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Abstract:  Most brain neurons are active in waking, but hypothalamic neurons that synthesize 57 
the neuropeptide melanin-concentrating hormone (MCH) are claimed to be active only during 58 
sleep, particularly REM sleep.   Here we use deep-brain imaging to identify changes in 59 
fluorescence of the genetically encoded calcium (Ca2+) indicator GCaMP6 in individual 60 
hypothalamic neurons that contain MCH.  An in-vitro electrophysiology study determined a 61 
strong relationship between depolarization and Ca2+ fluorescence in MCH neurons.  In ten 62 
freely-behaving MCH-cre mice (male and female), highest fluorescence occurred in all recorded 63 
neurons (n=106) in REM sleep relative to quiet waking or non-REM sleep. Unexpectedly, 70% 64 
of the MCH neurons had strong fluorescence activity when the mice explored novel objects.  65 
Spatial and temporal mapping of the change in fluorescence between pairs of MCH neurons 66 
revealed dynamic activation of MCH neurons during REM sleep and activation of a subset of the 67 
same neurons during exploratory behavior.  Functional network activity maps will facilitate 68 
comparisons of not only single neuron activity but also network responses in different conditions 69 
and disease. 70 

 71 
Significance Statement: Functional activity maps identify brain circuits responding to 72 
specific behaviors, including rapid-eye movement sleep (REM sleep), a sleep phase when the 73 
brain is as active as in waking.  To provide the first activity map of individual neurons during 74 
REM sleep, we use deep-brain calcium imaging in unrestrained mice to map activity of 75 
hypothalamic melanin-concentrating hormone (MCH) neurons. MCH neurons were found to be 76 
synchronously active during REM sleep, and also during exploration of novel objects.  Spatial 77 
mapping revealed dynamic network activation during REM sleep and activation of a subset of 78 
the neurons during exploratory behavior. Functional activity maps at the cellular level in specific 79 
behaviors, including sleep, are needed to establish a brain connectome. 80 
 81 
  82 



 

 4 

Introduction 83 
 84 
An important goal in neuroscience is to map the circuits in the brain that are activated in 85 

response to specific behaviors.  In humans, functional connectivity maps derived from functional 86 
MRI studies identify specific brain regions that are activated during rapid-eye movement sleep 87 
(REM sleep) (Chow et al., 2013), a period of sleep when the brain is as active as in waking.  88 
During waking specific circuits are required to accomplish the task, and activity in the circuit 89 
represents use-dependent function of the circuit (Picchioni et al., 2013).  However, in REM sleep 90 
there is no sensory input, and still circuits are activated. The purpose of the activation during 91 
REM sleep is not known, but may be indicative of an internally cued cognitive state that 92 
underlies dreaming and memory consolidation (Nir and Tononi, 2010).     93 

 94 
REM sleep is present in all mammals and birds, and may even extend to reptiles (Shein-95 

Idelson et al., 2016).  Functional connectivity maps have identified activation of specific regions 96 
in REM sleep in humans, but to establish a connectome of sleep it is necessary to identify 97 
activation of individual neuronal phenotypes during REM sleep.  Some neuronal phenotypes, 98 
such as those containing norepinephrine (Aston-Jones and Bloom, 1981), serotonin (Wu et al., 99 
2004), histamine (John et al., 2004) or orexin/hypocretin (Lee et al., 2005; Mileykovskiy et al., 100 
2005) are considered to be arousal neurons because they are silent in REM sleep.  Therefore, we 101 
focused on the hypothalamic neurons containing the neuropeptide melanin-concentrating 102 
hormone (MCH) which are intermingled with the arousal orexin and histamine neurons;  MCH 103 
neurons are considered to be active only in sleep, particularly REM sleep (Hassani et al., 2009).  104 
MCH is a cyclic neuropeptide present in the hypothalamus of all vertebrates, and MCH neurons 105 
project widely throughout the brain (Nahon et al., 1989; Bittencourt et al., 1992; Cvetkovic et al., 106 
2004) (Elias et al., 1998; Peyron et al., 1998).  Optogenetic stimulation of the MCH neurons 107 
induces sleep in both mice and rats (Blanco-Centurion et al., 2016) (Jego et al., 2013) 108 
(Konadhode et al., 2013; Tsunematsu et al., 2014), indicating a common neuronal phenotype 109 
driving sleep in at least rodents.  The activity of MCH neurons in mice, where indices of REM 110 
sleep have been firmly validated, can be used to identify activation of a common circuit in REM 111 
sleep.   112 

 113 
In the present study, we use deep-brain imaging (Ghosh et al., 2011) (Hamel et al., 2015) 114 

to measure Ca2+ gradients associated with enhanced neuronal activity (Tian et al., 2009) in 115 
individual neurons. The genetically encoded Ca2+ indicator (GCaMP) introduced into 116 
phenotype-specific neurons provides an index of depolarization of the neuron and serves as a 117 
readout of activity of the neuron (Chen et al., 2013).  We discovered that in MCH-cre mice the 118 
MCH neurons show synchronized network activation during REM sleep.  Unexpectedly, the 119 
MCH neurons were also activated during exploratory behavior, but not during walking, eating or 120 
grooming.  Spatial mapping of the relationship of the fluorescence between pairs of MCH 121 
neurons identified a dynamic pattern of network activation during REM sleep and activity of 122 
subsets of the neurons during exploration of novel objects.  Mapping activity patterns within a 123 
single neuronal phenotype provides a framework for comparison of activity of the underlying 124 
network during different conditions and disease. 125 
 126 
  127 
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Methods 128 
 129 
Approvals: All procedures in the mice were approved by institutional committees and abided by 130 
the National Institutes of Health protocols on the care and use of animals. The in-vitro studies 131 
were approved by The Yale University Animal Use Committee while the Ralph H. Johnson VA 132 
Institutional Animal Care and Use Committee approved all procedures for the in-vivo studies in 133 
freely-behaving mice (protocols 602 and 607).    134 
 135 
Simultaneous Ca2+ Imaging and Whole-Cell Recording of MCH Neurons in Brain Slices: 136 
For experiments involving simultaneous Ca2+ imaging and whole-cell recording, Cre-dependent 137 
expression of GCaMP6s in MCH neurons was obtained by injecting 138 
AAV1.CAG.FLEX.GCaMP6s.WPRE.SV40 (Chen et al., 2013) (3.208 x 1013 IU/ml titer, Penn 139 
Vector Core, Philadelphia, PA) bilaterally (1.5 μl each side) into the hypothalamus (-1.6 mm 140 
anteroposterior; ± 1.25 mm mediolateral; -5.25 mm dorsoventral relative to bregma) of 1-month-141 
old male MCH-Cre mice (Kong et al., 2010)(Jackson Laboratories, Bar Harbor, ME; RRID: 142 
IMSR_JAX:014099). Three to four weeks later, 300 μm-thick, coronal brain slices were 143 
prepared and GCaMP6s-expressing MCH neurons in the hypothalamus were imaged using a 144 
CCD camera (ORCA-ER, Hamamatsu, Bridgewater, NJ) connected to an upright fluorescence 145 
microscope (BX51WI, Olympus, Tokyo, Japan), with a neutral density filter in the excitation 146 
light path to reduce  light transmittance to 25% to minimize photobleaching. Images were 147 
acquired at 1 Hz, with an exposure time of 1 s, controlled by μManager software (Open Imaging, 148 
San Francisco, CA), and analyzed for fluorescence changes using ImageJ software (National 149 
Institutes of Health, Bethesda, MD) and Igor Pro software (Wavemetrics, Lake Oswego, OR). 150 
Whole-cell recordings, acquired with an EPC 9 patch-clamp amplifier (HEKA Instruments, 151 
Holliston, MA), were obtained from the GCaMP6s-expressing MCH neurons immediately prior 152 
to Ca2+ imaging. Bath solution contained (in mM): 124 NaCl, 3 KCl, 2 MgCl2, 2 CaCl2, 1.23 153 
NaH2PO4, 26 NaHCO3, and 10 glucose (gassed with 95% O2/5% CO2; 300-305 mosmol l-1); 154 
pipette solution contained (in mM) 145 potassium gluconate, 1 MgCl2, 10 HEPES, 1.1 EGTA, 2 155 
Mg-ATP, 0.5 Na2-GTP, and 5 Na2-phosphocreatine (pH adjusted to 7.3 with KOH; 285-295 156 
mosmol l-1). Pipette and cell capacitance were compensated using PatchMaster software 157 
(HEKA), which was also used to acquire and, together with Igor Pro software, analyze the data. 158 
Electrophysiological data were acquired at 10 kHz, filtered at 3 kHz, and corrected for the liquid 159 
junction potential, which was 8 mV.   160 
 161 
In-vivo animals and surgery: The MCH-Cre (Jackson Laboratories, hemizygous for Tg 162 
(PMCH-Cre)1Lowl; RRID: IMSR_JAX:014099) mice were bred in our facilities and those that 163 
were Cre+, based on genotyping of tail snips (Transnetyx.com), were used.  After surgery the 164 
animals were housed singly in Plexiglas cages with bedding, and food and water were available 165 
ad-libitum. The temperature in the sleep recording room was 250C and a 12:12h light-dark cycle 166 
(6AM-6PM lights on; 100 lux) was maintained. The mice were 171.4 days old [+/- 27.72] and 167 
weighed 36.04 g [+/- 3.81] at time of surgery. 168 
 169 

The mice were anesthetized (2% isoflurane) and using a stereotaxic apparatus the genetically 170 
encoded Ca2+ indicator, GCaMP6s (AAV-DJ EF1a-DIO-GCaMP6s; 2-4ul; 0.4 x e9/ul infectious 171 
titer;  Stanford Gene Viral Vector Core stock number 091), was injected slowly over a 10min 172 
period into the lateral hypothalamus (relative to Bregma A=-1.6; lateral=0.7; ventral from brain 173 
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surface=4.8mm).  In three mice, GCaMP6m (1ul;12.8 x e9/ul infectious titer; Stanford Gene 174 
Viral Vector Core stock number-092) was injected as our supply of GCaMP6s stock was 175 
finished.   176 

 177 
The viral injection cannula was held in place for 45 minutes and then slowly retracted.  After 178 

delivery of the virus, a GRIN lens (0.6mm diameter; 7.3mm length; Inscopix stock number 179 
1050-002208) was inserted into the same cannula track, and cemented to the skull.  At this time 180 
four screw electrodes for measuring the EEG were secured to the skull and two flexible wires  181 
were inserted into the nuchal muscles to measure the EMG.  The electrodes and lens were 182 
secured to the skull with dental cement.  The mice were administered carprofen for pain 183 
management.  Ten days later, the mice were anesthetized (2% isofluorane), placed in the 184 
stereotaxic instrument and a single photon miniaturized fluorescence microscope (Inscopix 185 
nVista) with a baseplate was positioned atop the implanted GRIN lens.  The baseplate of the 186 
microscope was secured to the lens with dental cement and the microscope detached.   187 

 188 
Time-line of studies in freely-behaving mice: Fourteen days after insertion of the Ca2+ 189 
indicator and lens, the mice were gently restrained (swaddled in terry cloth), a lightweight cable 190 
attached to the EEG-EMG electrodes, and the miniature microscope was attached to the 191 
baseplate.  The mice were returned to their home cage and allowed to adapt to the EEG tether 192 
and the microscope for 6-8 h periods in the day cycle (lights-on) for 3 successive days.  At the 193 
end of each adaptation period the microscope was detached, a protective cover plate was 194 
attached to the baseplate and the mice were returned to the vivarium. 195 
 196 
 The three days of adaption comprised of adapting each animal to the miniscope, 197 
recording clear EEG-EMG signals and identifying the focal plane of the miniscope that yielded 198 
the clearest fluorescence signal. In each animal we began by making brief (1-5 minuteAM 199 
recordings to identify the clarity of the fluorescence in neurons.  We quickly learned that in the 200 
MCH neurons abundant and clear fluorescence occurred during REM sleep.  Therefore, during 201 
these brief imaging sessions the miniscope was switched on for 1-5 minutes once it was evident 202 
that the mouse was transitioning into REM sleep.  The brief recording periods made it possible to 203 
quickly analyze (Mosaic software, Inscopix.com) the data and if the fluorescence signal was not 204 
clear then the miniscope was rotated by a quarter turn (25um)(the full exertion of the miniscope 205 
is 300um).  After establishing a focal plane that provided the sharpest fluorescence signal in 206 
neurons, we noted the position of the miniscope.   207 
 208 
 On the fourth day, at 9AM (three hours after start of the light-cycle) the animals were 209 
instrumented as in the adaptation period and allowed to sleep undisturbed for 4-6h.  Ca2+ influx 210 
during natural sleep was recorded primarily in the second half of the lights-on period (2-6 PM) as 211 
the first half of the day cycle was reserved for adapting the mice to the miniscope.  Ca2+ signals 212 
and sleep were recorded while the mice remained in their familiar home-cages.  Food and water 213 
were available ad-libitum in the cage.  The EEG, EMG, video of animal behavior and Ca2+ 214 
influx were recorded for one hour with complete cycles of wake, NREM and REM sleep.    215 
 216 
 Immediately after acquiring the data during natural sleep, the Ca2+ signal was monitored 217 
during a 10 minute period of exploring novel objects.   218 



 

 7 

Exploration of novel objects: In this test, the neurons were imaged during a ten-minute period 219 
while the mice were exploring novel objects (e.g. binder clip, small plastic building block, bottle 220 
cap) placed in their home cage.  The EEG, EMG and behavior were recorded.    221 
 222 
Ca2+ imaging in freely-behaving behaving mice:  We imaged only at the focal plane that 223 
provided the sharpest depiction of the neurons.  Ca2+ imaging data were recorded with nVista 224 
software (Inscopix, Inc) at 10 fps and 10% illumination setting (0.1mW at the tip).  The EEG and 225 
EMG signals were amplified via Grass amplifiers and recorded as analogue signals on a Plexon 226 
Omniplex system (Plexon, Inc).  This system also recorded the animal’s behavior via a video 227 
camera synchronized with the EEG-EMG data.  All data were analyzed offline using specific 228 
software (Neuroexplorer.com; Inscopix.com; Plexon.com). 229 
 230 

Calcium data were processed using Mosaic 1.2.0. (Inscopix.com).  The GCaMP data were 231 
analyzed in an independent and blind manner.  The initial nVista files were spatially reduced by 232 
a factor of two. We implemented pre-processing features to correct for defective pixilation, row 233 
noise and for dropped frames. Moreover, we corrected for motion artifacts to generate the 234 
steadiest calcium signal (less than 0.1um along the X,Y axis).  The corrected movies were 235 
subsequently filtered (mean filter). Next, the average fluorescence of all the frames in the 236 
recording period was determined and represented in a single reference frame (F0).  Thus, F0 237 
represented the average fluorescence irrespective of sleep-wake state or wake behavior. The 238 
change in fluorescence ( F/F0) in each frame of the movie at a given time (F(t)) was determined 239 
against the single reference frame according to the formula: F/F0 =((F(t)-F0)/F0).  Individual 240 
neurons (regions of interest, ROI) were automatically extracted from the normalized movie by 241 
the Mosaic software with principal and independent component analysis (PCA ICA).  Each ROI 242 
(neuron) was identified as a neuron based on cell-morphology.  Output from the independent 243 
components analysis (ICA) consisted of both the maximum projection image for each neuron 244 
and its fluorescence trace ( F/F0) versus time. The F/F0 in each neuron was exported into 245 
Excel whereas images were used for neuronal identification and mapping.  In each mouse, the 246 

F/F was expressed as Z scores.  Thus, in each mouse the entire fluorescence data set was 247 
standardized to Z-scores irrespective of sleep-wake behavior.  248 

 249 
Recording of sleep and other behaviors: The sleep-wake states were identified based on EEG, 250 
EMG and video data (Neuroexplorer.Com and Plexon.com).  Active waking was identified by 251 
behavioral activity of the mice in the video, the presence of desynchronized EEG, and high EMG 252 
activity when the animals were walking, rearing, eating, grooming, or digging.  Not all mice 253 
engaged in all of these behaviors. Quiet waking was identified by desynchronized EEG, lower 254 
EMG tone relative to active waking, and lack of behavioral activity in the video.  Non-REM 255 
(NREM) sleep consisted of high amplitude slow waves together with a low EMG tone relative to 256 
waking and sleeping posture on the video.  Pre-REM sleep (REM transition) represented the 257 
brief (15-20s) period before onset of REM sleep when the EEG displayed a mixture of delta and 258 
theta activity.  REM sleep was identified by the presence of regular EEG theta activity coupled 259 
with low EMG relative to slow wave sleep and a sleeping posture.  The video camera’s 260 
resolution and field of view made it difficult to detect the phasic aspects of REM sleep such as 261 
muscle twitches or vibrissae movement. 262 
 263 
 264 
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Analysis of Ca2+ fluorescence during natural sleep-wake bouts and exploratory behavior: 265 
From the EEG, EMG and video recording, clear episodes of quiet waking, NREM sleep, pre-266 
REM sleep (REM transition), and REM sleep were identified based on the criteria described 267 
above (Neuroexplorer.com).  The video was essential in identifying clear episodes of walking, 268 
eating, grooming, rearing, and digging.  Not all mice engaged in these waking behaviors.  During 269 
the test with novel objects, video recording was used to identify when the animals were 270 
exploring the objects.  The entire bout of REM sleep was sampled as a single episode of REM 271 
sleep.  Pre-REM sleep episodes represented the period (15-20s) just prior to the start of REM 272 
sleep when the EEG displayed a mixture of delta and theta activity.  NREM episodes that were 273 
sampled were distributed throughout NREM sleep with the sampling length being similar to the 274 
length of the individual REM sleep bout.  We identified episodes of quiet waking based on EEG-275 
EMG and video behavior during the recording period.  A researcher (PJS) blind to the Ca2+ 276 
imaging data selected the sampling episodes corresponding to the specific sleep-wake behavior.   277 
 278 
 The Ca2+ fluorescence data were analyzed by a researcher (CBC or SL) blind to the 279 
sleep-wake behavior data.  The fluorescence signals were expressed as a z-score in one-second 280 
bins without knowledge of and irrespective of the sleep-wake behavior.  After the sleep-wake 281 
behavior and the fluorescence data were analyzed, the two data sets were merged so that the 282 
rows represented time (one second increment), one column represented the sleep-wake behavior 283 
(quiet waking, NREM, pre-REM, REM sleep, dig, eat, groom, rear, explore), and the other 284 
columns represented the fluorescence in individual neurons in each mouse.  In each mouse, the 285 
average fluorescence (z-score) in each neuron during quiet wake, NREM, pre-REM, REM sleep, 286 
eating, grooming, walking, digging, rearing and exploration was determined and plotted.  287 
 288 
Analysis of the time-course of Ca2+ fluorescence during transitions between sleep-wake 289 
states: In each mouse the transition periods between sleep-wake states were identified and 290 
average fluorescence (z-scores) was determined.  To determine the temporal progression of the 291 
Ca2+ signal during NREM sleep, we sampled the 30s period before transitioning to 120s of 292 
NREM sleep.  We sampled 120s of NREM sleep during the transition from quiet waking to 293 
NREM to better identify the change in fluorescence as sleep progressed. The transition from 294 
NREM to pre-REM sleep (REM transition) represents 15s of NREM sleep that transits to 15s of 295 
pre-REM sleep.  For transitions to REM sleep we identified the 15s of pre-REM sleep that 296 
progressed into REM sleep.  Transition from REM sleep to waking represented the 30s of the 297 
REM sleep bout and the subsequent 15s in quiet wake.  The length of the transition periods was 298 
selected to properly convey the temporal pattern of the change in fluorescence across the various 299 
sleep states.       300 
 301 
Cross-correlations: To examine the temporal dimension of the calcium dynamics in MCH 302 
neurons, single episodes of REMS were plotted for each mice. Four mice that had the most 303 
extracted neurons were selected.   In these four mice, in REM sleep there were 84 neurons out of 304 
an overall total of 106 neurons.  For each neuron, the calcium signal (z-score) was smoothed 305 
(loess method), and then normalized as a percent of the neuron’s maximum fluorescence Z score. 306 
The Z scores that were used here were the same as those previously calculated to obtain average 307 
and maximum fluorescence response for each sleep state (0.1sec sampling rate).  The calcium 308 
signals obtained during exploratory behavior (56 neurons) were also plotted.  309 
 310 
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To determine the spatial-temporal map, one matrix determined the cross correlation 311 
coefficients of the fluorescence signal (temporal scale) while a second matrix tabulated the 312 
distance between the neurons in the field of view of the GRIN lens (spatial scale). The 313 
Pythagoras theorem calculated neuronal distances using cartesian coordinates where the center of 314 
the neuron on the maximum projection frame was used to mark its (x,y) position. A script was 315 
developed (MatLab; S.O.) to combine the temporal and spatial matrices in order to represent a 316 
2D spatial connectivity map. Spatial activity maps were created for REM sleep and for 317 
exploration of novel objects. Size of the circular symbol representing the neurons on the maps is 318 
denoted by the weight of significant (≥95% CI) cross correlation links using r>0.60 as the cutoff 319 
threshold. To reveal connection clusters, connectivity links were color-coded from threshold 320 
(r>0.6) to a perfect correlation (r=1.0).  Moreover, to determine whether distances among all 321 
neurons may relate to synchronicity, a Pearson correlation analysis was done (GraphPad Prism 322 
8.0). To strengthen the correlation analysis, distances were randomized. Pearson correlations 323 
were done for each mouse and condition (REM sleep and exploration). Finally, to determine 324 
whether there was a difference in synchronicity between conditions for all cross correlation 325 
values and number of neuronal pairs, group averages (± SEM) were calculated, plotted and 326 
statistically tested.   327 
 328 
Post-mortem analysis of GCaMP6 expression: The mice were anesthetized with 5% 329 
isofluorane and perfused transcardially with 0.9% saline (10 ml) followed by 10% buffered 330 
formalin in 0.1M PBS (30ml). The brains were collected and fixed in 10% buffered formalin for 331 
one week. The brains were equilibrated in 30% sucrose solution in 0.1 M PBS and cut coronally 332 
at 40 microns in 1 to 4 series. For MCH immunofluorescence staining, the sections were washed 333 
in 0.1M PBS and blocked with 2% normal donkey serum for 30 min. The floating sections were 334 
incubated overnight with rabbit anti-MCH primary antibody (1:1000 dilution, cat# H-070-47, 335 
Phoenix pharmaceutical; RRID: AB_10013632) at room temperature. The sections were washed 336 
in 0.1M PBS and incubated for 2hrs in donkey anti- rabbit - AlexaFluor 568 conjugated 337 
secondary antibody (1:500, cat# A10042, Thermo Fischer Scientific, RRID: AB_2534017).  The 338 
sections were washed and mounted onto gelatin coated slides and cover slipped using 339 
fluorescence mounting medium. The fluorescence images were obtained at 10x and 20x using 340 
Leica TCS-SP8 confocal microscope. The MCH immune-positive neurons (in red color, 341 
AlexaFluor 568) infected with AAV-DJ-EF1a-DIO-GCaMP6s virus specifically expressed 342 
EYFP (in green color). The co-localization of MCH-ir and EYFP was confirmed by 3D view 343 
software of Z- stack scan. 344 
 345 
Experimental design and statistical analysis: The mice were tested in a repeated measures 346 
design where the dependent variable was the Ca2+ fluorescence (z-score) in each neuron, 347 
between subjects was mouse by neuron and within-subjects were the repeated measures of the 348 
independent variables (quiet wake, NREM, pre-REM sleep, REM sleep, walk, dig, groom, eat, 349 
rear and explore).  Generalized linear mixed model (SPSS-25; IBM.com) with post-hoc 350 
Bonferroni paired comparisons (sequential adjusted) was used to compare the fixed and random 351 
effects of the repeated measure (wake-sleep states and behavior). An unstructured covariance 352 
matrix yielded a low Akaike Information Criteria and the best model fit.  The GLMM model was 353 
appropriate based on the correlation of the fluorescence data between the neurons, the skewed 354 
distribution of the data (Kolmogorov-Smirnov test for normality), and unbalanced design.  355 
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Statistical significance was evaluated at the P=0.05 level (two-tailed).  Graphs were plotted using 356 
GraphPad Prism (Graphpad.com). 357 
 358 
Data and material availability: All raw and extracted data, code and materials used in the study 359 
are available by writing to the corresponding authors.  We are happy to share the raw data and 360 
encourage data mining of the imaging data set to extend the analysis.  361 
 362 
Results 363 
 364 
In-vitro slice electrophysiology and GCaMP6 fluorescence of MCH neurons. A brain slice 365 
electrophysiology/imaging experiment showed that depolarization of MCH neurons transduced 366 
with GCaMP6s resulted in increased fluorescence (Figure 1). GCaMP6s-expressing MCH 367 
neurons in brain slices from MCH-Cre mice were recorded in the whole-cell configuration and 368 
imaged. GCaMP6s fluorescence ( F/F) increased in response to an injection of depolarizing 369 
current that evoked spikes (Figure 1A). There was a positive correlation between the change in 370 
GCaMP6s fluorescence and the number of spikes [Figure 1B]. This is the first direct 371 
confirmation that changes in GCaMP6 fluorescence in MCH neurons reflect an increase in 372 
spiking. 373 

 374 
Calcium during sleep and wake. Next, we recorded cytoplasmic Ca2+ levels in MCH neurons 375 
during sleep, and also during periods of activity such as walking, grooming, rearing, eating, and 376 
exploration of novel objects.  In ten MCH-Cre mice microinjections of the Ca2+ indicator 377 
[rAAV-DJ EF1a-DIO-GCaMP6s or -GCaMP6m] were made into the lateral hypothalamus where 378 
the MCH neurons are located.  Our data from postmortem imaging of mouse brains cleared by 379 
the CLARITY method (Shiromani and Peever, 2017) was critical in enabling the correct 380 
positioning of the GRIN lens atop clusters of MCH neurons, allowing us to maximize the 381 
number of MCH neurons that were imaged [Figure 2 A-C].  382 

 383 
GCaMP6 fluorescence signals were automatically extracted from individual MCH neurons in 384 

each MCH-Cre mouse utilizing principal and independent component analysis [PCA-ICA].  385 
Each MCH neuron could be tracked over time based on size, shape, and location (Figure 2 D and 386 
E).  For data analysis the average fluorescent signal associated with each neuron was represented 387 
as a z-score and plotted as a trace in relation to sleep-wake states and behavior [Figure 2 E and 388 
G].  A total of 107 individual neurons were imaged.  One neuron from mouse F35 was excluded 389 
from the analysis as an outlier since its z-score [z=7.82] during REM sleep was approximately 390 
two-fold above the other data.  Table 1 summarizes the number of neurons recorded, the gender 391 
of the mice and the slow versus medium type of the GCaMP6 that was used General linear 392 
mixed model revealed no significant difference between gender or between slow versus medium 393 
types of GCaMP6.   394 

 395 
To identify changes in fluorescence during specific sleep-wake behaviors a number of 396 

samples were taken during periods of natural sleep and quiet wake, and while the animals were 397 
engaged in specific wake behaviors. Table 1 summarizes the number and length of samples that 398 
were taken in each mouse.  GCaMP6 fluorescence from individual MCH neurons significantly 399 
increased with REM sleep [General linear mixed model: F[3,384]= 34.612; P=0.0001](Movie 1).  400 
Average GCaMP6 fluorescence was highest during REM sleep while the nadir was during quiet 401 
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waking and NREM sleep [sequential Bonferroni post-hoc tests] (Figure 3A).  Even when the 402 
mice were engaged in overt behaviors involving gross locomotor activity such as walking, 403 
eating, digging or grooming, the GCaMP6 fluorescence was significantly less than in REM sleep 404 
[sequential Bonferroni p<0.02] (Figure 3A). Mean GCaMP6 fluorescence during walking, 405 
eating, digging, grooming were not significantly different from each other [sequential 406 
Bonferroni].  Interestingly, following the introduction of novel objects in the home cage, we 407 
found that when the mice engaged in rearing behavior (stood on their hind legs), there was an 408 
increase in GCaMP6 fluorescence that was not significantly different from that during REM 409 
sleep [sequential Bonferroni p<0.065] (Figure 3A).  Thus, GCaMP6 fluorescence in at least one 410 
waking behavior, one associated with exploration and novelty (Lever et al., 2006), is similar to 411 
that in REM sleep.  This observation was unexpected since MCH neurons are believed to be 412 
active only in sleep (Hassani et al., 2009).  413 

 414 
To determine more closely the time-course of the change in fluorescence we examined the 415 

transition periods (1s epochs) between wake-sleep states (Figure 3B).  The fluorescence began to 416 
progressively increase from non-REM (NREM) to the pre-REM sleep period (15s before start of 417 
REM sleep), and peaked midway into REM sleep.  There was a decline in the signal just prior to 418 
the onset of waking (Figure 3B).   The fluorescence signal corroborates the pattern of 419 
electrophysiological activity of the MCH neurons (Hassani et al., 2009).   420 
 421 
Orchestration of MCH neuron activity. Next, we determined the pattern of fluorescence between 422 
the recorded neurons. During REM sleep, GCaMP6 fluorescence occurred in phasic bursts in all 423 
animals.  To study the synchronous pattern of the volleys we examined four mice where most 424 
MCH neurons were recorded (neurons=84 of 106 in REM sleep and 56 of 106 in exploration)  425 
[Figure 4A].  We determined that the individual volleys were highly temporally correlated 426 
[r=0.92] between the MCH neurons [Figure 4A].  Waves of Ca2+ volleys began to emerge at the 427 
start of REM sleep and the temporal pattern indicates that the fluorescence in the MCH neurons 428 
occurs simultaneously rather than sequentially. We did not find that the Ca2+ volleys in the 429 
MCH neurons were correlated with theta, slow wave ripples or up-down states in the cortex.   430 

 431 
To identify the spatial pattern of activation of the MCH neurons during REM sleep, we 432 

determined the relationship between the change in fluorescence among pairs of MCH neurons as 433 
a function of the distance between them.  There was a weak relationship between the 434 
fluorescence and distance between the neurons (r=0.13).  A spatial activity map summarizes the 435 
pattern of activation between distal and proximal MCH neurons in the field of view (Figure 5).  436 
During REM sleep, fluorescence changes in many MCH neurons were strongly correlated (r>0.6; 437 
p<0.01) with those in other MCH neurons, indicating ensemble activation of an MCH neural 438 
network during REM sleep.  This is the first study to document a dynamic pattern of activation 439 
of multiple neurons of the same phenotype during REM sleep.  440 
 441 

Having derived a pattern of activation of MCH neurons during REM sleep we asked whether 442 
other behaviors would also trigger a similar pattern.  Therefore, we monitored the MCH neurons 443 
during periods of exploratory behavior. Another study used fiber photometry to suggest that 444 
MCH neurons may be activated by sensory stimuli and novel object exploration (Gonzalez et al., 445 
2016); whereas fiber photometry cannot distinguish between individual cells, the miniscope 446 
provides spatial (distance between neurons in the field of view) as well as cellular resolution.   447 
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 448 
Following the sleep recordings, the mice were given novel objects to explore for 10 minutes.  449 

Figure 2F depicts the same field of view of the GRIN lens as in REM sleep (Figure 2D).  Figure 450 
2G depicts the changes in Ca2+ of three neurons during the exploration period (Figure 2G).  451 
During the exploration session some neurons that were excited in REM sleep were not 452 
fluorescent (Figure 2D and F).  We found that of the 106 MCH neurons that were activated 453 
during REM sleep, 69.8% (74 of 106 neurons) also showed increased fluorescence during novel 454 
object exploration.  Average fluorescence during exploration was not significantly different from 455 
that during REM sleep or rearing behavior [GLMM F=0.25; df=2, 239; not significant] [Figure 456 
3A]. When the novel objects were presented, mice engaged in behaviors associated with 457 
exploration and novelty, such as rearing and sniffing (Lever et al., 2006).   We did not find any 458 
MCH neurons that were selectively active only in exploratory behavior, while the remaining 32 459 
MCH neurons (30.19%) were selectively active only during REM sleep (chi- square=49.19; 460 
df=2; p<0.001).  Thus, a subset of MCH neurons were selectively active only during REM sleep. 461 
 462 

Figure 4B indicates that during exploratory behavior multiple MCH neurons were activated 463 
simultaneously and in a phasic manner [r=0.72] (Figure 4A), similar to that during REM sleep 464 
[r=0.92][rank sum test].  The average fluorescence increased when the mice investigated the 465 
objects by rearing and sniffing (Movie 2).  Figure 5 summarizes the spatial network map of the 466 
MCH neurons during exploratory behavior, and shows fewer strong associations between pairs 467 
of MCH neurons.  To quantify the change in network behavior, we computed pairwise 468 
correlation coefficients for all pairs of neurons during REM sleep versus exploratory behavior 469 
and determined that the magnitude of MCH network activation during exploratory behavior 470 
(mean correlation coefficient =0.43) was significantly less compared to REM sleep (mean 471 
correlation coefficient =0.54) (rank sum test=3.037; df=56; p<0.002).    472 
 473 
Discussion 474 

 475 
The primary observation of this study was that all of the recorded MCH neurons had highest 476 

GCaMP6 fluorescence during REM sleep relative to quiet waking or NREM sleep, corroborating 477 
for the first time the electrophysiology study in head-restrained rats (Hassani et al., 2009).  Our 478 
study breaks new ground by discovering that 70% of the MCH neurons were also activated 479 
during exploratory behavior, but 30% were active only in REM sleep.  In freely behaving mice 480 
the fluorescence in individual MCH neurons progressively increased from quiet waking, to 481 
NREM with a peak during REM sleep (Figure 3B). The sleep-related time-course of the 482 
fluorescence signal corroborates the pattern of electrophysiological activity of the MCH neurons 483 
noted in head-restrained rats (Hassani et al., 2009).  The rising pattern of the signal during sleep 484 
indicates that these neurons can be activated to induce sleep (Blanco-Centurion et al., 2016) 485 
(Jego et al., 2013) (Konadhode et al., 2013; Tsunematsu et al., 2014). Because the fluorescence 486 
signal is in individual neurons that can be mapped along a spatial and temporal scale, we 487 
discovered that during REM sleep there was ensemble activation of the MCH neurons in the 488 
field of view (Figure 4 and 5). This is the first evidence of concurrent activation of multiple 489 
neurons of the same phenotype during REM sleep. 490 

 491 
In the in-vitro study we confirmed that the fluorescence signal in the MCH neurons 492 

transfected with GCaMP6s was strongly linked to depolarization and generation of action 493 



 

 13 

potentials of the neuron (Figure 1), thereby validating the Ca2+ fluorescence in MCH neurons in 494 
the freely-behaving mice.  We used GCaMP6 (slow or medium) to monitor the change in 495 
intracellular Ca2+ because of its speed, very high sensitivity, intensity and durability of the 496 
fluorescent signal (Chen et al., 2013).  Both types of GCaMP6 have a similar peak response time 497 
to a depolarizing signal that triggers a single action potential, but the fluorescent signal of 498 
GCaMP6s takes 1.5 seconds to decay compared to 1.0 second for GCaMP6m (Chen et al., 2013). 499 
GCaMP6f (fast) has a decay time of 0.5s but is still too slow for detecting single spikes beyond 2 500 
Hz.  In the in-vivo study, the medium type of GCaMP6 was used because we exhausted our 501 
supply of GCaMP6s.  There was no significant difference in Ca2+ fluorescence between the two 502 
types of Ca2+ indicators.  Because of the slow time course of the decay of the fluorescent signal 503 
it is difficult to infer whether the imaged neuron fired as single spikes, or in clusters.  Newer 504 
voltage sensors or next generation GCaMP might be able to resolve the temporal pattern of 505 
imaged neurons (Bayguinov et al., 2017). 506 

 507 
Microendoscopy has been used to image activity of various phenotypes of brain neurons 508 

during quiet waking and sleep (Weber et al., 2015; Cox et al., 2016; Chung et al., 2017; Chen et 509 
al., 2018; Weber et al., 2018).  We took advantage of the versatility of the miniscope by also 510 
imaging the same neurons while the mice were exploring novel objects and discovered that 70% 511 
of the MCH neurons that were active in REM sleep were also active during exploration of novel 512 
objects.  During exploratory behavior and REM sleep the Ca2+ signal occurred in phasic bursts 513 
synchronized across the imaged neurons (Figure 4 and 5).  During exploratory behavior the Ca2+ 514 
signal in specific MCH neurons is likely to be based on input from sensory and motor circuits 515 
(Gonzalez et al., 2016).  However, during REM sleep, a time when the brain is considered to be 516 
as active as in waking, such sensory input is lacking, but the MCH neurons were activated 517 
synchronously.  The mechanism responsible for the activation of the MCH neurons during REM 518 
sleep may be a result of the silence in activity of the arousal neurons (Aston-Jones and Bloom, 519 
1981; John et al., 2004; Wu et al., 2004) (Lee et al., 2005; Mileykovskiy et al., 2005).  However, 520 
now that MCH neurons have been discovered to be also active in waking what is the interplay 521 
between the MCH and arousal neurons? In waking there might still be a reciprocal relationship 522 
between the MCH and arousal neurons just as it is in sleep as suggested by a fiber-photometry 523 
study that  found that during exploratory behavior the MCH neurons become active once the 524 
activity in the orexin neurons subsides (Gonzalez et al., 2016).  However, to get a clearer 525 
understanding of the interplay between the orexin and MCH neurons, both of these neurons need 526 
to be imaged simultaneously with a single-cell resolution in freely-behaving animals.  Thus, new 527 
imaging tools will be required to track activity of both the orexin and MCH neurons 528 
simultaneously.    529 

 530 
What might be the functional effect of the activation of MCH neurons? The accumulation of 531 

Ca2+ was detected in the MCH somata including its processes (Figure 2D and F).  We only 532 
analyzed the change in Ca2+ fluorescence in the MCH somata but, considering that increased 533 
Ca2+ in the somata and processes has been linked to action potentials and neurotransmitter 534 
release (Chen et al., 2013) (Neher and Sakaba, 2008), the activated MCH neurons may well have 535 
influenced their downstream targets.  We found that Ca2+ in the MCH neurons begins to 536 
increase in NREM sleep (Figure 3B) and then there is a steep Ca2+ increase in these neurons just 537 
prior to REM sleep.  Peak Ca2+ occurred in REM sleep (Figure 3B) and 70% of these neurons 538 
were activated while exploring novel objects. Activated MCH neurons may stimulate memory 539 
consolidation through MCH-receptors on downstream targets such as the hippocampus.  Mice 540 
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lacking MCH-receptor 1, the only MCH receptor that is present in rodents, have impaired long-541 
term potentiation (LTP) in hippocampal CA1 pyramidal cells (Pachoud et al., 2010).  Activation 542 
of the hypothalamic MCH neurons while exploring novel objects may convey salient cues 543 
related to survival, such as food source, and facilitate memories to be formed. The activation of 544 
the MCH neurons during REM sleep may induce a brain state conducive to replaying the novel 545 
information that then serves to strengthen the memory trace (Chen and Wilson, 2017).  546 

 547 
The versatility of the miniscope allows the same neurons whose phenotype is known to be 548 

followed longitudinally and under various conditions in freely-behaving mice. Our study more 549 
rigorously tested the behavior of the same MCH neurons in sleep and in a novel condition during 550 
active waking.  We found that 70% of the MCH neurons were active in REM sleep and in 551 
conditions that require the cells to integrate new information.   Other methods, such as 552 
immediate-early gene (e.g. c-FOS) expression (Shiromani et al., 1992; Sherin et al., 1996; 553 
Modirrousta et al., 2005) (Verret et al., 2003) and functional MRI (fMRI) in humans (Kaufmann 554 
et al., 2016) are used to map activation of neurons or specific brain regions during waking, 555 
NREM sleep and REM sleep. In contrast to these methods, Ca2+ imaging provides cellular 556 
resolution by mapping the time-course of the fluorescence in individual neurons in the same 557 
animal.  By mapping the spatial and temporal pattern of the fluorescence signal we derived a 558 
network map of the activity of the MCH neurons during REM sleep and exploratory behavior 559 
(Figure 5).  We suggest that activation of these neurons represents an internal brain activation 560 
that is associated with REM sleep, a state that is similar to waking. In humans, a functional 561 
network is activated in REM sleep and is associated with dreaming (Chow et al., 2013).  We 562 
have now identified a single phenotype of neurons in mice that displays network activation 563 
during REM sleep.  A subset of these neurons was also activated during novel experience, and 564 
we suggest that their activation during REM sleep may be part of the oneiric replay of waking 565 
events. We suggest that a spatial map of the fluorescence signal at the neuronal level provides a 566 
heuristic basis for comparing network activation in different conditions, and is a first-step 567 
towards a sleep connectome. Since MCH neurons are present in all vertebrates (Nahon et al., 568 
1989; Bittencourt et al., 1992) we suggest that MCH neurons can be imaged in animals other 569 
than rodents to determine whether a brain network indicative of REM sleep is periodically 570 
activated.  This may more definitively identify whether MCH neurons in other vertebrate species 571 
function in a manner related to dreaming or REM sleep. 572 
 573 
  574 
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Table 1  
 QW NREM Pre 

REM REMS Eat Groom Walk Dig Rear Explore 

Mouse 
ID 

GCaMP Number of 
Neurons Number of samples 

F18 slow 1 12 13 4 4 ----- ----- ----- ----- ----- ----- 
F22 slow 15 6 9 5 5 1 1 2 1 3 7 
F29 slow 2 3 12 2 2 1 1 5 1 1 22 
F33 slow 25 10 13 5 3 1 2 4 ----- 3 12 
F35 slow 22 9 14 9 5 2 1 4 ----- 3 15 
M39 slow 23 4 12 7 6 ----- 3 2 ----- 2 13 
M42 slow 6 7 13 6 5 ----- ----- 2 ----- 2 19 
F41 medium 6 5 11 3 3 ----- ----- 4 ----- 14 5 
M61 medium 4 4 15 2 2 2 3 5 ----- 1 6 
M62 medium 3 5 18 7 4 ----- 1 5 ----- 6 6 

 Total=107 65 130 50 39 7 2 33 2 35 105 
Mouse 

ID 
GCaMP Number of 

Neurons Mean sample length (seconds) 

F18 slow 1 11.8 25.5 17.7 47.4 ----- ----- ----- ----- ----- ----- 
F22 slow 15 55.5 86.4 19.4 58.6 106.0 47.2 26.3 93.2 3.4 12.0 
F29 slow 2 80.1 145.6 17.8 129.4 127.1 103.3 11.78 99.1 1.9 8.4 
F33 slow 25 21.8 79.8 20.0 47.3 61.6 71.6 43.5 ----- 3.5 8.0 
F35 slow 22 29.9 100.7 15.5 66.9 44.2 58.6 90.8 ----- 3.9 6.1 
M39 slow 23 24.4 69.6 15.8 65.6 ----- 33.4 8.3 ----- 6.1 18.3 
M42 slow 6 19.1 60.6 18.0 36.3 ----- ----- 63.0 ----- 8.0 10.7 
F41 medium 6 29.2 65.3 16.6 73.1 ----- ----- 8.3 ----- 7.4 10.6 
M61 medium 4 17.0 48.0 15.0 130.5 9 84.8 58.3 ----- 12 18.3 
M62 medium 3 36.7 56.5 14.9 39.7 ----- 15.0 36.8 ----- 13.2 4.8 

 
 Mean  

(±SEM) 
32.6 
(6.5) 

73.8 
(10.3) 

17.1 
(0.6) 

69.5 
(10.8) 

69.6 
(15.0) 

59.1 
(9.6) 

38.6 
(9.0) 

96.1 
(1.3) 

6.6 
(1.2) 

10.8 
(1.5) 

 675 

 676 

Table 1.  Summary table of the sex, type of calcium indicator (GCaMP6), number of MCH 677 
neurons and sampling parameters that were used to identify change in Ca2+ fluorescence in 678 
MCH neurons. A total of 107 MCH neurons were recorded but one neuron from mouse F35 was 679 
excluded since its average fluorescence in REM sleep was twice as high as the next data point. 680 
The mice were 171.4 days old [+/- 27.72], weighed 36.04 g [+/- 3.81] and were maintained on a 681 
12:12h light-dark cycle [230C] with ad-libitum access to food and water.  Mature mice were 682 
examined to be able to support the weight of the single-photon miniscope (nVISTA; 683 
Inscopix.com).  The EEG, EMG and video recordings were used to identify clear episodes of the 684 
sleep-wake behavior noted in the first row.  Not all mice engaged in the waking behaviors.  685 
During the test with novel objects, video recording was used to identify when the animals were 686 
exploring the objects.  The entire bout of REM sleep was sampled as a single episode of REM 687 
sleep. The sex of the mice is identified in the first column (F=female; M=male). 688 
  689 
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Figure Legends 690 

 691 
Fig. 1. In-vitro slice electrophysiology determines that GCaMP6s fluorescence is linearly 692 
related to the number of action potentials  693 
 694 

A. An In-vitro slice electrophysiology experiment confirmed that increased GCaMP6 695 
fluorescence ( F/F), indicative of increased Ca2+, was associated with depolarization and 696 
subsequent spike activity in GCaMP6s-expressing MCH neurons. Red trace shows 697 
increased GCaMP6 fluorescence (middle and right images, acquired at 15 s and 40 s, 698 
respectively, versus left image, acquired at 0 s) following a spike train (blue trace) 699 
evoked by a 0.5-s injection (via the patch pipette) of depolarizing current (200 pA) in a 700 
GCaMP6s-expressing MCH neuron recorded in the whole-cell configuration in an MCH-701 
Cre mouse brain slice. Individual spikes within the spike train are shown at higher 702 
temporal resolution in the boxed inset. In 6 MCH neurons (from 4 mice) imaged and 703 
recorded simultaneously, F/F increased by 49.5  18.7% (mean  SEM) following a 704 
0.5-s injection of 283  124 pA of current that evoked a depolarization of 30.5  4.5 mV 705 
from a resting membrane potential of -74.2  4.7 mV and resulted in 18  6 spikes 706 
(range: 2-37 spikes) with an amplitude (first spike) of 73.4  7.3 mV. F/F (%), 707 
fluorescence at time t (F(t)) minus baseline fluorescence (F, averaged fluorescence in the 708 
10-sec period before current injection), divided by F and multiplied by 100, after 709 
subtraction of background fluorescence (fluorescence from a cell-free region); Vm, 710 
membrane potential. 711 
 712 

B. The   plot shows the peak change in GCaMP6 fluorescence as a function of the number of 713 
spikes. Data points (left to right) are mean  SEM values of peak F/F (%) obtained from 714 
6 MCH neurons (from 4 mice) following 10-ms, 100-ms, 0.5-s, and 1-s injections of 715 
depolarizing current that evoked 1  0, 5  1, 18  6, and 32  12 spikes, respectively. 716 

 717 

Fig. 2. Deep-brain imaging of MCH neurons 718 
A. Schematic of transfection of MCH neurons in MCH-Cre mice with AAV-DIO-GCaMP6 719 

followed by placement of the GRIN lens in region transfected with GCaMP6 (slow or 720 
medium). The miniscope is attached to the GRIN lens via a baseplate on the skull. 721 

B. Photomicrograph depicts the location of the GRIN lens (outlined in dashed lines) atop the 722 
body of GCaMP6s containing neurons in the hypothalamus in a representative MCH-Cre 723 
mouse.  The brain region containing the GRIN lens was sectioned along the coronal axis 724 
of the brain and tissue containing the GCaMP6s neurons were identified.  (f, fornix; 725 
calibration bar=300um). 726 

C. Immunohistochemistry revealed that GCaMP6s infected neurons (green) were also 727 
immunopositive for MCH. The coronal sections were incubated with the MCH-antibody 728 
and visualized using a Leica confocal microscope. The calibration bar=80um. 729 

D. Field of view of the GRIN lens with fluorescence ( F/F0) in somata and processes during 730 
REM sleep in neurons extracted automatically by PCA-ICA analysis. We have labeled 731 
the three neurons (labeled 1, 2 and 3) whose Ca2+ fluorescence is plotted in panel E. 732 

E. GCaMP6s fluorescence ( F/F0) in MCH neurons is associated with REM sleep.  Ca2+ 733 
imaging was performed simultaneously with recording of cortical EEG and EMG activity 734 
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in the nuchal muscles.  Behavioral video recordings were obtained and examined to 735 
identify behaviors such as walking, eating, grooming or eating. Activity in the EEG 736 
(depicted as power spectra, 0.3-15Hz) and the EMG is used to identify wake, NREM and 737 
REM sleep states (labeled as hypnogram).  The traces depict the change in fluorescence 738 
( F/F) during wake-sleep bouts of the three neurons identified in panel D.  In each 739 
neuron, the F/F0 (expressed as a z-score) varies with the wake-sleep state of the animal, 740 
with peak fluorescence associated with REM sleep.  The hypnogram categorizes the 741 
sleep-wake states in the following colors: Active wake=purple; blue=quiet wake; 742 
green=NREM; yellow=pre REM sleep; red=REM sleep. 743 

F. The same field of view as in panel D, but this image shows the PCA-ICA extracted 744 
neurons ( F/F0) while the mouse was engaged in exploring novel objects placed in its 745 
home cage.  This image shows that some neurons that were evident in REM sleep (panel 746 
D) were also activated during exploratory behavior.  However, some neurons in panel D 747 
were not evident during exploratory behavior indicating selective activation of these 748 
neurons during REM sleep (panel D).   30% of the neurons were activated during REM 749 
sleep but not during exploratory behavior indicating that a subset of MCH neurons are 750 
selectively active in REM sleep.  751 

G. GCaMP6s fluorescence in MCH neurons while exploring novel objects.  The traces are 752 
from the same neurons represented in REM sleep (panel E). Note that the GCaMP6s has 753 
a rapid response and a slow rate of decay which makes it difficult to infer whether the 754 
imaged neuron fired as single spikes, or in clusters.   755 
 756 

 757 
Fig. 3 Average fluorescence ( F/F0) in MCH neurons is highest during REM sleep and 758 

exploratory behavior. 759 
A. Average change in fluorescence ( F/F0 expressed as z-scores) in MCH neurons across 760 

wake-sleep states and wake behaviors in MCH-Cre mice.  A total of 107 distinct neurons 761 
in ten MCH-Cre transgenic mice were extracted automatically by the Mosaic software 762 
(Inscopix.com).  Fluorescence in one neuron was two-fold higher during REM sleep 763 
compared to the next data point and it was excluded from the data analysis.  Each data 764 
point represents the average fluorescence (z-score) of individual neurons in samples 765 
taken during the specific sleep-wake behavior.  Table 1 summarizes the number of 766 
neurons recorded in each of the ten mice.  Table 1 also summarizes the number and  767 
length of the samples for each sleep-wake behavior represented in the bar graph.  Each 768 
box in the bar graph summarizes mean, standard error, and depicts data points 769 
representing individual neurons. The number of MCH neurons represented in each bar is 770 
as follows: First four bars=106; eat=72; groom=61; walk=92; dig=33; rear=71; 771 
explore=74.  A general linear mixed-model (GLMM) design was used based on the 772 
correlation of the fluorescence data between the neurons, the skewed distribution of the 773 
data (failed Kolmogorov-Smirnov test for normality), and unbalanced design.  Pair-wise 774 
comparisons were made with the Bonferroni post-hoc test (sequential adjusted).  There 775 
was a significant increase in Ca2+ activity during REM sleep compared to quiet wake, 776 
NREM and pre-REM sleep (p<0.001).  Fluorescence in pre-REM sleep was significantly 777 
higher than quiet wake or NREM (p<0.001).  When the mice engaged in behaviors 778 
involving gross locomotor activity (eat, groom, walk or dig), the fluorescence was 779 
significantly lower compared to REM sleep.  However, during rearing behavior or 780 
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exploration of novel objects, the fluorescence was not significantly different from REM 781 
sleep. Thus, a subset of the MCH neurons (69.8%; 74/106) were also as active during 782 
exploratory behavior as in REM sleep.   783 

B. Time-course of change in fluorescence ( F/F0 expressed as z-scores) during the 784 
transition from quiet wake (QW) to NREM to pre-REM to REM sleep to QW.  The sleep 785 
and the imaging data were analyzed separately in a blind manner, and the two data sets 786 
were combined once PCA-ICA analysis had established the z-scores. The figure 787 
summarizes the average fluorescence of MCH neurons (n=106) in 1.0 s epochs during the 788 
transition periods between sleep-states.  The fluorescence began to increase 30s after 789 
onset of NREM sleep, and peaked midway into the REM sleep bout. The time-course of 790 
increase in fluorescence during NREM and REM sleep is similar to the pattern of action 791 
potentials of MCH neurons (Hassani et al., 2009).  In that study (Hassani et al., 2009) the 792 
rate of action potentials of single MCH neurons during REM sleep was 12 Hz.  In the 793 
present study Ca2+ fluorescence occurred in volleys during REM sleep indicating high 794 
rate of activity of the underlying MCH neurons (see Movie 1). The steady progression of 795 
the fluorescence suggests that optogenetic stimulation of the MCH neurons during 796 
NREM sleep should further depolarize the MCH neurons and increase NREM sleep, 797 
which it does in both mice and rats (Konadhode et al., 2013; Blanco-Centurion et al., 798 
2016).  Optogenetic stimulation during the pre-REM sleep period should trigger REM 799 
sleep, which it does (Jego et al., 2013).  Stimulation during REM sleep should not 800 
prolong the REM sleep bout, which is also consistent with published data (Jego et al., 801 
2013).  802 

Fig. 4 Fluorescence in MCH neurons occurs in synchronous volleys during REM sleep and 803 
exploratory behavior. To identify the temporal pattern of the fluorescence peaks across the 804 
MCH neurons the Ca2+ traces (expressed as z-score) were plotted during individual bouts of 805 
REM sleep (left panel) and exploratory behavior (right panel).  The spatial location of the 806 
neurons in the GRIN lens field of view is depicted in Figure 5.  The four MCH-Cre mice with the 807 
most MCH neurons were plotted (see table 1).  In the four mice, there were 84 of 106 neurons in 808 
REM sleep and 56 of 106 neurons in exploration.  Each line represents the change in Ca2+ 809 
fluorescence (shown as a contour heat map with red indicating maximum) in individual neurons 810 
(y-axis) across time (x-axis; 1.0 s epochs) during REM sleep and exploratory behavior.  In each 811 
animal, the neurons are sorted based on the strength of the correlation of fluorescence peaks 812 
between pairs of neurons during REM sleep; neurons with the most pair-wise correlation are at 813 
the bottom.  While this figure depicts the temporal relationship of fluorescence between neurons, 814 
figure 5 depicts the spatial location of the neurons within the GRIN lens field of view.   During 815 
exploratory behavior a subset of MCH neurons were not activated and their trace does not appear 816 
in the right panel.  There was high correlation in the change in fluorescence between the MCH 817 
neurons in each animal during REM sleep (r=0.96, df=15; r= 0.98, df=25; r= 0.85, df=21; 818 
r=0.90, df=23) versus exploratory behavior (r=0.7, df=11; r= 0.76, df=16; r=0.70, df=13; r=0.71, 819 
df=16) indicating synchronous activity.  820 
 821 
 822 
Fig. 5 Spatial activation of MCH neurons during REM sleep and exploratory behavior. 823 

Spatial correlograms showing the relationship of the fluorescence between MCH neurons 824 
during REM sleep and exploratory behavior.  The fluorescence data are from the same four 825 
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mice depicted in figure 4.  Lines connecting neuronal pairs are colored to reflect the strength 826 
of the correlation coefficient (r=0.6 to 1.0). The number of associations between pairs of 827 
neurons is denoted by the size of the neurons (larger diameter = more associations). Each 828 
panel depicts the extracted neurons in the field of view of the GRIN lens, with each neuron 829 
plotted along its x and y coordinates in the GRIN lens field of view.  During REM sleep there 830 
are more associations between MCH neurons indicating a more complete activation of the 831 
MCH neuronal network compared to exploratory condition (rank sum test).  Such maps 832 
provide a heuristic basis for comparing network activation in two different conditions.   833 

 834 

 835 

Movie Legends 836 

 837 
Movie 1.  Calcium fluorescence in hypothalamic MCH neurons during REM sleep in freely-838 
behaving MCH-cre mice.  A single-photon miniscope (Inscopix.com) recorded calcium 839 
fluorescence (10fps movie) while the sleep-wake state of the animal was identified by recording  840 
the electroencephalogram (EEG) and electromyogram (EMG)(Plexon.com).  REM sleep was 841 
identified by the presence of theta waves in the EEG and a low EMG relative to waking.  The 842 
movie was condensed and accelerated from a recording session (33 minutes and 26s) when 843 
several REM sleep bouts were evident.  The movie shows that during REM sleep, MCH neurons 844 
exhibit synchronized phasic activity.  This is the first evidence of synchronous activation of a 845 
single phenotype of neurons.   846 
 847 
Movie 2.  Calcium fluorescence in hypothalamic MCH neurons during exploration of novel 848 
objects.  The same neurons that were depicted in movie 1 were recorded while the mouse 849 
explored novel objects.  The movie was condensed and accelerated from a recording session 850 
(306s).  During the test with novel objects many MCH neurons that were active in REM sleep 851 
were also active during exploratory behavior.  Overall tally of the 106 MCH neurons from 10 852 
MCH-cre mice (female=6) revealed that 70% of the MCH neurons were active in both REM 853 
sleep and exploratory behavior, while 30% were active only in REM sleep.  Activation of the 854 
MCH neurons may form a memory trace of salient survival cues. 855 
 856 












