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Histamine and orexin/hypocretin are
neurotransmitters that have unique roles
in promoting wakefulness, and likely act
synergistically to promote and maintain
waking behavior. Histamine neurons lo-
cated in the tuberomammillary nucleus
and surrounding regions fire tonically
during waking (Steininger et al., 1999),
whereas orexin neurons located in the
perifornical area fire during waking and
phasic periods of rapid eye movement
(REM) sleep (Mileykovskiy et al., 2005).
These transmitter systems innervate brain
regions involved in all aspects of sleep–
wake regulation, including projections from
orexinergic to histaminergic neurons
(Siegel, 2009). The generation of knock-out
mice lacking either the histidine decarbox-
ylase gene (HDC KO) or the prepro-orexin
gene (Ox KO) has allowed investigators to
elucidate the roles these transmitters play in
regulating sleep–wake behavior. Mice lack-
ing histamine have increased amounts of
REM sleep and evidence of somnolence, as
demonstrated by decreased sleep latency in
response to behavioral stimuli (Parmentier
et al., 2002). In contrast, mice lacking orexin
peptides do not exhibit different amounts of
sleep–wake states across a 24 h period; how-

ever, they have behavioral state instability
(i.e., increased transitions between states)
(Mochizuki et al., 2004). In addition to this,
Ox KO mice have behavioral arrests that
include both non-REM and REM sleep at-
tacks, as well as cataplexy (involuntary loss
of muscle tone during waking), a common
symptom of narcolepsy (Chemelli et al.,
1999; Mochizuki et al., 2004). The dis-
tinct roles these transmitters play in
promoting specific aspects of wakeful-
ness (i.e., cognition, locomotion, etc.)
are not fully understood.

In a recent study published in The
Journal of Neuroscience, Anaclet et al.
(2009) made use of these knock-out mice
to investigate the unique roles histamine
and orexin have in promoting the different
aspects of wakefulness. The authors first in-
vestigate the basic sleep–wake characteris-
tics of Ox KO mice and demonstrate that
these mice have normal amounts of sleep
and wakefulness [Anaclet et al. (2009), their
Fig. 2] despite their behavioral state instabil-
ity [Anaclet et al. (2009), their Table 1]. The
authors then demonstrated that, during
spontaneous sleep and waking, EEG charac-
teristics do not differ between Ox KO and
wild-type mice, a key difference between
these mice and HDC KO mice, which show
several changes in cortical EEG spectral
power compared with wild types [Anaclet
et al. (2009), their Fig. 3]. Ox KO mice also
exhibit a reduced ability to maintain
wakefulness with an environmental change
[Anaclet et al. (2009), their Fig. 4].

Perhaps the most important result of
the study is the differing responses of HDC

KO and Ox KO mice when placed on a run-
ning wheel. HDC KO mice responded sim-
ilarly to wild types, with an increase in
wakefulness and similar amounts of loco-
motion (i.e., wheel running) [Anaclet et al.
(2009), their Fig. 5]. Conversely, Ox KO
mice did not respond with the same in-
creased wakefulness and exhibited signifi-
cantly less locomotion than wild types
[Anaclet et al. (2009), their Figs. 6, 7]. Im-
portantly, treatment of Ox KO mice with
orexin peptides increased wake and loco-
motion; in addition, in wild-type mice,
pretreatment with an orexin antagonist
mimicked the results seen in Ox KO mice
[Anaclet et al. (2009), their Fig. 7]. These
results suggest, as the authors note, that
orexin contributes to the maintenance of
wakefulness by enhancing locomotion. In
contrast, histamine appears to be involved
in the cognitive aspects of wakefulness. This
sets up complementary roles for histamine
and orexin in the control of wakefulness and
suggests that the excessive sleepiness ob-
served in narcolepsy is not attributable to
lack of orexin per se but is attributable to
decreased histaminergic transmission as a
result of the loss of orexin. This conclusion is
supported by recent findings that human
narcoleptics have decreased histamine in
their CSF (Nishino et al., 2009).

Anaclet et al. (2009) interpret the re-
duced wheel running of Ox KO mice as an
indication that orexin functions to pro-
mote arousal through locomotion. There
is evidence that orexin is involved in loco-
motion, including that orexin neurons
fire much more during active versus quiet
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waking (Mileykovskiy et al., 2005), CSF
orexin levels correlate with movement
(Wu et al., 2002), and orexin excites mo-
tor neurons directly (Peever et al., 2003).

However, alternative interpretations
include that Ox KO mice do not run as
much as their wild-type littermates be-
cause they have excessive sleepiness or
that they do not find wheel running as re-
warding. In a previous study in which
mice were given a choice between wheel
running and sleeping, España et al. (2007)
showed that Ox KO mice had the same
average and maximal running speed as
wild-type mice, but the average duration
of each running bout, and thus overall
running time, was lower in Ox KO mice.
This could suggest that Ox KO mice stop
running because they have excessive
sleepiness or because they do not find
wheel running as rewarding as wild types.
There is evidence that wheel running can
be rewarding in rodents (Lett et al., 2002).
Orexin peptides are also linked with re-
warding stimuli: orexin neurons inner-
vate reward centers in the brain and fire in
response to specific rewards (Harris et al.,
2005). Indeed, Anaclet et al. (2009) dem-
onstrate using c-fos that orexin neurons
are active during wheel running in wild-
type mice [Anaclet et al. (2009), their Fig.
8]; perhaps the orexin system strengthens
the rewarding effect of wheel running, mo-
tivating mice to continue. McGregor et al.
(2007) demonstrated that Ox KO mice have
impaired motivation using a task that is not
as dependent on locomotion. They showed
that Ox KO mice bar press significantly less
for a positive reward, indicating that they
could have decreased motivation, whereas
they bar press equally to avoid a negative
outcome, indicating that impaired locomo-
tion is not the reason for decreased bar
pressing with a positive outcome. Further-
more, to address whether an inability to
maintain wakefulness contributed to the
lack of wheel running in Ox KO mice, it
would be interesting to alleviate the exces-
sive sleepiness pharmacologically (e.g., with
an H3 histamine receptor inverse agonist)
and observe whether these mice run more.

In addition to differences in wheel
running, HDC KO and Ox KO mice differ
in that Ox KO mice show behavioral ar-
rests. Several studies have demonstrated
the presence of both sleep attacks and cat-
aplexy in these mice (Mochizuki et al.,
2004; España et al., 2007; Clark et al.,
2009; Scammell et al., 2009). In contrast,
Anaclet et al. (2009) do not report any in-
stances of cataplexy in Ox KO mice, only
episodes of “narcolepsy” defined as direct
transitions from wake to REM sleep. In-

deed, studies have demonstrated not only
spontaneous cataplexy in these mice, us-
ing EEG, EMG, and videography, but also
that specific stimuli can trigger cataplexy,
such as wheel running, palatable food, or an
open field (Mochizuki et al., 2004; España et
al., 2007; Clark et al., 2009; Scammell et al.,
2009). In addition, it has been shown that
cataplexy and REM sleep are unique states
in these mice that can be independently
manipulated with specific dopamine re-
ceptor modulators (Burgess et al., 2008).
Perhaps because of the relatively short dura-
tion of cataplexy, infrequent occurrence,
and the fact that the authors scored behavior
in 30 s epochs, bouts of cataplexy were
missed. Alternatively, the direct entrances to
REM sleep mentioned in the manuscript
could be cataplexy, as murine cataplexy is
defined by immobility and theta-dominant
EEG that lasts at least 10 s and follows wake-
fulness, which is very similar to the authors’
description of direct-onset REM episodes
(Scammell et al., 2009).

The evidence for the authors’ conclu-
sion that histamine is important for
aspects of consciousness and cognitive
function is strong, including that HDC
KO mice have impaired cortical activation
(Anaclet et al., 2009) and that putative his-
tamine neurons continue to fire during
cataplexy in narcoleptic canines (John et
al., 2004). As stated previously, the con-
clusion that reduced histamine transmis-
sion could be responsible for some of the
excessive daytime sleepiness in narcolepsy
is supported by the finding that there are
decreased histamine levels in the CSF of
human narcoleptics (Nishino et al., 2009).
Both the orexinergic and histaminergic
systems are necessary for the promotion
and maintenance of wakefulness. Deter-
mining how these neurotransmitter sys-
tems function and interact is critical to the
understanding of sleep and wakefulness,
and could have clinical significance when
treating disorders of hypersomnolence.
The study by Anaclet et al. (2009) is a use-
ful start in determining the relative roles
that histamine and orexin play in the dif-
ferent aspects of wakefulness. However,
additional research is required to eluci-
date the precise role of orexin in arousal,
motivation, and locomotion.
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