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A fundamental aspect of sleep is the gating of transitions from
wake to sleep and sleep to wake. The gating is influenced by
arousal centers. They determine the probability that the absence
or presence of stimuli, including exteroceptive and interoceptive
stimuli, will result in a transition from wake to sleep or sleep to
wake, respectively. Thus, on average, the duration of sleep time is
a function of arousal system activity.

Sleep function depends on mechanisms engaged during time
spent in sleep. It follows that sleep duration, gated by arousal
center activity, constrains sleep function. Furthermore, intuitively
we know that the longer we are awake, the sleepier we feel (other
environmental conditions being equal). However, the changes
that are mediated by sleep function cannot be equated with the
changes needed to modulate arousal center activity. For example,
the duration of sleep can be decreased by experimental sleep dep-
rivation or genetically increased neuronal excitability by a loss of
function of various potassium channels [1-3]. A pharmacological
decrease of excitability from benzodiazepines or by enhancing
K2P channel activity with anesthesia agents [4], increases sleep
time. These changes in sleep time can occur independently of
high or low sleep need. On the other hand, slow wave activity dur-
ing NREM or slow wave sleep (SWS-SWA) correlates with previous
waking duration [5-7] and is often employed as a marker for sleep
need. This too, can be dissociated from wake/sleep duration by
either a genetic loss of function of Adoral (to decrease SWS-SWA
after sleep loss) or of Ak (to increase SWS-SWA with normal sleep
time) [8, 9]. Nonetheless, an understanding of the mechanisms
determining daily sleep amount can form a necessary foundation
for therapeutic approach(es) to pathologies primarily affecting
arousal systems and, as a result, disrupting sleep function.

A study published recently in Sleep [10] provides a genomic
mechanism that is sufficient to reduce daily sleep amount involv-
ing the interaction of class 1, basic helix-loop-helix transcription
factors, TCF 3/4/12 with CREB and HDAC4/5. Forebrain overex-
pression of Tcf4 reduces NREM and REM time suggesting suffi-
ciency of this transcription factor to increase arousal. However,
a triple knockout of Tcf3/4/12 by injection of AAV-sgRNATCF/4/12
into constitutively expressing Cas9 transgenic mice failed to alter
sleep time. The lack of effect could either suggest that genes, Tcf
3/4/12, are not essential for the normal control of sleep time or,

as suggested by the authors, that the knockdown of these tran-
scription factors was not complete enough to affect arousal and
sleep time.

This study also addresses how overexpression of Tcf4 can
reduce sleep time. Compared to the wild type, reduced NREM time
in ABC-Tcf4 mice (Tcf4 overexpression) could be restored by the
loss of function of Crebl. This was demonstrated using Creb1flox/
flox knockin mice (with normal NREM time) and retro-orbital
administration of multiple AAV-PHP.eB vectors. The vectors had
the following constructs: (1) AAV-hSyn-Tcf4 for Tcf4 overexpres-
sion and (2) AAV-hSyn-Cre to generate ABC-Tcf4/Crebl KO. The
restoration of NREM time in Tcf4 overexpressing mice after Crebl
knockdown demonstrates the reliance of overexpressed Tcf4’s
sleep reduction on CREB activity [10]. The dependence of Tcf4
overexpression effects on Hdac4 appears to be relatively minor
since, in Hdac4 knockdown mice Tcf4 overexpression still reduced
sleep [10].

In striatum and cortex, CREB activity increases neuronal excit-
ability [11, 12] raising the possibility of a generalized increase of
forebrain excitability from overexpressed Tcf4 and CREB inter-
action. Of relevance to the control of wake/sleep time, a loss of
function of Crebl in the forebrain of mice increases sleep time
and overexpression decreases sleep time [13-15] but it is less
clear whether this involves interaction with TCF4 under physi-
ological conditions. Perhaps a more complete conditional knock-
out of Tcf3/4/12 using transgenic floxed animals can help answer
this question.

HDAC4 localized to the nucleus also increases waking [15]
whereas a loss of function of Hdac4 decreases waking [16].
Expression of Hdac4cn localized to the posterior hypothalamus,
a region known to positively, regulate arousal [17], is sufficient to
increase wake time and this effect requires Creb1 function. When
CREB activity is locally inhibited in the posterior hypothalamus,
Hdac4cn is no longer able to increase wake time [15]. An essential
role for Tcf3/4/12 in posterior hypothalamic Hdac4cn is unlikely,
since the brain-wide Tcf4 overexpression increase in wake time is
only slightly affected by brain-wide Hdac4 knockdown, suggesting
independence of Tcf4 overexpression from Hdac4. This would not
rule out Tcf4 overexpression localized to the posterior hypothala-
mus as sufficient to increase wake time.
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The overexpressed Tcf4 effects on SWS-SWA are potentially of
interest, to the extent that SWS-SWA is a marker for sleep need.
Under physiological conditions, SWS-SWA energy correlates with
the previous duration of waking [7] but the mechanism respon-
sible for this correlation is unclear. Thus, when SWS-SWA is
reduced by Tcf4 overexpression [10], this outcome might be due
to reduced sleep need or it could be due to a more direct effect on
the expression of SWS-SWA energy, independent of sleep need.
Sleep does alter the transcriptome of brain tissue [18], reduce
glutamatergic, cortical synaptic strength [19], both in an MEF2c-
dependent manner [20], and increase metaplastic potential for
LTP [21]. Toward an understanding of Tcf4 overexpression’s effects
on sleep need, one may ask what its effects are on any of these
sleep-dependent outputs.

In conclusion, the study by Zhou et al. [10] opens an important
new line of investigation into the role of Tcf4 in arousal and pos-
sibly in sleep function that has not been previously considered.
Tcf4 overexpression is sufficient to reduce sleep time and alter
SWS-SWA, likely through different intracellular pathways involv-
ing CREB (for effects on sleep duration) and HDAC4. Further study
of these TCF4-dependent pathways with respect to their roles in
both arousal and sleep function is likely to provide significant
advances in the field’s understanding of sleep and wake.
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