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a b s t r a c t

I propose that primary conscious awareness arises from synchronized activity in dendrites
of neurons in dorsal thalamic nuclei, mediated particularly by inhibitory interactions with
thalamic reticular neurons. In support, I offer four evidential pillars: (1) consciousness is
restricted to the results of cortical computations; (2) thalamus is the common locus of
action of brain injury in vegetative state and of general anesthetics; (3) the anatomy and
physiology of the thalamus imply a central role in consciousness; (4) neural synchroniza-
tion is a neural correlate of consciousness.

� 2011 Elsevier Inc. All rights reserved.

1. Introduction

The search for the neural correlates of consciousness (NCC) has been intense and productive in the past two decades since
Crick and Koch (1990) focused attention on this project (e.g., Rees, Kreiman, & Koch, 2002). Recent work has emphasized the
importance of the thalamo-cortical system of the brain in generating conscious awareness. Within this system three possi-
bilities for the critical brain activity most closely associated with consciousness have been proposed: it occurs primarily
within the cortex (e.g., Crick & Koch, 2003; Romijn, 2002), it occurs in the entire system of thalamo-cortical loops (e.g.,
Edelman & Tononi, 2000; John, 2001, 2002; Llinás, Ribary, Contreras, & Pedroarena, 1998), it occurs primarily within the
thalamus (e.g., Penfield, 1975). The first two of these have been and are routinely explored in the recent literature. In this
paper I discuss the third possibility in the light of a convergence of studies in cognitive science, neuroimaging, neurophys-
iology, neuroanatomy, and computational neuroscience, bringing up-to-date the proposal that the neural activity most
closely associated with primary consciousness occurs primarily in the thalamus. My proposal is simple: phenomenal
consciousness is generated by synchronized neural activity in the dendritic trees of dorsal thalamic neurons: a thalamic
dynamic core (see also Ward, 2004 for a very brief treatment of an early version of this idea). This synchronized thalamic
activity is driven by the massive cortico-thalamic projections that carry the results of cortical computations (information
processing), said cortical activity also, perforce, being synchronized in the same way through thalamo-cortical echoes.
The cortex computes the contents of phenomenal consciousness but phenomenal consciousness itself usually represents
only the results of cortical computations, not the computations themselves. This paper outlines the reasoning that gives rise
to this thalamic dynamic core proposal and presents four crucial evidential ‘‘pillars’’ that support its plausibility.
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1.1. Explanandum

This paper is aimed at a particular aspect of the NCC: that of uncovering the neural correlates of the conscious state itself,
in the sense most pointedly described by Searle (2000): ‘‘What one wants to know is, how is it possible for the subject to be
conscious at all?’’ (p. 572) That is, I am addressing the problem of how it is that the human brain (and possibly other animal
brains) gives rise to experience of the kind people have when they are awake, and possibly when they are dreaming, and that
presumably they do not have when they are deeply asleep (slow-wave), in a coma or vegetative state, or deeply anesthetized
with a general anesthetic. What brain activity is necessary and sufficient for the conscious state to be present in a human?
According to Searle (e.g., 2000), the conscious state is characterized by three critical properties: qualitativeness (how it feels),
subjectivity (it exists only when experienced by some entity, i.e. it has a first person ontology), and unity (experiences occur
within a unified conscious field), as well as by other properties that may or may not be present in all experiences, for exam-
ple intentionality, central or peripheral, a mood, pleasantness, Gestaltness, and familiarity. This question, and the properties
of the conscious state just listed, are distinct from, although deeply related to, the question of what neural activities are
correlated with specific contents of our conscious experience. Other important aspects of consciousness, such as meta-
consciousness (consciousness of being conscious and of what one is conscious of) and self-consciousness (consciousness
of having a self that is separate from other selves and from the outside world) are viewed as contents of consciousness that
are built from recursive application of primary consciousness to conscious contents (e.g., Zelazo, 2004), are contributed by
processing in specialized areas of the cortex (such as the precuneus), or arise from emotional (feeling) processing in various
cortical and subcortical areas (e.g., Damasio, 1999).

Seth and Baars (2005) presented a list of 16 widely recognized properties of consciousness to be accounted for by any
theory. Although I won’t address them all individually here I believe that the thalamic dynamic core can account for most
if not all of them at least as well as the theory they espouse, Neural Darwinism, partly because it shares important elements
with the latter theory. One of those necessary properties, however, is of central importance: the notion that ‘‘. . .conscious-
ness facilitates widespread access between otherwise independent brain functions.’’ (Baars, 2002, p. 47), the conscious ac-
cess hypothesis. Regardless of through which theoretical lens the problem is viewed, the evidence is overwhelming that
consciousness is functionally integrative and that this is the dominant fitness advantage it provides for conscious organisms.
In other words, the role of this integrative processing is to provide internal representations (‘‘models’’) of the niche-relevant
causal structure of the environment, including objects and their surroundings and the events that take place there. Baars
(2002) reviews extensive evidence that integrative conscious processing involves more widespread cortical activity than
does unconscious processing. Any respectable theory of consciousness must explain this fact (e.g., Dehaene, Kerszberg, &
Changuex, 1998), or integrate it into the assumptive base of the theory. The thalamic dynamic core approach accomplishes
this task naturally and directly.

The dynamic core concept itself is not new. Most recently, Tononi and Edelman (e.g., 1998a, 1998b; Edelman & Tononi,
2000) proposed that the large, brain-wide population of synchronously firing cortical neurons that are associated with con-
scious awareness of a stimulus forms a dynamic core of neural activity that is in fact the neural correlate of consciousness. In
order to support conscious awareness, this dynamic core of synchronous neural activity must be at the same time both inte-
grated (i.e., synchronous) and differentiated (i.e., must be only one of many possible patterns of such firing), and must be of
relatively high informational complexity (and thus different from the rigidly synchronous but simple pattern of neural firing
typical of epilepsy and its accompanying unconsciousness). Although somewhat more elaborated in its present form, the
concept dates back at least to Kinsbourne’s (1988) proposal of a ‘‘dominant focus’’ of neural activity that binds together
the various aspects of brain activity that support consciousness. It is also related to Dennett’s (1991) idea of the dominant
narrative in a system of multiple drafts. Indeed some such concept is demanded by Freud’s (e.g., 1984/1915) division of the
mind into conscious and unconscious dynamics. Freud’s ideas were heavily influenced by those of Fechner (1966/1860),
Herbart (e.g., 1824/1961) and Leibniz (e.g., 1973/1714), and of course those thinkers also had their own precursors. The
novelty in the current proposal is the assertion that neither a particular locus (e.g., the thalamus, or any other), nor a par-
ticular kind of neural activity (e.g., a dynamic core of 40 Hz synchronized firing) is both necessary and sufficient to generate
the state of primary consciousness awareness. In what follows I argue that what is required is both a particular locus and a
particular kind of neural activity, viz. the thalamic dynamic core.

2. Is conscious experience localized within the brain?

The approach taken in this paper nonetheless does raise the issue of whether conscious experience arises from brain
activity in some particular brain region, or perhaps in particular neurons, or rather arises from activity that is distributed
throughout the brain. This issue has been addressed extensively by Dennett (1991). Dennett argued that the ‘‘Cartesian The-
ater’’ of consciousness, the idea that there is a place in the brain/mind where ’’everything comes together’’ with respect to
consciousness, a sort of theater where an audience (a homunculus?) watches the play of experience, is fundamentally mis-
guided. Descartes believed that the pineal gland of the brain was the place where brain processes and (nonmaterial) mental
processes interact, and thus consciousness is generated. Others have suggested other places in the brain where conscious-
ness occurs, including nearly every part that has been identified. Modern neuroscientific views, however, favor a more dis-
tributed process (e.g., Rees et al., 2002), and philosophy has discovered many reasons to reject homunculi, except as
convenient rhetorical devices (e.g., Dennett, 1991). Interestingly, psychologists have been reluctant to relinquish the
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theatrical metaphor. For example, a prominent psychological-level theory of consciousness uses it explicitly while rejecting
the idea that the theater is located at a particular place in the brain (Baars, 1997). Crick and Koch (2003) proposed that the
front of the brain functions as a homunculus that watches the show put on by the back of the brain (the sensory/perceptual
areas), an idea similar to the B-brain watching the A-brain proposed earlier by Minsky (1986) and developed further by Ward
(1992).

The present proposal retains the idea of distributed computation in the cortex that is espoused by modern theorists, espe-
cially Tononi and Edelman (1998a, 1998b; Edelman, 2004; Edelman & Tononi, 2000), and the central importance of synchro-
nized neural activity in cortico-thalamic circuits (e.g., Llinás et al., 1998). It gives special importance, however, to thalamic
neural activity comprising an active blackboard that displays the results of cortical computations and thereby becomes the
locus of the brain activity most closely associated with experience.

The proposal that the thalamus is a particularly important locus in the brain involved in generating consciousness also is
not new. As Newman (1995) pointed out, views of the locus of the neural correlate of conscious awareness have oscillated
around three foci for many years: the cerebral cortex, the reticular activating system, and the thalamus. Penfield (e.g., 1975,
p. 19) was perhaps the most extreme proponent of the subcortical view, asserting that ‘‘The indispensable substratum of
consciousness lies outside the cerebral cortex, probably in the diencephalon (the higher brainstem).’’ The thalamus is a major
component of the diencephalon (it also includes the epithalamus and the hypothalamus). Penfield’s ideas were founded
upon several major evidential bases: (1) the results of stimulating the brain, especially the temporal lobe, with low-intensity
direct current electricity; (2) the results of surgery for epilepsy in which various chunks of brain, especially temporal lobe,
were removed; and (3) the structural and functional anatomy of the brain that was known in the early 1970s. More recently,
several authors have argued that the thalamic reticular nucleus (TRN) plays a role in consciousness by modulating the local
40-Hz oscillations observed in various parts of the brain via its inhibitory inputs to the dorsal thalamic nuclei (Min, 2010;
Newman, 1995). Indeed, abolishing inhibitory interactions among the neurons of the TRN dramatically increases absence-
epilepsy-like, low-frequency synchronous oscillations in the dorsal thalamic nuclei (Huntsman, Porcello, Homanics, DeLorey,
& Huguenard, 1999), indicating that such inhibition might play a major role in preventing the neural hyper-synchrony that
characterizes epilepsy and its accompanying state of unconsciousness. Moreover, the TRN has been implicated in producing
the unconscious state seen in absence epilepsy, presumably playing the role of strongly inhibiting thalamic neuron activity
under the influence of cortical excitation (e.g., Steriade, 2005).

Another vociferous recent proponent of localizing the critical NCC for the state of consciousness in the thalamus has been
Joseph Bogen, the surgeon who developed the split brain operation (e.g., 1995a, 1995b, and see his website for more recent
unpublished work). Bogen argued that the intralaminar nuclei of the thalamus form the essential substrate of the state of
phenomenal consciousness. His argument is complex, but critical to it is the fact that there are only two places in the
CNS where very small bilateral lesions (those involving less than 1 g of neural tissue) abolish the state of consciousness:
in the mesencephalic reticular formation and in the intralaminar nuclei of the thalamus. Moreover, the intralaminar nuclei
are connected to much of the rest of the brain through diffuse reciprocal connections, making this a candidate for a central
clearinghouse or modulator of cortical and subcortical activity.

Another proponent of a subcortical locus for a substrate of phenomenal awareness is Merker (2007). He updated Penfield
and Jasper’s (1954) centrencephalic system proposal and reviewed extensive evidence that the top of the brainstem, and the
superior colliculus in particular, forms a system that integrates motivation, the sensory world, and body capabilities to
accomplish goal-directed action. His arguments rely on the extensive convergence of inputs from pretty much the entire
brain into this region, including to and from parts of the thalamus. Indeed, the thalamus plays an important integrative role
in his theory, although the theory does not specify it to be the substrate of consciousness. Merker writes evocatively of how
this primitive substrate of consciousness could have evolved when conscious contents were limited to very simple ones be-
cause the dramatic forebrain expansion characteristic of mammals had not yet occurred. Among other important facts dis-
cussed by Merker (2007) is the remarkable observation that in over 750 operations to cure epilepsy, during which the patient
was not anesthetized, Penfield and Jasper (1954) never once observed even an interruption in the continuity, let alone ces-
sation, of a patient’s consciousness as they removed large chunks of cortex, sometimes even an entire hemisphere. Interest-
ingly, in his later book Penfield (1975) identified the diencephalon with the ‘‘highest brain mechanism’’ that is directly
responsible for consciousness. The part investigated thoroughly by Merker, on the other hand, was termed by Penfield
‘‘the brain’s computer’’ and was said to be responsible for sensory-motor integration, as updated and extended by Merker
(2007). Both mechanisms acting together were thought to be necessary to explain human behavior because the dienceph-
alon has privileged access to frontal and temporal areas of the cortex, whereas the older system just below this area at the
roof of the brainstem has privileged access to sensory and motor mechanisms. It is thus likely that the entire upper brain
stem plays a crucial role in human behavior. Although in this paper I emphasize the role of the thalamus in phenomenal
awareness, there is little doubt that the integrative system detailed by Merker is critical for efficient, organized goal-directed
action, and might also contribute essential components to the substrate of awareness.

3. The thalamus is a ‘‘miniature map’’ of the cortex

One of the most compelling reasons why the thalamus has figured prominently in theories of consciousness is that it rep-
resents a central, convergent, compact ‘‘miniature map’’ of the cortex. Thus, as will be seen in Section 3.1, it is
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well-positioned in the brain to perform the role of integrating a wide variety of cortical computations as well as gating sen-
sory inputs and integrating both of these with limbic activity from the hypothalamus and other subcortical regions.

3.1. Thalamic anatomy and cortical connections

Fig. 1 adumbrates the generally-agreed-upon classical view of the global architecture of the cortico-thalamic and thal-
amo-cortical circuits (Nieuwenhuys, Voogd, & van Huijzen, 2007; see also Jones (1985, 2007) and Fig. 1.4 on p. 10 and 1.5
on p. 11 of Sherman and Guillery (2006)). The thalamus is parcellated into about 50 nuclei and subnuclei, which do not com-
municate directly with each other. Rather, each nucleus has reciprocal connections with a specific cortical area, as well as
with the thalamic reticular nucleus (TRN). Note the relatively massive projection from each cortical area to a specific dorsal
thalamic nucleus (indicated by the thick lines on the left side of Fig. 1) as compared to the much smaller thalamo-cortical
reciprocal projection (thin lines on the right side of Fig. 1; Llinás & Paré, 1991). Such cortico–thalamo-cortical circuitry is
ubiquitous among mammals, and is augmented in the ‘‘higher’’ mammals by the addition of entire cortico-thalamic units,
rather than by elaboration of only cortical circuits. Thus, each new cortical area ‘‘added’’ by evolution has been accompanied
by the addition of its specific nucleus to the dorsal thalamus. Indeed, so close is the relationship between the dorsal thalamic

Fig. 1. Some circuitry of the thalamo-cortical complex as seen in a horizontal slice. Thalamic nuclei are represented by the central colored blobs. Cortico-
thalamic projections are represented on the left, thalamo-cortical projections on the right (with associated color-coded cortical projection areas). The more
massive cortico-thalamic projections are represented by thicker lines. Not all nuclei or projections are shown, differentiated, or labeled. Most limbic and
other subcortical projections to thalamus are not shown. Note the reciprocal connections between the thalamic nuclei and their associated cortical areas.
Note also the lateral projections to the TRN of both cortico-thalamic and thalamo-cortical fibers. ATN: Anterior thalamic nuclei; DM: dorso-medial nucleus;
LGN: lateral geniculate nucleus; MGN: medial geniculate nucleus; TRN: thalamic reticular nucleus; P: pulvinar nucleus; VN: ventral nuclei. Based on
Nieuwenhuys et al. (2007).
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nuclei and their reciprocally-connected cortical areas that the dorsal thalamic nuclei virtually comprise a seventh layer of the
cortex. Moreover, given the recently recognized reciprocal relationship between various thalamic nuclei and many subcor-
tical areas, such as the basal ganglia, the striatum, the amygdala, the cerebellum, etc., the thalamus interacts directly with, or
is a target for, nearly every other part of the brain. It is thus possible that it can represent and integrate the outputs of all of
the functional areas of both hemispheres of the brain: sensory, cognitive, limbic, and motor (cf. Edelman, 2004). Although
this relatively simple picture has changed significantly during the intervening years (e.g., Jones, 2007), the overall structure
of the more modern understanding remains similar to that portrayed in Fig. 1. I will describe some of the important additions
to this picture in Section 6.

The thalamic nuclei (excluding TRN) contain neurons of several types. About 70% of them are excitatory glutamatergic
neurons that interact with cortex and TRN. The other 30% are GABA-ergic inhibitory interneurons that form reciprocal con-
nections with the excitatory neurons within the separate nuclei. The anatomy of the dorsal thalamic neurons is very different
from that of the pyramidal neurons, spiny stellate excitatory interneurons, and aspiny stellate inhibitory interneurons found
in the various layers of the cortex (Fig. 2). The thalamic neurons have larger cell bodies and more extensive dendritic pro-
liferation, where, along with cholinergic, noradrenergic, and seratonergic inputs from the brainstem, they receive the excit-
atory axonal synapses from layer 6 of their associated cortical area and from layer 5 of an ‘‘earlier’’ cortical area, as well as
inhibitory synapses from nearby interneurons and from the associated area of the TRN to which they in turn also project
(Jones, 2002). Note that the neurons of the TRN (Fig. 2) resemble typical cortical interneurons, and indeed they are all
GABA-ergic inhibitory neurons, both in their projections to nearby neurons in the TRN and in their back projections to
the thalamic neurons.

3.2. Cortico-cortical connectivity

Functional cortical areas interact with each other in a ‘‘small world’’ fashion via an extensive system of reciprocal axonal
connections comprising the white matter of the brain. Some of this connectivity is illustrated in Fig. 3. The corpus callosum,
which connects the two hemispheres (not shown in Fig. 3), is the most obvious of these pathways, but there are many others.
Fig. 3 also shows that, whereas the primary sensory projection areas of the cortex are relatively small, their unimodal asso-
ciation areas, where higher order computations are carried out and modality-specific information is integrated, are very
large, in particular for vision. The multi-modal association areas, where information from all sensory systems is integrated
as well as memory storage and retrieval and other kinds of computations are carried out, are also very large. The prefrontal
cortex, which receives a massive flow of information from much of the rest of the cortex, comprises the largest single asso-
ciative region except for the visual association areas. There is, in the cortex, a general flow of information from back to front,
but again, all connections are reciprocal so that there are numerous intra-cortical feedback loops as well. Each of the cortical
areas (and there are many subdivisions not represented in Fig. 3) is also reciprocally connected to a particular thalamic

Fig. 2. Detail of neurons and their connections in cortex and thalamus. Modified from Steriade (1999).
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nucleus as depicted in Fig. 1. Layer VI of each area sends thin fibers with many small synaptic boutons to the specific tha-
lamic nucleus from which that area received thalamic projections, whereas layer V projects to the thalamic nucleus associ-
ated with a ‘‘later’’ cortical area, and also to subcortical areas such as the superior colliculus, with large fibers having fewer
but larger boutons.

3.3. Mumford’s proposal

One of the ideas that stimulated me to think about the special role of the thalamus in consciousness was that of Mumford.
Mumford (1991) proposed that the thalamic nuclei might act as an ‘‘active blackboard’’ for the cortical areas to which they
are reciprocally connected. As mentioned in Section 3.1, functional cortical areas, especially the association areas, send mas-
sive descending projections to specific thalamic nuclei, and receive back from them much less massive ascending projections
(Fig. 1). Mumford (1991) pointed out that most thalamic nuclei, called ‘‘higher order’’ by Sherman and Guillery (2006) to
distinguish them from the ‘‘relay’’ nuclei that innervate the primary sensory projection areas, receive the vast majority of
their input from the cortical area(s) to which they are reciprocally connected (the remainder being from other cortical
and subcortical areas). He asked: What information could these nuclei be processing, since they receive no direct sensory
input? To quote Mumford (1991, p. 139): ‘‘. . . the thalamo-cortical fibers convey to the cortex the current picture of those
aspects of the world with which that area of the cortex is concerned... (whereas)... The cortico-thalamic fibers convey to the
thalamus proposed additions and revisions to this picture arrived at by many computations carried out in the cortex, which
are integrated in the thalamus via the dendritic arbors of the thalamic neurons.’’ Essentially, these thalamic nuclei could be
‘‘displaying’’ the results of cortical computations from moment to moment, acting as an active blackboard that is constantly
being updated as new information arrives and new computations are performed. To quote Mumford (1991, p. 140) again:
‘‘. . .the thalamus (is) an active blackboard, i.e., a blackboard which is volatile and continually represents the latest ideas, syn-
thesized from multiple cortical sources.’’

Mumford (1992) later proposed that reciprocally-connected cortical areas (Fig. 3) are usually of the ‘‘higher–lower’’ vari-
ety, in the sense that the ‘‘lower’’ area passes data to the ‘‘higher’’ area, which in turn passes back to the ‘‘lower’’ area hypoth-
eses as to the properties, objects, and/or events represented by the data. These exchanges typically settle into a form of

Fig. 3. Cortico-cortical connectivity. Primary sensory projection areas in yellow; unimodal sensory association areas in light blue; multi-modal association
areas in pink; motor areas in gray. Short-range pathways in black arrows, longer-range pathways in pink arrows. PFC: prefrontal cortex; MA: motor
association; M1: primary motor; S1: primary somatosensory; SA: somatosensory association; TP: tempor-polar; A1: primary auditory; AA: auditory
association; PTHA: parieto-temporal heteromodal association; VA: visual association; V1: primary visual. All pathways are reciprocal. Based on
Nieuwenhuys et al. (2007). (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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adaptive resonance (Grossberg, 2000) whereby any error signals are nulled. This proposal is consistent with the now routine
idea that the cortex computes the contents of consciousness (cf. Rees et al., 2002). It is also consistent with the proposal that
the cerebral cortex operates as a hierarchical, Bayesian belief propagation network that is constantly updating a current con-
struct (based on sensory, emotional and cognitive input) that functions as a model of the organism’s circumstances in the
world (e.g., Friston, 2009; George & Hawkins, 2009; Hinton & Sejnowski, 1983). Thus, Mumford proposed specific computa-
tional roles for both thalamus and cortex consistent with the thalamo-cortical anatomy and physiology known in 1985 or so.
This is a suggestive picture and I will modify and extend it in what follows based on the four evidential pillars I mentioned
earlier, one of which is comprised of some new research results concerning the physiology of the thalamus.

4. We are conscious of results not processes

The first evidential pillar of the thalamic dynamic core hypothesis is a foundational idea from the cognitive realm that is
remarkable, puzzling, and critical. It is the idea that the contents of consciousness are the results of cortical computations, not the
computations themselves. (I use the word ‘‘computation’’ to mean formally specifiable information processing operations, not
necessarily mathematical calculations and certainly not necessarily the Boolean bit manipulations done by digital comput-
ers. Indeed it is possible that the computations performed by neural systems are best characterized as analog.) This idea has
been around for a while in psychology (e.g., Baars, 1995; Newman, 1995; Nisbett & Wilson, 1977) and seems to be generally
accepted there. It might seem obvious to philosophers of mind because it is closely related to the idea of phenomenal trans-
parency, in which we can access introspectively the content properties of a conscious mental state but not the carrier (vehi-
cle properties) of that content (e.g., Metzinger, 2003; Moore, 1903). It also seems to be generally accepted by neuroscientists
(e.g., Rees et al., 2002). It is consistent with Mumford’s (1991, 1992) proposal for the computational roles of the cortico-
cortical and thalamo-cortical loops, and with the idea that many cognitive and most perceptual modules are not cognitively
penetrable (Fodor, 1983; Ward, 1992). The evidence for this idea is multifarious, coming both from analyses of experience
and from laboratory data. Nonetheless, its implications for the NCC of the conscious state have not yet been fully explored.

Perhaps the most dramatic example of the segregation of these functional domains arises from various forms of percep-
tual failures such as saccadic blindness (e.g., Matin, 1974), inattention blindness (e.g., Mack & Rock, 1998), and its close rel-
ative change blindness (e.g., Simons & Rensink, 2005). It is well known that visual consciousness seems to be suppressed
during saccadic eye movements greater than 2–4� of visual angle. Indeed we cannot perceive our own saccades in a mirror!
The majority of changes introduced into the visual field during a saccade are not reported (e.g., Bridgeman, Hendry, & Stark,
1975; Grimes, 1996), including even large obvious ones such as an exchange of the heads of two cowboys in a photograph.
We are simply blind to visual stimuli that only occur during a saccade and even to most obvious persisting changes that
occur then as well. Visual awareness is actually a series of snapshots of the world that is integrated seamlessly across the
10–100 ms durations of the more than 100,000 saccades that occur each day. If this didn’t happen we would inhabit a wildly
swinging and jerking visual world as the swings of the visual image across the retina during saccades would generate dra-
matic movement signals (push gently on the outside of your open eye to see this). It was suggested by Helmholtz
(1867,1962) that the efference copy of the saccadic eye movement motor signal, or for head or body movements the effer-
ence copies of those signals, cancels the perceptual movement information, yielding a stable world except for changes within
that world. Gibson (e.g., 1966) pointed out that movement within the image signifies movement in the world, and that move-
ment of the image signifies movement of the perceiver, and others have proposed other explanations over the years. But it
seems incontrovertible that what seems to be a continuous and stable visual world is in fact a construct made from snap-
shots, with the intervening eye-movement moments ‘‘edited out.’’

Inattention blindness and change blindness refer to the situation in which people fail to be aware of large changes in the
sensory array that, when pointed out to them or when they later notice them, are clear and obvious, regardless of whether or
not they occurred during a saccade. In inattention blindness, experimental subjects’ attention is directed to a particular place
in the sensory array and they often fail to notice conspicuous stimuli occurring elsewhere than the attended location. In
some change blindness studies subjects are exposed to a dynamic scene and often fail to notice large changes in that scene,
such as when the person they are talking to is replaced by a different person (Simons & Levin, 1998). In others, changes are
introduced into photographs or other displays in brief temporal gaps between exposures and subjects actively search for the
change (e.g., Bayless & Ward, 2009; Rensink, O’Regan & Clark, 1997), a process that often lasts for many seconds without
success (Fig. 4). In this paradigm the blank gap between exposures of successive frames introduces massive transients that
mask the transients that would have been generated by the sought-after change, forcing subjects to rely on their memory of
the images from one frame to the next. In order for the change to be noticed the subject must attend to the changed portion
of the image in each of two or more successive frames (Rensink, O’Regan, & Clark, 1997). In all of these phenomena, infor-
mation that is clearly present in the sensory array, and is thus processed by sensory and perceptual systems at least, does not
seem to make it into consciousness. Consciousness appears to be up-to-date only for the parts of the sensory array that are
currently in attention. Other parts of the conscious field either are updated only when attention rests there or, in the absence
of recent attention focus, only reflect global features. This implies that our experience of the world is a construct that does
not always contain all available information, even when it seems to do so. This is often called ‘‘the grand illusion of complete
perception.’’ Our conscious experience of the world seems complete but it is demonstrably not so. This means that con-
sciousness is a synthetic construct that is somewhat removed from the elementary information processing operations car-
ried out by sensory and perceptual systems. It is a separate type from the processes that construct it, rather than being a
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blend of their activities. If it were the latter, it would have to contain all of the information that is being processed, and it
clearly does not do so.

Another convincing demonstration of this idea involves asking people to do Sternberg’s (e.g., 1970) short-term memory
scanning task. In this task subjects are required to say whether a digit, say 6, is a member of a set of previously presented,
to-be-remembered digits, say 3, 4, 7, 9. Sternberg (1970) observed (p. 22): ‘‘Perhaps because of its high speed, the scanning
process seems not to have any obvious correlate in conscious experience. Subjects generally say either that they engage in a
self-terminating search, or that they know immediately, with no search at all, whether the test stimulus is contained in the
memorized list.’’ When asked to do the task as quickly as possible as in Sternberg’s experimental situation, most people re-
port an experience of simply ‘‘inquiring’’ whether the target digit is among those in the memory set, and experiencing the
answer immediately. They do not have the experience of checking the target digit against each of the memory set digits in
turn, and, regardless of whether a match is found, continuing this process until all digits have been checked (serial, exhaus-
tive search, the model advocated by Sternberg, 1970), or of serially decoding the memory set digits and then comparing the
representations of the decoded digits to that of the target in parallel (e.g., Corballis, 1979; Ratcliff, 1978). Yet, according to
the common experimental determination of the identical linear dependence of the time to make either yes or no answers on
the number of digits in the memory set (both relations have slope approximately 25–35 ms per item), something like this is
what their brains must be doing in the standard paradigm. When trying to answer as quickly as possible, people simply do
not have access consciousness for, and apparently do not experience at all, the cortical computations that result in their
experience of knowing the answer, although of course they do have both for the answer itself. Interestingly, if they wish
to, people can consciously image each member of the memory set individually and then compare it to the target, stopping
when and if a match is found, in effect simulating what they think they are doing in the speeded case (cf. Hesslow, 2002;
Kahneman & Tversky, 1982). However, this results in slowing the process down to the speed of conscious operations, about
4 Hz (250 ms per item; see Crovitz, 1970), 10 times slower than the usual speed of about 30–40 Hz.

More examples can be piled up. For example, we do not experience and cannot report the memory codes used to retrieve
material from long term memory, we only know whether we can or cannot retrieve the material. When asked whether we
know someone’s telephone number, we do not consciously compare the target name to the names of all those in our memo-
rial phone book, we simply either produce the number (or sometimes know we know it but cannot ‘‘find’’ it) or we know we
do not know it. Do you, for example, know Elizabeth Taylor’s telephone number? Do you know your mother’s telephone
number? We have no access at all to the lower levels of perceptual processing, including those that give rise to dramatic
illusions such as those involving converging lines (e.g., Müller-Lyer illusion), the moon illusion, or motion aftereffects. Prob-
lem solutions just ‘‘pop into our heads,’’ emotions come from ‘‘nowhere,’’ complex verbal utterances pour forth with no effort
and certainly with no consciousness of the complex processes that must be occurring to create the surface structure from the
deep structure, not to mention the details of phoneme coarticulation. Emotions, feelings and moods arise with no ‘‘insider’’
information about how the brain might be giving rise to them. We can often identify external causes for these states, but we
have no experience of how those external causes get translated into our feelings. We get dumped by a spouse and feel sad,
we get insulted by a co-worker and feel mad, we win a prize and feel happy. But we don’t experience the brain processing
giving rise to these feelings – we simply feel them. It can even be argued that our experience of ‘‘free will,’’ the feeling that
we can act arbitrarily whenever and however we wish, is an illusion arising from the fact that we have no conscious aware-
ness of the neural computations that are giving rise to our often apparently whimsical ‘‘decisions’’ about what to do at a gi-
ven moment (e.g., Crick, 1994; Wegner, 2002 and cf. Libet, 2004).

It would seem that if consciousness arises directly from cortical activity, we would be aware of more of the details of the
computations, since it is the cortex that is doing them, or at least that perceptual and cognitive modules would all be pen-
etrable by consciousness. For example, consciously adjusting memory retrieval codes would seem to be a useful ability to
have. Yet, short of ‘‘thinking of different things’’ we seem to have no mechanism to do this, even though consciously intended
explicit memory may be a uniquely human skill (Donald, 1995). The functional segregation between computing the
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Fig. 4. The flicker paradigm for change blindness experiments (based on Bayless and Ward (2009)). Gray panels induce 100 ms-duration flicker or gap. After
the second flicker the sequence repeats. This is an easy example that takes on average less than 2 repeats to detect the change. More difficult cases, for
example with 64 rectangles, can take over 11 repeats. Changes in naturalistic scenes can require many seconds for detection.
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preliminaries of conscious experience and the actual experiencing of the higher-order synthetic construct based on those
preliminaries suggests that there might be a similar segregation between brain loci or circuits where the preliminaries hap-
pen and those where the synthetic construct based on them, the experiencing, happens. Sections 5–8 of the paper argue that
the two processes happen in different loci, although the possibility of different circuits in the same general locus, the cortex
(e.g., Laberge & Kasevich, 2007), cannot be ruled out on the basis of available research.

Why should such a functional segregation evolve? As mentioned in Section 1.1, conscious processing is integrative,
involving the interaction of information from several sources, including sensory systems, memorial systems, emotional sys-
tems, linguistic systems, reasoning, decision-making, and so forth, although of course not necessarily all of these at once. This
interaction gives rise to what appears to be a seamless ‘‘stream of consciousness’’ (James, 1890) that portrays an environ-
ment with affordances for action at a causal level appropriate to those actions, at least for humans and by extension for
any animal with a similar primary consciousness. Thus, both the computational operations involved in producing such rep-
resentations, and any environmental causal levels below or above those at which an organism acts, are irrelevant to mo-
ment-to-moment adaptive action in the organism’s niche (although they might be relevant to long-term projects or
constructions of artifacts by humans). It seems reasonable that evolution would select a level of environmental representa-
tion appropriate to the niche occupied by an organism, because that is the level at which the organism’s actions will operate
to produce fitness-relevant outcomes.

5. The thalamus is a common locus in vegetative state and general anesthetic action

In searching for a brain locus critical for experiencing it is useful to focus on two states in which experiencing seems not
to occur. The vegetative state resulting from brain damage and the state induced by sufficient doses of general anesthetics
have in common that their subjects appear to lack primary consciousness. In this section, the second pillar, I argue that they
also share a brain locus of inaction: the thalamus. The two states are different, however, in that general anesthetics also in-
duce deep sleep, whereas people in the vegetative state display a sleep-wake cycle both in the EEG and in the sense of eye-
opening and movement. Fig. 5 shows where these two states, and some others, fall in the space composed of sleep/arousal
and primary consciousness axes. I have separated the sleep/arousal continuum from that of consciousness, because, among
other evidence, the vegetative state clearly differentiates them, viz. the comment of Jennett and Plum (1972) in the article
that first named the vegetative state: ‘‘It seems there is wakefulness without awareness.’’ (p. 734). This means that vegeta-
tive patients show no evidence whatsoever of responsiveness to external stimuli, for example eye-tracking moving objects or
responding to speech. Note that REM sleep/dreaming is paradoxical in that some brain regions, including the thalamus, are
quite highly activated in this state whereas others, including motor cortex, are suppressed. REM sleep has been argued to be
both a primary conscious state in adults and a protoconscious state that functions to prepare the brains of developing mam-
mals and birds to encounter the world (Hobson, 2009).

Fig. 5. Some states of consciousness displayed as loci in a two-dimensional space with sleep/arousal and primary consciousness as the axes. The continuum
of normal states runs from normal deep sleep to the normal waking state (with a detour through dreaming), whereas the minimally conscious state and the
vegetative state remain at the low end of the consciousness axis while ranging from one end to the other of the arousal/sleep axis.
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Those in a minimally conscious state (Giacino & et al., 2002) do display some, inconsistent, evidence of consciousness,
such as responding occasionally to external stimuli, although they often also seem vegetative. Of course they too display
a sleep-wake cycle. Those in a coma do not respond in any way at all except for some spinal or brain stem reflexes and show
no evidence of a sleep-wake cycle, even on EEG. The vegetative state is of particular interest for the present argument be-
cause of the apparent lack of consciousness in an awake body. The evidence points to the thalamus as the common locus
of severe brain damage in these patients, and thus to the thalamus as a critical locus for conscious awareness. Similarly, var-
ious general anesthetics have a variety of effects on the brain, including a general reduction in brain metabolism. But all
examples studied to date dramatically reduce activity in the thalamus and in the brain stem reticular activating system, thus
inducing both unconsciousness and deep sleep, indeed a state similar to coma, while leaving cortical activity reduced but
resembling that seen in deep sleep.

5.1. Brain damage and consciousness

Possibly the most well-studied vegetative patient has been Karen Ann Quinlan, who lost consciousness after a cardiopul-
monary arrest. An autopsy of her brain revealed extensive scarring in the thalamus but relatively little damage to the cortex
(Kinney, Korein, Panigrahy, Dikkes, & Goode, 1994). Jellinger (1994) described a similar case and stated ‘‘I can confirm their
(Kinney et al.’s) suggestion that the thalamus is critical for cognition and awareness but less essential for arousal. . .’’ (p.
1378). More recently several similar studies of the brains of vegetative patients have been published. In one of these, Adams,
Graham, and Jennett (2000) compared vegetative patients with traumatic brain injuries (e.g., traffic accidents, falls, assaults)
to those whose injuries were non-traumatic (e.g., hypoxia from cardiac arrest or other causes, infection). Of those with a non-
traumatic injury there was damage to thalamus (especially the anterior and dorsomedial nuclei and with relative sparing of
lateral and ventral nuclei) in 100% of cases. Of those with traumatic injury there was damage to either subcortical white mat-
ter or thalamus, or both, in 100% of cases. Traumatic injury often results in diffuse axonal injury (DAI) which can lead to
extensive damage to lateral and ventral thalamic nuclei from retrograde degeneration, sometimes with relative sparing of
anterior and dorsomedial nuclei, pulvinar, centromedian nuclei and lateral geniculate nuclei. This usually takes about three
months to occur, whereas the thalamic damage arising from hypoxia is usually apparent shortly after the insult. Interest-
ingly, the thalami of traumatically-injured vegetative patients show much lower neuronal integrity, as indicated by the tha-
lamic N-acetyl aspartate:creatine ratio measured by proton magnetic resonance spectroscopy, than do those of severely or
mildly disabled patients who had regained consciousness after being in a vegetative state (Uzan et al., 2003). In yet another
study, Jennett, Adams, Murray, and Graham (2001) compared the brains of patients who in life had been in vegetative state
to the brains of patients who had been severely cognitively disabled, but conscious. Vegetative state was associated with
either severe DAI (7/35 cases) or thalamic damage (28/35 cases) and/or both (18/35 cases), whereas severely disabled pa-
tients’ brains often displayed neither type of damage (15/30). From the data reported by Jennett et al. (2001) I computed
the v2 for the simple comparison of vegetative state vs. severe disability and thalamic damage vs no thalamic damage to
be 16.5, df = 1, p < 0.0001. Finally, damage to the dorso-medial nucleus in particular is predictive of the eventual outcome
of traumatic brain injury (Maxwell et al., 2004). In this latter study, loss of neurons from the dorso-medial nucleus was asso-
ciated with the worst outcomes, and vegetative patients had suffered the most loss of nucleus area and of neurons (approx-
imately 30% smaller/fewer) relative to normal controls. Vegetative patients had also suffered significant loss of area and
neurons in the ventral posterior nucleus, which could explain their lack of response to tactile stimuli. Moderately disabled
patients, on the other hand, had suffered only a minor loss (<5%) of dorsomedial and ventral posterior neurons. Thus it seems
that vegetative state could arise in two important ways, either from direct extensive damage to the thalamus usually caused
by hypoxia, infection, or infarct, or from extensive diffuse thalamic damage arising from degenerative changes caused by DAI
resulting from traumatic cortical damage. Either way, the neuropathology of the vegetative state seems to point toward the
thalamus as critical for consciousness, although not for a sleep-wake cycle.

5.2. Anesthetics and consciousness

Another body of direct evidence for a key role of the thalamus in primary consciousness comes from studies of the loci of
action of general anesthetics, which cause loss of such awareness when applied in sufficient dosage. In one of the most telling
of these, Alkire, Haier, and Fallon (2000) used PET to ascertain which brain areas were suppressed by both of two very dif-
ferent but commonly used general anesthetics. They found that only the thalamus and the midbrain reticular formation were
suppressed by both agents. Because of the convergence between these results and studies of the role of the thalamus in sleep
(e.g., Steriade, McCormick, & Sejnowski, 1993), Alkire and colleagues (2000) proposed that a hyperpolarization block of thal-
amocortical neurons (those in the relay nuclei) is the common mechanism of unconsciousness in general anesthesia (Fig. 6).
This implies that activity of these thalamic neurons is critical for normal consciousness. Such a hyperpolarization block
would not simply suppress firing in these neurons, however, it also would disrupt their ability to fire synchronously with
each other and with cortical neurons. In a more recent review of the literature on anesthetics and consciousness, Alkire
and Miller (2005) provided even more evidence that the thalamus is a critical and common site of anesthetic action
(Fig. 7). Eight different general anesthetics agents have in common mainly that they suppress metabolism in the thalamus
and brainstem reticular formation. Moreover, the sensory cortex has been shown to be responsive to stimuli even under
large doses of anesthetics such as desflurane, although sustained responding is impaired, presumably because of interruption
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of thalamo-cortical and cortico-cortical loops (e.g., Hudetz, Vizuete, & Imas, 2009). Interestingly, and closely related to the
role of midline nuclei in vegetative and minimally conscious states, blockade of potassium channels in the central medial
thalamic nucleus of rats reverses desflurane anesthesia (Alkire, Asher, Franciscus, & Hahn, 2009).

Finally, another recent summary of the effects of anesthesia on consciousness, although arguing against the hypothesis of
a thalamic switch, nonetheless concluded that the effects of anesthetics on the thalamus imply that thalamic activity might

Fig. 6. The thalamic switch hypothesis of Alkire et al. (2000). (a) Active cortico-thalamic, thalamo-cortical, reticulo-thalamic and reticular activating system
connections during normal consciousness. (b) Dotted lines represent connections inactivated by a general inhalational anesthetic rendering a person
unconscious. � Elsevier. Reprinted from Alkire et al. (2000) with permission from Elsevier.

Fig. 7. The thalamus is the common locus of action of eight different general anesthetic agents. � Elsevier. Reprinted from Alkire & Miller, 2005 with
permission from Elsevier.
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be comprised of a readout of global cortical activity (Alkire, Hudetz, & Tononi, 2008). This idea is consistent with the present
proposal that the cortex computes the contents of consciousness, including those related to self, whereas the thalamus is the
critical locus for the experiencing of those contents. Alkire et al. (2008) also review data that confirm that the role of the
thalamus in cortical arousal is not unique, with much cortical arousal arising from intra-cortical sources and being in some
cases decoupled from activity in the thalamus.

6. Computational roles of cortex and thalamus

It is clear from the data reviewed in Section 5 that the thalamus must be one of the critical substrates involved in the
generation of the conscious state. An even more intriguing possibility is that the thalamus itself, or some particular nuclei
in it, is the critical site of a dynamic core of neural activity that gives rise directly to the state of primary phenomenal con-
sciousness. That is the possibility I wish to pursue here. Two further evidential pillars support this notion. The first, described
in this section, extends the proposals by Mumford (1991, 1992; cf. Harth, 1983) described in Section 3.3 regarding the com-
putations performed by cortico-cortical and thalamo-cortical circuits.

6.1. The core and the matrix

An important modification of the earlier picture of cortico-thalamic interaction arises from Jones’ discovery of two types
of thalamic neurons (Jones, 2009) and the resulting improved characterizations of the non-sensory thalamic nuclei and their
targets and inputs. The two major types are characterized by their expression of calcium-binding proteins, the ‘‘core’’ neu-
rons expressing parvalbumin and the ‘‘matrix’’ neurons expressing 28-kDa or 29-kDa calbindin, and by their very different
types of projections to their targets. All dorsal thalamic nuclei contain a diffuse matrix of calbindin-expressing cells, which is
overlaid in some nuclei by a core of specifically-projecting parvalbumin-expressing neurons. These core neurons occur
mostly in the sensory and motor relay nuclei, such as the lateral geniculate nucleus (LGN) that relays visual information from
the retina, the medial geniculate nucleus (MGN) that relays auditory information from the cochlea, and the ventral posterior
nuclei (VPL and VPM) that relay tactile information from the skin (Fig. 8). They project to layer IV stellate neurons and layer
III, V, and VI pyramidal neurons in sensory- or motor-specific cortical areas, as in the classical picture. The matrix neurons, on
the other hand, project diffusely to stellate neurons in the superficial layers of several related cortical areas, primarily in

Fig. 8. Relative densities of core (right side) and matrix (left side) relay neurons in the thalamus indicated by densities of dotted textures. Core neurons are
more numerous in the primary sensory nuclei (VPM and VPL, ventral posterior lateral and medial, LGN, lateral geniculate nucleus, and MGN, medial
geniculate nucleus – not shown). Matrix neurons are more numerous in nuclei that interact with frontal areas. � John Wiley & Sons. Reprinted from Jones
(2009) with permission from Wiley.
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non-sensory nuclei and especially in frontal areas. Both types of thalamic neurons receive back projections from layer V
pyramidal neurons and the core neurons also receive back projections from layer VI pyramidal neurons (Fig. 9).

Jones (2001, 2002, 2009) proposed that the core neurons serve the function of relaying information within specific sen-
sory and motor pathways, whereas the matrix neurons serve the function of binding together the activities of thalamus and
cortex, thus promoting thalamo-cortical synchrony. He emphasized the two major modes of action in the thalamo-cortical
circuitry: burst mode promoting drowsiness and sleep and tonic mode promoting wakeful consciousness and action. The
former occurs when the brainstem arousal system is quiescent and the core and matrix neurons are suppressed by inhibition
from the TRN. The latter occurs when the brainstem arousal system is active and reticular inhibition is at its weakest
(although not absent). During the tonic mode, thalamo-cortical synchronization, as well as cortico–cortical synchronization,
are promoted by the binding influence of the matrix neurons. In this scheme the TRN, in combination with the brainstem
arousal system, plays the role of determining whether the thalamus will promote thalamo-cortical synchronization at
40 Hz (consciousness) or at much lower frequencies, in the delta (2–3 Hz) range (sleep).

Some recent work is beginning to address directly the functional properties of the core and matrix thalamic neurons. For
example, Zikopoulos and Barbas (2007) studied pathways linking prefrontal cortex and the ventral anterior thalamic nucleus
in rhesus monkeys. The ventral anterior thalamic nucleus in monkeys is involved in linking prefrontal, premotor, and motor
cortices. Zikopoulos and Barbas (2007) characterized both the paralbumin-calbindin expressing properties of the cortical and
thalamic neurons involved as well as the driving (large, ionotropic) or modulatory (small, metabotropic) character of their
synapses. They found one very dense circuit in which thalamic parvalbumin (core) expressing neurons terminated in large
driving boutons in the middle layers of the prefrontal target regions, and were in turn innervated by small metabotropic bou-
tons originating in cortical layer VI. A separate circuit originated from thalamic calbindin-expressing (matrix) neurons and
projected more diffusely to superficial cortical layers in several cortical columns, being in turn innervated by layer V iono-
tropic synapses. One interpretation of these circuits would be that the thalamic core neurons drive the middle layers of pre-
frontal cortex and are modulated by the layer VI projections, whereas the thalamic matrix neurons modulate the superficial
layers of the prefrontal cortex and are driven by layer V projections.

Other recent work amplifies the differences between the cortico–thalamo-cortical circuitry in sensory-motor regions and
those in the higher association areas and their associated thalamic nuclei. In one study, for example, Zikopoulos and Barbas
(2006) described projections from prefrontal cortex to the thalamic reticular nucleus (TRN) that differ greatly from those
arising from primary sensory areas to their thalamic associates. In the latter case, layer VI cortical neurons project specifi-
cally to the TRN and the thalamic relay nuclei, and layer V cortical neurons project only to the next-higher thalamic nucleus
and also to motor centers (Sherman & Guillery, 2006). From prefrontal cortex, however, both layer VI and layer V cortical
neurons project to the TRN as well as to neurons in their associated thalamic nuclei, and do so with both large, ionotropic
and small metabotropic synapses. Thus it does seem that frontal cortex, and its associated thalamic nuclei, are ideally suited
both to direct attention to salient events and thoughts (e.g., Zikopoulos & Barbas, 2006), and to construct and display a syn-
thesis of current circumstances (cf. Pico, 2002).

In the absence of definitive information about the exact cortico–thalamo-cortical projections for all thalamic nuclei, and
in the light of the newer data available, it seems reasonable to attempt an interpretation that integrates what we do know so

Fig. 9. Jones’ model of the core and matrix thalamo-cortical circuits. Roman numerals refer to cortical layers; RTN = thalamic reticular nucleus. Layers II and
IV neurons are stellate cells whereas layers III, V, and VI neurons are pyramidal cells. Arrows indicate direction of action potential movement. � John Wiley
& Sons. Reprinted from Jones (2009) with permission from Wiley.

476 L.M. Ward / Consciousness and Cognition 20 (2011) 464–486



Author's personal copy

far. In this interpretation, the thalamus could still function as an active blackboard, but it would echo back to the cortex an
integrated impression of more diverse inputs, given that each higher-order thalamic nucleus receives inputs from layer VI of
its own associated cortical area and layer V of perhaps several other cortical areas. Thus, for example, the thalamic neurons
associated with modality-specific association areas of the cortex would be integrating ‘‘where’’ information from one, ‘‘low-
er’’ cortical area with ‘‘what’’ information from another, ‘‘higher’’ cortical area, and coincidentally sending that integrated
information back to their own area. This is consistent with Kanwisher’s (2001) argument that both dorsal and ventral stream
information must be integrated for consciousness to take place. Moreover, as mentioned earlier, it is unlikely that this
scheme has the same function in multi-modal sensory and in non-sensory domains. For example, there may be no strictly
ascending hierarchy of cortical and thalamic areas once we proceed beyond the first several levels of each sensory system.
Certainly this is the case in the visual system (e.g., van Essen & Deyoe, 1995), where the visual pathways form an ever more
tangled web as we ascend from the retina to the associative cortices. Thus, in addition to providing a synthetic perceptual
construct, the diverse information integrated in thalamic nuclei associated with multi-modal association areas, and in par-
ticular in those associated with frontal and prefrontal cortex, would include that of a non-sensory nature as well, encompass-
ing different facets of information computed by frontal or associative circuits, for example, a perceptual construct of a face
accompanied by a memory of having seen the face before and the associated person’s name, occupation, social standing, and
personal relationship to oneself. It is possible that the integration of neural activity giving rise to primary awareness takes
place mostly in the dendrites of the matrix neurons, as these are more common in the non-sensory and non-motor nuclei,
rather than in those of the core neurons. This would help to explain why the detailed activities of primary and secondary
sensory cortical areas do not enter primary awareness, although their outputs are certainly necessary for awareness of spe-
cific sensory content.

Juxtaposing Mumford’s (1991, 1992) proposals about the role of the thalamus with some others made about conscious-
ness also is suggestive. For example, Baars’ (e.g., 1997, 2002) and Dehaene and colleagues’ (e.g., Dehaene et al., 1998; Gaillard
et al., 2009) global workspace theory of consciousness emphasizes the role of consciousness as providing a ‘‘blackboard’’
where various parallel processes occurring in the brain can be integrated and can affect each other. Navon (1989) proposed
that attention was essentially a process whereby various perceptual and cognitive processes could be coupled or decoupled
to each other in a kind of active blackboard. It seems a short step to the proposal that active-blackboard-like activity in the
thalamus is conscious awareness.

6.2. The thalamus and attention

Attention and consciousness are very closely related (e.g., James, 1890) although not necessarily the same process (e.g.,
Koch & Tsuchiya, 2006; Lamme, 2003). A critical role of the thalamus in attention focusing has also been suggested by many
authors (e.g., Newman, 1995). For example, Laberge (1995) implicated the pulvinar nucleus of the thalamus in the filtering
action of attention. Crick (1984) suggested that the thalamic reticular nucleus (TRN) is the locus of the ‘‘attention spotlight.’’
He proposed a mechanism involving short-term synaptic plasticity in which the TRN created temporary bindings of the con-
tents of diverse cortical areas constituting the contents of the focus of attention. Although the exact mechanism by which
this was supposed to happen has not been confirmed, the proposal that the TRN is involved in modulating the firing of tha-
lamic neurons is now widely accepted (e.g., Sherman & Guillery, 2006) and could be involved in the mechanism implement-
ing temporary binding. As Fig. 1 shows, the neurons of the TRN also project directly with inhibitory connections (GABA-ergic)
to all of the nuclei of the dorsal thalamus. Both the cortex and the thalamic nuclei project to the TRN with excitatory (gluta-
matergic) connections, and the TRN neurons themselves interact locally in an inhibitory manner via GABA-ergic connections.
Exploiting this latter fact, Suffczynski, Kalitzin, Pfurtscheller, and Lopes da Silva (2001) proposed a center-surround model of
focal attention mediated by the lateral inhibitory interactions of neurons in the TRN, and Min (2010) proposed that the TRN
produces primary consciousness by modulating synchronization in thalamo-cortical networks.

The TRN is organized in a mosaic of sectors that connect with one or more functionally-related cortical areas and their
associated thalamic nuclei (e.g., Crabtree, 1999). The sensory sectors contain topographic maps that mirror the organization
of the associated cortical and thalamic regions. They form open loops with their associated thalamic nuclei and appear to
receive modulatory inputs from associated cortical regions. Because of the specificity of their connections it is thought that
the sensory sectors of the TRN exert only local effects, perhaps enhancing transmission of salient information as postulated
by Suffczynski et al. (2001). The higher-order sectors have been less studied, but it is known that they lack the detailed topo-
graphic organization of the sensory sectors, and so probably only exert global effects on activity in these nuclei. Attention
gating involving the TRN has been confirmed both during classical conditioning (McAlonan, Brown, & Bowman, 2000) and
in visual perception of simple patterns (McAlonan, Cavanaugh, & Wurtz, 2008). In the latter study, LGN activity was greater,
and TRN activity in its associated visual sector was less, when a stimulus appeared in the attended receptive field relative to
when it appeared out of that receptive field, and this within the first 25–75 ms after stimulus onset. So attention appears to
inhibit TRN response, in order to enhance LGN response, to an attended stimulus field.

Zhang and Jones (2004) pointed out that reciprocal inhibition between TRN neurons is important in promoting spindle-
frequency oscillations in the thalamo-cortical loops, and thus the sleep state. They also suggested that although reciprocal
inhibitory connections within the TRN are mostly local, the thalamo-cortical system can recruit the entire TRN though these
connections through either cortical or thalamic input. Nonetheless, although broad stimuli elicit widespread inhibition in the
TRN, focal stimuli initiate oscillations that persist for some time, indicating that intra-reticular inhibition could ‘‘. . .restrict
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intrathalamic activity to particular spatiotemporal patterns to allow focal recurrent activity that may be relevant for normal
thalamocortical function while preventing widespread synchronization as occurs in seizures.’’ (p. 1735, Sohal, Huntsman, &
Huguenard, 2000). Moreover, interactions can occur between modality-related thalamic relay nuclei via their mutual con-
nections to the TRN (Crabtree, Collingridge, & Isaac, 1998). Such interactions could be particularly important in allowing tha-
lamic sensory relay neurons responding to a salient stimulus to influence the activity of higher order neurons in the same
modality, and even to influence a multi-modal salience map (see later). Indeed, Newman, Baars, and Cho (1997) proposed
that attentional gating of information flow from specialized processors into the global workspace of consciousness was
accomplished by just such a TRN-centered system in the thalamus.

Although the TRN is the origin of most of the inhibitory inputs to the thalamic neurons, recent work has discovered two
additional sources of such input, at least in rats. One of these is the zona incerta, a nearby region of the diencephalon that
receives collateral cortico-thalamic inputs from layer V but not thalamo-cortical ones (Barthó, Freund, & Acsády, 2002).
These inputs target zones of the thalamus that are dense with matrix cells, especially in higher-order zones. The zone incerta
also projects to brainstem centers, such as the superior colliculus, involved in sensory-motor integration. Unlike the TRN,
with its excitatory-inhibitory loops, the zona incerta exerts its inhibitory influence without thalamic feedback and with
the possibility of affecting widespread thalamic and cortical areas because of its targeting of diffusely-projecting matrix neu-
rons. It has been shown that the zona incerta gates sensory inputs to the thalamus under the influence of cholinergic inputs
from the brainstem that reflect behavioral state (Trageser & Keller, 2004; Trageser et al., 2006). Yet another GABA-ergic influ-
ence, restricted to higher-order thalamic neurons, is exerted by the neurons of the anterior pretectal nucleus (APT; Bokor
et al., 2005). Interestingly, and in contrast to those from the zona incerta, the APT projects to higher-order thalamic neurons
in a focal manner, suggesting that it exerts control over specific neural groups. It is reciprocally connected to the zona incerta
and also receives input from layer V of the cortex and projects to brainstem centers such as the superior colliculus. In addi-
tion the APT seems to have been evolutionarily conserved, appearing homologously even in reptiles. Together the two cen-
ters form a gating system that acts in parallel to the TRN system in controlling the activity in the higher-order thalamic
neurons but without thalamic feedback. This system, if it exists in some form in humans, could form a mechanism whereby
mood or emotion acts to focus attention on particular kinds of state-consistent sensory input.

The pulvinar nucleus appears to play a special role in attention orienting and selection (e.g., Laberge, 1995). It can be
divided into several subnuclei that interact differently with cortical and subcortical regions, viz. the inferior, lateral, oral,
and medial subnuclei. The more ventro-lateral parts (inferior, and ventral part of lateral) are dedicated to vision, with
extensive reciprocal connections to the visual cortices and input from superficial superior colliculus, whereas the more
dorso-medial parts (medial, and dorsal part of lateral) seem to be more related to attentional focusing, with connections
to orbito-frontal, parietal, temporal and cingulate cortex and to the amygdala, and input from intermediate layers of the
superior colliculus (e.g., Grieve, Acuña, & Cudeiro, 2000). The oral pulvinar is a polysensory section, with connections to
parietal and temporal cortices as well as to visual cortices. Shipp (2004) suggested that, on the basis of such recent ana-
tomical and physiological evidence, the pulvinar nucleus contains a salience map that could coordinate neural activity di-
rected toward locations in space within multiple cortical visual spatial maps. Clearly, given the polysensory connections
that also exist, the pulvinar could coordinate attention focusing across sensory domains as well. Moreover, it is ideally
situated to integrate bottom-up orienting, driven either by sensory intensity or by subcortical inputs such as from the
amygdala that would signal danger, with top-down orienting, driven by goals and context and computed by frontal
and other association cortices.

Although no generally-agreed-upon, complete, brain-based model of attention exists at this time, it seems possible that
both TRN and pulvinar nuclei could be involved in implementing attention, in concert with several other important parts of
the brain, including superior colliculus (Lovejoy & Krauzlis, 2010), posterior parietal cortex, and frontal cortex. It is likely that
all of these areas cooperate in this task, integrating information from limbic, action, and perceptual-cognitive systems to fo-
cus processing on the most important aspects of the current situation. Attention thus critically affects what is represented in
consciousness but is not the same as consciousness. We are conscious of more than we are attending to at the moment and
also have access to that content for report. But the contents of currently-unattended consciousness are likely not to be
up-to-date and also tend to be somewhat coarse. Attention essentially functions to update the conscious construct with
new information from moment to moment, making sure it contains the most relevant information available. Inattention
or change blindness thus arises because parts of the construct get stale, and do not reflect recent changes because attention
has not been directed to them recently.

7. Consciousness and neural synchrony: the dynamic core

In Section 6 the role of the thalamic matrix neurons in promoting cortico-thalamic and cortico-cortical synchronization at
different oscillation frequencies was mentioned. This role is important because there is considerable evidence that synchro-
nization at the higher frequencies is present for neurons representing perceptual-cognitive and emotional contents that are
in consciousness, and absent for those representing contents not in consciousness. Thus, the final evidential pillar on which
the thalamic dynamic core proposal rests is the relationship between consciousness and synchronous neural activity (e.g.,
Edelman & Tononi, 2000; Engel & Singer, 2001; Melloni et al., 2007; Rodriguez et al., 1999; Srinivasan, Russell, Edelman,
& Tononi, 1999; Tononi & Edelman, 1998a, 1998b; Ward, 2002, 2003).
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7.1. Neural synchrony and consciousness

Significant direct support for a dynamic core of synchronous neural activity as an important neural correlate of phenom-
enal awareness comes from several MEG imaging studies of the binocular rivalry paradigm using flickering, frequency-
tagged stimuli (Cosmelli et al., 2004; Srinivasan et al., 1999; Tononi, Srivinivasan, Russell, & Edelman, 1998. Tononi et al.
(1998) found that the spectral power at the driving frequencies was modulated over the entire brain, not just in the occipital
cortex, according to whether the stimulus flickering at a particular frequency was seen or not seen; the peak spectral power
was 50–85% lower when the relevant stimulus was not seen than when it was seen. Srinivasan et al. (1999) not only repli-
cated these results but also showed that there was significantly greater coherence between the signals from widely sepa-
rated MEG sensors when the stimulus flickering at a given frequency was consciously seen than when it was suppressed,
and thus not seen. Finally, Cosmelli et al. (2004) found that the inter-regional phase synchrony between those (locally coher-
ent) brain regions responding to a 5-Hz flickering stimulus was dramatically greater when that stimulus was being seen than
when it was suppressed (and a rivaling, non-flickering, stimulus was being seen; Fig. 10). I want to emphasize that the locally
coherent responses did not go away when the flickering rings weren’t in phenomenal awareness. The local cortical areas that
responded to the flickering rings still did so coherently even when the face was in phenomenal awareness. What did go away
when the face appeared in consciousness, and returned when the flickering rings appeared there, was the inter-regional syn-
chrony at the flicker frequency of the rings. Thus, inter-regional phase synchrony of neural activity in diverse cortical areas is
closely associated with the appearance in phenomenal consciousness of the perceptual objects that neural activity
represents.

Most recently, studies in my own laboratory have demonstrated that endogenously-generated gamma-band synchroni-
zation is a signature of primary perceptual consciousness. Following a demonstration by Doesburg, Kitajo, and Ward (2005)
that a burst of brain-wide gamma-band synchronization precedes switches of percepts in binocular rivalry of even stable

Fig. 10. A composite of figures from Cosmelli et al. (2004) binocular rivalry experiment. The face stimulus rivaled with the 5 Hz expanding-ring stimulus,
giving rise to fluctuating phase locking between widespread cortical areas that oscillated at 5 Hz with the ring stimulus. Phase-locking among these areas at
5 Hz was greater when the 5 Hz rings were being seen than when they were suppressed (and the face was seen; graph). Reddish splotches on the brain
images represent cortical areas that oscillated at 5 Hz; black lines between these areas represent statistically reliable phase-locking relative to baseline.
Horizontal series of brain images represent individual time points (black dots) in Section 3 of the graph, illustrating a transition from face to rings and back
to face over the series. Vertical series of brain images are different sections of brain of one subject with optimal phase-locking (while rings were seen)
portrayed as black lines. � Elsevier. Figure parts from Cosmelli et al. (2004) used with permission from Elsevier. (For interpretation of the references to color
in this figure legend, the reader is referred to the web version of this article.)
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visual images, Doesburg, Green, McDonald, and Ward (2009) discovered that such synchronization occurs between specific
areas in a consciousness-associated network in the cortex (Fig. 11). This network contains both frontal and parietal sources,
and includes task-specific regions as well when the percept switches. Moreover, during perceptual rivalry and even in peri-
ods of stable dominance by one or the other of the rivaling percepts, both gamma-band amplitude in these brain regions and
gamma-band synchronization between them are modulated by the phase of ongoing theta-band oscillations. The theta oscil-
lations in turn are phase locked to each other, although most are apparently generated separately in each region. Thus, the
cortical areas that are active during and between switches of conscious percepts in binocular rivalry participate in a theta-
modulated gamma-synchronous network, a synchronous rhythm of consciousness.

Finally, similar results have been found in studies in which the brain activity resulting from presentation of masked stim-
uli is compared between trials when the masked stimulus was visible and those when it was invisible (e.g., Melloni et al.,
2007). In the study by Melloni et al., briefly-presented words were masked either by a weak mask (visible condition) or
by an intense mask (invisible condition) in a delayed match-to-sample task, as well as in two unmasked control conditions,
while the EEG was recorded. P3a event-related potentials occurred to the weakly-masked but visible words but not to the
invisible words. But more relevant here, significantly increased gamma-band phase-locking occurred widely over the scalp
from around 40 ms to 182 ms after sample word presentation, and then lateralized to the left side in accordance with the
language-related task from 182 ms to 333 ms, only for the visible condition. Thus, perceptual awareness of a masked word
in this study was closely associated with widespread synchronization in the EEG.

7.2. Mechanisms of neural synchrony

Neural synchrony probably plays many roles in implementing cognitive processes in the brain in addition to implement-
ing the dynamic core, and accomplishes this through several mechanisms (e.g., Ward, 2003). Suggested additional roles in-
clude: sensory binding and integration (e.g., Singer, 1999); memory encoding, consolidation and retrieval (e.g., Buzsaki &
Draguhn, 2004); temporal coordination (Bressler & Kelso, 2001); temporal coding of novel feature relations (Singer,

Fig. 11. The cortical consciousness network at 35–45 Hz during binocular rivalry. DLPFC = dorsolateral prefrontal cortex; SFG = superior frontal gyrus;
PreCG = precentral gyrus; PreC = precuneus; ITG = inferior temporal gyrus. Reprinted with permission from Doesburg et al. (2009).
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1999). These functions are accomplished by one or more of several mechanisms, including the fact that groups of neurons
firing synchronously at around 40 Hz have greater downstream effect on their targets (e.g., Singer, 1999), and that groups of
neurons firing asynchronously at 10 Hz avoid spike adaptation in their targets (Fries, Reynolds, Rorie, & Desimone, 2001).
Most importantly, in the present view conscious contents are computed by both sustained and transient communication
among various and ever-changing groups of neurons. Recently Fries (2005) pointed out that such neuronal communication
is best accomplished through neuronal coherence that allows groups of neurons to influence each other when their excit-
ability peaks are aligned (phase locked) but not to do so when they are not aligned. Interestingly, neuronal communication
is not best accomplished through simple rate modulation, as traditionally thought, because direct experiments show that the
impact of increasing the rate of firing in presynaptic neurons can be a reduction in their postsynaptic effect unless the send-
ing group of neurons sends output that arrives at the receiving group’s excitability peak (Fries, 2005).

Although there are several mechanisms through which such coherent interaction might come about (e.g., Fox, Jayaprakash,
Wang, & Campbell, 2001), one of the most suggestive in the present context involves subcortical, especially thalamic, regions of
the brain (cf. Newman, 1995). First among the several reasons for focusing on this mechanism is that much neural synchrony is
characterized by near-zero phase-lags, in spite of conduction and synaptic delays between the cortical areas involved (Chawla,
Friston, & Lumer, 2001; Fox et al., 2001; John, 2001; Roelfsema, Engel, König, & Singer, 1997). This imposes significant
constraints on the mechanism, since conduction delays between excitatorily-connected cortical neurons usually result in
substantial phase lag (although there is a mechanism whereby such networks can attain zero-phase-lag synchrony, see Bose,
Kopell, & Terman, 2000; Fox et al., 2001; König & Schillen, 1991). Second, computer simulation of cortico-thalamic circuits
stimulated by sine-wave gratings gives rise to spontaneous synchronous oscillations in the gamma range (Lumer, Edelman,
& Tononi, 1997a, 1997b). Third, direct stimulation of some thalamic neurons can evoke synchronous, gamma-range activity
in cortical neurons (e.g., Barth & MacDonald, 1996). Fourth, a prime function of many thalamic neurons, especially those in
the TRN, may be that of modulating the firing of primary and secondary relay neurons in the dorsal thalamic nuclei (e.g.,
Sherman & Guillery, 2006). Fifth, as was mentioned earlier, Jones (2001, 2002, 2009) proposed that the diffusely-projecting
matrix neurons, found in most nuclei of the thalamus, including especially in the intralaminar and midline nuclei, play the role
of propagating synchronous oscillations throughout the thalamic nuclei and their associated cortical areas, thus playing a
critical role in creating the coherent neural activity that characterizes cognition. Finally, it has been shown that synaptic
depression, a common form of short-term plasticity in neurons, can induce synchronous oscillations in neural excitatory-
inhibitory networks like those found in the TRN and relay nuclei of the thalamus (Bose, Manor, & Nadim, 2000).

Recent modeling efforts have studied how information transmission in thalamo-cortical circuits is related to their rhyth-
mic fluctuations. Mazzoni, Panzeri, Logothetis, and Brunel (2008) created a model of V1 consisting of sparsely-connected
pyramidal cells and inhibitory interneurons. The simulated V1 network used a synchronous theta-range (4–7 Hz) channel
to encode slow dynamic changes in input from thalamus (LGN), whereas it used a synchronous gamma-range (30–50 Hz)
channel to encode static input spike rates, for both artificial and natural stimuli. Koepsell et al. (2009) showed that thalamic
relay neurons (LGN) in both cat and model generated output spike trains consisted of two multiplexed synchronous neural
oscillatory channels: a low frequency channel (<30 Hz) carried information about local changes in the stimulus over time,
and a high-frequency channel (40–80 Hz) carried information about global features of the visual scene.

8. A thalamic dynamic core?

Put simply, the hypothesis of this paper is that the cortex computes the contents of consciousness whereas the thalamus
displays, and thus experiences, the results of those computations. In line with Mumford’s (1991) proposal that the higher-order
thalamic nuclei form an active blackboard for the cortical areas to which they are reciprocally connected, I propose that the
primary neural correlate of consciousness is a dynamic core of coordinated (synchronous) neural activity within the dendrites of a
subset of higher-order thalamic nuclei, particularly those serving frontal areas (such as the medial dorsal nucleus), modulated and/
or gated by the TRN, the pulvinar nucleus, various subcortical inputs, and diffuse cortico-thalamic projections, a thalamic dynamic
core.

Although the dendritic trees of all neurons perform an integrative function relative to their synaptic input, the extensive
dendritic proliferation of the dorsal thalamic neurons, plus their central location in the brain, makes them seem ideally sui-
ted to integrate information from cortical computations along with modulations sent from subcortical sites and to generate
the neural activity most closely associated with conscious experience. The idea that the dendritic tree is the site of such
information integration is of course not new (Cook, 2008; Yuste & Tank, 1996). Most relevant to consciousness, Romijn
(2002) and Vadakkan (2010) made it a central aspect of their theories of primary consciousness. In contrast, Laberge and
Kasevich (2007) and Cook (2008) differentiated the neural activity involved in cognitive information processing from that
involved in generating primary consciousness. The former takes place in the cortical ‘‘shell’’ circuits for Laberge and Kasevich
and is related to dendritic currents for Cook, whereas the latter arises around the apical dendrites of pyramidal neurons
within the input-stayput ‘‘axis circuits’’ (cortico-thalamic) for Laberge and Kasevich, and from cortical action potentials
for Cook. All four of these diverge from the present proposal in that they argue that it is in or around cortical neurons where
primary consciousness is generated. I would argue instead that the cortical dendritic currents and action potentials reflect
mainly neural activity specific to the function of the cortical area in which they are found, prior to the level of integration
represented by consciousness. In addition, cortical-level integration, especially in interaction with the hippocampus, seems
ideal for the formation of memories (Merker, 2004).
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Each of the theories just mentioned, as well as many others, propose a specific aspect of neural activity as the generator of
subjectivity per se. These range from a field of virtual photons generated in dendrites (Romijn) to an electro-magnetic field
generated near apical dendrites in axis circuits (Laberge & Kasevich) to free ion flow during action potentials (Cook). I will
refrain from adding to this list here, as the purpose of the present proposal is to focus attention on the role of synchronous
thalamic activity in generating primary consciousness rather than to propose exactly what it is about this activity that com-
prises subjectivity. I do believe, however, that none of the previous proposals has been able to show that subjectivity is en-
tailed by the particular aspect of neural activity they spotlight (cf. Chalmers, 1996).

In this proposal, attention is the mechanism by which information is selected for special processing by the higher cortical
areas and is perforce integrated into the thalamic dynamic core by this selection process. As pointed out earlier, we are
‘‘blind’’ to (not aware of) most information that is not in attention (e.g., Mack & Rock, 1998), although the dynamic core
may contain representations of information that was in attention in the past, or may contain representations, from templates
or default frames, of information at a (hypothesized) illusorily high level of detail, presumably resulting from activity of
higher cortical association and memory areas. Cortical activity concerned with this selected information is also coordinated
and synchronized at one or more of theta, alpha, beta, or gamma frequency bands because of the coordination of the recip-
rocally-connected-with-cortex thalamic nuclei (cf. Ward, 2003). This means that even cortical areas separated by several
synaptic delays can have (near) zero-phase-lag synchrony because activity in these areas is modulated by input from the
synchronously firing neurons in their respective thalamic nuclei. When a general anesthetic or a large lesion blocks activity
in the thalamus, it blocks the intricate connectivity both within the thalamus (TRN modulation) and between cortex and
thalamus upon which consciousness depends (cf. Laberge & Kasevich, 2007; Llinás et al., 1998). Deep sleep is a similar state
to general anesthesia, in which thalamic activity is very different from the waking state (burst firing instead of tonic firing –
see Steriade et al., 1993). However, in REM sleep, the thalamus is functioning similarly to the way it does in a conscious state
except that input to the sensory relay nuclei from the peripheral sensory systems (but not from cortical areas) is blocked.
Dreams thus have the feel of consciousness but are disconnected from the sensory input that, during waking, keeps higher
cortical activity calibrated with the current environment and helps to distinguish imagination from perception.

To put the proposal another way, cortical computations are necessary but not sufficient for consciousness (cf. Kanwisher,
2001; Rees et al., 2002). They are necessary in the sense that particular contents of consciousness will not be possible unless
the relevant cortical computations are performed. Thus, a lesion in a particular cortical area will eliminate the particular
experiences computed by that cortical area. For example, a lesion in area V5/MT in the right temporal cortex would eliminate
the experience of visual motion in the left visual field, while leaving other visual experiences from stimuli in that visual field
intact (although possibly different in some ways, e.g., no shape from motion). Moreover, activity in V1 seems to determine
whether activity in V5/MT reaches visual awareness at all (Silvanto, Cowey, Lavie, & Walsh, 2005), so early cortical activity is
clearly necessary to support later cortical computations. Finally, a lesion that destroys V1 bilaterally curtails visual awareness
(but not awareness itself) because it eliminates input to both dorsal and ventral visual streams (but not to the tecto-pulvinar
system, which seems to be sufficient to guide ‘‘blindsight’’; e.g., Weiskrantz, 1986), which compute the contents of visual
awareness. Such observations were previously taken to indicate that cortical activity in the lesioned area constitutes the
experience. In the present proposal such cortical activity supports the experience but the experience actually occurs as a re-
sult of informing the activity of the associated thalamic nuclei of the results of the cortical computations and integrating
those results into the thalamic dynamic core. Theoretically, it would be possible to reconstitute the experience, e.g. of visual
motion, by performing the relevant computations externally and then stimulating the thalamus in the same way it would
have been stimulated by the associated disabled cortical area, e.g. V5/MT, and producing the conditions under which this
activity would be included in the dynamic core, e.g. by telling the subject to pay attention to the moving stimulus. This
would be a potentially falsifying test of the present theory. Grosser tests, such as stimulating the cortex and recording
the associated experiences, as carried out by Penfield (e.g., 1958, 1975) have already shown that experiences can be elicited
by such means. Interestingly, Penfield (1975) argued that during such stimulation the stimulated cortical area was disabled
and the areas to which the stimulated area projected were the source of the experience. Of course, all cortical areas project to
the thalamic nuclei associated with those areas, and thus Penfield might indeed have been observing the induction of expe-
riences directly in the thalamus.

9. The future

There are, inevitably, unanswered questions and problems with the proposal of the thalamic dynamic core. One concep-
tual problem arises when we consider the consequences of cutting the corpus callosum. Does a split-brain patient have two
consciousnesses, each confined to one hemisphere of the brain, as would be predicted by any purely cortical or even cortico-
thalamic theory? Or is there only one consciousness residing in integrated thalamic activity, or perhaps even in only one
thalamus, the one connected to the (usually left) language-understanding hemisphere? This is a very difficult problem to
deal with, and how it is dealt with might eventually either confirm or deny the thalamic dynamic core theory. Because each
hemisphere of a split-brain patient can be seen to operate independent of the other, and as each responds in complex ways
to certain stimuli, it would seem that at least the appearance of two consciousnesses is sustained. There are significant limits
to the abilities of the non-linguistic (usually right) hemisphere, however, and the split-brain patient acts as if there is only
one integrative consciousness directing behavior. As Gazzaniga (e.g., 2000) reports, split-brain patients feel the same
regarding their consciousness before and after surgery: they claim to experience no trace of a dual consciousness. Gazzaniga
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(e.g., 2000) believes this feeling arises because only one hemisphere, usually the left one, is capable of integrating separate
stimuli into a coherent story; the left hemisphere is, in his terms, the ‘‘interpreter’’, and the only one that generates con-
sciousness. Indeed the left hemisphere in split-brain patients easily and routinely generates explanations for the sometimes
unexpected behavior initiated by the right hemisphere (see Gazzaniga, 2000, for examples).

Another problem of course is falsifiability. The problem of empirically testing the necessity and sufficiency of neural syn-
chrony for conscious awareness is just as difficult as that for any other dynamic proposal (cf., Rees et al., 2002). Moreover,
establishing that the thalamus, rather than the cortex or cortico-thalamic loops, is the site of the necessary and sufficient
synchronous neural activity will be difficult, since the cortex is so intimately linked to the thalamus. Most exclusion tests
that reduce or interrupt activity in one part would also, inevitably, interrupt it in the other (cf. Frith, Perry, & Lumer,
1999). There is some promise, however, that phenomena like blindsight, neglect, and extinction, which dissociate behavior
from experience, can also dissociate experience supported by the cortex from that arising from thalamic activity alone. Syn-
dromes in which communication between particular cortical areas and their associated thalamic nuclei is interrupted, e.g.,
thalamocortical dysrhythmias (Llinás, Ribary, Jeanmonod, Kronberg, & Mitra, 1999), would be good candidates for studies of
the thalamic dynamic core. More subtle, computer controlled, direct stimulation studies than those conducted by Penfield
and his successors (e.g., Ojeman, 1983) are possible, perhaps also on epileptic or other patients during the course of opera-
tions and coupled with the intra-cortical EEG so often used to map cortical function. This is already being done in the course
of thalamic deep brain stimulation therapy in clinical situations involving epilepsy (e.g., Loddenkemper et al., 2001) and Par-
kinsonism and essential tremor (e.g., Benabid, 2003). A particularly fascinating possibility is the direct and unique stimula-
tion of thalamic neurons using laser light targeting cells that express channelrhodopsin, created by injecting a viral vector
(optogenetics; e.g., Boyden, Zhang, Bamberg, Nagel, & Deisseroth, 2005). Recently this has been accomplished in rats by
Lee et al. (2010), and there is also a method available for selectively suppressing populations of neurons using a similar opto-
genetic technique (Chow et al., 2010). It would be necessary to emulate cortical input to the thalamus in this experiment and
this already has been accomplished in a rudimentary way, albeit digitally in model systems involving modulation of the LGN
by input from V1 (e.g., Bickle, Bernstein, Heatley, Worley, & Stiehl, 1999). Brain imaging using PET, fMRI or MEG, which can
record subcortical as well as cortical activity, coupled with interventions such as trans-cranial magnetic stimulation or spe-
cific anesthetics, could possibly localize the source(s) of necessary neural activity for particular conscious experiences. One
example of this is the very telling work of Alkire and colleagues (e.g., 2000, 2005) and John (e.g., 2001) on the action of gen-
eral anesthetics. Another is the ongoing work using a combination of brain imaging and binocular rivalry (e.g., Doesburg
et al., 2005, 2009). The promise is that through the accumulation of creative and sound empirical insights we will eventually
begin to understand how the brain gives rise to the conscious mind.
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