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Critical Role of Dorsomedial Hypothalamic Nucleus in a
Wide Range of Behavioral Circadian Rhythms
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The suprachiasmatic nucleus (SCN) contains the brain’s circadian pacemaker, but mechanisms by which it controls circadian rhythms of
sleep and related behaviors are poorly understood. Previous anatomic evidence has implicated the dorsomedial hypothalamic nucleus
(DMH) in circadian control of sleep, but this hypothesis remains untested. We now show that excitotoxic lesions of the DMH reduce
circadian rhythms of wakefulness, feeding, locomotor activity, and serum corticosteroid levels by 78 —-89% while also reducing their
overall daily levels. We also show that the DMH receives both direct and indirect SCN inputs and sends a mainly GABAergic projection to
the sleep-promoting ventrolateral preoptic nucleus, and a mainly glutamate-thyrotropin-releasing hormone projection to the wake-
promoting lateral hypothalamic area, including orexin (hypocretin) neurons. Through these pathways, the DMH may influence a wide

range of behavioral circadian rhythms.
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Introduction
In many animals, the suprachiasmatic nucleus (SCN) strongly
influences circadian rhythms of sleep—wake behaviors, but the
pathways mediating these influences are poorly understood. SCN
efferents project only lightly to major hypothalamic sleep—wake
regulatory cell groups such as the lateral hypothalamic orexin
(also called hypocretin) neurons and ventrolateral preoptic nu-
cleus (VLPO) (Abrahamson et al., 2001; Chou et al., 2002). In-
stead, most SCN efferents target the subparaventricular zone
(SPZ), which resides just dorsal to the SCN, whereas less intense
projections reach other, mainly medial hypothalamic targets
(Watts et al., 1987; Kalsbeek et al., 1993; Morin et al., 1994).
Cell-specific lesions of the dorsal SPZ markedly reduce circadian
rhythms of body temperature (Tb) but not of sleep and locomo-
tor activity (LMA), whereas lesions of the ventral SPZ markedly
reduce circadian rhythms of sleep and LMA with smaller effects
on Tb rhythms (Lu et al., 2001). Hence, the SPZ may play a major
role in these circadian rhythms, but SPZ efferents essentially par-
allel and augment those of the SCN, again targeting medial hy-
pothalamic areas (Watts et al., 1987; Morin et al., 1994) with
poorly understood roles in regulating sleep and associated
behaviors.

One target of SCN and SPZ efferents, the dorsomedial hypo-
thalamic nucleus (DMH), is implicated in autonomic stress re-
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sponses, in feeding, and in the circadian release of corticosteroids
(for review, see Bellinger et al., 1976; Kalsbeek et al., 1996; Ber-
nardis and Bellinger, 1998; DiMicco et al., 2002), although many
of these studies used electrolytic lesions or drug injections that
have limited anatomic specificity. The DMH has also been hy-
pothesized to modulate the circadian rhythm of sleep via projec-
tions to the locus coeruleus (LC) (Aston-Jones et al., 2001;
Gonzales et al., 2002); however, the role of the DMH in the cir-
cadian regulation of sleep has not been tested.

We and others have recently shown a strong DMH projection
to the VLPO (Chou et al., 2002; Deurveilher et al., 2002), a region
in which lesions cause long-lasting insomnia (Lu et al., 2000).
VLPO neurons are most active during sleep (Sherin et al., 1996;
Szymusiak et al., 1998) and promote sleep via GABAergic projec-
tions to wake-promoting regions such as the histaminergic tube-
romammillary nucleus and other monoaminergic nuclei (Sherin
etal., 1998; Steininger et al., 2001; Lu et al., 2002). The DMH also
projects intensely to the lateral hypothalamic area (LHA)
(Thompson et al., 1996), where many neurons contain the wake-
promoting neuropeptide orexin (Sakurai et al., 1998). Loss of
orexin signaling produces symptoms of the sleep disorder narco-
lepsy (Chemelli et al., 1999; Lin et al., 1999; Hara et al., 2001), but
it is unknown whether DMH efferents target orexin neurons.

We hypothesize that the DMH critically influences circadian
rhythms of sleep via direct projections to sleep—wake regulatory
sites. To test this hypothesis, we examined the effects of cell-
specific DMH lesions on circadian rhythms of sleep—wake behav-
ior and associated functions such as LMA, feeding, Tb, cortico-
steroid secretion, and melatonin secretion. We next examined
DMH projections and neurotransmitters involved in DMH pro-
jections to the VLPO and LHA that might influence circadian
sleep cycles.
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Materials and Methods

Animals and housing. Animal protocols were
approved by Harvard University and Beth Is-
rael Deaconess Medical Center Animal Care
and Use committees. We used 68 male Sprague
Dawley rats (275-300 gm; Harlan Sprague
Dawley, Indianapolis, IN) for lesion experi-
ments and 18 for anatomic tracing experi-
ments. Rats were housed at 22-25°C with ad
libitum food and water and ventilation fans to
mask ambient noise. Lesioned and sham-
lesioned rats were entrained to a 100 lux light/
dark cycle (lights on 7 A.M.-7 P.M.) for 1 week
after surgeries and then placed into constantly
dark chambers for the second week of the
experiment.

Anatomic tracer injections and lesions. Under
deep chloral hydrate anesthesia and aseptic
conditions, 12—24 nl of the excitotoxin ibotenic
acid (100 ug/ul saline; Sigma, St. Louis, MO),
or 3-15 nl of the anterograde tracer biotinyl-
ated dextran (BD) (125 ug/ul saline; Molecular
Probes, Eugene, OR), or the retrograde tracers
cholera toxin B subunit (CTB) (10 pg/pl saline;
List Biological, Campbell, CA) or fluorogold (5
pg/ul in saline; Fluorochrome, Denver, CO)
were injected into the brain using glass mi-
cropipettes and a compressed air delivery sys-
tem described previously (Amaral and Price,
1983; Chou et al., 2002). Glass pipettes had
small tip diameters (~20 um) and did not
cause visible tissue damage outside of a very
narrow track. Sham-lesioned control rats were injected with 15 nl of
saline instead of ibotenic acid. DMH injections were placed 3.5 mm
posterior to bregma, 8.5 mm ventral to the dura, and 0.5 mm lateral to
the midline. Coordinates for other brain regions were adapted from a
standard atlas (Paxinos and Watson, 1997).

Sleep, Tb, and locomotor activity recordings. We placed four screw elec-
trodes (Plastics One, Roanoke, VA) into the skull to record the electro-
encephalogram (EEG) and two electrodes into the nuchal muscles to
record the electromyogram (EMG) as described previously (Lu et al.,
2001). The EEG electrodes were placed 2 mm to the left and right of the
midline and 2 mm rostral and 3 mm caudal to bregma. Electrodes were
inserted into sockets and fixed with dental cement to the skull. This
socket was connected to a cable that fed EEG-EMG signals to a commu-
tator (Plastics One), allowing free rotation of the animal. Acclimation to
cables and recording chambers began 2-3 d after surgery. EEG-EMG
signals were amplified by Grass amplifiers (AstroMed Inc., West War-
wick, RI); EEG signals were filtered to exclude frequencies <0.5 or >35
Hz, whereas EMG signals were filtered to exclude frequencies <10 or
>35 Hz. One hundred twenty-eight samples per second of EEG-EMG
data were acquired by a personal computer equipped with an analog-to-
digital acquisition card (National Instruments) controlled by ICELUS
(G-systems; M. Opp, University of Michigan) and LabVIEW software
(National Instruments). EMG signals were integrated into 1 sec bins to
reduce disk storage requirements. EEG-EMG data were scored in 12 sec
bins using previously described criteria for wake, non-rapid eye move-
ment (NREM), or rapid eye movement (REM) sleep (Lu et al., 2000).
Briefly, NREM sleep was identified by a preponderance of high-
amplitude, low-frequency (<4 Hz) EEG activity, whereas wakefulness
was characterized by a preponderance of low-amplitude, fast EEG activ-
ity and highly variable muscle tone. REM sleep was identified by very low
EMG activity and a low-amplitude EEG, frequently with a predominance
of spectral power within the theta range (4—7 Hz). Scoring was done
before histological examination; hence the scorer was unaware of the
extent of the lesions.

Intravenous lines and serum hormone measurements. SILASTIC tubing
for blood withdrawal was filled with heparinized saline and inserted 4 cm

Nissl

Figure 1.
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TRH mRNA CTB-labeled neurons
after VLPO injection

Anatomic markers of DMH borders (dashed lines) in Nissl-stained coronal sections ( A) and after in situ hybridization
for TRHmRNA (B). Retrograde tracer injections into the VLPO also label many DMH neurons ( (). D—F show these same markers at
a caudal DMH level where the pars compacta (solid outline) is apparent. Scale bars, 200 pum.

into the femoral vein as described previously (Elmquist and Saper, 1996).
The tubing was sutured in place, and its free end was glued to a polyeth-
ylene catheter that was passed under the skin, exteriorized between the
scapulas, and plugged with a wire stylet. Catheters were flushed every 2-3
d with heparinized saline to ensure patency. Seven to eight days after
surgery, these rats were placed in constant dim light (<10 lux). Fourteen
days after surgery, 0.5 ml blood samples drawn at4 A.M., 10 A.M., 4 P.M.,
and 10 P.M. were centrifuged for 5 min at 5000 rpm, and the supernatant
was frozen at —20°C and radioimmunoassayed for melatonin, cortico-
sterone, and cortisol (Diagnostech International, Osceola, WI). Rats
were placed in a towel during blood withdrawal to minimize handling
stress and were habituated to this handling procedure once a day for 3 d
before blood withdrawal. Approximately 30 sec of handling was typically
required to obtain each serum sample.

Tissue preparation. Rats were perfused with 0.9% saline followed by
10% neutral buffered formalin (Sigma). Brains were removed, equili-
brated overnight in 20% sucrose in PBS with 0.01% sodium azide, and
then cut on a freezing microtome into 30 or 40 wm sections.

Counts of SCN, SPZ, DMH, and LHA cells. To delineate nuclear bound-
aries, sections mounted on glass slides were Nissl counterstained in
0.25% thionin in 0.2 M acetate buffer, pH 4.5, for 1 min, placed in 1%
acetic acid for 1-5 min to differentiate stained structures, dehydrated in
graded alcohols, cleared in xylenes, and coverslipped.

To quantify the extent of DMH area lesions, we counted Nissl-stained
neurons within counting boxes that encompassed the DMH as defined
by various anatomic markers (Fig. 1). These definitions of the DMH
closely agree with cytoarchitectural borders (Thompson et al., 1996) and
essentially exclude major LHA cell groups such as orexin and melanin
concentrating hormone (MCH) neurons, which we found constituted
only 2 and 4% of DMH neurons, respectively. Nissl-stained DMH neu-
rons were counted in six coronal 40 wm sections spaced 160 wm apart;
the pars compacta of the DMH (an elongated diagonal region densely
packed with small neurons) (Fig. 1) appeared mainly in the two most
caudal sections. This compact part of the DMH (Paxinos and Watson,
1997) is also referred to as the “posterior part” of the DMH (Swanson,
1998).

Neurons with identifiable nuclei were counted in DMH counting
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boxes placed upright just above the VMH, abutting the third ventricle.
Box widths and heights were determined from the expression pattern of
thyrotropin-releasing hormone (TRH) mRNA and were, in rostral to
caudal order, as follows: 0.67 X 0.3, 0.67 X 0.4, 0.67 X 0.4, 0.67 X 0.5,
0.67 X 0.8, and 0.5 X 0.8 mm. Because most pars compacta neurons lack
TRH, do not project to the VLPO, and appear cytoarchitecturally distinct
from the surrounding DMH, they were not included in counts of DMH
neurons. In each region in which cell counts were obtained, average
diameters of nuclei were not different between lesioned and control an-
imals ( p > 0.1), making it unnecessary to perform corrections to deter-
mine relative cell loss.

Neurons in the LHA were counted in a rectangular box placed just
lateral to the DMH, extending 400 um lateral to the fornix and having the
same height as the DMH counting box at that level. Retrogradely labeled
neurons with recognizable nuclei in the SCN and SPZ were counted
within boundaries described previously (Lu et al., 2001); briefly, the SCN
was identified by its small, densely packed Nissl-stained profiles, whereas
ventral SPZ neurons were counted within a vertical 300 X 100 wm box
just dorsal to the SCN, and dorsal SPZ neurons were counted within a
300 X 200 wm box parallel to and just below the ventral border of the
paraventricular hypothalamic nucleus (PVH).

Period, phase, and amplitude analysis. To quantify circadian rhythms,
we used two methods: a circadian index (CI) calculation and a cosinor
analysis. The cosinor amplitudes of sleep, LMA, and Tb were calculated
from the following formula:

' 2mm
C= Nz X COS<Y>

n=0

1o 2m
S= NZ X mn(Y)

n=0
Amplitude = \JC* + &

where x, is data from the nth hour after sleep recordings began, and N'is
the number of hours of data. For sleep and Tb data calculations we used
2 d of data (N = 48; days 1416 after surgery), whereas for LMA calcu-
lations we used 6 d of data (N = 144; days 1016 after surgery). In a few
animals (four DMH lesioned; two sham-operated controls) sleep record-
ings started 45 d, instead of 7 d, after the onset of constant darkness. The
cosinor amplitudes and circadian indices of rhythms in these rats were
not statistically different from the rest of their respective groups ( p >0.1;
all comparisons), and hence these rats were grouped with the remaining
lesioned and control rats.

The cosinor method assumes a nearly 24 hr period, which was con-
firmed by determining the circadian period of each rat. Circadian periods
were assessed by curve-fitting 7-8 d of Tb data in constant darkness to
the following sinusoidal wave: y = k + Asin[27(x — ¢)/7], where x and
y are the independent and dependent variables, k is the offset, A is the
amplitude of the sinusoid, ¢ is the circadian phase, and 7is the circadian
period. Curve-fitting was performed using Origin (Microcal Software)
using starting parameters A = 1,k = 37, ¢ = 0, T = 24, and iterating until
the x* goodness of fit converged to a minimum value (typically <0.1).
The average circadian period was 24.16 = 0.20 hr (mean * SD) in sham-
lesioned rats and 24.14 * 0.20 hr in DMH-lesioned (DMHXx) rats. These
periods exceeded 24 hr by only ~0.6%.

The circadian indices of sleep, LMA, and Tb were calculated from the
following formula: C.I. = (mean,;;,,, — mean, )/mean,y,, normalized
to 100% for control group, where meang, is the average over the subjec-
tive day, mean,,;, is the average over the subjective night, and mean, y,,
is the average over the entire day. Onsets of subjective day and night were
calculated for each rat using the following formula: subjective day on-
set = 7:00 A.M. + n*(period — 24 hr), where # is the number of days
after onset of constant darkness.

Statistics. Comparisons between DMHx and unlesioned rats were
made using a two-tailed unequal variance Student’s ¢ test, and correla-
tions between DMH neurons and circadian amplitudes were made using
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linear regressions. A one-way ANOVA followed by Fisher’s post hoc test
was used to test variations in cortisol levels with respect to circadian time
(CT).

Food intake. Food pellets in wire-top cage lids were weighed at 7 A.M.
and 7 P.M. 2-3 d before sleep recordings began in a subset of the rats used
for sleep recordings. Successive measurements were subtracted to deter-
mine daytime and nighttime food consumption. Because circadian phase
information was not available until after the experiment, food measure-
ment times could not be corrected for circadian phase drifts; however,
subsequent calculations showed only minor phase drifts averaging 0.6%
per day.

Immunohistochemistry. Immunohistochemistry was performed on
floating sections as described previously (Chou et al., 2002). Primary
antibodies were goat anti-CTB (1:30,000; List Biological), rabbit anti-
TRH (1:10,000; generous gift from R. Handa, Colorado State Universi-
ty), rabbit anti-fluorogold (1:25,000; Chemicon), rabbit anti-glutamate
(1:1000; generous gift from Dr. P. Petrusz, University of North Carolina),
and rabbit anti-orexin-A (1:10,000; Phoenix Peptides). Rats used for
TRH immunohistochemistry received colchicine injections into the lat-
eral ventricle (18 mg in 12 ul saline) 36 hr before they were killed to
enhance immunoreactivity in cell bodies. In experiments in which im-
munostaining was followed by in situ hybridization, all immunohisto-
chemical reagents were made with water treated with diethylpyrocarbon-
ate (Sigma). Omission of primary antibodies resulted in no
immunoreactivity above background. Adsorption controls have been
reported previously for the antibodies that we used against orexin-A
(Chen et al,, 1999), TRH (Suzuki et al., 2001), and glutamate (Hepler et
al., 1988). Specificity of immunostaining for CTB and fluorogold was
indicated by the lack of detectable immunostaining in uninjected rats.

Riboprobes and in situ hybridization. Plasmid vector containing 3.2 kb
of the glutamic acid decarboxylase 67 (GAD67) gene (generous gift from
N. Tillakaratne, University of California, Los Angeles) (Erlander et al.,
1991), 1241 bp of the preproTRH gene (GenBank M36317) (generous
gift from Tony Hollenberg, Beth Israel Deaconess Medical Center), or
970 bp of the type-2 vesicular glutamate transporter (VGLUT2) gene
(generous gift from P. Guyenet, University of Virginia) were linearized
with Sall, HindlIll, or Xhol and transcribed with T3, SP6, or T7 polymer-
ase, respectively, to produce antisense mRNA probes. **S-radiolabeled
probes were transcribed, hybridized, and detected using photographic
emulsion as described previously (Marcus et al., 2001).

Quantification of double labeling. Fluorescence immunohistochemis-
try for CTB or fluorogold was combined with radiolabeled in situ hybrid-
ization for several neurochemical markers. Hybridizing cells were iden-
tified as those expressing three times background level of silver grains in
the overlying photographic emulsion, and double-labeled neurons were
identified by comparing dark-field views (showing silver grains) with
epifluorescence illuminated views of the same tissue section. Free-
floating immunohistochemistry labeled neurons in two distinct layers on
both surfaces of the tissue, whereas photographic emulsion preferentially
detected cells at the top surface of the tissue, and cells at the bottom layer
were much less likely to have overlying silver grains. Hence, we computed
double-label percentages only for CTB-immunoreactive neurons closer
to the top surface of the tissue than the bottom.

Results
DMH area lesions markedly reduce circadian rhythms of
sleep—wake behavior and LMA
Thirty-two rats received bilateral ibotenic acid injections into the
DMH. Fourteen of these cases were excluded from analysis be-
cause lesions were asymmetric (>3:2 ratio of DMH cells lost
between two sides) or because lesions involved the dorsal SPZ,
which is critically required for expression of the Tb circadian
rhythm (Lu et al., 2001). Of the remaining 18 rats, 10 rats had
lesions ablating >80% of DMH neurons (the DMHx group).
These DMHXx rats averaged 510 = 150 (average = SEM) DMH
neurons in a 1:4 series of sections, a 92 * 2% reduction from
control rats, which averaged 6170 = 260 DMH neurons.

We measured amplitudes of sleep, LMA, and Tb rhythms us-



10694 - J. Neurosci., November 19, 2003 - 23(33):10691-10702

Chou et al. « DMH and Circadian Rhythms

Table 1. Subjective day, night, and 24 hr total values of wakefulness, NREM, REM, LMA, and Th for sham-operated rats or rats with DMH, VMH, DHA/PH, or LHA lesions

Shams (n = 6) DMH (n = 10) VMH (n =5) DHA/PH (n = 4) LHA(n=5)
Wake Daily total (hr) 19+04 11.0 = 0.2* 1n7%+07 1.7 =08 10.8 = 0.3*
Subjective day 4303 52+0.1*% 36+02 4304 3806
Subjective night 76 £03 58 +0.1* 8.1+05 74+03 70 £05
Circadian index 100 = 15% 20 = 7%* 137 = 8% 97 * 18% 98 =+ 32%
Cosinor 100 = 11% 34 + 5%* 133 = 12% 13+ 9% 99 + 9%
NREM Daily total (hr) 9.9+ 04 105+ 0.2 10.1 = 0.6 9.9+06 10.8 = 0.2
Subjective day 6.1+£0.2 55*0.0% 6.7+ 0.2 6.0 =03 6.7 £05
Subjective night 38+03 50 = 0.1* 35+05 39+05 41+04
Circadian index 100 = 14% 21 * 6%* 138 = 22% 89 + 9% 101 = 33%
Cosinor 100 = 9% 42 * 5%* 123 = 13% 107 = 9% 110 = 10%
REM Daily total (hr) 22£0.1 25+0.1* 21+02 24+02 23£0.1
Subjective day 1.6+ 0.1 13 = 0.34* 17201 1802 15+01
Subjective night 0.6 £0.0 1.2+ 0.01* 0.4 £ 0.1% 0.7 +0.1 0.9*0.1
Circadian index 100 = 13% 12 = 7%* 140 £ 11%* 127 = 11% 58 £ 27%
Cosinor 100 = 13% 27 * 3%* 134 = 9% M9+ 7% 75 £ 21%
LMA Daily counts per hour 73.0 =104 239*27* 558 9.0 40.3 =107 40.5 £ 3.5%
Subjective day 57.0 =104 235+29* 40174 329 £86 320 £29*
Subjective night 88.9 £ 109 245+ 32 716 =113 47.8 £129 49.0 £ 6.2%
Circadian index 100 = 19% 9+ 2%* 126 = 22% 88 + 8% 87 = 26%
Cosinor 100 = 15% 21 =+ 4%* 90 =+ 24% 86 = 20% 101 = 23%
b Daily average (°C) 374 £01 37101 374+01 374+02 372 %01
Subjective day 371+ 0.1 370 = 0.1 37101 37102 36.9 + 0.2
Subjective night 377 £0.1 373+0.1* 376 £ 0.1 37701 376 = 0.1
Circadian index 100 = 10% 67 £ 7% 100 = 7% 103 = 14% 15+ 19%
Cosinor 100 = 8% 75 * 5%* 102 = 5% 109 = 12% 143 = 29%

Circadian indices and cosinor amplitudes are also given as a percentage of saline-injected sham controls. Asterisks indicate significant difference from sham-operated rats (p << 0.05).

ing the CI, which reflects relative values of these parameters dur-
ing the subjective day versus subjective night, independently of
overall homeostatic changes (Lu et al., 2001). The CI requires an
accurate determination of subjective day and night onsets, which
drift gradually in constant darkness because free-running circa-
dian periods are not exactly 24 hr. The required phase corrections
were minor, however, because the periods of Tb waveforms were
found to be close to 24 hr in all rats, averaging 24.14 hr for DMHx
rats and 24.16 hr for sham-operated controls, with a SD of 0.2 hr
in each group. To further rule out the possibility of bias attribut-
able to circadian phase errors, we also determined circadian am-
plitudes using a cosinor analysis, which makes no assumptions
about circadian phase. The cosinor, however, has the drawback of
underestimating nonsinusoidal contributions to waveforms,
which can be substantial in normal sleep—wake rhythms.

DMHx rats had marked reductions in circadian rhythms of
REM sleep (88 = 7% CI reduction; 73 = 3% cosinor reduction),
NREM sleep (79 £ 6% CI reduction; 58 = 5% cosinor reduc-
tion), and LMA (91 =+ 2% CI reduction; 79 * 4% cosinor reduc-
tion) (p < 0.001 each), whereas Tb rhythms showed much
smaller reductions in amplitude (33 = 7% Cl reduction; 25 = 5%
cosinor reduction; p < 0.05). Rats with partial (<80%) lesions of
the DMH (n = 8) had proportionately smaller reductions in sleep
and LMA circadian rhythms, and across all 24 lesioned or sham-
operated rats, the number of surviving DMH neurons correlated
strongly with circadian indices of NREM sleep (r = 0.74; p <
0.001), REM sleep (r = 0.85; p < 0.001), and LMA (r = 0.70; p <
0.005) (see Fig. 3A—C), and correlated more weakly with the CI of
Tb (r = 0.49; p < 0.05) (see Fig. 3E). The numbers of surviving
DMH neurons also correlated strongly with cosinor amplitudes
of NREM sleep (r = 0.80; p < 0.001), REM sleep (r = 0.90; p <
0.001), and LMA (r = 0.70; p < 0.001) and correlated more
weakly with cosinor amplitudes of Tb (r = 0.44; p < 0.05).

Hourly sleep, LMA, and Tb data plotted with respect to CT
further confirmed that DMHXx rats had markedly flattened circa-

dian rhythms of sleep, wakefulness, and LMA, compared with
sham-operated control rats (see Fig. 4 A—D). Sham-operated rats
showed marked increases in wakefulness at the beginning of the
subjective night (CT12) that were sustained for much of the night
(see Fig. 4A), whereas DMHXx rats showed a much smaller in-
crease at CT12 that lasted only ~2 hr (see Fig. 4 A, B). Conversely,
at the beginning of the subjective day (CT0), control rats showed
aprolonged increase in NREM sleep, whereas DMHx rats showed
smaller increase in NREM sleep and no increase in REM sleep.
Unlike sleep and LMA rhythms, the Tb circadian rhythm did not
appear markedly attenuated by DMH lesions (see Fig. 4E). Indi-
vidual DMHXx rats exhibited prominent 3—4 hr ultradian cycles of
sleep and wakefulness (see Fig. 4 F,G), similar to those seen after
lesions of the SCN or ventral SPZ (Mistlberger et al., 1987; Edgar
etal., 1993;Luetal.,2001). Hence, DMH area lesions may disrupt
some of the same physiological processes as SCN or SPZ lesions.

DMH area lesions reduce total wakefulness, LMA, and Tb
DMHx rats had marked reductions in total daily wake time,
LMA, and average daily Tb (Table 1), suggesting an overall phys-
iologically activating influence of the DMH. The reduction in
LMA was particularly marked, with DMHx rats averaging 580 *
70 LMA counts per 24 hr day, a threefold reduction from the
sham average of 1750 = 250 counts per day ( p < 0.001). DMH
lesions significantly reduced total daily wakefulness by 0.9 hr,
from 11.9 *= 0.4 to 11.0 = 0.2 hr/d (p < 0.05), because of in-
creases in both NREM and REM sleep (Table 1). DMH lesions
also reduced average daily Tb levels from 37.4 = 0.1 to 37.1 =
0.1°C ( p < 0.02).

Lesions adjacent to the DMH

The LHA is heavily implicated in regulating wakefulness and
sleep, raising the possibility that effects seen in DMHx rats could
be attributed to LHA cell loss, particularly in the perifornical area
(PeF) of the LHA just lateral to the DMH; however, DMHX rats
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with relatively mild (<30%) loss of PeF neurons still showed
profound reductions in NREM and REM CI and cosinor ampli-
tudes. Across all 10 DMHx rats, PeF cell loss did not correlate
with reductions in the CI of REM or NREM sleep (see Fig. 3F)
(p > 0.1 each), nor did it correlate with reductions in their cosi-
nor amplitudes ( p > 0.1 each).

To further control for LHA damage, we examined five rats
with lesions just lateral to the DMH (Fig. 2C). These lesions ab-
lated 87 = 5% of Nissl-stained neurons in the PeF but ablated
only 10 * 6% of DMH neurons. In these rats, overall daily wake-

A, Coronal views of DMH area lesions ablating >80% of DMH neurons. Drawings are shown in order from least (case 245) to greatest (case 81) cell loss. B, Reconstructions of DMH lesions
(solid outlines) in a single sagittal plane 0.4 mm lateral to midline. Also shown are sagittal reconstructions of control lesions ventral, dorsal, or caudal to the DMH (dashed outlines). Rostral is toward
the left, and dorsal is toward the top of panel. Lesions lateral to the DMH are not shown in this panel because they lie outside the plane shown. (£, Coronal drawings of control lesions lateral ( (),
ventral (D), and dorsal ( £) to the DMH. £, Coronal drawings of DMH lesions used for melatonin/corticosteroid measurements. Scale bars, 1 mm. Distance from bregma is indicated in millimeters for
coronal sectionsin A and C.

fulness was reduced by 1.1 hr relative to sham controls (Table 1)
(p < 0.05), but behaviors were otherwise strikingly different
from that of DMHx rats. LHA-lesioned rats had no reductions in
the CI or cosinor amplitude of sleep, LMA, or Tb relative to
sham-operated control rats (Table 1; see Fig. 4 H), although they
showed a moderate reduction in the REM rhythm that did not
reach statistical significance (38 = 22% CI reduction; 25 = 21%
cosinor reduction; p > 0.1 each comparison). LHA lesions re-
duced overall daily LMA by 44 * 4.8% ( p < 0.05), but these rats
still had 68% more daily LMA counts than DMHx rats (p <
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Remaining PeF neurons
in DMHXx rats

After DMH lesions, numbers of surviving DMH neurons correlate significantly with circadian indices of NREM sleep (A), REM sleep ( B), LMA ( (), and food intake (D), but not Th (£). The

trend lines for sleep, LMA, and feeding, but not Th, intersect the y-axis near zero, suggesting a greater DMH influence on sleep, LMA, and feeding than Th rhythms. In DMHx rats (>80% loss of DMH
neurons), additional loss of perifornical neurons does not correlate with additional reductions in REM or NREM circadian indices ( F). Circadian indices and cell counts are normalized to 100% for

sham-operated controls.

0.01). LHA lesions did not reduce overall daily Tb (Table 1) ( p >
0.05).

It should be noted that our LHA lesions were placed as con-
trols for damage induced by DMH area lesions and thus spared
substantial portions of the LHA, particularly at levels rostral or
caudal to the DMH, and in the lateral-most portions of the LHA.
Thus, these lesions spared ~33 % 7% of orexin neurons through-
out the entire LHA and did not produce the intense hypersom-
nolence seen after more extensive lesions of the LHA (Gerash-
chenko et al., 2001).

Lesions of the VMH (n = 5) (Fig. 2 D) or dorsal and posterior
hypothalamic areas (DHA/PH) (n = 4) (Fig. 2 E) had no signifi-
cant effects on the circadian indices, cosinor amplitudes, or over-
all levels of NREM sleep, REM sleep, LMA, or Tb (Table 1), with
the exception of a 40 * 11% increase in the REM circadian index
after VMH lesions (Table 1) ( p < 0.05) (see Fig. 4H). The cur-
rent study did not examine lesions in the dorsal SPZ, which re-
sides just rostral to the DMH, because cell loss in this region has
been shown previously to reduce only the Tb but not sleep and
LMA circadian rhythms (Lu et al., 2001).

Effects on food intake

Previous studies showed that DMH lesions modestly reduce food
intake (Bernardis and Bellinger, 1998), but we hypothesized that
these lesions may have greater effects on the circadian variation of
feeding. In 10 DMH-lesioned and 3 sham-injected control rats (a
subset of the animals used for sleep recordings), the circadian
index of food intake correlated strongly with the number of sur-
viving DMH neurons (r = 0.86; p < 0.01) (Fig. 3D). The animals

with the three most complete lesions lost 84 *= 11% of DMH
neurons and had a 79 = 11% reduction in the circadian index of
feeding relative to three sham-operated controls ( p < 0.05). The
three animals also showed a reduction in total food intake from
25 * 11020 * 4 gm/d, which did not reach statistical significance
(p > 0.1). In contrast, LHA-lesioned rats had no change in the
circadian index of feeding ( p > 0.50) but showed a 39% reduc-
tion in total feeding relative to sham-operated rats (p < 0.05).
Hence, LHA lesions mainly disrupted homeostatic but not the
circadian distribution of feeding; conversely, DMH lesions
mainly affected the circadian distribution of feeding. Cell-specific
VMH lesions did not significantly alter total food intake (p >
0.1) or its circadian index ( p > 0.2).

DMH lesions eliminate circadian rhythm of adrenal
corticosteroids but not melatonin

The DMH has been implicated in circadian regulation of mela-
tonin and corticosterone (Bellinger et al., 1976; Kalsbeek et al.,
1996), but these previous studies used electrolytic lesions, which
destroy fibers of passage, or drug injections, which may spread
outside the DMH. In a separate group of DMH-lesioned (n = 6)
and sham-operated control animals (n = 5), rats with DMH area
lesions had no circadian variation of serum cortisol (Fig. 4I)
(ANOVA; F = 0.41; p > 0.7), in contrast to sham-operated rats,
which had much higher cortisol levels at 4 P.M., near the end of
the subjective day, than at the other three sample times (p <
0.05) (Fig. 4I). DMH lesions also reduced average daily cortisol
levels nearly twofold, from 19 % 2 to 10 = 2 ng/ml ( p < 0.01).
Although two lesioned rats in this group (Fig. 2 F, cases 193, 195)
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reduction of rhythms in DMHx rats (@), relative to sham-operated controls (no symbol). Results are plotted with respect to
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had damage extending laterally beyond
the fornix, other DMH lesions did not ex-
tend past the fornix, yet they showed sim-
ilar alterations in cortisol values. Cortisol
and corticosterone levels can rise rapidly
during stress, e.g., because of handling,
but the serum cortisol levels of our rats
were comparable with those obtained by
rapid decapitation (Antonio Martinez et
al., 1990).

Although corticosterone, rather than
cortisol, is the predominant adrenal corti-
costeroid in rats, technical difficulties pre-
vented us from obtaining sufficient corti-
costerone measurements for statistical
analysis. We observed roughly parallel
changes in these two hormones, however,
consistent with their overlapping biosyn-
thetic pathways (Fauci et al., 1998) and
with other studies showing parallel
changes in release of corticosterone and
cortisol (Illera et al., 1998; Szucs et al.,
2001). Melatonin levels were unaffected
relative to saline-injected controls at all
sample times (Fig. 4]) (p > 0.2 each
comparison).

Circadian inputs to the DMH

The effects of DMH lesions on sleep, LMA,
and Tb closely resemble those of ventral
SPZ lesions, which also attenuate sleep
and LMA circadian rhythms to a much
greater degree than Tb rhythms (Lu et al.,
2001). We used anterograde and retro-
grade tracing to examine whether this
functional similarity may be mediated by a
projection from the ventral SPZ to the
DMH. After injections of the retrograde
tracer CTB into the DMH of three rats
(Fig. 5A), labeled neurons were more than
twice as numerous in the ventral SPZ
(52 = 12 cells per 40 wm section) as in the
SCN (19 = 2 cells per section) or dorsal
SPZ (21 = 2 cells per section) (Fig. 5B).
Anterograde tracer injections into the
ventral SPZ (Fig. 5C) confirmed this path-
way, showing many labeled fibers and
boutons in the DMH (Fig. 5D), particu-
larly in rostral portions of the DMH. Some
anterogradely labeled boutons apposed
neurons immunoreactive for TRH (data
not shown), a marker for many DMH
neurons (Fig. 1B, E), but most boutons in
the DMH intermingled with TRH somata
without forming apparent appositions.
Labeled fibers arising from the ventral SPZ
were also apparent just outside the DMH,
in the VMH, LHA, and DHA.

DMH projections to sleep—wake
regulatory neurons

We previously found a strong DMH pro-
jection to galaninergic VLPO neurons
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Figure5. Afterretrograde tracerinjectionsinto the DMH ( A), numerous retrogradely labeled cells are seen in the ventral SPZ, with somewhat fewer cells in the dorsomedial SCN ( B). Anterograde
tracer injections into the ventral SPZ ( ) produce labeled terminals mainly in the DMH and VMH (D). After injections of the anterograde tracer biotinylated dextran into the DMH ( £), labeled fibers
heavily innervate the LHA, particularly near the fornix, where many anterogradely labeled fibers (H, dark reaction product) appose orexin neurons (H, lighter reaction product). After CTB injections
into the VLPO (F, arrowhead), many DMH neurons are retrogradely labeled (/), and most of these express GAD67 mRNA (asterisks), although some do not (dots). Higher magnification of DMH region
shows retrogradely labeled cells (J, epifluorescence illumination) overlaid with silver grains indicating GAD67 mRNA (K, dark-field illumination). Arrowheads indicate double-labeled cells. After CTB
injections into the LHA ( G), very few CTB-labeled DMH neurons express GAD67 mRNA (single star), and most lack detectable GAD67 mRNA (dots). Hatched area in / shows CTB injection site. Some
DMH neurons retrogradely labeled by LHA injections (M) had overlying silver grains indicating TRH mRNA (N). fx, Fornix. Scale bars: A, D, £, G—1, L, 250 pum; B, C, 125 wm; F, 20 um; J, K, 150 um;
M, N, 100 pm.
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(Chou et al., 2002), which promote sleep. Because the DMH also
heavily innervates the LHA (Thompson et al., 1996), where many
wake-promoting orexin neurons are found, we examined
whether DMH efferents target orexin neurons by injecting the
anterograde tracer BD into the DMH of three rats (Fig. 5E). Av-
eraged over these three cases, anterogradely labeled fibers and
boutons apposed 67 £ 13% of orexin-immunoreactive cell bod-
ies medial to the fornix and 23 * 8% of orexin-immunoreactive
cell bodies lateral to the fornix (Fig. 5F). Many anterogradely
labeled boutons in the LHA did not appose orexin-
immunoreactive somata or proximal dendrites; these boutons
may target non-orexinergic neurons or unlabeled distal dendrites
of orexin neurons.

Because VLPO and LHA neurons are thought to have oppos-
ing effects on sleep—wake behaviors, we hypothesized that the
DMH projections to these areas may express opposing inhibitory
and excitatory neurotransmitters. To examine neurotransmitters
in DMH neurons projecting to the VLPO, we placed CTB injec-
tions into the VLPO (Fig. 5G). The injection sites in these cases
included the VLPO cluster, where the densest collection of gala-
ninergic sleep-active neurons is found (Gaus et al., 2002), and the
extended VLPO, which resides dorsal and medial to the VLPO
core and contains a more diffuse collection of galaninergic, sleep-
active neurons. Our previous studies showed that DMH efferents
abundantly appose neurons in both the VLPO cluster and ex-
tended VLPO (Chou et al., 2002).

DMH neurons projecting to the VLPO were predominantly
GABAergic. In three cases with CTB injections into the VLPO
(Fig. 5G), an average of 54 = 18 DMH neurons per section were
retrogradely labeled. Of these, 67 * 6% also expressed mRNA for
GAD67, the synthetic enzyme for GABA (Fig. 5I-K). In contrast,
only 14 £ 2% (n = 4) of CTB-labeled DMH neurons expressed
either glutamate immunoreactivity or mRNA for VGLUT?2, a
recently identified marker for many glutamatergic neurons
(Takamorietal.,2001). We did not examine expression of mRNA
for the type 1 vesicular glutamate transporter, because its mRNA
levels are very low in DMH neurons (Ziegler et al., 2002).

DMH neurons projecting to the LHA predominantly ex-
pressed glutamatergic markers. In five cases with CTB injections
into the LHA, 45 *= 13 DMH neurons per section were retro-
gradely labeled, and 59 * 5% of them expressed either glutamate
immunoreactivity or VGLUT2 mRNA. In three other cases with
CTB injections into the LHA, only 13 * 3% of retrogradely la-
beled DMH neurons expressed GAD67 mRNA (Fig. 5L). We did
not observe glutamate immunoreactivity or VGLUT2 mRNA
above background levels in brain regions containing predomi-
nantly GABAergic neurons, such as the striatum, VLPO, SCN, or
reticular nucleus of the thalamus.

Our CTB injections into the VLPO typically involved the su-
praoptic nucleus as well, a minor target of DMH efferents
(Thompson et al., 1996); however, CTB injections confined to
the supraoptic nucleus label many fewer DMH neurons than
injections involving the VLPO (Chou et al., 2002).

TRH neurons are particularly numerous in the DMH, com-
pared with the immediately surrounding areas (Fig. 1 B,E), and
TRH mRNA was found in 34 * 8% of DMH neurons projecting
to the LHA (n = 3) (Fig. 5M,N), but in only 8 = 4% of DMH
neurons projecting to the VLPO (# = 3). Hence, TRH neurons in
the DMH, like glutamatergic neurons, may preferentially project
to the LHA versus the VLPO.
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Figure 6.
timing of sleep, wakefulness, and hormone secretion. Solid lines indicate relatively intense
pathways, whereas dotted lines indicate weaker pathways. Other DMH afferents and efferents
not examined in this study are omitted.

Sagittal view (0.4 mm from midline) of major DMH pathways regulating circadian

Discussion

Our experiments demonstrate that the DMH plays a major role in
regulating the circadian rhythm of sleep and a wide range of
related behaviors. DMH lesions not only markedly reduced cir-
cadian rhythms of wakefulness, LMA, and corticosteroid secre-
tion, but they also reduced their overall levels (as well as overall
Tb), suggesting that the DMH influences their circadian rhythms
mainly via activation of these processes. This finding is consistent
with previous studies showing that DMH stimulation increases
heart rate, blood pressure, LMA, and Tb (Zaretskaia et al., 2002).
Our anatomic findings also identify a pair of major DMH efferent
pathways that could simultaneously inhibit sleep and promote
wakefulness (Fig. 6). These findings provide clear evidence that
the DMH plays a pervasive role in driving a wide range of behav-
ioral circadian rhythms, including sleep-wake rhythms.

Unlike behavioral and corticosteroid rhythms, melatonin and
Tb circadian rhythms do not seem to be critically dependent on
the DMH. DMH lesions did not affect the circadian rhythm of
serum melatonin, consistent with a previous cell-specific lesion
study (Mota et al., 2001) and previous hypotheses that the SCN
drives melatonin circadian rhythms via direct projections to the
PVH (Klein etal., 1983; Vranget al., 1995). DMH lesions reduced
the CI and cosinor amplitudes of Tb by only 25-33%, much less
than the effects on NREM and REM sleep rhythms.

Because a minor component of the circadian rhythm of sleep
remained after DMH lesions, this rhythm may also be influenced
through pathways bypassing the DMH. For example, direct pro-
jections from the SCN to the VLPO could play a role, as could
other brain regions, such as the ventral SPZ, that receive input
from the SCN and project to the VLPO (Gaus and Saper, 1998;
Gaus et al., 2000; Deurveilher et al., 2002). Other possibilities
include effects on sleep of rhythms of Tb and melatonin and
possibly other rhythms that do not critically require the DMH.

Calculations of circadian rhythm amplitudes

We recorded sleep in constant darkness to avoid known effects of
light on sleep—wake behaviors (Alfoldi et al., 1991). Because most
rats’ circadian periods slightly exceeded 24 hr, phase corrections
were required before determining circadian indices; however,
these corrections were typically minor, because most circadian
periods were very close to 24 hr. Nevertheless, our results could
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be confounded if estimates of circadian period were more vari-
able in DMHx than control rats; this would selectively degrade
the circadian index in the lesioned but not control rats. DMH
lesions did not increase the SD of estimates of circadian period,
however, suggesting that phase errors were no more variable in
DMHzx than in unlesioned control rats. Finally, results obtained
with the circadian index were corroborated with a cosinor anal-
ysis, which makes no assumptions about circadian phase. The
cosinor analysis only measures sinusoidal components of a wave-
form, however, whereas behavioral rhythms in this study often
showed abrupt changes near CT0 and CT12 that are clearly not
sinusoidal. The cosinor is also systematically biased by low levels
of 24 hr components even in random noise. Both of these biases
in the cosinor would reduce the apparent difference between
DMHx and unlesioned rats, and indeed, cosinor reductions were
typically somewhat smaller than circadian index reductions.

Overall activating influence of the DMH

In squirrel monkeys, SCN lesions reduce total wakefulness
(Edgar et al., 1993), suggesting that the circadian system in this
diurnal species acts mainly by increasing wakefulness during the
animal’s active period. SCN lesions in rats do not cause major
changes in total levels of sleep and wakefulness (Mistlberger et al.,
1983), however, and it has remained unclear whether the circa-
dian system in rats promotes wakefulness at night, inhibits it
during the day, or both. The current findings that DMH lesions
reduce wakefulness, LMA, cortisol levels, and Tb suggest an acti-
vating role for the DMH in these functions. Such an activating
role would also be consistent with our anatomic findings, and
hence the circadian system in rats may also be mainly activating,
analogous to its role in monkeys. This activation may be some-
what weaker in rats, however, because DMH lesions reduce total
wakefulness to a much smaller extent than SCN lesions in
monkeys.

The DMH is a key output nucleus of the circadian system

In agreement with our previous findings, the SCN appears to
influence sleep and other behavioral rhythms via at least two
intermediate stages: the SPZ and the DMH. We showed previ-
ously that the dorsal SPZ is critically required for Tb rhythms,
whereas the ventral SPZ is critically required for sleep and LMA
rhythms (Lu et al., 2001). The DMH may represent a major con-
tinuation of the ventral SPZ branch of circadian output, a finding
that is corroborated by our observations that the DMH receives a
larger input from the ventral than the dorsal SPZ. Unlike the SCN
and SPZ, the DMH sends projections to widespread downstream
targets, suggesting that the DMH is a major output nucleus of a
multistage circadian outflow system.

Downstream targets of the DMH

The heaviest projections of the DMH reside within the hypothal-
amus, including a well studied projection to the PVH (ter Horst
and Luiten, 1986; Thompson et al., 1996; Elmquist et al., 1998), a
major site for regulating endocrine function including cortico-
steroid release (Tokunaga et al., 1986). Although the PVH does
not play a major role in circadian rhythms of sleep (Lu et al.,
2001), we have identified differential DMH projections to the
VLPO and orexin neurons, which play major roles in promoting
sleep and wakefulness, respectively. Orexin neurons may have a
particularly strong influence on REM circadian rhythms, because
loss of the orexin peptide or neurons nearly abolishes REM sleep
circadian rhythms (Chemelli et al., 1999; Hara et al., 2001). DMH
efferents also appear to target many non-orexin neurons in the
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LHA. Non-orexin LHA neurons have been implicated in pro-
moting wakefulness because large cytotoxic LHA lesions cause
profound hypersomnolence (Gerashchenko et al., 2001),
whereas selective loss of the orexin neurons does not (Hara et al.,
2001). Some of the DMH neurons that project to the LHA express
TRH, and TRH receptors are abundantly expressed by LHA neu-
rons (Heuer et al., 2000). It would be interesting to determine
whether non-orexin neurons in the LHA promote wakefulness,
express TRH receptors, and receive inputs from the DMH. Al-
though it has been suggested that the DMH regulates sleep—wake
rhythms through the LC (Jones, 1991; Aston-Jones et al., 2001),
we and others have found only sparse direct DMH projections to
the LC (Luppi et al., 1995; Thompson et al., 1996). In addition,
lesions of the LC do not affect circadian rhythms of sleep under
constant dark conditions (Gonzales et al., 2002), when the SCN is
the chief driver of diurnal cycles. Hence, the LC probably receives
its circadian timing information via an intermediate site (such as
the orexin neurons in the LHA), and its activation may be a
consequence of, rather than a major driver of, circadian cycles of
sleep.

In addition to its projections to the VLPO and LHA, DMH
efferents strongly target areas involved in anxiety, sexual behav-
ior, and various visceromotor functions (Thompson et al., 1996;
Thompson and Swanson, 2003). Additional experiments are
needed to determine whether the DMH also modulates these
functions in a circadian manner.

Broader integrative role for DMH in behavioral state control
The current findings raise the question of why so much of the
SCN output signal passes through two intermediate regions be-
fore ultimately influencing sleep, LMA, corticosteroid release,
and other behaviors. We hypothesize that both the ventral SPZ
and DMH may integrate circadian timing information with other
processes operating independently of circadian time. For exam-
ple, the SPZ receives inputs from numerous regions, including
neurons in the VMH that respond to leptin, a hormone involved
in feeding and body weight regulation (Elmquist et al., 1998). The
DMH also contains leptin receptors (Elmquist et al., 1998) and
receives inputs from many regions of the hypothalamus, cortex,
hippocampal formation, and brainstem (Thompson and Swan-
son, 1998). Hence, the SPZ and DMH may integrate circadian
timing signals with many other signals that influence behavioral
state, allowing behavior to be influenced by the circadian clock
without being rigidly constrained by it. This hypothesis is consis-
tent with many previous studies implicating the DMH in auto-
nomic activation attributable to noxious, painful, or stressful
stimuli unrelated to circadian time (DiMicco et al., 2002).

Our findings suggest that the DMH is a key output nucleus of
the brain’s circadian system, and it is required for the circadian
activation of a wide range of behavioral and endocrine functions.
We further hypothesize that the DMH integrates circadian tim-
ing information with various other signals that collectively influ-
ence an animal’s behavioral state. Further research is needed to
examine these roles of the DMH in behavioral state control.
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