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This review focuses on the contributions of the central thalamus to normal mechanisms of arousal
regulation and to neurological disorders of consciousness. Forebrain arousal is regulated by as-
cending influences from brainstem/basal forebrain neuronal populations (“arousal systems”) and
control signals descending from frontal cortical systems. These subcortical and cortical systems
have converging projections to the central thalamus that emphasize their role in maintaining or-
ganized behavior during wakefulness. Central thalamic neurons appear to be specialized both
anatomically and physiologically to support distributed network activity that maintains neuronal
firing patterns across long-range cortico–cortical pathways and within cortico–striatopallidal–
thalamocortical loop connections. Recruitment of central thalamic neurons occurs in response
to increasing cognitive demand, stress, fatigue, and other perturbations that reduce behavioral
performance. In addition, the central thalamus receives projections from brainstem pathways
evolved to rapidly generate brief shifts of arousal associated with the appearance of salient stimuli
across different sensory modalities. Through activation of the central thalamus, neurons across
the cerebral cortex and striatum can be depolarized and their activity patterns selectively gated by
descending or ascending signals related to premotor attention and alerting stimuli. Direct injury
to the central thalamus or prominent deafferentation of these neurons as a result of complex,
multifocal, brain insults are both associated with severe impairment of forebrain functional inte-
gration and arousal regulation. Interventions targeting neurons within the central thalamus may
lead to rational therapeutic approaches to the treatment of impaired arousal regulation following
nonprogressive brain injuries. A model accounting for present therapeutic strategies is proposed.
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The Central Thalamus and Arousal
Regulation

Many neurons within the central thalamus (defined
here as the anterior and posterior intralaminar nu-
clei and the paralaminar portions of related thalamic
association nuclei—median dorsalis, ventral anterior,
ventral lateral, and inferior pulvinar) share specific
anatomical and physiological specializations that sup-
port their key role in the general functions of sustained
attention, working memory, and motor preparation.
These neuronal populations are interposed between
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brainstem/basal forebrain “arousal systems” that con-
trol overall levels of thalamic and cortical activity1,2

and supervisory frontal systems3 that organize both
premotor shifts of attention4,5 and adjustments of vig-
ilance level or alertness.6,7 In parallel, individual neu-
rons within these cellular aggregates are targets of a
variety of dedicated brainstem sensory relays that have
evolved to quickly capture attention and redirect be-
havior (FIG. 1).8,9 Collectively, these anatomical spe-
cializations suggest that many neurons within the cen-
tral thalamus may serve a general purpose function
supporting large-scale cerebral dynamics associated
with goal-directed behaviors and consciousness. In this
review, this general function is identified as arousal reg-
ulation and the central thalamus is viewed as contain-
ing collections of cells that are recruited either 1) as part
of broad gain control systems that shift and hold levels
of activation across large transiently established net-
works or 2) by transient activation of these central tha-
lamic neurons that may be used to bias activity within
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FIGURE 1. Central thalamus (CT) and arousal regulation: connections of the central thalamus. The
connections of the central thalamus support its role in arousal regulation mechanisms that adjust activity
levels over large-scale networks during behavior. The central thalamus has strong reciprocal connections
with several subregions of the frontal cortex engaged in planning and execution of movement, including
the frontal eye fields (FEF), supplementary motor area (SMA), anterior cingulate cortex (ACC), and more
posterior cortical association areas that support polysensory integration, including posterior parietal
cortex (PPC). Bottom-up connections to the central thalamus include projections from the brainstem arousal
systems, including cholinergic fibers from the lateral dorsal tegmental nucleus (LDT) and pedunculopontine
nucleus (PPT), noradrenergic afferents from locus ceruleus (LC), and glutamatergic afferents from the
mesencephalic reticular formation (MRF). Parallel inputs to the central thalamus arise from a variety of
brainstem circuits that redirect attention to events in the sensory periphery (see text for further discussion).

and across the hemispheres as required during ongoing
behavior.

Historically, neurons within the central thalamus
(primarily the intralaminar and paralaminar nuclear
groups that produced broad “recruiting responses” in
the electroencephalogram (EEG) with low frequency
electrical stimulation10 became identified with a pri-
mary role in maintaining wakefulness.11 The classical
experimental studies of Moruzzi and Magoun11 sug-
gested that the intralaminar thalamic neurons were
part of an ascending pathway that originated in the
tegmental mesencephalon (midbrain reticular forma-
tion [MRF]). Electrical stimulation of the MRF and
central thalamus in these studies desynchronized the
slow large-amplitude waves of EEG activity induced
in anesthetized cats. Confirmation of this anatomi-
cal pathway from the MRF to the central thalamus
(specifically, anterior intralaminar nuclei/median dor-
salis) was later provided by detailed electroanatomical
studies in the cat. Steriade and Glenn12 recorded extra-
cellularly from histologically identified neurons in the
largest cell populations in the anterior intralaminar nu-

clei (central lateral [CL] and paracentralis nuclei [Pc])
of the cat thalamus and demonstrated that these neu-
rons could be antidromically activated by electrically
stimulating association regions of the cerebral cortex
and the caudate nucleus of the striatum or synapti-
cally driven by stimulation of the MRF (after lesioning
of all rostral pontine projections to the thalamus). In
related studies, simultaneous extracellular recordings
from cell bodies in MRF and the anterior intralami-
nar group (CL, Pc) during spontaneous sleep–wake cy-
cles showed a strong correlation of tonic excitation of
MRF neurons and excitability of intralaminar neurons
projecting to the cortex during wakefulness.13 Further
characterization of these CL neurons demonstrated
that they showed characteristic firing patterns during
wakefulness.14 These neurons generated spike bursts
at 800–1000 Hz at a firing rate in the 20–40 Hz fre-
quency range during wakefulness and rapid eye move-
ment (REM) sleep. Intracellular recordings from the
same cells revealed that depolarizing the resting mem-
brane potential triggered fast oscillations (20–80 Hz) of
the short high-frequency (800–1000 Hz) spike bursts.
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These findings can be compared to human studies
that show increased high frequency oscillations arise
in the EEG (or magnetoencephalogram) signal from
the cerebral cortex during wakefulness and REM sleep
that suggest origins in thalamocortical system.15–17 Al-
though MRF and CL neurons show clear increases
in firing during transitions to wakefulness,13 this shift
in firing pattern lags a marked increase in brainstem
cholinergic neuron firing rates that appear to drive the
transition to wakefulness,18 most likely in conjunction
with activity shifts in several other brainstem, basal
forebrain, and hypothalamic populations.19–21 Thus,
these central thalamic nuclei may play an essential
role in supporting the state changes of corticothalamic
systems that underlie sleep–wake cycles18,22 but are
no longer considered to have a primary role in driv-
ing the onset of wakefulness—a role now assigned to
collections of nuclei in the brainstem and basal fore-
brain.2,19,23

Connections of Central Thalamus with
Brainstem and Basal Forebrain Arousal

Systems
The central thalamus receives broad innervation

from both the brainstem and basal forebrain arousal
systems.9,23,24 Ascending inputs to the anterior in-
tralaminar nuclei (CL, Pc) and adjacent paralaminar
regions of thalamic association nuclei make them par-
ticularly well positioned to play a role in arousal regula-
tion. These regions receive the heaviest thalamic inner-
vation from brainstem and basal forebrain cholinergic
neuronal populations1,24 and heavy innervation from
noradrenergic afferents from the locus ceruleus and
serotoninergic afferents from the medial raphe.9,25,26

The brainstem and basal forebrain both provide dual
cholinergic inputs to the thalamus that activate neurons
within the anterior intralaminar region: 1) Inputs arise
from both the basal forebrain and brainstem cholin-
ergic groups to the nucleus reticularis (NRT) that hy-
perpolarize these neurons acting through muscarinic
receptors. NRT neurons provide a gabaergic inhibitory
influence on the cortically projecting relay neurons in
the anterior intralaminar nuclei; 2) inputs to neurons
within anterior intralaminar regions that exert direct
depolarizing effects acting through nicotinic recep-
tors.1,27 In addition to the cholinergic and monoamin-
ergic systems, there are at least two important sources
of inputs arising from the glutamatergic components
of the arousal system, the parabrachical nucleus and
the monosynaptic excitatory pathway from the MRF
discussed above.12,19

Role of the Central Thalamus in Arousal
Regulation within the Wakeful State

Human imaging studies reveal that selective acti-
vation of central thalamus occurs both during tasks
requiring short-term shifts of attention (hundreds of
milliseconds to seconds28–30) and during tasks plac-
ing sustained demands of high vigilance over extended
time periods of hours.31 Kinomura et al.28 identified
strong activation of both the rostral (CL, Pc) and cau-
dal intralaminar nuclei (centromedian–parafasicularis
complex, Cm-Pf) during the short-term shifting of at-
tention component of a forewarned reaction time task
(“phasic alerting”) using functional positron emission
tomography. In addition to activation of these thalamic
regions, the MRF showed a selective activation consis-
tent with earlier physiological studies identifying this
pathway of ascending activation.11,12 Paus et al.31 stud-
ied normal volunteers carrying out a long-term mon-
itoring task (approximately 60 min) and demonstrated
that vigilance decrements over time correlated with de-
creased blood flow in the medial thalamus (placed by
stereotaxic coordinates in the central lateral and me-
dial dorsalis nuclei31,32). Regression analysis showed
that this reduced thalamic blood flow significantly co-
varied with parallel decreases in the anterior cingulate
cortex (ACC) and ponto-mesencephalon. The ACC
has reciprocal connections with the anterior intralami-
nar nuclei33 and provides wide layer I projections to the
prefrontal cortex suggesting it may transfer activation
widely throughout the prefrontal cortex.34 The ACC
is recruited by a diverse range of cognitive demands35

and is activated with increasing cognitive load across
wide varieties of tasks.36 The ACC may drive CL and
other central thalamic regions to recruit broader cor-
tical activation in response to demands on effort. Ev-
idence from rat studies that neurons within the ACC
monitor and regulate effort allocation,37 the covaria-
tion of central thalamus with ACC deactivation during
vigilance decrements,31 and known anatomical con-
nections with CL38 are consistent with this mechanism.
CL also has strong reciprocal projections with the sup-
plementary motor area (SMA) of the medial frontal
cortex that is also shown to activate during forewarned
reaction time tasks30 and grade activation with rapidity
of response.29 Combined use of functional MRI tech-
niques (fMRI) and EEG techniques demonstrate that
thalamus and anterior cingulate show selective activa-
tion during the appearance of a characteristic direct
current (DC) electrical potential associated with antic-
ipatory attention supporting this general model.30

Electrophysiological recordings from the central
thalamus in alert monkeys performing forewarned
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reaction time tasks demonstrate that a subpopulation
of neurons distributed throughout the central thala-
mus show significant modulation of firing rates during
the delay period of the task.39,40 The increased fir-
ing rate of these neurons is correlated with increased
power in the 30–80 Hz frequency range of the local
field potentials, suggesting that synaptic inputs driving
the neurons participate in broad patterns of network
activation. Other physiological studies have shown that
short-term alterations of attentional state are identified
with increases in 20–80 Hz spectral content of the lo-
cal field potential in several cortical regions recorded
in alert nonhuman primates.41–43 Episodic modulation
of high frequency oscillatory activity in the 20–80 Hz
range has been observed during attentional control,41

motor preparation,42 and working memory.43 Such
shifts of neuronal firing rates within the central thal-
amus may play an important role in facilitating inter-
areal cortico–cortical interactions that are crucial to
the performance of many behavioral tasks.28,31,44–47

These brief increases of power in 20–80 Hz range can
be compared with the general increase of power in
this frequency range seen in cortical recordings that
correlate with the shift in firing rates during depolar-
ization of central thalamic neurons during wakefulness
and REM states discussed above.14,48 Similar findings
of increased power in the 35–50 Hz frequency range
have been shown to arise with direct electrical stim-
ulation of the brainstem cholinergic populations and
abolished by systemic scopolamine injection.49

Taken together, these physiological observations
suggest that central thalamic neurons participate in
arousal regulation (as operationalized in forewarned
reaction time tasks)6 as part of a broad network re-
sponse seen during wakeful states with depolarization
of cells producing increased firing in the 20–80 Hz
frequency band, and variations of intensity and tem-
poral shaping of this activity occurring in association
with specific task demands. The adjustment of this dis-
tributed activation pattern across cerebral structures
is likely controlled jointly by tonic levels of brainstem
arousal system firing rates and top-down signals from
frontal regions involved in monitoring demands on ef-
fort and vigilance.

Contribution of Connections of Central
Thalamus with the Striatum

An important anatomical specialization of the in-
tralaminar components of the central thalamus that
supports an overall role in shifting levels of activity
across broad cerebral networks is their strong efference
to the striatum. The anterior and posterior intralam-

inar groups are densely populated with neurons with
wide projections to striatum as well as cortical targets
and collectively provide the largest thalamic efference
to the striatum.50–52 Anatomical studies demonstrate
that individual intralaminar nuclei project to selected
groups of cortical and subcortical targets.52,53–55 The
rostral intralaminar nuclei (CL, Pc, and central me-
dial [CeM]) tend to project to prefrontal, premotor,
posterior parietal, and primary sensory areas and pro-
vide a diffuse innervation of the striatum;52 the caudal
intralaminar nuclei represented by the centromedian–
parafasicularis complex (Cm-Pf) contain different cell
populations with Cm forming very spatially restricted
connections with the striatum (Cm) and Pf neu-
rons demonstrating cortical projections to cingulate,
premotor, and anterior parietal cortices.54,56 Groe-
newegen and Berendse54 earlier proposed that the tha-
lamic intralaminar projections provide an anatomical
substrate for interactions among relatively segregated
cortico–striatopallidal–thalamocortical loop pathways
under the control of the prefrontal cortex. In a com-
prehensive study of intralaminar thalamic connections
across the rat forebrain, van der Werf et al.53 have
shown that the intralaminar nuclei collectively provide
comprehensive connections to large cerebral networks
roughly corresponding to the cortico–striatopallidal–
thalamocortical loop systems described in nonhuman
primates57 including a visceral, motor, limbic and cog-
nitive loop. They propose that the access of prefrontal
and brainstem arousal pathways to these neurons pro-
vide a mechanism for linking sensory and motor ac-
tivity to awareness. Consistent with the above pro-
posed mechanism for arousal regulation and selective
network activation, Shirvalkar et al.58 demonstrated
that electrical stimulation of CL increased generalized
arousal and recognition memory performance in in-
tact rats. In a series of studies, Mair and colleagues
have demonstrated that lesions in the rostral intralam-
inar region of the rat (centered on CL) produce broad
deficits in delayed conditional discrimination across
sensory modalities.59 In addition, similar lesions of the
rat anterior intralaminar nuclei produce deficits in ini-
tiating motor behavior.60 A unifying link across these
observations (discussed below) is provided by the re-
cent observation that intracellular recordings in cortex,
thalamus, and striatal neurons associate brief increases
in multi-unit firing rates in the 30–50 Hz frequency
range typically observed during attentional or mem-
ory delays, with shifts of input to individual neurons
based on increased rates of bombardment by postsy-
naptic potentials (balanced excitatory and inhibitory
inputs61,62).
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Role of Sensory Inputs and Pre-motor
Attention Signals

In addition to shifts of firing rates in the central thal-
amus associated with changes of vigilance level, hold-
ing of behavioral sets, such as memory delays, and the
broad state changes associated with shifts into wakeful
or REM sleep states, electrophysiological recordings
also demonstrate that the central thalamic neurons re-
spond to specific sensory and premotor signals. Central
thalamic neurons show responses to several brainstem
reflex pathways that associate patterned input from the
sensory environment, such as acoustic startle,8 optoki-
netic, and vestibular stimuli,63,64 noxious tactile stim-
uli,9 and premotor signals including an oculomotor
efference copy signal.5,65,66 Among the sensory sig-
nals detected in the anterior intralaminar nuclei, an
alerting response related to the elementary startle re-
sponse and orienting behavior has been characterized
in cats identified as the central lateral elicited wave,
CLE.8 This potential is similar to the PGOE wave, a
potential modulated by external events thought to re-
flect environmental monitoring, and both are observed
across the sleep–wake cycle. Both CLE and PGOE re-
sist habituation and persist long after peripheral acous-
tic startle responses or orienting behaviors terminate.
The CLE wave, like the PGOE wave, likely reflects
a widely broadcast signal originating from brainstem
circuits evolved to capture organismal behavior. Dur-
ing wakefulness this signal may be used to reset pat-
terns of activation and interrupt ongoing behavioral
sets. CLE waves are observed as spontaneous events
and may be consistent with eye movements, sponta-
neous attentional shifts, or other internally organized
alerting responses. Signals recorded from the posterior
intralaminar regions of the primate Cm–Pf complex
similarly reflect behaviorally relevant sensory events,
onset of sensory cues,44 or attentional orienting per se.45

The evidence of an oculomotor signal within the an-
terior and posterior intralaminar regions5,65 is of par-
ticular importance because of the close evolution of the
frontal lobe executive control systems and primate ocu-
lomotor system.5,46,67 Because these functional con-
trols have co-evolved in the same brain regions in
the human and nonhuman primate brain they share
many neurophysiological mechanisms. Modeling stud-
ies have proposed that transient signals, such as corol-
lary discharges around eye movements, may initiate
the formation or dissolution of maintained elevations
of cortical firing rates as discussed above, providing a
potential mechanistic link for the appearance of these
signals within the same thalamic populations that fa-
cilitate increased levels of overall activity in response to
task demands.68,69 Gutkin et al.68 proposed a model of

recordings of cortical delay period activity in which on-
set of increased cortical firing rates (persistent activity)
occurred with brief synchronous transients interpreted
in the model as efference copy signals of saccades and
other motor events. Physiological studies have demon-
strated such interactions of persistent activity support-
ing working memory and repetitive premotor signals,
e.g., during memory delay tasks a transient signal re-
lated to the eye movements appeared to terminate the
delay period activity.66 Other models also propose that
such transient inputs to local cortical networks exhibit-
ing persistent activity may terminate the delay period
activity.69

Thus the alerting, sensory orienting, and corollary
discharge signals recorded in the central thalamus may
play an important role in turning on and off patterns of
broad neuronal activation across the cerebrum during
wakefulness. In support of this hypothesis, a study of
pair recordings from the central thalamus and regions
of extrastriate visual cortex obtained from an awake
behaving monkey demonstrate that both transient ac-
tivation around alerting cues and saccades produce
coherent activation across these corticothalamic con-
nections within the 20- to 80-Hz frequency range.119

Importantly, this finding was specific for neuronal pop-
ulations that show similar changes in the background
thalamic local field potential during short-term focus-
ing of attention. These findings thus provide a link
between the arousal regulation of the forebrain by
the central thalamus and the anatomical specializa-
tions of the central thalamus that allow it to capture
attention by using brainstem alerting mechanisms and
corticothalamic inputs from the prefrontal cortex. Sim-
ilar effects are seen with the orienting response in the
EEG, which produces a brief increase in power in the
approximately 40-Hz frequency range.70

Microcircuit and Biophysical Mechanisms
Supporting Cortical and Striatal Activation

by the Central Thalamus
Recent studies point to a specific and very general

mechanism by which the high frequency impulses em-
anating from the intralaminar neurons to the cerebral
cortex and striatum may support broad network acti-
vations during wakefulness. Inputs from the anterior
intralaminar nuclei have a unique pattern of innerva-
tion of the cortical microcircuit71 and specialization
of contacts made within the striatum.72 Most of the
neurons from the anterior intralaminar region synapse
in layer I on the apical dendrites of pyramidal cells
with cell bodies located in layers II–III and layer V.
Jones73 has redefined the intralaminar and other tha-
lamic subdivisions into two classes of neurons on the
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basis of differential calcium-binding protein expres-
sion. One class, the “core” neurons, express parval-
bumin and synapse in the middle, or granular, layers
of the cortical microcircuit with area-specific cortical
projections. The other class, the “matrix” neurons ex-
press calbindin D28K and project to Layer I across
relatively wide cortical territories. In both humans74

and nonhuman primates,73 intralaminar subdivisions
are densely populated with matrix neurons (CL, Pc, Pf,
but not Cm, which is densely parvalbumin staining).
The matrix neurons are proposed to act collectively as a
functional system that organizes global patterns of cor-
ticothalamic synchronization.73 Neurons within these
intralaminar regions may synapse on cell bodies within
layers V and VI as well as Layer I 71 and this pattern of
dual innervation within the cortical column has been
proposed to support a biophysical coincidence detec-
tion mechanism that facilitates inputs from the specific
thalamic inputs to the granular layers.75,76 In studies
of the apical dendrites of Layer V and Layer II/III
cortical neurons, Larkam et al.77,78 have demonstrated
that co-activation within a narrow temporal window
of the apical dendrites (in Layer I) and soma of Layer
V pyramidal neurons induces burst firing through a
back-propagating action potential that originates in
the soma and allows for normally subthreshold inputs
in the apical dendrites to become spike generating.
Similar changes in dendritic electrogenesis of Layer
II/III neurons could support this mechanism.78 Con-
sistent with these proposals, combined stimulation of
CL and the ventrobasal nucleus (a specific thalamic re-
lay nucleus projecting into cortical Layer IV) in mouse
corticothalamic slice generates a supralinear summa-
tion of local evoked potentials.79 Depolarization of the
supragranular layer dendrites by intralaminar afferents
has been proposed to promote sustained cortical activ-
ity,80,81 NMDA-mediated long-term potentiation,81,46

and other mechanisms of synaptic facilitation. 82 Thus,
the anatomical specializations of the matrix neuron-
rich intralaminar and paralaminar regions of central
thalamic thalamus provide a unique substrate for sup-
port of distributed cortical persistent activity. Consis-
tent with these in vitro and anatomical studies, recent
in vivo electrical stimulation studies show that electri-
cal stimulation of CL generate broad activation of c-fos

across all cortical layers and a unique pattern of upreg-
ulation of zif268 (an immediate early gene associated
with long-term potentiation) in supragranular and in-
fragranular layers consistent with these mechanisms.58

Central thalamic inputs to the striatum are also spe-
cialized and recent studies have shown that the cen-
tral lateral nucleus of the anterior intralaminar group
projects to the medium spiny striatal neuron (MSN)

contacting the dendritic spine.72 These excitatory in-
puts to the striatal neuron may act as primary drivers
along with descending corticostriatal inputs. The MSN
is an important link in the control of anterior forebrain
dynamics and its activity levels may play a key role
in many neurological disorders of consciousness (see
discussion below). In the Steriade and Glenn12 studies
discussed above, inputs to the striatum from CL/Pc
neurons had a slower conduction velocity (3 m/s com-
pared with 11 m/s for cortically projecting neurons)
suggesting the possibility that the timing of inputs from
these regions may be controlled to facilitate selective
activation as suggested by earlier proposals.54

Experimental studies support the view that acti-
vation of both the cortical and striatal neurons by
inputs arising from the central thalamus may facil-
itate the generation of a phenomenon identified in
in vitro and anesthetized animal preparations as the
“UP state”. During the UP state, membrane potential
show relatively depolarized baselines and fast firing
of the neuron. The UP state is a network-dependent
phenomena that reflects broad increases in excita-
tory and inhibitory postsynaptic potentials bombard-
ing the dendritic arbor of neurons across large cerebral
networks linking cortex, thalamus, and basal gan-
glia.61,62,83 From a functional point of view, the in-
puts to central thalamus and patterns of activation of
central thalamic neurons during attentive behaviors
suggest that they act as gain controls for distributed
processes throughout the cortex, thalamus, and basal
ganglia. The common mechanism may be shifts in
activation across the networks increasing an overall
output of balanced excitatory and inhibitory synap-
tic barrage associated with an UP state-like phenom-
ena during wakefulness.61,83 Firing rates of multi-unit
activity during UP states recorded in vitro and under
anesthesia averages 35–50 Hz, and the activity pat-
tern is proposed to underlie the typical appearance
of similar firing rates in behaving animals carrying
out cognitive tasks as discussed above.61,62 A related
common signature of these phenomena may be in-
creases in local field potentials in the band 20–80 Hz
that could reflect increased synaptic drive of cortical
inhibitory interneuron populations84 and synchroniza-
tion of signals in the cortico–cortical,46 corticothala-
mic,48,75,76 corticostriatal,85 and thalamostriatal path-
ways.85 Importantly, a recent experimental study has
demonstrated that thalamocortical projections are sig-
nificantly more efficient in producing cortical UP states
than cortico–cortical excitatory connections;86 the
central thalamic projections to both cortex and stria-
tum may have similar properties, although this is not
known.
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The unique connectivity of central thalamic neu-
rons and their physiological specializations suggest that
they may contribute to broad formation of UP state-
like transition of firing rates seen across cerebral net-
works in vivo during organized behaviors. Facilitating
the transition to UP states and their maintenance may
be the fundamental mechanism of arousal regulation
through the central thalamus that allows for: 1) adjust-
ment of gain across multiple pathways of sensorimo-
tor integration associated with varying levels of vigi-
lance, interest, motivation, and other state factors and
2) rapid capture and redirection of behavior through
powerful bias controls facilitated through activation of
the central thalamus by the frontal executive systems
using premotor signals that direct attention to intended
movements through a broad corollary discharge mech-
anism. Similarly, biasing of attention and goal-directed
action may be achieved by triggering UP states across
cerebral networks through activation of dedicated re-
flex pathways from the sensory periphery that access
the central thalamus. Using this picture as a work-
ing model, it is possible to organize many disparate
observations associated with neurological disorders of
consciousness and their phenomenology as reviewed
below.

Contributions of the Central Thalamus
to Neurological Disorders

of Consciousness

It is well established that the central thalamus plays
an important role in neurological disorders of con-
sciousness.87 The brief review below links this role
of the central thalamus to pathophysiological mech-
anisms that produce both persistent and paroxysmal
impairments of arousal regulation after severe brain
injury. An interpretative framework is then proposed to
explain underlying mechanisms for interventions that
improve neurological function in patients with disor-
ders of consciousness.

Focal Injuries to the Central Thalamus
Direct injuries to the central thalamus can alone

produce global disturbances of consciousness.88–90 If
unilateral, these lesions may produce hemispatial un-
awareness91 or altered states of consciousness simi-
lar to acute mania or delirium.92 Restricted bilateral
injuries to the central thalamus may produce acute
coma indicating the important role these structures
play in a normal alert wakeful state. Recovery of cycli-
cal arousal patterns with periods of eye opening occurs
rapidly with these lesions and is usually present within
48 h, again emphasizing that these neurons are not

the primary sources of ascending control of arousal
state per se. However, unlike brainstem lesions that pro-
duce coma following focal injuries,93 the recovery of
consciousness in terms of goal-directed behavior and
communication skills is very slow following bilateral
central thalamic injuries89,90 and uncertain.88 These
clinical observations are consistent with experimental
studies that demonstrate that neither the central tha-
lamus nor the basal forebrain are indispensable for
maintaining general arousal associated with some re-
covery of EEG cycling and wakefulness,14,94 suggesting
that parallel basal forebrain and thalamic mechanisms
and direct brainstem to cortex pathways are pleuripo-
tent for maintaining cerebral arousal (see Ref. 23 for
review).

The large and enduring behavioral effects of small,
central, thalamic injuries can be understood in the con-
text of studies that demonstrate that focal ischemic in-
juries within the central thalamus can produce marked
reduction in cerebral metabolism across the entire ip-
silateral hemisphere as measured using fluorodeoxglu-
cose positron emission tomography.95,96 This effect
reflects a crossed (trans-) synaptic downregulation of
distant neuronal populations connected to the cen-
tral thalamus (known also as diaschisis97). The crossed
synaptic downregulation results from the loss of excita-
tory inputs to remote brain regions, and these changes
in cerebral blood flow only marginally indicate marked
reductions in neuronal firing rates in the distal struc-
tures.98 The loss of excitatory drive to neuronal pop-
ulations in such instances produces a passive form
of inhibition (disfacilitation) hyperpolarizing neuronal
membrane potentials as a result of withdrawal of exci-
tatory synaptic inputs that then allow remaining leak
currents (principally potassium) to dominate.99

The profound effects of central thalamic lesions
can be understood simply as a consequence of their
unique geometry; the neurons have many point to
point connections across the corticothalamic system
and through the striatal loop connections of the ante-
rior forebrain (as reviewed above). A quantitative re-
sult underscoring this point is the finding, in a com-
plete multidimensional scaling model of the entire cat
thalamocortical system100 that places the anterior in-
tralaminar nuclei (CL, Pc, and central medial) in one
cluster together, centered among all other segregated
thalamocortical loop systems (frontal, limbic, tempo-
ral, and parietal). This positioning can be interpreted
as a consequence of their relatively shortest path and
multiple connections across each of the other clusters
(with a tendency to be closer to the frontal/limbic re-
gion of the cortex, which is more strongly connected
with the striatum). In this context, the broad effects



112 Annals of the New York Academy of Sciences

of withdrawal of central thalamic excitation can help
to explain the surprisingly long-lasting impairments
of human frontal lobe executive functions correlated
with discrete injury to CL101 and other thalamic in-
juries specifically involving the rostral intralaminar re-
gion.88,102

In addition to persistent decreases in neuronal fir-
ing rates across the cerebrum, discrete injuries to the
central thalamus may also lead to global functional
impairment through different forms of abnormal hy-
persynchronous activity.47,87 Focal injuries within the
central thalamus are also associated with production
of epileptic seizures, typically variations of absence
seizures,90 and other paroxysmal phenomena sharing
features similar to catatonia, dystonia, and parkinson-
ism, and responsive to pharmacologic agents used to
treat those disorders (reviewed in Refs. 47,103).

Contribution of Central Thalamus to
Disorders of Consciousness Following

Multifocal Diffuse Brain Injuries
The far more frequent cause of neurological disor-

ders of consciousness following severe brain injury is
widespread deafferentation of the central thalamus be-
cause of widespread neuronal death or disconnection.
Consistent with the discussion above, this too is the
simple consequence of the unique geometry of central
thalamic connections but is not well appreciated in
the context of pathologies underlying global disorders
of consciousness,103 such as the permanent vegetative
state104 and enduring the minimally conscious state
(MCS).105

Three very common mechanisms of injury that may
bilaterally involve the central thalamus arise in the
setting of multifocal head trauma, large hemispheric
strokes, and hemorrhages: 1) diffuse axonal injury, 2)
downward displacement of thalamus and brainstem
as a result of brain swelling (known as “herniation”),
with or without 3) en passant focal ischemic injuries to
the brainstem, midbrain, thalamus, or basal ganglia.
Diffuse axonal injury results in widespread disconnec-
tion across the cerebrum with a final common find-
ing of secondary neuronal death of thalamic neurons
indexing outcomes. Even in the most severe multifocal
brain injuries associated with permanent VS, neuronal
death in the thalamus is the most common pathological
finding. In a study104 of nontraumatic injuries associ-
ated with permanent VS (mostly anoxia following car-
diac arrest), all patients showed severe bilateral thala-
mic damage, which was not invariably associated with
diffuse cortical damage (64% of cases). In pathological
studies of brains from patients who suffered traumatic
injuries and remained in VS for at least 3 months prior

to death, a similar finding of widespread thalamic neu-
ronal loss was found with less neocortical involvement
(only 11% with diffuse neocortical cell loss). In a recent
follow-up study, the detailed analysis of thalamic nu-
clei revealed that when autopsy studies were compared
with controls, damage to central thalamic structures in-
dexed behavioral outcomes from moderate disability to
VS with initial involvement of the anterior intralam-
inar structure and progressive cell loss ventrally and
posteriorly with worsening outcome.106 These find-
ings reflect the broad effects of neuronal death and
disconnection with a rostrocaudal gradient consistent
with the more diffuse and widespread point to point
connections of the anterior intralaminar/paralaminar
regions. Herniation injuries with or without evidence
of focal ischemic lesions within the central thalamus (or
closely linked, subcortical, neuronal populations) can
produce profound functional downregulation across
the entire ipsilateral cerebral hemisphere and possi-
bly bilateral metabolic dysregulation.95,96,107 Similarly,
persistent global cerebral dysfunction in patients may
be associated with abnormal capture by pathological
rhythmic activity in the central thalamus produced in
frontal cortical or other areas.107

Modulation of Central Thalamus and Effects
on Disorders of Consciousness

Disorders of consciousness have generally been con-
sidered untreatable if enduring for months or longer.108

Recent observations of late improvement in MCS pa-
tients with long-standing brain injuries, whether spon-
taneous,109 in response to pharmacologic agents,110 or
following electrical stimulation,111 suggest that circuit
mechanisms may be available for improving functional
outcomes in some cases.

Taking into consideration findings that some very
severely brain-injured patients, who nonetheless show
some responses to their environment, may have widely
preserved cerebral network activation,112 Schiff and
colleagues sought to determine whether electrical
stimulation could restore arousal regulation and pro-
mote greater behavioral responsiveness in MCS pa-
tients.111–113 They proposed that central thalamic
deep-brain stimulation (DBS) might substitute for top-
down monitoring and regulation of arousal level pro-
vided in the intact brain by mesial frontal cortical re-
gions and brainstem inputs (as reviewed above). Ap-
plication of central thalamic DBS in a 38-year-old
man who remained in MCS for 6 years led to restora-
tions of spoken language, oral feeding, and motor con-
trol of the upper limbs. These findings suggest that
electrical stimulation may approximate the normal
role of cortical and subcortical inputs to the central
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FIGURE 2. (A) Potential circuit mechanisms underlying overlapping responses to dopaminergic
agents, NMDA antagonists, sedatives (Ambien, Lorazepam), and central thalamic deep-brain stimula-
tion (DBS) in severe brain injuries. A variety of pharmacologic agents have been shown to improve
responsiveness in patients with global disorders of consciousness. Connections across the anterior fore-
brain may play a key role in the response to multiple pharmacologic agents through modulation of a
common circuit abnormality arising in the setting of multifocal neuronal cell death. Thalamocortical and
thalamostriatal output from the central thalamus may be reduced as a result of die back of connections
across multiple cortical regions from neuronal death or axonal disruption. These thalamic afferents appear
to have a preferential role in activating broad networks across the cortex and producing activation of
striatal neurons (see text). (B) Proposal for circuit mechanism underlying paradoxical Ambien (zolpidem)
response.116

thalamus that act to adjust neuronal firing rates in these
neurons to regulate cognitive effort and maintain brain
metabolic activity in normal wakeful states.47,58,113 In
the severely injured brain, DBS of the central thala-
mus may counteract strong passive inhibition of the

central thalamus as a result of the widespread loss of
incoming axonal afferents from many cerebral struc-
tures (thus effectively overcoming the major problem
of loss of excitatory contacts across the dendritic ar-
bor of these neurons). The observation noted above
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that anterior intralaminar regions show progressive
neuronal loss in correlation with severity of cognitive
impairment following brain injury supports this argu-
ment.106 Moreover, functional studies of changes in
resting metabolism after diffuse axonal injury show a
specific pattern consistent with impaired function of
the anterior forebrain, including marked downregula-
tion of metabolic rates in mesial frontal structures and
the thalamus bilaterally.114

The results of the central thalamic DBS studies
can be considered alongside other interventions that
in some patients facilitate behavioral responsiveness
after severe brain injury leading to MCS or severe
disability.110,115,116 Both classical dopaminergic agents
(L-Dopa, Bromocriptine) and the mixed dopamine
agonist/NMDA-channel antagonist Amantidine have
been reported to facilitate recovery of function.115

Taken together with the DBS results described above,
these observations are consistent with a model that
identifies dysfunction across a broad anterior forebrain
system primarily arising from widespread deafferenta-
tion of cortical neurons producing reduced levels of
global neuronal activity across the brain and caus-
ing relatively increased deafferentation of the central
thalamus (resulting from the geometry of their point
to point connections). As illustrated in FIGURE 2A, an
important point of vulnerability within the anterior
forebrain is the medium spiny neuron (MSN) of the
striatum. These neurons have a high threshold UP
state and thus do not fire easily, requiring both a suf-
ficient level of dopaminergic input and background
synaptic activity from corticostriatal and thalamostri-
atal inputs.117 MSN output is necessary to oppose tonic
activity of the globus pallidus interna (GPi), which acts
as a strong inhibitory influence on the thalamus. Neu-
rons in the central lateral nucleus of the anterior in-
tralaminar regions that undergo significant neuronal
loss following multifocal brain injuries also provide
input to the dendritic spines of the MSNs and may
specifically contribute to reducing their output follow-
ing injury. Thus, both dopaminergic agents and direct
activation of the central thalamus may act to reverse
downregulation across the anterior forebrain systems
produced by severe brain injury. Dopaminergic agents
strongly modulate both striatal and mesial frontal sys-
tems, whereas central thalamic neurons provide direct
excitatory (glutamatergic) activation of the supragran-
ular cortical layers and MSNs. Importantly, as noted
above, thalamic neurons have a preferential role for
generating cortical UP states.86 Reduced pallidal in-
hibition with increased MSN output may allow the
promotion of cortical UP states via release of strong
thalamocortical activation.

This model of altered network function that em-
phasizes impaired function of anterior forebrain loop
systems following severe brain injury makes another
specific prediction.116 As shown in FIGURE 2B, this
model can offer an explanation of the very paradoxical
observation that some severely brain-injured patients
are “awakened” and show marked behavioral facili-
tation with the sedative agent zolpidem.110 Zolpidem
binds selectively to the alpha-1 subunit of the GABA-A
receptor, which is highly expressed in the GPi, and mi-
croinfusion of zolpidem into GPi can produce behav-
ioral changes consistent with inactivation of the struc-
ture.118 Most of the patients who have demonstrated
these effects have suffered hypoxic injuries, which pro-
duce significant impairment of MSNs. Zolpidem may
act to suppress disinhibited GPi neurons allowing re-
activation of thalamocortical and thalamostriatal affer-
ents re-establishing function in the anterior forebrain
network.116 Reversal of marked hypometabolism in the
frontal lobes and thalami in association with behav-
ioral improvements with zolpidem supports this infer-
ence.110 Similar effects with lorazepam, a less-selective
agent, may arise via the same mechanism (unpublished
observations).

Conclusions

As reviewed above, the neurons in the central tha-
lamus are uniquely positioned to control dynamic pat-
terns of activation across cerebral networks. These
neurons may drive both cortical and striatal neurons
to transition into the equivalent of an UP state dur-
ing wakeful behaviors, organizing very long-range con-
nections in the forebrain. Transient activation of the
same thalamic neurons appears in response to premo-
tor corollary discharge signals and bottom-up senso-
rimotor reflexes originating in the brainstem, which
likely briefly facilitate broad synchronization through
a similar mechanism. Damage to this efficient system
of forebrain activation leads to immediate and global
impairments of consciousness and goal-directed be-
havior. Understanding the contributions of the central
thalamus to arousal regulation may aid our rethink-
ing and reformulating of how to approach the prob-
lems posed by disorders of consciousness. Based on
their unique anatomical and physiological properties,
neurons within the central thalamus are suggested as
targets of interventions aimed at restoring function at
the circuit level for patients with disorders of conscious-
ness. The observations of individual patients’ responses
to DBS, sedative, and other drugs reviewed above em-
phasize the key role of the central thalamus in circuit
disturbances affecting large-scale forebrain dynamics.
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