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Abstract

In order to appropriately utilize visual signals from the environment, the brain needs to place this information

into a context. Contexts are multifaceted, and can refer to the overall nature of the visual landscape, as well as

the goals and behaviours of the animal. The behavioural context can determine the type of visual signals that

the animal is likely to encounter, and, simultaneously, the type of behaviours the animal is likely to perform

on a moment-to-moment basis. These behaviours may be used to explore the visual scene, and can themselves

generate certain types of visual signals. It is therefore unsurprising that visual systems in the brain account for

context at the earliest stages of sensory processing. One of these initial processing stages in the mammalian

brain is the visual thalamus. This dissertation presents the results of three investigations on the contextual

modulation of neural activity in the dorsal lateral geniculate nucleus (dLGN) of the thalamus. To conclude,

novel results involving the ventral lateral geniculate nucleus of the thalamus in setting a behavioural context

are synthesized. Taken together, it is hoped that these works will contribute to an acknowledgement of the

diversity of contextual modulations in vision, and lead to a better understanding of how the brain constructs

its own sensory world.

Until the last decade, investigations of sensory processing in the mammalian brain were typically carried out

in anaesthetized animals using simple artificial stimuli. However, brains have evolved process complex natural

environments while the animal is awake and behaving. These factors must therefore be taken into account when

investigating the function of a certain piece of neural circuitry. The research presented in Chapter 2 examines

the role of feedback from the visual cortex to the dLGN in awake animals viewing naturalistic video stimuli.

The work reveals a robust effect of this feedback on dLGN neurons in the presence of naturalistic stimulation.

Furthermore, it was found that cortical feedback produces effects that are similar to locomotion, but that the

two influences are statistically independent, suggesting that locomotion operates on dLGN neurons through a

different mechanism.

Researchers use behavioural signals like locomotion to infer that the animal is in a behavioural state

termed “arousal”. Another external marker for arousal is pupil dilation. Previous work examined the effects

of arousal on sensory systems by partitioning neural activity into two mutually exclusive groupings based on

the level of arousal. The work in Chapter 3, however, extends the notion of behavioural state by showing

relationships between dLGN activity and pupil dilation over multiple, nested temporal scales. Some of these

modulations, especially at faster timescales, were related to specific behaviours such as locomotion and eye

movement. Overall, despite the presence of a robust neural activity pattern characterizing these modulations

across temporal scales, there was a diversity in the strength with which individual neurons coupled to a certain

temporal component. This pattern of results indicates that, rather than operating in two distinct modes, dLGN

neurons are under the continuous influence of a multitude of arousal-related factors.

Modelling plays an important role in neuroscience, allowing the translation between conceptual and quan-

titative understanding. In Chapter 4, a descriptive model is introduced to assess the additive contributions of

locomotion, pupil size, and cortical feedback to the stimulus responses of individual dLGN neurons. This work



not only utilizes a novel efficient and robust method for assessing responses to naturalistic visual stimuli, but

also provides a unified quantitative account of the various modulatory influences acting on dLGN neurons.

The enclosed research primarily provides descriptive accounts of contextual modulation of activity in the

early visual system of mammals. Where it is limited is in the discussion of mechanisms and functional roles.

Chapter 5 reviews two findings from other research groups uncovering a novel mechanism, involving the ventral

lateral geniculate nucleus (vLGN) of the thalamus, by which mammals might control behavioural responses

to visual stimuli. These novel findings highlight the usefulness of asking “how” and “why” in neurobiological

research. Thus, in the final chapter, the potential mechanisms underlying dLGN modulations uncovered in

Chapters 2 through 4 are discussed, and various proposals for their teleological functions in vision are made.
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1 Introduction

1.1 The dynamic brain

Information coming from the environment is processed in the brain by sensory systems that are adaptive,

shaping sensory signal processing to meet the needs of the animal at any given moment. This sculpting of the

animal's sensory world is a multifaceted process, involving active behaviours used to explore the environment,

and distinct patterns of neural activity used to meet cognitive demands. These factors are inextricably linked

through the conceptual framework of �internal states�, where latent processes simultaneously in�uence the

expression of exploratory behaviours and neuronal modes of operation, both of which result in measurable

modulations of neural activity in sensory systems.

Vision in action

Animals do not experience the visual world passively, but rather use behaviours such as locomotion and eye

movements to actively explore visual scenes. These behaviours, in turn, result in changes to sensory input

that need to be accounted for by the brain in order to distinguish self-generated changes in input from those

that originate in the environment (Von Holst and Mittelstaedt, 1950). Furthermore, through these exploratory

behaviours, animals will encounter diverse environmental statistics. As the animal begins to move, a largely

static world is transformed into one where the �ow of objects from the centre of the visual �eld to the periphery

is expected (Gibson, 1950). Eye movements can transition the visual world of the animal from the relative

uniformity of the sky to the �ne textures of landscapes below the horizon. Sensory input that does not �t the

patterns expected from the movements may be a sign of food or danger. The result is that the study of the

neural circuits involved in visual perception cannot only consider the e�ects of passive visual stimulation, but

needs to consider visual input in the context of active behaviours (Busse et al., 2017; Cullen, 2004). In addition

to this �active sensing�, the visual system needs to orchestrate other functions such as vigilance, attention,

learning, and memory consolidation. Vision is thus fundamentally multi-functional, and the integration of

this type of contextual information with visual signals leads to distinct regimes of operation and dynamic

input-output mapping at the earliest stages of visual processing in the brain.

The dorsal lateral geniculate nucleus (dLGN) of the thalamus is an integrative hub for all of the above

considerations. Although it is far from the only structure directly receiving input from the retina (Morin and

Studholme, 2014; Martersteck et al., 2017), it is the initial node for what is known as �image-forming vision�

� so called because the thalamocortical visual system extracts �ne detail from visual scenes, contributing to

object recognition and conscious vision (Seabrook et al., 2017). Thus, the dLGN sits at the bottom of an

important hierarchy (Siegle et al., 2021), with the potential to in�uence much upstream visual processing in

the brain.

Neurons of the dLGN are embedded in a complex circuit, suggesting that their role in transmission of

visual signals is dynamic, although a precise functional description of this dynamism has proven di�cult

to articulate. Beyond transmitting retinal signals to the visual cortex, the dLGN also receives re-entrant
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input from the visual cortex and is reciprocally connected to a sheet of inhibitory neurons known as the

thalamic reticular nucleus (TRN; Sherman and Guillery, 2004; Kerschensteiner and Guido, 2017), also known

as �guardian of the gateway to the cortex� Crick (1984) as it is thought to in�uence thalamocortical activity

based on cognitive states. Meanwhile, behavioural signals can reach the dLGN via projections from various

brainstem nuclei (McCormick, 1992; Sherman and Guillery, 2004; Kerschensteiner and Guido, 2017) involved

in coordinating behaviours and brain states (Steriade and McCarley, 1990; Mena-Segovia and Bolam, 2017).

Thus, while still being a relatively simple piece of brain circuitry � in the sense that the dLGN has one strong

driving input and one clear output � the integration of diverse modulatory inputs make the dLGN a key

structure in which to study dynamic sensing.

Behaviour and brain states

One of the most obvious distinctions between operating modes in the brain is the partitioning of sleep and

wakefulness. These two states can be distinguished using the collective electrical activity of large populations

of cortical neurons, which can even be measured using electrodes places outside the skull (Berger, 1929; Adrian

and Matthews, 1934). During certain stages of sleep, the electrical potentials generated by cortical activity

display large, slow oscillations (Steriade et al., 1993). This state is often referred to assynchronized (Harris

and Thiele, 2011) because these high-amplitude oscillations arise largely from coordinated, simultaneous in-

puts to a neuronal population (Buzsáki et al., 2012; Einevoll et al., 2013). In contrast, wakefulness is generally

characterized by smaller, faster oscillations. While some degree of transient synchronization can occur in this

state, it is generally characterized by the independent �ring of cortical neurons, and therefore referred to as

desychronizedor activated (Harris and Thiele, 2011). These two oscillatory states are thought to have func-

tional importance, with the synchronous state decoupling neural activity from external drive and supporting

the coordinated activity necessary for o�ine memory consolidation (Steriade, 2006), and the activated state

allowing for the more complex activity patterns required for stimulus encoding (Harris and Thiele, 2011; Zagha

and McCormick, 2014; Haider et al., 2013).

The transition from a synchronous to an activated cortex involves the coordinated activity of a group

of brainstem nuclei historically referred to as the ascending reticular activating systemor midbrain reticular

formation (Moruzzi and Magoun, 1949; Munk et al., 1996). This system contains nuclei that convey a variety

modulatory neurotransmitters, including norepinepherine (NE) and acetylcholine (ACh), to the thalamus and

cortex (Steriade and McCarley, 1990). This control system has more recently been expanded to include other

nuclei, such as the basal forebrain (Buzsaki et al., 1988; Xu et al., 2015). Nonetheless, the activity of these

systems promotes wakefulness through their coordinated actions on the thalamocortical system (Lee and Dan,

2012; Scammell et al., 2017). The thalamus, while not the driver in transitions between brain states (Fuller

et al., 2011), plays an integral role in their expression (Hirata and Castro-Alamancos, 2010; Poulet et al.,

2012; Nestvogel and McCormick, 2022) and determines the representational content of sensory cortices during

wakefulness. Thalamic relay nuclei provide strong, driving input to both sensory and association regions of

the cortex (Sherman and Guillery, 2002; Bruno and Sakmann, 2006). Furthermore, the motif of recurrent
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connectivity between the thalamus and cortex, together with the intrinsic properties of thalamic and cortical

cells, is thought to cause and sustain state-related activity patterns (Steriade et al., 1993; Hill and Tononi,

2005; Crunelli and Hughes, 2010; McCormick et al., 2015; Neske, 2016).

Brain state transitions similar to those described above have also been observed during wakefulness, and

are often related to the ongoing behaviour of the animal. In the whisker-associated somatosensory cortex

of mice, it was observed that cortical states resembling those associated with sleep arose when the animal

stopped moving its whiskers, while whisker motion brought about an activated state (Crochet and Petersen,

2006; Poulet and Petersen, 2008). Subsequently, locomotion was also shown to modulate activity patterns in

a similar manner in the primary visual cortex (V1; Niell and Stryker, 2010). Later investigations revealed

a substantial impact of locomotion on thalamic activity as well (Erisken et al., 2014), and even uncovered a

driving role for the thalamus in promoting an activated cortical state during whisking (Poulet et al., 2012).

Movements such as whisking and locomotion are almost invariably accompanied by pupil dilation (Erisken

et al., 2014; Vinck et al., 2015; Petty et al., 2021). Historically, however, pupil dilation was measured in

response to the viewing of �interesting visual stimuli� (Hess and Polt, 1960), or while performing an e�ortful

task (Hess and Polt, 1964; Kahneman and Beatty, 1966). More recently, spontaneous pupil dilation � in

the absence of locomotion or �interesting� stimuli � has been linked to cortical activation (Reimer et al.,

2014), improved sensory processing (McGinley et al., 2015a), and to the activity of neuromodulatory systems

responsible for cortical activation such as the locus coeruleus norepinepherine system (LC-NE; Aston-Jones

and Cohen, 2005; Joshi et al., 2016; Reimer et al., 2014) and the basal forebrain cholinergic system (BF-ACh;

Nelson and Mooney, 2016; Reimer et al., 2016). For these reasons, modulations of thalamocortical activity

during pupil dilation in the awake animal, beyond the e�ects attributable to speci�c behaviours (Poulet and

Petersen, 2008; Vinck et al., 2015; Petty et al., 2021), are thought to re�ect a uni�ed internal state: arousal.

1.2 Thalamic circuits for vision

The dLGN as a relay for visual information

One of the initial nodes of visual information processing in the mammalian brain is the dorsal lateral geniculate

nucleus of the thalamus (dLGN). Here, incoming visual signals from retinal ganglion cells (RGCs) in the eye

are passed on to the primary visual cortex (V1; Sherman and Guillery, 2004). In early recordings from the

visual system of cats, Hubel (1960) observed that RGCs and dLGN neurons had similar response properties,

and concluded that �complex integrative [visual] function� must occur in the cortex. This observation con-

tinues to be made in more modern investigations (e.g. Rathbun et al., 2010), where receptive �elds (RFs) of

monosynaptically connected RGC-dLGN cell pairs, measured under anaesthesia and using white noise stimu-

lation were found to be nearly identical. This type of observation has led to the textbook labelling of dLGN

thalamocortical (TC) neurons as �relays�, implying that no transformation of visual information occurs as it

passes through the dLGN (Casanova and Chalupa, 2023). While the evidence against this idea is substantial,

this simple description of the dLGN remains, perhaps due to the lack of a unifying framework for the mosaic
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of observations made in the dLGN (Casanova and Chalupa, 2023).

But what exactly is the nature of the visual information available to dLGN neurons? The apparent

simplicity of the RFs measured using noise stimuli tends to obscure the fact that the circuitry of the retina

does not generate pixel-like output, but decomposes the image into behaviourally-relevant feature channels

representing complex spatio-temporal visual features (Masland, 2012; Kerschensteiner, 2022). These response

types can be robustly detected with the use of a rich visual stimulus (i.e. one with a variety of spatial and

temporal patterns), together with a modern unsupervised clustering method, revealing the presence of >30

functional RGC sub-types (Baden et al., 2016). These included classes of RGCs representing simple pixel-like

spots of light and dark (ON and OFF types), but with diverse temporal response patterns, and representing

additional features of visual stimuli such as edge orientation, movement, and movement direction. This type

of investigation con�rmed and expanded upon functional classes which had been previously discovered using

targeted visual stimuli and analyses (e.g. Barlow and Hill, 1963; Weng et al., 2005). Further investigations

uncovered that, in addition to linear stimulus �ltering properties, RGS can have non-linear response properties

dependent on the illumination context (Pearson and Kerschensteiner, 2015) and, interestingly, also the context

provided by naturalistic visual stimuli (Goldin et al., 2022; Karamanlis et al., 2022). Indeed, the spatial

distribution of RGCs types re�ects the statistics of natural visual scenes (Gupta et al., 2023). These results

strongly suggests that visual encoding functions of later processing stages such as the dLGN cannot be easily

inferred from investigations using a limited set of parametric stimuli, but rather should be studied under

naturalistic stimulation conditions.

The older, simpli�ed understanding of RGC response types, combined with the observation that dLGN

neurons in cats and monkeys only require one retinal input spike to themselves spike (Bishop et al., 1958;

Cleland et al., 1971; Usrey et al., 1999; Sincich et al., 2007), has led to the idea that dLGN stimulus responses

should also be simple. Stimulus responses in the dLGN are thought to have a pixel-like center-surround

organization, and often descriptively modelled using a simple �di�erence of Gaussians� model (Rodieck, 1965;

Grubb and Thompson, 2003; Einevoll and Plesser, 2012). However, even under anaesthesia, it has been

reported mouse dLGN neurons represent more complex visual features such as orientation and direction of

movement (Piscopo et al., 2013). Indeed, taking an empirical modelling approach to quantifying dLGN

stimulus-responses, Rosón et al. (2019) revealed that multiple complex RGC response types are required to

capture dLGN stimulus responses to a rich visual stimulus. One of the di�erences separating studies measuring

simple dLGN receptive �elds and those revealing complexities could be the use of anesthesia (e.g. Rathbun

et al., 2010), which may limit the degree to which top-down and behaviour-related modulatory inputs in�uence

the RFs of dLGN neurons. In addition, the use of naturalistic stimuli with higher-order structure could further

improve our understanding of how dLGN circuitry shapes its stimulus-responses. Studies that use stimulus-

response kernels derived from arti�cial stimuli to obtain a good prediction (� 25-60% of response variance

explained) of dLGN responses to naturalistic stimuli have only been performed in anaesthetized animals (Dan

et al., 1996; Lesica and Stanley, 2004; Mante et al., 2008). Interestingly, one particular situation in which

these models fail is for rapid transient increases in �ring rate linked to burst �ring (Lesica and Stanley, 2004;
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Mante et al., 2008), the occurrence of which has been linked to particular brain states in the awake animal

(Bezdudnaya et al., 2006).

Two �ring modes in the dLGN

One of the most prominent features of dLGN activity was recorded by Hubel, who observed that, when cats

entered into periods of quiescence or sleep, dLGN neurons began to �re more sparsely, but in clusters of

several spikes at �ring rates sometimes exceeding 500 Hz (Hubel, 1960). These bursts of spikes, a feature

of all thalamocortical relay neurons (Sherman, 2001), are generated by a cell-intrinsic mechanism: prolonged

hyperpolarization de-inactivates T-type calcium channels, which, together with a depolarizing input or intrinsic

depolarization driven by a hyperpolarization-activated cation current, produces a prolonged calcium-dependent

depolarization known as a low threshold spike and subsequent sodium action potentials at high rates (Jahnsen

and Llinás, 1984; Crunelli et al., 1989; Llinás and Steriade, 2006). Importantly, the presence of the intrinsic

hyperpolarization-activated cation current can lead to rhythmic bursting (McCormick and Pape, 1990; Llinás

and Steriade, 2006). As already noted by Hubel, these bursts preferentially occur during sleep (Livingstone and

Hubel, 1981; McCarley et al., 1983), but their occurrence in the dLGN during wakefulness was later emphasized

(Guido and Weyand, 1995), speci�cally during periods of visual inattention (Weyand et al., 2001) and with

a synchronized hippocampal LFP (Bezdudnaya et al., 2006). Indeed, thalamic bursting is thought to play a

crucial role in the expression of slow cortical rhythms during sleep (Steriade et al., 1993) as well as quiescent

wakefulness (Nestvogel and McCormick, 2022). However, the counter-intuitive observation that thalamic

bursting also occurs in conjunction with exploratory behaviours such as eye movements (Guido and Weyand,

1995; Ramcharan et al., 2000) and whisker twitches (Fanselow et al., 2001) led to the hypothesis that bursting

may also play a role in stimulus encoding. For example, because bursts strongly activate cortical neurons

(Swadlow and Gusev, 2001), stimulus-driven bursting may facilitate stimulus detection, while regular �tonic�

spiking is better suited to encode stimulus detail (Sherman, 2001; Nicolelis and Fanselow, 2002). However, it

has also been observed that bursts may carrymore information per unit than tonic spikes (Reinagel et al.,

1999), and have the potential for multiplexed stimulus encoding, conveying distinct information through burst

timing, intra-burst spike rate, and intra-burst spike timing (Mease et al., 2017). Furthermore, naturalistic

stimulus sequences regularly elicit bursts from dLGN neurons (Lesica and Stanley, 2004), and may serve to

encode low-frequency information and transitions from non-preferred to preferred stimuli (Lesica and Stanley,

2004; Alitto et al., 2005). Thus, rhythmic bursting during periods of quiescence plays a role in driving brain

states that are de-coupled from the environment, while bursting during periods of arousal may play a role in

altering stimulus encoding.

Retinotectal and vLGN pathways

The thalamocortical pathway is, however, only one of the many visual pathways in the brain. The retina

projects to more than �fty brain areas, including a prominent projection to the superior colliculus (SC;

Martersteck et al., 2017). While the SC receives visual information from the retina, it has long been thought
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that the SC does not participate in �image-forming� vision, but rather coordinates �re�exive� behaviours

(Ramón Y Cajal et al., 1995). Some characteristics of the SC anatomy and stimulus responses would appear

to support this view. For example, the SC has two output pathways that respectively cause orienting or

avoidance behaviours (Dean et al., 1989; Isa et al., 2020), and contains neurons that respond to behaviourally

relevant visual features, such as small moving stimuli resembling potential prey (Hoy et al., 2019), or rapidly

expanding dark discs known as �looming� stimuli resembling potential predators (Shang et al., 2015). These

visual feature representations may even simply be inherited from retinal outputs representing looming (Kim

et al., 2020), rather than computed de novo in SC. However, it is clear that the SC is involved in multiple

visual functions beyond re�ex orchestration, perhaps orchestrated by its wide-spread ascending projections

(Basso et al., 2021). Furthermore, the types of behaviours orchestrated by the SC are not invariably elicited

by visual stimulation, but are subject to contextual modulation (Evans et al., 2019). One potential substrate

for this could be gain control of SC visual responses by descending projections from the visual cortex (Zhao

et al., 2014).

While the cortex provides excitatory gain control, inhibitory control may be provided by a thalamic struc-

ture called the ventral lateral geniculate nucleus (vLGN). Unlike the dLGN, the vLGN is composed of predom-

inantly inhibitory neurons (Sabbagh et al., 2021), and appears to be involved in visuomotor transformation

and other non-image-forming visual functions such as circadian rhythms (Harrington, 1997). The vLGN is

highly integrative, with inputs from a wide variety of brain regions (Harrington, 1997). The vLGN may be

partitioned into two subdivisions; the inner portion receiving brainstem neuromodulatory input but lacking

visual responses, and the external portion receiving top-down input from visual cortex as well as direct retinal

input (Harrington, 1997; Kolmac and Mitrofanis, 2000). The visual stimulus responses of the rodent vLGN are

arranged retinotopically, and appear to be simple: predominantly sustained responses to light increments (ON

responses) with lower spatial speci�city than dLGN neurons (Harrington, 1997). A subset of vLGN neurons

project to SC (Moore et al., 2000), and, interestingly, this SC-projecting population of neurons overlaps with

the visually responsive retinorecipient neurons (Hayashi and Nagata, 1981). Thus, the vLGN contains the

anatomical and functional prerequisites to exert inhibitory control of SC depending on visual context.

1.3 Modulation of dLGN activity

Modulation of the dLGN by behaviour

Although some studies have found that almost all dLGN spikes can be associated with a single retinal EPSP

in anaesthetized animals (Sincich et al., 2007), RGC axon terminals only account for around 10% of synapses

on dLGN neurons (Van Horn et al., 2000; Bickford et al., 2010). One additional major source of input

are neuromodulatory axons, which account for 30-35% of synapses (Eri³ir et al., 1997; Sherman and Guillery,

2002). The majority of these are cholinergic �bres arising from the pedunculopontine tegmental nucleus (PPN;

Hallanger et al., 1987; Huerta-Ocampo et al., 2020; Sokhadze et al., 2022), a part of the reticular activating

system, and the parabigeminal nucleus, a structure involved in the coordination of targeted eye movements
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(Cui and Malpeli, 2003; Ma et al., 2013). Acetylcholine may also in�uence the dLGN via projections from the

basal forebrain (BF) to the TRN (Hallanger et al., 1987; Sokhadze et al., 2022), which exerts tight inhibitory

control over thalamic relay nuclei (Pinault, 2004). Additional direct neuromodulatory inputs to the dLGN

transmit norepinephrine from the locus coeruleus (Lindvall et al., 1974; Mackay-Sim et al., 1983), and serotonin

from the dorsal raphe (Moore et al., 1978; Mackay-Sim et al., 1983). Thus, while RGCs represent �driver�

inputs to dLGN thalamocortical neurons, these other �modulator� inputs are prevalent (Sherman and Guillery,

1998), and provide a means by which information related to arousal and even speci�c behaviours can sculpt

dLGN stimulus-responses.

It is therefore not surprising that signatures of ongoing behaviour and brain state are re�ected in the spiking

output of dLGN neurons. For example, during locomotion dLGN neurons decrease their bursting and increase

their baseline and evoked �ring rates (Erisken et al., 2014; Ayd�n et al., 2018). Locomotion also in�uences

the spatial and temporal integration properties of the dLGN. During locomotion dLGN neurons tend to have

reduced surround suppression and prefer larger stimuli (Erisken et al., 2014), as well as particularly strong

enhancement of responses to high temporal frequency stimuli (Ayd�n et al., 2018; Reinhold et al., 2023), which

was also observed in state transitions demarcated by the hippocampal LFP (Bezdudnaya et al., 2006). This

running-related response enhancement in dLGN neurons could be mediated either by direct depolarization via

cholinergic signalling from the PPN, or by disinhibition via BF-GABA input to the TRN (McKenna et al.,

2013; Erisken et al., 2014). While locomotion is a behaviour that changes visual input, whisking does not. Yet,

Petty et al. (2021) found that whisking, like locomotion, increases activity in the lateral posterior nucleus (LP)

of the thalamus, a higher-order visual thalamic relay. Furthermore, even in somatosensory thalamic nuclei

this modulation was not related to speci�c whisker movements, and was unchanged after elimination of both

sensory rea�erence from the somatosensory cortex, as well movement-related input from motor cortex and SC

(Petty et al., 2021). These results would suggest that the modulated activity of thalamic relay nuclei during

behaviour is more related to the overall context or state than moment-to-moment changes in behaviour, and

that neuromodulatory nuclei are mediators, but both of these hypotheses remain to be con�rmed for the dLGN.

However, these conjectures do not eliminate the possibility that di�erent types of contextual modulation, or the

sculpting of modulation beyond a general increase in �ring rate, may still be provided by diverse modulatory

input sources.

Modulation of the dLGN by corticothalamic feedback

Corticofugal inputs to the dLGN from layer 6 of the primary visual cortex (V1-L6) account for almost half of

all inputs to dLGN neurons (40-50%; Eri³ir et al., 1997; Van Horn et al., 2000; Sherman and Guillery, 2002).

This corticothalamic feedback (CT-FB) arises from a speci�c sub-population of V1-L6 excitatory pyramidal

neurons (Bourassa and Deschênes, 1995; Olsen et al., 2012; Whilden et al., 2021). The precise function of these

neurons has been di�cult to discern due to their inaccessible location, their intermingling with other pyramidal

projection and inhibitory neurons, and their complex axonal arborization to other cortical layers (Thomson,

2010). In the cortex, CT neurons appear to exert a largely inhibitory role within their cortical column by
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recruiting local interneurons (Olsen et al., 2012; Bortone et al., 2014), while providing strong excitation to L5

pyramidal projection neurons (Kim et al., 2014). Similarly, these CT neurons also have a dual in�uence in

their thalamic projections. They provide direct modulatory excitation to thalamic neurons via their contacts

to the distal dentrites of thalamic relay neurons (Wilson et al., 1984; Eri³ir et al., 1997) and recruitment

of slow-acting NMDAR glutamate receptors (Scharfman et al., 1990; Jones et al., 1998; Alexander et al.,

2006; Augustinaite et al., 2014), with fast-acting AMPARs contributing mainly at hyperpolarized membrane

potentials (Crandall et al., 2015). The relatively prolonged depolarizations caused by NMDAR activation can

contribute to switching thalamic neurons from burst to tonic mode (Scharfman et al., 1990; McCormick and

von Krosigk, 1992). However, CT-FB also provides indirect inhibition through local interneurons and axon

collaterals in the TRN (Bourassa and Deschênes, 1995; Olsen et al., 2012), making its overall e�ects on the

dLGN di�cult to discern.

The direct projection from V1-L6 to the dLGN is spatially localized and roughly topographical (Tsumoto

et al., 1978; Born et al., 2021), conferring a functional role for CT-FB in spatial integration in the dLGN.

Thalamic neurons with spatial RF centres matching those of the V1-L6 neurons providing feedback show

response enhancement, while those with displaced RF centres are suppressed (Tsumoto et al., 1978; Eyding

et al., 2003; Jones et al., 2012; Born et al., 2021). Thus, one function of CT-FB in vision is to sharpen spatial

responses in dLGN neurons (Alitto and Usrey, 2003; Andolina et al., 2013), though a combination of targeted

direct excitation and wide-spread inhibition through recruitment of the TRN (Born et al., 2021). Importantly,

uncovering this result required the use of spatially localized visual stimuli (c.f. Denman and Contreras, 2015),

but it is consistent with a primarily suppressive e�ect of CT-FB measured using full-�eld stimuli (Olsen et al.,

2012). Interestingly, the spatial sharpening e�ect of CT-FB was inconsistent when measured using white

noise stimulation (Denman and Contreras, 2015), which might be due to the speci�c orientation tuning of

corticothalamic V1-L6 neurons (Vélez-Fort et al., 2014; Stoelzel et al., 2017).

While CT-FB is not required for dLGN orientation tuning (Zhao et al., 2014), it is likely that oriented

stimuli � or, more generally, stimuli with a variety of visual features � are required in order to properly

drive CT-FB under control conditions. For this same reason, it is also likely that global activation of CT-FB

produces uninterpretable results, as it is functionally equivalent to presenting a visual stimulus with every

orientation present at all locations is space. Therefore suppression of CT-FB together with stimuli that

properly engage V1-L6 is more likely to produce interpretable results. Furthermore, it has been show that the

overall e�ect of CT-FB is dependent on stimulus contrast (Denman and Contreras, 2015) and the frequency

of optogenetic V1-L6 activation (Kirchgessner et al., 2020), due to the di�erential plasticity of L6-dLGN and

L6-TRN synapses (Crandall et al., 2015). Perhaps related to this, there is also evidence that CT-FB has

complex temporal e�ects, primarily a�ecting the sustained component of stimulus responses (Eyding et al.,

2003; De Labra et al., 2007), leading to better tracking of temporal modulations with CT-FB intact (Andolina

et al., 2007), and that CT-FB has temporally modulated � even biphasic � e�ects on thalamic relays (Mease

et al., 2014). Thus, while the overall function of CT-FB remains unclear, it is clear that the circuit is sensitive

to the �ne-grained spatial and temporal characteristics of the visual stimulus.
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Beyond modulating dLGN activity depending on the context provided by the visual stimulus, there is also

substantial evidence that CT-FB modulates dLGN activity depending on contextual cues provided by brain

state and behaviour. Indeed, there is evidence that almost half of thalamic-projecting V1-L6 neurons may

not be visually responsive at all (Stoelzel et al., 2017; Augustinaite and Kuhn, 2020). This corticothalamic

population receives a large proportion of its inputs from higher-order visual and association areas of the cortex

(Vélez-Fort et al., 2014), such as vestibular inputs from the retrosplenial cortex, which allow encoding of head

rotations (Vélez-Fort et al., 2018). CT-FB may also convey a more generalized notion of behavioural state,

displaying a brain state-dependent increase in responses to drifting grating stimuli (Stoelzel et al., 2017).

Using behavioural arousal (pupil size and locomotion) as a measure of state, Augustinaite and Kuhn (2020)

found that visually activated V1-L6 CT-FB neurons increased their visual responses during arousal (while

maintaining a stable baseline), whereas visually suppressed V1-L6 CT-FB neurons decreased their baseline

activity (e�ectively reducing modulation depth during visual stimulation). These state-related signals may be

conveyed by acetylcholine: V1-L6 CT-FB neurons were found to increase their input resistance and �ring rates

in response to ACh application via nicotinic and muscarinic receptors (as opposed to network e�ects; Sundberg

et al., 2018). This state-dependence of L6 activity could contribute to state-related switches between burst

and tonic mode in the thalamus (McCormick and von Krosigk, 1992; Wang et al., 2006; Augustinaite et al.,

2014; Mease et al., 2014). Furthermore, CT-FB has been implicated in attentional modulation of sensory

processing in the dLGN (Montero, 2000; Saalmann and Kastner, 2011), although emphasis has so far been

placed on cross-modal attention via the TRN (McAlonan et al., 2008; Wimmer et al., 2015). Nonetheless,

CT-FB from V1-L6 neurons has the potential to convey both generalized (cognitive or behavioural state) and

speci�c (feature-based attention) contextual information to the dLGN.

1.4 Objectives and key questions

The retino-geniculo-cortical pathway is the most thoroughly studied visual pathways in mammals, and yet

the apparent simplicity of visual processing through this circuit is challenged by observations collected in

the awake and behaving animal, and with the use of spatio-temporally complex naturalistic stimuli. The

convergence of many di�erent modulatory inputs onto single dLGN neurons suggests that they are a hub for

diverse in�uences, and likely participate in multiple functions related to active vision during behaviour as well

as cognitive processes orchestrated by top-down signalling. Furthermore, the tuning of RGCs, dLGN neurons,

and V1-L6 neurons to complex visual features implies that these circuit elements are sensitive to multiple

dimensions of visual stimuli, and may be best probed with naturalistic stimuli.

One speci�c case that requires the use of naturalistic stimuli is during investigation of corticothalamic

feedback. The use of simple, arti�cial stimuli has yielded con�icting results in many respects, which might

result from the failure of these stimuli to appropriately drive activity in V1-L6. Related to this, the direction

of manipulation of V1-L6 is important. Because the activity of V1-L6 in response to naturalistic stimulation is

largely unknown, it is unclear how the CT-FB projection should be manipulated to probe its endogenous e�ects.

Consequently, a strategy for the suppression of V1-L6 should be employed, such that endogenous activity
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patterns remain intact, but can be selectively eliminated. Finally, because the dynamic regime of cortical

activity is strongly dependent on the behavioural state of the animal, the use of anaesthesia could eliminate

V1-L6 dynamics that are essential to CT-FB function in an awake and perceiving animal. Furthermore, V1-L6

activity is dependent on active behaviours, and this might be a channel through which behavioural signals

reach the dLGN that can only be revealed during awake recordings. Thus, Spacek et al. (2022, Chapter 2)

presents the �rst investigation of the functional e�ects of CT-FB in awake animals with all of these factors taken

into consideration. It was hypothesized that naturalistic stimuli would be particularly e�ective in revealing a

robust e�ect of CT-FB in dLGN neurons, and the interaction of these e�ects with a behavioural state de�ned

by locomotion was also investigated.

While locomotion provides a powerful index for the behavioural state-related activity in sensory systems,

dLGN neurons are, anatomically speaking, a hub for the convergence of many modulatory inputs. It is therefore

unlikely that one single factor can capture all of the modulation in dLGN neurons. Given the multifaceted links

between pupil size changes and behavioural and cognitive factors, Crombie et al. (2024, Chapter 3) departs

from the hypothesis that diverse aspects of pupil size dynamics can explain spiking modulations in the dLGN.

Speci�cally, it was observed that pupil size changes occur over a multitude of timescales, all of which were

hypothesized to be relevant for activity modulation in the dLGN. From previous results it was hypothesized

that pupil dilation should be linked to an increase in �ring rate, while pupil contraction should be linked

to �o�ine� activity patterns such as thalamic bursting. Furthermore, because pupil size changes are linked

to behaviours with visual consequences, the contributions of locomotion and eye movements were separated

from those captured by pupil size dynamics. Finally, it was hypothesized that the modulations linked to pupil

dynamics should have consequences for how dLGN neurons encode naturalistic visual stimuli.

It should already be clear that a multitude of factors can in�uence the activity of dLGN neurons: visual

stimulation, feedback from the visual cortex, and behaviours such as locomotion and/or a generalized state of

arousal. Yet there is no uni�ed modelling framework that captures all of these in�uences together. Schmors

et al. (2023, Chapter 4) introduces a generalized linear model including terms for spatio-temporally extended

e�ects of a visual stimulus, CT-FB, locomotion, and pupil size. Critically, the typical GLM was made more

e�cient by �tting response kernels as a combination of spline basis functions rather than individual pixels or

time-points (Huang et al., 2021). This adjustment was also hypothesized to help the model �t sparse receptive

�elds in the presence of the spatiotemporal correlations present in natural visual scenes, which were used in the

experiment to elicit visually-driven dLGN activity. Furthermore, CT-FB was manipulated using an optogenetic

suppression approach, rather than arti�cial activation, in order to assess its endogenous contributions. Once

the model has been �t to the spiking activity of a dLGN neuron, it can be used as anin silico version of the

neuron that can be used to probe how the neuron would respond in the presence of experimental manipulations,

such as the arti�cial elimination of cortical feedback.

Finally, despite decades of continuous interest in the visual pathway through the dLGN, it is still unclear

how dynamic visual feature extraction through this pathway contributes to guiding the behaviour of animals.

However, there are other visual pathways that have been more closely linked to behavioural consequences.

10



One example is the pathway through the retino-recipient SC, which links relatively simple visual features

to stereotyped responses. Even this pathway is subject to modulation by cognitive factors, and two recent,

independent reports converge on a function for long-range inhibitory projections from the vLGN to the SC in

this modulation. Crombie and Busse (2021, Chapter 5) summarizes the �ndings of these reports, and places

their contribution in the broader literature of visually-guided behavioural responses.
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2 Exploring the e�ects of feedback and locomotion in the dLGN
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3 On the temporal structure of modulation in the mouse dLGN
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