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Melanin-concentrating hormone neurons discharge
in a reciprocal manner to orexin neurons across

the sleep—wake cycle
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Neurons containing melanin-concentrating hormone (MCH) are
codistributed with neurons containing orexin (Orx or hypocretin)
in the lateral hypothalamus, a peptide and region known to be
critical for maintaining wakefulness. Evidence from knockout and
c-Fos studies suggests, however, that the MCH neurons might play
a different role than Orx neurons in regulating activity and sleep-
wake states. To examine this possibility, neurons were recorded
across natural sleep-wake states in head-fixed rats and labeled by
using the juxtacellular technique for subsequent immunohisto-
chemical identification. Neurons identified as MCH+ did not fire
during wake (W); they fired selectively during sleep, occasionally
during slow wave sleep (SWS) and maximally during paradoxical
sleep (PS). As W-Off/Sleep-On, the MCH neurons discharged in a
reciprocal manner to the W-On/Sleep-Off Orx neurons and could
accordingly play a complementary role to Orx neurons in sleep-
wake state regulation and contribute to the pathophysiology of
certain sleep disorders, such as narcolepsy with cataplexy.
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ince early neuropathological and lesion studies, the lateral

hypothalamus (LH) has been considered to be critical for the
maintenance of the waking state (1). More recently, neurons that
contain the peptide orexin (Orx, or hypocretin) were localized to
the LH (2), and Orx was found to be a necessary neuromodulator
for the maintenance of waking, because, in its absence, narco-
lepsy with cataplexy occurs in animals and humans (3-6).
Codistributed with neurons containing Orx are neurons con-
taining the peptide melanin-concentrating hormone (MCH) (7).
Although MCH was thought to act like Orx as an orexigenic
peptide in food consumption, it appeared to act in an opposite
manner to Orx on activity and energy consumption. Whereas
Orx knockout mice were narcoleptic, obese, and hypometabolic
(3, 8), MCH knockout mice were hyperactive, lean, and hyper-
metabolic (9). It thus appeared that MCH might influence
sleep-wake states in a different manner than Orx. Several studies
explored this possibility by examining c-Fos expression in rela-
tion to sleep—wake states. Whereas Orx neurons expressed c-Fos
after continuous waking maintained by total sleep deprivation,
MCH neurons expressed c-Fos after recovery from sleep depri-
vation, suggesting that they could be active during slow wave
sleep (SWS) and/or rapid eye movement (REM), also called
paradoxical sleep (PS) (10). In another study, MCH neurons
expressed c-Fos after recovery from PS deprivation and thus
particularly in association with PS (11). However, other studies
failed to see expression of c-Fos in MCH neurons after enhanced
natural SWS or carbachol-induced PS (12). However, c-Fos
expression is not a simple function of neural discharge or
increment in discharge but depends on the temporal pattern of
action potentials and also receptor activation (13, 14). Only by
recording the activity of specific neurons in association with
polygraphic and behavioral correlates can their discharge profile
and potential role in sleep—wake states be established. Because,
MCH, like Orx, neurons represent <10% of the cell population
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in the LH, their specific characterization necessitates their
immunohistochemical identification, which is possible by using
juxtacellular labeling of recorded cells in naturally sleeping—
waking, head-fixed rats. With this procedure, we established that
Orx neurons fire maximally during waking and virtually cease
firing during sleep, including SWS and PS (15). In the present
study, we used this approach to determine the discharge profile
of identified MCH neurons in relation to natural sleep-wake
states and their electroencephalographic (EEG) and electro-
myographic (EMG) correlates.

Results

Neurons recorded across the full sleep-wake cycle were labeled
by the juxtacellular technique with Neurobiotin (Nb), only one
cell per side per rat, before perfusion and fixation of the brain.
After staining of sections for Nb, sections containing Nb-labeled
cells were processed for dual-immunostaining of MCH and Orx
(Fig. 14). Nb+/MCH+ neurons were located in the LH in the
same region and often in close proximity to Orx neurons (LH,
Fig. 1 A and B).

In the search for MCH+ neurons, a total of 96 units were
successfully recorded across the full sleep-wake cycle, labeled
with Nb, located in the LH, and judged unequivocally immu-
nopositive (+) or immunonegative (—) for MCH and Orx. Cells
with all profiles of discharge were sampled during the search,
thus allowing a clear assessment of which cell types were not
MCH+ along with those that finally proved to be MCH+ (Table
1). Cells that did not manifest a significant change in their firing
rate across sleep-wake states, called “wsp-eq” (wake, SWS,
PS-equivalent), were not MCH+ (rn = 10). Cells that fired at
high rates during both active wake (aW) and PS, called “WP-
max,” and thus in positive association with cortical activation and
EEG gamma activity, were not MCH+ (n = 17). Cells that fired
maximally during aW and minimally during sleep, as “W-max,”
and thus in positive association with EMG amplitude, were not
MCH+, but included 6 (of 19) cells that were Orx+, as reported
(15) (Table 1). Cells that fired maximally during SWS, as
“S-max,” and thus in positive association with delta EEG
activity, were not MCH+ (n = 9). Finally, Nb-labeled cells that
fired maximally during PS, as “P-max,” and thus in negative
association with EMG activity, included 7 (of 41) cells that were
MCH+.
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Fig. 1. Recorded, Nb-labeled, MCH-immunopositive neurons were located
near the Orx neurons in the lateral hypothalamus. (A) Fluorescence image of
Nb-labeled (green, Cy2, filled arrowhead in A7) neuron (c134u01), which was
immunopositive for MCH (red, Cy3, arrowheads in A2) and located near
codistributed Orx+ neurons (blue, Cy5, pointersin A3 and in merged image in
A4). (Scale bar, 25 um.) (B) Location of recorded, Nb+/MCH+ neurons (n = 7)
on a coronal atlas section (=~ —2.8 mm from bregma or 6.6 mm anterior to
interaural zero) through the lateral hypothalamus. The cell shown in A is
represented as the largest symbol in B. (Scale bar, 1 mm.) Arc, arcuate nucleus;
DMH, dorsomedial hypothalamic nucleus; f, fornix; ic, internal capsule; LH,
lateral hypothalamus; mt, mammillo-thalamic tract; ot, optic tract; VMH,
ventromedial hypothalamic nucleus; ZI, zona incerta.

It should also be mentioned that, during this long search,
manipulations of food or sucrose intake were attempted in some
animals according to results suggesting that MCH neurons would
become active either after reduced food intake and negative
energy balance (16) or conversely after increased glucose levels
and positive energy balance (17). Although one MCH + cell was

Table1. Number of Nb-labeled MCH+, Orx +, or MCH—/Orx—
neurons with different sleep-wake discharge profiles

Sleep-wake

discharge

profile Total Nb+/MCH—/Orx— Nb-+/Orx+* Nb+/MCH+
wsp-eq 10 10 0 0
WP-max 17 17 0 0
W-max 19 13 6 0
S-max 9 9 0 0
P-max 41 34 0 7
Total 96 83 6 7

By statistical analysis of their mean firing rate per second during active
wake (W), SWS (S), or paradoxical sleep (P) (one-way ANOVA), units were
distinguished as having equivalent firing rates across states (wsp-eq) or sig-
nificantly different firing rates across states, in which case they were further
classified according to the state or states during which their rate was maximal
(by Bonferroni correction for multiple paired comparisons).

*Ref. 15.
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found under the first condition (of 19) and one under the second
condition (of 6), the probability of finding MCH+ cells was low
under both conditions and the profile of the MCH + cells was the
same under both conditions. Indeed, after discovering that only
cells that discharged maximally during PS under either condition
were MCH+, the search for MCH+ cells was subsequently
pursued under normal feeding conditions and focused particu-
larly on cells discharging during sleep and maximally during PS.
Despite the subsequent preferential selection of P-max cells, the
total number of identified MCH+ cells represented ~7% of all
of the Nb-labeled neurons (n = 96) in our sample (Table 1),
which is similar to the proportion of MCH+ cells in the total cell
population within the LH (10).

The MCH+ neurons did not fire during active (aW) or quiet
W (qW). They fired very occasionally during the transition into
SWS (tSWS) and SWS. They emitted a few spikes in the
transition to PS (tPS) and then discharged at their maximum rate
during PS (Fig. 2). The average discharge rate of MCH+
neurons during PS was quite low, 1.1 = 0.26 Hz (mean + SEM
for 6 cells having >1-min epochs per state), whereas their
average instantaneous firing frequency was much higher,
21.73 = 7.86 Hz, reflecting a phasic pattern of firing [supporting
information (SI) Fig. S1 4 and B]. The average duration of their
individual spikes was 2.06 £ 0.23 ms (n = 7) (Fig. S1C). During
tSWS, SWS, or tPS, they tended to fire in doublets (Fig. 2C and
Movie S1). During PS, they tended to fire phasically also in
doublets or groups of spikes and often so during periods of rapid
movements or twitches of the whiskers and muzzle (Fig. 2C2 and
Movie S2). Yet, they also discharged during quiet periods of PS.
During the transition from PS to aW, they ceased firing com-
pletely on arousal and the return of neck muscle tone to remain
silent during both aW and qW (Fig. 2C3 and Movie S3). Across
the sleep—wake cycle, the MCH neurons thus discharged during
periods of low muscle tone (Fig. 24 and C), and their discharge
rate was negatively correlated with EMG amplitude (r = —0.42,
in 4 rats having good EMG recordings).

The MCH+ neurons did not comprise all of the Nb-labeled
P-max neurons recorded in the LH and in fact represented only
17% of them (Table 1). The Nb+/MCH+ neurons differed on
average from the Nb+/MCH—, P-max neurons, which had a
significantly higher mean discharge rate (7.14 = 1.02 Hz; P <
0.05 according to ¢ test) and insignificantly higher mean instan-
taneous firing frequency (50.88 + 8.79 Hz, P = 0.18) during PS
along with a significantly narrower mean spike width (1.51 =
0.06 ms; P < 0.01). However, on each of these variables, the 2
groups overlapped considerably such that unequivocal distinc-
tion of the MCH+ from the MCH— P-max cells proved impos-
sible with use of any 1 or all 3 of these parameters (Fig. S2) and
only possible by immunohistochemical staining of the Nb-
labeled cells.

Interestingly, MCH+ neurons showed a reciprocal pattern of
discharge to that of Orx+ neurons, which were previously
identified by using juxtacellular labeling as W-max cells (15) (Fig.
3). Whereas the MCH+ neurons were silent during aW and qW
and were most active during PS, the Orx neurons were most
active during aW and virtually silent during PS, except during the
last several seconds preceding waking. Neither MCH nor Orx
neurons discharged in direct association with EEG gamma or
delta activity. However, MCH neurons discharged in negative
association with EMG amplitude, whereas Orx neurons dis-
charged in positive association with EMG amplitude, reflecting
postural muscle tone. Concerning other discharge properties, the
MCH + neurons did not differ significantly from Orx+ neurons,
which had a relatively low average maximal discharge rate
(3.17 £ 0.79 Hz) and instantaneous firing frequency (12.19 = 2.9
Hz) and relatively long spike duration (2.02 = 0.07 ms; P > 0.05,
according to t tests for 6 or 7 MCH+ and 6 Orx+ neurons)
(Fig. S3).
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Fig.2. Nb-+/MCH+ neuronsdischarged only during sleep. (4) Data from Nb+/MCH+ unit (c134u01, Fig. 1) showing the sleep—wake stage scored per 10-s epoch,
together with simultaneous EEG amplitude (wV/Hz with frequency on y axis and amplitude scaled according to color), EMG amplitude (wV), and unit spike rate
(Hz) per second of the recording session. Note that the unit fired during SWS or tSWS, tPS, and PS when EEG showed prominent slow (<5 Hz) or theta (~6-8
Hz) activity and EMG amplitude was relatively low. Vertical dashed lines indicate precise moments of transition between SWS and tPS, tPS and PS, and PS and
aW here and within corresponding segments 1, 2, and 3 in C. (B) Mean spike rate (Hz) of the Nb+/MCH+ unit per sleep-wake stage. Note that it did not fire during
aW or qW, fired very little during tSWS, SWS, and tPS, and fired maximally during PS. (C) Polygraphic records (from 1-min periods indicated in A) of the unit
discharge along with EEG and EMG activity during passages between states: (7) from SWS to tPS, (2) from tPS to PS, and (3) from PS to aW. Note that the unit
fired only very occasionally with 1 or 2 spikes during periods of SWS and tPS (shown in C7). It discharged phasically in groups of spikes to reach its highest rates
during PS (shown in C2). It ceased firing on arousal (marked by dashed line indicating transition during uncategorized epoch) and during the subsequent awW
period (shown in C3). Movies S1-53 are also shown of 30-s segments of continuous SWS (7), PS (2), and aW (3) taken before (7) or after (2 and 3) the transitional
periods shown in C. Calibrations: horizontal, 10 s; vertical, 1 mV (EEG, EMG), 2 mV (unit). OB, olfactory bulb; PF, prefrontal cortex; RS, retrosplenial cortex.

Discussion fasting would be corroborated by the current results showing
Applying juxtacellular recording and labeling of neurons in selectlvle dlschgrge of the MCH+ cells c'lu.rlng sleep..
head-fixed rats, the present study reveals the discharge profile of Previous evidence from studies examining expression of the

identified MCH neurons across the sleep-wake cycle. Remark- immediate early gene, c-Fos, had indicated that MCH neurons
ably, MCH neurons did not fire during waking, fired occasionally ~ Would be more active during SWS and/or PS than during waking
during SWS, and fired maximally during PS. As Wake-Off/ (.10, 11). Yet, c-Fos together with other gene expression is not
Sleep-On cells, their profile of discharge is reciprocal to that of mmply determined by the number or Increment of action po-
Orx+ cells, which are Wake-On/Sleep-Off (15, 18) tentials (13, 14). It is likely for this reason that c-Fos is not

The Com’plete silence of the MCH E eurons d’urin;.; both quiet evident in MCH neurons under baseline conditions in rats (10,
and active wake was surprising because high activity during 11) or under any conditions in cats (12)2 dgsp ite_significant
waking was reported for the majority of neurons in this wake- amounts .OESWS and PfS. Thalt C_F((;S expression in %\é{ CbH(Iileurons
promoting region of the hypothalamus (19). The silence of MCH oceurs with recovery from slecp ceprivation cowd be duc 1o a
neurons during waking was also found in animals after food pa;tlculag Sd\l)\s](éhargepls)a;t;ﬁn and/i)r receptor act;vatlon (llulr e

. ter tot

restriction or sucrose administration, 2 different conditions of celzp?ilxl/(;ft:ion for a; short per?(r)?la;ioe(;?c;zcg;?s] Efl:x;es(;igns iiez
energy balance that were proposed to stimulate activity in MCH  yery small percentage of MCH neurons (10), sleep recovery after
nMeg?I)niss(ig’t iig-edAC;;lagzig:zﬂgpéié?g\;lvga?;‘:l(cifsﬁldelf:;: tfk:;t] PS deprivation for a prolonged period produced c-Fos expres-

ML \ : ’ . e ! sion in a major proportion of MCH neurons (11). This difference
indicate the inverse. Fasting, like leptin deficiency, results in  ¢ould well be due to the more selective and enhanced increase

increased expression of MCH mRNA (20) and cAMP response  in PS after PS deprivation in the latter study. Yet, it might also
element (CRE) transcription in MCH neurons (16), particularly  be due in part to changes in energy stores that follow prolonged
in the later phase of fasting when body fat is decreased (21). The  total sleep or PS deprivation and include decreased body fat and
up-regulation of MCH was reported to occur only during the  serum leptin (23, 24), which stimulate gene expression in the
resting phase (22), when rodents sleep the majority of the time. =~ MCH cells (above). Nonetheless, the c-Fos expression occurred
Because gene expression can be stimulated by neural discharge  in MCH cells only after 3 h of recovery sleep and not directly
(14), increased MCH expression during sleep in response to  after the 72 h of PS deprivation (11). Interpreted in light of the
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MCH neurons discharged in a reciprocal manner to Orx neurons across sleep-wake states. (A) The mean spike rate (Hz) per stage of Nb+/Orx+ units

(n = 6; from ref. 15) varies in a reciprocal manner to that of Nb+/MCH+ units (n = 6; this study). (B) The reciprocal firing profiles were not correlated with EEG
gamma or delta activity but were correlated in an inverse manner with EMG amplitude, positively for the wake-active Orx neurons and negatively for the MCH
sleep-active neurons. EEG and EMG plotted as mean normalized amplitude from the same recordings as units.

present results, the immediate early genes, such as c-Fos, as well
as other genes (above), are likely stimulated under appropriate
conditions by the maximal discharge of the MCH neurons, which
can only occur with the full sleep cycle culminating in PS.

Although they discharged occasionally during SWS, the MCH
cells discharged fully only during the state of PS. They did not
discharge fully during the transition into PS, nor continuously
during PS. They accordingly did not appear to generate the state
of PS but more likely to participate in certain of its components.
It is perhaps for this reason that knockout of the MCH1 receptor
did not result in decreases of PS, SWS, or total sleep (25).
However, pharmacological antagonism of the MCH1 receptor
did produce a dose-dependent decrease of PS and SWS in favor
of waking (26). Moreover, knockout of the peptide, MCH
resulted in significant decreases in SWS along with total sleep
(27). Interestingly, MCH-deficient mice showed a greater de-
crease in sleep, including PS and SWS in response to fasting (27),
indicating a particular role for MCH in the maintenance of sleep
in relation to metabolic status.

The discharge of MCH neurons was not related to EEG
activity but was negatively correlated with EMG activity, be-
cause it was highest during PS when muscle atonia occurred.
Given that MCH neurons project into the brainstem and spinal
cord where they may directly influence motor neurons (28), it is
possible that they may serve to attenuate motor activity and
muscle tone during PS. Interestingly, in MCH or MCH1 receptor
knockout mice compared with wild type, motor activity is
increased and most markedly after fasting (27, 29). Moreover, in
these MCH-deficient mice, temperature, heart rate, and meta-
bolic rate are increased along with energy expenditure (29).
Conversely, infusion of MCH decreases temperature, heart rate,
and metabolism (30, 31) and enhances SWS and PS (11). Given
the profile of their discharge revealed here, it is thus possible that
MCH neurons act to decrease temperature, heart rate, and
metabolic rate along with motor activity by central and periph-
eral actions that enhance parasympathetic tone and attenuate
sympathetic and somatomotor activity during sleep. MCH neu-
rons could thus serve to conserve energy selectively during sleep.
Indeed, during times of decreased food availability or fasting,
which result in activation of MCH (above), natural decreases in

Hassani et al.

body temperature and metabolic rate are selectively enhanced
during sleep, whereas energy expenditure with food foraging is
maintained during waking (32, 33).

It is strikingly revealed in this study that the MCH neurons
discharge in a reciprocal manner to the Orx neurons across the
sleep-wake cycle and in relation to muscle tone. Such reciprocal
profiles of discharge could be due to the different intrinsic
membrane properties of these cell groups, such that in vitro
MCH neurons are spontaneously hyperpolarized and silent,
whereas Orx neurons are depolarized and active (34). Or, they
could be due to their different modulation by neurotransmitters
of the arousal systems, MCH neurons being inhibited and Orx
neurons being excited by NA, for example (35). These 2 systems,
in turn, appear to have opposite effects on their target neurons,
MCH exerting pre- and postsynaptic inhibitory effects, Orx
exerting pre- and postsynaptic excitatory effects (36). MCH
decreases motor activity, temperature, and metabolism while
enhancing parasympathetic tone (above), whereas Orx increases
motor activity, temperature, and metabolism while enhancing
sympathetic tone (8, 37, 38). MCH induces sleep (11), whereas
Orx evokes arousal (39). Blocking MCH receptors decreases
sleep (26), whereas blocking Orx receptors increases sleep (40).
The reciprocal profile of the MCH and Orx neurons thus reflects
their complementary actions and roles in activity, temperature,
metabolism, and integrated sleep-wake state generation.

The reciprocal profiles and roles of the Orx and MCH neurons
could be significant in the manifestation of sleep disorders. It is
possible that narcolepsy with cataplexy, which occurs with the
loss of Orx neurons (4, 6), is provoked in part by the MCH
neurons that remain intact in the narcoleptic patients (5). It is
also interesting to note that, in depression, with which an
elevated incidence of short-onset REM sleep periods and cat-
aplexy occur (41), decreased Orx activity and enhanced MCH
activity have been suggested to play a role (16, 42). Conversely,
perhaps the recently documented loss of MCH neurons in
Parkinson disease (43) could contribute to the absence of
cataplexy and high incidence of “REM sleep without atonia”
and “REM sleep behavior disorder” in this disease (44). Com-
plementary roles of the Orx and MCH neurons in the hypothal-
amus could thus participate in the normal regulation of arousal,
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muscle tone, and sleep-wake states and disturbance to their
reciprocal actions contribute to different symptoms involving
sleep—wake states in neuropsychiatric disorders.

Methods

Recording and juxtacellular labeling of neurons was performed in adult male,
Long-Evans rats, which previously had been operated on for implantation of
EEG and EMG electrodes and a u-frame for head fixation and had been
habituated to the head-fixed condition as described in ref. 15 (see S| Methods:
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