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Environmental thermal challenges trigger the brain to coordinate both autonomic
and behavioural responses to maintain optimal body temperature'™*. It is unknown
how temperature information s precisely stored and retrieved in the brain and how it
isconverted into a physiological response. Here we investigated whether memories
could control whole-body metabolism by training mice to remember a thermal
challenge. Mice were conditioned to associate a context with a specific temperature
by combining thermoregulatory Pavlovian conditioning with engram-labelling
technology, optogenetics and chemogenetics. We report that if mice are returned
toanenvironmentin which they previously experienced a4 °C cold challenge, they
increase their metabolic rates regardless of the actual environmental temperature.
Furthermore, we show that mice have increased hypothalamic activity when they are
exposed to the cold, and that a specific network emerges between the hippocampus
and the hypothalamus during the recall of a cold memory. Both natural retrieval and
artificial reactivation of cold-sensitive memory engrams in the hippocampus mimic
the physiological responses that are seen during a cold challenge. These ensembles
arenecessary for cold-memory retrieval. These findings show that retrieval of a cold
memory causes whole-body autonomic and behavioural responses that enable mice

to maintain thermal homeostasis.

The brain and the body are intrinsically connected and interact
bidirectionally to maintain homeostasis®. Although brain-body
interactions are now a central topic in neuroscience, only recently
have studies shown that mental states can directly influence bodily
function and that associative learning processes can modify periph-
eral immune and neuroendocrine responses® . However, to our
knowledge, a direct link between the memory of an experience and
immediate physiological changes in the body for host adaptability
has yet to be identified. Here we investigated whether memories can
control whole-body metabolism by training mice to remember a cold
experience.

When faced with an environmental thermal challenge, birds and
mammals actively maintaintheir body temperaturein anarrow range to
preserve critical cellular functions?® To achieve this, the brain triggers
several thermoregulatory behavioural responses that maintain homeo-
static body temperature—including motivated goal-directed behav-
ioural responses such as moving to a warm place, nest building and
postural changes—as well as autonomic physiological mechanisms,
suchasshivering, vasoconstriction and non-shivering thermogenesis'.
Theneurally regulated metabolic process of non-shivering thermogen-
esis contributes to the production of heat and the maintenance of core

body temperature and is largely influenced by altered metabolismin
brown adipose tissue (BAT)".

Many brain regions and neural pathways have been implicated
in real-time thermoregulation, including the lateral hypothalamus
(LHA), the medial preoptic area (MPO) and the xiphoid nucleus®*'>*,
However, it is currently unclear whether temperature information
can be stored in the brain in the form of memories. Such learned
information could enable animals to anticipate thermal challenges
on the basis of previous experience and allow them to respond in an
energy-efficient manner. This would also require the storage, retri-
eval and conversion of temperature information into physiological
responses. Here we investigate whether temperature information can
be stored in the brain in the form of temperature-sensitive memory
engrams.

The enduring physical change in the brain that accounts for aspecific
memory can be referred to as an engram™. Engram cells can be opera-
tionally defined as neuronal ensembles that are activated by learning
and undergo physical changes, and the reactivation of which leads to
theretrieval of the target memory” 8, Previous studies have identified
memory engrams by combining methods that tag immediate early
genes (such as Fosand Arc) with optogenetics and chemogenetics™*%,
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By using engram-labelling technology, we investigated how tempera-
ture information is stored in the mouse brain.

We show that mice can be conditioned to associate a particular
contextwithacold temperature experience. A Pavlovian conditioned
thermoregulatory response can thereafter be elicited by exposure to
contextual stimuli associated with cold experiences. We also find that
hypothalamicactivity is highly upregulated when mice are exposed to
the cold, and that aspecific network emerges between the hippocam-
pusand the hypothalamus during the recall of acold memory. We show
that cold-sensitive memory engrams form in the hippocampus and
specific regions of the hypothalamus, and that both natural retrieval
and artificial reactivation of these engrams mediate the physiological
responses that are seen during a cold challenge. Furthermore, these
ensembles are necessary for the retrieval of a cold memory. These
results highlight that cold-sensitive engrams control whole-body
autonomic and behavioural responses that enable mice to maintain
thermal homeostasis.

Cold memories increase metabolism

Toinvestigate whether mice canstore and retrieve temperature infor-
mation, we designed athermoregulatory Pavlovian conditioning exper-
imentinwhich mice were trainedin context Aat21°Candincontext B
at4 °C(Fig.1a,b). Cold exposure stimulates thermogenesis by increas-
ing lipid and glucose metabolism in BAT, which in turn upregulates
whole-body metabolic rate? >, Mice exposed to a4 °C environment had
alower corebody temperature than when they were exposedtoa21°C
environment (Extended DataFig.1a-f) and showed increased oxygen
consumption (Extended DataFig. 2a), energy expenditure (Extended
Data Fig. 2b) and carbon dioxide production (Extended Data Fig. 2c).
Mice also moved significantly more in the 4 °C environment than in
the 21 °Cenvironment (Extended Data Fig.2d). No differencesin food
consumption were observed (Extended Data Fig. 2e). We also found
that the observed increase in metabolic rate and energy expenditure
persisted across all three cold training days (Extended Data Fig. 2a—c).
Together, these datashow that mice increase their metabolic rate and
alter their behaviour in response to a cold environment.

To establish whether mice can associate a specific context with a
given temperature, we trained mice at 4 °C in context B and subse-
quently tested them in that same context at 21 °C. We observed an
increasein metabolic rate when mice were returned to the cold-paired
context, irrespective of the actual temperature of that context (Fig.1c-g
and Extended Data Figs. 3a,b and 4a-e). This effect was specifically
induced by the contextual cues associated with cold training and not
justexposureto aneutral context at baseline day 2 (BL2; Extended Data
Figs.2a-eand 4f-m). When mice were returned to the cold-paired con-
textontestday1(T1), theyincreased their core body temperature com-
pared withbaseline day 1 (BL1; Extended Data Fig.1b-j). Furthermore,
mice showed significantly increased movement when returned to the
cold-paired context (Extended DataFig. 3c), but no difference in food
consumption compared with BL1 (Extended Data Fig. 3d), suggesting
that mice can adjust their behaviour in the cold-paired contexton T1,
similar towhatis observedinthe 4 °C context. Although differencesin
movement were found between various days, the observed increasein
metabolicrate ontest day was not driven solely by movement (Extended
Data Fig. 4n-q). Notably, we also found a temporal dynamic on T1, as
the metabolicratesresemble cold day 1(CL1) during the first few hours
and come closer to baseline levels after 6 h (Fig. 1c-g). Both male and
female mice increased their metabolic rate when they were returned
to the cold-paired context (Extended Data Figs. 4f-m and 5a-c).

To confirm that the upregulation of the metabolic rate on test day
was due to the pairing of 4 °C and context B, and not because of the
novelty of the context, we trained mice in the same Pavlovian timeline
without changing the temperature from 21 °C (Fig. 1h,i). We found that,
althoughthe novelty of context B caused anincrease in metabolic rate

in the initial 2 h of the no-cold training and test days, there were no
differences in metabolic rate between baseline, no-cold training and
test after 2 h (Fig. 1j), suggesting that novelty does not affect metabolic
rate after 2 h. Mice that underwent 4 °C cold training in context B were
directly compared with mice that underwent the 21 °C no-cold train-
ing in context B. Our results demonstrate that cold training at 4 °Cin
context Bsignificantly increased metabolic rate on T1compared with
21°C no-cold training (Fig. 1k). These effects are not due to initial dif-
ferences between the two groups, as they did not significantly differ
inmetabolic rate on BL1 (Fig. 11).

These data show that the increase in metabolic rate is not caused
by the novelty of context B, but rather by the association of 4 °C with
context B. To rule out the possibility that the increase in metabolic
rate was due to the prolonged effects of long-term cold exposure, a
separate cohort of mice was allowed to recover in their home cage for
four consecutive days instead of two after cold training (Extended
DataFig. 6a-g). We found that the increase in metabolic rate persisted
even after this longer recovery break, indicating that the observed
increase in whole-body metabolism was not due to prolonged cold
effects, butrather to therecall of the cold-paired contextual memory.
To rule out the possibility that the increase in metabolic rate was due
to a generalized stress response, mice were exposed to the predator
odour trimethylthiazoline (TMT) while we simultaneously recorded
metabolic rates. We observed no increase in metabolic rate in mice
that were exposed to TMT, compared with mice that were exposed to
acontrol odour (Extended Data Fig. 6h,i). These data suggest that the
increasein metabolicrate on T1was duenot to ageneral stress response
but specifically to the recall of a cold memory.

Finally, to demonstrate the behavioural expression of a cold memory,
we analysed whether mice develop a conditioned cold aversiondue to
trainingat4 °Cinaconditioned place preference apparatus (Extended
DataFig. 6j). Mice have no preference for either side of the apparatus
on the day before the test at 21 °C (Extended Data Fig. 6k); however,
mice trained at 4 °C displayed a conditioned place aversion to the
cold-paired side of the conditioned place preference apparatus but
nottothe?2l °Cpaired side (Extended DataFig. 61). These datademon-
strate that mice can forma contextual memory of a cold environment
that, afterretrieval, leads toanincrease in whole-body metabolism and
avoidance behaviour.

Cold memories upregulate thermogenesis

BAT isaspecialized tissue thatisimportant for non-shivering thermo-
genesisin both humans and rodents?. Thelipolysis metabolic pathway
has been demonstrated to fuel the thermogenic response in brown
adipocytes through uncoupling protein 1 (UCP-1)* (Fig. 1m). To fur-
ther establish the relationship between cold memory and whole-body
metabolic responses, we collected BAT from mice at different time
points (Fig.1m). Inline with previous studies, we showed that after cold
exposure, multiple thermogenic genes are upregulated, including Ucp1
(Extended DataFig. 7b-g). Notably, we found that several thermogenic
genesarealso upregulated in mice during cold recall on T1, compared
with control mice on BL2 (Fig. 1In-s). We observed an upregulation of
Ucpl (Fig.1n),inaddition to anincrease in mitochondrial genesinvolved
in fatty acid uptake, such as Cptla (which encodes CPT1a) and Cact
(Fig.10,p) and genes associated with fatty acid release from lipid drop-
lets, such as Atgland Hsl (Fig.1q,r). These results indicate that recall of
acold memory is sufficient to upregulate thermogenic genes in BAT.
We tested whether the observed upregulation of thermogenesis
genes was specifically due to cold experiences or due to ageneralized
stress response. We collected BAT from mice that underwent contex-
tual fear conditioning training and compared them with mice that
received no foot shocks (Extended Data Fig. 7h). We observed no differ-
encesinany of the examined thermogenesis genes between mice that
received foot shocks and controls that did not (Extended Data Fig. 7i-n).
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Next, we collected BAT from mice that were exposed to a predator odour
(TMT) or to a neutral control odour (H,O, Extended Data Fig. 70). We
found noincrease inthermogenic gene expressionin mice exposed to
TMT compared with mice that were exposed to H,0 (Extended Data
Fig.7p-u). However, we found significantly decreased expression of Hs!/
in TMT-exposed mice compared with H,0-exposed controls (Extended
DataFig.7t). Together, these experiments showed that thermogenesis
genesin BAT are not upregulated asaresult of astressful experiencein
general, but that this increase is due to a cold experience specifically.
We therefore conclude that cold memories can control whole-body
thermoregulatory responses.

Cold memories enhance activity in specific brain regions

To identify the neuronal activity patterns that underlie cold memory
encodingand retrieval, we examined FOS expression throughout mul-
tiple brain regions. We compared FOS activity during BL1, CL1and T1,
to determine which regions were active during specific conditions
(Fig.2a). To enable automated FOS detection in various hippocampal
and hypothalamicregions, all brains were run through an automated
brain-wide counting pipeline (Fig. 2b,c). Our results showed no differ-
encesinthe number of FOS® cellsinthe dentate gyrus (DG) between any
ofthe three examined conditions (Fig. 2d). However, cold-activated FOS
activity was foundin the CA3 and CAlsubregions of the hippocampus
at CL1and T1, compared with BL1, suggesting that CA3 and CAl are
important areas that are involved in cold responses (Fig. 2e,f). Although
noinnate differencesin FOS activity were found in the DG between the
three conditions, we hypothesized that there may be differencesin how
this region interacts with whole-body metabolism after learning. As
such, we correlated FOS activity in the DG with oxygen consumption
at BL1, CL1and T1 (Fig. 2g). Our results showed that at BL1, there was
no correlation between FOS activity in the DG and metabolic rate. At
CL1, there was a negative correlation between oxygen consumption
and DG activity. However, at T1, after the cold memory has been con-
solidated, there was asignificant positive correlation between oxygen
consumptionand DG activity (Fig. 2g). Asimilar correlation pattern was
observedin CAlbutnotin CA3 (Extended DataFig.8a,b). We conclude
that various subregions of the hippocampus areinvolvedin the encod-
ing or retrieval of contextual cold memories and that the DG and CAl
play a partin regulating whole-body metabolism at T1.

Previous studies have identified the LHA, MPO and lateral preoptic
area (LPO) as key brain regions involved in thermoregulation®. We
therefore compared FOS activity in these regions at BL1, CL1and T1.
In line with previous studies, we showed that FOS activity in the LHA
isupregulated when mice are exposed to the cold during CL1 (Fig. 2h).
Notably, we found similar levels of activity in this area when mice are
recallingthe cold on T1. Although we also see increased activity in the
MPO and LPO during cold exposure (Fig. 2i,j), we found noincreasesin
FOS activity inthese areason T1. Moreover, noincreases in FOS activity
were found at CL1or T1in any of the other investigated hypothalamic
areas (Extended Data Fig. 8h-k). Next, we tested whether activity in
the LHA, MPO and LPO correlated with metabolic rate. We found that
only the mice that were exposed to the cold on CL1show a positive
correlative trend between FOS activity in the LHA and oxygen con-
sumption (Fig. 2k). This trend was not found in any other condition or
hypothalamicregion (Extended DataFig. 8c,d). These findings suggest
that the LHA isimportant during encoding and recall of cold and that
LHA activity correlates with metabolic rate during a cold experience.

Finally, to confirm that the increases in FOS activity found during
CL1and T1 were specifically due to cold exposure and recall rather
thanbecause of stress, mice were trained in a fear conditioning experi-
ment (Extended Data Fig. 9a). Mice that underwent contextual fear
conditioning training did not show similar increasesin FOS activityin
hippocampal or hypothalamic regions to those observed in the cold
(Extended Data Fig. 9c-j). Furthermore, increased FOS activity was

observedinamygdalar regions after fear conditioning, but not during
the cold or cold recall (Extended Data Figs. 8m-o0 and 91-n). These data
suggest that stress was not the cause of the neural activity foundin the
hippocampus and hypothalamus.

Tounderstand how functional connectivity betweenbrainregionsis
altered during cold exposure and cold-memory retrieval, we performed
further correlational analyses of FOS activity across brain regions
(Extended Data Fig. 8r-t). From this, we built correlational networks
that corresponded to BL1, CL1and T1to further visualize plasticity of
functional connectivity (Fig. 2I-n). We found that, compared with the
baseline network, there is increased functional connectivity between
hypothalamic regions when mice are exposed to the cold (Fig. 2I,m).
Moreover, we found an increase in functional connectivity between
the hippocampus and the hypothalamus when mice are recalling the
cold, compared with when they are experiencing the cold, whichis not
observed in the baseline network (Fig. 21-n). These data suggest that
hippocampus-to-hypothalamus connectivity is a plasticity feature that
forms after a cold contextual memory is encoded in mice.

Cold engrams are inthe DG, LHA and MPO

Engram ensembles have been identified in many areas of the brain,
such asthe hippocampus, amygdala and prefrontal cortex, for various
sensory modalities'* % To better understand how cold memories are
encoded and retrieved, we crossed Trap2 mice with R26R-STOP-floxed
enhanced yellow fluorescent protein (eYFP) transgenic mice to achieve
optimallabelling in the DG, LHA, MPO and LPO"*?* (Fig. 3a).

To quantify activated engram cells in multiple brain regions, mice
were put through a cold-engram-labelling protocol (Fig. 3b). The
number of eYFP* cells was first quantified in the DG, LHA, MPO and
LPO (Fig.3c). Our findings show no differences in the number of eYFP*
cellsinthe DG, LHA, MPO or LPO between mice recalling a contextual
cold memory at T1 and home-cage controls, suggesting comparable
amounts of labelled cellsinboth groups (Fig. 3d-g). Next, we quantified
the number of FOS" cells between the groups (Fig. 3h-1). There was a
significant increase in the number of FOS™ cells in mice retrieving the
cold memory in the LHA (Fig. 3j), whereas no significant differences
were found in the DG, MPO and LPO (Fig. 3i,k,1). Finally, we measured
engram reactivation by quantifying the cells that were active during
both encoding and expression of acold memory (thatis, (FOS*eYFP*)/
eYFP; Fig. 3m). Our results show a significant increase in colabelling
inthe DG, LHA and MPO (Fig. 3n,0,p), but not in the LPO (Fig. 3q), in
mice retrieving a cold memory compared with home-cage controls.
Together, these data suggest that cold-sensitive memory engrams are
located in the DG, LHA and MPO.

We next analysed how increased reactivation of cold-sensitive
engrams affected whole-body metabolism. Here we correlated the
amount of colabelled cells in the DG with oxygen consumption, car-
bon dioxide production and energy expenditure. We found strong
positive correlations between cold-engram cell reactivation in the
DG and metabolic rate at T1 and CL1, but not at BL1 (Fig. 3r-t). These
resultsindicate thatincreased cold engramreactivation during recall
covaries with whole-body metabolism during recall, and, crucially,
with metabolism during the original training day when the engram
was formed. Finally, we performed correlational analyses of engram
reactivation activity across brain regions. These analyses revealed a
significant positive correlation between activity in the DG and LHA in
mice recalling the cold (Fig. 3u), whereas this type of coordinated activ-
ity was not found in the home-cage control mice (Fig. 3v). Similarly, we
found coordinated activity betweenthe MPO and LPO in test mice but
notincontrols (Fig.3u-v). Inline with our FOS data, these results indi-
cate that when mice recall the cold, a specificengram pathway emerges
betweenthe DGand LHA,inaddition toaconnectionbetweenthe MPO
and LPO, and that coordinated hypothalamic activity is essential for
contextual cold memories.
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miceduring BL1(white), CL1(dark blue) and T1(lightblue).k, Correlation
betweenFOS cellsinthe LHA and oxygen consumption between mice during
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Fig.3|Putative contextual cold engrams areinthe DG, LHA and MPO.

a, Geneticstrategy. b, Experimental timeline. ¢, Representative image of eYFP*
cells (green).d-g, Comparison between the test cohort (dark blue) and control
cohortofeYFP* neurons normalized to area (grey) inthe DG (d), the LHA (e),
the MPO (f) and the LPO (g). h, Representative image of FOS* cells (red).

i-1, Comparison between the test cohort (dark blue) and control cohort (grey)
of FOS" neurons normalized to areain the DG (i), the LHA (j), the MPO (k) and
the LPO (I). m, Representative image of an eYFP'FOS" cell. n-q, Comparison
betweenthe test cohort (dark blue) and control cohort (grey) of colabelled
neuronsinthe DG (n), the LHA (0), the MPO (p) and the LPO (q). r-t, Correlation
between the percentage of colabelled/eYFP* cellsin the DG and oxygen

consumption (r) carbon dioxide production (s) and energy expenditure

(EE, t)at T1(orange), CL1(black) and BL1(grey). u, Correlation of percentage of
colabelled/eYFP* cells between regions during the recall of acold memoryon T1.
v, Correlation of percentage of colabelled/eYFP* cells in the control group.
c-q,Dataare mean +s.e.m., c-v, n=6 mice per group.d-g,i-1,n-q, Unpaired
t-test.r-t,Simplelinear regression.u,v, Pearson’s rcorrelation analysis. *P< 0.05,
**P<0.01,***P < 0.001.4-OHT, 4-hydroxytamoxifen; V¢, carbon dioxide
production; Ctxt, context; HC, home cage. Scale bars, 250 pm. Illustrations of
the transgenic mouseline (a) and the behavioural time line (b) were created
with BioRender (https://biorender.com).
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b, Experimental timeline. ¢, Environmental temperature during the labelling
window. d, Representative image of hippocampal slice with FOS* cells (red)
and eYFP* cells (green). e, Time plot of oxygen consumption during artificial
reactivation of cold-sensitive engrams. Blue bars indicate the time the laser
wasturned on. f-h, Comparison of oxygen consumption between the on (blue)
and off (grey) epochs during the three stimulations. i, Comparison of oxygen
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timeline.l, Representative image of ahippocampalslice with FOS* cells (red)
and eYFP* cells (green). m-o, Comparison of colabelled neurons between the
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Cold engram stimulation increases metabolism

Todetermine whether cold-sensitive engrams are functionally relevant
for whole-body metabolism, we set out to optogenetically reactivate
cold engrams in the DG. To do so, we labelled cold-sensitive engrams
inthe DG on CL1and optogenetically reactivated them in a neutral
context (Fig. 4a—-d and Extended Data Fig. 10a-c). We showed that
optogenetic reactivation of cold-sensitive engrams in the DG is suf-
ficient to artificially increase whole-body metabolism (Fig. 4e and
Extended Data Fig. 11j,1). Moreover, we found that metabolic rates
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(grey) inthe LHA (m), the MPO (n) and the LPO (0). p, Correlationbetween the
percentage of colabelled/eYFP* cellsin the LHA and oxygen consumption after
cold stimulation (blue) and no-cold stimulation (grey). q, Experimental timeline.
r-v, Relative expression of lipolysis and thermogenesis genes (Ucpl (r), Cptla
(s), Hsl(t), Atgl (u) and Ppargcla (v)) inthe BAT of mice with cold-sensitive
stimulated cells (blue) and no-cold control-stimulated cells (grey). e-i, Data
aremean, n=8-9 mice per group.m-p,r-v,Dataare mean + s.e.m.,n=5-7 mice
per group. e-i, Paired t-test. m-o, Unpaired t-test. p, Simple linear regression.
r-v,Unpaired t-test.*P< 0.05, **P < 0.01, ***P< 0.001, ****P< 0.0001. ChR2,
channelrhodopsin. Scalebars (d, 1), 250 pm. Illustrations of the transgenic
labelling systems (a,j), the behavioural timelines (b k) and the tissue collection
timeline (q) were created with BioRender (https://biorender.com).

increased when cold-sensitive engrams were stimulated, and that
they returned to baseline during the unstimulated period (Fig. 4f-i).
Notably, metabolic rate increased only in the first two consecutive
stimulations, but not during a third stimulation, suggesting an atte-
nuation of whole-body responses or a limitation of optogenetic engram
stimulation (Fig. 4h). Furthermore, we demonstrated that optoge-
netic reactivation of cold-sensitive engrams is possible with multiple
transgenic mouse lines and with different engram-labelling stra-
tegies, including one based on the FOS-tTa system (Extended Data
Fig.12a-h).


https://biorender.com

To confirm that theincrease in metabolic rate was due to contextual
cold memories, we designed a control experiment in which mice were
run through the same timeline but were never exposed to the cold
(Extended Data Fig. 11a,b). As such, we labelled no-cold engram cells
in the DG and optogenetically reactivated them in a neutral context.
Our results show that optogenetically stimulating no-cold engram cells
does notincrease whole-body metabolism (Extended Data Fig.11c,k,m).
There were no significant differences between on and off periods dur-
ingany of the three stimulations (Extended Data Fig.11d-g). Notably, a
slight decrease in oxygen consumption was found when the laser was
on compared with when it was off (Extended Data Fig. 11g). We next
directly compared optogenetic stimulation of cold-sensitive engrams
with no-cold contextual engrams (Extended Data Fig. 11h). We show
that oxygen consumption significantly increased in the cold group
compared with the no-cold group duringlaser stimulation (Extended
Data Fig. 11i). The difference in metabolic rate during laser activation
was not due to pre-existing differences between the cohorts, as no
differences were found between the cold and no-cold groups when
the laser was off (Extended Data Fig. 11i). Therefore, we conclude that
cold-sensitive engrams control whole-body metabolism, as optogenetic
activation of these cells increases metabolic rate.

Weinvestigated whether optogenetic stimulation of cold-sensitive
DGengramswould resultinincreased engramactivity in hypothalamic
regions. To achieve this, welabelled cold engramsin the DG with chan-
nelrhodopsin on CL1, while labelling engrams throughout the brain
with eYFP on a background of the Trap2;R26R compound transgenic
line. We subsequently quantified artificially reactivated engramcellsin
the LHA, MPO and LPO (Fig. 4j-1). We show that there was a significant
increasein colabelling (thatis, (FOS*eYFP*)/eYFP") inthe LHA and MPO
after optogenetic stimulation of cold-sensitive DG engrams compared
with after stimulation of no-cold engrams (Fig. 4m-o and Extended
Data Fig. 12i-r). This increase in colabelling was not found in the LPO
(Fig. 40), suggesting that only specific regions of the hypothalamus
have increased engram connectivity with the DG. Notably, we found
that the artificially induced engram activity in the LHA significantly
correlated with oxygen consumption (Fig. 4p), suggesting that the
connectivity found between the DG and specific regions of the hypo-
thalamus mediates the learned control of whole-body metabolism.

Next, we optogenetically reactivated cold-sensitive engrams to arti-
ficiallyinduce athermogenic response and collected BAT to determine
whether artificial reactivation of cold memories increases thermo-
genicgene expressioninadipose tissue (Fig.4q). Our results show that
artificial reactivation of a cold-sensitive engram leads to an increase
in Ucpl (Fig. 4r) and Cptla (Fig. 4s) expression in BAT compared with
the reactivation of no-cold engram cells. No differences were found
in other thermogenic genes (Fig. 4t-v). Together, these results show
that both natural and artificial retrieval of cold memories causes an
upregulation of thermogenesis genes in BAT.

Inhibiting cold engrams blocks metabolic change

Tofurtherexplore therole of cold-sensitive engram cells, we chemoge-
netically inhibited DG cold engrams during cold-memory recall. Todo
so, we labelled cold-sensitive engramsin the DG of the hippocampus on
CL1withinhibitory DREADD (designer receptors exclusively activated
by designer drugs) hM4Di receptors and chemogenetically inhibited
these cells by injecting clozapine-N-oxide (CNO)* on T1(Fig. 5a-cand
Extended DataFig.10d-g). We observed anincrease in metabolic rate
on T1 compared with BL1 when saline was injected into control mice
onT1. Thisincrease in metabolic rate was observed throughout the 2 h
and for the combined total testing time (Fig. 5d-g and Extended Data
Fig.13b,c,g,h). By contrast, we found that CNO-treated mice no longer
showed thelearnedincreasein metabolic rate on T1(Fig. 5h). Further-
more, we found that the conditioned response was no longer present
atany point throughout the testing time (Fig. Sh-k and Extended Data

Fig.13d,e,i,j). When directly comparing the saline- and CNO-injected
mice, we found a significantly higher percentage change in metabolism
inthesaline-injected mice thaninthe CNO-injected mice (Fig. 5I-nand
Extended DataFig.13f k). Together, these data show that by inhibiting
cold-sensitive cellsin the DG, we could inhibit contextual cold memo-
riesand, asaresult, prevent the conditioned whole-body responses that
were previously associated with these contextual stimuli.

Discussion

In this study, we investigated the influence of memory engrams on
whole-body responses. We found that mice increase their metabolic
rate, corebody temperature and adjust their behaviour whenrecalling a
cold environment, indicating that they can store and recall temperature
information. Our findings reveal that the recall of a cold environment
increases FOS activity in the hippocampus and hypothalamus and
that it leads to increased functional connectivity between these two
structures. We found that cold-sensitive engram cells arelocated in the
DG, LHA and MPO and that artificial reactivation of DG engram cells
leads toanincrease in whole-body metabolism and engram cell activ-
ity inthe hypothalamus. Moreover, our results showed thatinhibition
of cold-sensitive cellsinthe DG prevents the conditioned whole-body
response that was previously associated with cold memories. Notably,
we show that contextual cold memories control whole-body responses
in BAT by increasing thermogenic genes during cold recall. Together,
these datashow that cold-sensitive engrams control whole-body ther-
moregulatory responses.

Previous studies have demonstrated adirectrole for the hypothala-
mus in regulating body temperature, heart rate and energy expendi-
ture*~*°. In this study, we link memories to changes in whole-body
metabolism. The increases found here are not solely due to a general
stress response to the cold, as we found that exposure to other stressful
experiences did notincrease metabolic rate or expression of lipolytic
and thermogenic genes. Although cold exposure may inevitably cause
some stress to the mice, it does not explain the memory outcomes
found here. However, it was not possible to completely exclude the
possibility of cold being a mild pain or discomfort signal in this study.
We found no differences in food consumption during cold exposure
or cold memoryrecall, suggesting that 8 h of cold exposureis notlong
enough to cause changes in feeding behaviour, whichisinline with pre-
viously reported results*. Notably, we found that mice increased their
movement acrosstraining days and whenrecalling the cold, indicating
that previous experience and expectations causes adaptive behavioural
responses in mice.

Previous studies investigating the role of the hippocampus after
acute heat and cold exposure showed a distinct role of the DG only
after acute heat exposure*. In line with this, we found no differences
in FOS activity in the DG after cold exposure. However, we found sig-
nificantincreasesin neuronal activity in CA3 and CAl, suggesting that
both of these areas potentially hold innate cold-sensing cells. Future
experiments are needed to determine whether these hippocampal
subregions are important for innate cold responses. By comparing
the cells that were active during the encoding and recall of a cold
memory, we found putative cold-sensitive memory engrams in the
DG, LHA and MPO. Previous studies have shown that engram cells are
necessary and sufficient to induce the learning-specific conditioned
behavioural response, and that neural activity can regulate immune
responses’®’3°, Here we describe how engram cells control periph-
eral physiological processes beyond traditionally studied behavioural
responses. Our results show that contextual cold engrams in the DG
control whole-body metabolism through engram connectivity in the
LHA and MPO. Furthermore, we show that engram connectivity in the
hypothalamus resulting from artificial DG stimulation correlates with
whole-body metabolism. One question that remains is whether these
bodily responses in turn also influence engram cells specifically and
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memories in general. For example, increasing heart rate by optoge-
netic activation of cardiac rhythms resulted in enhanced anxiety*.
Itis therefore highly likely that information flows not only from the
brain to the body but also vice versa. Future studies are necessary to
determine how bodily states modulate the storage and formation of
memories and how this relates to engram cells.

BAT has been found to be a versatile organ that is involved in a vari-
ety of metabolic and endocrine processes. Recently, it has also been
suggested that BAT might be a stress-responsive organ that is crucial
for afight-or-flight response***. Here we show that the genes in the
thermogenic pathway analysed in this study are not uniquely activated
by stress. Moreover, our results revealed no differences in thermogenic
gene expressionin fear-conditioned or predator-odour-exposed mice.
As such, we found that these genes are specifically involved in ther-
moregulatory processes that are activated when a mouse is encoding
and recalling a cold environment. Together, our data and previously
published data seem to suggest that different types of stressor elicit
different responses from BAT and that its response is highly dependent
onthe type of contextual input that it receives.

Our findings may have important translational implications for
potential treatment avenues for metabolic diseases. In humans, BAT
hasbeen associated with cardiometabolic health, makingita promising
target for future therapies* . In this study, we aimed to understand
how the brain affects basic bodily functions with the additional goal
of identifying therapeutic targets that would enable more-targeted
treatments for cardiometabolic diseases in the future. For example, we
showed that by stimulating engram cells in the brain, we were able to
upregulate thermogenesis genesin BAT. With the current technological
advancements of optogenetics in humans, this line of research opens
interesting avenues for future therapeutic approaches.
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Methods

Mice

All experiments with wild-type mice were performed with C57BL/6)
mice. All engram-labelling experiments were performed with
Fos-tTa"™, Trap2;Ai32 (refs. 33,48) and Trap2;R26R (refs. 19,34) trans-
genic mice. Both male and female mice were used. All mice were group
housed in a12:12-h (07:00-19:00) light-dark colony room at 22 °C.
Food and water were provided ad libitum and all testing was performed
duringthelight phase. Mice used for experiments were approximately
8-12 weeks of age. All animal work was performed in compliance with
the Ryan and Lynch laboratory project licences, with ethical approval
of the Trinity College Dublin ethics committee, the Animal Research
Ethics Committee from the Health Products Regulatory Authority, and
according to the Brigham and Women'’s Hospital Institutional Animal
Care and Use Committee guidelines.

Metabolic cages

To capture metabolic and behavioural information, mice were singly
housedin metabolic cages (Promethion, Sable Systems) for aduration
of 8 h per day. Each cage included a ceiling-mounted food hopper,
water bottle and body-mass monitor. Mice had ad libitum access to
food and water throughout the entire 8 h. Oxygen consumption, carbon
dioxide emission, energy expenditure, body weight, food and water
intake and locomotor activity were monitored throughout the session.
Inbrief, respiratory gasses were measured with an integrated fuel cell
oxygen analyser, a spectrophotometric carbon dioxide analyser and
awater vapour pressure analyser (GA3ml, Sable Systems)*. Before
eachrun, gas sensors were calibrated with 100% N, as zero reference
and with a span gas containing a known concentration of 0.933% CO,.
Air flow was measured and controlled with the multichannel mass flow
generator (FR8-1, Sable Systems). Flow rate was set at 2,000 ml min™.
Oxygen consumption and carbon dioxide production were measured
foreach mouse at 3-4-minintervals. Energy expenditure was calculated
using the equation®*: K¢,y,= 60 % (0.0003941 x V;,, + 0.001106 x V.

Cold training schedule

Male mice were taken from their home cage each morning and individu-
ally housed in the Promethion cages for a maximum of 8 h. On days 1
and 2, mice were placed in the Promethion cages at 21 °C to allow them
to habituate to the machine. On day 3, mice were putinthe Promethion
cages at 21 °C while metabolic and behavioural data were simultane-
ously recorded to establish baseline measurements (context A). On
day 4, the cages were changed before the mice were placed inside.
Contextual cues were added to the chambers, including wall and floor
patterns, brighter lights, different bedding and three drops of acetic
acid odour (context B). Once the mice were placed in the cages, the tem-
perature decreased inincrements of approximately 10 °C per hour. As
such, the mice spentatotal of 6 hinthe altered context atatemperature
of 4 °C. This was repeated for a total of three days, with metabolicand
behavioural datarecorded throughout. Mice were then returned and
keptintheir home cages foratwo-day break period. Next, on day 9, mice
were put back in the Promethion cages without any of the additional
cues at 21 °Cto allow for a second baseline measurement (context A).
Finally, on day 10 all the additional context cues were added back in
before the mice were putinto the cages (context B). Temperature was
kept at 21 °C and metabolic and behavioural data were simultaneously
recorded to establish the test-day measurements.

Predator odour exposure in metabolic cages

Mice were placed in the metabolic cages 24 h before odour applica-
tion. In brief, 20 pl of either H,0 or 10% w/v trimethylthiazoline were
dropped onto asmall1-cm square piece of filter paperin the cage. Mice
were exposed to the odorant for 1 h before being put back into their
home cage. Metabolic data were recorded at all times.

Conditioned cold aversion

The conditioned place preference apparatus consisted of two separate
chambers. Each chamber had different wall and floor cues (black and
white pattern). Mice could freely enter both chambers through an
openinginthe wallinthe middle of the apparatus. On day 1, mice were
taken from their home cage and placed inside the apparatus, where
they could freely explore both sides of the apparatus for a total of
20 min. The entire apparatus was kept at 21 °C. On day 2, the opening
in the middle wall of the apparatus was closed. During the morning
sessions, mice were exposed to one side of the apparatus at 21 °C for
aduration of 2 h. Mice were then returned to their home cage for a
2-h break. In the afternoon sessions, mice were then exposed to the
other side of the apparatus at 4 °C for a duration of 2 h. This was sub-
sequently repeated for a total of three days. On day 5, the opening
in the middle wall of the apparatus was re-opened before mice were
placed backinthe apparatus. Mice could freely explore both chambers
againforatotal of 20 minwhile the entire apparatus was keptat 21 °C.
Allbehaviours were videotaped and subsequently hand scored. Time
spent in each chamber in seconds was measured on day 1 (pre-test)
and day 5 (test). The time spentin each chamber was normalized using
the formula (test phase duration spent in the cold-paired chamber/
time spent thereinthe pre-test phase), to account for any pre-existing
preferences®. Both time of day and side of apparatus were counter-
balanced across all mice.

Contextual fear conditioning

Before training, mice were handled for three consecutive days to habitu-
ate them to the experimenter. One day before the training day, mice
were habituated to the arenaand allowed to freely explore the context
for10 min. The next day, mice underwent a contextual fear condition-
ing protocol. The mice were allowed to explore the arena for the first
3 min. After these 3 min, half of the mice received three foot shocks
(0.2s,0.75 mA) that were spaced by intervals of 1 min, whereas the
other half of the mice received no foot shocks. Mice were subsequently
returned to their home cage for 45 min.

Predator odour exposure for BAT collection

Mice were placed into a vacuum-powered four-chamber olfactory
arena, which was replicated from previously published designs®.
Air entered each corner of the arena at a flow rate of 150 ml min™ and
was odorized by passing through a bottle containing 20 ml of H,0 or
350 mM trimethylthiazoline. Mice were exposed to the odour for 5 min
and were then euthanized for tissue collection.

Tissue collection

Cold memory. Brains and BAT were collected from mice that went
through the above-described cold memory timeline. Tissues were
collected on BL1, CL1, BL2 and T1. To ensure that the differences seen
were due to the differencesin conditions and not time of day, all tissues
were collected exactly 5 hafter the mice were putinside the Promethion
cages.

Contextual fear conditioning. For the contextual fear conditioning
experiments, brains and BAT were collected 45 min after the training
session ended.

Predator odour exposure. For the predator odour exposure experi-
ments, BAT was collected exactly 1 h after the mice were exposed to
the odours.

Tissue preparation

Brains. Mice were transcardially perfused with 4% paraformaldehyde
and brains were fixed in 4% paraformaldehyde overnight. The next day,
brains were transferred into phosphate-buffered saline (PBS) and kept



at4 °C.They were subsequently sliced in100-pm coronal sections with
avibratome (Leica VT1200 S) and collected in PBS.

BAT. Mice were euthanized by carbon dioxide inhalation and adipose
tissue was removed by making a careful incision between the shoulder
blades. Interscapular BAT was subsequently collected, snap frozenin
liquid nitrogen and stored at -80 °C.

Immunohistochemistry

To get clear immunolabelling, we used the previously described
iDISCO-based immunohistochemistry protocol*>**. Sections were
rinsed three timesin1x PBS before being dehydrated in 50% MeOH/PBS
atroomtemperature for2.5 h.Sections were thenrinsed three timesin
0.2% PBS with Triton X-100 and blocked in 0.2% PBS with Triton X-100
containing10% dimethyl sulfoxide and 6% normal goat serum for 2 hat
room temperature. After blocking, slides were washed three times in
PBS with 0.2% Tween-20 and 10 pg ml™*heparin (PTwH). Sections were
thenincubated with primary antibodies (chicken polyclonal anti-GFP
(1:1,000, Invitrogen) and rabbit polyclonal IgG anti-FOS (1:1,000,
Synaptic Systems)) at 4 °C on a shaker for three days in PTwH with 5%
dimethyl sulfoxide and 3% normal goat serum. On day 4, sections were
washed three timesin PTwH and incubated with secondary antibodies
(AlexaFluor 568 anti-rabbit IgG (1:500, Invitrogen) and Alexa Fluor 488
anti-chicken IgG (1:500, Invitrogen)) overnight at 4 °C. The next day,
sections were washed three timesin PTwH, followed by three washes in
PBS atroomtemperature. Finally, sections were stained with DAPlin PBS
for10 min followed by afinal washin PBS. Sections were then mounted
onsuperfrost slides using Vectashield DAPI, cover-slipped and sealed.

Confocal imaging

All images were taken on a confocal scanning microscope (Leica TCS
SP8, Leica Microsystems). Fluorescence from DAPI was detected at
417-488 nm, Alexa Fluor 568 was detected at 595-650 nm and Alexa
Fluor 488 was detected at 500-550 nm. Sections were imaged with
adry 20x objective (NA 0.70, working distance 0.5 mm), with a pixel
size of 1.14 x 1.14 pm?, a z step of 3 pm and a z stack of approximately
25 um. Fields of view were stitched together to form tiled images using
an automated stage and the algorithm of the LAS X software.

Automated cell counting

To perform automatic brain-wide analysis of FOS™ cells, we used the
Neurolnfo software (MBF Bioscience). Inbrief,immunohistochemistry-
labelled whole-brain sections were aligned to the Allen Mouse Brain
Atlas using the registration tool in the program®. Here brain sections
were matched to the most closely corresponding atlas plate. All sec-
tions were manually adjusted where necessary, to ensure accurate
fit. After the correct atlas plate was identified, all anatomical regions
of interest were delineated and measured for size in pm?2. Next, FOS*
cells were identified using the cell-detection workflow. Through-
out all sections, only cells between 7 pum and 19 pm were counted
for size consistency. These parameters were then combined with a
deep-learning algorithm to successfully identify FOS™ cells. Counts
were then checked foraccuracy and adjusted where necessary. Finally,
detected cells were mapped to the Allen Mouse Brain Atlas and tallied
inthe corresponding anatomical brain structure. Normalized counts
(cells per um) were subsequently plotted into GraphPad Prism 10.0
for further analysis.

Network analysis

Cross-correlations between all pairs of regions were calculated inR
as previously reported. Pearson’s correlations were computed in all
cases after which networks were created using theigraph package. To
be able to interpret the networks, correlations with an absolute value
below 0.5 were not included. Both positive and negative correlations
were included in the networks.

Metabolic rate and cell activity analysis

Toinvestigate whether FOS and engram activity correlated with meta-
bolicrate, we correlated FOS* and colabelled eYFP* (%) with the exact
metabolic rate (oxygen consumption, carbon dioxide production and
energy expenditure) that was measured 45 min before brain collection.

RNA extraction and qPCR analysis

Collected BAT was defrosted at room temperature and transferred to
a2-mltube, and stainless-steel beads were added to each individual
tube. Next, tissues were homogenized in 1 ml TRIzol reagent in a tis-
suelyserfor2.5 minat 25 pulses per second. Chloroform (200 pl) was
subsequently added to each tube, after which they were inverted and
leftat room temperature for 3 min. All tubes were then centrifuged at
12,000gfor 15 min, the RNA was transferred into anew tube and 500 pl
isopropanol was added to precipitate the RNA. All tubes were inverted
tentimes and left at room temperature for 10 min, before being centri-
fuged againat12,000g for 10 min. Supernatants were then discarded
and all remaining RNA pellets were washed in 1 ml of 25% RNase-free
dH,0 and 75% ethanol. After being centrifuged at12,000g for 5 min,
all supernatants were discarded by inverting the tube. RNA pellets
were left to dry at room temperature for 20-30 min until they were
transparent, after which they were resuspended in 50 pl RNase-free
water. Finally, RNA was left on ice for 30 min and subsequently put
onaheatblockat 55 °C for 15 min. ANanodrop 2000 UV spectropho-
tometer (Thermo Fisher Scientific) was used to assess RNA quality
and concentration. Next, 20 pul cDNA was synthesized from 2 pg of
isolated RNA using a cDNAreverse transcription kit (Biosciences Ltd)
inaMiniAmp Thermal Cycler (BD Biosciences). qPCRs were then per-
formed to quantify the relative mRNA expression of genes of interest.
Relative mRNA levels were calculated using the AA cycle threshold
(AAC,) method and normalized to corresponding endogenous controls
(Ppib). All calculated values were plotted into GraphPad Prism 10 for
further analysis.

Stereotactic surgeries

Optic fibre implants. Mice that were used in the optogenetic
experiments were implanted with a custom implant containing two
optic fibres (200 mm core diameter; Doric Lenses). The optic fibre
implant was lowered above the injection site at -1.75 mm dorsoven-
tral. To secure the implant, an even layer of Metabond (C&B Meta-
bond)was applied and left to dry for 15 min. A protective cap was then
made from a black polypropylene microcentrifuge tube and secured
with dental cement. Animals were then put in a recovery chamber
at 29 °C until they were fully recovered from the anaesthesia before
being returned to their home cage. Animals were allowed to reco-
ver from surgery for approximately 2-3 weeks before behavioural
testing.

Viral injections. FOS-tTa transgenic mice were put on a diet contain-
ing doxycycline (DOX) 48 h before surgeries. All surgeries were per-
formed when the mice were approximately 7-8 weeks old. Mice were
anaesthetized with 500 mg kg avertin and head-fixed on astereotaxic
frame. Bilateral craniotomies were performed using a 0.5-mm diam-
eter drill at -2.00 mm anteroposterior and +1.35 mm mediolateral.
Next, 300 pl AAV9-TRE-ChR2-eYFP was injected on each side using
amicrosyringe pump (UMP3; WPI) and a Hamilton syringe (701LT;
Hamilton) at -2.00 mm anteroposterior, +1.35 mm mediolateral and
-2.00 mm dorsoventral. The injection speed was 60 nl min™ and the
needle was left inside for an additional 10 min after virus delivery to
achieve maximum virus spread.

For chemogenetic experiments, TRAP2 mice were injected with
300 pl pAAV-hSyn-DIO-HA-hM4D(Gi)-IRES-mCitrine on each side at
-2.00 mm anteroposterior, +1.35 mm mediolateral and -2.00 mm
dorsoventral. The injection speed was 60 nl min™.
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Temperature probe surgery

Beforeimplantation, alltemperature probes were sterilized. Mice were
anaesthetized and positioned on their back as previously described*®.
Next, all of the skin around the stomach area was sanitized with 70%
ethanoland sterilized saline. A smallincision was made using a scalpel
in the middle of the abdomen, followed by a 1-cm incision in the peri-
toneum. A temperature probe was subsequently putinthe abdominal
cavity. Organs were placed over the probe before sewing the perito-
neum and skin with sterile stitches.

Labelling strategies

TRAP2 strategy. The TRAP2 system enables the permanent labelling
of neurons that were activated by agiven experience”. TRAP2 relies on
animmediate early gene locus to drive the expression of iCre recom-
binase combined with a transgenic Cre-dependent effector. The iCre
recombinase can be controlled by tamoxifen. As such, whenaneuron
isactive and tamoxifen or 4-OHT is present, the iCre recombinase can
enter the nucleus and resultin expression of the effector®. The TRAP2
mice were combined with two different reporter lines. For optogenetic
experiments, TRAP2 mice were bred with the Ai32 mice*. For engram
cell-counting experiments, TRAP2 mice were crossed with the R26R
mice*,

Tolabel the cellsthat were activated during a cold experience, mice
were injected with tamoxifen 5 hafter being putinthe Promethion cages
on CL1. Assuch, all cells that were active during the 6-h cold exposure
were labelled. All mice were returned to their home cagesimmediately
after labelling.

FOS-tTa strategy. Here we used an adeno-associated virus that
expresses channelrhodopsin-2 (ChR2)-eYFP under the control
of a tetracycline-responsive element (TRE)-containing promoter
(AAV9-TRE-ChR2-eYFP). The TRE promoter is only active in cells that
contain the tetracycline transactivator (tTa)*2. Therefore, we injected
the AAV9-TRE-ChR2-eYFP virus into the DG of Fos-tTa transgenic mice.
These mice express tTaunder the control of a Fos promoter?. Because
FOSisactivity dependent, the Fos-tTatransgene will only expresstTain
cellsthatareactive duringagiven experience. By combining the trans-
genic mice with the virus, we were able to express tTaand ChR2-eYFP
in cells that were active during a cold experience. To have temporal
control over this system, mice were put on a diet that contained DOX.
DOXisanantibiotic that binds to tTaand as such prevents the expres-
sion of the transgene ChR2-eYFP.

To label cells activated by a cold experience, DOX food was substi-
tuted with standard food 36 h before being exposed to a cold experi-
ence. Cold memory engrams were identified as the cells that expressed
ChR2-eYFP as aresult of being active during the cold. To close the
labelling window, mice were immediately put back on DOX food after
theinitial cold experience.

4-OHT

To label cold-sensitive engrams in Trap2;Ai32 and Trap2;R26R trans-
genic mice, weintraperitoneally injected mice with4-OHT (50 mg kg™,
SantaCruz). All4-OHT was freshly prepared on the labelling day in a mix
of sunflower seed oil and castor oil (4:1, Sigma-Aldrich) at 10 mg ml™.

Engramtagging

Toidentify the cells that were active during a cold experience, we used
Trap2;R26R mice. These mice were chosen because they showed more
reliable labellingin the hypothalamus than did other mice. Inbrief, all
mice were injected with tamoxifen 5 h after being putinthe Promethion
cageson CL1tolabel all cells that were active during the 6-h cold expo-
sure. Next, mice were exposed to the rest of the cold memory timeline
as described above (two additional training days, a 2-day break and
BL2). On the test day, half of the mice were put into context B at 21 °C

and half of the mice were keptin their home cage. After exactly 3 hand
45 min all mice were euthanized to enable visualization of the immedi-
ate early gene Fos.

Engram counting

Allcells were counted using Fiji*®. An investigator blinded to treatment
counted eYFP’, FOS" and colabelled cells bilaterally in the DG, LHA,
MPO and the LPO. All cell counts were normalized to their respective
areas and plotted as cells per pm?.

Optogenetic reactivation of cold memories in metabolic cages
Shining 472-nm blue light on a ChR2-expressing cell causes ChR2
channels to open, resulting in the depolarization of the neuron.
This enables us to evoke memory recall in mice with ChR2-labelled
cells. Optogenetic activation was performed through a 450-nm laser
diode fibrelight source (Doric LDFLS 450/080). Mice with optic fibre
implants were attached to apatch cord (MFP_200/240/900-0.22_0.3m_
FC-ZF1.25(F)) and allowed to habituate for 8 hbefore being put through
the above-described cold memory timeline. Cold-sensitive engrams
were labelled on CL1and optogenetic reactivation was performed one
week later in context A. On the reactivation day, mice were exposed
to a15-min optogenetic stimulation (8 mA) session that was divided
into 3-min on and 1-min off periods (that is, 3 min on, followed by 1 min
off). During the light-on period, mice received blue-light stimulation
(20 Hz) with a pulse width of 15 ms for the entire 3-min duration. Dur-
ing the light-off period, the mice received no light stimulation. To
enable animals to return to baseline, each 15-min stimulation period
was followed by 1 h of no light stimulation. Mice received a total of
three rounds of 15-min stimulation periods. Metabolic rates were
measured at all times.

Chemogenetic inhibition of cold memories in metabolic cages
To inhibit cold engrams, we used the same labelling timeline as
described above. In brief, mice went through two habituation days and
abaseline measurement day in context A, at 21 °C. On day 4, contextual
cues were added to the chambers and the mice spent atotal of 6 hin
the altered context at atemperature of 4 °C. To label the neurons that
wereactive during these 6 hof4 °C cold exposure, mice were injected
with4-OHT 5 h after being putin the Promethion cages. All mice were
returned to their home cages immediately after labelling. Mice sub-
sequently went through two additional training days and were then
kept in their home cages for a two-day break period. On day 9, mice
were put back in the Promethion cages without any of the additional
cues at21°Cto allow for a second baseline measurement (context A).
Finally, on day 10, half of the mice were injected with CNO (2 mg kg,
Tocris) and half of the mice were injected with saline. Mice were kept
intheir home cage for 30 min after injection and were then put in the
Promethion cages (context B, 21 °C).

Statistics

All data were analysed using GraphPad Prism 10. All data are mean +
s.e.m.Analevel of 0.05was used asacriterion for statistical significance
and probability levels were quoted for non-significance. All statistical
analyses performed are reported with their outcomes in Supplemen-
tary Dataland 2.

Figure design and visualization
Illustrations were created with BioRender (www.biorender.com).

Inclusion and diversity
We supportinclusive, diverse and equitable conduct of research.

Reporting summary
Furtherinformation onresearch designis available in the Nature Port-
folio Reporting Summary linked to this article.
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Extended DataFig.1|Retrieval of acontextual cold memoryincreases core
body temperature.aDiagrammatic representation of experimental timeline.
bTime plotof corebody temperature between mice during Baseline1(21°C;
yellow), Test1(21°C; lightblue) and Cold 1 (4 °C; dark blue). Comparison of core
body temperature between mice during Baseline1(21°C; yellow), Test1(21°C;
lightblue) and Cold1(4 °C; dark blue) at ¢, hour 2d, hour 4 e, hour 6 and f, total
time averaged in metabolic cages. g Time plot of the change in core body
temperature between mice during Baseline1(21°C; yellow), Test1(21°C; light

blue) and Cold1(4 °C; dark blue) normalized to the average core body
temperature on BL1. Time plot of the change in corebody temperature between
mice during Baseline1(21°C; yellow) and Test1(21°C; light blue) during h, the
total2 hi, the total 4 handj, total time averaged in metabolic cages. b-jData
shownas mean + SEM, n =4 mice per group. c-f, Repeated measures ANOVA.
h-j, Paired t-test.*p < 0.05, **p < 0.01,****p < 0.0001. h, hour; BL1, baseline 1; CL1,
Cold1;T1, Test1.Schematicsinacreated with BioRender (https://biorender.com).
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Extended DataFig.2|Cold exposureincreases metabolicrate and alters
behavior. a Time plot of oxygen consumption between mice during Baseline 1
(21°C; yellow), Baseline2 (21°C; orange), Cold1(4 °C; dark blue), Cold 2 (4 °C;
blue), and Cold 3 (4 °C; light blue; left), with comparisons of total time averaged
inmetabolic cages (right). b Time plot of energy expenditure between mice
during Baseline1(21°C; yellow), Baseline 2 (21°C; orange), Cold 1(4 °C; dark
blue), Cold 2 (4 °C; blue), and Cold 3 (4 °C; light blue; left), with comparisons of
total time averaged in metabolic cages (right). c Time plot of carbon dioxide
production between mice during Baseline 1(21°C; yellow), Baseline 2 (21°C;
orange), Cold1(4 °C; dark blue), Cold 2 (4 °C; blue), and Cold 3 (4 °C; light blue;
left), with comparisons of total time averaged in metabolic cages (right).

dTime plot of movement between mice during Baseline1(21°C; yellow),
Baseline2 (21 °C; orange), Cold 1(4 °C; dark blue), Cold 2 (4 °C; blue), and Cold 3
(4 °C; light blue; left), with comparisons of total time averaged in metabolic
cages (right). e Time plot of food consumption between mice during Baseline 1
(21°C; yellow), Baseline 2 (21 °C; orange), Cold 1 (4 °C; dark blue), Cold 2 (4 °C;
blue), and Cold 3 (4 °C; light blue; left), with comparisons of total time averaged
inmetabolic cages (right). a-e Datashown as mean + SEM, n = 7-8 mice per group.
a-e,Repeated measures ANOVA. *p < 0.05,**p < 0.01, ***p < 0.001, ****p <0.0001.
BL1, baseline1;BL2, baseline2; CL1, cold1; CL2, cold 2; CL3, cold 3; VO,, oxygen
consumption; VCO,, carbon dioxide emission; h, hour; g, grams.
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darkblue; left), with comparisons at hour 2, hour 4 and total time averaged in
metabolic cages (right). d Time plot of food consumption between mice during
Baseline1(21°C; yellow), Test1(21°C; light blue) and Cold 1 (4 °C; dark blue; left),
with comparisonsat hour 2, hour 4 and total time averaged in metabolic cages
(right). a-d Data shown as mean + SEM, n =7-8 mice per group. a-d, Repeated
measuresANOVA.*p <0.05,**p<0.01,***p<0.001, ****p <0.0001.BL1,
baselinel; T1, Test1; CL1, cold 1; VCO,, carbon dioxide emission; EE; energy
expenditure; h, hour.

Extended DataFig. 3| A memory of a cold-paired contextis sufficient to
increase metabolicrate and alter behavior. a Time plot of energy expenditure
between mice duringBaseline1(21°C; yellow), Test1(21°C; light blue) and Cold 1
(4 °C; dark blue; left), with comparisons at hour 2, hour 4, hour 6 and total time
averaged in metabolic cages (right). b Time plot of carbon dioxide production
between mice duringBaseline1(21°C; yellow), Test1(21°C; light blue) and Cold 1
(4 °C; dark blue; left), with comparisons at hour 2, hour 4, hour 6 and total time
averaged inmetabolic cages (right). c Time plot of movement between mice
duringBaseline1(21°C; yellow), Test1(21°C; light blue) and Cold 1 (4 °C;
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Extended DataFig. 4 |IncreasesinmetabolicrateonT1compared toBL1
and BL2isnotdue to activity.a Time plot of the respiratory exchange ratio
betweenmice during BL1(21°C; yellow), BL2 (21 °C; orange) and T1 (21 °C; light
blue). Comparison of the respiratory exchange ratio between mice during
BL1(21°C;yellow), BL2 (21°C; orange) and T1(21°C; light blue) atb, hour 2c,
hour4d, hour 6 and e, total time averaged in metabolic cages. Comparison of
oxygen consumption between male mice during BL1(21°C; yellow), BL2 (21°C;
orange) and T1(21°C; light blue) atf, hour2 g, hour 4 h, hour 6 and i, total time
averaged in metabolic cages. Comparison of oxygen consumption between
female mice during BL1(21°C; yellow), BL2 (21°C; orange) and T1(21°C; light
blue) atj, hour 2k, hour 41, hour 6 and m, total time averaged in metabolic
cages.n Time plot of movementbetween mice during BL1(21°C; yellow),

BL2(21°C; orange) and T1(21°C; light blue). 0 Comparison of movement
between mice during BL1(21°C; yellow), BL2 (21 °C; orange) and T1 (21 °C; light
blue) for the total time averaged in metabolic cages. p Comparison of energy
expenditure between mice during BL1(21°C; yellow), BL2 (21°C; orange) and T1
(21°C; light blue) for the total time averaged in metabolic cages. q Comparison
of oxygen consumptionbetween mice during BL1(21°C; yellow), BL2 (21°C;
orange) and T1(21°C; light blue) for the total time averaged in metabolic cages.
a-qDatashownas mean +SEM, n=7-8 mice per group.b-m, 0-q, Repeated
measuresANOVA. *p <0.05,**p < 0.01, ***p < 0.001, ***p < 0.0001.BL1, baseline
1;BL2,baseline2; T1, Test1; EE, energy expenditure; VO,, oxygen consumption;
h, hour.
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Extended DataFig. 5| Amemory of a cold-paired contextis sufficient to
increase metabolicrate and alter behavior infemales. a Time plot of oxygen
consumption between female mice during Baseline1(21°C; yellow), Test 1
(21°C; purple) and Cold 1(4 °C; dark blue; left), with comparisonsat hour 2,
hour 4, hour 6 and total time averaged in metabolic cages (right). b Time plot of
carbondioxide production between female mice during Baseline1(21°C; yellow),
Test1(21°C; purple) and Cold1 (4 °C; dark blue; left), with comparisons at hour 2,
hour 4, hour 6 and total time averaged in metabolic cages (right). ¢ Time plot of
energy expenditure between female mice during Baseline1(21°C; yellow), Test1
(21°C; purple) and Cold 1 (4 °C; dark blue; left), with comparisons at hour 2,
hour 4, hour 6 and total time averaged in metabolic cages (right). d Time plot

of movement between female mice during Baseline1(21°C; yellow), Test 1
(21°C; purple) and Cold1(4 °C; dark blue; left), with comparisons athour 2,
hour 4 andtotal time averaged in metabolic cages (right). e Time plot of food
consumption between female mice during Baseline1(21°C; yellow), Test1
(21°C; light blue) and Cold 1 (4 °C; dark blue; left), with comparisons at hour 2,
hour 4 andtotal time averaged in metabolic cages (right). a-e Datashown as
mean +SEM, n=7-8 mice per group. a-e, Repeated measures ANOVA.*p < 0.05,
**p <0.01, ***p < 0.001, ****p < 0.0001.BL1, baseline1; T1, Test1; CL1, cold 1; VO,,
oxygen consumption; VCO,, carbon dioxide emission; EE; energy expenditure;
h, hour.
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Extended DataFig. 6 |See next page for caption.



Extended DataFig. 6 | A cold memory is maintained after a prolonged
break, isnot due tostress, and causes avoidance behavior. a Diagrammatic
representation of experimental timeline for Pavlovian conditioningtoa
cold-paired context with an extended (4 day) break b Time plot of oxygen
consumption between mice during BL1 (21 °C; yellow), T1(21°C; lightblue) and
CL1(4 °C;darkblue) following an extended (4 day) break, with c comparisons of
total time averaged in metabolic cages (right). d Time plot of energy expenditure
betweenmice during BL1(21°C; yellow), T1(21°C; light blue) and CL1 (4 °C;
darkblue) following an extended (4 day) break, with e comparisons of total time
averaged inmetabolic cages (right). f Time plot of carbon dioxide production
betweenmice during BL1(21°C; yellow), T1(21°C; light blue) and CL1 (4 °C;
darkblue) following an extended (4 day) break, with g comparisons of total
time averaged in metabolic cages (right). h Time plot of oxygen consumption
betweenmice exposed to TMT (orange) or control mice exposed to H,0 (grey).

i Comparison of pre (grey) and post (orange) odor exposure between

mice exposed to TMT and control mice exposed to H,0. jDiagrammatic
representation of experimental timeline for Pavlovian conditioning to the
cold-pairedside, or no cold paired side, of a CPP apparatus. k Time spentin
each chamber of the CPP apparatus during pre-test. 1 Place preference for the
no cold paired side (yellow) of the CPP apparatus compared to the cold-paired
side (blue), time spentin either the cold-paired side, or no cold paired side was
divided by the time spentin the same chamber during pre-test (Test/Pre-test).
b-1,k,1, Datashown as mean + SEM, n = 5-7 mice per group. c,e,g, Repeated
measures ANOVA, i, Two-way ANOVA, k, 1, Unpaired t-test. *p < 0.05, **p < 0.01.
BL1, baseline1; T1, Test1; CL1, cold 1; VO,, oxygen consumption; VCO,,

carbon dioxide emission; h, hour; TMT, trimethylthiazoline; s, seconds; CPP,
conditioned place preference. Schematicsinaandjcreated with BioRender
(https://biorender.com).
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Extended DataFig.7|See next page for caption.




Extended DataFig.7|Innate cold exposure, but not stress, increases
lipolyticand thermogenic gene expressionin BAT. aDiagrammatic
representation of the thermogenic pathway in BAT (above), with experimental
timeline for tissue collection (below). Relative expression of lipolysis and
thermogenesisgenesb, Ucpl, ¢, Cptla, d, Cact, e, Atgl,f, Hsland g, Pgcla from
the BAT of mice housed during BL1(grey) compared cold exposed mice (CL1;
blue). h, Diagrammatic representation of experimental timeline for tissue
collection. Relative expression of lipolysis and thermogenesis genesi, Ucpl,

j. Cact, Kk, Cptla,1,Atgl,m, Hsland n, /6 from the BAT of mice that received foot

shocks compared to no shock controls. n=6-7 mice per group. o Diagrammatic
representation of experimental timeline for tissue collection. Relative
expression of lipolysis and thermogenesis genes p, Ucpl, q, Cact, v, Cptla,
s,Atgl,t, Hsland u, /l6 from the BAT of mice that were exposed to TMT and H,0
exposed controls. b-g,i-n,p-u, Datashown as mean + SEM n =3-7 mice per
group.b-g,i-n,p-u, unpaired t-test. *p < 0.05, **p < 0.01. BAT, brown adipose
tissue; FFA, free fatty acid; BL1, baseline1; CL1, cold 1; m, minutes; NS, no shock;
S, shocked; TMT, trimethylthiazoline; h, hour. Schematicsina, hand o created
with BioRender (https://biorender.com).
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Extended DataFig. 8|See next page for caption.
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Extended DataFig. 8| Retrieval of acold memory does not correlate
metabolismwithFos*'in CA3, MPO or LPO, orincrease neural activity in
everyregion. Correlation between oxygen consumptionand Fos* cellsina,
CAl1,b,CA3,¢,MPO,andd, LPO between mice during BL1(white), CL1(dark
blue) and T1 (light blue). e Representative image of hippocampalsslice with Fos*
cells (red) and DAPI" cells (blue). fExperimental timeline for tissue collection.
gDiagrammaticrepresentation of the automated brain-wide Fos detection
pipeline used toidentify Fos* cellsin multiple brain regions simultaneously.
Comparison of Fos" neurons normalized toareainthe h, VMHi, DMHj, PVik,
ARHI,BSTm,BLAn,BMA o, CeAp, Aland q, SSp between mice housed during
BL1(white), CL1(dark blue) and T1 (light blue). Correlation matrix of Fos' cells
normalized to areaduringr, baseline day (BL1), s, cold training day (CL1) and t,
therecall of acontextual cold memory on test day, with positive (red) and

negative (grey) correlations. h-t, Datashown as mean + SEM, a-d, h-t n=3-9
mice pergroup.a-d, Simple linear regression with slope comparison, h-q, One-
way ANOVA. *p <0.05,**p <0.01, ***p < 0.001, ****p < 0.0001. BL1, baseline 1; T1,
Test1; CL1, cold1; CA3, cornuammonis 3; CAl, cornuammonis 1; VO,, oxygen
consumption; MPO, medial preopticarea; LPO, lateral preopticarea.BL1,
baseline1; T1, Test1; CL1, cold 1; VMH, ventromedial hypothalamic nucleus;
DMH, dorsomedial nucleus of the hypothalamus; Al, agranular insular area;
SSp, primary somatosensory area; PVi, periventricular hypothalamic nucleus
-intermediate part; ARH, arcuate hypothalamic nucleus; BST, bed nuclei of

the striaterminalis; BLA, basolateral amygdalar nucleus; BMA, basomedial
amygdalar nucleus; CeA; central amygdalar nucleus; DG, dentate gyrus; CA3,
cornuammonis 3; CA1, cornuammonis1; LHA, lateral hypothalamic area.
Schematicsinfand g created with BioRender (https://biorender.com).
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Extended DataFig.10|Representativeimages of optogeneticand implant tracts. d-gRepresentative images of hippocampalslices with Fos® cells
chemogeneticexperiments. a-c Representative images of hippocampalslices (red), mCitrine* cells (green) and DAPI" cells (blue) of chemogenetic experiments.
with Fos® cells (red), ChR2" cells (green), DAPI" cells (blue) and optogenetic
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Extended DataFig.11|See next page for caption.




Extended DataFig.11|Artificial reactivation of cold-sensitive memory
engramsinthe DGincreases metabolicrate.aExperimental timeline to label
andreactivateno cold engrams. b Environmental temperature during the
labeling window on no cold day 1. ¢ Time plot of oxygen consumption during
artificial reactivation of no cold control engrams (Blue bars indicate laser
activation).d, e, fComparison of oxygen consumption between the on

(dark grey) and off (light grey) epochs during the three stimulations of no

cold control cells, with g, all stimulations combined. h Change of oxygen
consumption before, during and after stimulating cold-sensitive engram cells
(blue) and no cold control cells (grey) normalized to the initial 20 min of
recording.iComparison of the change in oxygen consumption during on (blue)
and off (grey) epochs between cold-sensitive stimulated cells and no cold
control stimulated cells. Time plot of energy expenditure during artificial

reactivation ofj, cold-sensitive engrams (left) and k, no cold control cells (left),
with comparison of oxygen consumption between the on (blue) and off (grey)
epochs duringthe three stimulations of cold-sensitive cells (right). Time plot of
carbon dioxide production duringartificial reactivation of 1, cold-sensitive
engrams (left) and m, no cold control cells (left), with comparison of oxygen
consumption between the on (blue) and off (grey) epochs during the three
stimulations of cold-sensitive cells (right). Blue bars indicate the time the laser
wasturned on during the 3 stimulation periods. d-g,i-m, Datashown as mean,
c-m,n=38-9mice pergroup.d-g,j-m, paired t-test, i, two-way ANOVA. *p < 0.05,
**p<0.01,****p <0.0001.VCO,, carbon dioxide production; Stim 1, stimulation
1;Stim 2, stimulation 2; Stim 3, stimulation 3. Schematics ina created with
BioRender (https://biorender.com).
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Extended DataFig.12|Artificial reactivation of cold-sensitive memory
engramsinthe DGincreases metabolicrateinFos tTAmice and engram
activity inthe hypothalmus. aDiagrammatic representation of the Fos tTA
transgenic labeling system for ChR2::GFP expression and b, timeline to label
cold-sensitive engrams woth Fos tTA mice. Time plot of ¢, oxygen consumption
e, energy expenditureand g, carbon dioxide production during artificial
reactivation of cold-sensitive engrams (left), with comparison of on (blue)

and off (grey) epochs during the first stimulation of cold-sensitive cells (right).
Time plot ofd, oxygen consumption f, energy expenditure and h, carbon
dioxide production during artificial reactivation of no cold control cells (left),
with comparison of on (blue) and off (grey) epochs during the first stimulation
ofno cold control cells (right). Comparison of eYFP* neurons normalized to
areabetween the cold stimulated (dark blue) and no-cold stimulated (grey)
cohortsini,the LHA, j, the MPO and k, the LPO. Comparison of Fos* neurons

normalized to areabetween the cold stimulated (dark blue) and no-cold
stimulated (grey) cohortsinn, the LHA, o,the MPO and p, the LPO. Correlation
betweenthe percentage of colabeled/eYFP* cellsini, the MPO and q, the LPO
with oxygen consumption after cold stimulation (blue) and no-cold stimulation
(grey). Correlation of percentage of colabeled/eYFP" cells between regions after
optogenetic stimulation of m, cold-sensitive engrams and r, no-cold engrams.
Bluebarsindicate the time the laser was turned on during the 3 stimulation
periods. a-h, Datashow as meanand, i-k,n-p, as mean + SEM, n = 6-7 mice per
group. c-h,i-p, unpaired t-test, 1,q, simple linear regression. *p < 0.05, **p < 0.01.
ChR2, channelrhodopsin-2; GFP, green fluorescent protein; DOX, doxycycline;
VO,, oxygen consumption; VCO,, carbon dioxide production; Stim 1, stimulation
1;Stim 2, stimulation 2; Stim 3, stimulation 3; LHA, lateral hypothalamic area;
MPO, medial preoptic area; LPO, lateral preoptic area. Schematicsinaand b
created with BioRender (https://biorender.com).
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Extended DataFig.13|Inhibition of cold-sensitive engrams prevents

the memory associated increasesinmetabolicrates. aDiagrammatic
representation of experimental timeline to label and chemogenetically inhibit
contextual cold memory engrams. b Time plot of carbon dioxide production of
salineinjected mice during baseline1(grey) and test day 1 (teal), with ¢, the total
time averaged. d Time plot of carbon dioxide production of CNO injected mice
duringbaselinel(grey) and test day 1(teal) with e, the total time averaged.
fComparison of the percentage change of carbon dioxide productionbetween
saline (grey) and CNO (teal) injected mice ontest day 1. g Time plot of energy
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expenditure of saline injected mice during baseline1(grey) and test day 1 (teal)
withh, thetotal time averaged.iTime plot of energy expenditure of CNOinjected
mice duringbaseline1(grey) and test day 1(teal) withj, the total time averaged.
k Comparison ofthe percentage change of energy expenditure betweensaline
(grey) and CNO (teal) injected mice ontest day 1. Datashown as mean + SEM,
b-k,n=7-8 mice per group. c,e,h,j, paired t-test, f,k, unpaired t-test. **p < 0.01,
***p <0.001.4-OHT, 4-hydroxytamoxifen; VCO,, carbon dioxide emission;

EE, energy expenditure; T1, test1; BL1, baseline 1; m, minutes; CNO, clozapine
N-oxide.Schematicsina created with BioRender (https://biorender.com).
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The exact sample size (n) for each experimental group/condition, given as a discrete number and unit of measurement
A statement on whether measurements were taken from distinct samples or whether the same sample was measured repeatedly

The statistical test(s) used AND whether they are one- or two-sided
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2~ AND variation (e.g. standard deviation) or associated estimates of uncertainty (e.g. confidence intervals)

For null hypothesis testing, the test statistic (e.g. F, t, r) with confidence intervals, effect sizes, degrees of freedom and P value noted
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|Z| Estimates of effect sizes (e.g. Cohen's d, Pearson's r), indicating how they were calculated
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- Accession codes, unique identifiers, or web links for publicly available datasets
- A description of any restrictions on data availability

- For clinical datasets or third party data, please ensure that the statement adheres to our policy

In this study the Allen Brain Atlas was used as a reference for brain regions. This database is publicly available at https://mouse.brain-map.org/static/atlas. All data
necessary for the interpretation and replication of the reported findings are contained within the manuscript and supplemental information. Raw data supporting
the findings of this study are available from the corresponding author upon reasonable request. Statistical source data is provided with this paper. Detailed figure
source data is also provided with this paper.
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Life sciences study design

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

Sample size Sample sizes were estimated based on standards and credibility in the field of thermoregulation, and based on pilot metabolism data in
response to real time cold exposure experiments in the research group of Lydia Lynch before conducting this study.

Data exclusions  Experiments that involved sterotactic surgery showed unsuccessful surgical targeting in under 5 % of cases, but those subjects were excluded
from analysis based on histological validation. No other animals we excluded from any experiment in this study, and no extreme statistical
outliers were observed for any experiment.

Replication All of the core findings of this manuscript were reproduced by two to three different investigators in our group. All technical details have been
reported so that these findings can easily be replicated in any other laboratory with similar apparatus. All experiments were replicated
independently between 2 and 4 times.

Randomization  Animals were randomly allocated to experimental groups, and groups were counter-balanced for cage of origin.

Blinding Investigators were blind to experimental groups at all points of data collection and analysis.
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Antibodies

Antibodies used

Validation

Chicken polyclonal anti-GFP (ref#t A10262, 1:1000, Invitrogen, Waltham, MA), Rabbit polyclonal 1gG anti-c-Fos (ref# 226008, 1:1000,
Invitrogen, Waltham, MA), Alexa 568 Anti-Rabbit 1gG (ref# 11011, 1:500, Invitrogen, Waltham, MA) and Alexa 488 Anti-Chicken 1gG
(ref#t A11039, 1:500, Invitrogen, Waltham, MA).

All antibodies were validated by the manufacturer as stated on their website. Moreover, antibody concentration was specifically
validated for this study by comparing 1:1000 concentrations with 1:500 and 1:5000. The concentration that achieved optimal signal
was selected.

Animals and other research organisms

Policy information about studies involving animals; ARRIVE guidelines recommended for reporting animal research, and Sex and Gender in

Research
Laboratory animals
Wild animals

Reporting on sex

Field-collected samples

Ethics oversight

Mice, C57BI/6j, 6 - 12 weeks of age.
No wild animals were used in this study.

The majority of the study was conducted using only male mice. Following revision, we have included one experiment with female
mice, which explicitly tests the effect of sex on cold memory formation.

No field collected samples were used in this study

All animal work was performed in compliance with the Ryan and Lynch laboratory project licenses, with ethical approval from the
Trinity College Dublin ethics committee, the Animal Research Ethics Committee from the Health Products Regulatory Authority
(HPRA), the Brigham and Women'’s Hospital Institutional Animal Care and Use Committee guidelines.

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