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The thalamus plays a crucial role in higher-order emergent functions of the brain, including working memory,
attention and conscious awareness. How this small subcortical structure supports these crucial capacities remains
poorly understood. In this manuscript, I argue that the connections between the thalamus and the superior
colliculus, along with their topological location within the broader systems-level circuitry of the brain, play a
crucial role in shaping complex, adaptive dynamics. Through these connections, the superior colliculus is pro-
posed to mediate conscious awareness of highly-valued sensory phenomena, and hence, to maximise the adaptive

nature of subsequent actions engaged by the networks of the ventral tier of the thalamus. This perspective leads
to multiple testable predictions that will shape research questions regarding the interactions between distributed
systems supported by unique regions within the thalamus.

1. Introduction

The coordinated activity of billions of neurons in the human brain
gives rise to a wide variety of different experiences and behaviours. A
profound benefit of this organisation is that complex, adaptive behav-
iour can emerge from the massively parallel interactions between neu-
rons in a manner that doesn’t require a central operator (Eisenreich
et al., 2017). As the nervous system expanded in size and complexity,
there was a commensurate explosion in the number of possible ways that
an animal could respond to subtle differences in context. Despite
conferring major advantages (such as heightened adaptability to novel
circumstances), this increase in nervous system complexity (Cisek,
2019) and the complexity of our external terrestrial environment
(Maclver and Finlay, 2022; Mugan and Maclver, 2020) creates an
inherent challenge: oftentimes what an animal needs simply isn’t the
most salient feature of the surrounding environment. For instance, if the
machinery of the cerebral cortex is recruited by a maladaptive source (e.
g., boosting a food signal when an animal is already satiated), an ani-
mals’ behaviour can easily become decoupled from the things that the
organism actually needs. To remedy this issue, a nervous system require
processes for coordinating responses to opportunities as they present
themselves (Redgrave et al., 1999), based on what an organism needs at
a particular moment in time.
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One way to solve this problem is to selectively augment the subset of
neural activity that is of the most acute value to the organism. Without
such a capacity, an organism with multiple options would constantly be
pulled in different (and inevitably, irreconcilable) directions (Redgrave
et al., 1999) — for instance, an animal that was simultaneously both
hungry and afraid would attempt to both exploit a local food source and
flee from a perceived predator in the same instant, creating a schism that
is incompatible with life. So how might the mammalian nervous system
get around this issue? There is ample evidence that the brain contains
numerous mechanisms for non-linearly augmenting the activity and
receptivity of specific subcircuits within the broader system of the brain
(Desimone and Duncan, 1995). One popular argument suggests that the
prefrontal regions of the cerebral cortex subserve these augmenting
capacities (Miller and Cohen, 2001), however subcortical structures (i.
e., those outside the telencephalon) also play prominent roles in driving
behaviour, and also play a prominent role in augmenting specific neural
activity patterns.

A paradigm example of such a subcortical structure is the superior
colliculus (also known as the optic tectum in early vertebrates; Isa et al.,
2021; Thompson et al., 2016). Sitting on the dorsal aspect of the
brainstem, wedged between the thalamus and cerebellum, the superior
colliculus is commonly associated with saccadic eye movements (May,
2006). However, the superior colliculus also maintains strong ascending
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projections that connect the thalamus with the cerebral cortex and basal
ganglia, integrating the structure within the context of global brain ac-
tivity. For these reasons, it has been suggested that the colliculus acts to
integrate sensory, motor and motivational signals into a coherent
consensus that we experience as conscious awareness (Merker, 2007,
2013). Recent experiments in rodents have provided causal evidence
directly linking the connections between the cerebral cortex,
higher-order thalamus, striatum and superior colliculus to conscious
perception (Takahashi et al.,, 2020). Specifically, inhibiting the
descending axonal projections of layer V pyramidal neurons to both the
thalamus and superior colliculus caused distinct impairments in the
conscious perception of normally detectable stimuli. Thus, a key ques-
tion arises: how do these distributed cortico-subcortical circuits work
together in order to shape the contents of conscious awareness?

In this manuscript, I will outline a neuroanatomical circuit that in-
tegrates the superior colliculus, thalamus, basal ganglia and cerebral
cortex in order to mediate complex, adaptive behaviour. Within this
circuit, a critical role is played by the connections between the super-
ficial and deep layers of the superior colliculus and the pulvinar and
mediodorsal nucleus of the thalamus, respectively. The former circuit
offers a natural means for augmenting an informationally-compressed
subset of the neural activity processing visual inputs - i.e., for control-
ling the contents of visual conscious awareness. The latter circuit in-
tegrates value-based signals from the basal ganglia and hypothalamus in
order to ensure that ongoing neural activity is shaped and constrained
by an animal’s motivational state. After reviewing the functional
neuroanatomy of these two systems, I will then summarise key algo-
rithmic features of the colliculo-thalamic circuitry by extending a
previously-proposed attractor landscape framework (Shine, 2020) to
consider the role played by the colliculus in yoking activity to a valued
set of affordances that augment adaptive behaviour. Finally, I argue
that, through their evolving interactions, the key components of these
circuits distributed across the brain are ideally suited for shaping the
contents of an animal’s conscious awareness of the world around them.

2. Interactions between the superficial superior colliculus and
inferior pulvinar

The superior colliculus first emerged in vertebrates around ~550
mya, around the time of the Cambrian explosion (Butler, 1994; Feinberg
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and Mallatt, 2013). While mostly known for its retinotopic organisation
and association with saccadic eye movements (which are driven by
structures in the deep layers of the superior colliculus; May, 2006), the
neurons of the superficial superior colliculus are actually heavily
inter-connected with a number of other structures, including the dorsal
thalamus (Fig. 1), the ventromedial hypothalamus, the periaqueductal
grey, and the zona incerta (Benavidez et al., 2021).

Most critical for the mechanisms described in this manuscript are the
so-called “Wide-Field” cells of the superficial colliculus (Fig. 1; light
blue), which receive a large glutamatergic input from PT-type pyramidal
neurons, primarily from occipital cortex, but also presumably from the
relatively sparse yet widespread projections from temporal, frontal and
parietal cortices that innervate the superficial superior colliculus (Basso
and May, 2017; Collins et al., 2005; Fries, 1984; May, 2006). The
number of PT-type cells that project to the colliculus is far greater than
the number of Wide-field cells, suggesting that these cells likely perform
a dimensionality reduction, similar to the functions mediated by con-
nections between the cerebral cortex and the striatum (Bar-Gad et al.,
2003). Rather than projecting into the brainstem (like the much-studied
neurons in the deep layers of the superior colliculus), the glutamatergic
projections of Wide-Field cells instead ascend back into the brain where
they form dense clusters that engulf the dendrites of glutamatergic
neurons in the inferior section of the pulvinar nuclei in the posterior
thalamus (Baizer et al., 1993; Basso and May, 2017; Gale and Murphy,
2018; Gharaei et al., 2020; Zhou et al., 2017). Investigations in primate
thalamus suggest that these projections contact regions of the pulvinar
that are distinct from those that receive the typical “driver-like” inputs
from layer V PT-type pyramidal neurons in the occipital and temporal
cortices (Rovo et al., 2012). This raises an interesting question: what are
the characteristics of the ascending connections between the tector-
ecipient pulvinar and the cerebral cortex?

Projections from the thalamus to the cerebral cortex exist along a
continuum that is blended in different proportions within individual
nuclei across the thalamus. At one end are parvalbumin-staining “core”
cells that project in a targeted fashion to granular layers of the cerebral
cortex (Jones, 2001; Miinkle et al., 2000; Shine, 2020), wherein they
innervate both pyramidal cells and fast-spiking interneurons and pro-
mote high-frequency spiking activity (Jones, 2001). At the other end are
calbindin-enriched “matrix” cells that project more diffusely to supra-
granular regions of the cerebral cortex that cross regional boundaries
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Fig. 1. A posterior cortico-subcortico-cortical circuit. Left — a coronal slice through a typical adult human brain, with a rough circuit diagram connecting layer V PT-
type pyramidal neurons (purple) in the cerebral cortex (grey) with the superior colliculus (light blue) and the pulvinar (pink), which then projects back diffusely to
the cerebral cortex. Right — a more refined diagram highlighting the key inputs and outputs of the different cells in the circuit: retinal inputs contact Narrow Field
cells (lilac) and layer V PT-type neurons in the occipital cortex (purple) contact Wide Field cells (light blue) in the superficial (‘visuo-sensory’) superior colliculus,
both of which then send projections to the deep (‘motor’) layers of the superior colliculus (Doubell et al., 2003; Huerta and Harting, 1984; May, 2006; Mooney et al.,
1988) where they potentially innervate motor cells (brown) that in turn travel via the medial longitudinal fasciculus (MLF) to control the movements of the eye. The
Narrow Field, Wide Field and Motor cells then project to the lateral geniculate (LGn), Mediodorsal (MDn) and Pulvinar nuclei of the thalamus, which in turn
innervate the occipital, frontal and occipito-temporo-parietal (OTP) regions of the cerebral cortex.
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(Jones, 2001; Miinkle et al., 2000; Shine, 2020), and also to subcortical
structures, such as the striatum and amygdala (Clasca et al., 2012).
Interestingly, the pulvinar is known to contain cells that demonstrate
connectivity profiles at both of these extremes (Batini et al., 1991;
Gutierrez et al., 1995, 2000), as well as intermediate patterns that
display both core- and matrix-like features (Clasca et al., 2012).
Crucially, the tectorecipient pulvinar neurons display features suggest-
ing of matrix-type nuclei, particularly in the inferior pulvinar regions
that receive dense input from the colliculus (Zhou et al., 2017). This
implies that any signals reaching the pulvinar are ultimately distributed
to both subcortical structures, such as the striatum and amygdala
(Day-Brown et al., 2010), and the cerebral cortex in a realtively diffuse
fashion (Clasca et al., 2012; Harris et al., 2019; Jones, 2001; Roth et al.,
2016). Through its dense connections with the occipital cortex (Basso
and May, 2017; May, 2006; Shipp, 2003; Zhou et al., 2017, 2018), the
inferior pulvinar nuclei are ideally placed to that re-expand the
dimensionality of the thalamic signal (Luo, 2021), and also to coordinate
interactions amongst pyramidal neurons in the posterior cerebral cortex
(Fiebelkorn and Kastner, 2019; Kastner et al., 2020; Phillips et al., 2021;
Saalmann et al., 2012; Sherman and Guillery, 2002). This in turn can
help expediate the interactions that facilitate both predictive processing
and pattern matching (Kanai et al., 2015; van Vugt et al., 2018). Evi-
dence from primates suggests that pulvinar nuclei are also under the
inhibitory control of the reticular nuclei and either the anterior pretectal
nuclei or the zona incerta (Halassa and Acsady, 2016; Imura, 2007),
which suggests that the patterns that ultimately return to the cerebral
cortex are likely further modulated by the intrinsic circuitry of the
diencephalon.

In addition to strong connections with the occipital cortex, recent
anatomical tracing studies in rodents show that the inferior pulvinar is
interconnected with regions in both the parietal and temporal lobes
(Bennett et al., 2019; Phillips et al., 2019). Visual processes that recruit
the temporal lobe are often classified as belonging to the ‘what’
pathway, as they are involved in classifying different objects and con-
texts. In contrast, neurons in the parietal lobe are variably described as
belonging to the ‘where’ (Corbetta and Shulman, 2002) or ‘when’
(Battelli et al., 2007) pathway, in that they are more typically associated
with increased firing based on the location of items, as the sequence in
which items are presented, respectively. Within gradient-based frame-
works (Margulies and Smallwood, 2017; Mesulam, 1998), these cortical
regions are typically classified as heteromodal, in that they lie at the
intersection between multiple different modalities: the parietal lobe lies
at the intersection between visual and sensorimotor inputs (to occipital
and post-central cortices, respectively), whereas the temporal lobe in-
tegrates auditory and visual input streams, with strong connections to
structures important for declarative memory, such as the entorhinal
cortex and hippocampus (Buzsaki, 2015). Together, these posterior
cortical circuits are thought to be responsible for defining opportunities
for action, which are also known as ‘affordances’ (Greeno, 1994; Pezzulo
and Cisek, 2016). Thus, the superficial superior colliculus is ideally
placed to broadcast a compressed signal to multiple regions of the
subcortex and posterior cerebral cortex. In the next section, I suggest
potential algorithmic benefits of this particular neuronal implementa-
tion scheme.

3. The putative algorithmic signature of the cortico-colliculo-
pulvinar circuit

The pulvinar is interconnected with a wide range of both cortical and
subcortical structures (Kanai et al., 2015; Shipp, 2003; Zhou et al.,
2017), and is known to act as hub regions (Bell and Shine, 2016),
particularly within the connections associated with the posterior regions
of the cerebral cortex. Indeed, there is empirical evidence in macaque
monkeys to suggest that the axonal projections of the pulvinar coordi-
nate coupling between distributed regions across the cerebral cortex
during the performance of attentionally-demanding tasks (Saalmann
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et al., 2012). These empirical results lend support to the hypothesis that
broad features of cognition and attention depend crucially on the thal-
amus (Fiebelkorn and Kastner, 2019; Gottlieb, 2007; Halassa and Kast-
ner, 2017), although there is consternation regarding precisely how this
support manifests at the macroscopic scale of neuronal recordings. For
instance, some researchers focus on the role of the pulvinar in mediating
oscillatory ‘coupling’ between otherwise disconnected regions of the
cortex, whereas others have argued for mechanisms that mediate
cortical change through the alteration of neural gain (Bourgeois et al.,
2020; Chou et al., 2020; de Souza et al., 2020; Phillips et al., 2021;
Purushothaman et al., 2012; Zhou et al., 2016) — note that these
mechanisms are not mutually exclusive. Irrespective of these details, the
many synaptic steps between sensory inputs and parietotemporal cortex
afford the system the opportunity to adaptively (Verbeke and Verguts,
2022) amplify the gain of specific combinations of input features (Sali-
nas and Sejnowski, 2001). In this way, the pulvinar and parietotemporal
cortices are well-suited to pragmatically “represent” (Pezzulo and Cisek,
2016) opportunities for action (i.e., Gibsonian affordances; Clark, 1999).

Neuroanatomically, the diffuse ascending connections of the inferior
pulvinar typically innervate both deep and superficial layers of the ce-
rebral cortex (Zhou et al., 2016), which is consistent with the known
projection topologies of matrix-like thalamic nuclei (Clasca et al., 2012;
Jones, 2001). This unique projection pattern provides the thalamic cells
with the capacity to distribute activity across multiple regions in a
manner that likely expands the dimensionality of the thalamic signal
(Luo, 2021), while also facilitating patterns of burst-firing in the main
output cell of the cerebral cortex — namely, thick-tufted PT-type pyra-
midal neurons (Harris and Shepherd, 2015). The functional importance
of these cells is revealed by a unique feature of their anatomy: their cell
bodies are grounded in the deep layers of the cortex, where they remain
electrically isolated from their branching apical dendrites, which extend
into the more superficial layers where they receive inputs from matrix
thalamus (Moore et al., 2019; Rockland, 2019) and descending cortical
inputs (Larkum, 2013). Layer V PT-type cells fire relatively sparsely
while an animal is awake, driven by volleys of action potentials that
arise from the core thalamus and lower layers of the cerebral cortex
(Larkum, 2013). However, when relatively coincident inputs (i.e.,
within ~20msec of one another) contact both the basal (near the cell
body) and apical dendrites (e.g., from higher regions of cortex (Harris
and Shepherd, 2015), or via matrix thalamic inputs (Shepherd and
Yamawaki, 2021)), these cells can transition into a powerful burst-firing
mode (Larkum, 2013; Larkum et al., 1999). Recent empirical work has
linked this mode with different states of consciousness (Aru et al., 2020;
Suzuki and Larkum, 2020) and also with the contents of perceptual
awareness (Takahashi et al., 2020). However the same studies also made
a striking observation — if the subcortical projections of these cells to the
higher-order thalamus and superior colliculus were blocked (via
DREADDS-mediated inhibition), animals behaved as if they did not
consciously perceive the whisker stimulation at all (Takahashi et al.,
2020). In other words — the subcortical projections of layer V pyramidal
neurons play a causal role in shaping conscious experience, although it
bears mention that this role may simply relate to the fact that the
subcortical regions in question merely afford the emergence of specific
firing modes in their down-stream cortical targets. Either way, these
results thus highlight a cortical mechanism for conscious awareness of
whisker perturbations, but also demonstrate that this circuit depends
critically on the interactions between the cortex, thalamus and superior
colliculus.

Based on these empirical results (Takahashi et al., 2020) and the
unique connectivity of the posterior circuitry, I propose that the con-
nections between the superior colliculus, inferior pulvinar and posterior
cerebral cortex fulfil a similar role for visual stimuli. Specifically, I
propose that the pulvinar and colliculi act to filter ongoing cortical ac-
tivity based on the environmental affordances available to an organism,
such that the subset of cortical neurons firing in a particular temporal
window amplifies specific features of the ongoing brain state in a way
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that is causally related to our perceptual experience. Previous work has
hypothesised that burst-firing in layer V PT-type pyramidal neurons
forms the basis of our conscious experience (Aru et al., 2019, 2020;
Suzuki and Larkum, 2020; Takahashi et al., 2020). Within this frame-
work, perceptual awareness can be conceptualised as the subset of
bursting layer V PT-type pyramidal neurons (interconnected with the
appropriate thalamo-collicular circuit; Takahashi et al., 2020) whose
high-frequency activity patterns cause them to “pop out” from the
ongoing firing activity of the rest of the brain. By becoming highly active
within a particular window of time, this subset of neural activity is also
in a privileged position to influence whichever activity pattern comes
next in the sequence. In this way, the concept is highly reminiscent of the
notion of “fame in the brain” (Dennett, 2001) or “pandemonium”
(Selfridge, 1998), in which a unified, serial process (i.e., connections
between LVpy, SC and pulvinar) can be simultaneously supported
alongside parallel processes (i.e., regular spiking in LVpr and other
cortical neurons), without the need for an external controller. In other
words, the system can boost a particular subset of activity, while
remaining susceptible to stimuli outside of conscious awareness in a
manner that is reminiscent of the notion of quasi-criticality (Miiller
et al., 2020). Here, I extend these concepts to suggest a critical role for
the sSC and inferior pulvinar in this process — namely, to shape the
contents of conscious experience so that they are internally consistent
(Fig. 2).

A key feature of the connections between the cerebral cortex, colli-
culus and pulvinar is that a large number of neurons in the cerebral
cortex project to a smaller group of neurons in the superficial colliculus
(Basso and May, 2017) — implying dimensionality reduction (Luo, 2021)
— whereas the axons of pulvinar nuclei regularly branch out to contact
multiple areas of the cerebral cortex (Clasca et al., 2012) — implying
dimensionality expansion (Luo, 2021). Interestingly, similar patterns of
dimensionality collapse and expansion are regularly employed within
self-organising neuronal networks, such as the classical “neo-cognitron”
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model (Fukushima, 1980) or in more modern auto-encoder networks
(Bank et al., 2021). In such networks, the reduction and expansion of
nodes is thought to imbue neural networks with the ability to efficiently
and automatically detect the most salient features in a given display,
without the need for supervision (Schmidhuber, 2015), and in such a
way that the network is forced to learn a compressed version of the input
data. Through this unique filter, the cortico-collicular circuit would have
the effect of promoting generalisation (only low-dimensional patterns
can be propagated; Beiran et al., 2021) and selection (which would be
further augmented by the divisive normalisation mechanisms mediated
by the diffuse GABAergic projections of the reticular nucleus; John et al.,
2018). By sifting ongoing cortical activity through a
dimensionality-manipulating filter, colliculo-pulvinar circuits (Pad-
mala, 2010; Wang et al., 2020; Wilke et al., 2009) are able to shape burst
firing in layer V pyramidal neurons in the cerebral cortex, such that
particular circuits become associated with the contents of conscious
experience, as has been shown in mice (Takahashi et al., 2020).
Algorithmically, the circuit created by the colliculus, thalamus and
cerebral cortex is reminiscent of a concept known as coherent infor-
mation maximisation (Kay and Phillips, 2011), which occurs when the
outputs of a system maximises the synergistic information between a set
of inputs and a set of contextual modulators. In previous work (Phillips
et al., 2018), it was argued that the logic of coherent information
maximisation maps clearly onto the non-linear anatomical architecture
of layer V PT-type pyramidal neurons - these neurons can be said to be
maximising their information processing content when the synergy be-
tween an incoming signal (to basal dendrites) and the context (to apical
dendrites) is high (i.e., there is no redundant information; Wibral et al.,
2017). Extending this concept to incorporate the subcortex, I argue that
the addition of a colliculo-pulvinar sub-circuit would act to boost both
local (i.e., PT-type pyramidal neuron) and global (i.e.,
cortico-subcortical) coherent information (Fig. 2), such that any stim-
ulus received by the visual system is processed in such a way that

Fig. 2. The superficial superior colliculus con-
nects with the pulvinar to augment coherent
information. Following the reception of visual
input from retina (via the LGN and primary
visual cortex; V1), the wide-field cells of the
superficial superior colliculus (sSCyr) project to
the inferior pulvinar (Puly,), which then send
diffuse connections to deep and superficial
layers of visual cortex, as well as projections to
other regions (Clasca et al., 2012). Pyramidal
neurons with apical dendrites in V1 project
back to both the pulvinar and sSC, completing a
cortico-subcortical circuit that is proposed to
augment the coherent information at the
systems-level.
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maximises the synergy between the inputs and the perceptual context in
which it is perceived. There is compelling evidence to support the notion
that interactions between higher-order and lower-order visual regions of
the cerebral cortex are involved in this process (Lamme, 2006; van Vugt
et al., 2018) - the algorithmic features of the colliculo-thalamic circuit
will undoubtedly augment this capacity by collapsing the dimension-
ality of the information processed by the posterior cortex, effectively
ensuring that the maximal amount of synergy is created between the
inputs received and the potential categories that can be used to match
the stimulus.

A key challenge that might be levied at this account is that conscious
awareness clearly extends to features outside of our visual experience.
To clarify, I am not arguing that the colliculo-pulvinar bottleneck out-
lined above is responsible for consciousness per se, but rather that the
colliculo-pulvinar circuitry is ideally placed (topologically) to facilitate
an adaptive signal boost in the cortical circuits connected to inputs from
the retina — that is, the circuit is simply an effective means for winning
the evolving battle for “fame” in the visual brain. Perhaps a somewhat
counterintuitive implication that arises from this framework is that,
during visual processing, even the retina is involved in the conscious
experience of a particular visual image. Importantly, there’s no a priori
reason that other circuits can’t be involved in the most famous coalition
— some circuits are just more well-suited to winning the battle for
conscious access. Along these lines, I predict that other structures with
similar topological properties to the colliculo-pulvinar circuit will also
mediate the conscious perception of which information streams the
circuits process. For instance, the basal ganglia is well known to follow a
similar dimensionality reduction/expansion motif (Bar-Gad et al., 2003;
Wilson, 2013), as are the connections between the cerebral cortex and
matrix thalamic nuclei (Jones, 2001; Shine, 2020). It is also entirely
possible that some of these circuits may not ultimately arise to level of
conscious awareness, nor outcompete other salient sensorimotor affor-
dances that might happen to co-occur with a salient visual input, or that
pathology may induce states, such as aphantasia (Keogh and Pearson,
2018) or blind-sight (Kinoshita et al., 2019), in which subjects can act on
information without necessarily having a perceptual experience.

Along these lines, there are multiple distinct neural mechanisms that
can ultimately lead to the augmentation of a ‘famous’ coalition of active
regions in the brain. Based on their discovery through psychological and
cognitive neuroscience tasks, many of these mechanisms have distinct
names that don’t necessarily capture the crucial similarities (and dis-
similarities) regarding their neural implementation (Buzsaki, 2020;
Hommel et al., 2019). For instance, rather than selectively boosting a
particular signal, it is also possible to cause a set of neurons to stand out
from the background activity by silencing firing in the broader popu-
lation — a process known as divisive normalisation (Reynolds and
Heeger, 2009). Although there are numerous mechanisms for this effect
in the brain, one prominent process is enacted by the loop created be-
tween CT-type pyramidal neurons, the core nuclei of the thalamus and
the GABAergic reticular nucleus (John et al., 2018). The prominent
overlap between the neurons in this circuit and the layer V pyramidal
neuron mechanism described in this paper offers a parsimonious
explanation for the observation that focussed attention and conscious
awareness can be made to dissociate under specific experimental con-
ditions (Koch and Tsuchiya, 2007). From the perspective outlined here,
focussed attention likely arises from a divisive normalisation process
enacted by the loop created between CT-type pyramidal neurons, core
nuclei of the thalamus and the GABAergic reticular nucleus (John et al.,
2018). In contrast, conscious awareness is proposed to arise from a se-
lective gain enhancement imbued by cortico-colliculo-thalamo-cortical
loops (Takahashi et al., 2020). The anatomical overlap of these two
mechanisms helps to explain why they are often considered synony-
mous. For instance, the processes that win an attentional battle are
overwhelmingly likely to enter into conscious awareness (Cohen et al.,
2012), however many highly adaptive behaviours don’'t require
conscious awareness in order to confer adaptive benefit (Shea and Frith,
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2016). This perspective also helps to explain important experimental
results, such as the fact that reversible lesions of the superior colliculus
impair awareness while leaving cortical activity patterns intact (Krauzlis
et al., 2013), as well as the well-known blind-sight syndrome (Phillips,
2021), in which individuals with occipital cortex lesions can still
respond to visual inputs (likely via colliculo-pulvinar pathways; Isa and
Yoshida, 2021; Kinoshita et al., 2019) and for whom full site can be
restored by disinhibiting the colliculus (the so-called ‘Sprague’ effect;
Merker, 2007), at least in animal models of the disorder.

4. The deep superior colliculus and the shaping of adaptive
network dynamics

While the capacity to augment the activity of neurons in the cerebral
cortex according to their internal consistency clearly has adaptive ben-
efits, the computational elegance of this circuit comes with a price —
namely, that the system will naturally identify the most salient aspects of
an input stream (Itti and Koch, 2000), irrespective of whether they are
relevant to the organism. In many instances, the needs of an organism
are not directly reflected in the properties of the natural world - pred-
ators (and prey) are experts at camouflage (Stevens and Merilaita,
2011), and food isn’t always present precisely when you are hungry.
Others have described this as the difference between a salience map
(Fecteau and Munoz, 2006; Itti and Koch, 2000) — what is present in the
world - and a priority map (Bourgeois et al., 2020) — what an animal
wants at a particular time. Unfortunately, what you need isn’t always
what is available to you - in other words, salience maps don’t always
coincide with priority maps (Bourgeois et al., 2020; Redgrave et al.,
1999). Recent evidence suggests a critical role for the SC in mediating
between priority and salience maps during the processing of natural
scenes (White et al., 2017).

Fortunately, natural selection has imbued the colliculo-thalamic
circuit with an elegant solution to this problem. As described elegantly
by Merker (2007), the superior colliculus is heavily interconnected with
a number of neural valuation systems whose activity is well-known to
reflect the motivational- or goal-state of the organism. For instance,
there is evidence that the deep layers of the superior colliculus integrate
inputs from the ventromedial hypothalamus (Benavidez et al., 2021)
and the periaqueductal grey (Benavidez et al., 2021), which are both
prominently involved in the mediation of brain states as a function of
organismal needs and energy balance (Williams et al., 2001). Impor-
tantly, the influence that an animals’ motivational state has over the
colliculus does not occur directly via the superficial colliculo-pulvinar
circuits described above, but rather through changing other systems in
the brain, such as producing saccadic eye movements to new, informa-
tive locations in the surrounding environment (Foley et al., 2017; Fris-
ton et al., 2012), or by boosting the gain of frontal cortical regions
through the engagement of the mediodorsal thalamic nucleus (Basso and
May, 2017; Fine and Hayden, 2022; Mitchell, 2015) that ultimately bias
ongoing information processing in critical ways.

To mediate these adaptive capacities, the colliculus, pulvinar and
cerebral cortex are all strongly interconnected with another set of key
subcortical structures that tracks changes in motivation and value: the
basal ganglia. The superficial SC sends glutamatergic projections to the
subthalamic nucleus (Coizet et al., 2009) and both the dopaminergic
pars compacta and GABAergic pars reticularis subregions within the
substantia nigra (McHaffie et al., 2005). In addition, the matrix thalamic
nuclei in the inferior pulvinar that are the targets of superficial SC inputs
(Benavidez et al., 2021; Day-Brown et al., 2010, p.; Redgrave, 2010) also
project strongly to the striatum (Smith et al., 2004, 2014), wherein they
contact both spiny projection neurons (Smith et al., 2004) and
tonically-active cholinergic interneurons (Galvan and Smith, 2011), as
well as cortical projections that target the striatum (Zhou et al., 2018),
suggesting an important role for these posterior circuits in engaging the
basal ganglia. Furthermore, there is evidence that the colliculus is
interconnected with the amygdala (Wei et al., 2015; Zhou et al., 2018),
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which is thought to involve a circuit very similar to a corticostriatal
loop, albeit with GABAergic control over the hypothalamus and brain-
stem (John et al., 2016; Puelles and Rubenstein, 2015). Through these
interactions, value signals can be conveyed to the colliculus (Hikosaka
and Isoda, 2010), however their influence is better suited for shaping
saccadic eye movements and ascending projections to the frontal
cortices (via the mediodorsal thalamic nucleus; Mitchell, 2015) than for
shaping processing in the posterior cortices (Basso and May, 2017).
The topology of the thalamic projections of the deep layers of the SC
is distinct from those in the superficial layers. Rather than targeting
matrix nuclei within the pulvinar (as is the case with sSC), glutamatergic
projections from the dSC instead innervate core-like nuclei in the
mediodorsal nucleus (MDn), which in turn project to the frontal eye
fields in the frontal cortex (which, in turn, re-innervate the dSC; Mat-
sumoto et al., 2018). Importantly, the MDn receives inputs from mul-
tiple different subcortical regions — the basal ganglia, cerebellum and
dSC - that each contact different subnuclei within the MDn (magno-
cellular/densocellular, parvocellular and pars multiforms, respectively;
Mitchell, 2015; Prevosto and Sommer, 2013; Sommer, 2003; Fig. 3).
Importantly, each of these sub-nuclei is densely interconnected with
pyramidal neurons in different regions of the frontal cortex. The mag-
nocellular nuclei, which receive GABAergic inhibitory innervation from
the basal ganglia (Mitchell, 2015; Sommer, 2003) and central amygdala
(Mitchell, 2015; Mitchell and Chakraborty, 2013) innervate supra-
granular layers of orbitofrontal and rostral cingulate regions, where they
make contact with the apical dendrites of deep pyramidal neurons and
VIP+ interneurons (Anastasiades et al., 2021), which have been asso-
ciated with volitional control in rodent sensory cortex (Yu et al., 2019).
The cerebellum innervates parvocellular MDpc, which then projects to
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middle layers of granular dorsolateral prefrontal cortex (Houk and Wise,
1995; Preuss and Wise, 2022), wherein it transmits anticipatory signals
associated with the corollary discharges of previously-active layer V
PT-type pyramidal neurons (Montgomery and Perks, 2019; Prevosto and
Sommer, 2013; Shine, 2020). Finally, the small pars multiforms region in
MDn receives corollary discharges from dSC (Sommer and Wurtz, 2002,
2006) and projects to the frontal and parietal eye fields in order to
prepare the cortex for the effects of saccadic eye movements.

The deep layers of the superior colliculus are also linked to motor-
based structures that help to augment adaptive behaviour (Basso and
May, 2017). The most prominent such circuit controls visual saccades,
which are rapid, jerky movements that align the fovea with the most
informative aspect of an external display. It’s long been known that
neurons with their cell bodies in the deep structures of the superior
colliculus descend via the medial longitudinal fasciculus (MLF; Fig. 1) to
innervate the cranial nerves (III, IV and VI) that then control the
contraction and relaxation of the extra-ocular muscles, thus moving the
eye. By yoking this system to the posterior circuits of the pulvinar and
superficial colliculus, the occulomotor system is ideally placed to create
rapid saccadic movements to the locations of highest potential infor-
mation content (Foley et al., 2017; Friston et al., 2012). Interestingly,
our perceptual awareness of visual movement is typically absent during
saccadic eye movements — a phenomenon known as saccadic suppres-
sion (Krekelberg, 2010; Ross et al., 2001). Though there are likely other
neural circuits involved (Idrees et al., 2020), there are a number of
features of the internal circuitry of the superior colliculus that could also
support saccadic suppression. Specifically, every time the eyes saccade
following the activity of deep layers of the superior colliculus, local
GABAergic circuits are recruited that ascend back to the superficial
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Fig. 3. Adaptive paths through mediodorsal
nucleus. Different subregions within the medi-
odorsal nucleus of the thalamus (MDn) receive
inputs from distinct subcortical circuits: the pars
multiforms (MDy,f) nucleus receives gluta-
matergic drive from the deep layers of the su-
perior colliculus (dSC, brown), which then
project to the frontal eye fields (FEF), where
they convey corollary discharge information
regarding saccadic eye movements (light blue);
the parvocellular (MD,.) nucleus receives glu-
tamatergic drive from the deep cerebellar
nuclei (DCN, blue) and projects to granular
prefrontal cortex (DLPFC) where it drives
feedforward activity and relatively automatic
responses; and the magnocellular (MDy,.) nu-
cleus receives GABAergic inputs from the
globus pallidus (green) and projects to ventro-
medial prefrontal cortex (vmPFC) and anterior
cingulate cortex (ACC), where it controls
deliberate actions. In the presence of a change
in brain state (hypothalamus, orange) and other
changes in neuromodulatory tone (not shown),
these circuits can differentially impact how an
animal responds to the opportunities for action
(i.e., affordances) present in the environment.
Note that there are numerous inputs from the
cerebral cortex to the MD thalamus that are not
represented in this figure for sake of visual
clarity.
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layers of the colliculus, wherein they inhibit the projections of wide-field
cells to the inferior pulvinar (Basso and May, 2017; Isa et al., 2021). This
mechanism has clear adaptive benefits (e.g., noisy inputs are inhibited
while shifting the target of your vision), and has also been shown to arise
as a side-effect of efficient sensorimotor processing (Crevecoeur and
Kording, 2017).

5. Interactions between the colliculus and thalamus shape
adaptive behaviour

The implications for this separation of salience augmentation and
motivational signalling is important for promoting adaptive behaviour.
By ensuring that neural activity reflecting the most motivationally
salient subset of options available to an animal obtains a privileged
position in the functional neural hierarchy, animals are essentially
reducing the amount of evidence required to enact a particular decision.
Consider how different a buffet looks to someone who is hungry
compared to someone who has recently eaten: in the former case, the
sights and smells associated with food seem to flood our conscious
experience, whereas in the latter (particularly if one has over-indulged),
the mere sight of food can trigger a bout of dyspepsia. In other words, the
information that ‘shows up’ to an animal out of the background of
sensory bombardment that it faces on a moment-to-moment basis is not
the many different affordances (Pezzulo and Cisek, 2016) present in the
environment per se (they of course define the ways in which an animal
can interact with an object in the environment (Greeno, 1994)), but how
the affordances are valued, based on the animals current motivational
state.

Fig. 4 offers a simple example of this capacity in action. At baseline,
the brain will likely process the most salient feature of an external scene
(e.g., a loud football game on the screen). However, if one becomes
hungry (blue) or thirsty (orange-red), the change in state can be
communicated by the hypothalamus to the superior colliculus, which
can then shift the focus of the eyes to the valued stimulus, or facilitate
frontally-mediated brain states that coordinate potential options for
navigating towards the valued items. Once the stimuli are within the
scope of the visual system, the colliculus can bias the signals in the
pulvinar that mediate activity in the parietal and temporal cortices, such
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that the less salient features of the world can be augmented and hence,
reach conscious awareness. Similarly, if one thinks of an idea relating to
an ongoing project (light orange), the need to jot down the thought can
bias the system to notice a pen and paper that were otherwise ignored on
the table in front of you. In this way, the colliculo-pulvinar-cortical
circuit is proposed to boost the salience of visual patterns as a func-
tion of need, such that actions can be taken on the features in the world
that the animal prioritises, and not simply those that are the most
salient. Importantly, this capacity is not necessarily unique to the su-
perior colliculus — other circuits identified as important for promoting
conscious awareness also have connections with regions that convey
valuation signals. In addition, the olfactory cortex maintains close direct
connections with the hypothalamus (Gascuel et al., 2012), which may
explain why we are still conscious of smells and tastes despite the lack of
connections between the olfactory cortex and primary thalamic relays
(Courtiol and Wilson, 2015).

6. Adaptively navigating the affordance landscape

The complexity and massive dimensionality of the neural in-
teractions within the brain can make it challenging to conceptualise the
consequences of specific topological features of the nervous system,
each of which interact with (and hence, constrain) one another. In
previous work (Shine, 2020), I argued that a beneficial means for con-
ceptualising the inherently dynamic and distributed patterns that
characterise adaptive brain activity is to consider the systems’ flow on a
dynamically evolving attractor landscape (Fig. 5). Attractors represent
idealised states towards which the evolving activity of the brain flows
over time - as if the brain state was a ball rolling over a hilly landscape,
pulled only by the force of gravity (Miiller et al., 2021; Rabinovich et al.,
2008). The topography of the landscape defines the rules that govern
how the state of the brain changes over time: imagine a collection of
balls (representing, say, distinct layer V PT-type cortical pyramidal
neurons) that roll into valleys (i.e., attractors that might represent
appetitive affordances), but are blocked by ridges (i.e., aversive affor-
dances). The natural flow of the balls around the landscape thus offers
an intuitive means for conceptualising the emergent systems-level ac-
tivity of the brain (Shine, 2020), but crucially also links directly to the
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Fig. 4. A putative mechanism for collicular-pulvinar-mediated signal amplification. Imagine a crowded sports bar, in which different items have more (or less)
salience (top right) — the most salient images in the scene (e.g., the football game on the screen; green) may not align with an individuals’ evolving needs, however
they need not value the game (strange as it may seem) for it to enter their awareness. If they are hungry (blue) or thirsty (dark orange), then connections from the
medial hypothalamus can act to amplify the cortico-collicular patterns, indirectly via the deep superior colliculus [dSC] to magnocellular mediodorsal nucleus
[MDmc] pathways that amplify neurons in the frontal cortex. Through intra-cortical connections to the parietal cortex, these patterns can boost the patterns that
pragmatically “represent” how the signals associated with either food (blue) or drinks (dark orange). Alternatively, if a more abstract goal emerges (e.g., the need to
write down an exciting idea; caramel), then a separate circuit might drive the frontal cortex, and in turn prime the parietal lobe to boost the signals associated with
writing implements. Once the amplification has taken place, the cortical patterns responsible for acting on the opportunities that are present (i.e., the valued
affordances) can be enacted, leading to actions that will accomplish the specific goal. Key: sSCyr — narrow field cells of superficial superior colliculus; sSCyr — wide
field cells of superficial superior colliculus; Puly,s — inferior pulvinar; LGN — lateral geniculate nucleus; Hyp — hypothalamus.
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Fig. 5. How the superior colliculus alters the topography of the attractor
landscape. Distributed neural activity can be conceptualised as a ball rolling
along a hilly landscape. Here, I demonstrate the hypothesised impact of the
superior colliculus and its thalamic connections on the topography of the
landscape. Imagine a brain at rest, with the intrinsic dynamics of posterior
cortical pyramidal cells confined to attractor B (top panel). Following a visual
input with stronger salience for A (orange) then C (blue), the visual inputs to
the superficial superior colliculus (sSC; light blue) will drive matrix thalamic
cells in the inferior pulvinar (Puly,; pink), which then augment the depth of the
attractor representing object A (left). If the animal prefers C to A, then a
valuation signal will contact the deep superior colliculus (dSC; dark blue),
which will then, via the multiforms subdivision of the mediodorsal nucleus
(MDy,), recruit the frontal eye fields (FEF) in the cerebral cortex to shift the
focus of the sSC (i.e., to option C). In this way, the dSC can only indirectly
change the depth of the attractor for option C (dotted blue line).

mathematical principles used to model the spatiotemporal dynamics of
neuronal populations (Rabinovich et al., 2008; Shine, 2020).

Different connectivity patterns can have distinct effects on the
topography of the attractor landscape. In previous work, different
subcortical organisational wiring rules were argued to suggest novel
ways in which the attractor landscape could change over time: the high-
dimensional, anticipatory nature of the cerebellar circuitry should
naturally create grooves in the attractor landscape that can be followed
without conscious access; whereas the low-dimensional circuitry of the
basal ganglia should instead force the system into a serial-processing
mode, albeit with some constrained variability induced by the rela-
tively diffuse supragranular projections of the matrix thalamic nuclei
(Shine, 2020). Similarly, the presence (or absence) of different neuro-
modulatory neurotransmitters has been argued to alter the shape of the
attractor landscape, making it more easy (or difficult) to transition into
new states over time (Munn et al., 2021). Based on the connectivity
profiles highlighted in this manuscript, what kinds of processing regimes
might the connections between the superior colliculus and the thalamus
impose on the dynamic evolution of the attractor landscape?

Rather than changing the shape of the attractor landscape, the evi-
dence reviewed here suggests that the crucial role employed by the
colliculus, pulvinar and posterior cerebral cortex (and hence, visual
conscious awareness) is to ensure that an animal’s behaviour is highly
adaptive, from moment-to-moment, across all manner of contexts. That
is, that the ball rolls around the attractor landscape in a coherent way
that is shaped and constrained by the potential available options (i.e.,
affordances) that also matter to the animal (i.e., have inherent value,
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given the current state of the system) (Fig. 5). Without such a circuit,
behaviour would likely be more divergent (e.g., an animal could attempt
to eat and sleep at the same time, raising the risk of choking) and less
context-specific (e.g., an animal may run towards a predator, rather than
away from them) - i.e., far less adaptive. In addition, without a tecto-
thalamic system, there is also a greater chance for actions to be driven by
basic features of the visual input that are highly salient (e.g., the most
obvious feature of a scene), rather than by the opportunity that best
aligns with the inherent priorities required by the animal (e.g., identi-
fying and augmenting the faint smell of food when hungry). There are of
course likely to be many features of developed nervous systems that help
to achieve these capacities, however the argument here is that the circuit
connecting the colliculus, pulvinar and posterior cerebral cortex in the
mammalian brain is particularly well-suited for such a task.

The computational features of the different circuits in Fig. 5 are
argued to all work synergistically in order to provide actions that are fit
to an animals’ current evolving needs. In other words, the distributed
circuits in the brain all work in tandem to shape adaptive behaviour. For
instance, if an animal becomes hungry, assuming activity in the vmPFC
signals that its sensible to forage for food (Daw et al., 2006), hypotha-
lamic signals can begin to prime activity in the dSC (Fig. 5, brown),
which in turn can cause saccadic shifts (via the MLF; Fig. 1) and pre-
paratory activity in the frontal eye fields that might reorient the animal
to the new location under the focus of the fovea (Fig. 5, light blue; Kopec
et al., 2015). The location of saccades has been shown to be associated
with priority maps in the parietal cortex that represent areas of maximal
potential information gain at particular saccadic locations (Foley et al.,
2017; Friston et al., 2012). Once the new location has been oriented to
the focus of visual input, the sSC/pulvinar circuit can boost the gain of
signals that also coincide with the needs of the animal (Fig. 5). The
affordances offered by these signals can then feed into frontal circuits
that control action, irrespective of whether the actions are concrete (e.g.,
the movement of a particular limb) or more abstract (search in the fridge
or cupboard for food; Badre and Nee, 2018). In each case, any action
taken (expressed via populations of bursting layer V PT-type pyramidal
neurons) will cause efference copies to be sent to both the pontine nuclei
(Kratochwil et al., 2017; Fig. 4, dark blue) and striatum (Reiner et al.,
2010; Fig. 4, pink). From there, the internal computations within the
cerebellum and basal ganglia can influence the next coalition of cortical
pyramidal neurons in the search for food - if there is a relatively fast,
automatic way to solve the problem at hand, the cerebellum will rapidly
suggest it, whereas if more deliberate, focussed volitional search is
required, the basal ganglia is more suited to mediating these effects
(Shine, 2020). In short, the unique topological interconnections between
specialist regions around the brain work in concert to mediate adaptive
behaviour — and conscious awareness — across multiple spatial and
temporal scales.

From this perspective, it is interesting to consider what happens in
the brain when during the performance of highly trained skills and
habits (e.g., driving a car on a familiar road) that effectively play out
relatively automatically - i.e., without the need for ongoing conscious
awareness (Shine and Shine, 2014). What is it that keeps these processes
from reaching the threshold for awareness? A parsimonious explanation
is that, while the contexts that trigger these processes do initially reach
the criteria for conscious awareness, different architectures in the brain
specialised for mnemonic functions - e.g., the cerebellum (D’ Angelo and
Casali, 2013) and hippocampus (O’Reilly et al., 2014), both of which
greatly expand the dimensionality of their input streams (Billings et al.,
2014; Cayco-Gajic and Silver, 2019) — ultimately allow the coordinated
patterns required for their effective execution to unfurl relatively rapidly
over time. That is, they don’t allow the brain state to dwell in a
particular attractor for long before moving to the next attractor (Rabi-
novich et al., 2008). This suggests that, for a stimulus (or internal brain
state) to ascend to the level of awareness that we notice, a further
constraint needs to be satisfied — namely, the brain state needs to be
protracted and retained over time (O’Callaghan et al., 2021; Whyte and
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Smith, 2020). This temporal protraction affords further combination
and interaction with other evolving brain states, as well as constraints
over more quickly evolving brain states — i.e., for the benefits of
neuronal ‘fame’ to be realised. Similar arguments could help to explain
why we often act in response to high-salience items — either those that
occur extremely quickly (Wang et al., 2020; such as a car swerving into
our lane) or high-salience items (such as the shape of a snake; Maior
et al., 2011, 2012; Van Le et al., 2013)) — before we are consciously
aware of them. It’s not like the items in these examples are not identi-
fiable from the background - it’s simply the case that there are adaptive
processes at play that don’t allow the brain to dwell on augmenting the
signals prior to mediating evasive actions. This mechanism thus pro-
vides a parsimonious explanation for why the colliculo-pulvinar circuit
can be both crucial for visual awareness, but also involved in rapid re-
sponses to potentially threatening situations (Pessoa and Adolphs,
2010).

Finally, this mechanism helps to explain an otherwise puzzling
feature of many studies of consciousness: the expansion of the cerebral
cortex is a relatively recent phylogenetic event (Cisek, 2019), whereas
behavioural signatures of conscious awareness and sentience can be
traced back ~500 million years to the time of the Cambrian explosion
(Feinberg and Mallatt, 2013), just after the evolution of the modern
architecture of the eye (Parker, 2004). I have argued here that the basic
circuits linking the colliculus, pulvinar, hypothalamus, basal ganglia and
cerebral cortex support a highly adaptive brain state in which highly
valued individual features of the visual world can be caused to stand out
from the rest of the activity in the brain. Importantly, this capacity
would only be augmented by the broad expansion of the brain and
related cognitive repertoire that coincided with the transition from an
aquatic to a terrestrial environment (Mugan and Maclver, 2020), and
also with the capacity to hold information over longer and longer
timescales (a feature characteristic of associative regions of the cerebral
cortex; Honey et al., 2012). Irrespective of these augmented features of
awareness, it is overwhelmingly likely that the capacity of conscious
awareness — which is argued to align with the ability to selectively
augment requisite neural activity — is heavily reliant on a set of neuro-
anatomical structures that lie outside the cerebral cortex. The process
model argued for here provides a plausible, testable mechanism for
mediating the benefits of conscious awareness in the brain — namely,
coordinated bursting of layer V PT-type pyramidal neurons.

7. Conclusion

In this manuscript, I have summarised a unique feature of the con-
nections between the posterior cerebral cortex, superficial superior
colliculus, pulvinar and hypothalamus that is proposed to instantiate an
amplification of sensory signals that mediates the contents of visuo-
perceptual conscious experience. By performing a combined dimen-
sionality reduction and expansion on ongoing activity patterns in the
cerebral cortex, the colliculo-pulvinar circuit acts to automatically
amplify the most salient features in a given scene, which in turn will
likely integrate with other key amplifying capacities of the deep layers of
the cerebral cortex (Zolnik et al., 2020), the claustrum (Smith et al.,
2019) and the ascending arousal system (Munn et al., 2021; Shine et al.,
2019, 2021; Wainstein et al., 2022) to shape and constrain the brain’s
state as it evolves over time (Shine, 2020). By integrating this circuit
with valuation signals from the hypothalamus, the superior colliculus
can act to ensure that the augmented signals are those that represent the
most pressing needs of the animal. In this way, the posterior subcortical
circuitry is proposed to constrain the evolution of the current brain state
to the most valued affordances available to the animal. This functional
neuroanatomical feature is argued to mediate the highly adaptive nature
of conscious awareness. The consistency of these architecture features
across massive swathes of the evolutionary landscape, from humans
(Krauzlis et al.,, 2013), to monkeys (Crapse et al., 2018), rodents
(Takahashi et al., 2020), fish (Isa et al., 2021), lamprey (Saitoh et al.,
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2007) and even insects Barron and Klein, 2016), suggests that the ca-
pacity for subjective awareness is a common feature of complex living
systems, however the idiosyncratic features of these systems also war-
rants caution. Future work that carefully compares these capacities
across taxa are of critical importance for our burgeoning understanding
of how the brain supports conscious experience.
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