
Theoretical requirements for
(un)consciousness

In the last decade, a growing interest in the study 
of the neural correlates of (un)consciousness has 
led to a number of experiments employing neuro-
imaging and electrophysiological techniques during 
sleep (Massimini et al., 2009a), anaesthesia (Alkire 
et al., 2008; Brown et al., 2010), epileptic seizures 
(Blumenfeld and Taylor, 2003) and coma (Laureys 

et  al., 2004). Taken together, these studies have 
provided significant hints about which aspects of 
brain function may be critical for consciousness, 
and which ones may not. For example, measure-
ments performed during seizures (Blumenfeld et al., 
2003) and ketamine-induced anaesthesia (Alkire and 
Miller, 2005), where subjects are unconscious and 
unresponsive despite increased brain metabolism, 
suggested that the level of brain activity may not be 
a reliable marker of the presence of consciousness. 

Cortical mechanisms of loss of consciousness:
insight from TMS/EEG studies

M. Massimini1, F. Ferrarelli1,2, S. Sarasso1,2, G. Tononi2

1 Department of Biomedical and Clinical Sciences, University of Milan, Italy;
2 Department of Psychiatry, University of Wisconsin, Madison, USA

A bstract     

In a recent series of experiments we recorded the electroencephalogram (EEG) response to a direct cortical 
stimulation in humans during wakefulness, NREM sleep, REM sleep and anesthesia by means of a combination of 
transcranial magnetic stimulation (TMS) and high-density EEG (hd-EEG). TMS/hd-EEG measurements showed 
that, while during wakefulness and REM sleep the brain is able to sustain long-range specific patterns of activation, 
during NREM sleep and Midazolam-induced anesthesia, when consciousness fades, this ability is lost: the thalamo-
cortical system, despite being active and reactive, either breaks down in causally independent modules (producing 
a local slow wave), or it bursts into an explosive and non-specific response (producing a global EEG slow wave). 
We hypothesize that, like spontaneous sleep slow waves, the slow waves triggered by TMS during sleep and anaes-
thesia are due to bistability between up- and down-states in thalamocortical circuits. In this condition, the ines-
capable occurrence of a silent, down state after an initial activation impairs the ability of thalamocortical circuits 
to sustain long-range, differentiated patterns of activation, a theoretical requisite for consciousness. According to 
animal experiments and computer simulations, thalamocortical bistability may result from increased K-currents, 
from alterations of the balance between excitation and inhibition and from partial cortical de-afferentation. We 
hypothesize that these factors may play an important role in determining loss, and recovery, of consciousness also 
in brain-injured subjects. If this is the case, some types of brain lesions may impair information transmission, above 
and beyond the associated anatomical disconnection, by inducing bistability in portions of the thalamocortical 
system that are otherwise healthy.
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Along the same lines, positron emission tomogra-
phy (PET) measurements showed that brain-injured 
patients can recover consciousness from vegetative 
state, without necessarily increasing their brain meta-
bolic rates (Laureys, et al., 2004). On the other hand, 
the hypothesis that the level of consciousness could 
be critically determined by the power/synchroniza-
tion of spontaneous, fast frequency oscillations in 
the thalamocortical system has been questioned by 
recent measurements. Indeed, this hypothesis fails 
to explain the loss of consciousness observed during 
NREM sleep and generalized tonic-clonic seizures, 
where hyper-synchronous broad-band oscillations 
can be observed (Arthuis et al., 2009), or the mark-
edly reduced level of consciousness associated with 
ketamine, despite preserved, or higher than wakeful-
ness, fast frequency EEG activity recorded in the 
brain (Maksimow et al., 2006).
In parallel with the accumulation of empirical data, 
over the last decade theories of consciousness aimed 
at coherently account for experimental and clinical 
observations have been formulated. In particular, the 
recently developed Information Integration Theory 
of Consciousness (IITC) (Tononi, 2004; 2008) sug-
gests that consciousness depends not so much on the 
overall level of neuronal activation, on the occur-
rence of specific patterns of synchronous activity, 
or on the ability of cortical neurons to respond to 
sensory inputs, but rather on the brain’s capacity 
to sustain complex patterns of internal communica-
tion. The ITTC claims that consciousness is tied to 
information integration, which is contingent on the 
ability of multiple, specialized regions of the thala-
mocortical system to interact as a single entity (inte-
gration) as well as discriminate among a large reper-
toire of available states (information). The IITC also 
proposes a measure of Information Integration, Φ.
Calculating Φ of a physical system requires measur-
ing effective information (a measure of causality) 
and involves perturbing directly the system in all 
possible ways in order to count the number of dif-
ferent states (information) that can be discriminated 
through causal interactions within the system as a 
whole (integration). Although the computation of Φ 
can be rigorously applied only to small, simulated 
systems (tens of elements), empirical approaches 
can, in principle, be developed to gauge the balance 
between functional differentiation and functional 
integration in the brain (Seth et al., 2008; Barrett and 

Seth, 2011). For instance, it was recently proposed 
that, in order to evaluate, on a very coarse grain, 
the brain capacity for integrated information, one 
may employ a perturbational approach (Massimini 
et  al., 2009b). According to this idea, a signature 
of high information integration in the thalamocorti-
cal system is that it should respond to perturbations 
with rapidly changing activity patterns (informa-
tion) that affect a large portion of the cerebral cortex 
(integration). On the other hand, during loss of con-
sciousness (LOC), whether this is caused by sleep, 
anesthesia or coma, the brain should react to pertur-
bations with a response that is stereotypical (loss of 
information) and/or local (loss of integration).
In a recent series of experiments we tested these 
predictions in humans. Specifically, we employed 
TMS in combination with hd-EEG, a technique that 
allows stimulating different subsets of cortical neu-
rons and measure, with good spatial-temporal reso-
lution, the effects produced by these perturbations 
on the rest of the thalamocortical system (Ilmoniemi 
et al., 1997). First, we studied the changes in TMS-
evoked EEG responses during the transition from 
wakefulness to deep NREM sleep early in the 
night, when consciousness fades (Massimini et  al., 
2005; 2007). Then, we recorded the TMS-evoked 
responses during REM sleep, when the brain is still 
disconnected from the external world but conscious-
ness comes back in the form of a dream (Massimini 
et al., 2010). Finally, we analyzed the cortical acti-
vations triggered by TMS during LOC induced by 
a pharmacological agent, midazolam, at anesthetic 
concentrations (Ferrarelli et  al., 2010). Altogether, 
these TMS/hd-EEG measurements showed that, 
while during wakefulness and REM sleep the brain 
is able to sustain long-range, complex patterns of 
activation, during NREM sleep and anaesthesia, 
when consciousness fades, this ability is lost: the 
thalamocortical system, despite being active and 
reactive, either breaks down in causally independent 
modules (producing a local slow wave), or it bursts 
into an explosive and non-specific response (produc-
ing a global EEG slow wave).
In this review we suggest that the results of these 
studies provide some hints on the neurophysiologi-
cal mechanisms that underlie reversible LOC dur-
ing sleep and anesthesia. Specifically, we argue 
that bistability in thalamocortical networks, the 
key mechanism responsible for the occurrence of 
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sleep slow waves, may also be what prevents the 
brain from effectively integrating information dur-
ing physiological and pharmacological LOC. Due 
to bistability, cortical neurons are unable to sustain 
balanced patterns of activation and tend to fall into 
a silent, hyperpolarized down-state after an initial 
activation. Bistability may result from increased 
K-currents, from alterations in the balance between 
excitation and inhibition and from cortical de-affer-
entation; thus, we discuss a possible role of these 
factors in pathological LOC.

Loss of consciousness during NREM 
sleep

Sleep is the most common condition in which con-
sciousness is reversibly lost. It was first thought 
that the fading of consciousness during early, deep 
NREM sleep was a consequence of the brain shut-
ting down. However, while metabolism is reduced, 
during NREM sleep the thalamocortical system 
remains active, with mean firing rates comparable 
to those of quiet wakefulness (Steriade et al., 2001). 
It was also hypothesized that sensory inputs are 
blocked during sleep and that they are necessary 
to sustain conscious experience (Coenen, 1998). 
Recent work, though, has shown that even during 
deep sleep sensory signals continue to reach the 
cerebral cortex, where they are processed subcon-
sciously (Kitamura et al., 1996; Portas et al., 2000). 
Gamma power and synchrony have been viewed 
as possible correlates of consciousness, since they 
were found to be, on average, lower in NREM 
sleep compared to wakefulness (Cantero et  al., 
2004). However, gamma activity can be equally 
low in REM sleep, when conscious experience is 
usually vivid, while it can be high in anesthetized 
individuals (Vanderwolf, 2000). Moreover, intracel-
lular recordings have shown that gamma activity is 
intermittently present during NREM sleep (Steriade, 
2006), and other studies reported that gamma coher-
ence is a local phenomenon that does not change 
between wakefulness and sleep (Bullock et  al., 
1995). Interestingly, similar paradoxes, where neural 
activity levels, access to sensory information and the 
degree of neural synchrony do not correlate with the 
level of consciousness, can be found in other condi-
tions such as anaesthesia, epilepsy and disorder of 

consciousness (DOC) patients (Tononi and Laureys, 
2008). In this sense, sleep represents a physiological 
model of unconsciousness, with commonalities to a 
variety of pathological conditions characterized by 
LOC, ideally suited to understand which aspect of 
brain function is key for consciousness.
Therefore, in a series of experiments we have 
employed TMS/EEG to measure what changes in 
thalamocortical circuits occur during the transi-
tion from wakefulness into NREM sleep early in 
the night (Massimini et  al., 2005; 2007). Using a 
60-channel TMS-compatible EEG amplifier, we 
recorded TMS-evoked brain responses while sub-
jects, lying with their eyes closed on a reclining 
chair, progressed from wakefulness to deep NREM 
sleep. Because noise masking was played through-
out the stimulation session via ear buds, subjects 
were unaware of TMS.
Figure 1 shows the response obtained after stimula-
tion of rostral premotor cortex in one subject during 
wakefulness and NREM sleep. The black traces rep-
resent the voltage recorded from all scalp electrodes, 
the cortical currents associated with the main peaks 
of activity are depicted below. The circles on the 
cortical surface indicate the site of stimulation, while 
the cross highlights the location of maximal cortical 
activation. During wakefulness (Fig.  1, top), TMS 
triggers, a series of low-amplitude, high-frequency 
(25-30  Hz) waves associated with cortical activa-
tions that propagate along long-range ipsilateral and 
transcallosal connections. Remarkably, the exact 
same stimulation, applied 15 minutes later during 
NREM sleep stages 3-4 results in a very different 
picture (Fig. 1, bottom). In this case, TMS triggers a 
larger, low-frequency wave, associated with a strong 
initial cortical activation, which does not propagate 
to connected brain regions and dissipates rapidly. 
This finding can be reproduced after the stimulation 
of different cortical areas, as long as subjects are in 
slow wave sleep stages 3-4. Thus, the cortical area 
that is directly engaged by TMS preserves its reac-
tivity but tends to behave as an isolated module.
TMS/EEG measurements not only indicate that 
during slow wave sleep the thalamocortical system 
tends to break down into isolated modules (loss 
of integration), but they also show that the ability 
of thalamocortical circuits to produce differenti-
ated responses (information) is impaired. Indeed, 
while during wakefulness different cortical areas 
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react to TMS with a pattern of activation which 
has a characteristic shape and frequency content 
(Rosanova et  al., 2009), this distinction is clearly 
obliterated during sleep; the local response to TMS 
becomes, in all cases, a simple positive-negative 
wave (Massimini et al., 2007). Thus, if the reactiv-
ity of the sleeping brain is tested systematically by 

applying TMS at different intensities and in different 
cortical areas, one invariably obtains a stereotypical 
response: a positive wave followed by a negative 
rebound. Interestingly, this positive-negative com-
ponent develops towards a graphoelement resem-
bling a full-fledged sleep slow wave when TMS is 
delivered at increasing intensities in a scalp region 

Fig. 1. - Cortical responses to TMS during wakefulness and NREM sleep. EEG traces, voltages and current densities 
are shown from a representative subject in which the premotor cortex was stimulated with transcranial magnetic 
stimulation (TMS) (black arrow). (A) During waking, stimulation evokes a complex EEG responses that initially 
involves the stimulation site (circle) and then, in sequence, other cortical locations (the cross indicate the site of 
maximum evoked current at each timepoint), producing a long-range pattern of activation. (B) During slow wave 
sleep, the stimulus-evoked response remains local, indicating a loss of cortical integration. At the same time, the 
response recorded from the electrode located under the stimulator (thick red trace) becomes a stereotypical 
positive-negative wave.



48	 M. Massimini et al.

around the vertex (Fig.  2A). Indeed, the TMS-
evoked potentials obtained during NREM sleep 
share several common features with the spontaneous 
slow oscillations that characterize cortical activity 
during sleep (Massimini et  al., 2007). First, both 
TMS-evoked and spontaneous slow oscillations are 
identified based on period-amplitude criteria (nega-
tive peak amplitude of at least 80 µV and half-wave 
duration between 0.125 and 1  s). Second, in both 
cases the surface-positive portion of the wave trig-
gers and groups thalamic spindles (a waxing–waning 
oscillation at ≈12-15 Hz). Third, both TMS-evoked 
and spontaneous sleep slow oscillations behave as 
traveling waves that spread smoothly over wide 
regions of the scalp.
In summary, TMS/hd-EEG measurements suggest 
that, during NREM sleep, the only way the brain 
can react to a direct cortical perturbation is by pro-
ducing a slow wave that is either local, or global 
and nonspecific. What prevents the emergence of 
a long-range, differentiated pattern of activation 
during sleep? It is likely that the mechanism under-
lying the impaired capacity of the sleeping brain 
for integrated information is the same mechanism 
that underlies the occurrence of spontaneous sleep 
slow waves, which is bistability in thalamocortical 
circuits. Upon falling asleep, brainstem activating 
systems reduce their firing rates, thus increasing the 
influence of depolarization-dependent K+ currents 
in thalamic and cortical neurons (McCormick et al., 
1993). These hyperpolarizing K+ conductances 
become stronger when neurons become depolarized 
and fire. Due to these currents, neurons become 
bistable and inevitably tend to fall into a silent, 
hyperpolarized state (down-state) after a period of 
activation (up-state). This bistability provides the 
mechanism for the slow oscillations of sleep, where 
large populations of cortical neurons spontaneously 
alternate between up and down-states (Steriade 
et al., 1993; Hill and Tononi, 2005). TMS/hd-EEG 
measurements, by showing that cortical stimulation 
triggers a stereotypical down-state, suggest that, 
during NREM sleep, the brain is unable to produce 
long-range, complex patterns of activation because 
of bistability. Decreased firing in activating system, 
increased K-conductance, and the ensuing bistabil-
ity in thalamocortical networks may therefore be 
the reasons why information integration is impaired 
in early NREM sleep. As we will discuss in the last 

section of this paper, while sleep and the associated 
bistability are physiological and readily reversible 
processes, some brain lesions may impair conscious-
ness through a similar mechanism.

Recovery of consciousness during 
REM sleep

Complete loss of consciousness during sleep is not 
the rule, and many awakenings yield dream reports 
(Casagrande et  al., 1996; Stickgold et  al., 2001; 
Fagioli, 2002). Dreams can be at times as vivid 
and intensely conscious as waking experiences. 
Dream-like consciousness occurs during various 
phases of sleep, including at sleep onset, during the 
last part of the night, and especially during rapid 
eye movement (REM) sleep. In a recent study we 
recorded TMS-evoked EEG potentials during the 
first REM sleep episode and compared them with 
the EEG responses collected during wakefulness 
and NREM sleep (Massimini et  al., 2010). Upon 
entering NREM sleep early in the night TMS ceased 
to induce complex, widespread activations and trig-
gered a stereotypical, local slow wave, as previously 
shown. However, during the transition from NREM 
to REM, while subjects were still behaviorally 
asleep, the brain’s response to TMS recovered fast 
oscillatory components and became similar to the 
one obtained during wakefulness, especially during 
the first 100-150 ms post-stimulus. This resurgence 
of fast waves was associated with a partial recovery 
of cortical effective connectivity.
During REM sleep, while noradrenergic and sero-
toninergic arousing systems remain silent, brainstem 
cholinergic neurons come back to activity (Pace-
Schott and Hobson, 2002), spontaneous slow waves 
disappear and the EEG becomes, at least superfi-
cially, similar to the one observed during wakeful-
ness. However, despite this apparent resemblance 
with wakefulness, it is difficult to infer the degree 
of underlying thalamocortical bistability during 
REM sleep based on the presence of a low-voltage 
EEG alone. Indeed, it was shown that during NREM 
sleep TMS delivered during short stretches of low-
amplitude EEG activity was still able to trigger full-
fledged slow waves (Massimini et al., 2007).
The fact that during REM sleep TMS triggered a fast-
frequency, wakefulness-like response suggests that 
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the discharge of mesopontine cholinergic neurons 
alone, which is restored at the transition between 
NREM and REM sleep, may represent a major excit-
atory input that can largely prevent the emergence of 
thalamocortical bistability during REM.

In addition, these measurements demonstrate that 
TMS/hd-EEG may represent an effective way to 
probe the internal dialogue of the thalamocortical 
system even in the absence of any behavioral cue 
(Massimini et al., 2009b). TMS triggered more 

Fig. 2. - TMS triggers full-fledged sleep slow waves during NREM sleep and midazolam anaesthesia. (A, top panel) 
During NREM sleep, TMS delivered at high intensity (80-90% of maximal output) triggers slow waves that match 
the detection criteria of spontaneously occurring sleep slow waves. (A, bottom panel) The butterfly plot shows the 
average response to high-intensity TMS recorded during NREM sleep; TMS triggers a stereotypical, negative-positive 
wave that resembles the one reported in Figure 1, but that overshoots a peak-to-peak amplitude of 80 µV. (B) The 
same wave is triggered by high-intensity TMS during midazolam anaesthesia.
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widespread and differentiated patterns of EEG acti-
vation, just as it does during wakefulness, upon 
entering REM sleep, a state in which subjects are 
conscious but almost paralyzed. Accordingly, a 
recent study showed that TMS/hd-EEG is effective 
in detecting a residual capacity for consciousness in 
brain injured patients who are unable to move and 
communicate (Rosanova et al., 2012).

Loss of consciosness during 
midazolam at anaesthetic doses

Besides sleep, when consciousness spontaneously 
fades, unconsciousness can be induced pharmaco-
logically during general anesthesia (Alkire et  al., 
2008). Although several anesthetics can induce states 
with behavioral and electrophysiological features 
similar to those of deep NREM sleep, pharmacologi-
cal anesthesia and sleep are not identical and may 
differ in terms of both neural and molecular mecha-
nisms of action (Van Dort et al., 2008). Furthermore, 
whereas in sleep studies it is not feasible to evaluate 
consciousness reliably and repeatedly, because the 
depth of sleep varies unpredictably and the subjects, 
when awakened, may not return to sleep promptly, 
during pharmacologically induced LOC a subject’s 
level of alertness may be assessed repeatedly with-
out reversing it. For these reasons, in a recent set 
of experiments we asked whether cortical effective 
connectivity would show a breakdown, similar to 
the one observed in deep NREM sleep, during LOC 
induced by a pharmacological agent, midazolam, at 
anesthetic concentrations (Ferrarelli et  al., 2008). 
We found that, while during wakefulness TMS of 
the premotor cortex triggered responses in multiple 
cortical areas distant from the site of stimulation, 
during midazolam-induced LOC, TMS evoked a 
positive-negative response that was initially larger 
but that remained local. As during NREM sleep, also 
during midazolam anesthesia we found that this ste-
reotypical response evolved into a full-fledged slow 
oscillation when the cerebral cortex was stimulated 
at higher intensity (Fig. 2B).
The finding that both during NREM sleep and 
Midazolam anaesthesia TMS triggered a stereotypi-
cal, positive-negative slow wave suggests that bista-
bility may represent a common cortical mechanism 
for unconsciousness. While bistability during sleep 

may be largely due to increased K+ currents, other 
mechanisms may be prevalent during anesthesia. For 
example, a shift in the balance between synaptic exci-
tation and inhibition toward inhibition, determined 
by increased GABA activity may play a major role. 
At least three considerations support this mechanism. 
First, midazolam acts selectively on GABA receptors 
to induce LOC (Judge et al., 2009). Second, increased 
GABAergic inhibition, like depolarization-dependent 
K+ currents, can terminate the up-state and initiate the 
down-state in cortical neurons (Mann et  al., 2009). 
Third, in a recent large-scale modeling study inves-
tigating the mechanisms underlying the breakdown 
of effective connectivity it was found that enhanced 
synaptic inhibition, due to an increase in GABA 
release, was effective in reducing cortico-cortical 
signal transmission (Esser et  al., 2009). Thus, dur-
ing midazolam-induced LOC, this mechanism may 
be engaged through an enhanced GABA-mediated 
inhibition via a direct, local effect within the cortex 
(Florian et  al., 2008). In addition to cortico-cortical 
pathways, some mechanisms at the thalamic level 
may play a role in blocking the spread of spontane-
ous and evoked cortical activity during LOC; indeed, 
cortico-thalamo-cortical circuits are thought to relay 
driving input from one cortical area to a higher order 
one (Guillery and Sherman, 2002). Although the 
extent of these cortico-thalamo-cortical loops still 
needs to be fully established, it is entirely possible 
that an hyperpolarization of the thalamus (occurring 
spontaneously during NREM sleep, or pharmacologi-
cally induced by midazolam (Veselis et  al., 1997)) 
may profoundly affect cortical effective connectivity. 
Interestingly, the fact that TMS evoked a large, slow, 
local response, largely resembling the cortical evoked 
responses produced by inhaled anesthetics in rats 
(Hudetz and Imas, 2007) suggests that these findings 
may be generalized to other anesthetics, and offers an 
opportunity to explore the molecular/neural mecha-
nisms underlying these responses in animal models.

Possible implications for brain-injured 
patients

In this article we reviewed a series of TMS/hd-EEG 
experiments designed to test the prediction that a 
key requirement for consciousness is the ability of 
multiple, specialized cortical areas to interact rap-
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idly and effectively (effective connectivity) (Tononi, 
2005). The finding that a breakdown of cortical 
effective connectivity occurs during spontaneous 
(deep NREM sleep) and pharmacologically induced 
(i.e., midazolam at anesthetic doses) LOC, together 
with the finding that differentiated, widespread 
interactions resume during REM sleep, when con-
scious activity is regained in dreaming, is consistent 
with this theoretical prediction. More importantly, 
as we will discuss below, TMS/hd-EEG may offer 
new insight into the neurophysiogical mechanisms 
that underlie loss, and sometimes recovery, of con-
sciousness after brain injuries.
The striking similarity between TMS-evoked EEG 
responses during sleep and midazolam-induced 
anaesthesia suggests common neuronal mechanisms 
for LOC in these two conditions. In both cases, 
the complex, long-range TMS-evoked activation 
observed during wakefulness was replaced by a ste-
reotypical positive-negative deflection which, when 
TMS was delivered at high intensities, evolved into 
a graphoelement that matched the EEG criteria 
for a sleep slow wave, or a K-complex (Fig.  2). 
Animal (Steriade et  al., 2001) and human (Cash 
et al., 2009) intracranial recordings have shown that 
both EEG sleep slow waves and K-complexes are 
underpinned by the occurrence of a silent, hyper-
polarized down-state in cortical neurons, which 
is preceded and followed by a period of activa-
tion (up-state). This bimodal alternation between 
up- and down-states reflects an intrinsic bistability 
in thalamocortical circuits. This form of bistabil-
ity is thought to depend on intrinsic and network 
properties (Sanchez-Vives and McCormick, 2000; 
Timofeev et  al., 2000a; Hill and Tononi, 2005; 
Mann et al., 2009) that result, schematically, in the 
following sequence of events: i)  due to enhanced 
depolarization-dependent K+ currents and/or to 
an increased inhibition, cortical neurons become 
hyperpolarized and silent after a period of ini-
tial activation; ii)  membrane hyperpolarization, in 
turn, facilitates the expression of hyperpolarization-
activated (I

h
) cationic currents that, together with 

spontaneous excitatory neurotransmitter release and 
Na+-persistent currents, promote the resumption of 
neuronal firing; iii)  recurrent network excitation 
maintain the up-state until K+ currents and inhibi-
tion precipitate neurons into another down-state. 
During NREM sleep, bistability may be mainly 

caused by an increased activity of depolarization-
dependent K+ channels brought about by decreased 
brainstem cholinergic activity (McCormick et  al., 
1993). Inhalational anaesthetics, including nitrous 
oxide and isoflurane, which strongly potentiate 
the activity of two pore K+ channels (Alkire et al., 
2008), may act through a similar mechanism. On 
the other hand, increased inhibition within thalamo-
cortical networks may play a crucial role in induc-
ing bistability (Mann et  al., 2009) in the case of 
other anaesthetic agents which act primarily (propo-
fol, etomidate), or exclusively (such as midazolam 
at anaesthetic doses) on GABA receptors.
Can thalamocortical bistability play a role in loss of 
consciousness after brain injury? In this condition, 
as it occurs during sleep and anaesthesia, conscious-
ness can be lost in spite of relatively preserved 
levels of cortical activity. Thus, it is possible that 
some types of brain lesions may impair information 
transmission, above and beyond anatomical discon-
nection, by inducing bistability in portions of the 
thalamocortical system that are otherwise healthy. 
We provide a few, temptative examples of how this 
might happen in what follows.
A direct lesion of brainstem activating systems may 
cause bistability through the very same mechanisms 
governing NREM sleep. Specifically, a reduced cho-
linergic, noradrenergic, histaminergic and glutamma-
tergic ascending drive would results in enhanced leak 
and depolarization-dependent K+ currents in cortical 
neurons (McCormick et al., 1993). As a consequence, 
a thalamocortical system, which is otherwise healthy, 
would not be able to sustain balanced patterns of 
activations; thus, the inescapable occurrence of a ste-
reotypical down-state after an initial activation would 
prevent the emergence complex, long-range respons-
es. A similar reduction of the activating drive from 
ascending arousal systems could be caused by lesions 
outside the brainstem. For example, an undetected 
cortical epileptic focus may exert a powerful inhibi-
tory effect on brainstem activating systems (Englot 
et al., 2010). In principle, these causes of LOC can be 
overcome by promoting cortical activation with deep 
brain stimulation (Schiff et al., 2007) or by surgically 
removing the epileptic focus.
A form of bistability similar to the one observed 
during midazolam-induced LOC may result from 
cortical and subcortical lesions that alter the bal-
ance between excitation and inhibition in favour of 
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inhibition. For instance, recovery of language and 
motor function after stroke can be blocked by an 
excessive inhibitory activity in the peri-lesional area 
(Classen et al., 1997); this excessive inhibition may 
be generated locally or may be projected by healthy 
areas that become hyperactive (Murase et al., 2004). 
Thus, cortical lesions that, by themselves, would not 
necessarily impair consciousness may induce LOC 
by causing a general unbalance between excitation 
and inhibition in healthy portions of the thalamo-
cortical system. In this case, modulating with TMS, 
or with transcranial direct current stimulation, the 
output of hyperactive circuits may represent a 
strategy to restore the ability of thalamocortical net-
work to sustain balanced patterns of activation. An 
excess of thalamocortical inhibition from a hyperac-
tive, subcortical inhibitory area could also explain 
the paradoxical effects of the sedative zolpidem 
(Ambien), a nonbenzodiazepine hypnotic that poten-
tiates GABAA

 receptors, on behavioral improvement 
of alertness and interactive behavior in severely 
brain-injured patients (Brefel-Courbon et al., 2007; 
Whyte and Myers, 2009). According to a recently 
developed model, zolpidem would act primarily by 
inhibiting the globus pallidus, which is hyperactive 
following lesions involving the dopaminergic sys-
tem; in this way, zolpidem would reduce the exces-
sive inhibitory influence of the globus pallidus on 
frontal thalamocortical modules (Shiff, 2009).
Another crucial event that may induce bistability 
following brain injury is cortical deafferentation. 
Indeed, a classic experimental model to induce the 
slow oscillation, the intracellular hallmark of bista-
bility, involves performing partial cortical deafferen-
tation (Timofeev et  al., 2000b). Severing the white 
matter with a cortical undercut results in slow waves 
and in a continuous alternation between up- and 
down-states in the partially deafferented gyrus, even 
when the animal, and the rest of the brain, is awake 
(Nita et  al., 2007). These experiments suggest that 
bistability is a default mode of cortical circuits that 
can be unveiled by reducing the amount of incom-
ing activation. Hence, it is conceivable that multiple 
lesions in the white matter, such as the ones resulting 
from axonal injury, may further impair global thala-
mocortical function by releasing a bistable behaviour 
in otherwise healthy tissues. Indeed, since the intro-
duction of EEG recordings as a clinical tool, the pres-
ence of local slow waves in the cortex of an awake 

subject has been linked to the presence of lesions in 
the white matter (Gloor et al., 1977).
Notably, bistability may be present even in the 
absence of clear-cut signs in the spontaneous EEG, 
as demonstrated by the observation that during 
NREM sleep TMS triggered full-fledged slow waves 
even on the background of low-amplitude, fast EEG 
activity (Fig.  2A) (Massimini et  al., 2007). In all 
cases, evaluating the presence of bistability in the 
cerebral cortex of a patient with lesions of the white 
matter may be important. Indeed, while anatomical 
lesions and disconnections cannot be reversed, it 
may still be possible to reduce bistability and func-
tional disconnections by acting pharmacologically 
on intrinsic neuronal properties. To this regard, it is 
worth noticing that bistability may be abolished by 
acetylcholine alone, as it happens during REM sleep.
All of the above considerations are highly specula-
tive, and require specific experiments in order to give 
rise to a formal hypothesis. Primarily, one should 
confirm with intracranial recordings that the stereo-
typical slow wave triggered by TMS during sleep 
and anaesthesia reflects a clear-cut neuronal down-
state; this could be done by performing magnetic (or 
electrical) stimulation in epileptic patients implanted 
with intracerebral electrodes for pre-surgical evalua-
tion. Then, one should demonstrate that TMS triggers 
a similar down-state in the cortex of brain-injured, 
unconscious subjects and that this simple response is 
replaced by a long-range, complex activation when 
patients recover consciousness. If this is the case, 
bistability may be considered a common pathway 
through which different types of brain lesion can 
lead to a critical degree of functional disconnection 
and to LOC. To the extent that bistability proves to 
be an important mechanism underlying LOC it may 
be important to further elucidate its mechanisms in 
healthy and injured human brains. Indeed, while 
bistability can make healthy portions of the thala-
mocortical system completely dysfunctional, it is, in 
principle, reversible. Hence, it may represent a suit-
able target for novel therapeutic approaches in brain-
injured patients in whom consciousness is impaired, 
in spite of preserved cortical activity.
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