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SUMMARY

Ambient temperature (Ta) warming toward the high
end of the thermoneutral zone (TNZ) preferentially
increases rapid eye movement (REM) sleep over
non-REM (NREM) sleep across species. The control
and function of this temperature-induced REM
sleep expression have remained unknown. Melanin-
concentrating hormone (MCH) neurons play an
important role in REM sleep control. We hypothesize
that the MCH system may modulate REM sleep as a
function of Ta. Here, we show that wild-type (WT)
mice dynamically increased REM sleep durations
specifically during warm Ta pulsing within the TNZ,
compared to both the TNZ cool and baseline con-
stant Ta conditions, without significantly affecting
either wake or NREM sleep durations. However,
genetically engineered MCH receptor-1 knockout
(MCHR1-KO) mice showed no significant changes
in REM sleep as a function of Ta, even with increased
sleep pressure following a 4-h sleep deprivation. Us-
ing MCH-cre mice transduced with channelrhodop-
sin, we then optogenetically activated MCH neurons
time locked with Ta warming, showing an increase
in REM sleep expression beyond what Ta warming
in yellow fluorescent protein (YFP) control mice
achieved. Finally, in mice transducedwith archaerho-
dopsin-T, semi-chronic optogenetic MCH neuronal
silencing during Ta warming completely blocked the
increase in REM sleep seen in YFP controls. These
data demonstrate a previously unknown role for the
MCH system in the dynamic output expression of
REM sleep during Ta manipulation. These findings
are consistent with the energy allocation hypothesis
of sleep function, suggesting that endotherms have
evolved neural circuits to opportunistically express
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REM sleep when the need for thermoregulatory de-
fense is minimized.

INTRODUCTION

Rapid eye movement (REM) sleep is characterized by a well-

described, but poorly understood, association with thermoregu-

latory neurophysiology. In addition to the cortical activation,

generalized skeletal muscle atonia, and rapid eye movements

that define this sleep state, a striking feature of REM sleep is

the concomitant loss of thermoregulatory control [1–4]. Across

endotherms examined, panting, piloerection, sweating, or shiv-

ering are maintained in NREM sleep and wakefulness, but these

thermoregulatory defenses cease in REM sleep, as seen when

sleeping in ambient temperatures (Ta) deviating from thermoneu-

trality [1–4]. The thermoneutral zone (TNZ), or thermoneutrality, is

defined by a narrow Ta range where resting metabolic rate re-

mains stable. Metabolic rate will increase, however, as the Ta
deviates from thermoneutrality, primarily due to activation of

thermoregulatory responses.

The function of thermoregulatory loss during REM sleep has

remained unknown. The energy allocation (EA) hypothesis of

sleep specifically addresses this question, postulating that

REM sleep is a behavioral strategy that orchestrates a shift in en-

ergy resources away from the periphery and thermoregulatory

defense toward, instead, the CNS [5–7]. Thermoregulation is

the most expensive biological function encountered by endo-

therms [8, 9], i.e., species that maintain a constant body temper-

ature. The EA hypothesis proposes that endotherms have

evolved to opportunistically express REM sleep when the need

for thermoregulatory defense is minimized or, rather, to sacrifice

REM sleep when thermoregulatory defense is required [5, 7].

This hypothesis predicts the presence of neural mechanisms

to dynamically modulate REM sleep expression as a function

of Ta.

Although bothNREMandREMsleep are promoted by thermo-

neutral warming, REM sleep expression is more sensitive to Ta
manipulation than NREM sleep [3, 10–13]. For example, even
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though NREM sleep durations remain relatively stable when Ta is

manipulated within the TNZ during the circadian sleep phase,

REM sleep durations can increase by as much as 2-fold as the

Ta is warmed from the low to high end of the TNZ [10, 11]. More-

over, analyses of the cycling of NREM and REM sleep suggest

that the inter-REM intervals may lengthen with Ta cooling and

shorten with Ta warming, even in human subjects [3, 14]. These

and other data further show that, as ambient temperatures

deviate from thermoneutrality, REM sleep expression precipi-

tously declines and either wakefulness or NREM sleep are

favored [4, 15, 16], likely as amechanism to promote robust ther-

moregulatory defenses.

The anterior hypothalamus plays an important role in both

thermoregulation and NREM sleep generation [17–22], but the

control of REM sleep during Ta manipulation remains unknown.

We hypothesize that melanin-concentrating hormone (MCH)

neurons in the posterior lateral hypothalamus (LH) may be a

potential candidate for this REM sleep control. Indeed, experi-

mental approaches employing optogenetic [23–25], chemoge-

netic [26, 27], and pharmacologic [28–30] interventions have

consistently demonstrated that the MCH system promotes

REM sleep expression. However, all prior work on the MCH sys-

tem has been performed at constant temperature conditions.

To test the hypothesis that the MCH system drives the dy-

namic modulation of REM sleep as a function of Ta, MCH recep-

tor-1 knockout (MCHR1-KO) and MCH-cre mice were exposed

to rapid warm temperature pulsing toward the high end of the

mouse TNZ. The TNZ range for the adult mouse is approximately

25�C–33�C [31, 32]. We show that wild-type (WT) mice signifi-

cantly and dynamically increased REM sleep durations during

warm Ta pulsing toward 32�C, an effect absent in MCHR1-KO

mice. Optogenetic manipulation of MCH neurons confirmed a

critical role for the MCH system in modulating REM sleep

expression as a function of Ta. These findings have important

evolutionary implications regarding the function of REM sleep

and are consistent with fundamental principles of the EA hypoth-

esis of sleep function.

RESULTS

Following control recordings at a constant 23.0�C ± 1.0�C, mice

were habituated to daily warm temperature pulsing using a com-

bination of convection heater and infrared lamp (see Figure 1A

and STAR Methods). This protocol produced four 60-min bins

in the light period during which the Ta increased to �32.0�C
(mean = 28.5�C), i.e., the high end of the mouse TNZ (TNZ

warm condition; Figure 1B). During passive cooling, the TNZ

warm periods were followed by four 60-min bins where the Ta
decreased to an average of approximately 25.6�C (TNZ cool

condition).

As shown in Figure 1C,WTmice demonstrated a significant in-

crease in total REM sleep duration during the TNZ warm condi-

tion compared to the control and TNZ cool conditions, an effect

not observed in MCHR1-KO mice (interaction F(2,34) = 12.24; p <

0.0001). During the TNZ warm condition, WTmice showed a sig-

nificant increase in the number of REM sleep bouts (Figure 1D;

Ta-condition F(2,34) = 4.18, p = 0.0238; interaction F(2,34) =

5.574, p = 0.0081) and a significant decrease in the inter-REM in-

tervals (Figure 1E; Ta-condition F(2,34) = 9.704; p = 0.0005) but
with no significant change in the mean REM sleep bout duration

(Figure 1F). MCHR1-KOmice, in contrast, showed no significant

changes in any of the REM sleep parameters measured (Figures

1C–1F). Finally, the dynamic temperature manipulations did not

produce any significant changes in NREM sleep or wake dura-

tions across conditions in either WT or MCHR1-KO mice (Fig-

ure S1A). Spectral analyses of the electroencephalogram (EEG)

in WT mice demonstrated that the EEG in both REM sleep and

NREM sleep remained unchanged during Ta warming compared

to the control (23.0�C ± 1.0�C) condition (Figure S1B).

To evaluate a potential circadian effect, the warm temperature

pulsing experiments were repeated during the dark circadian

phase in WT mice using the same parameters. Dynamic Ta puls-

ing during the circadian dark phase resulted in no significant

changes in the quantities of REM sleep, NREM sleep, or wake

across conditions (Figure S1C). These data demonstrate that

the effects on REM sleep expression from Ta warming are spe-

cific to the light (inactive) circadian phase.

Brain temperatures (Tb) in WT mice remained unchanged dur-

ing Ta warming compared to the control (constant Ta) condition.

However, Tb showed a small but significant decrease during the

passive cooling phase of the TNZ cool versus control condition

(Figure 1G). We speculate this decrease in Tb to be secondary

to a compensatory vasodilatation of the skin vasculature trig-

gered by the TNZ warm phase, leading to heat loss during pas-

sive cooling in the TNZ cool condition. Importantly, Tb was

dependent on behavioral state, showing state-specific rises dur-

ing both wake and REM sleep and decreases during NREM

sleep, irrespective of Ta condition (Figure 1H). Given the depen-

dency of Tb on behavioral state, we further calculated the

average Tb for each behavioral state across conditions (Fig-

ure 1I). Although there was a trend for waking Tb in the TNZ

cool condition to be lower than during constant temperature

(p = 0.078), there were no significant, state-specific differences

in Tb across conditions. Finally, an analysis of Tb across transi-

tions of sleep and wake states also showed no significant differ-

ences in Tb between Ta warming and the control temperature

condition (Figure S1D).

Taken together, these data demonstrate that WT mice signifi-

cantly increase REM sleep when the ambient temperature is

warmed toward the high end of the TNZ and that the MCH

system is implicated in this control, given the absence of this

REM-sleep-modulating effect in MCHR1-KO mice. Moreover,

the effects of Ta warming are specific to REM sleep during the

circadian light (inactive) phase and do not appear to bemediated

by changes in Tb.

Sleep Deprivation, Recovery, and the Role of Ambient
Temperature
We sought to determine whether increased sleep pressure may

rescue the increase in REM sleep expression during the warm-

ing phases in MCHR1-KO mice. We also sought to evaluate the

potential role of the MCHR1 receptor on sleep recovery as a

function of Ta. Following a 4-h total sleep deprivation at con-

stant temperature (23.0�C ± 1.0�C) using gentle handling at

the beginning of the light period, mice were allowed to recover

sleep at either the constant Ta condition or during exposure to

three bouts of warm Ta pulsing as performed in the prior

experiment (Figure 2A).
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Figure 1. The Effects of Warm Temperature Pulsing on REM Sleep and Brain Temperature

(A) Mice were housed in home cages. Following control recordings at a constant Ta, mice were habituated to warm temperature pulsing.

(B) Four bouts of Ta warming were performed during the light phase at 2-h intervals, providing alternating 60-min bouts of thermoneutral zone (TNZ) warm (red

vertical bars; Ta = 27.5�C–32.0�C) and TNZ cool (blue; Ta = 24.5�C–27.5�C) conditions. Dark red vertical bars indicate active warming phase.

(C) Total REM sleep duration was significantly increased in WT mice (n = 8; black) during the TNZ warm condition, an effect not observed in MCHR1-KO mice

(n = 11; gray).

(D–F) REM sleep in WT mice during Ta warming showed a significant increase in REM sleep bout number across sessions (D) and a significant decrease in inter-

REM intervals (E) but without effect on mean REM sleep bout durations (F).

(G) Mean brain temperature (Tb) fromWTmice (n = 4) recorded during either constant Ta (black) condition or duringwarm Ta pulsing with the TNZwarmphase (red)

followed by the TNZ cool phase (blue). There were no significant differences in Tb between control and TNZ warm conditions. During the TNZ cool phase,

however, Tb was significantly lower compared to the constant Ta condition (Student’s t test).

(H) Raw data of Tb during constant temperature condition (top) and Ta pulsing (below) showing dependency of Tb on behavioral state with typical decreases during

NREM sleep and increases during wake and REM sleep.

(I) No significant, state-dependent differenceswere observed in Tb between the control condition and either the TNZwarm or TNZ cool conditions. However, there

was a trend for decreased Tb during wake in the TNZ cool condition (Student’s t test; p = 0.078). Unless specified otherwise, data were analyzed using repeated-

measures two-way ANOVA and post hoc Sidak’s comparison test. Data are means ± SEM. *p < 0.05; **p < 0.01; ***p < 0.001.

See also Figure S1.
WT mice consistently increased REM sleep expression during

the TNZwarmphases compared to the TNZ cool phases of recov-

ery sleep, whereas MCHR1-KO mice showed no differences

in REM sleep expression as a function of Ta (Figure 2B). The

Ta-dependent effect in WT mice was specific to the state of REM

sleepwithnoclear Ta-dependent changesobserved in successive

binsof theTNZwarmandcoolphaseswith respect toNREMsleep

or wake durations during the recovery period (Figure S2A).
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During recovery sleep, WT mice demonstrated significantly

greater rates of REM sleep cumulation when exposed to warm

temperature pulsing compared to MCHR1-KO mice exposed

to the same Ta warming conditions or with respect to both

groups of mice under the constant temperature condition (Fig-

ure 2C; interaction F(33,231) = 2.171; p = 0.0005). This increase

in the rate of REM sleep cumulation occurred specifically during

the warming phases. As shown in Figure S2B for WT mice, the



Figure 2. The Effects of Sleep Deprivation on REM and NREM Sleep Recovery as a Function of Ta in WT and MCHR1-KO Mice

(A) Experimental design involving a 4-h sleep deprivation at lights on (zeitgeber time [ZT] 0–4) by gentle handling at constant Ta (23
�C), followed by recovery sleep

at either constant Ta or with three bouts of warm Ta pulsing.

(B) REM sleep percent of total sleep time (30-min bins) in WT (n = 8) and MCHR1-KO (n = 6) mice during 4-h sleep deprivation and recovery sleep with warm Ta
pulsing. WT mice showed increased REM sleep specifically during TNZ warm phases, an effect not seen in MCHR1-KO mice. Aggregate percentage of REM

sleep time indicated a significant difference for WT mice during the TNZ warm versus cool condition (Student’s t test).

(C and D) Cumulative REM (C) and NREMsleep (D) durations showed significant differences betweenWTmice exposed to warm Ta pulsing compared toWTmice

recovering at constant Ta (black asterisks) and compared to warm Ta pulsing in MCHR1-KO mice (red asterisks).

(E–J) Analyses of the first 60-min of recovery sleep showed significant effects from Ta manipulation only in WT mice for (E) REM sleep latency and (F) total REM

sleep duration and (G) a trend for mean REM bout duration. No significant effects from Ta manipulation were observed for (H) number of REM sleep bouts during

the first 60 min of recovery sleep. Regarding NREM sleep, no significant effects were observed for (I) NREM sleep latency, but (J) WT mice showed a significant

increase in total NREM duration compared to the constant Ta condition. Unless specified otherwise, data were analyzed using repeated measures 2-way ANOVA

and post-hoc Sidak’s comparison test. Data are means ± SEM. *p < 0.05; **p < 0.01; ***p < 0.001.

See also Figure S2.
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slope of REM sleep cumulation during the TNZ warm phases

was significantly greater than the slope of REM sleep cumulation

during the TNZ cool phases (p < 0.0001), a finding not observed

in MCHR1-KO mice (Figure S2B). Although WT mice also

demonstrated significant differences in the cumulation of

NREM sleep (Figure 2D; interaction F(33,231) = 163.6; p <

0.0001), this NREM sleep effect was primarily driven by a signif-

icant increase in total NREM sleep duration during the first hour

of recovery (Figure 2J; Ta-condition F(1,21) = 5.569, p = 0.0280;

genotype F(1,21) = 7.447, p = 0.0126). Importantly, we found no

change in the slope of NREM sleep cumulation in the TNZ

warm versus cool phases (Figure S2B).

An analysis of the first hour of recovery showed that WT mice

dynamically modulated REM sleep expression as a function of Ta
during recovery sleep. Compared with the constant Ta condition,

WT mice exposed to Ta warming during the first 60 min of recov-

ery showed a significant shortening of the REM latency (Fig-

ure 2E; Ta-condition F(1,20) = 5.955, p = 0.0241; interaction

F(1,20) = 4.473, p = 0.0472), a significant increase in the total

REM sleep duration (Figure 2F; Ta-condition F(1,21) = 0.0058;

interaction F(1,21) = 5.18; p = 0.0334), and a trend for lengthening

the mean REM sleep bout durations (Figure 2G; Ta-condition

F(1,19) = 5.216, p = 0.0341; post hoc comparison for WT group

p = 0.057) but no significant effect on the total number of REM

sleep bouts (Figure 2H). In contrast, MCHR1-KO mice failed to

show any significant changes as a function of Ta for REM sleep

parameters examined.

Taken together, WT mice following sleep deprivation demon-

strated a robust ability to modulate REM sleep expression during

recovery sleep as a function of Ta. Although NREM sleep was

significantly increased during the first hour of recovery, only

REM sleep showed a significant increase in the slope of cumula-

tion during warm temperature pulsing. Finally, mice lacking the

MCHR1 receptor were unable to dynamically modulate REM

sleep during Ta manipulation, demonstrating that increased

sleep pressure does not rescue REM sleep modulation during

warm temperature pulsing in MCHR1-KO animals.

Optogenetic MCH Activation
To genetically target the expression of opsins to MCH neurons,

we stereotactically injected AAV2-EF1a-DIO-hChR2(H134R)-

enhanced yellow fluorescent protein (eYFP) (ChR2) or AAV2-

EF1a-DIO-eYFP (YFP) using adeno-associated viruses (AAV2)

serotype into the LH of MCH-cre knockin mice as previously

described [23]. Baseline recordings were performed at a con-

stant Ta of 23.0�C ± 1.0�C. Experimental conditions involved

four 30-min, semi-chronic, optogenetic stimulation sessions

occurring either at constant Ta or time locked in combination

with the warm Ta pulsing (Figures 3A and 3B).

As shown in Figure 3C, MCH optical activation significantly

increased total REM sleep duration over baseline conditions

when presented either alone or in combination with warm Ta
pulsing (Ta-condition F(2,35) = 12.73, p < 0.0001; group F(1,35) =

8.747, p = 0.0055; and interaction F(2,35) = 3.513, p = 0.0407).

YFP control mice, in contrast, only increased REMsleep duration

in response to warm temperature pulsing, demonstrating a tem-

perature-specific effect of Ta warming on REM sleep (Figure 3C).

No significant effects of optical activation or warm Ta pulsing

were observed for NREM sleep or wake in either the ChR2 or
1980 Current Biology 29, 1976–1987, June 17, 2019
YFP animals (Figure S3A). Finally, the increase in REM sleep

expression seen in theChR2 group appeared secondary to an in-

crease in the number of REM sleep bouts (Figure S3B) and with

varying effects on mean REM sleep bout durations (Figure S3C)

but with no significant effects on the inter-REM intervals

(Figure S3D).

MCH optical activation demonstrated a gain of function for

REM sleep, showing a significant increase in REM sleep for the

ChR2 over the YFP group with either optical stimulation alone

or when in combination with warm Ta pulsing (Figure 3D). To bet-

ter elucidate the timing of the REM sleep effects and to differen-

tiate contributions of laser activation versus Tawarming, a 15-min

bin analysis was performed. During optical stimulation at con-

stant temperature, a significant increase in REM sleep percent

over baseline was restricted to the ChR2 group specifically dur-

ing laser activation (Figure 3E). With the addition of Ta warming,

laser activation led to a similar increase in REM sleep during

the first 30 min in the ChR2 group (Figure 3F). However, following

a transient decrease in REM sleep with laser termination, ChR2

mice showed a significant increase in REM sleep during the final

15-min bin of Ta warming (Figure 3F), an effect not observed with

laser stimulation alone. In comparison, YFP mice showed signif-

icant increases in REM sleep with Ta warming during the second

and third 15-min bins of the warming session (Figure 3F).

Anatomical analyses showed double immunohistochemical

staining of YFP and MCH neurons within the LH (Figure 3G). A

quantification of colocalization demonstrated 80% of all MCH-

positive cells were also YFP positive. The transfection of virus

was specific to MCH neurons with approximately 2.5% of

YFP-positive cells not showing immunohistochemical staining

for MCH.

In summary, these data show that MCH optical activation

leads to a gain of function in REM sleep expression during Ta
warming, exceeding what Ta warming in YFP mice was able to

achieve.

MCH Optical Silencing
To determine whether MCH activation is necessary for the in-

crease in REM sleep expression during Ta warming, we stereo-

tactically injected AAV2-EF1a-DIO-ArchT3.0-eYFP (ArchT) or

AAV2-EF1a-DIO-eYFP (YFP) using AAV2 viruses into the LH of

MCH-cre knockin mice. Similar to the previous experimental

protocol design, baseline recordings were performed at a con-

stant Ta of 23.0
�C ± 1.0�C, followed by optical silencing at either

constant temperature or time locked in combination with Ta
warming (Figures 4A and 4B).

YFP control mice significantly increased REM sleep expres-

sion specifically during the Ta warming condition, an effect that

was blocked by optical MCH silencing in the ArchT group (Fig-

ure 4C; interaction F(2,22) = 3.857, p = 0.0366; Ta-condition

F(2,22) = 6.381, p = 0.0065). Neither MCH silencing nor the com-

bination of ambient temperaturemanipulation demonstrated any

significant effects on NREM sleep or wake durations in either the

ArchT or YFP groups (Figure S4A). Compared to ArchT animals,

the YFP group demonstrated a significant increase in REM sleep

by approximately 27% above baseline during Ta warming (Fig-

ure 4D), similar to the degree of REM sleep increase seen in

control mice of our prior experiments. This increase in REMsleep

during Ta warming in the YFP group was secondary to a relative



Figure 3. Gain of Function for REM Sleep Expression Resulting from Optical MCH Stimulation during Warm Temperature Pulsing

(A) Three conditions included either the constant Ta for both baseline and MCH optical stimulation (Opto Stim) alone or during four bouts of warm Ta pulsing time

locked with MCH stimulation (Opto Stim+T).

(B) Four 30-min bouts of semi-chronic optical stimulations were performed bilaterally using a blue laser (473 nm at 30 mW) in mice transduced with either ChR2

or YFP.

(C) Significant increases in REM sleep were observed following optical stimulation in the ChR2 group (n = 7; blue) either alone (Opto Stim) or in combination with

Ta warming (Opto Stim+T), whereas significant increases in REM for the YFP group (n = 7; white) were only observed during the Ta warming condition.

(D) REM sleep percentage change from baseline in 60-min bins for the YFP (white) and ChR2 (blue) groups during the Opto Stim and the Opto Stim+T conditions,

showing a gain of function in REM sleep expression in ChR2 mice. The 15-min bin analyses for (E) and (F) are shown in brackets.

(E) During the Opto Stim condition without Ta warming, a 15-min bin analysis showed significant increases in REM sleep percent over baseline for ChR2mice only

during laser activation without significant changes observed in YFP mice.

(F) During the Opto Stim+T condition, a 15-min bin analysis showed significant increases in REM sleep percent over baseline for ChR2 mice not only during laser

activation but also during the final 15-min bin during Ta warming after laser termination. The YFP group showed significant increases in REM sleep expression

during the second and third 15-min bins during Ta warming.

(G) Overview of YFP expression in posterior LH (approximate anterior-posterior [AP], �1.4 mm).

(H) Photomicrographs show YFP expression (green), MCH neurons (red), and with overlay of double-fluorescence-labeled neurons (white arrowheads). Scale

bars: (G) 500 mm; (H) 100 mm.

Data were analyzed in (C) using repeatedmeasures 2-way ANOVA and post-hoc Sidak’s comparison test. Two-tailed Student’s t tests were performed for (D)–(F).

Data are means ± SEM. *p < 0.05; **p < 0.01; ***p < 0.001.

See also Figure S3.
increase in number of REM sleep bouts (Figure S4B; interaction

F(2,22) = 6.678; p = 0.0054) with a significant decrease in the inter-

REM intervals (Figure S4C; interaction F(2,22) = 6.656; p = 0.0055).

No significant changes in mean REM sleep bout durations were

observed in any condition (Figure S4D).
Although the increase in REM sleep during Ta warming was

blocked by MCH silencing, optical silencing in ArchT animals re-

sulted in no significant reductions in REM sleep with respect to

baseline conditions during either optical silencing alone (Fig-

ure 4E) or in combination with Ta warming (Figure 4F). These
Current Biology 29, 1976–1987, June 17, 2019 1981



Figure 4. REM Sleep Expression and Loss of Function Resulting from Optical MCH Silencing during Warm Temperature Pulsing

(A) Protocol showing the three conditions, including constant Ta (baseline condition), MCH optical silencing (Opto Silen condition), or the combination of four

bouts of warm Ta pulsing time locked with MCH silencing (Opto Silen+T condition).

(B) Four 30-min bouts of semi-chronic optical MCH silencing were performed bilaterally using a green laser (532 nm at 30 mW) in mice transduced with either

ArchT or YFP.

(C)REMsleep expression significantly increased in the YFP group (n = 6;white) during Tawarming, an effect that appeared to beblocked in ArchTmice (n = 7; green).

(D–F) Percent change in total REM sleep duration with respect to the baseline condition during optical silencing alone or in combination with warm temperature

pulsing for both 60-min bin (D) and 30-min bin (E and F) analyses.

(G) Photomicrographs show YFP expression (green), MCH neurons (red), and with overlay of double-fluorescence-labeled neurons (yellow). Scale bars: 100 mm.

Data were analyzed in (C) using repeatedmeasures 2-way ANOVA and post-hoc Sidak’s comparison test. Two-tailed Student’s t tests were performed for (D)–(F).

Data are means ± SEM. *p < 0.05; **p < 0.01; ***p < 0.001.

See also Figure S4.
latter data suggest that, although the MCH system is necessary

for the dynamic increase in REM sleep expression during Ta
warming, its silencing will not decrease REM sleep below base-

line values. Finally, immunohistochemical analyses demon-

strated 84% of MCH cells showing YFP staining and a high level

of specificity with only 5% of YFP cells lacking immunoreactivity

for MCH (Figure 4G).
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DISCUSSION

We demonstrate for the first time a critical role for the MCH

system in modulating REM sleep expression as a function of

Ta. These data show that WT mice increase REM sleep during

Ta warming but that MCHR1-KO mice show no significant

changes in REM sleep as a function of Ta. The ability to increase



REM sleep during warm Ta pulsing was independent of Tb and

specific to the light (inactive) circadian phase. This effect was

specific to REM sleep in that rapid, or transient, Ta warming

within the TNZ resulted in no significant changes to either

NREM sleep or wakefulness. An increase in sleep pressure

following 4 h of sleep deprivation was unable to rescue this tem-

perature effect of REM sleep in mice lacking the MCHR1 recep-

tor. Moreover, WT mice during recovery sleep demonstrated a

dynamic ability to selectively increase REM sleep specifically

during warm temperature pulsing.

In contrast to the loss of function seen in theMCHR1-KOmice,

MCH optical activation for the first 30 min of the 60-min warming

phases was able to overdrive the expression of REM sleep

beyond what Ta warming alone was able to achieve. This in-

crease in REM sleep in ChR2 mice was also noted during the

last 15-min bin of the warming session following cessation of

MCH stimulation, suggesting a prolonged effect from MCH acti-

vation on REM sleep expression. This prolonged effect, together

with the loss of function observed in MCHR1-KOmice, would be

consistent with the hypothesized role of the MCH neuropeptide,

at least in part, mediating the REM sleep response. Finally,

silencing of MCH neurons during Ta warming in ArchT mice

was able to completely block the REM sleep response seen in

YFP controls, confirming that the MCH system is necessary for

the dynamic increase in REM sleep during Ta warming.

Ambient Temperature, Sleep, and the Role of the
Hypothalamus
It is well established that sleep and thermoregulatory control are

tightly integrated. This integration occurs in the anterior hypo-

thalamus, which contains warm sensitive neurons intermingled

with, or including, sleep active neurons responsible for NREM

sleep generation [4, 18–20, 22]. For example, Ta warming to a

static constant temperature of 32�C presented during the dark

(active) phase in mice significantly increases NREM sleep while

decreasing core body temperature with sleep initiation [19].

Through c-Fos-dependent activity tagging of neurons in the

median preoptic (MnPO) and medial preoptic (MPO) anterior

hypothalamic area, this work demonstrates that reactivation of

these neurons can recapitulate sleep induction and the concom-

itant decrease in core body temperature. Moreover, the sleep-

inducing effects of Ta warming are not caused by changes in

core body temperature but likely mediated through skin thermo-

sensors and their relay connections through the brainstem to

these anterior hypothalamic structures [19].

Although NREM sleepmay bemodulated by Ta warming, REM

sleep is actually more sensitive to Ta manipulation than NREM

sleep [4, 16]. In our experiments, we restricted the Ta manipula-

tion to a narrow range within the TNZ so that changes in REM

sleep expression may occur without causing significant alter-

ations in NREM sleep. In this manner, we were able to eliminate

NREM sleep as a confounding variable driving changes in REM

sleep expression. We found that mice generally responded to

the warm Ta pulsing with an increase in REM sleep bout number.

However, mice with increased sleep pressure, as seen in the

second set of experiments, also showed a tendency to exhibit

longer REM sleep bout durations. It is important to note that

rodents sleeping in ambient temperatures below the TNZ prefer-

entially reduce REM sleep over NREM sleep, demonstrating a
shortening of REM sleep bout durations and a prolongation of

REM-REM cycle lengths [16]. These latter data demonstrate

the greater breadth of how endotherms might modulate REM

sleep expression across a much wider Ta range. Taken together,

these observations predict the presence of neural circuits

responsible for REM sleep modulation as a function of Ta.

The MCH System and REM Sleep Control
The output control from the hypothalamus for REM sleep modu-

lation during Ta warming has remained unknown. Our data sug-

gest that the MCH system is necessary for the dynamic ability of

the organism to opportunistically increase REM sleep when the

need for core body temperature defense is minimized. Although

the input modulation of the MCH system from anterior hypotha-

lamic thermosensitive structures remains to be elucidated, we

hypothesize that theMCH system, together with other structures

within the posterior LH, plays a major role in integrating

numerous biological variables for the output control of REM

sleep [7]. In addition to ambient temperature as shown in Fig-

ure 5, these input variables may also include sleep pressure

[35–38], energy status [39–41], and circadian time [42–44]. We

speculate that these additional variables may also influence

the receptivity of the organism to modulate REM sleep as a func-

tion of Ta.

TheMCH system has been strongly implicated in the control of

REM sleep, at least in part through GABAergic neurotransmis-

sion, given the known co-expression with glutamate decarboxy-

lase 67 [45]. MCH neurons may mediate this effect through

descending projections to brainstem REM-sleep-generating

systems [46, 47]. Early work using REM sleep deprivation and

c-Fos expression demonstrated that MCH neurons appear

most active after a REM sleep rebound [28, 45]. Direct record-

ings of MCH neuronal activity demonstrate maximal firing during

REM sleep and minimal activity during either NREM sleep or

wakefulness, in contrast to hypocretin (Hcrt) neurons, which

show a reciprocal activity pattern with greatest activity in wake

[33, 34]. Optogenetic stimulation of MCH neurons during

NREM sleep increases the number of transitions to REM sleep

[23, 24], whereas the state-specific activation of MCH neurons

during REM sleep prolongs REM bout durations [23]. Finally,

chemogenetic activation of MCH neurons facilitates REM sleep

onset and maintenance [26, 27]. Our findings using short dura-

tion (30-min) optogenetic activation of MCH neurons (semi-

chronic and non-state specific) are consistent with these data.

Specifically, we observed an increase in REM sleep arising pri-

marily from an increase in the number of REM sleep bouts but

with no significant effects on NREM sleep or wake durations.

Although MCH activation may promote REM sleep, effects

of its inactivation or selective destruction are less clear. For

example, optogenetic silencing of MCH neurons using either

the eNpHR3.0 or ArchT opsin does not significantly reduce

REMsleep durations belowbaseline [23, 24]. Moreover, selective

chemogenetic inhibition, or destruction employing diphtheria

toxin, show small alterations of the diurnal rhythm of wake and

REM sleep without affecting their total durations [26, 48]. Finally,

MCHR1-KO mice show no significant impact on REM sleep re-

covery following sleep deprivation compared to WT mice under

constant Ta conditions [49]. Our results are also consistent with

these previous findings. We show that MCH silencing failed to
Current Biology 29, 1976–1987, June 17, 2019 1983



Figure 5. Proposed Role of MCH and the Lateral Hypothalamus (LH)

to Promote Resource Optimization through the Cycling of NREM

Sleep to Either Wakefulness or REM Sleep

The LH contains numerous cell types, including MCH and Hcrt neurons, which

show a reciprocal firing pattern with MCH activity maximal in REM sleep and

Hcrt activity maximal in wake [33]. These data suggest either direct or indirect

reciprocal inhibition [34]. Numerous input variables may modulate the LH (see

text). The MCH and Hcrt systems also exhibit opposing effects on many

peripheral physiological processes. For example, whereas Hcrt promotes

wakefulness, brown adipose tissue (BAT) activity, locomotion, food intake, and

sympathetic drive, the MCH system promotes REM sleep and an inhibition of

many of these same peripheral systems. We propose that several input vari-

ables, such as warm ambient temperature, positive energy balance, high sleep

pressure, or the inactive circadian phase, may shift the balance toward the

MCH system and REM sleep expression. An increased drive for REM sleep

may manifest as a greater probability for NREM to REM sleep transitions, a

decrease in inter-REM intervals, or an increase in REM sleep bout durations.

(a) The MnPO and POA contain warm sensitive neurons that may directly or

indirectly modulate the LH. (b) MCH may either increase or decrease food

intake, depending on food availability and energy status. Straight arrowheads

or bars represent activation or inhibition, respectively. MnPO, median preoptic

nucleus; POA, preoptic area. Reprinted with permission from [7].
decrease REM sleep below baseline values and that REM sleep

recovery was not altered following sleep deprivation compared

to WT mice under constant conditions. However, we demon-

strate that dynamic increases in REM sleep during Ta warming

are abolished either following optogenetic silencing of MCH neu-

rons or in mice lacking the MCHR1 receptor.
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Taken together, our data suggest that, although MCH neurons

play an important role driving the dynamic expression of REM

sleep, neural structures other than MCH are necessary for

decreasing REM sleep below baseline values. A potential candi-

date structure within the LH responsible for decreasing REM

sleep is the Hcrt system [7, 50], at least in part through its direct

and indirect reciprocal inhibition with MCH neurons [34]. Indeed,

Hcrt may oppose REM sleep by not only decreasing MCH activ-

ity but also by concomitantly favoring waking systems.

We propose that the MCH system is part of a greater integra-

tive circuit within the LH involving numerous neural structures,

such as Hcrt for behavioral state output expression. Indeed,

both Hcrt and MCH are also known to play important roles in

energy balance in that they show opposite responsiveness pat-

terns to biomarkers of hunger and satiety [7, 40, 41]. In this

manner, conditions that favor Hcrt activity, such as negative en-

ergy balance, the active circadian phase, low sleep pressure,

and cold ambient temperature, may potentially suppress REM

sleep by decreasing MCH activity and driving waking systems

(see Figure 5). However, conditions that favor MCH activity,

such as positive energy balance, the inactive circadian phase,

high sleep pressure, or a warm thermoneutral Ta, may shift the

balance toward REM sleep expression via MCH activation and

inhibition of Hcrt activity [7]. As an integrative circuit, it remains

to be determined to what extent other cell types within the LH

may also contribute toward REM sleep expression during Ta
manipulation.

The EA Hypothesis: REM Sleep Expression and Ambient
Temperature Integration
The EA hypothesis proposes that REM sleep is a behavioral

strategy that promotes global shifts in whole-organism resource

allocations away from costly thermoregulatory defenses toward

REM-sleep-coupled biological functions [5, 7]. This theory sug-

gests that many diverse biological processes are specifically up-

regulated during REM sleep to provide a selective advantage in

subsequent wakefulness for maximization of reproductive suc-

cess and evolutionary fitness [5]. These functions may include

memory consolidation [51, 52], sensory-motor integration [53,

54], visual system development and maintenance [55–57], and

reproductive function as seen by the appearance of penile erec-

tions in some mammals during REM sleep [58].

Endothermy, or maintaining a constant body temperature,

increases energy expenditures approximately 10-fold over

similar-sized poikilotherms when controlling for body mass

[8, 9]. Importantly, REM sleep is characterized by a loss of ther-

moregulatory control [1, 3, 4] and a marked decrease in periph-

eral metabolic activity, as seen by the generalized skeletal

muscle atonia in association with decreases in liver and brown

adipose tissue (BAT) temperatures [59] and presumed BAT func-

tion [60]. In contrast, brain temperature and brain metabolic rate

significantly increase during REM sleep [61–64].

These findings are consistent with a major internal reallocation

of resources during REM sleep away from the periphery toward

CNS-related processes [5]. The brain and reproduction function

are viewed as major beneficiaries of this energy allocation strat-

egy of REM sleep.Whole-organismmetabolic rate demonstrates

minimal alterations when comparing NREM with REM sleep

[65–67]. By shifting resource allocations away from the periphery



into the CNS, REM sleep is viewed by the EA hypothesis as a net-

energy neutral state compared to NREM sleep.

The presence of neural circuits that drive REM sleep expres-

sion when the need for thermoregulatory defense is minimized

advocates a whole-organism perspective of resource optimiza-

tion [5, 7]. An alternative evolutionary strategy would be to upre-

gulate REM-related functions irrespective of Ta whilemaintaining

thermoregulatory defense. This latter strategy would theoreti-

cally constrain available resources for such investments if total

energy expenditure is to remain stable or otherwise increase

total energy requirements.

The EA hypothesis postulates that evolutionary selective pres-

sures have driven species-specific REM sleep bout durations

and NREM-REM sleep cycle lengths in response to thermoregu-

latory constraints [5, 7]. Prolonged REM sleep bout durations, for

example, are more likely associated with core body temperature

deviations toward the ambient temperature [68, 69]. REM sleep

bout durations are thus constrained by the organism’s surface-

area-to-volume ratio and its ability to retain heat [5, 7]. By con-

straining REM sleep bout durations, as well as by cycling REM

sleep with NREM sleep, organisms may theoretically minimize

energy expenditures defending the core temperaturewhilemaxi-

mizing REM sleep expression.

The EA hypothesis of REM sleep is consistent with the strong

positive correlation between REM-REM cycle length and body

mass across mammalian species [70]. Small species with large

surface-area-to-volume ratios, such as the mouse, for example,

have particularly short REM sleep bout durations and either

cycle rapidly from one REM bout to the next or show intervening

wakefulness. However, the slope of this positive correlation

between body mass and cycle length is considerably lower

than what would be expected if this relationship were simply

based on metabolic rate [5]. We hypothesize that REM sleep

bout durations should also positively correlate with body mass

across species and that other variables, such as fat stores, thick-

ness of fur, and the ambient temperature of the environment,

may further contribute to REM sleep bout duration and cycle

length optimization.

The ability to modulate REM sleep as a function of Ta has

important evolutionary implications. Specifically, organisms

that optimize competing investments related to thermoregula-

tion versus CNS-related plasticity, growth, and development

may thus maximize efficiencies in managing energy constraints.

To illustrate, the ontogenetic hypothesis suggests that altricial

species born with a comparatively small brain compared to

adulthood exhibit markedly elevated REM sleep quantities at

birth to promote rapid brain development [55]. It is noteworthy

that the effects of Ta warming on triggering REM sleep are partic-

ularly pronounced in neonates. For example, REM sleep in

neonatal rat pups is maximally expressed as the Ta approaches

�35�C, whereas it is significantly decreased as the Ta falls below

27�C and may be suspended entirely when the Ta is decreased

below 23�C [71, 72].

In the wild, Ta varies considerably across circadian time and

season. By opportunistically harnessing heat generated from

the environment or from a nest microclimate, the EA hypothesis

proposes that endotherms, such as mice, are able to defer costs

of individual thermoregulation during REM sleep and direct avail-

able resources, instead, into CNS-related processes. Our data
suggest that the MCH system is critical to increase REM sleep

when in thermoneutral, ambient temperatures. More data are

required to elucidate neural mechanisms responsible for reducing

REM sleep to favor thermoregulatory defenses associated with

wakefulness or NREM sleep when Ta deviates from thermoneu-

trality. In a broader perspective, we propose that theMCH system

is part of a larger integrative circuit within the LH. The ability of the

LH to also integrate energy status, sleep pressure, and circadian

time for behavioral state expression places the MCH system in a

key position to regulate global shifts in resource allocations cen-

tral to the EA hypothesis of sleep function.
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STAR+METHODS
KEY RESOURCES TABLE
REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Rabbit anti-GFP (Rb pAB to GFP) Abcam Cat# ab290; RRID: AB_303395

Goat anti-MCH (pro-MCH (C-20) goat

polyclonal IgG)

Santa Cruz Cat# sc-14509; RRID: AB_2237276

Donkey anti-rabbit (Donkey anti-Rabbit

IgG (H+L))

Life Technologies Cat# A-21206; RRID: AB_2535792

Donkey anti-goat (Donkey anti-Goat IgG (H+L)) Life Technologies Cat# A-21432; RRID: AB_2535853

Bacterial and Virus Strains

AAV2-EF1a-DIO-hChR2(H134R)-eYFP University of North Carolina (USA) AV4378L

AAV2-EF1a-DIO-ArchT3.0-eYFP University of North Carolina (USA) AV4881D

AAV2-EF1a-DIO-eYFP University of North Carolina (USA) AV4842d

Chemicals, Peptides, and Recombinant Proteins

Forene (Isoflurane) Abbvie B5062

Metacam Boehringer Ingelheim 10-138348

Cresyl violet Kluwer Barrera, staining solution Labforce 05-B16001

Formaldehyde 4% buffered Dr. Grogg Chemie AG G256.1000

Phosphate-buffered saline, premix

PBS-buffer 10x

Sigma-Aldrich Chemie GmbH 11666789001

Sucrose VWR International AG 1.07687.1000

Methyl butane Sigma-Aldrich Chemie GmbH 320404-1L

Fluoromount Aqueous Mounting Medium Sigma-Aldrich Chemie GmbH F4680-25ML

Experimental Models: Organisms/Strains

Mouse: MCHR1 KO, MCHR1 tm1.1 Blak Generated in our laboratory [73] Cat# 3783583, RRID: MGI:3783583

Mouse: MCH-cre, tg(Pmch-cre)1Lowl/J Bradford Lowell Laboratory Cat# JAX:014099, RRID: IMSR_JAX:014099

Software and Algorithms

SleepSign Kissei Comtec, Matsumoto, Japan http://www.sleepsign.com/

MATLAB MathWorks RRID: SCR_001622

GraphPad Prism version 7.04 GraphPad Software Inc, USA RRID: SCR_002798

Spike2 Cambridge Electronic Design RRID: SCR_000903

Other

Stereotaxic apparatus David Kopf Instruments http://kopfinstruments.com/

Superbond C&B Catalyst Prestige Dental Products Limited 7110

Superbond C&B Polymer Prestige Dental Products Limited 7112-350

Superbond Quick Monomer Prestige Dental Products Limited 7111-100

Paladur liquid, 500ml Kaladent AG 64707938

Paladur powder, 100 g Kaladent AG 64707948

Micro-BetaCHIP thermistor probe (MCD) Measurement Specialties https://www.te.com/usa-en/products/brands/

meas.html?tab=pgp-story

Grass P122 AC/DC strain gage amplifier Artisan Technology Group https://www.artisantg.com/TestMeasurement/

91397/Astro_Med_Grass_Technologies_P122_

Series_AC_DC_Strain_Gage_Amplifiers

Diode laser LaserGlow https://www.laserglow.com/product/byproduct/

TEM00-Diode-Lasers/

Master-9 Agilent technologies https://www.agilent.com/

Cryostat Leica Microsystems Hyrax C25, 51039

Glass slides, Superfrost Plus VWR International AG J1800AMNZ

Fluorescence microscope Olympus Model: Olympus BX 51 epifluorescence microscope
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CONTACT FOR REAGENT AND RESOURCE SHARING

Further information and requests for resources and reagents should be directed to andwill be fulfilled by the LeadContact, Markus H.

Schmidt (markus.schmidt@insel.ch).

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Mice
Two genetically-modifiedmouse lines were used for these experiments, includingMCH receptor-1 knock outmice (MCHR1-KO, also

known to as MCHR1 tm1.1 Blak [73]) and mice expressing cre recombinase under the pro-MCH gene promotor (MCH-cre mice,

tg(Pmch-cre)1Lowl/J). Homozygous MCHR1-KO (n = 11, MCHR1�/�) and WT (n = 8, MCHR1+/+) male mice were used for these

experiments and maintained as previously described [49]. Heterozygous MCH-cre mice were maintained on a C57BL/6 genetic

background by intercross breeding as previously described [23]. MCH-cre males (n = 27) were used for sleep recordings involving

optogenetic experiments, including for the ChR2 group (n = 7), ArchT group (n = 7), and the YFP control groups (n = 13). The gen-

otyping for all mice was verified using PCR from ear clip biopsies. Mice were aged between 10-20 weeks.

Experiments were performed at the laboratory Zentrum für Experimentelle Neurologie (ZEN) at the University Hospital, Inselspital,

in Bern, Switzerland. All the experiments were carried out in accordance with the guidelines described in the National Institutes of

Health Guide for the Care and Use of Laboratory Animals and the Bern Kanton Animal Care Committee.

METHOD DETAILS

Plasmid construction and rAAV packaging
For optogenetic experiments, we used adeno-associated virus (AAV) viruses encompassing genes for channelrhodopsin (AAV2-

EF1a-DIO-hChR2(H134R)-eYFP), or the proton pump archaerhodopsin-T (AAV2-EF1a-DIO-ArchT3.0-eYFP). Control mice were in-

jected with AAV2-EF1a-DIO-eYFP. The plasmids were packaged in AAV 2 serotype by the viral vector core facility at the University of

North Carolina (USA).

Surgical procedures
Animals were anesthetized with isoflurane (2% in O2) and injected with (Metacam 0.1ml/kg s.c.) for analgesia. For optogenetic

experiments as previously published [23], virus injections were performed on stereotactic frames, infused bilaterally in the LH of

MCH-cre knock-in mice (AP: �1.5 mm, ML: ± 0.9 mm; DV: �5.35 mm) with 0.8 mL of high-titer AAV (> 1012 pfu/mL) at a rate of

0.1 ml/min using an 29-gauge internal cannula. After surgery, mice were single housed for recovery and AAV expression for at least

20 days.

One to two weeks following the virus injections, homemade bilateral optic fiber implants were then implanted above the LH (the

coordinates of AP:�1.4 mm, ML: ± 0.95 mm; DV: �4.6 mm) and fixed to the skull with C&B Metabond (Patterson dental) and dental

cement (Patterson dental) as previously described [23]. Electroencephalography (EEG) for all experiments was recorded frompairs of

cortical electrode screws placed over the frontal and parietal cortices. Three wire electrodes were inserted in the dorsal neck

musculature to record postural tone through electromyographic (EMG) activity. Electrodes were pre-soldered to a miniconnector

cemented to the skull with C&B Metabond (Patterson dental) and dental cement (Patterson dental).

Brain temperature recordings were performed in WT mice (n = 4) using a Micro-BetaCHIP thermistor probe (MCD) from Measure-

ment Specialties with outside diameter of 500 mm. Temperature probes were calibrated prior to implantation using water baths at

three different temperatures and using a Grass P122 AC/DC strain gage amplifier. Temperature probes were implanted unilaterally

into the rostral anterior hypothalamus of four mice (coordinates AP: +0.38 mm, ML: �1.2 mm, DV: �5.5 mm). Placement of the tem-

perature probes were confirmed using cresyl violet staining.

Electrophysiological recordings
After recovery (10 days, single housed), micewere connected to flexible cables and, for optogenetic experiments, optical fibers for an

additional 7-10 days of habituation to the recording conditions. Physiological signals were amplified (Grass Instruments) and digitized

at 512Hz using SleepSign� (Kissei Comtec,Matsumoto, Japan). Habituation was confirmed by verifying 24 h of baseline sleep-wake

cycling.

Optical illumination protocol
Bilateral 200-mm optical fiber implants were coupled to a 473 nm (blue light) or 532 nm (green light) diode laser (LaserGlow) to deliver

light into the brain at�30mW, as described in published reports [23]. Semi-chronic and state-independent optical stimulations were

generated using wave-form generators (Master-9, Agilent technologies). Mice were exposed to the optical illumination protocol on

two separate recording days at both constant temperature and again during the Ta manipulation protocol (see below) with at least

48 hours between illumination sessions. The protocol for the semi-chronic optogenetic stimulations using the blue laser (473 nm)

involved 50 ms pulses at 20 Hz for 10 s stimulation-on and 20 s stimulation-off, repeated for 30 minutes (Figure 3B). The protocol

for the optical silencing experiments using the green laser (532 nm) involved continuous illumination for 15 s-on and 15 s-off, repeated
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for 30 minutes (Figure 4B). Optical illuminations were delivered at ZT 2, 4, 6, and 8 h. Placement of the optical fibers were verified for

each animal after the experiment.

Ambient temperature manipulation protocol
A temperature-controlled cabinet was sized to fit 4 plexiglass cages to record 4mice simultaneously during experiments, allowing for

2 experimental mice and 2 control mice during experimental sessions. The interior of the cabinet was lined with reflective aluminum

tape and electrically grounded to create a Faraday cage. Two infrared (IR) lamps were positioned in a symmetrical fashion so that two

pairs of cages were of equal distance from an IR heat source. The IR lamps were directed toward the ceiling of the cabinet to allow

for a diffuse reflection of IR light for the rapid warming sessions. A convection heat source connected to a low pressure forced air

circulation system was also used for warming of the cabinet. The IR lamps and the convection heat source were under thermostatic

control using a programable timer for precise delivery of temperature manipulation.

Experimental mice were housed in individual plexiglass recording cages at constant ambient temperature (23 ± 1�C) and humidity

(40%–60%) under a 12h/12h light/dark cycle (lights on at 7:00 am, or zeitgeber time 0). Food andwater were available ad libitum. After

another week of habituation, baseline recordings were performed, followed by a 3–5 day habituation to an ambient temperature (Ta)

manipulation protocol.

The temperature manipulation protocol involved four bouts of rapid Ta warming to a maximum temperature of 32.0�C achieved

over a period of approximately 15 min and with active warming terminated 30 min after bout initiation (Figure 1B). The four bouts

of warm Ta pulsing were performed at two-hour intervals during the middle of the light period (ZT: 2, 4, 6, and 8). For experiments

employing the Ta manipulation protocol during the circadian dark phase, the four bouts of warm temperature pulsing were admin-

istered in the middle of the dark period (ZT: 14, 16, 18, and 20). The active warming phase occurred over the first 30 min of the warm-

ing sessions, followed by passive cooling phases over the next 90 min. Ambient temperatures during the warming phases ranged

between 27.5-32�C, producing four 60-min bins during which the Ta was at the high end of the mouse thermoneutral zone (TNZ

warm condition). During passive cooling, the four TNZ warm periods were followed by four 60-min bins where the temperatures

decreased below 27.5�C to approximately 24.5 C for an average temperature of approximately 25.6�C (TNZ cool condition).

Sleep deprivation
WT (n = 8) and MCHR1-KO mice (n = 6) underwent a 4-hr total sleep deprivation using gentle handling at the beginning of the light

period (ZT 0-4 hr) during constant temperature (23.0 ± 1.0�C). EEG and EMG recordings were performed during sleep deprivation to

confirm wakefulness during any periods of inactivity. Immediately following this protocol, the doors of the temperature-controlled

cabinet were closed at ZT 4 h and the animals were then allowed to recover sleep. All mice underwent the sleep deprivation proced-

ure twice with at least one week between sessions, but recovery sleep was performed using two different Ta conditions. Specifically,

mice were allowed to recover sleep during either the constant Ta condition or during exposure to warm Ta pulsing as performed in

prior experiments occurring at 2-h intervals. Recovery sleep with warm Ta pulsing thus involved three warming bouts at ZT 4, 6, and

8 h (Figure 2A). Mice undergoing temperature manipulation during the recovery period were habituated to the Ta manipulation pro-

tocol 3-5 days prior to the sleep deprivation experiment.

Offline polysomnographic data analysis
Polysomnographic recordings were visually scored by two independent scorers using SleepSign software using 5 s epochs. Scoring

of wake, NREM and REM sleep involved analyses of EEG and EMG recordings. Wake was characterized by a low amplitude, mixed

frequency EEG signal in association with a relatively elevated and variable EMGmuscle tone and activity. NREMsleepwas defined by

EEG showing synchronous high amplitude slow wave activity in the delta frequency range (0.5-4 Hz) with a low and stable muscle

tone. Finally, REM sleep was characterized by theta oscillations (6-9 Hz) and a neck muscle atonia. Power spectral data from 5 s

epochs were simultaneously displayed during manual scoring. Transitions to and from NREM or REM sleep were scored based

on peak power in the delta or theta bands, respectively.

EEG Power Spectrum
Power spectra were calculated from the down-sampled EEG (512 Hz) using a Hanning window (FFT resolution: 0.125 Hz) in Spike2

(Cambridge Electronic Design). Spectral power density across behavioral states (REM, NREM) and experimental conditions (23�C,
TNZ warm) were calculated as follows: First, for each animal and behavioral state, we averaged power spectra across 8 representa-

tive bouts per animal in each experimental condition. To determine any potential warm Ta effects on EEG power spectra, these repre-

sentative bouts were selected from two successive REM and NREM sleep bouts occurring during the warmest peak of the four TNZ

warm phases (total of 8 bouts per mouse). For the constant Ta baseline recording, two successive REM and NREM sleep bouts were

chosen by matching the closest circadian time for each pair of bouts in the TNZ warm phases with that in the baseline condition. For

normalization across animals and subsequent statistical comparisons, the spectral power density values in each bin were then

divided by the maximal power within the 0.5-20-Hz frequency range across experimental conditions. Power ratios during REM

(Theta/Delta) and NREM (Delta/Theta) were calculated from the averaged summed raw power in each frequency band (Delta:

1-4 Hz; Theta: 6-9.5 Hz) across bouts. Peak frequency for periods of REM (Theta) and NREM (Delta) were defined as the bin in the

power spectra with the maximal value within each frequency range. To assess temperature-dependent differences in EEG parame-

ters, we compared for each state with power in each frequency range, power ratio, or peak frequency as the repeated-measure.
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Immunohistochemical labeling
To determine the specificity of viral targeting within LH neurons, MCH-cre mice transduced with either AAV2-EF1a-DIO-ChR2-eYFP

(ChR2 group), AAV2-EF1a-DIO-ArchT3.0-eYFP (ArchT group) or AAV2-EF1a-DIO-eYFP (YFP control group) were perfused transcar-

dially (PBS + 4% paraformaldehyde) under deep anesthesia approximately 35-40 days after virus injection. Brains were postfixed at

4�C for 24h in formaldehyde (4%), after which, the brains are cryoprotected in a sucrose solution (30%) for an additional 48 hr at 4�C.
Finally, the brains were frozen by immersion in methyl butane (surrounded by dry ice) and conserved at �80�C until further

processing.

Double immunohistochemistry was performed to identify neurons immunoreactive for YFP andMCH. Each brain was sectioned at

35 mmusing a cryostat (LeicaMicrosystems), and slices were collected in PBSwith 0.1%azide, blocked (4%BSA +0,1%PBS Triton-

X) for 1 h at room temperature and then incubated with rabbit anti-GFP (1:5000, Ab 290, Abcam) and goat anti-MCH primary anti-

bodies (1:500, SC-14509, Santa Cruz) for 48 hr at 4�C. After washing in PBS-T (PBS+0.1% Triton-X), sections were incubated

with secondary antibody donkey anti-rabbit (1:500, Alexa Fluor 488, A21206, Life technologies) and donkey anti-goat (1:1000, Alexa

Fluor 555, A21432, Life Technologies) for 1 h at room temperature. Sections were washed again with PBS-T and PBS, and then

mounted onto glass slides (Flouromount Aqueous Mounting Medium, Sigma-Aldrich, St Louis, MO, USA). Using a fluorescence

microscope, targeting efficiency was quantified.

QUANTIFICATION AND STATISTICAL ANALYSIS

Statistical Analyses
Mice underwent two recordings for each experimental condition. Statistical analyses were performed comparing the means from

each mouse from the three recording conditions, i.e., a control condition at constant temperature (23.0 ± 1.0�C) and the aggregate

of the TNZ warm and TNZ cool conditions. For the optogenetic experiments, means from each animal from three recording condi-

tions were also compared for statistical purposes, i.e., control recordings and optical illumination recordings at constant temperature

(23.0 ± 1.0�C), as well as optical illumination recordings during the TNZ warm condition.

All statistical analyses were performed using GraphPad Prism version 7.04 (GraphPad, USA). Two-way repeated-measures

ANOVA were used for multiple comparisons or a two-tailed Student’s t test for two sample comparisons. Post hoc ANOVA compar-

isons were followed by Sidak’sMultiple Comparison Test. Data are presented as themean ± SEMp values < 0.05 were considered to

indicate statistical significance.

DATA AND SOFTWARE AVAILABILITY

Sleep-wake datasets are available upon request.
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Figure S1. Effects of warm Ta pulsing on WT and MCHR1-KO mice, Related to Figure 1. 
(A) Warm Ta pulsing demonstrated no significant effects on NREM sleep or wake durations.  
(B) Analyses of EEG power spectra, power ratios, and peak frequencies showed no differences between 
the control condition at 23°C and the TNZ warm phase. Results from REM sleep and NREM sleep are 



 

shown. Analyses for REM sleep included theta power, theta/delta ratio and peak theta frequencies, and, 
for NREM sleep, delta power, delta/theta ratio and peak delta frequencies (see Methods for description of 
analyses).  
(C) Four bouts of warm Ta pulsing presented only during the middle of the active (night) circadian phase 
in WT mice (n=6) using the identical protocol for daytime Ta manipulation failed to show any significant 
effects from nighttime Ta warming on REM sleep, NREM sleep or wakefulness.  
(D) Brain temperature (Tb) analyses showing no significant differences between the constant 23°C 
condition and the TNZ warm phase during state transitions. Data show Tb 60 sec before and 60 sec after 
behavioral state transitions. 
Two-way repeated measures ANOVA were used for multiple comparisons or a two-tailed Student’s t-test 
for two sample comparisons. Post-hoc ANOVA comparisons were followed by Sidak’s Multiple 
Comparison Test. Data are presented as the mean ± SEM. 
 

 
Figure S2. Effects of sleep deprivation on recovery sleep as a function of Ta, Related to Figure 2. 
(A) Data from WT mice (n=8) showing the durations of either REM sleep, NREM sleep or Wake in 30-min 
bins during the four hours of sleep deprivation (ZT 0-4) and the first 6 hours of recovery sleep (ZT 6-10) 
which included three bouts of warm Ta pulsing performed at 2 hours intervals at ZT 4, 6, and 8. These 
data show a dynamic and consistent ability of WT mice to increase REM sleep specifically across all three 
of the TNZ warm phases and to subsequently decrease REM sleep during the TNZ cool phases. There 
were no similar specific Ta dependent effects noted for NREM sleep or wakefulness.  



 

(B) The slope of cumulation (s/min) for REM sleep was significantly greater in WT mice during the TNZ 
warm phases compared to the TNZ cool phases (Liner regression for slope comparison F(1,8) = 74.31, 
p<0.0001). Although the total duration of NREM sleep during recovery was increased in the first hour with 
Ta warming (see Fig. 2J in main text), the slope of cumulation for NREM sleep in WT mice was 
unchanged comparing the TNZ warm and cool phases. No differences in the slope of cumulation for 
either REM sleep or NREM sleep were observed in MCHR1-KO mice. Method: Linear regression was 
performed on average data across mice, cumulated across time for the warm and cold phase separately. 
The slope and intercept were obtained by MATLAB function nlinfit, which uses the Levenberg-Marquardt 
nonlinear least squares algorithm. The 95-% confidence interval of the slopes was calculated by MATLAB 
function nlparci. Additionally, we calculated the 95-% confidence interval of the predictions (fitted line) 
with MATLAB function nlpredci. 
 
 

 
Figure S3. Effects of optical MCH activation in ChR2 and YFP mice, Related to Figure 3. 
(A) Neither optical stimulation nor Ta condition showed significant effects on NREM sleep or wakefulness 
durations for either the YFP (n=7, white) or the ChR2 (n=7, blue) groups.  
(B-D) Analyses of REM sleep bout number (B), REM sleep bout duration (C) and inter-REM intervals (D) 
demonstrated that MCH optical stimulation alone (Opto Stim condition) in the ChR2 group (blue) lead to a 
significant increase in REM sleep bout number and a similar trend with the addition of Ta warming (Opto 
Stim+T condition). The percent change in REM sleep bout durations (C) were highly variable in the ChR2 
group. During Ta warming, for example, the YFP group showed a significant increase in REM sleep bout 
duration (**p<0.01, student’s t-test) and with a tendency for increased bout durations in the ChR2 group, 
but with no significant differences between these two groups of mice. No consistent or significant changes 
were observed for inter-REM intervals (D) in either group.  
Unless specified otherwise, data were analysed using repeated measures 2-way ANOVA and post-hoc 
Sidak’s comparison test. Data are means ± SEM. 
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Figure S4. Effects of optical MCH silencing in ArchT and YFP mice, Related to Figure 4. 
(A) Neither optical silencing nor Ta condition showed significant effects on NREM sleep or wakefulness 
durations for either the YFP (n=6, white) or the ArchT (n=7, green) groups.  
(B-D) A two-way repeated measures ANOVA with post-hoc Sidak’s comparisons (*p<0.05) showed that 
the Opto Silen+T condition was associated with a significantly greater REM sleep bout number for the 
YFP group compared to ArchT mice (B).  A similar analysis showed significantly shorter inter-REM 
intervals for the Opto Silen+T condition in YFP compared to the ArchT groups (C). There were no 
significant effects on mean REM sleep bout durations between YFP and ArchT mice across conditions. 
Note: Although each bout of optical silencing occurred for only 30 minutes in duration, the TNZ warm 
phase was 60-minutes in duration. Given the lack of significant differences noted between the first 30-min 
bins with optical silencing and the second 30-min bin without optical silencing (data not shown), data were 
pooled for the 60-min bin analyses to evaluate potential differences during Ta warming between the YFP 
and ArchT groups.  
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