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Abstract: Here, we provide a review of behavioural, cogni-
tive, and neural studies of the thalamus, including its role 
in attention, consciousness, sleep, and motor processes. 
We further discuss neuropsychological and brain disor-
ders associated with thalamus function, including Parkin-
son’s disease, Alzheimer’s disease, Korsakoff’s syndrome, 
and sleep disorders. Importantly, we highlight how thala-
mus-related processes and disorders can be explained by 
the role of the thalamus as a relay station.

Keywords: Alzheimer’s disease; consciousness; hemibal-
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Introduction
The goal of this review is to provide a unified account of 
the role of the thalamus across a range of behavioural pro-
cesses and how these processes impact brain disorders 
associated with thalamus dysfunctions. We start by pro-
viding a brief summary of the thalamus. We then discuss 
cognitive processes that are associated with the thalamus, 
such as attention and consciousness, as well as other per-
ceptual, cognitive, and motor processes. How these pro-
cesses relate to the notion of the thalamus as an integral 
component of cortical function will also be addressed. 
Finally, we discuss brain disorders that are associated 

with thalamus dysfunction. Although there are some 
review papers regarding the thalamus and its ‘gatekeeper’ 
or ‘relay station’ role, it is argued that these ideas are not 
separate, but rather that both these ideas highlight the 
crucial role that the thalamus plays in information pro-
cessing for cognitive and behavioural functions.

Anatomy and physiology
The thalamus has many nuclei that play key roles in percep-
tual, motor, emotional, and cognitive processes (Bushnell 
and Duncan, 1989; Ab Aziz and Ahmad, 2006; Saalmann 
and Kastner, 2011). Figure 1 illustrates the major subsec-
tions of the thalamus structure. The thalamus is located 
between the cortex and the midbrain and has direct con-
nectivity to many subcortical structures, such as the basal 
ganglia, amygdala, cerebellum, and cerebral cortex, which 
is responsible for higher-level functions. Hence, it is often 
considered to be a relay station that acts as a gatekeeper 
for information processing throughout the brain.

Specific areas of the thalamus receive afferent input 
and send efferent projections to distinct areas of the cortex, 
forming the purported cortico-thalamo-cortical pathways 
(Theyel et  al., 2010; Purushothaman et  al., 2012; Saal-
mann et al., 2012). A large component of the function of 
individual thalamic relays is defined by its particular type 
of driver input (Sherman and Guillery, 2006). Importantly, 
the thalamus is often divided into two subregions: first- 
and higher-order relays. See Figure 2 for an illustration.

First-order relays are some of the more established 
regions including sensory-related nuclei, such as the 
lateral geniculate (in the visual thalamus), the ventral divi-
sion of the medial geniculate (in the auditory thalamus), 
and the ventral posterior nuclei (in the somatosensory 
thalamus). The lateral geniculate body receives afferents 
from the retina and sends efferents to the primary visual 
area. In contrast, the medial geniculate body receives 
afferents from auditory stimuli and sends efferents to the 
auditory section of the temporal lobe. Ventral posterior 
nuclei receive afferent input from the face and olfactory 
system via the medial nuclei (VPM) or from the trunk 
via the lateral nuclei (VPL). Consequently, the VPM send 
efferents to the parietal cortex, whereas the VPL send 
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Figure 2: First- and higher-order thalamic relays.

Figure 1: Structure of the thalamus.

efferents to the parietal lobe (Sherman and Guillery, 2006; 
Saalmann, 2014). Therefore, first-order relays are often 
the ‘first stop’ as they transmit information from sensory 
systems to the cerebral cortex.

In contrast, higher-order thalamic nuclei, including 
the pulvinar, mediodorsal, intralaminar, and midline, 
receive major input from the cortex and project back to the 

cerebral cortex (Sherman and Guillery, 2006; Saalmann, 
2014). For example, the ventrolateral and ventromedial 
thalamic nuclei project to motor cortical areas (Bosch-
Bouju et al., 2013). In contrast, the mediodorsal thalamic 
nucleus is connected with the prefrontal cortex, includ-
ing dorsolateral regions (Saalmann and Kastner, 2011; 
Mitchell and Chakraborty, 2013).
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First-order and higher-order relays are separate stages 
of a singular process. That is, first-order relays route 
somatosensory information to respective cortical areas, 
whereas higher-order relays relay processed information 
from layer five of a single cortical area to the middle levels 
of another cortical area. All thalamic relays (i.e. both first 
and higher order) receive feedback from layer six of the 
cortex. Higher-order relays are often acknowledged as 
being modulatory in nature as they are actively involved in 
routing feedback (Sherman and Guillery, 2006). Sherman 
and Guillery (2006) acknowledge that this is a simplified 
overview as the functioning of the thalamus is somewhat 
more complex.

Further, the thalamus is highly interconnected with 
many subcortical structures, including the basal ganglia, 
amygdala, hippocampus, cerebellum, as well as deep 
midbrain nuclei (Hendry et al., 1979; Pessoa and Adolphs, 
2010; Bosch-Bouju et al., 2013). These connections suggest 
that the thalamus plays a role in processes mediated by 
these subcortical structures, such as basic emotions, 
memory, and motor processes. Although the exact func-
tion of the interrelationship among thalamus-subcortical 
regions is not known, it is suggested that the thalamus 
impacts information processing in these subcortical struc-
tures in a similar fashion as it impacts cortical function 
(Poulet et al., 2012).

As for the basal ganglia, the striatum (i.e. the input 
structure of the basal ganglia) sends projections to the 
globus pallidus internal segment and substantia nigra 
pars reticulata via two pathways: the indirect pathway 
and the direct pathway. The indirect pathway involves the 
globus pallidus external segment and the subthalamic 
nucleus (STN), which both send projections and inhibit 
the thalamus (Wickens, 1997). In contrast, the direct 
pathway involves the striatum, which inhibits the globus 
pallidus internal segment, which in turn inhibits the 
thalamus. Further, it was found that the thalamus sends 
projections to the striatum, thus suggesting that the thala-
mus controls information processing in the basal ganglia 
(Matsumoto et  al., 2001). Matsumoto et  al. (2001) argue 
that the relevant sensory information that guides action 
selection processes is projected from the thalamus to the 
striatum. Importantly, it is not known if there are disso-
ciable functions of cortical and thalamic pathways to the 
striatum. Like the basal ganglia, it has been found that 
the medial dorsal region of the thalamus receives dopa-
mine from the midbrain regions, including the ventral teg-
mental area (García-Cabezas et al., 2009), suggesting that 
thalamic dopamine plays a role in dopamine-related dis-
orders such as addiction, schizophrenia, and Parkinson’s 
disease (Sánchez-González et al., 2005).

Like the basal ganglia, similar kinds of connectivity 
with the thalamus are found with other subcortical struc-
tures, including the hippocampus, amygdala, and cer-
ebellum (Middleton and Strick, 2000; Houk et al., 2007). 
Input from these structures project to different thalamic 
nuclei before reaching the cortex. For example, imaging 
and correlational studies in humans support connectiv-
ity between the thalamus and hippocampus (Stein et al., 
2000). It was also found that the medial dorsal thalamus 
sends input from the amygdala to the frontal cortex and 
limbic system (Tham et al., 2009).

In sum, studies such as the ones described above have 
established how neural connections between subcortical 
and cortical areas nearly always pass through the thala-
mus. Yet the functional roles of the thalamus are poorly 
understood. However, based on the known patterns of 
connectivity, there is evidence that suggests that the thal-
amus functions as a relay station (or as a ‘secretary’ of the 
cortex and perhaps subcortical structures), as we discuss 
below.

Cognitive functions of the thalamus

Areas of focus

Four main areas of focus are examined within this section: 
first, the pulvinar region (PUL), which is a higher-order 
relay with afferent pathways from the occipital cortex, 
parietal lobes, and temporal lobes and efferent pathways 
from the occipital cortex, parietal lobes, and temporal 
lobes; second, the centromedian nucleus (CM), which 
has afferent pathways from the cerebral cortex, vestibu-
lar nuclei, globus pallidus, superior collicullos reticular 
formation, and spinothalamic tract and has efferent path-
ways from the STN and putamen; third, the media dorsal 
nucleus (MD), which is a higher-order relay with afferent 
pathways from the hypothalamus and prefrontal cortex 
and efferent pathways from the prefrontal cortex; fourth, 
the ventral lateral nucleus (VL), which is a higher-order 
relay with afferent pathways from the basal nuclei and 
efferent pathways to the primary motor cortex and premo-
tor cortex.

The thalamus plays a role in multiple cognitive 
functions, including memory, attention, perception, 
motor planning, and language processing. It is this inte-
gration that gives rise to the notion that the thalamus 
does function as a relay station (Wilke et al., 2010; Ford 
et al., 2013). The role of the thalamus can also be under-
stood by studies showing that lesions to the thalamus 
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can cause cognitive and memory deficits (Mitchell and 
Gaffan, 2008) and that higher-order thalamic lesions 
perturb cortico-cortical information transmission 
(Purushothaman et  al., 2012). For example, patients 
with pulvinar lesions exhibit deficits both in coding 
spatial information in the contralesional visual field 
and in filtering distractor information (Saalmann and 
Kastner, 2011). Bradfield et  al. (2013) review evidence 
from rodent studies that indicate that the intralaminar 
thalamic nucleus and the parafascicular thalamus are 
mediators of behavioural flexibility, whereas the medi-
odorsal thalamic nucleus plays a key role in acquiring 
goal-directed behaviour.

Learning is another process that can be mediated by 
the thalamus. The mediodorsal thalamus plays an impor-
tant role in free operant behavioural tasks. More specifi-
cally, it was found to be important for both the acquisition 
of goal-directed behaviour and the regulation of stimulus-
outcome and response-outcome contingencies (Ostlund 
and Balleine, 2008; Bradfield et  al., 2013). Habib et  al. 
(2013) reported that fear conditioning (i.e. learning that 
a conditioned stimulus that comes before an aversive 
unconditioned stimulus is also aversive) and safety learn-
ing (i.e. learning that a conditioned stimulus that comes 
after an unconditioned stimulus is safe) lead to differ-
ent molecular changes in the auditory thalamus. That 
is, safety learning led to a decrease in the level of ABL1 
protein in the thalamus, whereas fear conditioning did 
not (Habib et al., 2013). This finding suggests that differ-
ent neural mechanisms may be involved when the same 
stimuli are presented differently. These alternative mecha-
nisms may then lead to differences in memory formation.

There are various types of motor processes that are 
affected by the thalamus. For example, Ostendorf et  al. 
(2013) further investigated previous findings that indi-
cated that oculomotor commands produce corollary dis-
charge signals that are transmitted from the thalamus 
to frontal cortices. They examined whether perceptual 
matching of visual input before and after an eye move-
ment is impaired due to damage to the pathway between 
these brain regions. The findings suggest that this pathway 
and the transmission of corollary discharge are essential 
in order for individuals to predict the consequences of 
oculomotor actions. Based on data from clinical subjects 
with thalamic lesions, Ostendorf et  al. (2013) concluded 
that the central thalamus makes an important contribu-
tion to predicting the perceptual consequences of eye 
movements.

Indeed, the thalamus appears to mediate the influ-
ence of cognitive processes on motor control. Thalamic 

neurons that receive input from the cerebellum, for 
example, may assist visuomotor control, such as making 
self-timed movements. Studies that focus on the cere-
bello-cortical pathways identify the role of the central and 
VL thalamus in the modulation of movement processing 
based on cognitive requirements (Prevosto and Sommer, 
2013). Minamimoto et  al. (2014) showed that the CM in 
the intralaminar thalamus plays a role in counteracting 
behavioural biases, which contributes to flexible behav-
iour via interactions with the basal ganglia. One study 
examined the role of the thalamic centromedian in the 
counteracting process, in which preaction bias is not valid 
in unexpected situations and is therefore replaced by a 
more appropriate action (Minamimoto et  al., 2014). This 
study tested monkeys who performed a Go-Nogo task in 
small and large reward conditions. The results indicated 
that the thalamic centromedian was involved in signalling 
the occurrence of a discrepancy between preaction bias 
and an environmental demand, as well as the withdrawal 
of the preaction bias in favour of a more appropriate 
action.

The thalamus also plays a role as the central monitor 
for language-related processes (Klostermann et al., 2013). 
Encompassing a number of thalamic nuclei, including the 
pulvinar, mediodorsal, and ventral intermediate nuclei, 
Klostermann et  al. (2013) discuss contributions of the 
thalamus and basal ganglia to language perception and 
production. Cortical language operations are engaged 
and disengaged by thalamic nuclei, such that human lan-
guage is a product of subcortical and cortical regions of 
the brain (Klostermann et  al., 2013). The thalamus con-
tributes to language capacities due to both its functions 
related to the control and regulation of information from 
one cortical area to another and its interconnections with 
Broca’s area, which plays a key role in language produc-
tion (Ford et al., 2013; Bohsali et al., 2015).

The mediodorsal thalamus has a role in declarative 
memory processes (Van der Werf et al., 2000). More spe-
cifically, the mediodorsal thalamus processes the content 
of information for both storage and recall. The retrieval of 
stored information may involve the production and guid-
ance of strategies by the mediodorsal thalamus (Mitchell 
and Chakraborty, 2013). The anterior thalamic nuclei were 
also found to play a role in memory and spatial naviga-
tion. As for memory processes, Jankowski et  al. (2013) 
argue that the anterior thalamus and its interactions with 
the hippocampus and cortex is crucial for memory pro-
cessing and spatial navigation in rodents. This is due to 
evidence of oscillatory activity at theta frequencies in the 
anterior thalamus.
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Thalamus, prefrontal cortex, and 
working memory

Area of focus

The MD is examined within this section. It is a higher-
order relay with afferent pathways from the hypothalamus 
and prefrontal cortex. It also has efferent pathways to the 
prefrontal cortex. Its primary functions involve memory, 
attention, and abstract thinking.

Similar to the prefrontal cortex, different types of 
studies have shown that the thalamus plays a key role 
in working memory. When monkeys performed spatial 
working memory tasks, the mediodorsal neurons of the 
thalamus exhibited directionally selective sustained 
delay-period activity, which is related to the temporary 
maintenance of information. This is similar to delay 
activity reported in many cortical regions, including the 
dorsolateral prefrontal cortex and the medial temporal 
cortex (Goldman-Rakic, 1995; Constantinidis et al., 2001; 
Ranganath and D’Esposito, 2001). Mediodorsal neurons 
of the thalamus play an important role in prospective 
motor aspects of working memory (Funahashi, 2013). 
Mediodorsal neurons have been shown to modulate 
their spike rate during different cue, delay, and response 
periods in monkeys trained in delayed response tasks 
(Saalmann, 2014). This delay period activity within the 
thalamus is an indication of its role in working memory 
(Saalmann, 2014).

The mediodorsal nucleus may play a role in repre-
sentational plasticity within the prefrontal cortex (Van 
der Werf et  al., 2000). Deep brain stimulation (DBS) of 
the mediodorsal nucleus was found to improve prefron-
tal functioning (Baxter, 2013), suggesting that it plays a 
role in cognitive processes. The various effects of lesions 
to the mediodorsal thalamus support its role in memory 
and other cognitive processes (Mitchell and Chakraborty, 
2013). The mediodorsal thalamus regulates both the plas-
ticity within the prefrontal cortex and the flexibility of pre-
frontal-dependent operations Baxter (2013). Funahashi 
(2013) argues that the mediodorsal thalamus contributes 
to spatial working memory, including how the interac-
tion between the thalamus and prefrontal cortex can 
enable sensory-to-motor transformations of maintained 
information. Finally, Saalmann (2014) proposes that the 
mediodorsal thalamus regulates the synchrony between 
neurons in the prefrontal cortex, which consequently 
influences their exchange of information according to 
cognitive control demands.

The thalamus and attention

Area of focus

The lateral geniculate nucleus (LGN) is examined in this 
section. It a first-order relay with afferent pathways from 
the retina. It has efferent pathways to the primary visual 
area. The primary function of the LGN involves relaying 
visual information to the primary visual area. In contrast, 
the thalamic reticular nucleus (TRN) is a higher-order 
relay. It has afferent pathways from the cerebral cortex 
and dorsal thalamic nuclei. It also has efferent pathways 
from dorsal thalamic nuclei.

Attention, described simply, is the selective process-
ing of sensory or conceptual information in the brain. The 
thalamus is often described as a ‘gateway’ of such infor-
mation processing, since it has feedforward and feed-
back connections to the brainstem and to cortical areas 
(Ward, 2013). Visual attention provides a good example 
of the role of the thalamus in the modulation of visual 
information. Each eye has over 125 million receptors that 
send sensory information via the optic nerve to the LGN 
in the thalamus (Hubel, 1995). The neurons are organized 
topographically in the LGN, reflecting the arrangement of 
the receptors on the retina, but this organization tends to 
be less pronounced as neurons travel through the visual 
cortex. Since almost all visual information passes through 
the thalamus, it is considered to have an important role in 
vision and visual attention.

Studies by Kastner et  al. (2006) have confirmed 
that the LGN supports attentional modulation of neural 
signals that come from the eyes. This makes the LGN one 
of the first areas where feedback signals from the visual 
cortex and higher cortical areas modulate the processing 
of visual information. The forms of modulation that can 
occur in the LGN include the enhancing of neural signals 
for attended stimuli and an attenuating of responses 
for ignored stimuli. The TRN in particular is believed to 
be responsible for sending inhibitory signals to the LGN 
(McAlonan et al., 2006). The TRN has an important role in 
attention, and some would argue that it is the locus of the 
‘attentional spotlight’ (Crick, 1984).

Another example of how the LGN helps determine 
visual experience is by examining cases of binocular 
rivalry, which is when there are conflicting sources of 
information coming from each eye (generally a manipula-
tion done in a laboratory setting when studying the visual 
system). During binocular rivalry, only one of the images is 
perceived at a given time. That is, one image shifts in dom-
inance over time rather than producing a percept where 
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the two conflicting images mesh into one. For example, if 
one eye receives an image of a house and another receives 
an image of a face, the percept is of one or the other, never 
both at the same time (e.g. resulting in an odd house with 
a face). Binocular rivalry induces the suppression of one 
of the images, and brain imaging studies indicate that the 
LGN is involved in this suppressive signal processing that 
tries to resolve conflicting information (Wunderlich et al., 
2005).

The thalamus is connected to the brainstem and thus 
receives sensory signals from the rest of the body. It also 
has connections to all cortical areas, to which it sends 
signals as well as receives them, which is why it is often 
described as a ‘relay’ station. This organization where 
both feedforward and feedback signals converge is a sig-
nature of attentional modulation and makes the thalamus 
a candidate location for processing all forms of attention. 
For example, it can also process emotional signals from 
the amygdala that can influence behavioural responses, 
even outside of conscious awareness (Tamietto and de 
Gelder, 2010).

For these reasons, the thalamus is also described as a 
‘gatekeeper’ for the information processed by visual atten-
tion, some of which may eventually reach visual conscious 
awareness. It is more likely, however, that the thalamus 
is part of a group of cortical and subcortical areas that 
work collectively to modulate attentional processing and 
provide the contents of visual awareness (Kastner et al., 
2006). The thalamus appears to have many important 
connections to the motor circuitry found in the brain stem 
and spinal cord, suggesting a close relationship between 
sensory information and the motor system (Guillery and 
Sherman, 2002b; Sherman and Guillery, 2006). Recently, 
there has been evidence for different pathways that indi-
cate a separating of information pathways, with some 
reaching perception and others going to inform systems 
involved in the execution of eye movements (Spering and 
Carrasco, 2015). This could be the result of earlier connec-
tions from the retina directly to the superior colliculus 
and brainstem (with connections to the middle temporal 
area, or V5), thereby not passing through the thalamus in 
order to allow information to be more readily available for 
the motor system. More empirical support is required, but 
this organization could explain why there are often dis-
sociations between what reaches awareness and what can 
inform actions (with unconscious processing often influ-
encing action). Nevertheless, the location of the thalamus 
and its interconnectedness with the brainstem and cor-
tical areas make it a central area where very early feed-
back modulation of feedforward neural signals can occur, 
making it important for attention.

The thalamus and consciousness
Related to the role of modulating attention, the thalamus 
may also help support conscious awareness. Something 
as complex as consciousness, which includes the subjec-
tive phenomenal experience of sensory and conceptual 
information, will not be constrained to one specific area 
within the brain. Nevertheless, research does indicate that 
the thalamus plays an important role in consciousness 
(Crick and Koch, 2003; Seth et al., 2005). Specific areas of 
the thalamus are responsible for certain forms of process-
ing, such as the influence of the LGN on visual awareness 
(Kastner et al., 2006). Since the thalamic nuclei have pro-
jections to and from all cortical areas, it seems to be a good 
candidate for a mechanism that enables the integration of 
all of these different forms of information, which may be 
through a synchrony of neural activations (for a review, 
see Ward, 2011).

There are many definitions of consciousness in the 
philosophical literature (see for example Kriegel, 2015), 
but two main distinctions are important to identify here: 
phenomenal and access. Phenomenal consciousness 
is what most people mean when they use the term con-
sciousness – it is the subjective experience of being aware 
of a certain thought, sensation, or feeling. It is what you 
are experiencing as you read this sentence and includes 
all experienced sensations, like the sound of the refrigera-
tor in the background and the chair against your back and 
the slight feeling of hunger in your stomach. Phenomenal 
consciousness also includes forms of meta-conscious-
ness, where one is conscious and aware of the contents 
of consciousness as proposed in higher-order theories 
(see Rosenthal, 2002); it also includes self-consciousness, 
which helps differentiate the self as distinct from other 
things in the world. Access consciousness, on the other 
hand, does not necessarily include subjective experi-
ence – it is a form of consciousness that allows represen-
tational content to be made available for use by various 
cognitive systems for thought and action (Block, 1995). In 
this sense, the distinctive features of access conscious-
ness relate to attention due to their role in processing 
information within the brain in a task-relevant manner in 
order to guide action and thought. It is assumed that both 
phenomenal and access consciousness are processed and 
supported by the thalamus. For our purposes, exploring 
the thalamus in terms of phenomenal consciousness 
suffices.

One way to study consciousness in the thalamus is 
to examine how anaesthesia induces unconsciousness 
(Alkire et  al., 2008; Mashour and Alkire, 2013a,b). The 
administration of anaesthesia (e.g. propofol) reduces 
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the interconnectivity between the thalamus and corti-
cal areas. This reduced interconnectivity is due to sup-
pressed activity within the ‘nonspecific division’ of the 
thalamocortical system (Liu et  al., 2013). This in turn 
inhibits the ability to integrate information within the 
thalamus, which leads to unconsciousness. Thus, such 
studies seem to indicate that an important function of the 
thalamus is to help integrate sensory information. This is 
also relevant for understanding how some patients may 
experience vegetative states. Damage to the thalamus 
produces major disturbances to consciousness because 
without interconnectivity, the various areas of the brain 
cannot communicate to each other (Llinás et  al., 1998). 
On the other hand, damage to other brain areas, such as 
parts of the cortex, may have limited or no effect on con-
sciousness (Seth et al., 2005).

The thalamus also appears to be involved in self-
awareness. Having a representation of the self may rely 
on signals from the thalamus, which seems to be inte-
gral to conscious forms of attention (Bruya, 2010). The 
Triangular Circuit Theory (LaBerge, 1997, 2001) argues 
that consciousness requires activations of various areas 
responsible for attentional selection, enhancement, and 
control, in addition to a representation of the self in rela-
tion to the objects of attention. That is, without a represen-
tation of the self, one cannot experience consciousness. 
The thalamus is considered to be a core part of this cir-
cuitry that is responsible for both attentional processing 
and self-awareness (LaBerge, 1997). Whether self-aware-
ness is crucial for having the phenomenal experience of 
consciousness is debateable, but self-awareness does rep-
resent a type of phenomenal consciousness that can be 
observed in humans and even some mammals (e.g. apes) 
and birds (e.g. grey parrots).

Theories of consciousness in other animals also 
suggest that it may rely on the thalamus. For example, 
Bayne’s (2007) theory of Creature Consciousness specifies 
whether or not an organism can be said to be phenom-
enally conscious by requiring two primary components: 
the mechanisms responsible for providing the contents of 
consciousness (e.g. neural inputs from different sensory 
processing areas) and the integrative mechanisms that 
generate the ‘phenomenal field’ (i.e. of what it is like 
to be in a state), which may be related to activity in the 
thalamus. Indeed, some argue that the higher thalamus 
and thalamocortical activity are both critical for human 
and animal consciousness and can be used as criteria 
for determining animal consciousness (Seth et al., 2005; 
Boly et  al., 2013). While the evidence for the role of the 
thalamus in consciousness is not conclusive, there is good 
empirical support for recognizing its importance in the 

modulation of information that becomes part of conscious 
experience.

In addition to the Triangular Circuit and Creature 
Consciousness theories, there are several other theories 
that include the thalamus as part of the neural network 
required for consciousness. The Information Integration 
Theory, for example, proposes that the thalamocortical 
system plays an important role in the integration of infor-
mation and is therefore crucial for consciousness (Tononi, 
2004). According to this theory, the thalamus is a centre of 
activity where neural signals converge to integrate infor-
mation (Tononi and Edelman, 1998; Alkire et  al., 2008). 
Along these lines, the thalamic Dynamic Core Theory of 
consciousness argues that synchronized neuronal activ-
ity within the dorsal thalamic neurons is required for 
consciousness (Ward, 2011). That is, consciousness is 
associated with a state when neuronal signals occur in 
synchrony, which may also be regarded as the integration 
process.

The Global Workspace Theories (e.g. Newman et al., 
1997; Dehaene and Naccache, 2001; Baars, 2005) also 
require the processing of information by the thalamus, 
cortical regions, and some type of working memory. The 
thalamus seems to be important in modulating the flow of 
information and the level of alertness associated with this 
processed information (León-Domínguez et al., 2013). Ulti-
mately, the complete thalamocortical network is crucial 
for consciousness. That is, the cortical areas engage in the 
interpretation of information and provide the contents of 
conscious experience, whereas the thalamus helps inte-
grate information, modulates what enters awareness, and 
determines the level of awareness produced by this infor-
mation (Ward, 2011; León-Domínguez et  al., 2013). Con-
sciousness is not reliant solely on thalamic activity, but it 
does seem to be a crucial part of the formula.

Thalamus as a relay station
Sherman and Guillery (2002) suggest that all thalamic 
nuclei are relay nuclei. However, this does not mean 
that that all thalamic nuclei are the same. According 
to Sherman and Guillery (2002), there are broadly two 
types of thalamic nuclei: first-order relays and higher-
order relays. First-order relays carry information from 
the sensory periphery (e.g. visual and auditory channels) 
and other parts of the brain such as the cerebellum. An 
example of a first-order relay is the lateral geniculate, 
which is involved in the relay of visual information. In 
contrast, higher-order relays receive information from the 
cerebral cortex. The PUL is an example of a high-order 
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relay. Sherman and Guillery (2002) suggest that these 
higher-order relays make up the largest percentage of 
the thalamus within primates. Higher-order relays play a 
dynamic role in corticocortical communication, such that 
they do not just passively relay information, rather they 
actively control the passage of information from one corti-
cal area to another.

Based on its functions and its anatomical connections 
within the brain, it has been suggested that the thalamus 
plays a role in routing information across cortical and sub-
cortical structures (Saalmann et al., 2012; Xu and Südhof, 
2013). This role may involve a flexible synchronization of 
neurons and the configuration of brain networks for the 
current behavioural context. In other words, the thalamus 
may activate some cortical areas and deactivate others. 
Thus, relevant information that is selectively projected to 
the cortex depends on the context and the task at hand 
(Saalmann et al., 2012; Xu and Südhof, 2013).

Specifically, as discussed above, a key function of 
the thalamus is to relay sensory and motor information to 
the cerebral cortex. All sensory systems, except the olfac-
tory system, include a thalamic nucleus that receives and 
transmits sensory signals to relevant cortical areas. Infor-
mation that comes from the sensory periphery (e.g. visual, 
auditory), cerebellum, and the mammillary bodies is 
relayed to the cortex via ‘first-order relays’ in the thalamic 
nuclei, whereas information that comes from the cerebral 
cortex is relayed via ‘higher-order relays’ (Guillery, 1995; 
Guillery and Sherman, 2002a). For example, visual infor-
mation from the retina is first transmitted to the LGN of 
the thalamus, from which it is then sent to the primary 
visual cortex.

The thalamus has been referred to as the ‘ultimate 
gatekeeper’ due to its important role in sending informa-
tion from the sensory periphery to the correct areas of the 
cortex (Steriade and Llinás, 1988; Edelman, 2003). This 
is similar to arguments that the thalamus functions as a 
threshold to decide which information should and should 
not be projected to the cortex or other brain regions 
(Edelman, 2003). The evidence reviewed above highlights 
the thalamus’s role in sleep, controlling unconsciousness 
under anaesthesia, and selectively transferring informa-
tion for attentional processing and consciousness, all of 
which support its characterization as a gatekeeper and 
relay station.

Controlling the transfer of information across the 
brain is related to successful performance in various 
processes, including perceptual, emotional, motor, and 
cognitive processes. For example, the brain must decide 
which perceptual input should be transferred to the 
cortex for further processing, which motor plans to be 

implemented, and which information to be maintained 
in long-term memory storage. The same applies to higher 
cognitive processes, such as consciousness, as this also 
involves awareness of only some information.

As discussed above, there are many theories that 
attempt to explain the role of the thalamus in conscious-
ness, including the Triangular Circuit, Creature Con-
sciousness, Information Integration, Dynamic Core, and 
Global Workspace Theories. These theories argue that 
consciousness is related to the thalamus’s role in the acti-
vation of various areas, integration of information across 
different areas, modulation of information flow, and syn-
chronized neuronal activity. It is possible that these same 
theories also explain the thalamus’s role in other behav-
ioural processes, including motor and cognitive processes 
(although these processes have received less attention in 
the field in comparison to consciousness). The role of the 
thalamus in consciousness uniquely highlights the inte-
gral and critical nature of its role in normal cognitive and 
motor function.

Viewing the thalamus as a relay station highlights its 
role in the processing of many different forms of informa-
tion, including those related to motor processes, cognition, 
emotion, learning, pain, attention, and consciousness. In 
all of these processes, it seems that the thalamus sets the 
threshold and decides whether it should relay the informa-
tion to other brain areas. Importantly, we argue that the two 
theories of the thalamus as a gatekeeper and relay station 
are not necessarily separate, but rather they are part of one 
mechanism allowing the brain to continue to select behav-
iourally relevant information. Its gatekeeping ability relies 
on its interconnectivity within the brain, which allows it to 
relay relevant information effectively. The role of the thala-
mus can be further understood by examining neurological 
disorders as well as thalamic damage.

Thalamus-related disorders
The critical nature of the thalamus to major cognitive 
and motor processes as evidenced above can be further 
shown by examining cases where the thalamus has sus-
tained damage or there are other abnormalities present. 
Below, we will discuss thalamus-related brain disorders 
through a wider anatomical and physiological standpoint 
of movement and cognitive disorders. One way to better 
understand how the thalamus contributes to cognitive 
and motor processes is to examine cases in which there is 
damage or abnormalities present in the thalamus. Below, 
we discuss various brain disorders and specific dysfunc-
tions that are related to abnormalities in the thalamus.
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Specific dysfunctions

Specific damage to the various nuclei generates different 
symptoms depending on the specific nuclei and the type of 
interaction between them. For example, a vascular lesion 
within the tuberothalamic region impairs arousal and ori-
entation, as well as leading to problems with learning and 
general memory. Furthermore, damage to these particular 
nuclei can also lead to personality and executive function 
impairment. These issues, when encountered, highlight 
the importance that the thalamus has on not only simple 
relaying of information but also on the active filtering of 
appropriate information for processing.

A vascular infarct event within the parademian region 
can also cause decreased arousal, as well as impaired 
learning and issues with general memory. Damage to the 
thalamus can also cause problems with language, spe-
cifically lesions within the left paramedian, as well as 
left tuberothalamic nuclei. Furthermore, damage to the 
right side of the thalamus can cause issues with vision 
and spatial orientation. Finally, damage to the posterior 
choroidal region can cause a variety of different issues, 
including dystonia, tremors, visual field disturbances, 
and weakness (Schmahmann, 2003). These specific dis-
turbances within the thalamus highlight and pinpoint 
the exact pathways and the exact functions related to 
those pathways. These specific examples, coupled with 
the general evidence above, showcase the importance 
of the thalamus. That is, not only is the thalamus an 
important mediator, but it also provides essential control 
over filtering of information for continued processing of 
sensory data.

Movement disorders

There are various movement disorders that are connected 
to thalamic dysfunction. These include Parkinson’s 
disease, Tourette syndrome (TS), and hemiballismus.

STN: Hemiballismus

This particular type of movement disorder is one of the 
most dramatic. It is characterized by a repetitive but unique 
set of involuntary wavelike movements located within the 
proximal portion of the limbs (Handley et al., 2009). The 
most common cause of hemiballismus is stroke, with an 
incident rate of approximately 0.45 per 100 000 cases. It 
is believed that lesions to the cerebral cortex, subcorti-
cal areas, midbrain, striatum, and thalamus can cause 

hemiballismus. The main causal area for the manifesta-
tion of hemiballismus is considered to be the STN. Lesions 
in this area can occur due to diabetes, hypertension, and 
smoking (Etemadifar et  al., 2012). This specific dysfunc-
tion also highlights the role that the thalamus has on 
higher-order functions such as language. Language pro-
duction and comprehension occur in disparate parts of 
the brain, although as can be detailed from this specific 
dysfunction, the thalamus is tightly involved with these 
actions (Etemadifar et al., 2012).

In the particular case that Etemadifar et  al. (2012) 
were investigating, the region that was damaged by an 
infarction was the left subthalamic area. This resulted in 
right side hemiballismus, as well as behavioural changes 
demonstrated by irritability, anxiety, and some aggres-
sive and obscene speeches. A further study showed that 
an ischemic infarct of the right thalamus resulted in 
hemiballismus, as well as behavioural changes includ-
ing elation, disrupted sleep, and aggrandised sense of 
self (Kulisevsky et al., 1993). These two cases of hemib-
allismus provide further support to the notion that the 
thalamus plays a crucial role in the efficient running of 
cognitive and motor functions (Kulisevsky et  al., 1993; 
Etemadifar et al., 2012).

Caudate Nucleus: TS

The clinical landscape for TS is characterised by the 
uncontrollable occurrence of motor and vocal tics. These 
tics can be described as sudden and repetitive movements 
and/or vocalisations that can differ across both intensity 
and frequency. Furthermore, these tics often occur after 
an urge or sensation that can foretell the actual tic. The 
clinical onset of this condition is usually in early child-
hood, and there are several comorbid behavioural dis-
orders that are very common with people who have TS. 
These related behavioural disorders include attention 
deficit hyperactivity disorder, obsessive-compulsive 
disorder, and occurrences of self-damage behaviour 
(Leckman et al., 2010).

Much of the neurophysiological underpinnings of 
TS are still unknown. However, a dysfunction of the 
basal ganglia and the parallel striatal-thalamic-corti-
cal circuits seem to play a critical role in the disorder 
(Leckman et  al., 2010). Numerous studies have identi-
fied structural changes within the basal ganglia in TS 
patients. For instance, Peterson et al. (2003) identified 
a consistent but mild decrease in basal ganglia volume 
across 150 TS patients. These findings were most visible 
in the caudate of children. These results support the 
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findings of Hyde et  al. (1995) that sufferers who were 
more affected had a smaller right caudate (Bloch et al., 
2005; Roessner et al., 2011). Relatively few studies have 
specifically examined the thalamus in TS sufferers. The 
studies that have been conducted exhibit somewhat 
contradictory results. However, Lee et  al. (2005) did 
find that young Taiwanese boys with TS had a larger 
left hemithalami. Furthermore, the magnetic resonance 
imaging analysis of Miller et  al. (2010) found a 5% 
increase in thalamic volume. They concluded that these 
differences were not due to IQ, other disorders, or other 
treatments (Miller et al., 2010).

There are various treatments that have been shown to 
be successful in helping to alleviate the suffering of people 
with TS. DBS has been promoted as an option for TS suf-
ferers who have been resistant to other forms of treat-
ment Vandewalle et  al., (1999). Some studies conducted 
a double blind randomised cross-over trial testing the 
ability of DBS in TS sufferers. The specific region exam-
ined was the CM–substantia periventricularis–nucleus 
ventro-oralis internus crosspoint in the thalamus. There 
are also other studies that promote the ability of DBS for 
the thalamus to help diminish the occurrence of tics in TS 
sufferers (see Temel et al., 2004; Ackermans et al., 2006; 
Rotsides and Mammis, 2013).

Therefore, although the thalamus is not directly 
responsible for TS, the striatal-thalamic-cortical circuits 
may very well be involved in the disorder. Furthermore, 
it has been shown that DBS of the thalamus can improve 
the occurrences of tics in TS sufferers that are treatment 
resistant. DBS seems to be at least nominally successful in 
treating disorders that involve the thalamus, which adds 
further evidence to the thalamus not only being a passive 
relay but also an active participant (Vandewalle et  al., 
1999). These findings provide an excellent insight into 
exactly how tightly integrated the thalamus is in overall 
brain functionality and how important the thalamus is for 
coordinated and voluntary movement.

Multiple areas: Parkinson’s disease

The clinical diagnosis of Parkinson’s disease involves 
the identification of motor symptoms including rigid-
ity, resting tremor, bradykinesia, and postural instability 
(Gelb et  al., 1999). The cause of these motor symptoms 
is typically explained by the loss of dopaminergic regu-
lation in the basal ganglia (Zaidel et al., 2009). Research 
suggests, however, that abnormalities in the thalamus can 
also cause these motor symptoms. For instance, findings 
indicate that the overall shape of the thalamus is different 

in Parkinson’s disease patients compared to healthy con-
trols (McKeown et al., 2008). That is, there were significant 
shape differences between the left and right thalamus in 
patients with Parkinson’s disease compared to healthy 
controls. Also, tremor-dominant patients with Parkin-
son’s disease exhibit structural changes in the posterior 
region of the ventral cell mass and hypermetabolism of 
the lateral region of the ventral cell mass (Kassubek et al., 
2002). These results suggest a site of nondopaminergic 
degeneration in Parkinson’s disease.

Research also indicates that patients with Parkinson’s 
disease exhibit reduced thalamic volume. For example, 
neuronal loss was found in selected intralaminar nuclei 
in patients with Parkinson’s disease (Henderson et  al., 
2000). This cell loss was greatest in the large centrome-
dian/parafascicular complex and central lateral region 
of the thalamus. There was also a reduced number of 
neurons in the caudal intralaminar nuclei (40–55%) in 
patients with Parkinson’s disease. Additionally, Lewy 
bodies (i.e. abnormal deposits of protein) were found in 
the limbic thalamic nuclei and the caudal intralaminar 
nuclei. Loss of thalamic volume has also been found to 
be associated with freezing of gait in patients with nonde-
mented Parkinson’s disease (Sunwoo et al., 2013).

Other findings indicate a reduction in serotonin trans-
porter in the thalamus in tremor-dominant Parkinson’s 
disease patients (Caretti et al., 2008). Therefore, serotonin 
may play a role in the development of resting tremor in the 
early stages of Parkinson’s disease. This is in agreement 
with studies showing that the thalamus plays a role in 
tremor (Kassubek et al., 2002; Probst-Cousin et al., 2003; 
Weinberger et  al., 2009; Zaidel et  al., 2009; Mure et  al., 
2011; Helmich et al., 2012).

These findings suggest Parkinson’s disease symptoms 
may be caused by abnormalities in the thalamus, rather 
than solely being related to abnormalities in the basal 
ganglia, substantia nigra, brain stem, or limbic or neocor-
tical brain regions. According to Halliday (2009), neuro-
degenerative changes in the motor and midline regions of 
the thalamus influence motor cortical excitability, which 
leads to the observed symptoms of Parkinson’s disease. 
Therefore, besides the basal ganglia, the thalamus may 
have a more central role in the aetiology of Parkinson’s 
disease symptoms because of its impaired ability to relay 
information.

Various existing therapies for Parkinson’s disease 
have targeted the thalamus, including thalamotomy and 
DBS to the thalamus (Speakman, 1963; Tasker et al., 1983; 
Ohye et  al., 2012). These were particularly effective for 
the treatment of tremor. For example, one study found 
that thalamic DBS was very effective at managing resting 
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tremor more so than for akinesia and rigidity (Benabid 
et al., 1996), although not all studies support this conclu-
sion (see Yamada et al., 2014).

Sleep disorders

The thalamus has an important role in sleep production. 
During the early stages of non-rapid eye movement (REM) 
sleep, thalamic GABAergic inhibitory reticular neurons 
(RE neurons, which are in the rostral, lateral, and ventral 
parts of the thalamus) are activated with thalamocortical 
neurons. Hyperpolarisation of the thalamocortical system 
leads to a reduction in synaptic responsiveness and a 
halt to the bidirectional flow of information. Low- and 
high-frequency spindles are created by RE neurons and 
have a role in the activation, maintenance, and advance-
ment of non-REM sleep into later stages (Steriade et  al., 
1993). These spindles are bursts of oscillatory activity 
between the RE neurons and thalamocortical neurons. It 
is necessary that excitatory input to the thalamus from the 
cerebral cortex is suppressed and all stimuli from sensori-
motor inputs must be reduced in order for hyperpolarisa-
tion of the RE neurons to occur.

Abnormalities in the thalamus can lead to problems 
in sleep initiation and maintenance. For instance, prob-
lems with the spindles (e.g. reduced number) can lead to 
problems with non-REM sleep such as delayed sleep onset 
and constant awakenings (De Gennaro and Ferrara, 2003; 
Urakami, 2008). Although unilateral thalamic stroke 
patients show no ipsilateral decrease or absence of sleep 
spindles, patients with thalamic lesions to both hemi-
spheres show a decrease in spindles (Santamaria et  al., 
2000). Findings indicate that paramedian thalamic stroke 
can lead to increased sleep duration, increased sleep frag-
mentation, and decreased spindles (Guilleminault et al., 
1993; Bassetti et al., 1996; Santamaria et al., 2000).

Fatal thalamic insomnia patients exhibit a decrease in 
slow wave sleep, absence of spindles, and abnormal REM 
sleep. This may be due to neuronal loss to the anterior and 
dorsomedial nuclei of the thalamus (Tinuper et al., 1989). 
The disruption of thalamic sleep-generating mechanisms 
may also cause hypersomnia, which consists of exces-
sive sleepiness during the daytime and prolonged sleep 
(Guilleminault et al., 1993; Bassetti et al., 1996).

Korsakoff’s syndrome

Korsakoff’s syndrome is a memory disorder that can 
involve both anterograde and retrograde amnesia 

(Kopelman, 1995). It is typically preceded by Wernicke’s 
encephalography, which is a neuropsychiatric condition 
that is caused by deficits in thiamine (Victor et al., 1989). 
There have been numerous studies and debate concern-
ing the neural systems and pathways that produce the 
memory deficits observed in Korsakoff’s syndrome (for a 
review, see Fama et al., 2012). The thalamus has consist-
ently been identified as a critical brain region for memory 
impairment in patients with Korsakoff’s syndrome (Victor 
et al., 1971).

Neuroimaging and neuropathological studies have 
identified the mediodorsal nucleus of the thalamus (Shi-
mamura et al., 1988; Victor et al., 1989), the parataenial 
nucleus of the thalamus (Mair et  al., 1979; Mayes et  al., 
1988), and nuclei in the midline of the thalamus (Visser 
et al., 1999) as probable neural substrates for anterograde 
amnesia observed in patients with Korsakoff’s syndrome. 
It has been argued that neuronal loss in anterior thalamic 
nuclei explains anterograde amnesia in patients with alco-
holic Korsakoff’s psychosis (Harding et al., 2000). Further-
more, neuroimaging studies have indicated that lesions 
in the mammillo-thalamic tract result in Korsakoff’s syn-
drome (Yoneoka et al., 2004). Findings from psychologists 
and neuroscientists studies suggest that hypometabolism 
in the thalamus is associated with permanent amnesia 
(Aupée et al., 2001; Reed et al., 2003). Lastly, anterograde 
amnesia observed in Korsakoff’s syndrome is associated 
with disruptions in the connections between the thalamus 
and other brain regions such as the hippocampus, mam-
millary bodies, frontal lobes, and medial temporal corti-
ces (Aggleton and Brown, 1999; Savage et al., 2012).

Alzheimer’s disease

Alzheimer’s disease is a neurodegenerative disorder that 
is characterized by gradual cognitive decline. The neu-
ropathology of Alzheimer’s disease consists of atrophy, 
increased presence of neurofibrillary tangles, and amyloid 
plaques (Braak and Braak 1991a). Research has typically 
focused on the hippocampus and the amygdala as brain 
regions that are vulnerable to these pathologies (e.g. de 
Leon et al., 1993; Horinek et al., 2007). Consequently, the 
thalamus has received less attention. Research suggests, 
however, that Alzheimer’s disease also causes abnormali-
ties to the thalamus.

Alzheimer’s disease affects limbic nuclei of the 
thalamus (Braak and Braak 1991b). That is, amyloid and 
neurofibrillary changes develop in the thalamus, which 
may consequently disrupt the transmission of informa-
tion through limbic systems (Braak and Braak 1991b). 
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Neuronal loss occurs in the anterodorsal nucleus and the 
CM of the thalamus (Xuereb et al., 1991). Thalamus volume 
is reduced in patients with Alzheimer’s disease, which has 
been found to be associated with impaired global cogni-
tive performance (de Jong et  al., 2008). Furthermore, 
thalamic atrophy found in Alzheimer’s disease may lead 
to degenerative changes in the hippocampal-thalamic 
network (Zarei et  al., 2010). Examination of the volume 
of the thalamus revealed that atrophy was common in 
this network in early Alzheimer’s disease (Zarei et  al., 
2010). These findings suggest that degenerative decline 
in the thalamus may lead to further cognitive decline in 
Alzheimer’s disease.

Thalamus, an integral component

The common thread throughout this paper has been the 
notion that the thalamus is not only a passive relay but 
that it also has an active influence over multiple sensory 
modalities, as well as control over voluntary coordinated 
action. The above evidence highlights that the thalamus 
is an integral component and acts as both a simple relay 
as well as an active gatekeeper. It is notable how specific 
areas of cognition, perception, and motor control are 
affected by specific points of damage to the thalamus. 
For example, damage to the left paramedian and the left 
tuberothalamic nuclei area can lead to issues with lan-
guage production and comprehension, while damage 
to the parademian region can impact general memory 
and arousal (Schmahmann, 2003). Disorders such as 
Parkinson’s disease and hemiballismus add to the idea 
that the thalamus is actively involved in voluntary and 
involuntary movement. Additionally, the investigation 
of Alzheimer’s disease and TS suggests that the thala-
mus is involved in not only movement but also language 
and memory.

The effects of these neurological disorders have 
shown that the thalamus is a crucial component of the 
brain that contributes to successful cognitive and motor 
functionality. The thalamus is not only a simple ‘relay 
station’, rather it also plays a crucial role in selectively 
filtering information for further processing. This selec-
tive filtering of information means that it has an ‘active’ 
role in determining responses to external stimuli. The 
active involvement of the thalamus in major areas of 
brain functionality highlights how integral the thal-
amus is for language, perception, movement, and 
consciousness.
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