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Summary

Circadian clocks allow anticipation of daily environmental
changes [1]. The suprachiasmatic nucleus (SCN) houses
the master clock, but clocks are also widely expressed else-
where in the body [1]. Although some peripheral clocks have
established roles [1], it is unclear what local brain clocks do
[2, 3]. We tested the contribution of one putative local clock
in mouse histaminergic neurons in the tuberomamillary nu-
cleus to the regulation of the sleep-wake cycle. Histaminergic
neurons are silent during sleep, and start firing after wake
onset [4-6]; the released histamine, made by the enzyme his-
tidine decarboxylase (HDC), enhances wakefulness [7-11].
We found that hdc gene expression varies with time of day.
Selectively deleting the Bmal1 (also known as Arntl or
Mop3 [12]) clock gene from histaminergic cells removes
this variation, producing higher HDC expression and brain
histamine levels during the day. The consequences include
more fragmented sleep, prolonged wake at night, shallower
sleep depth (lower nonrapid eye movement [NREM] & power),
increased NREM-to-REM transitions, hindered recovery
sleep after sleep deprivation, and impaired memory.
Removing BMAL1 from histaminergic neurons does not,
however, affect circadian rhythms. We propose that for mam-
mals with polyphasic/nonwake consolidating sleep, the local
BMAL1-dependent clock directs appropriately timed de-
clines and increases in histamine biosynthesis to produce
an appropriate balance of wake and sleep within the overall
daily cycle of rest and activity specified by the SCN.

Results and Discussion

A Putative BMAL1-Driven Clock in Histaminergic Neurons

Tuberomamillary nucleus (TMN) neurons expressing the histi-
dine decarboxylase (hdc) gene are the sole neuronal source
of histamine [13-15]. The hdc gene shows haploinsufficiency:
a 2-fold decrease in hdc mRNA levels halves the brain content
of histamine in mice [16, 17], and in humans, having only one
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functional hdc allele produces a type of Tourette syndrome
[16]. Thus, modest changes in hdc transcript levels in TMN neu-
rons can change the amount of histamine released and influ-
ence behavior. Changes in hdc mRNA levels also seem to occur
in the normal daily cycle. hdc mRNA levels in human hypothal-
amus are 1.6-fold higher for daytime deaths [18], and HDC
enzyme activity and histamine levels in rat brain vary with
time of day [19-21]. In agreement with these data, immunocy-
tochemical staining for HDC protein in mouse TMN neurons
was stronger at zeitgeber time (ZT)18 (night, mid-lights off,
the period when the animals are more active) than at ZT6
(day, mid-lights on) (3.5 £ 0.19 versus 1 + 0.09 arbitrary units
[AUs]; unpaired two-tailed t test, p < 0.001) (Figures 1A and
1B). In control mice there was also a 1.5-fold variation in hdc
transcript levels over 24 hr (unpaired two-tailed, t test, p <
0.05): hdc mRNA was highest at the start of the night (ZT12),
declined during the night, and increased during the day (Fig-
ure 1C). By contrast, transcripts encoding the enzyme that in-
activates histamine, histamine N-methyltransferase (HNMT),
did not show daily variation in the TMN area (Figure 1C). This
daily variation in HDC expression could indicate a clock-like
mechanism in histaminergic neurons. Indeed, histaminergic
neurons express the core clock protein BMAL1 (Figure 1D).
(BMAL1 antisera specificity was confirmed by the absence of
staining in suprachiasmatic nucleus [SCN] sections from
BMAL1 global knockout brains [Figure S1A available online].)

Removing BMAL1 from Histaminergic Neurons Changes
the Local Expression of Core Circadian Genes and
Elevates hdc Expression

We crossed HDC-Cre mice [22] with animals containing a
floxed Bmal1 gene [23] (Figure S1B). The resulting HDC-
4Bmal1 mice were similar to littermate controls in weight
(control weight, 26.6 = 0.6 g, n = 5; HDC-4Bmal1 weight,
27 = 0.7 g, n=5; unpaired two-tailed t test, p = 0.34) and seemed
healthy. All the HDC-positive cells lost BMAL1 (Figure 1D). In
our characterization of the HDC-Cre mice, we found that tran-
sient developmental expression of the hdc gene produced
recombination in several additional places, in particular the
dorsal lateral geniculate (DLG) thalamic nucleus, the ventral
medial (VM) hypothalamic nucleus, and Purkinje neurons [22].
By immunostaining, there was no indication of BMAL1 loss
from the DLG, VMH, and cerebellum of HDC-4Bmal1 brains
(Figures S1C-S1E); Bmal1 and per1 transcript levels in thesere-
gions were also unchanged (two-way ANOVA and post hoc
Bonferroni, p > 0.05) (Figure S1F). The failure to delete the
bmal1 gene in these areas likely reflects that the particular
floxed allele is relatively Cre insensitive, requiring sustained
doses of Cre to produce recombination [24].

BMAL1 could serve housekeeping functions unrelated to its
clock role. To see whether removing BMAL1 from histaminer-
gic neurons disrupted the local clock, we examined the expres-
sion of core clockwork-associated genes in the TMN of control
and HDC-4Bmal1 mice. In littermate control mice, Per1, Cry1,
and Rev-erba mRNA levels peaked around the beginning of the
night (Figure S1G); in HDC-4Bmal1 mice, the expression
rhythms of these three genes across the light-dark cycle
were flattened; Per1 and Cry7 mRNA levels were, on average,
higher, whereas Rev-erba levels were significantly lower
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Figure 1. Rhythmic Expression of HDC and Histamine Requires BMAL1 in HDC-Positive Cells

(A and B) Expression of HDC in the mouse TMN varies with time of day. The intensity ofimmunocytochemical staining of neurons with antiserum to HDC (green)
was higherat ZT18than at ZT6 (n = 3 mice in both groups; n=17 cells in control mice; n = 18 cellsin HDC-4Bmal1 mice). Boxed regions in (A) are shown at higher
power. The scale bars represent 40 um. The graph (B) was obtained by imaging the fluorescence intensity of individual neurons; bars indicate SEM; ***p < 0.001.
(C) Quantitative PCR analysis of RNA from posterior hypothalamic tissue shows that transcripts encoding HDC vary with time of day, but in HDC-4Bmal1
mice (red traces) these rhythms were altered. HNMT transcript levels were unchanged; all transcript levels were normalized to expression of the 78S rRNA
gene. Bars represent SEM; **p < 0.01, ***p < 0.001.

(D) Histaminergic neurons in the TMN area, identified by immunocytochemistry with HDC (red), also contained BMAL1 protein (green); in HDC-4Bmal1
mice, BMAL1 staining was selectively removed. Magnifications are shown in the boxed regions. 4’,6-diamidino-2-phenylindole (DAPI) (blue) shows the
position of cell nuclei. Arrowheads indicate examples of HDC-positive cells with BMAL1 (control) or without BMAL1 (HDC-4Bmal1 knockouts). The scale

bars represent 40 pm.

(E) Compared with littermate controls, HDC protein is elevated at all ZT points in the TMN of HDC-4Bmal1 mice. The scale bar represents 40 um.
(F) Average histamine levels are elevated in HDC-4Bmal1 brains during the day (bars represent SEM; *p < 0.05).
(G and H) HDC- 4Bmal1 mice (red trace) traveled farther than littermate control mice in a 30 min period (G), and speed in total 30 min was higher (H) (n =10

control; n = 10 HDC-4Bmal1; bars represent SEM; *p < 0.05, **p < 0.01).
See also Figures S1-S3.

(Figure S1G) (two-way ANOVA and post hoc Bonferroni, *p <
0.05, **p < 0.01; Cosinor analysis [cosinor.exe, version
2.3; http://www.circadian.org/softwar.html]; Per1: control:
amplitude, 0.63, p < 0.05; HDC-4Bmal1: p =0.27; Cry1: control:
amplitude, 0.25, p < 0.05; HDC-4Bmal1: p = 0.25; Rev-erba:
control: amplitude, 0.9, p = 0.01; HDC-4Bmal1: amplitude,
0.29, p = 0.05; Cosinor p values are related to comparisons of
goodness of cosine fit). Furthermore, the rhythmic expression
of PER2 protein was abolished in histaminergic neurons in
HDC-4Bmal1 mice (Figure S1H; the specificity of the PER2
antiserum was confirmed in per2 knockout mice [25]). These
results indicate that BMAL1 deletion from histaminergic neu-
rons has likely disrupted their local clock mechanism.

In the HDC-4Bmal1 mice, hdc gene expression showed a
disrupted 24 hr pattern (two-way ANOVA and post hoc Bonfer-
roni, **p < 0.01, ***p < 0.001), and hdc transcript levels and
protein were overall higher in the day and the late night.
This produced increased brain histamine levels in the day (Fig-
ure 1F; two-way ANOVA or one-way ANOVA and post hoc
Bonferroni, *p < 0.05). To test the behavioral consequence of
upregulated hdc gene expression in TMN neurons, we exam-
ined locomotor activity in an open field. HDC-4Bmal1 mice

traveled farther and at higher speeds (Figures 1G and 1H)
than littermate controls (unpaired two-tailed t test, *p < 0.05,
**p < 0.01).

BMAL1-CLOCK dimers can either activate or repress target
genes [26, 27]. Is the hdc gene directly repressed by BMAL1?
The 5 region of the mouse hdc gene contains an E box.
BMAL1-CLOCK dose-dependently increased hdc promoter-
luciferase gene expression (Figure S2A) (one-way ANOVA
and post hoc Bonferroni, **p < 0.001), but not when the E
box was mutated (Figure S2B). This was the opposite of the
in vivo situation, when hdc transcript levels increased after
BMAL1 deletion. Thus, in histaminergic neurons, BMAL1 could
recruit a repressor complex onto the hdc promoter [27]. Alter-
natively, RORE sequences in the hdc gene could bind the
repressor and core clock protein REV-ERBuo [28, 29]. Dimin-
ished REV-ERBu« levels in the TMN of HDC-4Bmal1 mice (Fig-
ure S1G) might derepress the hdc gene.

Intrinsic Electrical Properties of Histaminergic Neurons
Are Not Influenced by BMAL1

SCN neurons show cell-intrinsic circadian regulation of their
electrophysiological parameters, partly determining when
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(A) Representative wheel-running actograms
from homozygous loxBmal1 mice and HDC-
4Bmal1 mice. Mice were initially entrained to
12 h white light, 12 h dim red light (LD) and then
transferred to continuous dim red light (DD) or
continuous white light (LL).

(B) HDC-4Bmal1 mice (n = 6) and littermate con-
trols (n = 8) did not have differing circadian pe-
riods or amplitudes during LD, LL, or DD (bars
represent SEM; p > 0.05).

(C and D) Immunocytochemical analysis shows
that the circadian rhythm of BMAL1 (green) and
PER2 (green) expression is unaffected in the
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these neurons fire [30-32]. We made whole-cell current-clamp
recordings of histaminergic neurons from littermate and HDC-
4Bmal1 mice during night and day (Figure S3C). Resting mem-
brane potential, input conductance, current injection to
threshold of action potential firing, capacitance, and mem-
brane time constant were unaffected by time of day or the
absence of BMAL1 (Figure S3C). We expect that HDC-4Bmal1
histaminergic neurons will fire action potentials normally but
release more histamine.

HDC-4Bmal1 Mice Have an Unchanged Circadian Wheel-
Running Behavior

HDC-4Bmal1 knockout mice had an unchanged behavioral
circadian rhythm and phase, compared with littermate con-
trols, as assessed by wheel running in free-running conditions
of constant darkness (DD) (unpaired two-tailed t test, p > 0.05)
(Figures 2A and 2B) [25]. In free-running constant light (LL),
both genotypes were more variable in period length than in
LD or DD (Figure 2A). However, the amplitude of the peak
period was lower and more variable in LL than in LD and DD,
indicating the mice were equally less active in LL than in LD
or DD, regardless of genotype (Figures 2A and 2B). Within
the SCN, the circadian variation in BMAL1 and PER2 proteins
was unchanged between HDC-4Bmal1 knockout mice and
littermate controls (Figures 2C and 2D); there was little varia-
tion in BMAL1 staining intensity in the SCN between ZT6 and
ZT18 (Figure 2C), highlighting that although BMAL1 is the
core component of the clock, its levels change little during
the circadian cycle. CLOCK and BMAL1 are often constitu-
tively bound to E boxes. The critical rhythm for BMAL1-CLOCK
activity arises from PER-CRY, which arrives to inhibit, and then
dissociates from, the BMAL1-CLOCK complex [33]. PER2
staining in the SCN of both groups of mice increased at ZT18
compared with ZT6 (Figure 2D). Thus, the HDC-4Bmal mice
had an unaffected SCN molecular clock and circadian pace
making.

HDC-4Bmal1 Mice Have More Fragmented Sleep
Mice unable to synthesize histamine (HDC knockouts) show
normal sleep-wake behavior throughout most of the 24 hr

[ zt18 | bar represents 0.5 mm.

- PER2 DAPI PER2 PER2 DAPI

cycle, except they are significantly less
awake just before, and for the first few
hours after, the start of the night [10]. It
is intriguing that HDC knockout mice
have a selective deficit in anticipating
lights off, further suggesting a circadian involvement of
histaminergic neurons. In contrast to HDC knockout mice,
the HDC-4Bmal1 mice have a gain of function in the histamin-
ergic system. We looked at the consequences for the sleep-
wake cycle (Figure 3; Figure S4). Sleep experiments and
nontethered electroencephalogram (EEG) analysis were per-
formed using Neurologger2 devices [22, 34]. For the first
part of the night, HDC-4Bmal1 mice were more awake, as
assessed by electromyogram (EMG) and the ratio of 5:0 power
in the EEG, than littermate controls (Figures S4A-S4C), namely
the opposite of HDC knockout mice [10]. As the night pro-
gressed, the EEG:EMG ratios of the HDC-4Bmal1 mice
became similar to littermate controls (Figure S4A). Some the
HDC-4Bmal1 mice had long (up to 40 min) periods of uninter-
rupted waking (Figure 3B). The total wake time, however, of
HDC-4Bmal1 mice averaged over 24 hr was unchanged
(693 = 21 min versus 693 *= 12 min, unpaired two-tailed
ttest, p > 0.05), but over the night they spent more time awake
than littermate control mice and less time awake during the
day (night: 420 = 16 min versus 461 = 10 min, unpaired two-
tailed t test, p < 0.05; day: 273 + 9 min versus 231 = 7 min,
unpaired two-tailed t test, p < 0.05) (Figure S4A). Throughout
the 24 hr, during the wake periods, the HDC-4Bmal1
mice had higher 6 frequencies in the EEG than littermate con-
trols (two-way ANOVA and post hoc Bonferroni, p < 0.05)
(Figure S4D).

The amount of nonrapid eye movement (NREM) sleep was
similar between HDC-4Bmal1 and control mice (Figure S4B)
(488 = 11 min versus 427 + 20 min, unpaired two-tailed t test,
p>0.05), but NREM power was lower (Figure S4E; see next sec-
tion) (two-way ANOVA and post hoc Bonferroni, *p < 0.05). Dur-
ing the day, HDC-4Bmal1 mice had more NREM episodes than
controls (Figure 3C), but these episodes were shorter (Fig-
ure 3D) (3.5 = 0.3 min versus 2.4 = 0.3 min, unpaired two-tailed
t test, **p < 0.01). The amount of REM sleep in HDC-4Bmal1
mice compared with littermate controls was higher in the day
(Figure S4C): there were more episodes (Figure 3E), although
episode duration was unchanged (Figure 3F) (1.7 = 0.04 min
versus 1.8 + 0.04 min, unpaired two-tailed t test, p > 0.05); how-
ever, REM episode duration was shorter in the HDC-4Bmal1
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mice (Figure 3F) during the night (1.6 = 0.04 min versus 1.4 =
0.03 min, unpaired two-tailed t test, **p < 0.01).

The daytime sleep architecture of HDC-4Bmal1 mice
differed from littermate control mice (Figure 3G). HDC-4Bmal1
mice had more “NREM-to-REM” (39 + 2 versus 68 + 2, un-
paired two-tailed t test, ***p < 0.001) and “REM-to-NREM”
(29 = 1 versus 58 + 2, unpaired two-tailed t test, **p <
0.001) transitions during the day (Figure 3G). During the night,
there was no difference between genotypes in NREM-REM
transitions (22 = 3 versus 28 = 2, unpaired two-tailed t test,
p > 0.05) (Figure 3G); however, HDC-4Bmal1 mice had fewer
wake-to-NREM transitions (29 + 3 versus 17 = 1, unpaired
two-tailed t test, ***p < 0.001) and vice versa (21 + 3 versus
11 £ 1, unpaired two-tailed t test, ***p < 0.001) (Figure 3G), re-
flecting that they were awake more (Figure 3B). Thus, sus-
tained elevated histamine in HDC-4Bmal1 mice changed the
sleep-wake architecture.

After Sleep Deprivation, the Recovery Sleep of

HDC-4Bmal1 Mice Is Shorter with Less Power

HDC-4Bmal1 mice and littermate controls were sleep
deprived for 5 hr during the start of the day [35]. Mice were
placed into a novel cage, and objects (plastic tubes, pieces
of paper) were introduced that were exchanged each hour.
This method reliably prevented sleep (Figure 4A). Consistent

30 min extra NREM sleep per hour (Fig-
ure 4B). The 3 power in the EEG of litter-
mate control mice remained elevated,
compared with presleep deprivation
levels, for some 12 hr after sleep
deprivation (Figure 4C). By contrast, HDC-4Bmal1 mice did
not sustain their recovery sleep: it was about 6 hr shorter
than sleep-deprived control littermates (Figure 4A), and their
enhanced 3 power of recovery sleep, already lower compared
with littermate controls before sleep deprivation, remained
lower as it declined to baseline (Figure 4C; Figure S4H).
HDC-4Bmal1 mice reaccumulated their NREM sleep at a
slower rate than control mice: 12.5 min extra NREM sleep
per hour (Figure 4B). Because HDC-4Bmal1 mice had more
REM baseline sleep than littermate controls during the day
(Figure 3G), they had more REM loss during sleep deprivation,
namely they had more REM sleep to lose by sleep deprivation
(Figure S4J). HDC-4Bmal1 mice also had a quicker reaccumu-
lation of REM sleep during recovery sleep (Figure S4J). In the
recovery stage after sleep deprivation, HDC-4Bmal1 mice
had more transitions from NREM to REM, which caused
more REM gain but less NREM gain. The reason could be
that hdc expression was stronger in the HDC-4Bmal1 mice
during recovery sleep (see next section).

1 R
8\28// 22

HDC Expression Is Reversibly Elevated by Sleep
Deprivation and Requires BMAL1 to Reduce Its Expression
to Baseline

We examined HDC expression in TMN neurons at the end of
the sleep deprivation period (ZT5; 5 hr of sleep deprivation).
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ZT5 is when HDC and histamine levels are normally lower
(Figure 1). At the end of the deprivation period, however,
HDC expression was at the higher nighttime levels in both
littermate controls and HDC-4Bmal1 mice (Figure 4D), sug-
gesting that sleep deprivation increases hdc gene ex-
pression. Consistently, sleep deprivation raises histamine
levels in cerebrospinal fluid [36]. In control mice, 4 hr into re-
covery sleep, HDC protein expression had decreased
(roughly halved) to typical ZT6 levels (1% = 0.05% versus
0.36% = 0.03%, AUs, one-way ANOVA and post hoc Bonfer-
roni, ***p < 0.001) (Figure 4E). In HDC-4Bmal1 mice, HDC
protein expression remained elevated (Figure 4E). Presum-
ably, in wild-type mice, hdc expression increases to combat
the effects of sleep deprivation, and BMAL1 represses hdc
gene expression back to baseline levels, ensuring good re-
covery sleep. Without BMAL1 in histaminergic neurons, the
hdc gene expression level stayed flat and higher because it
was already high before sleep deprivation and could not be
further induced.

HDC-4Bmal1 Mice Are More Impaired in Novel Object
Recognition following Sleep Deprivation and Recovery
Sleep

We investigated whether the diminished recovery sleep after
sleep deprivation of HDC-4Bmal1 mice affected their ability
at novel object recognition (Figure 4F). In mice, this memory
task is sensitive to sleep deprivation [35, 37]. Control

See also Figure S4.

littermates and HDC-4Bmal1 mice were tested [35] either dur-
ing the night phase of their normal sleep-wake cycle or after
5 hr of sleep deprivation followed by 17 hr of recovery sleep.
Mice were trained for 10 min in the open field with the same
objects; control littermates and HDC-4Bmal1 mice spent
equal time exploring the two objects. In normal sleep-wake
cycle conditions, control littermates and HDC-4Bmal1 mice
performed the same (72% =+ 2% versus 65% = 3%, one-way
ANOVA and post hoc Bonferroni, p > 0.05) (Figure 4F). For
both genotypes, sleep deprivation impaired performance in
recognizing the novel object, even after 17 hr of recovery sleep
(Figure 4F); however, HDC-4Bmal1 mice performed worse
(56% = 3% versus 39% = 3%, one-way ANOVA and post
hoc Bonferroni, **p < 0.01) (Figure 4F). Thus, the reduced re-
covery of NREM sleep in HDC-4Bmal1 mice, compared to
littermate controls, impaired cognitive function (Figures 4A
and 4B).

Conclusions

Circadian transcription factors regulate arousal and sleep [3,
12, 38, 39]. Our work reveals a specified function for local
clock factors in histaminergic circuitry controlling arousal.
BMAL1 in histaminergic neurons promotes a daily 1.5-fold
fluctuation in hdc gene expression, with lower mRNA levels
during the day. We propose that the local BMAL1-dependent
clock mechanism suppresses daytime histaminergic tone
and thereby facilitates appropriately timed intervals of sleep
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and wake synchronized to the animal’s overall circadian
behavior.
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