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Abstract

Narcolepsy is characterized by increased REM sleep propensity and cataplexy. Although nar-
colepsy is caused by the selective loss or dysfunction of hypocretin (Hcrt) neurons within the
lateral hypothalamus (LH), mechanisms underlying REM sleep propensity and cataplexy re-
main to be elucidated. We have recently shown that wild type (WT) mice increase REM sleep
expression when exposed to thermoneutral ambient temperature (Ta) warming during the
light (inactive) phase. We hypothesized that the loss of Hcrt may lead to exaggerated re-
sponses with respect to increased REM sleep and cataplexy during Ta warming. To test this
hypothesis, Hcrt-KO mice were implanted for chronic sleep recordings and housed in a tem-
perature-controlled cabinet. Sleep-wake expression and both spontaneous cataplexy and
food-elicited cataplexy were evaluated at constant Ta and during a Ta manipulation proto-
col. Here we show several unexpected findings. First, Hcrt-KO mice show opposite circadian
patterns with respect to REM sleep responsiveness to thermoneutral Ta warming compared
to WT mice. As previous demonstrated, WT mice increased REM sleep when Ta warming is
presented during the inactive (light) phase, whereas Hcrt-KO showed a significant decrease
in REM sleep expression. In contrast, Hcrt-KO mice increased REM sleep expression upon ex-
posure to Ta warming when presented during the active (dark) phase, a circadian time when
WT mice showed no significant changes in REM sleep as a function of Ta. Second, we found
that REM sleep and cataplexy can be dissociated through Ta manipulation. Specifically, alt-
hough Ta warming significantly increased REM sleep expression in Hcrt-KO mice during the
active phase, cataplexy bout number and total cataplexy duration significantly decreased. In
contrast, cataplexy expression was favoured during Ta cooling when REM sleep expression
significantly decreased. Finally, video actigraphy and sleep-wake recordings in Hcrt-KO mice
demonstrated that Ta manipulation did not significantly alter waking motor activity patterns
or waking or NREM sleep durations. These data suggest that neural circuits gating REM sleep

and cataplexy expression can be dissociated with Ta manipulation.

Statement of Significance

Cataplexy and the loss of muscle tone has historically been viewed as a component of REM
sleep that inappropriately intrudes into wakefulness. In addition to fragmented sleep, the
intrusion of REM-like events into wakefulness has led to the hypothesis that narcolepsy rep-

resents a dysregulation of boundary state control. We show that REM sleep and cataplexy
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can be dissociated during the dark (active) phase through Ta manipulation. Such dissociation
may provide clues regarding the cause of boundary state instability in Hcrt-KO mice, as well

as provide a new method to interrogate mechanisms of REM sleep and cataplexy.
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Introduction

Narcolepsy with cataplexy (narcolepsy type 1) is a chronic sleep disorder affecting ap-
proximately 1 in 2,000 individuals and is caused by the selective loss or dysfunction of
hypocretin/orexin (Hcrt) neurons in the lateral hypothalamus (LH)*™*. Narcolepsy is charac-
terized by excessive daytime sleepiness (EDS), hypnopompic and hypnagogic hallucinations,
sleep paralysis, sleep-wake instability and cataplexy. Cataplexy is the sudden loss of skeletal
muscle tone triggered by generally strong and positive emotions during a state of preserved
consciousness. Both cataplexy and rapid eye movement (REM) sleep share several common
features such as a generalized skeletal muscle atonia, but it is still under debate whether cat-
aplexy should be considered as an intrusion of REM sleep elements into wakefulness or a
distinct state of brain activity>’.

An intriguing aspect of narcolepsy is that several conditions are known to dissociate
REM sleep and cataplexy. This dissociation is most evident as a circadian effect where REM
sleep expression is highest during the circadian inactive (light) phase in mice at a time when
cataplexy is rarely observed, whereas cataplexy is generally observed during the circadian
active (dark) phase when REM sleep is reduced. Additionally, selective REM sleep depriva-
tion over two consecutive days in humans with narcolepsy Type 1 leads to an increase in
REM sleep pressure but without an increase in cataplexy®. Moreover, some medications such
as selective D2/D3 antagonists have been shown to decrease cataplexy without affecting
REM sleep expression®. These and other data, including the finding of differing EEG patterns
between REM sleep and narcolepsy®, suggest that neural mechanisms triggering these two
events may differ. However, the neural mechanisms underlying the ability to dissociate REM
sleep and cataplexy remain unknown.

Another defining feature of narcolepsy is an increased REM sleep propensity>*. For
instance, patients with narcolepsy often show direct transitions from wakefulness into REM
sleep known as sleep onset REM periods (SOREMs). Indeed, the multiple sleep latency test
(MSLT) is utilized as a diagnostic clinical tool where patients with narcolepsy typically show
two or more naps with SOREMs or a markedly reduced REM onset latency of 15 minutes or
less in the nocturnal polysomnogram. A similar increase in REM sleep propensity has been
demonstrated in mice lacking Hcrt neurons or receptors, characterized by increased REM

sleep expression during their active wake phase1%1%,
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Although the Hcrt system may suppress REM sleep during waking!?13, the cause of
both increased REM sleep propensity and cataplexy in narcolepsy has remained unclear. Re-
cent data suggest that an overactive melanin-concentrating hormone (MCH) system may
play such a candidate role. Indeed, using genetically modified hypocretin knockout (Hcrt-KO)
mice to specifically target MCH neurons, recent work shows that chemogenetic activation of
the MCH system increases both REM sleep and cataplexy, whereas MCH antagonism re-
verses this effect!®. However, another study using calcium imaging found contradictory re-
sults, showing that MCH neurons are indeed active in REM sleep but silent during cata-
plexy®>. Moreover, MCH-Hcrt double ablated mice show a marked increase in cataplexy and
decrease in REM sleep compared to selective Hcrt ablated animals®. These latter data would
suggest that although the MCH system may play a role in REM sleep expression, its inactivity
would favor cataplexy.

Hcrt and MCH neurons are anatomically intermingled within the lateral hypothala-
mus and exhibit wide-spread projections to similar brain areas!’'8, However, Hcrt and MCH
neurons display reciprocal firing patterns'®. For example, MCH neurons are active during
REM sleep and their optogenetic stimulation enhances REM sleep transitions and prolongs
REM sleep bout durations?®2%, Hert neurons, in contrast, are predominantly active in wake
and facilitate sleep to wake transitions?2724,

We hypothesized that the loss of Hert function in narcolepsy may lead to a disinhibi-
tion of the MCH system, potentially driving increased REM sleep propensity or cataplexy.
Our prior work demonstrates a key role for the MCH system in driving REM sleep expression
during thermoneutral ambient temperature (Ta) warming?°. We used this thermoneutral Ta
manipulation protocol to determine whether Hcrt-KO mice show exaggerated responses in
REM sleep propensity and cataplexy expression as a function of Ta. We found that wild type
(WT) and Hcrt-KO mice show opposite circadian responsiveness patterns with respect to
REM sleep expression in response to Ta warming. Moreover, we demonstrate that although
thermoneutral Ta warming increased REM sleep expression in Hcrt-KO mice during the ac-
tive (dark) circadian phase, these mice markedly and significantly decreased cataplexy ex-
pression independent of waking activity during Ta warming. These data demonstrate a previ-

ously unknown ability of Ta manipulation to dissociate REM sleep and cataplexy in narco-

lepsy.
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Materials and Methods

Mice

Two genetically-modified mouse lines were used for these experiments, including Hypocretin-
knockout mice (Hcrt-KO) and MCH receptor-1- knockout (MCHR1-KO) mice. Homozygous Hcrt-KO
(n=11), MCHR1-KO (n=11), and C57BL/6 WT (n=22) male mice were used for these experiments using
methodology as previously described?. The genotyping for all mice was verified using PCR from ear
clip biopsies. Mice were aged between 8-20 weeks.

Experiments were performed at the Zentrum fur Experimentelle Neurologie (ZEN) at the Uni-
versity 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 Labor-

atory Animals and the Bern Kanton Animal Care Committee.

Surgical procedure for electrophysiological recordings

Animals were anesthetized with isoflurane (2% in 02) and injected with Metacam (0.1ml/kg
s.c.) for analgesia. For all experiments, electroencephalography (EEG) was recorded from pairs of stain-
less-steel screws (Paul Korth GmbH) placed over the frontal and parietal cortices. To monitor postural
tone, nuchal electromyographic (EMG) activity was recorded from three wire electrodes (W3 Wire In-
ternational) inserted in the dorsal neck musculature. Electrodes were pre-soldered to an ultraminia-
ture pin connector (Preci-Dip) and fixed to the skull with Superbond C&B (Prestige dental) and Paladur

dental cement (Kulzer).

Polysomnographic recordings

After 7-10 days of recover from surgery, single-housed mice were connected to flexible cables
allowing free movements. Electrophysiological signals were amplified (Grass Instruments) and ana-
logue-to-digital converted at 512 Hz using SleepSign (Kissei Comtec, Matsumoto, Japan). Habituation

was confirmed by verifying 24 h of baseline sleep-wake cycling.

Offline analysis of polysomnographic data
Polysomnographic recordings were visually scored by 5-s epochs using Sleep Sign software (Vi-
tal Recorder, Kissei Comtec). Vigilance states were classified as wake, NREM sleep and REM sleep and

cataplexy based on analyses of EEG and EMG recordings. Wake was characterized by a low amplitude,
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mixed frequency EEG signal in association with a relatively elevated and variable EMG muscle tone
and activity. NREM sleep was 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. 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. Finally, cataplexy is defined as
an abrupt passage from a wake to an EMG showing atonia and an EEG similar to REM sleep or to wake,
lasting at least 10s in duration. Cataplexy events were required to be preceded by a wakefulness period
lasting at least 40s and are mainly composed of a dominant EEG theta activity as previously described?®.
Moreover, video recordings were used to confirm a matching of EEG and EMG appearance of cataplexy
to behavioural immobility and other typical features of cataplexy, like the sudden behavioural arrest,
typical of the onset of the event, and the rapid recovery of the muscle tone with behavioral activity at

the end of the cataplectic episode.

Ambient temperature manipulation protocol

A temperature-controlled cabinet was sized to fit 4 plexiglass cages (30 cm x 15 cm) to record
4 mice simultaneously during experiments. To create a Faraday cage, the interior of the cabinet was
electrically grounded and lined with reflective aluminum tape. Two infrared (IR) lamps and a convec-
tion heat source were used to manipulate the ambient temperature (Ta) of the cabinet under thermo-
static control of a programmable timer. The IR lamps were symmetrically positioned to have equal
distance from two pairs of cages and they directed toward the ceiling of the cabinet to allow a diffuse
reflection of indirect IR light for the rapid warming sessions. The convection heat source was connected

to a low pressure forced air circulation system.
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Figure 1. Ambient temperature (Ta) manipulation protocol. Following control recordings at a constant Ta, mice
were exposed to four thermoneutral warming pulses presented at 2-h intervals during either A) the middle of
the inactive (light) phase starting at zeitgeber time (ZT) 2 or B) in the middle of the active (dark) phase beginning
at ZT 14. This protocol provided alternating 60-min bouts of thermoneutral zone (TNZ) warm (red vertical bars;
Ta approx. 27.5°-32.0°C) and TNZ cool (blue; Ta approx. 24.5°C-27.5°C) conditions. Wt and Hcrt-KO mice were
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exposed to both circadian Ta manipulation conditions, whereas the MCHR1-KO mice were only exposed to Ta
manipulation during the dark phase. All mice were also recorded in constant 23.0 + 1.0°C baseline conditions
(not shown).

Mice were single-housed in individual plexiglass recording cages at constant ambient temper-
ature (23.0 + 1.0°C) and humidity (40%—60%) under a 12h/12h light/dark cycle (lights on at 7:00 am,
or zeitgeber (ZT) time 0). Food and water were available ad libitum. After a week of habituation to the
cabinet, baseline recordings at constant ambient temperature were performed, followed by a 3-5 day
habituation to an Ta manipulation protocol.

The Ta manipulation protocol consists of four bouts of rapid Ta warming performed at two-
hour intervals during the middle of either the inactive (light) period (ZT: 2, 4, 6, and 8) or active (dark)
period (ZT: 14, 16, 18, 20). Ambient temperatures during the warming bouts ranged between 27.5-
32.0°C, producing four 60-min bins in which the Ta reached the high end of the mouse thermoneutral
zone (TNZ warm condition) at 32°C. During passive cooling, the four TNZ warm periods were followed
by four 60-min bins where the ambient temperatures ranged between 24.5-27.4°C at the low end of
the mouse thermoneutral zone (TNZ cool condition). Maximum temperature of 32°C was achieved
over the first 30 min during the active warming phase of the warming sessions, followed by passive

cooling phases over the next 90 min.

Food-elicited cataplexy test (FECT)

Hcrt-KO (n=9) mice underwent a food-elicited cataplexy test (FECT) during the dark phase. Each
mouse was provided with 3g of milk chocolate as high palatable food in the recording cage immediately
prior to lights off (ZT 12). The remaining chocolate was removed from the cage the following day after
lights-on (ZT 0). Each mouse underwent the FECT twice at constant ambient temperature and twice
during the ambient temperature manipulation protocol, as previously described?’. The FECT was
repeated at least 48 hours apart. Mice were habituated to warm Ta pulsing for 5 days before
performing the FECT with Ta manipulation protocol. During FECT, regular food and water were availa-

ble ad libitum.

Video Actigraphy

Videos of Hcrt-KO mice behaviour were converted to AVI format and uploaded to EthoVision
XT (version 10.1.856, Noldus) for movement tracking. On the videos, the area corresponding to the
mouse’s cage and nest were manually delimited and calibrated with the software. After setting the
optimal detection parameters for a given mouse in each video, the software tracked the animal’s
movement from the perspective of the centre point of the animal's body throughout the entire trial.

Each tracked trial was then divided into 1-h time bins, corresponding to the TNZ warming and cooling
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periods in the analysed video for temperature manipulation conditions. For each time bin, total dis-
tance moved, mean and maximum movement velocity parameters were detected and measured, as
well as in-zone positioning parameters regarding the nest area: mean time spent within the area with
standard deviation and frequency of entering and exiting the nest zone of interest. The software could
also generate individual heat maps reflecting time and position within the cage. Data from TNZ warm-
ing and cooling conditions were aggregated to obtain a mean value for each parameter. For technical

reasons, videos from two of the 9 mice could not be used for the EthoVision tracking system.

EEG Power Spectral Analyses

Band Power and Spectral power density across behavioral states (Wake, NREM, REM and cat-
aplexy) and experimental conditions (TNZ warm and TNZ cool) were calculated as follows: For each
animal and behavioral state, we averaged band power and power spectra across 8 representative TNZ
warm bouts and 8 representative TNZ cool bouts per animal. For normalization across animals and
subsequent statistical comparisons, band power values in each frequency band (Delta:1-4Hz; Theta:6-
9.5Hz; Sigma:10-16Hz; Gamma:30-60Hz) were divided by a normalization factor that corresponds to
the sum of the power across all the frequencies according to the experimental condition. The spectral
power density values in each bin were then normalized by dividing by the maximal power within the

0.5-20-Hz frequency range in TNZ warm or TNZ cool.

Statistical Analyses

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. All statistical analyses were performed using
GraphPad Prism version 9.2.0 (GraphPad, USA). Two-way repeated measures ANOVA were used for
multiple comparisons or a two-tailed paired parametric Student’s t-test for two sample comparisons.
Post-hoc ANOVA comparisons were followed by Sidak’s Multiple Comparison Test. Data are pre-

sented as the mean = S.E.M. p values<0.05 were considered to indicate statistical significance.

Results

To evaluate REM sleep propensity and cataplexy as a function of Ta, mice were exposed to the
Ta manipulation protocol involving four bouts of thermoneutral Ta warming occurring at 2-h intervals
either during the inactive (light) phase or the active (dark) phase. Continuous electrophysiological re-

cordings allowed for the differentiation of four vigilance states, including Wakefulness, NREM sleep
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and REM sleep for all mice and the state of cataplexy for Hcrt-KO mice. Figure 2 shows typical contin-
uous sleep-wake recordings from a Hcrt-KO mouse demonstrating either NREM-REM-wake transitions
(Fig. 2A) or wake-cataplexy-wake transitions (Fig. 2B). Cataplexy was characterized by bouts of sudden
immobility associated with muscle atonia and EEG showing a typical theta activity (Fig. 2B), followed
by a rapid transition back to active wakefulness. Cataplexy events were defined according to standard

criteria requiring at least 40 seconds of preceding wake and lasting a minimum of 10 seconds in dura-

tion?®
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Figure 2. Physiological electroencephalographic (EEG) and electromyographic (EMG) recordings from a
hypocretin knockout (Hcrt-KO) mouse. A) A typical continuous electrophysiological recording showing NREM
(red)-REM (purple)-Wake (blue) transitions with high amplitude slow-waves and reduced EMG tone during NREM
sleep, EEG theta rhythm with muscle atonia during REM sleep and sudden increase in EMG activity with mixed
frequency EEG activity during Wake. B) A cataplexy event (green) shows similar EEG and EMG activity as seen
during REM sleep but transitioning abruptly from Wake.

REM Sleep Propensity and Sleep-Wake expression
Opposite responsiveness patterns with respect to wakefulness, NREM sleep and REM sleep

were observed between WT and Hcrt-KO mice as a function of both circadian time and Ta manipulation
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(Fig. 3). With respect to REM sleep propensity, we found that thermoneutral Ta warming increased
REM sleep expression in WT mice selectively during the light phase with no effect when presented
during the dark phase (see Fig. 3C vs 3F), as was previously demonstrated?®. Hert-KO mice, however,
showed an opposite circadian responsiveness pattern to Ta manipulation. As shown in figure 3C, REM
sleep expression in Hert-KO mice significantly decreased during Ta warming presented during the light
phase compared to the baseline condition. Moreover, Hcrt-KO mice during the dark circadian phase

showed a trend to increase total REM sleep during Ta warming compared to WT mice (Fig. 3F).
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Figure 3. Sleep-wake expression as a function of ambient temperature (Ta) and circadian time. A-C) Wake,
NREM sleep and REM sleep expression during the inactive (light) phase in wild type (WT, n=17) and hypocretin-
Knockout (Hcrt-KO, n=9) mice across baseline (23.0 + 1.0°C), thermoneutral zone (TNZ) warm and TNZ cool con-
ditions. The upper graphs show between group (WT vs Hcrt-KO) comparisons, whereas the lower graphs show
within group comparisons. D-F) Using the same methodology, total Wake, NREM sleep and REM sleep expression
is shown for the active (dark) circadian phase between WT (n=15) and Hcrt-KO (n=11) mice. Data were analyzed
using two-way ANOVA and post-hoc Sidak’s comparison test. Data are presented as means + standard error of
the mean (SEM). *p<0.05; **p<0.01; ***p<0.001; ****p<0.0001.

When comparing TNZ warm vs TNZ cool conditions during the light circadian phase, WT mice
showed an increased number of REM sleep bouts during the Ta warm condition as previously demon-

strated. However, mean REM sleep bout durations remained unchanged as a function of Ta in both
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groups of mice (Suppl. Fig. 1). Finally, our prior results demonstrated that MCHR1-KO mice fail to show
changes in REM sleep expression during Ta warming during the light phase?®. We performed the same
Ta manipulation protocol in MCHR1-KO mice during the dark phase and again found no changes to
REM sleep as a function of Ta (Suppl. Fig. 2).

Opposite circadian responsiveness patterns between WT and Hcrt-KO mice were also observed
for Wake and NREM sleep. Specifically, WT mice during the light phase showed a significant decrease
in total wake time during thermoneutral Ta warming compared to both the baseline and TNZ cool
conditions (Fig. 3A). Hcrt-KO mice, in contrast, showed a significant increase in total wake time during
Ta warming compared to TNZ cool condition (Fig. 3A) manifested primarily by an increase in wake bout
duration without a significant change in wake bout number (Suppl. Fig. 1). NREM sleep appeared to be
less affected by Ta condition in all groups of mice. For example, although WT mice increased NREM
sleep during Ta warming with respect to the baseline condition during the light phase, a post-hoc anal-
ysis showed no differences with respect to the TNZ cool condition (Fig. 3B). In contrast, Hcrt-KO mice
again showed an opposite pattern with a significant decrease in NREM sleep durations during Ta warm-
ing compared to the cool condition (Fig. 3B). During the active (dark) phase, trends for opposite re-
sponsiveness patterns were again observed for wake and NREM sleep in the WT and Hcrt-KO groups
(Fig. 3D and 3E) but did not reach significance. Finally, NREM sleep bout number and mean NREM bout
durations were not significantly changed between the TNZ warm and cool conditions in all groups of
mice during either the light or dark phases (Suppl. Fig. 1).

Taken together, these data show that responsiveness to Ta warming is dependent on circadian
time and shows an opposite pattern between WT and Hcrt-KO mice. Moreover, mice lacking the
MCHR1 receptor, in contrast, fail to show changes in REM sleep during either circadian phase, con-
sistent with the critical role of the MCH system in driving increased REM sleep expression during ther-

moneutral Ta warming as was previously demonstrated?.

Cataplexy expression and Ta manipulation

To examine the role of Ta manipulation on both spontaneous and food-elicited cataplexy, the
Ta manipulation protocol was applied during the active (dark) circadian phase. Spontaneous cataplexy
was evaluated using the protocol described above, whereas the food-elicited cataplexy test (FECT) was
performed on a separate night using a standard protocol of placing 3g of milk chocolate in the cage at
ZT 12 immediately prior to lights off, corresponding two hours prior to the start of the Ta manipulation
protocol. The remainder of milk chocolate was removed in the morning upon lights on.

As expected, the presence of chocolate markedly increased the total number of cataplexy
events in Hcrt-KO mice over the normal chow condition (see Fig. 4A and 4B). Moreover, Ta warming

significantly and consistently decreased cataplexy expression compared to baseline (Fig. 4A) and the
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TNZ cool conditions (Fig. 4B). Although the effect of thermoneutral Ta warming on decreasing cata-
plexy was most pronounced in the FECT condition, similar results were observed for spontaneous cat-
aplexy (Fig. 4B). The reduction in cataplexy during Ta warming in the FECT condition was primarily
driven by a decrease in the total number of cataplexy bouts (Fig. 4B). However, Ta cooling in the FECT
condition was associated with a significant increase in mean cataplexy bout duration compared to
baseline (Fig. 4B).

Ta manipulation coupled with FECT also clearly demonstrated significant changes with respect
to REM sleep expression, showing an opposite responsiveness pattern from cataplexy. As figure 4C
shows, Ta warming significantly increased REM sleep expression compared to both the TNZ cool and
baseline conditions. This effect was more pronounced in the second half of the night where REM sleep

expression is particularly increased in Hcrt-KO mice (Fig. 4C).
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Figure 4. Dissociation of cataplexy and REM sleep during thermoneutral ambient temperature (Ta) warming in
Hcrt-KO (n=9) mice. A) Cataplexy expression in 1-h bins during the 12-h dark phase, followed by the first 3-h of
the light phase showing results during the food elicited cataplexy test (FECT, dark green) and spontaneous (light
green) cataplexy conditions either during constant Ta (dashed line) or the Ta manipulation protocol (solid line).
Significant differences for the FECT condition using a two-tailed student’s t test between the constant Ta and Ta
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manipulation conditions are shown. B) Total durations of cataplexy, cataplexy bout number and mean cataplexy
bout durations per hour for the baseline, TNZ warm and TNZ cool conditions. The FECT and spontaneous cata-
plexy recordings were performed on separate nights. C) The dissociation of REM sleep and cataplexy is demon-
strated as a temperature effect during the dark phase with Ta manipulation and as a circadian effect during the
light phase. REM sleep expression during the FECT condition is displayed with a replotting of cataplexy expression
from A) across the 12-h dark phase and the first 3-h of the light phase. D) Total durations of REM sleep, REM
sleep bout number and mean REM sleep bout durations expressed per hour of baseline, TNZ warm and TNZ cool
conditions. Results were obtained on separate nights for the presence of chocolate (FECT) or without chocolate
(spontaneous) conditions. Data were analyzed using two-way ANOVA and post-hoc Sidak’s comparison test. Data
are presented as means + SEM. *p<0.05; **p<0.01; ***p<0.001; ****p<0.0001.

These data demonstrate that thermoneutral Ta warming triggered a marked dissociation be-
tween cataplexy and REM sleep where total REM sleep time significantly increased concomitant with
cataplexy reduction. The increase in REM sleep was primarily driven by a significant increase in the
total number of REM sleep bouts. Finally, in addition to a Ta manipulation effect during the dark phase,
the dissociation of REM sleep and cataplexy was also observed as a circadian effect during the light

phase at constant Ta in both the baseline and FECT conditions (Fig. 4C).

Video actigraphy and sleep-wake behavior

Next, we determined whether the decrease in cataplexy and increase in REM sleep observed
during Ta warming could be explained by a change in waking behavior or sleep-wake expression.
Therefore, EEG/EMG recordings and detailed video actigraphy analyses of narcoleptic Hcrt-KO mice
were performed to directly compare the TNZ warm and TNZ cool conditions. We found no significant
changes in total wake durations during the active (dark) phase in Hcrt-KO mice as a function of Ta
condition (see Fig. 3D and 3E). Similarly, no significant differences were observed between the warm
vs cool conditions for the total number of wake bouts mean wake bout durations (Suppl. Fig. 1). More-
over, there were no significant differences observed for total NREM sleep time, number of NREM sleep
bouts, or mean NREM sleep bout durations as a function of Ta manipulation during the dark phase
(Fig. 3E and Suppl. Fig. 1).

Video recordings were then analyzed in detail using Ethovision tracking software. Individual
heat maps reflecting time and position in the cage failed to identify qualitative differences between
the TNZ warm vs TNZ cool conditions (see Fig. 5A vs 5B). Moreover, no differences were observed
between Ta conditions for any quantitative variable examined, including distance moved, mean veloc-
ity, time in nest, or frequency of entering the nest (Fig. 5C-5F). Taken together, these data indicate that
the decrease in cataplexy and increase in REM sleep expression as a function of Ta was independent

of both waking and NREM sleep and could not be explained by changes in waking motor activity.
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Figure 5. Video actigraphy of Hcrt-KO (n=7) mice during the food elicited cataplexy test (FECT) comparing
the TNZ warm and TNZ cool conditions. A-B) Individual heat maps failed to identify qualitative differences
with respect to time and position in the cage comparing the TNZ warm vs TNZ cool conditions as shown
here for a representative Hcrt-KO mouse. The box in the upper right corner represents the position of the
nest. C-F) Quantitative analyses regarding distance moved, mean velocity, time in nest and frequency of
entering the nest are shown. No significant differences were observed between the TNZ warm and TNZ
cool conditions.

Power Spectral EEG Analyses

Power spectral density and band power were analyzed for both WT and Hcrt-KO mice during
the active (dark) phase comparing the TNZ warm and TNZ cool conditions. For wake and NREM sleep,
no differences were observed as a function of Ta for either group of mice with the exception of an
isolated and small increase at the lowest frequencies in delta power (1-4 Hz) for the WT group during
the TNZ cool condition (Suppl. Fig. 3).

REM sleep revealed several differences with respect to band power and power spectral anal-
yses as a function of Ta condition. Specifically, WT mice showed a small but significant increase in the
delta power band in REM sleep during the Ta warm condition (Fig. 6A) which was not observed in Hcrt-
KO mice (Fig. 6B). Although no significant differences were observed for the theta band analysis (6-9.5

Hz band), small but significant increases in spectral power were observed for individual frequencies in
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the theta frequency range during REM sleep in the TNZ warm condition for both the WT and Hcrt-KO
groups (Fig. 6A and 6B).

The most striking difference between the TNZ warm and TNZ cool conditions was observed
during food-elicited cataplexy for the delta band during the Ta cool condition in Hcrt-KO mice (Fig. 6C).
This increase in delta power was consistently observed across delta frequencies. These results show
similarities to the “delta-theta” sleep events described in dual Hcrt-MCH ablated mice as seen during
sudden episodes of immobility®®. Similar findings, however, were not observed in the delta band for

the spontaneous cataplexy condition (Fig. 6D).
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Figure 6. Relative EEG power during REM sleep and cataplexy in the TNZ warm (red) vs TNZ cool (blue) condi-
tions. A-B) Band power and power spectral analyses for REM sleep in WT (n=15) and Hcrt-KO mice (n=11). C-D)
Band power and spectral power density during cataplexy in either the food elicited cataplexy test (FECT, n=8) in
the presence of highly palatable chocolate (A) or during spontaneous cataplexy (n=11) in the absence of choco-
late (B). Levels of significance indicated by color coding in the figure.

Discussion

It is well established that neural mechanisms controlling both sleep and thermoregulation are
tightly integrated?®32, For example, across mammalian species examined, thermoneutral Ta warming
is known to preferentially increase REM sleep over NREM sleep?333°, Moreover, REM sleep in endo-
therms is characterized by a loss of thermoregulatory defenses such as panting, shivering and sweat-
ing3>%. Our recent work demonstrates a critical role of the MCH system in dynamically increasing REM
sleep expression when the need for thermoregulatory defense is minimized such as when mice are
exposed to brief thermoneutral Ta warming bouts®. This prior work confirms the presence of neural
mechanisms that favor REM sleep when the need for thermoregulatory defense is reduced or absent.

Here, we demonstrate that narcoleptic mice show abnormal responsiveness patterns regard-

ing REM sleep and wakefulness expression in response to Ta warming compared to WT mice. Whereas
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WT mice increased REM sleep and decreased wakefulness during Ta warming presented in the inactive
(light) phase, Hcrt-KO mice show an opposite circadian pattern with decreased REM sleep and in-
creased wakefulness. Interestingly, Hcrt-KO mice showed increased REM sleep in response to Ta warm-
ing presented in the dark phase, although WT mice do not alter REM sleep or wake expression in the
same condition. Finally, we observed a markedly decreased cataplexy expression during thermoneu-
tral Ta warming concomitant with a significant increase in REM sleep even though waking activity re-
mained unchanged. This ability to dissociate REM sleep and cataplexy using Ta manipulation was pre-
viously unknown, a finding that we hypothesize may present a new technique to dissect neural circuits
responsible for the expression of these two phenomena.

In our study we limited Ta manipulation to the narrow thermoneutral zone (TNZ) of mice, i.e.,
between 24.5-32°C. It remains to be determined how Ta manipulation either below or exceeding this
narrow range may impact either REM sleep or cataplexy. Prior work comparing the housing of narco-
leptic mice at a constant low of 20°C vs a high at 30°C shows that both NREM and REM sleep are
increased during the warm vs cool condition®’. However, a Ta of 20°C is well below the thermoneutral
zone for mice, thus making comparisons with our data difficult. For our experiments, we specifically
restricted Ta manipulation to within the TNZ so as to minimize any confounding effects from NREM
sleep expression. As a result, our protocol resulted in minimal or small changes to NREM sleep between
the TNZ warm and TNZ cool conditions, demonstrating that the alterations in REM sleep expression

were relatively independent of other sleep-wake parameters.

Link between narcolepsy and abnormal thermoregulation

The Hcrt system is known to play an important role in not only driving wakefulness, but also in
increasing core body temperature associated with the waking state. Hcrt neurons, for example, in-
crease brown adipose tissue (BAT) activity through their direct projection to the raphe pallidus®3°. The

Hcrt system is also known to activate the sympathetic nervous system?°*2

and may thus also play a
role in peripheral vasoconstriction during wakefulness so as to decrease heat loss and improving heat
retention.

Prior work has also shown that patients with narcolepsy show abnormalities in thermoregula-
tory responses compared to healthy controls. For example, healthy individuals usually show cool distal
skin temperatures during active wakefulness associated with the circadian day, but then show vasodi-
latation and distal extremity warming in the evening both in anticipation of sleep and during sleep. In
contrast, patients with narcolepsy demonstrate an opposite thermoregulatory pattern with distal skin
warming during active daytime that is normally associated with sleep and correlating with severity of

daytime sleepiness****. Moreover, whereas daytime distal skin cooling in patients with narcolepsy sig-

nificantly improves their ability to maintain wakefulness, proximal skin warming at night improves their
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sleep consolidation and slow-wave sleep expression**¢, Interestingly, distal skin warming presented
at night in human narcolepsy appears to paradoxically increase wakefulness®, contrary to the in-
creased sleep propensity from skin warming observed in healthy controls*’™*°. Consistent with this
prior work, our narcoleptic mice also showed a paradoxical increase in waking when Ta warming was
presented during their inactive phase, in contrast to decreased waking in WT mice.

Our findings of opposite responsiveness patterns in mice with respect to REM sleep and wake-
fulness expression further support a dysregulation of thermoregulatory responses in narcolepsy. We
hypothesize that the lateral hypothalamus plays a key role in integrating numerous physiological vari-
ables, including energy status, circadian time, sleep homeostasis and ambient temperature for the
output control of wakefulness vs REM sleep®’. The mechanism by which the loss of the Hcrt neuropep-
tide leads to these thermoregulatory changes requires further investigation. However, we hypothesize
that in addition to disrupting output control mechanisms, Hcrt loss likely compromises complex LH

circuits required for the integration of these key input physiological variables.

REM sleep propensity and narcolepsy

Given the known reciprocal activity patterns of Hcrt and MCH neurons suggesting either direct
or indirect reciprocal inhibition!®, we originally hypothesized that Hcrt loss would lead to increased
REM sleep propensity secondary to MCH disinhibition. Specifically, we hypothesized that Hcrt-KO mice
would show even greater increases in REM sleep in response to thermoneutral Ta warming secondary
to a hyperactive responsiveness in the MCH system. Indeed, this concept of disinhibition of the MCH
system in narcolepsy was previously suggested using chemogenetic manipulation of MCH neurons in
Hert-KO mice!®. However, our results suggest a more complicated relationship between REM sleep
expression and Ta condition.

On the one hand, Hcrt-KO mice show increased REM sleep propensity compared to WT mice
when thermoneutral Ta warming is specifically presented during the active (dark) phase. On the other
hand, Hcrt-KO mice not only fail to increase REM sleep during Ta warming presented during the inac-
tive (light) phase, but unexpectedly show a circadian specific decrease in REM sleep in response to Ta
warming with increased wakefulness. Although currently speculation, one possible mechanism may be
that MCH neurons are already near their maximum firing responsiveness level during the inactive
phase in the absence of Hcrt. Thus, they may be unable to mount further increased responsiveness to
small increases in thermoneutral Ta warming. In the active dark phase, however, we speculate that
the MCH system may have a lower baseline responsiveness level, allowing Hcrt-KO mice to mount a
response to Ta warming that is normally prevented or counter-balanced during the circadian active

phase in the presence of Hcrt in WT mice.
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The use of Ta warming to selectively increase REM sleep expression during the circadian active
phase in narcoleptic mice presents a potential novel translational application for human narcolepsy
that requires further investigation. The characteristic increase in REM sleep propensity is a key param-
eter used as part of the multiple sleep latency test (MSLT) to diagnose narcolepsy*°!, but this clinical
test has been criticized as lacking sufficient sensitivity and specificity>>>4. Even for patients with une-
quivocal narcolepsy with cataplexy, a significant subpopulation fail to show the minimum requirement
of at least two naps with REM sleep®®. Moreover, test-retest reliability of REM sleep expression for
patients initially diagnosed with either narcolepsy without cataplexy or idiopathic hypersomnia is poor
with approximately 50% of patients showing a change in these diagnoses following a retesting with
the MSLT*°2°3, These data confirm a clinical need for more robust diagnostic tools in supporting the
diagnosis of narcolepsy, particularly narcolepsy without cataplexy, and in differentiating such patients
from other hypersomnias®®. We hypothesize that thermoneutral ambient or skin temperature warm-
ing during MSLT testing could present a novel technique to increase both sensitivity and specificity of

the test in the diagnosis of narcolepsy, a hypothesis requiring further investigation.

Ambient temperature and cataplexy

Thermoneutral Ta manipulation presents an unexpected ability to dissociate REM sleep and
cataplexy where Ta warming increases REM sleep but decreases cataplexy. Although novel, a similar
dissociation between REM sleep and cataplexy can be observed in Hcrt-KO mice during the circadian
inactive (light) phase in constant Ta conditions. Indeed, cataplexy expression during the circadian in-
active phase is rarely observed in narcoleptic mice. Although these data may seem to support recent
findings suggesting that REM sleep and cataplexy may be independent behavioral states with unique
neural mechanisms®, this perspective with respect to our findings requires further investigation.

The behavioral state instability hypothesis suggests that REM sleep components such as mus-
cle atonia intrude into the waking state. We speculate that REM sleep and cataplexy may be dissoci-
ated in narcolepsy through a gating of MCH neuronal activity. Specifically, our data are consistent with
the hypothesis that cataplexy is favored to occur in cooling when both Hcrt and MCH activities are
likely to be minimized in Hcrt-KO mice during Ta cooling. The normal response to Ta cooling is
arousal/waking, a behavioral response normally associated with increased Hcrt activity and a decrease
in MCH activity®®. Ta cooling, therefore, may lead to a dissociated condition not normally seen in WT
mice, a condition resulting from the concomitant hypoactivity of both the MCH and Hcrt systems (Fig.
7). In support of this hypothesis, it has recently been demonstrated that cataplexy expression is mark-
edly increased in Hert and MCH double-ablated mice!®. Moreover, calcium imaging using the Inscopix

miniscope shows that cataplexy is associated with a general absence of MCH activity’®. These data
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suggest that inactivity of both the Hcrt and MCH systems may further exacerbate behavioral state

instability and thus favor cataplexy.

WT _Light Phase Hcrt-KO_ Dark Phase

TNZ warm TNZ cool TNZ warm TNZ cool

MCH Hcert MCH Hcrt Hert
X X

REM Wake REM Wake REM Wake REM Wake

State Instability

Figure 7. Theoretical construct on the role of the MCH and Hcrt systems in modulating dynamic state stability
as a function of Ta. For WT mice, increased REM sleep expression during Ta warming is driven by MCH neuronal
activity?®, whereas the Hert system may favor wakefulness during Ta cooling. In Hert-KO mice, Ta warming may
theoretically favor REM sleep expression through an MCH response, thus maintaining state stability. Ta cooling,
however, may lead to state instability if the activity of MCH system is decreased without the counterbalance of
increased Hcrt activity.

Recent work further shows a peculiar state of motor immobility in dual MCH-Hcrt ablated mice
associated with marked increase in delta power reported as “delta-theta” sleep®®. Interestingly, we
observed a significant increase in delta power in Hcrt-KO mice during cataplexy specifically associated
with Ta cooling. To what extent this increase in delta activity may reflect hypoactivity of the MCH sys-
tem during Ta cooling remains to be determined.

Summary

Our findings demonstrate that Hcrt-KO mice show opposite circadian responsiveness patterns
compared to WT mice with respect to REM sleep and wake expression as a function of Ta. Given that
patients with narcolepsy also exhibit altered thermoregulatory response patterns, we suggest that
translational approaches utilizing Ta manipulation to improve sensitivity and specificity REM sleep ex-
pression in diagnostic testing for narcolepsy merits further investigation. Moreover, the ability to dis-
sociate REM sleep and cataplexy in Hcrt-KO mice as a function of Ta may provide new avenues to
dissect neural circuits controlling these two phenomena. Indeed, further work is required to determine

the role, if any, of the MCH system in gating cataplexy expression.
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