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The neuronal mechanisms that mediate
anesthetic-induced loss-of-consciousness
are unknown. A major focus of current
research is to identify the brain regions
that mediate the changes in electrocortical
activity that are associated with loss-of-
consciousness during general anesthesia
(Rudolph and Antkowiak, 2004). Impor-
tantly, an early “deactivation” of the thalamus
has been identified during anesthetic-
induced loss-of-consciousness in several
brain imaging studies (Franks, 2008).
Brain imaging techniques, however, are
not ideally suited to identify alterations in
subcortical activity and/or offer indirect
indices of neuronal activity and poor tem-
poral resolution (Menon and Kim, 1999;
Franks, 2008; Mishra et al., 2011). More-
over, there is accumulating evidence that
indicates a more complex role for the thal-
amus, beyond a basic reduction in signal-
ing, during loss-of-consciousness elicited
by general anesthetics (Ching and Brown,
2014).

A recent study by Baker and colleagues
(2014) has further highlighted the pri-
macy of the thalamic response to general

anesthetics and provides new insight on
the nature of this response and how it re-
lates to the naturally occurring patterns of
neuronal activity identified during sleep.
Using multisite local field potential re-
cordings and Morlet wavelet analysis,
Baker et al. (2014) identify alterations in
neuronal population activity at a high tempo-
ral and spatial resolution. Specifically, popula-
tion signaling in the central medial thalamus,
ventrobasal complex, anterior cingulate cor-
tex, and barrel cortex was recorded during
transitions into natural sleep and propofol- or
dexmedetomidine-induced loss-of-righting
reflex (a well established index for loss-of-
consciousness; Franks, 2008) in rats. The
spectral composition of neuronal activity
was then analyzed using continuous wavelet
analysis with a complex Morlet wavelet,
which provides a finer temporal under-
standing of spectral changes than the more
commonly used fast Fourier transform.

Neuronal population activity during
transitions into natural sleep was charac-
terized first, because some of the patterns
of electrocortical activity that emerge dur-
ing loss-of-consciousness with certain
general anesthetic agents resemble those
that are associated with non-rapid eye
movement (NREM) sleep (Franks, 2008).
A novel transition state was identified
when rats switched from waking to
NREM sleep. This transitory state was
characterized by an increase in the ampli-
tude of high-frequency (20 – 40 Hz) oscil-
lations with a concomitant shift to a lower

dominant frequency (i.e., peak power oc-
curred at a lower frequency) in this high-
frequency band. Importantly, this spectral
signature manifested first in the central
medial thalamus. Thalamic sites were also
found to lead neocortical sites in delta
(1– 4 Hz) oscillations during NREM sleep,
consistent with other reports that have
also implicated a role for the thalamus in
mediating electrocortical delta activity
during NREM sleep (David et al., 2013;
Mesbah-Oskui et al., 2014).

A similar increase in high-frequency
amplitude and shift to a lower dominant
frequency in this frequency band was iden-
tified during transitions into propofol-
induced loss-of-righting reflex and, as with
transitions into NREM sleep, these changes
occurred first in the central medial thala-
mus. Importantly, however, unlike transi-
tions into NREM sleep where thalamic
sites led neocortical sites in delta oscilla-
tions, there were no measurable phase as-
sociations between delta oscillations at the
different recording sites during transitions
into loss-of-righting reflex with propofol. Fur-
thermore, propofol uniquely elicited a sharp
increase in 8 Hz electrocortical signaling at
loss-of-righting reflex. The coherent increase
in 8 Hz activity is of particular interest given
the growing number of reports that identify
a similar phenomenon upon anesthetic-
induced loss-of-consciousness in humans
(Ching and Brown, 2014). Moreover, model-
ing studies have identified that alterations in
thalamic signaling can generate this coherent

Received Nov. 25, 2014; revised Dec. 16, 2014; accepted Dec. 19, 2014.
L.M.-O. was supported by a Sleep and Biological Rhythms Toronto fel-

lowship and an Ontario Graduate Scholarship. The author declares no com-
peting financial interests.

Correspondence should be addressed to Lia Mesbah-Oskui, Room 3206
Medical Sciences Building, 1 King’s College Circle, Toronto, ON, Canada,
M5S 1A8. E-mail: lia.mesbah.oskui@utoronto.ca.

DOI:10.1523/JNEUROSCI.4843-14.2015
Copyright © 2015 the authors 0270-6474/15/352326-03$15.00/0

2326 • The Journal of Neuroscience, February 11, 2015 • 35(6):2326 –2328



increase in 8 Hz activity during loss-of-
consciousness with propofol (Ching and
Brown, 2014).

To determine whether the neuronal ac-
tivity patterns seen with propofol also occur
with other anesthetic/sedative agents, tran-
sitions into loss-of-righting reflex with dex-
medetomidine were also examined. The
same alterations in high-frequency activ-
ity were again observed during transitions
into loss-of-righting reflex with dexme-
detomidine. Importantly, however, with
dexmedetomidine the increase in high-
frequency power and shift to a lower
dominant frequency in this frequency
band did not appear first in the thala-
mus, as it did during transitions into
propofol-induced loss-of-righting re-
flex and NREM sleep, but instead was seen
at the same time at all recording sites. More-
over, unlike propofol, dexmedetomidine
did not elicit any measurable effects on 8 Hz
signaling. Additionally, transitions into
dexmedetomidine-induced loss-of-righting
reflex were associated with a coherent in-
crease in delta signaling, with thalamic sites
leading neocortical sites in delta oscillations,
which resembles the pattern of delta activity
identified during NREM sleep but is unlike
the pattern identified during transitions
into propofol-induced loss-of-righting re-
flex where delta oscillations exhibited no
phase associations across the recorded brain
regions. Importantly, Baker et al. (2014) also
identified an abrupt reduction in the delta
phase lead of the central medial thalamus
following dexmedetomidine-induced loss-
of-righting reflex, which was not seen dur-
ing NREM sleep.

The study by Baker et al. (2014) iden-
tifies early recruitment of the central
medial thalamus during transitions into
the electrocortical and behavioral pat-
terns that characterize NREM sleep and
propofol-induced loss-of-righting reflex
in rats. What are the possible factors that
could sensitize central medial thalamic
neurons to these state changes? Anatomi-
cally, the central medial thalamus is well
positioned to respond to state-driven sub-
cortical input and exert a significant influ-
ence on cortical activity, receiving inputs
from subcortical sleep regulatory regions
such as the supramammilary nucleus and
pedunculopontine tegmental nucleus, and
projecting diffusely to limbic and sensorimo-
tor structures of the rostral forebrain, includ-
ing the anterior cingulate cortex (Vertes et al.,
2012). Electrophysiological studies in cats and
primates further support a role for the central
medial thalamus in mediating the electro-
cortical patterns associated with arousal.
Specifically, low-frequency stimulation of

intralaminar/midline thalamic regions
elicits slow-wave electrocortical activity
and somnolence, whereas high-frequency
stimulation promotes patterns of electro-
cortical activity that are associated with
arousal (Van der Werf et al., 2002). Impor-
tantly, reductions in excitatory subcortical
input to the central medial thalamus ac-
company transitions into both NREM
sleep and anesthesia elicited with anes-
thetics that target GABA type A receptors
(GABAARs; Franks, 2008). Baker and col-
leagues (2014) reasonably posit that such
a mechanism could account for the pro-
gressive decrease in the dominant fre-
quency of the 20 – 40 Hz band that
manifested first in the central medial
thalamus.

A positive correlation between arousal
and inhibitory reticular input to limbic
projecting thalamic nuclei, which include
the central medial thalamus, was also re-
cently identified (Halassa et al., 2014).
This association is seemingly at odds with
the generalized increase in GABAAR activ-
ity associated with propofol anesthesia
and NREM sleep. Importantly, however,
the inhibitory input to limbic projecting
thalamic nuclei that was associated with
increased arousal did not typically exceed
20 Hz. Thus, it is possible that at even
higher firing rates, like the 20 – 40 Hz
rhythm identified by Baker and colleagues
(2014), input from the thalamic reticular
nucleus to limbic-projecting thalamic nu-
clei exerts an opposing effect on arousal.
Indeed, the emergence of a voltage-
dependent, �40 Hz rhythm in reticular
thalamic signaling has been reported
under urethane anesthesia in rats, which
effectively recruited thalamocortical neu-
rons into the same rhythm of activity
(Pinault and Deschênes, 1992). Such a
mechanism could account for the increase
in high-frequency power identified by
Baker et al. (2014) at thalamic sites fol-
lowed by neocortical sites, the latter trig-
gered via thalamocortico-corticothalamic
signaling, during transitions into NREM
sleep and loss-of-righting reflex with propo-
fol. This explanation, however, cannot ac-
count for why changes in thalamocortical
activity manifest first in the central medial
thalamus and not simultaneously across all
thalamic nuclei, save for a preferential re-
cruitment of limbic projecting thalamic
reticular nucleus neurons. Therefore, alter-
ations in the complexion of other inputs to
the central medial thalamus and/or differ-
ences in channel/receptor expression might
position the central medial thalamus to re-
spond to these state changes before other
thalamic nuclei.

Propofol and dexmedetomidine differ
in their primary molecular targets, with
propofol targeting GABAARs and dexme-
detomidine acting on �2-adrenergic recep-
tors. Importantly, �2A adrenergic receptors
of the locus ceruleus mediate hypnosis with
dexmedetomidine in rats (Mizobe et al.,
1996). Moreover, the rat thalamus exhibits
very sparse expression of the �2A-adrenergic
receptor subtype (Scheinin et al., 1994).
Thus, the profile of adrenergic receptor ex-
pression in the thalamus coupled with the
identified role of the locus ceruleus, which
heavily innervates both the thalamus and
neocortex, in mediating dexmedetomidine-
induced hypnosis could explain why the
spectral changes in power elicited with dex-
medetomidine occurred simultaneously
across the thalamic and neocortical sites re-
corded by Baker et al. (2014) (Jones and
Moore, 1977). The authors also found that
the delta phase lead of the central medial
thalamus decreased abruptly following
dexmedetomidine-induced loss-of-righting
reflex and posit that this phase change could
trigger loss-of-consciousness by disrupting
thalamocortical communication. This hy-
pothesized role for altered delta coupling
between thalamic and neocortical sites in
triggering loss-of-consciousness is not read-
ily supported by existing data. Indeed, delta
oscillations exhibited no coupling across the
thalamus and neocortex during induction
of loss-of-righting reflex with propofol, in-
dicating that disrupted delta coupling
between thalamic and neocortical sites oc-
curs before propofol-induced loss-of-
consciousness. Moreover, while alterations
in the temporal coupling of neuronal popu-
lation signaling in different brain regions
has been linked to cognition and informa-
tion processing, its ability to trigger loss-of-
consciousness is not established (Fell and
Axmacher, 2011); thus, the functional sig-
nificance of the delta phase change in the
central medial thalamus at dexmedeto-
midine-induced loss-of-righting reflex re-
quires further investigation.

The findings of Baker et al. (2014) indi-
cate a subcortical origin to the changes in
electrocortical activity that are seen during
propofol and dexmedetomidine-induced
loss-of-righting reflex. Most importantly,
this study indicates that the breakdown in
cortical connectivity that occurs during
anesthetic-induced loss-of-consciousness is
not triggered by an inactive thalamus, but
may rather be linked to the emergence of
an intrinsic thalamocortico-corticothalamic
loop whose activity resonates under
maintained hyperpolarization, a condi-
tion that can be met during both anesthe-
sia and NREM sleep. Moreover, it is
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possible that the 20 – 40 Hz signaling de-
scribed above is directly related to the
emergence of alpha (8 –12 Hz) activity
seen after propofol-induced loss-of-
righting reflex, given the apparent tha-
lamic origin of both rhythms, their
association with anesthetic-induced loss-
of-consciousness, and the decrease in the
dominant frequency of the 20 – 40 Hz
band during transitions into loss-of-
righting reflex (Ching and Brown, 2014).
Characterizing the temporal profile of
spectral changes in reticular thalamic ac-
tivity during transitions into NREM sleep
and anesthetic-induced loss-of-righting
reflex will further our functional under-
standing of the changes in thalamic and
neocortical activity that were identified by
Baker and colleagues (2014).
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