adcyapl
(cyan), Vgat (yellow) and Vglut2 (purple). The composite image indicates co-
expression of multiple markers. f, High-magnificationimage with example
AdcyapI’ cellscircled. White circlesindicate AdcyaplI® cells that are positive for
Vglut2 and negative for Vgat, whereas yellow circles indicate all AdcyapI” cells
thatare positive for Vgat (evenif co-positive with Vglut2). g, The fraction of
Adcyapl’ cells thatare positive for Vglut2 or Vgat (82+3% or14 +1%,
respectively, n=3mice). For thebox plots, the centre line and box boundaries
indicatemean ts.e.m.
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Extended DataFig.7 | Expression pattern of Vgat, Vglut2and Adcyaplin the anterior POA. Coronal sections adapted from the Allen Mouse Brain Atlas.
Anterior-posterior coordinatesrelative to bregma are indicated for each set of images.
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Extended DataFig. 8| Chemogenetic stimulation andsilencing of
avMLPA'®*, avMLPA'e"“? or avMLPA¥*P1 neurons. a-c, Stereotaxic viral
injection of AAV-DIO-Gq-DREADD and subsequent chemogenetic stimulation
of avMLPA'#% (n = 6 mice), avMLPA'8"? (n =5 mice) or avMLPAA?! (n =8 mice)
neurons. a, Experimental schematic. b, Minimum core body temperature of
avMLPA'®* mice (orange, P=0.48), avMLPA®" mice (light blue, P=8 x107) and
avMLPAM#P mice (dark blue, P=1.6 x10~#) before and after chemogenetic
stimulation with CNO. ¢, Mean activity of the same avMLPA"#* mice (P=0.24),
avMLPA"8“2 mice (P=0.032) and avMLPA*®* mice (P=1.6 x10™*), before and
after chemogenetic stimulation with CNO. d, Schematic showing the unilateral
stereotaxic viralinjection of AAV-DIO-Gq-DREADD and subsequent
chemogenetic stimulation of avMLPA*¥*! neurons. e, Change in mean core
body temperature after bilateral (n=8 mice) and unilateral (n=4 mice)
chemogenetic stimulation of avMLPA**! neurons. The dashed line indicates
CNO administration. Coloured linesindicate the mean corebody temperature
across mice; grey shading indicates the 95% confidence interval.f, Mean core
body temperature of mice before and after bilateral (n=8 mice, P=1.6 x10™*) or
unilateral (n=4 mice, P=0.03) chemogenetic stimulation of avMLPAA¢2P!
neurons. g, Schematic for the stereotaxic viral co-injection of AAV-Flex-TeLC
and AAV-DIO-Gq-DREADD and subsequent chemogenetic stimulation of
avMLPA'8“2and avMLPA*¥*P neurons. h, Changes in mean core body
temperature after chemogenetic stimulation of avMLPA'8"2 and avMLPAAdeyap!
neurons thateither express the excitatory Gq-DREADD receptor (n=6andn=8
mice, respectively) or co-express the Gq-DREADD receptor and TeLC, which
inhibits synaptic transmission (n=2and n=4 mice, respectively). The dashed
lineindicates CNO administration. Coloured lines indicate the mean core body
temperature across mice; grey shading indicates the 95% confidence interval.
i, Quantification of mean core body temperature over 4 h after chemogenetic
stimulationin avMLPA'#"? and avMLPA*®*! (P=1x10"°) neurons that either
solely expressthe excitatory Gq-DREADD receptor (n=6 and n=8 mice,
respectively) or co-express the Gq-DREADD and TeLC (n=2 and n=4 mice,
respectively).j-o0, Stereotacticinjection of AAV-Flex-TeLC to inhibit synaptic
transmission in avMLPA'8“? and avMLPA*®* neurons. j, k, Core body
temperature of fed and fasted Vglut2-IRES-Cre mice from Fig. 4e (the number
of miceineachgroupisindicated onthegraph).j, The minimum 7, isnot

significantly different between control-fed and TeLC-fed (P=0.72) mice, butis
significantly lower in control-fast (P=0.018), and pre-fast (P=0.01) compared
to TeLC-fast mice, suggesting that avMLPA'8"“2 activity is necessary for torpor.
k, Time needed toreach the minimum body temperature (Fig. 4e) is
significantly longer in TeLC-fast compared with either pre-fast or control-fast
mice (P=9.2x107for bothsets).l, m, Body temperature of fed and fasted
Adcyapl-2A-Cre mice from Fig. 4f (the number of miceineach groupis
indicated onthe graph).l, The minimum T, is not significantly different
between control-fed and TeLC-fed (P=0.41) mice, orin TeLC-fast compared to
control-fast (P=0.71) and pre-fast (P=0.19) mice.m, Time needed toreach the
minimumbody temperature (Fig. 4f) is significantly longer in TeLC-fast
compared to pre-fast (P=2x107%) and control-fast (P=7 x107%) mice. n, 0, Core
body temperature (measured in 1-minintervals) of fed mice during the 12-h
lightand 12-h dark cycle in which avMLPAY8"? (n) or avMLPAA9?! (¢) neurons
wereinjected with either AAV-Flex-TeLC (TeLC), acontrol AAV (control), or
remained un-injected (Pre). The core body temperatureis significantly
different between the dark and light cycle across pre-fed (n=3 mice,n=3,960
temperature data points, P=2x107¢), control-fed (n=2 mice,n=2,640
temperature data points, P=2x107) and TeLC-fed (n=5 mice, n=6,600
temperature data points, P=2 x107") Vglut2-IRES-Cre mice (n) as well as pre-
fed (n=4 mice,n=>5,280 temperature datapoints, P=2 x107¢), control-fed
(n=7mice, n=9,240 temperature data points, P=2x107) and TeLC-fed (n=8
mice, n=10,560 temperature data points, P=2 x107¢) Adcyap-2A-Cre mice (0).
Inthe box plots the centre line denotes the median, the box boundaries mark
theinterquartilerange (IQR) and the whiskers extend to1.5xIQR and any data
points outside this range. p, q, Coronal section showing the avMLPA of
Adcyapl-2A-Cre mice (n=2mice) injected with AAV-Flex-TeLC-eYFP.
Immunofluorescent staining against eYFP indicates thelocation of silenced
TeLC' neurons (green), whereasinsitu hybridizationindicates the expression
ofthe Adcyap] mRNA. q, High-magnificationimage with example Adcyap1*
cellscircled. White circlesindicate Adcyapl® cells that co-express TeLC-eYFP
(43+5%, n=2mice), yellowcirclesindicate AdcyapI” that do not co-express
TeLC-eYFP.All Pvalues are calculated using atwo-tailed Mann-Whitney U-test.
NSindicates not statistically significant, *P<0.05,**P<0.01,***P<0.001.In the
box plotsinb-m, the centreline and boxboundariesindicate mean+s.e.m.
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Extended DataFig. 9 |Fibre-photometry set-up, recordings and torpor
model. a, Schematic showing the fibre-photometry set-up. Three LED lights
(415nm, 470 nm and 560 nm) were used as excitation light sources. For all
recordings,470 nmand 560 nm light sources were driven in phase, with 415 nm
driven out of phase (Methods). The emitted signals were detected by a digital
cameraattheendofapatch cord. b, Example coronal brainslice froman
Adcyapl-2A-Cre mouse co-injected with AAV-DIO-Gq-DREADD-mCherry and
AAV-Flex-GCaMPé6s and used for fibre photometry studies (n=8 mice). The
white dashedlinesindicate thelocation of the optical fibre. Cells co-expressing
GCaMPé6s (green) and mCherry (red) appear yellow. ¢, Example fibre-
photometry recording (from mouse shown in b) showing the core body
temperature (top) followed by three different signals (470 nm, 415nm and 560
nm). Here, the 470-nm signal represents the calcium-dependent GCaMPé6s
signal, the 415-nmsignal represents the Ca*"-independentisosbestic GCaMPé6s
signal, and the 560-nmsignal represents the mCherry signal. Thered line
indicates the scaled fit of the Ca**-independent 415-nm ssignal used to
normalize the Ca*"-dependent 470-nm signal for Ca®*-independent changes in
signalintensity. Both the 415-nm and 560-nm channels serve as controls for
heat-mediated LED decay, bleaching of GCaMP6s and movement artefacts.

d, Recordings of arepresentative fasting session. Top panel, core body
temperature of mice during each recording session (dashed line indicates the
threshold body temperature below which the mouse is considered torpid);
second panel, raw Ca®*-dependent 470-nm GCaMPés signal (the red line
indicates the scaled fit of the Ca**-independent 415-nmssignal used to
normalize for bleaching or other Ca*-independent changes in signal intensity);
third panel, dF/Fvaluerelative to the Ca*-independent scaled fit (blue line

indicates thelocal baseline, whichis determined as the 10th percentile of the
dF/Fvaluewithinasliding three-minute interval); fourth panel, the standard
deviation of the dF/F value calculated within asliding three-minute interval;
bottom panel, the df/Fvalues of the most prominent peaks identified (top 1% of
all peaksin the session). e-g, Quantification of baseline dF/F (%) (e), peak
frequency (per min) (f) and standard deviation (g) for non-torpid (yellow),
torpor entry (lightblue), torpor (blue) and torpor arousal (teal) in 8 individual
mice across all 3-minintervals (lefttoright:n=251,62,97,17,321,46,57,15,203,
52,39,19,269,44,66,18,141,30, 59,2,250,57,42,5,43,31,23,7,80,44, 51, 8time
intervals).Inbox plots, the centre line and box boundaries indicate mean +
s.e.m.Pvaluesgreater than 0.05areindicated. h, Example fibre-photometry
signal (top) clustered into two states and coloured by state. State O
corresponds to the mouse being out of torpor or exiting torpor, whereas state 1
corresponds to the mouse entering or maintaining torpor. i, Core body
temperature (left) and motor activity (right) are significantly lower during
statelcompared with state O of the photometry-based model (n=8 mice,
P=1.6x107%).j, The time thata mouse spentin torpor (entry or maintenance)
was accurately calculated by the model based on the photometry data
82.3+3.2% of the time (model sensitivity). Conversely, whenever the model
determined that the mouse was entering or maintaining torpor, its estimation
was 88.4 +2.8% accurate (specificity). k, Model sensitivity and specificity were
significantly lower (P=1.6 x10™*, n=8 mice) when the temporal relationship
between the temperature and the fibre-photometry data was removed. Inbox
plots, the centrelineand box boundariesindicate mean +s.e.m. All Pvalues
were calculated using atwo-tailed Mann-Whitney U-test. *P<0.05,**P<0.01,
***p<0.001.
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Extended DataFig.10 | Fibre-photometry recordings of avMLPAAdYap!
neuronsinfed freely moving mice with CHA-induced hypothermiaand
changesin ambient temperature. a, Fibre-photometryrecording data

displayed asin Extended DataFig.9d. The dashed lineindicates the time of CHA

administration. b-d, Baseline dF/F (b), peak frequency (c) and standard
deviation (d) measured for each mouse before and after CHA administration
acrossallrecorded three-minuteintervals (left toright: n=69,17, 63, 23,140,
24,161and 37 timeintervals). e, The mean baseline decreases after CHA
treatment (P=0.03, n=4mice).f, Schematic showing the fibre-photometry
recording of avMLPA*»*! neurons when mice are exposed to different
environmental temperatures with food provided inthe chamber. g, Mean
GCaMPé6s signal (n= 6 mice) of avMLPAA?! neurons with environmental

temperature changes alonga programmed sequence:25°C~>37°C~>25°C~>
10°C~>25°C. Grey shadingindicates the 95% confidenceinterval. h, Example
fibre-photometry recording showing the ambient (chamber) temperature
(top) followed by three different signals (470 nm, 415 nmand 560 nm). Signals
fromthe 415-nm and 560-nm channels are used as controls for any potential
effects of temperature onthe photometry signal.i, Mean neuronal responses
atdifferent ambient temperatures. avMLPA*%! neurons are not sensitive to
increasesintheambient temperature to 37 °C (P=0.59), and instead appear to
besensitive toadecreasein environmental temperature (n=6 mice, P=0.0021).
Inbox plots, the centre line and box boundariesindicate mean +s.e.m.
All Pvalues were calculated using a two-tailed Mann-Whitney U-test.
NSindicates not statistically significant, *P<0.05, **P< 0.01, ***P< 0.001.
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Data collection VitalView 5.1 (Starr Life Sciences) for collection of body temperature and activity. Oxymax (Columbus Instruments) for CLAMS
experiments. Bonsai 2.4 (open-source) for collection of fiber photometry. Olyvia 2.4 (Olympus) for imaging brain sections. LasX 3.3.0
(Leica) for imaging in situs.

Data analysis Most of the analysis was performed in R. Image processing was performed in Fiji 2.0.0 (converstion to TIFF), Matlab R2019b
(MathWorks) and using Riffle Shuffle (github.com/hms-idac/RiffleShuffle). Single nucleus RNA-seq analysis was performed using
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available at GEO accession GSE149344.
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Life sciences study design

All studies must disclose on these points even when the disclosure is negative.

Sample size No statistical methods were used to predetermine sample size. Sample sizes are indicated for each experiment and were chosen based on
similar studies.

Data exclusions  Pre-established criteria were used for data inclusion/exclusion. Due to variability across stereotactic injections, only FOSTRAP animals that
showed a decrease in core body temperature following chemogenetic stimulation were used for snRNA-seq and in situ hybridization. Cell
doublets were removed using criteria that is consistent with other publications and is reported in the methods. For fiber photometry
experiments, only animals for which we confirmed the correct placement of the fiber were included.

Replication Each experiment was performed across several animals (numbers indicated in manuscript). Where possible, data from each individual animal
is shown in the manuscript indicating the distribution of the results. Stereotactic surgeries were performed by two separate individuals.

Randomization  Assignment of individual mice to different surgical groups and experimental groups was random.
Blinding The analysis of viral expression across 54 animals and 277 hypothalamic regions was performed blinded to the effect on core body

temperature that was previously observed in each animal. Identification of TRAPed neurons (mCherry+ cells) or marker-expressing cells was
each performed while staying blinded to the other analysis to avoid bias.

Reporting for specific materials, systems and methods

We require information from authors about some types of materials, experimental systems and methods used in many studies. Here, indicate whether each material,
system or method listed is relevant to your study. If you are not sure if a list item applies to your research, read the appropriate section before selecting a response.

Materials & experimental systems Methods
Involved in the study n/a | Involved in the study
X Antibodies X[ ] chip-seq
[] Eukaryotic cell lines XI|[ ] Flow cytometry
|:| Palaeontology |Z| |:| MRI-based neuroimaging

[X] Animals and other organisms

|:| Human research participants

XXOXKXO S

[] clinical data
Antibodies
Antibodies used 1:300 rabbit anti-mCherry antibody (Abcam # ab167453), 1:500 donkey anti-rabbit 568 antibody (Life technologies Cat#
AB_2534017), 1:2000 rabbit anti-Fos (Cedarlane # 226003(SY)), 1:1000 rabbit anti-HA (Cell Signaling Technology # 3724S), 1:500
donkey anti-rabbit 647 (Life Technologies # A31573), 1:1000 chicken anti-GFP antibody (Abcam, ab13970), 1:500 donkey anti-
chicken 488 antibody (Jackson ImmunoResearch Laboratories, 703-545-155)
Validation All primary antibodies have been previously used in several publications:

ab167453 - PMIDs: 29556030, 30528281
226003(SY) - PMIDs: 31097621, 31376224
3724S - PMIDs: 26743492, 25077630
ab13970 - PMIDs: 30385274, 30559277

Animals and other organisms

Policy information about studies involving animals; ARRIVE guidelines recommended for reporting animal research

Laboratory animals For initial torpor experiments we used adult (6-10-week-old) C57BL/6J (The Jackson Laboratory, Stock # 000664) mice. To
generate FosTRAP-Gg mice we crossed Fos2A-iCreER (TRAP2) (The Jackson Laboratory Stock # 030323) with R26-LSL-Gg-DREADD
(The Jackson Laboratory Stock # 026220) and used adult (6-18-week-old) male and female F1 progeny. For viral injections we
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used Fos2A-iCreER (TRAP2) (The Jackson Laboratory Stock # 030323), Adcyap1-2A-Cre (The Jackson Laboratory Stock # 030155),
Vglut2-ires-cre (The Jackson Laboratory Stock # 028863) and Vgat-IRES-Cre (The Jackson Laboratory Stock # 028862) mice.

Wild animals The study did not involve wild animals
Field-collected samples The study did not involve samples collected in the field
Ethics oversight Animal experiments were approved by the National Institute of Health and

Harvard Medical School Institutional Animal Care and Use Committee, following ethical guidelines described in the US National
Institutes of Health Guide for the Care and Use of Laboratory Animals.

Note that full information on the approval of the study protocol must also be provided in the manuscript.
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