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Abstract

Movement, Arousal, and Attention in Secondary Sensory Thalamus

Gordon Highsmith Petty

Neocortical sensory areas have associated primary and secondary thalamic nuclei. While
primary nuclei transmit sensory information to cortex, secondary nuclei remain poorly understood.
| recorded juxtasomally from the secondary somatosensory (POm) and visual (LP) nuclei of awake
mice. POm activity correlated with whisking, but not precise whisker kinematics. This movement
modulation was not a result of sensory reafference, nor was it due to input from motor or
somatosensory cortex, nor the superior colliculus. Whisking and pupil dilation were strongly
correlated, reflecting arousal. Indeed LP, which is not part of the whisker system, tracked whisking
equally well, indicating that POm activity does not encode whisker movement per se. The
semblance of movement-related activity is likely instead a global effect of arousal on both nuclei.

| then investigated how POm and LP may support feature-based attention. | trained head-
fixed mice to attend to one sensory modality while ignoring a second modality. | used
multielectrode arrays to record simultaneously from both regions. In mice trained to respond to
tactile stimuli and ignore visual stimuli, POm was robustly activated by touch and largely
unresponsive to visual stimuli. The reverse pattern was observed when mice were trained to
respond to visual stimuli and ignore touch, with POm now more robustly activated during visual
trials. This POm activity was not explained by differences in movements (i.e., whisking, licking)
resulting from the two tasks. LP exhibited similar phenomena. | conclude that behavioral training
reshapes activity in secondary thalamic nuclei. Secondary nuclei may respond to behaviorally

relevant, reward-predicting stimuli regardless of stimulus modality.
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Chapter 1:

Introduction

As an animal navigates the world, it is inundated with sensory stimuli - a sea of sights,
odors, sounds, and tactile sensations. The brain performs the daunting task of transforming raw
sensory input into meaningful perceptions. The thalamus and cerebral cortex are critical to such
sensory processing. Each cortical region is connected to the thalamus. More specifically, sensory
cortical regions, such as the primary somatosensory cortex (S1) or primary visual cortex (V1) are
connected to distinct thalamic nuclei (Sherman & Guillery, 2002). The sensory thalamic nuclei
receive input from the periphery (such as the retina or the brainstem) and send excitatory
glutamatergic projections to an associated sensory cortex. This flow of information from the
sensory organs to the cortex is often described as “bottom up.” The thalamic nuclei also receive
“top down” input from the cortex.

A distinguishing feature of the thalamus is a lack of recurrence: most thalamic nuclei lack
inhibitory interneurons, and excitatory thalamic cells project exclusively to extrathalamic regions.
Thus, the thalamic nuclei can receive and transfer information, but cannot directly perform
complex signal transformations. As such, early conceptions of the thalamus positioned it as a
simple relay of sensory information, whereby all complex sensory processing was performed by
the cortex. It was later suggested that, through top-down inputs, the thalamus could amplify or
dampen sensations before they were further processed by the cortex (Crick et al., 1984). In this
way thalamus could enable selective attention by dynamically filtering out unimportant sensations
while enhancing pertinent ones. Several decades of research have since shown that the thalamus

displays complex patterns of activity that vary based on behavioral state, wakefulness, attention,



and movement. Certain thalamic regions are differentially engaged by behavioral tasks, and in
humans thalamic damage can cause attentional deficits (Karnath et al., 2002; S. E. Petersen et al.,
1985; Snow et al., 2009; Ward et al., 2002; Wilke et al., 2010).

The sensory thalamus can broadly be divided into primary and secondary (sometimes

called “high order”) nuclei (Guillery & Sherman, 2002; Herkenham, 1980; Phillips et al., 2019).
The primary nuclei are driven largely by bottom-up inputs, and in turn are the main source of
sensory input to the cortex. They receive top-down input almost exclusively from their associated
primary sensory cortex (e.g., the tactile nucleus VPM receives excitatory input from S1). The
secondary nuclei, by contrast, have weaker bottom-up inputs and receive top-down inputs from a
wide array of cortical regions. Primary and secondary nuclei have distinct sensory responses and
receptive fields. Because of the comparatively simple circuitry of primary nuclei, it is believed that
these regions perform the canonical task of receiving sensory information, modulating it, and
transferring it to the primary sensory cortices for further processing.
Despite our deep understanding of the anatomy of thalamocortical and corticothalamic circuitry,
the role of the secondary nuclei is still mysterious. However, there are many similarities in
anatomical connectivity and sensory response properties between secondary nuclei across the
different sensory systems. Such similarities suggest that they perform similar roles in sensory
processing across the different sensory modalities.

In this thesis, | aim to further our understanding of the role of the secondary nuclei in
sensory processing. There have been many roles proposed for the secondary nuclei, including
monitoring movement, responding to pain or aversive stimuli, and facilitating attention. | focus
primarily on the rodent secondary somatosensory thalamus, the posterior medial nucleus (POm).

| also compare my findings in POm to the lateral posterior nucleus (LP), a visual region, to draw



conclusions about the function of secondary thalamus across sensory systems. In my first series of
experiments, | examine how POm encodes movement and self-generated sensations by measuring
and manipulating whisker movement. | then investigate how whisker and visual sensations are

differentially represented in LP and POm based on behavioral relevance, a proxy for attention.

1.1  The Somatosensory Thalamus and the Rodent Whisker System

As humans, we primarily use our vision to identify objects and navigate the world. We
actively scan the visual world through saccades, and we can attend to specific visual cues while
filtering out distractions. A large portion of primate cortical and thalamic real estate is devoted to
visual processing. Rodents, by contrast, tend to have relatively poor vision but possess a highly
refined sense of touch. Many rodents use active touch to navigate their environment, with vision
providing a supplementary role (Warren et al., 2021). Accordingly, the rodent somatosensory
thalamus and cortex is highly developed.

Rats and mice have prominent facial vibrissae (whiskers) which they use to scan the
physical world. These whiskers can be categorized into two classes: macrovibrissae and
microvibrissae (Brecht et al., 1997). The microvibrissae are short, thin hairs densely clustered
around the tip of the nose and the lower jaw. The macrovibrissae are longer and thicker and occupy
a region of the face called the mystacial (“mustache-like”) pad. Macrovibrissae are arranged in an
orderly and highly stereotyped grid, such that each whisker can be identified by a unique letter-
number combination corresponding to its row and arc (Figure 1-1 A). By touching objects with
their whiskers, rodents can measure distance and discriminate between objects. Early behavior
studies suggested that the macro- and microvibrissae operated separately, with rodents preferring

to use microvibrissae for object identification while macrovibrissae were used for measuring
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Figure 1-1: The rodent whiskers

(A) Whisker follicles of the rat. “Arc 2” labels the second vertical column, or arc, of the
macrovibrissae. (B) The barrels within S1 (cytochrome oxidase staining). The barrels along Arc 2 in
the cortex correspond to the same arc in the mystacial pad. (C) Rat moving its macrovibrissae
towards a swab with an odor. D) Rat investigating a coin with the microvibrissae. Deschénes,
Moore, and Kleinfeld 2012.

distance (Brecht et al., 1997). However, several other studies have since shown that mice and rats
can distinguish shape and texture using their macrovibrissae (Chen et al., 2013; Kim et al., 2020;
Rodgers et al., 2021).

Each stage of the whisker system, from the brainstem to the thalamus to the cortex, is home
to anatomically distinct topographic representations of the macrovibrissae whisker grid. Each

“barrel” in S1 (and the corresponding “barrelette’ in the brainstem and “barreloid” in the thalamus)



responds primarily to deflections of a single principal whisker. This clear anatomical mapping
from a set of peripheral sensory organs to distinct regions in the brain has made the whisker system
an alluring system for the study of somatosensation. The whiskers can be easily stimulated in both
anaesthetized and awake animals, and the sensory organ can be reversibly removed through
whisker trimming. It is easy to target specific barrels in the cortex for recording, injection, and
lesions. For decades the rodent whiskers have proved a rich and tractable model of the
somatosensory system, leading to many discoveries about the neural mechanisms underlying
sensory processing. Here, | will provide an overview of the ethology of rodent whisking, the
anatomical organization of the whisker system, and the physiological properties of the

somatosensory regions of the brain.

1.1.1 Whisking

Many rodent species use their whiskers actively. While freely exploring, they sweep their
macrovibrissae in a rhythmic back-and-forth motion called “whisking”. In doing so, they
periodically touch objects and surfaces with one or more whiskers. The resulting deflections of the
whiskers inform the animal of various characteristics of the surface, such as its texture and shape.
Rodents primarily whisk in brief bouts that are synchronous with locomotion, head movements,
and sniffing (Cao et al., 2012; Deschénes et al., 2012; Welker, 1964). The oscillatory movement
of a whisking bout can be described as a combination of “slow” and “fast” components (Hill et al.,
2011). The fast component describes the position of the whiskers as a phase in the protraction-
retraction cycle. The slow component is a combination of the midpoint of the whiskers and the
amplitude of the whisk cycle, defined as the distance between the most protracted and retracted

positions of the whiskers (Figure 1-2).
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Figure 1-2: The fast and slow components of whisking

Rats and mice whisk by rhythmically protracting and retracting their whiskers. Each whisk cycle has a
defined angle of protraction, retraction, and midpoint. Using a Hilbert transform, the signal of whisker angle
over time can be decomposed into the phase of each whisk cycle (¢), ranging from -z to +x. The amplitude
of each whisk cycle is defined as the difference between the angles of retraction (¢=+x) and protraction
(6=0). The three parameters of phase, amplitude, and midpoint can be used to reconstruct the original
whisker angle. Adapted from Hill et al. 2011.

Whisking within a single bout has a remarkably constant frequency, but the frequency
between bouts can vary based on the animal’s goal or behavioral state. For example, rats will
perform large-amplitude, low-frequency “exploratory” whisking while navigating an environment.
When investigating an object or reaching across a gap, they will transition to high-frequency, low-
amplitude “foveal” whisking (Berg & Kleinfeld, 2003). During exploratory whisking, whiskers on
both sides of the face are largely synchronized (Gao et al., 2001). However, in foveal whisking,
mice and rats can move their two mystacial pads asymmetrically and asynchronously to probe the

space on either side of the face (Dominiak et al., 2019; Knutsen et al., 2006). Whisking also varies



across species: rats whisk at an average of about 8Hz, mice whisk in a broader range from 15 to

25Hz, while other species, like guinea pigs, whisk arrhythmically (Jin et al., 2004).

1.1.2 From the Whiskers to the Brain — The Lemniscal and Paralemniscal Pathways

The whisker follicles are innervated by a variety of mechanoreceptors (Adibi, 2019;
Diamond et al., 2008; Dorfl, 1985). Each type of mechanoreceptor (such as Merkel cell-neurite
complexes and Ruffini corpuscles) responds to different aspects of whisker movement and
deflection. These receptors are coupled to trigeminal neurons. Multiple trigeminal ganglia
innervate the whiskers, but the most prominent among them is the infraorbital nerve branch (ION).
Trigeminal ION neurons respond to a whisker deflections with short latencies and can encode a
variety of whisker parameters, such as velocity, acceleration, vibration frequency, and angle of
deflection (Zucker & Welker, 1969). As each trigeminal neuron innervates a single whisker
follicle, they are only sensitive to deflections of a single whisker.

The whisker-associated trigeminal nerves project to two nuclei in the brainstem: the
principal sensory nucleus (PrV) and the interpolaris of the spinal nucleus (SpVi). These nuclei
integrate signals from multiple trigeminal cells, resulting in certain neurons exhibiting multi-
whisker responses (Minnery & Simons, 2003). The bifurcation of trigeminal input is the beginning
of two pathways from the periphery to the somatosensory cortex: the lemniscal and paralemniscal
pathways.

The lemniscal (“ribbon-like”) pathway is the primary route of somatosensory information
from the periphery to the brain. Neurons at all stages of the lemniscal pathway accurately encode
parameters of whisker deflections and primarily correspond to a single whisker, mimicking many

properties of trigeminal cells. The lemniscal pathway is characterized by discrete topographic
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Figure 1-3: The lemniscal and paralemniscal pathways

Each whisker follicle is surrounded by an array of touch receptors. These receptors are coupled to neurons
in the trigeminal ganglion, forming the infraorbital nerve (ION). The ION bifurcates and projects to two
brainstem nuclei: the lemniscal PrV and the paralemniscal SpVi. PrV primarily innervates VPM and SpVi
primarily innervates POm. VPM projects to layers 4, 5b, and 6 of S1. POm projects to layers 1 and 5a of
S1, layer 4 and 5b of S2, and a variety of other cortical areas. Adapted from Frangeul et al. 2014.

maps. The first region in the lemniscal pathway, brainstem PrV, is home to barrelettes: clusters of
neurons that map on to each of the macrovibrissae, organized to mirror the arcs and columns of
the whisker field. Neurons within a barrelette are similar to those in the ION, responding robustly
and with low latency to deflections of a single whisker (Minnery & Simons, 2003; Shipley, 1974).
These neurons have precise angular receptive fields, responding preferentially to whisker
deflections in specific directions.

Neurons in each PrV barrelette send large projections to VPM (Chiaia et al., 1991). The
whisker-sensitive region of VPM is composed of barreloids, which again form a somatotopic map
of the whisker field. In many ways the VPM barreloids mimic the PrV barrelettes — they encode
angle, amplitude, and velocity of whisker deflection, respond primarily to a single whisker, and
have low latency responses (Diamond et al., 1992; Khatri et al., 2010; R. S. Petersen et al., 2008).
A distinguishing feature of VPM is the emergence of lateral inhibition: a large subset of VPM cells
are inhibited by stimulation of a whisker adjacent to their primary whisker (Minnery et al., 2003).

Thus, VPM performs a significant computational step in sensory processing by integrating



information across neighboring whiskers. Due in part to its robust encoding of sensory stimuli,
VPM is considered the primary somatosensory thalamic nucleus.

The paralemniscal system begins at SpVi. In many ways, SpVi is similar to PrV, as it has
low latency touch responses and encodes whisker deflection angle (Furuta et al., 2006; Sosnik et
al., 2017). However, the barrelettes of SpVi are restricted to a caudal subregion which sends a
small projection to VPM. Neurons in the rostral SpVi lack barrelettes, have less specific
somatotopy, and are less sensitive to a preferred deflection angle (Diamond et al., 2008; Furuta et
al., 2006; Pierret et al., 2000). These neurons target a second thalamic region, the posterior medial
nucleus (POm) (Chiaia et al., 1991; Veinante et al., 2000).

Compared to VPM, POm cells have longer latency, respond weakly or not at all to single
whisker deflections, and poorly encode whisker touch and whisking phase (Ahissar et al., 2000;
Diamond et al., 1992; J. D. Moore et al., 2015). POm does have a somatotopic organization but
lacks VPM’s barreloid structure. Many cells only respond to large amplitude multi-whisker
deflections. Further, POm cells do not faithfully encode stimulus frequency (Masri et al., 2008).
Indeed, by every standard metric, POm contains less information about whisker contact than VPM.
POm is a secondary sensory nucleus, and its role in sensory processing is not yet well understood.

Both the lemniscal and paralemniscal pathways terminate with thalamocortical projections
to S1. The whisker sensitive region of S1 is home to barrels — distinct columns of cells that are
sensitive to stimulation of a principal whisker. These barrels are most prominent in cortical layer
4, and easily visible even in unprocessed tissue samples. Neurons from VPM barreloids project to
the corresponding barrel in S1, primarily targeting layer 4, but with other projections to layers 5b
and 6 (Constantinople & Bruno, 2013; Lu & Lin, 1993; Oberlaender et al., 2012; VVan Der Loos,

1976; V. C. Wimmer et al., 2010). POm cells avoid the barrels and instead innervate the spaces in



between, called septa. These cells synapse onto layer 5a and the layer 1 apical dendrites of layer 2
pyramidal cells (EI-Boustani et al., 2020; Koralek et al., 1988; Lu & Lin, 1993; V. C. Wimmer et
al., 2010).

Consistent with these differing inputs, S1 cells across layers have different sensory
responses, while stimulation of VPM and POm thalamocortical cells elicit different cortical
activity. Layer 4 cells within the barrel columns have even sharper directional tuning than VPM
cells (Bruno & Simons, 2002). Septal neurons are akin to POm, with weak direction tuning,
responding mostly to multi-whisker deflections (Brecht & Sakmann, 2002). However, POm
stimulation drives long-lasting depolarization of the otherwise largely inactive layer 2/3 pyramidal
cells. This depolarization can then facilitate sensory responses in layer 2/3 (Zhang & Bruno, 2019).

A further distinguishing feature of POm is that, unlike VPM, it projects to many regions
beyond S1. Chief among these are secondary somatosensory cortex (S2), primary motor cortex
(M1), and the superior colliculus (SC), but also other cortical regions (Cadusseau & Roger, 1990;
Hooks et al., 2013; Kleinfeld et al., 2006; Ohno et al., 2012; Theyel et al., 2010). There is growing
evidence that these different pathways from POm originate in distinct subregions and perform
different functions (EI-Boustani et al., 2020; Mease, Sumser, et al., 2016; Viaene et al., 2011). EI-
Bustani et al. have shown that only anterior POm cells receive input from SpVi, and that these
anterior cells in turn project to layer 4 of S2. Those cells that don’t receive SpVi input instead
project to layers 1 and 5A of S1. Thus, a subdivision of POm resembles a primary nucleus,
projecting brainstem input to layer 4 sensory cortex, but targets S2 instead of S1.

Through their dramatic differences in anatomy and sensory coding, the lemniscal and
paralemniscal pathways provide divergent input to the cortex. However, the purpose of these

parallel streams and how they contribute to perception remains enigmatic. Adding to this

10



complexity is the bidirectional nature of the thalamus-to-cortex pathway, as the thalamus also

receives significant input from multiple cortical regions.

1.1.3 Top-Down Input to Somatosensory Thalamus

Neurons in the sensory cortex project to a variety of cortical and subcortical regions. These
output neurons reside in layers 5 and 6 (Bourassa et al., 1995; Bourassa & Deschénes, 1995; Groh
et al., 2014). VPM receives excitatory input from layer 6 S1 pyramidal cells, while POm receives
input from layer 5 (Killackey & Sherman, 2003). As a result, cortical activity can modulate POm
and VPM in different ways.

Stimulation of S1 can enhance whisker responses in VPM, resulting in greater thalamic
activity in response to the same whisker stimulus. However, ablation of S1 activity (through
cortical lesions or optogenetic manipulation, e.g.) does not prevent whisker responses in VPM
(Diamond et al., 1992; Temereanca & Simons, 2004). The primary sensory cortex can thus
potentiate sensory responses in primary thalamic nuclei, but it is not the primary driver of those
responses. S1 also sends excitatory input to the thalamoreticular nucleus (TRN), which in turn
sends inhibitory inputs to VPM, forming a circuit by which the cortex can attenuate thalamic
activity (Landisman & Connors, 2007). Cortical modulation of ascending sensory information has
long been proposed as a substrate for guided attention (Crick et al., 1984). Though VPM is strongly
modulated by S1, it is not known to have significant input from other cortical regions.

POm also receives excitatory S1 input, but through layer 5 cells rather than layer 6. Unlike
VPM, S1 silencing dramatically reduces POm activity (Diamond et al., 1992). Further, POm
receives fewer brainstem inputs than VPM, leading to the conclusion that S1, not ascending
sensory input, is the primary driver of POm. POm also receives inhibitory input from the zona

incerta (ZI), a neighboring subthalamic region, which in turn receives excitatory cortical input
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(Barthd et al., 2002; Kita et al., 2014; Trageser & Keller, 2004). S1 can thus amplify and attenuate
POm much like it can VPM, but through different pathways.

Unlike VPM, POm receives excitatory input from an array of cortical and subcortical
regions beyond S1. Primary among these are M1, S2, and SC (Aldes, 1988; Gharaei et al., 2020;
Liao et al., 2010). Many of these connections are reciprocal. These widespread connections have
made it difficult to identify how POm contributes to sensory coding, and it is likely that each
thalamic input and output pathway is utilized in different tasks or behaviors. Indeed it has recently
been demonstrated that POm inputs from S1, but not from M1 or SpVi, are critical in a perceptual
discrimination task (Qi et al., 2022).

It is yet unclear if these different inputs form distinct subregions in POm and, if so, how
they might map on to those subdivisions defined by POm outputs. It is likely that we will need a
more thorough characterization of the substructure of POm to fully understand its role in sensory
perception. Regardless, it is clear that POm activity is important for certain behavioral tasks.
Further, the primary/secondary organization of VPM and POm is not unique to the somatosensory

system. The same organization is found on other sensory systems, including vision.

1.2 The Visual Thalamus

Like the somatosensory thalamus, the visual thalamus is comprised of two separate nuclei:
the dorsal lateral geniculate nucleus (ALGN) and the lateral posterior nucleus (LP). dLGN is a
primary nucleus driven by retinal input, projecting to primary visual cortex (V1), and possessing
precise topographic receptive fields. LP (and its primate homolog, the pulvinar) is a secondary
nucleus, driven by input from a variety of cortical areas and exhibiting complex sensory responses
and broader retinotopy (Herkenham, 1980; Sherman & Guillery, 2002). There are several

differences between the visual and somatosensory nuclei; for example, dLGN and LP contain a
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small population of GABAergic inhibitory interneurons which are absent in POm and VPM
(Evangelio et al., 2018; Jurgens et al., 2012). However, the similarities in sensory response
properties, thalamocortical output, and corticothalamic input suggest that the primary and

secondary nuclei play similar roles in sensory processing within their respective sensory systems.

1.2.1 dLGN —The Primary Visual Nucleus

As a primary sensory nucleus, dLGN receives significant excitatory input from the sensory
periphery, namely the retina (Guido, 2018; Morin & Studholme, 2014; Sherman, 2016). Retinal
ganglion cells project to dLGN in a topographic manner, such that neighboring retinal ganglion
cells innervate proximal neurons in dLGN (Kerschensteiner & Guido, 2017; Reese & Jeffery,
1983). Many dLGN cells exhibit center-surround receptive fields at specific angular positions in
the visual field. Receptive fields of neighboring dLGN cells map on to proximal positions in the
visual field and, as a result, each dLGN contains a retinotopic map of the contralateral visual
hemifield (Saalmann & Kastner, 2011). In this way dLGN encodes visual stimuli similarly to
retinal ganglion cells, albeit with stronger center-surround antagonism (Grubb & Thompson, 2003;
Ruksenas et al., 2000; Sriram et al., 2016). A subpopulation of dLGN cells are also selective for
more complex visual features such as direction or orientation (Piscopo et al., 2013). dLGN projects
to layer 4 of V1, but like VPM, it has few if any other cortical targets (Kloc & Maffei, 2014; Roth
et al., 2016; Sherman & Guillery, 2002).

The retina is the primary driver of dLGN, but retinothalamic inputs comprise only 10% of
input to the region (Bickford et al., 2010). The majority of excitatory inputs are instead from layer
6 cells in the primary V1. These corticothalamic inputs are topographically organized, with V1

cells projecting to those dLGN cells with similar spatial receptive fields (Tsumoto et al., 1978).
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V1 cells also project to the TRN, which in turn sends inhibitory input to dLGN in a circuit motif
that echoes the S1 > TRN - VPM pathway (Campbell et al., 2020; Gilbert & Kelly, 1975; Gilbert
& Wiesel, 1979). This direct and indirect cortical input can dramatically modulate receptive dLGN
receptive fields, sharpening or broadening receptive field size and adjusting center-surround
opponency (Born et al., 2021). Like VPM, dLGN is not known to have corticothalamic input from

regions other than primary sensory cortex (Gilbert & Kelly, 1975).

1.2.2 LP and the Pulvinar — The Secondary Visual Nucleus

Rodent LP—Iike its primate homolog the lateral pulvinar—is the secondary nucleus in the
visual thalamus. It receives only sparse retinal input compared to dLGN (Allen et al., 2016; Morin
& Studholme, 2014), but receives strong excitatory input from V1, SC, the anterior cingulate
cortex, and other visual cortical areas (Bennett et al., 2019; Born et al., 2021; Juavinett et al., 2020;
Leow et al., 2022; Roth et al., 2016; Scholl et al., 2021). LP sends reciprocal projections to each
of these regions. Much like POm, LP thalamocortical projections target layers 1 and 5a of primary
sensory cortex (Herkenham, 1980; Nakamura et al., 2015; Roth et al., 2016).

Compared to dLGN, the LP/pulvinar has broader and more complex receptive fields
(Saalmann & Kastner, 2011). In primates, pulvinar neurons tend to respond to the onset of visual
stimuli rather than firing tonically throughout a stimulus presentation (S. E. Petersen et al., 1985).
They have broad orientation tuning and respond to moving stimuli, but are only weakly direction-
selective (Bender, 1982). Similarly in mice, LP cells have larger spatial receptive fields than dLGN
cells and have weaker orientation selectivity (Allen et al., 2016; Roth et al., 2016). Interestingly,
as much as 50% of LP cells are unresponsive to simple visual stimuli (e.g., drifting bars or light

steps) compared to about 5% of unresponsive dLGN cells (Allen et al., 2016; Howarth et al., 2014).
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It is possible that these unresponsive cells respond only to more complex stimuli than those
generally used in experiments, or that they are driven by non-sensory cortical regions.

LP is a heterogeneous region comprised of multiple subnuclei. Three subnuclei have
previously been defined by differences in cytoarchitecture and immunocytochemical markers
(Nakamura et al., 2015; Takahashi, 1985; N. A. Zhou et al., 2017). More recently, Bennett et. al
have defined three nonoverlapping subregions (posterior-dorsal, anterior-ventral, and medial)
based on corticothalamic inputs, thalamocortical and thalamocollicular outputs, and retinotopic
maps (Bennett et al., 2019). Broadly speaking, posterior-dorsal LP receives input from SC and
ventral cortical areas, anterior-ventral LP receives input primarily from V1, and medial LP receives
input form frontal cortical areas such as the anterior cingulate cortex (Bennett et al., 2019; Leow
et al., 2022). Each of these subregions contains a retinotopic map and has different spatial and
temporal receptive fields. Like in POm, It is likely that each of these subregions contributes

differently to visual processing and are differentially engaged in visual tasks.

1.3 The Role of the Secondary Thalamus
Despite several decades of study, we still lack a consensus on the role of LP, POm, and
secondary sensory nuclei in general. There have been many ideas proposed, several of which I will

briefly review here.

1.3.1 POm is Activated by Pain
When investigating how the brain processes tactile stimulation, much attention is paid to
low threshold mechanosensation. However, most POm cells have weak responses to single

whisker deflections, or none at all. This has led some to consider the possibility that POm
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specifically encodes a different tactile stimulus: pain. Frangeul et al. demonstrated that VPM, but
not POm, is activated by gentle whisker deflections and free whisking in an environment, as
evidenced by increased cFos expression (Frangeul et al., 2014). In contrast, injection of capsaicin
to the mystacial pad resulted in greater cFos in POm, but not VPM. Masri et al. previously
investigated the role of POm and ZI in a model of chronic pain. They found that, after inducing
chronic pain in rats via a spinal cord lesion, ZI exhibited lower spontaneous firing rates, leading
to higher spontaneous and sensory evoked activity in POm (Masri et al., 2009). Interestingly, this
manipulation did not induce changes in VPM or trigeminal nuclei. However, these results are
complicated by the fact that both acute and chronic pain can induce changes in arousal and
movement, which have also been shown to modulate POm (see below). More studies are required

to determine if POm responds specifically to pain itself.

1.3.2 Secondary Nuclei Encode Self-Generated Movement

Others have suggested that POm does not encode tactile sensation at all, but rather
movement. Yu et al. found that, in anaesthetized rats, cells in VPM and POm could be classified
as whisking related, touch related, or both (Yu et al., 2006). The majority of POm cells were
whisking related, responding only when the facial motor nerve was electrically stimulated to
induce fictive whisking. These cells did not differentially respond to whisker deflections. By
contrast, the majority of VPM cells were touch related, responding only to whisker deflections
regardless of motor nerve stimulation. The researchers theorized that the lemniscal and
paralemniscal pathways separately encode whisker touch and whisker position, respectively. The
cortex could then integrate these two signals to compute the position of an object relative to the

position of the whiskers at the time of whisker touch (Diamond et al., 2008). This model is further
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supported by the fact that POm receives M1 input, which could transmit information about
mystacial pad movements (Aldes, 1988).

However, this theory has been contradicted by more recent data in awake, freely whisking
mice. Under these conditions, spontaneous activity in both VPM and POm is highly dependent on
behavioral state, but only VPM activity is specifically modulated by whisking (Urbain et al., 2015).
Further, a majority of VPM cells reliably encode phase, while only a minority of POm cells are
modulated by phase, and only weakly (J. D. Moore et al., 2015; Urbain et al., 2015). Thus, the
lemniscal system can encode both whisker position and whisker touch.

Similarly, it has been suggested that LP specifically integrates motor signals and visual
input to identify visual movement independent of an animal’s own movement. Both LP and dLGN
contain information about saccadic eye movements and locomotion. However LP seems to
integrate signals of external movement and internal movement more than dLGN, as demonstrated
by large visuomotor discrepancy signals when there is a mismatch between running speed and
background speed in virtual reality (Roth et al., 2016).

In chapter 2 of this thesis, | further investigate how both POm and LP encode whisker
movement and how trigeminal, cortical, and collicular inputs to POm contribute to movement-

related activity.

1.3.3 Secondary Nuclei Facilitate Cortical Plasticity

Experience-dependent synaptic plasticity is a substrate of learning and memory. In the
somatosensory cortex, long term experience-dependent plasticity primarily occurs in layers 2/3
and 5, but not layer 4 (Chandrasekaran et al., 2015; Glazewski & Fox, 1996; Jacob et al., 2012).

That is, the cortical layers receiving direct POm input are those most likely to exhibit experience
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dependent plasticity. Layer 2/3 also receives excitatory input from S2 and M1, but POm is the
strongest driver of layer 2/3 activity (Zhang & Bruno, 2019).

In anesthetized mice, rhythmic whisker stimulation induces long-term synaptic
potentiation (LTP) in layer 2/3 (Gambino et al., 2014). This plasticity is mediated by sustained
subthreshold depolarization plateau potentials. Optogenetic excitation of POm in absence of
whisker stimulation induces the same plateau potentials, while POm inhibition prevents whisker
evoked LTP. Similarly, paired stimulation of layer 4 S1 cells and POm axon terminals in vitro
induces layer 4 to layer 2/3 LTP (Williams & Holtmaat, 2019). This plasticity is mediated by
disinhibition of layer 2/3 pyramidal neurons.

Audette et al. demonstrated the same effect via a behavioral paradigm. The researchers
conditioned mice to associate a whisker air puff to with a water reward. After conditioning, ex vivo
optogenetic stimulation of POm revealed potentiation of synapses in both layers 2/3 and 6 (Audette
et al., 2019). This plasticity was contingent on reward conditioning and was not observed in VPM
thalamocortical synapses.

Evidence for the involvement of LP in cortical plasticity is less conclusive. Studies of
thalamocortical synaptic plasticity in the visual system have largely focused on cortical
development within developmental critical periods (Hooks & Chen, 2020). However, it has been
shown in vitro that excitation of layer 2/3 neurons paired with stimulation of layer 4 cells induces
LTP in those layer 2/3 cells, similar to what has recently been shown in S1 (Kirkwood & Bear,
1994). In behaving animals, the association of a stimulus with a reward induced enhanced sensory
representation of the stimulus in layer 2/3 V1 cells (Poort et al., 2015). As LP synapses onto later
1 apical dendrites of layer 2/3 cells, it may facilitate V1 cortical plasticity much in the way that

POm facilitates S1 plasticity, though this has yet to be directly tested.
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1.3.4 Secondary Nuclei Enable Cortico-Cortical Communication

POm, LP, and other secondary thalamic nuclei are interconnected with multiple sensory,
motor, and frontal cortical areas. The primary sensory cortex is thought to be the primary driver of
secondary sensory nuclei, while the secondary nuclei are the primary drivers of secondary sensory
cortex (Bennett et al., 2019; Diamond et al., 2008; El-Boustani et al., 2020; Leow et al., 2022; Liao
etal., 2010; Qi etal., 2022). The secondary nuclei could function as a relay — not from the periphery
to the cortex — but between primary and secondary cortical areas. There is growing evidence that
secondary nuclei function as a hub of corticothalamocortical pathways, forming a parallel stream
of information to direct corticocortical connections. These indirect pathways through the thalamus
may in fact be the primary route of information between cortical areas.

It has been shown in vitro that stimulation of S1 drives activity in S2 (Theyel et al., 2010).
This effect is dependent on POm: S2 still responds to S1 stimulation after severing direct
corticocortical projections, but the response is abolished after chemical silencing of POm. A caveat
of this study is that in vitro preparations damage the direct corticocortical projections, resulting in
an underestimate of the strength of direct S1 to S2 projections. However, these findings
demonstrate that the S1-POm-S2 pathway is sufficient for S1 to drive activity in S2.

More recently, our lab has demonstrated in vivo that POm inputs to layer 2/3 S1 are stronger
and longer lasting than inputs from S2 or M1 (Zhang & Bruno, 2019). Further, M1 corticothalamic
cells primarily target thalamocortical cells in POm (Yamawaki & Shepherd, 2015). Another in
vivo study demonstrated that M1 stimulation induces activation of S1, followed by suppression of

somatosensory responses (Lohse et al., 2018). Optogenetic stimulation of layer 6 M1 cells, which
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preferentially target POm, is sufficient to drive this effect. POm is thus the primary source of
information from M1 to S1.

However, it has also been shown that the corticothalamic neurons in the forelimb regions
of S1 and M1 form recurrent loops through POm: S1 corticothalamic cells are most likely to
synapse onto POm thalamocortical cells that target S1, and likewise in M1 corticothalamic cells
synapse onto POm cells that project back to M1 (K. Guo et al., 2020). This would suggest that
POm does not project motor information to S1, nor does it project sensory information to S2, but
rather is a source of cortical feedback. It is yet unclear whether intercortical communication or
intracortical feedback is the primary function of POm. Perhaps there are differences in sensory
processing between the whisker system and the rest of the somatosensory system. Or perhaps
different subregions of POm perform these two roles individually. Further studies of
corticothalamocortical pathways and how they function in behaving animals are required to dissect
the roles of these circuits.

There are also several studies indicating that the pulvinar/LP is a major hub of intercortical
communication. In macaques, the pulvinar facilitates synchrony in local field potentials between
two visual areas (V4 and the temporo-occipital area) while performing an attention task (Saalmann
et al.,, 2012). This corticothalamocortical interaction is stronger than direct corticocortical
interactions. Similar cortical synchrony occurs between V4 and the inferior temporal cortex, and
this synchrony is significantly disrupted by chemical silencing of the pulvinar (H. Zhou et al.,
2016). Further, in non-behaving monkeys, pulvinar silencing disrupts coherence between V4 and
the lateral intraparietal area (Eradath et al., 2021). The pulvinar, then, coordinates communication

between multiple high-order visual areas.
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It is yet unclear whether the pulvinar also facilitates coordination between primary and
secondary visual areas or between motor and visual cortex. However, it appears that
corticothalamocortical pathways are a defining feature of high-order nuclei and are likely essential
to sensory processing. Further, it is not yet understood how indirect cortical communication via
the thalamus differs from direct corticocortical pathways. It is possible that corticothalamocortical
pathways function as drivers of certain cortical areas, while corticocortical pathways function more
as modulators. Given the wide array of connections between the cortex and the thalamus, such
descriptions are likely to overgeneralize the role of the secondary thalamus. Future studies of
sensory processing will have to carefully consider thalamocortical interactions and their role in

perception and behavior.

1.3.5 Secondary Nuclei Facilitate Attention

Some of the earliest theories about the role of the thalamus proposed that it was central to
attention (Crick et al., 1984). Through direct corticothalamic projections or indirect projections
through subcortical regions, sensory cortex can modulate thalamic activity, potentially amplifying
or attenuating sensory responses. As a result, distracting percepts could be filtered out to enable
an animal to focus on behaviorally relevant sensations. Some of the most compelling evidence for
the role of the thalamus in attention comes from studies of the human and primate pulvinar.

In humans, pulvinar lesions cause a variety of attentional deficits. A study by Snow et al.
demonstrated that people with unilateral pulvinar damage have difficulty detecting a target visual
stimulus amidst a distracting visual stimulus (Snow et al., 2009). This impairment is ameliorated
when the distractor is absent or less salient (i.e., lower contrast). Similarly, it has been shown that

pulvinar damage impairs the ability to localize an object in visual space (termed “spatial neglect”)
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and can cause one to misattribute certain properties between target and distractor stimuli (Danziger
et al., 2004; Ward et al., 2002). For example, a person with pulvinar damage might report seeing
a blue numeral “4” when the target stimulus is a red “4” and the distractor a blue letter “A”. This
impairment is similarly restored when the distractor is removed. Further, such deficits occur only
in the visual hemifield contralateral to the lesioned pulvinar. Pulvinar damage thus does not impair
the ability to see per se, but rather to direct attention and discriminate between relevant and
irrelevant visual stimuli.

Similar results have been found in studies of nonhuman primates. Pulvinar responses are
greater when a monkey directs attention towards a stimulus within the recorded cell’s spatial
receptive field (S. E. Petersen et al., 1985). Chemically silencing the pulvinar in macaques causes
reversible spatial neglect in the contralateral hemisphere (Wilke et al., 2010). Like in humans, this
neglect only occurs in the presence of distracting stimuli. With more precise injections to the
pulvinar, Zhou et al. were able to induce spatial neglect in subregions of visual space comporting
with the receptive fields of the silenced region (H. Zhou et al., 2016). As visual attention tasks
necessitate movement — either a saccade towards a stimulus or reaching for an object — it is not yet
entirely clear if the pulvinar participates in visual attention or in more specific visually guided
motor output. However, pulvinar inhibition does not cause gross motor impairment, so it appears
most likely to participate in attention over movement (Wilke et al., 2010; H. Zhou et al., 2016).

It has been more difficult to directly study attention in rodent sensory thalamus. Mice and
rats have less acute vision than primates and do not saccade in the same way (Sakatani & Isa,
2007), so visually guided attention tasks do not directly translate to rodents. However, there are a
handful of studies indicating the role of visual and somatosensory corticothalamic circuits in

behavior. Wimmer et al. demonstrated the involvement of dLGN in a multimodal task where mice
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were cued to attend to or ignore a visual stimulus on successive trials (R. D. Wimmer et al., 2015).
In this study, dLGN had a higher firing rate during trials where mice attended to vision over trials
where they attended to auditory stimuli. The researchers identified a prefrontal cortex to TRN
pathway, such that prefrontal cortex could amplify dLGN activity through disinhibition. Similar
studies have not yet been performed in LP.

It is not clear if mice and rats attend to specific regions of the whisker field in a way
analogous to how primates attend to specific regions of the visual field. However, mice can be
trained to lick in response to stimulation of a single whisker and ignore stimulation of a second
ipsilateral whisker (El-Boustani et al., 2020). In this paradigm, POm activity correlates with the
decision to lick or withhold licking before a mouse responds, while VPM activity increases only
while the mouse is licking. POm, then, appears to participate in the detection of a rewarded
stimulus and the decision to lick, while VPM indiscriminately reports face and whisker sensations.

Similarly, La Terra et al. recently demonstrated the involvement of the forepaw region of
POm in a detection task (La Terra et al., 2022). Mice were trained to detect a forepaw vibration
and to lick for a water reward. A separate cohort was trained to withhold licking during the same
period of time to receive the water reward. Regardless of conditioning type, POm activity was
elevated during the response period on correct trials. Further, silencing POm impaired performance
in expertly trained mice, and made it more difficult for naive mice to learn the task. These results
are compelling evidence for the importance of POm in goal-oriented behavior. That said, this study
does not directly address the role of attention, as the mice never had to ignore one stimulus in

preference for another.
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1.4 Overview

In this thesis, | investigate two open questions on the role of the secondary thalamus in
sensory processing. It has been suggested that POm encodes whisker movement, and that the
cortex can utilize signals of self-generated movement to enhance processing of whisker deflections
(Yu et al., 2006). In Chapter 2, | further characterize how POm activity encodes the slow and fast
components of whisker touch. I manipulate a variety of top-down and bottom-up excitatory inputs
to POm to investigate how such input contributes to movement signals in the thalamus. I conclude
that POm does not encode movement per se; indeed, | observe that the visual region LP is equally
well correlated with whisking. Studies of the primate pulvinar suggest that the secondary nuclei
play a role in attention. In Chapter 3, I investigate how POm and LP encode stimuli based on
behavioral relevance, a proxy for attention. | find that both regions respond to a relevant stimulus
regardless of its modality, and that responses to irrelevant stimuli are suppressed. Through these
experiments, | demonstrate that POm and LP perform a distinct role from the primary nuclei: rather
than modulating and transferring sensory or motor information, they encode information about
behavioral state and attention. This activity may represent changes in cortico-cortical activity
based on attentional demands or provide a mechanism for learning the behavioral relevance of

certain stimuli.
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Chapter 2:

Effects of Arousal and Movement on Secondary Thalamus

Published in eLife on November 291" 2021.
https://doi.org/10.7554/eLife.67611
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2.1  Introduction

Somatosensory, visual, auditory, and gustatory cortex are each reciprocally connected with
a specific subset of thalamic nuclei. These nuclei can be subdivided into primary and secondary
(often termed ‘higher-order’) nuclei (Guillery & Sherman, 2002; Herkenham, 1980; Phillips et al.,
2019). The primary nuclei are the main source of sensory input to the cortex and respond robustly
to sensory stimulation with low latency (Chiaia et al., 1991; Constantinople & Bruno, 2013;
Sherman & Guillery, 2002; V. C. Wimmer et al., 2010). Unlike primary nuclei, the secondary
nuclei are interconnected with many cortical and subcortical regions, and their role in sensation
and cognition is poorly understood.

In rodents, the facial whisker representation of primary somatosensory cortex (S1) is tightly
integrated with two thalamic nuclei: the ventral posteromedial nucleus (VPM) and the posterior
medial nucleus (POm). Compared to the primary nucleus VPM, the secondary nucleus POm has
broader receptive fields, longer-latency sensory responses, and poorly encodes fine aspects of
whisker touch such as contact timing and stimulus frequency (Diamond et al., 1992; Masri et al.,
2008; C. I. Moore, 2004; J. D. Moore et al., 2015). It receives input from S1, motor cortex,
posterior parietal cortex, the zona incerta, and many other subcortical regions in addition to
brainstem afferents (Chiaia et al., 1991; Olsen & Witter, 2016; Trageser & Keller, 2004). Whereas
VPM innervates cortical layer 4 and the border of layers 5B and 6, POm projects to the apical
dendrites of layer 1 as well as layer 5A (V. C. Wimmer et al., 2010). POm is a stronger driver of
layer 2/3 cells than cortico-cortical synapses and can enhance sensory responses in pyramidal
neurons of layers 2/3 and 5 (Mease, Metz, et al., 2016; Zhang & Bruno, 2019). POm is thus
positioned to strongly influence sensory computations in S1 and do so in ways that are highly

distinct from VPM. However, what POm activity encodes remains a mystery.
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One possibility is that POm activity encodes self-generated movements, through either
sensory reafference (stimulation of the sensory receptors by active movement) or motor efference
copy (internal copies of motor commands), rather than extrinsic tactile sensations (Sherman &
Guillery, 2002; Yu et al., 2006). If secondary thalamus were a monitor of movements,
somatosensory cortex could use POm input to differentiate self-generated and externally generated
sensory signals. However, recent studies in awake animals have observed that, in comparison to
VPM, POm encodes whisker motion and contact less well (J. D. Moore et al., 2015; Urbain et al.,
2015), which casts doubt on the hypothesis that secondary pathways exist to provide detailed motor
information to cortex.

An alternative hypothesis is that secondary thalamic nuclei are key structures for
monitoring behavioral state. For instance, several studies have noted that a subset of POm neurons
is activated by pain (Frangeul et al., 2014; Masri et al., 2009), a powerful stimulus that can trigger
a change in animals’ state. Spatial attention is a more subtle form of behavioral state change and
has been implicated repeatedly in studies of primate secondary visual thalamus (lateral pulvinar)
(S. E. Petersen et al., 1987; Saalmann & Kastner, 2011; Wilke et al., 2010). The rodent homolog
to the pulvinar (lateral posterior nucleus, LP) is active during mismatch of movement and visual
stimuli (Roth et al., 2016), which might reflect elevations in visual attention or even global arousal.
These results raise the possibility that modulation by behavioral state is a general feature of all
secondary nuclei.

Here, we investigate how afferent, corticothalamic, and collicular inputs—the three main
excitatory pathways to secondary sensory thalamus—influence encoding of movements by POm
in the awake mouse. We discovered that removing these circuits enhances rather than reduces

modulation of POm activity by movements, suggesting that these pathways may mainly transmit
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signals of a nature other than movement. We further examine how POm activity relates to that of
LP—which has not been directly compared before—to investigate general principles of secondary
thalamus function. This comparison reveals that behavioral state, rather than movement itself,

prominently dictates the activity of secondary thalamic nuclei.

2.2  Results

2.2.1 POm Cells Mainly Track Slow Components of Whisking Activity

We characterized the degree to which POm encodes whether or not an animal is whisking
versus the fine details of whisking movements. We recorded juxtasomally from single neurons in
head-fixed mice while acquiring high-speed video of the contralateral whisker field, from which
whisker positions could be algorithmically extracted (Figure 2-1 A and B) (Clack et al., 2012). To
measure slow aspects of whisking, we calculated whisking amplitude from the median angle across
all whiskers. Whisking amplitude is defined as the difference in angle between the minimum and
maximum protraction over the whisking cycle (Hill et al., 2011; J. D. Moore et al., 2015).
Whisking amplitude was used to determine periods of quiescence and whisking, as defined by
periods of time when whisking amplitude exceeded 20% of the maximum for more than 250 ms
(Figure 2-1 B).

Whisking substantially elevated POm firing rates. We computed the mean firing rate for

each cell during periods when the mouse was whisking versus quiescent (Figure 2-1 C; 22 POm
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Figure 2-1: POm cells mainly track slow components of whisking

(A) An example frame from a video. Identified whiskers are highlighted in green. (B) Example traces of
juxtasomal POm recording and whisking. The median angle of all whiskers in each video frame (middle,
gray) was used to calculate the whisking amplitude (bottom, green). (C) Scatter plot of POm firing rates
during whisking and quiescence (n=22 POm cells, five mice, increase from mean of 7.8 Hz to 12.4 Hz, or
58%, p<10-4, paired t-test). Green, cell in B. (D) Cross-correlation of POm firing rate and whisking
amplitude (green), angle (gray), and 4-30 Hz bandpass-filtered angle (black). Shading, SEM over cells.
Cross-correlation is normalized such that autocorrelations at zero lag equal one. (E) Left, Firing rate as a
function of phase in the whisking cycle for two example POm units. A sinusoid model (black) was fit to
each cell to quantify preferred phase (white markers) and modulation depth. Right, A polar plot of
modulation depth (radius) and preferred phase (angle) of each POm unit. Filled circles, cells with significant
phase modulation (p<0.05, Kuiper test, Bonferroni corrected). Green circles correspond to the two
examples.

neurons in five mice). The firing rates of POm cells were significantly higher during bouts of
whisking, increasing from a mean firing rate of 7.8 Hz to 12.4 Hz (58.5% increase, p<10~*, paired
t-test). To understand which components of whisking might drive POm activity, we calculated the
cross-correlation between POm firing rate and three features of whisking activity: the median angle
across all whiskers (Figure 2-1 D, gray), the amplitude metric which captures the slow envelope
of whisking (green), and the median angle bandpass-filtered from 4 Hz to 30 Hz (black), which
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reflects fast protractions and retractions of the whiskers. We found that POm neurons had little
correlation with the bandpass-filtered angle, but prominent correlations with both whisker angle
and whisking amplitude around a time lag of zero. The strongest correlate of POm activity was
whisking amplitude, suggesting that POm is coupled to the slow components of whisking, rather
than individual whisk cycles.

To investigate the encoding of the fast components of whisking in POm, we analyzed
whether individual cells preferred to discharge during a certain phase of the whisking bout. We
quantified the phase of whisking by applying the Hilbert transform to the 4-30 Hz bandpass-
filtered median whisker. We identified the phase at which each action potential occurred during
whisking and plotted distributions of firing rate as a function of phase. For each cell, we fit a
sinusoid to characterize the cell’s preferred phases (the phase of the whisk cycle that elicited the
highest firing rate) and modulation depth (the degree to which phase impacts firing rate, measured
as the peak-trough difference normalized by mean firing rate). Figure 2-1 E shows the phase
relationship of two example cells: one with significant coding (top) and the other insignificant
(bottom). Most POm cells (18/22) resembled the non-phase coding example, having little or no
modulation (right). Taken together, these results indicate that the majority of POm cells do not
encode fast whisking dynamics such as whisker angle or the phase of the whisking cycle. Rather,
they track overall whisking activity, that is, whisking versus quiescence.

To further characterize the relationship between whisking and POm activity, we analyzed
the coherence of these signals in the frequency domain. A spectral density analysis of whisking
angle indicated that the majority of whisking power is concentrated at low frequencies (<5 Hz)
with a prominent peak at higher frequencies (8—-13 Hz), corresponding to the dynamics of

individual whisk cycles (Figure S-1). However, the mean-squared coherence of POm activity and
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whisking angle was significantly different from chance only in the low-frequency band. For
individual cells, mean coherence was significantly greater in the low-frequency band than in the
high-frequency band (p=0.0004, paired t-test). This was true even of cells with significant phase
modulation depth. Thus, both time- and frequency-domain analyses confirm that POm output

predominantly tracks the slow envelope of whisking.

2.2.2 POm Encodes Whisking Activity in Absence of Reafferent Sensory Input

One possible source of whisking-related activity is reafferent sensory input: when the
mouse whisks, the self-generated movement could deform the whisker follicle and stimulate
mechanoreceptors. To measure the degree to which POm activity is driven by the sensory
reafference caused by whisking, we severed the buccal and upper marginal branches of the facial
motor nerve on the right side of the face, contralateral to our recordings while taking video of the
left (ipsilateral) side of the face (Figure 2-2 A). This manipulation does not damage the sensory
neurons and avoids the risk of inducing sensory neuron plasticity (Shetty et al., 2003). Mice were
no longer able to move the right whisker pad but whisking on the left side of the face was
unaffected (Figure 2-2 B, C). Without whisker movement, there can be no reafferent sensory input
from the right whisker pad. As in intact mice, firing rates of POm neurons in nerve cut animals
were significantly higher during whisking bouts (Figure 2-2 D, n=12, p=0.0007, paired t-test) and
to a similar degree, increasing from quiescent firing rate of 11.6 Hz to a whisking rate of 16.7 Hz

(44%). POm firing rates also correlated with ipsilateral whisking amplitude, at a similar magnitude
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and with a similar lag as in the contralateral whisker field in intact mice (Figure 2-2 E). This
demonstrates that the correlation of POm activity and overall whisking is not due to ascending
reafferent information.

We also calculated the phase coding of the ipsilateral whisker field (Figure 2-2 F) and
compared it to the phase coding of the contralateral whisker field (Figure 2-1 E). While average
modulation depth was unchanged (Figure 2-2 G, p=0.12, Wilcoxon rank-sum test), modulation
depth by definition is bounded at zero, complicating analysis of medians close to zero. Indeed,
there was a noticeable and statistically significant decrease in the range of modulation depths in

the transected group (Figure 2-2 G, p=0.0013, two-sample F-test), consistent with eliminating the

32



largest modulation values. These results suggest that reafferent signals do not contribute to changes
in POm activity reflecting the slow envelope of whisking but are responsible for the small

population of POm cells carrying fast phase information.

2.2.3 Inhibition of Primary Motor Cortex Increases POm Correlation With Whisking

POm is reciprocally connected to several cortical areas, potentially making cortical output
a strong driver of POm activity (Chiaia et al., 1991; Diamond et al., 2008; Mease, Metz, et al.,
2016). Primary motor cortex (M1) activity encodes the envelope of the whisking in absence of
sensory input or motor output (Ahrens & Kleinfeld, 2004; Fee et al., 1997). Output from S1 and
M1 could convey sensorimotor information, such as a motor efference copy, that would drive
whisking-related activity, independent of ascending sensory input. To test the role of cortical
output, we set out to study POm activity during optogenetic suppression of M1 (Figure 2-3 A)
(Figure 2-3 A). We expressed halorhodopsin in all excitatory cortical neurons by crossing Emx1-
Cre mice with a conditional halorhodopsin responder line, a technique we previously used to
silence S1 (Hong et al., 2018). We first confirmed that the same technique silences M1 by
recording it with a 64-channel silicon electrode array. Out of the 131 M1 cells recorded, 50 were
fully silenced by the laser and a further 76 were substantially inhibited (Figure 2-3 B, mean laser-
on firing rate=17.6% of baseline, median=1.04%). Inhibition was effective across cortical layers,
and the laser decreased the firing rates of cells even deeper than 1200 um from the surface (mean
laser-on firing rate of deeper cells=60.1% of baseline, median=28.5%).

M1 suppression reduced the baseline firing rate of POm cells, but POm activity was still

elevated during whisking regardless of whether the laser was on or off (Figure 2-3 C). Surprisingly,
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Figure 2-3: Inhibition of M1 increases

POm correlation with whisking

(A) M1 was optogenetically silenced while
recordings were made from M1, POm, or
VPM. (B) Effect of laser on M1 activity across
cortical depth (n=131 cells, seven mice). The
laser inhibited 96.2% of cells (mean laser-on
firing rate 17.6%, median 1.04% of baseline).
Black, lowess smoothed function.

(C) Individual (gray) and mean (black or
green) POm firing rates during whisking and
quiescence when the laser is off or on
(n=23 cells, three mice, whisking p=0.005,
laser p=0.016, two-way repeated-measures
ANOVA). (D) Cross-correlation of POm firing
rate and whisking amplitude when the laser is
off. The peak correlation was significantly
higher when the laser was on (p=0.0018, paired
t- test between peak values). (E) Individual
(gray) and mean (black or blue) VPM firing
rates during whisking and quiescence when the
laser is off or on (n=13cells, two mice,
whisking p=0.0002, laser p=0.27, two-way
repeated measures ANOVA). (F) Cross-
correlation of VPM firing rate and whisking
amplitude (p=0.11, paired t-test between peak
values).

suppressing M1 increased the correlation between POm firing rate and whisking amplitude (Figure

2-3 D). This suggests that POm encoding of fine whisking kinematics arises from ascending

sensory reafference rather than input from motor cortex.

To confirm that these effects were due to inhibition of M1 inputs to POm and not an artifact

of optogenetic-induced changes in whisking behavior, we also recorded from cells in VPM. VPM,

which does not receive direct projections from M1, was largely unaffected by M1 inhibition. We

observed no effect of inhibition on VPM firing rates or cross-correlation between VPM activity

and whisking (Figure 2-3 E and F).
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2.2.4 Inhibition of Primary
Somatosensory Cortex Increases POm
Correlations with Whisking

In a parallel set of experiments, we

B c
silenced S1 using the same cre-dependent 5 =Y ¢ o1
halorhodopsin line (Figure 2-4 A). This ém go,os-
technique robustly blocks action potentials g g 01
0 v s T T T 1
throughout all cortical layers of S1 in Sei o ™ i (k) (56
awake behaving mice (Hong et al., 2018). i B EC ol
Silencing S1 reduced POm activity whether %75 ;/ ;2 -y
mice were whisking or quiescent (Figure é 7’ g -
g g
2-4 B, n=11 cells, three mice; whisking o a wa w 2 1 0 1 2

p=0.0002, laser p=0.024, two-way
repeated-measures ANOVA). As in the M1
experiments, the correlation between
whisking amplitude and POm activity was,
if anything, unchanged or increased by S1
silencing (Figure 2-4 C, laser-off peak
correlation=0.036, laser-on peak
correlation=0.081). There was a tendency

for S1 inhibition to reduce overall activity

Lag (whisk-spike) (sec)

Figure 2-4: Inhibition of S1 increases POm
correlation with whisking

(A) S1 was optogenetically silenced while
recordings were made from POm or VPM. (B)
Individual (gray) and mean (black or green) POm
firing rates during whisking and quiescence when
the laser is off or on. (n=11 cells, three mice,
whisking p=0.0005, laser p=0.03, two-way repeated
measures ANOVA). (C) Cross-correlation between
POm firing rate and whisking amplitude when the
laser is off (gray) or on (green) (p=0.15, paired t-
test between peak values). (D) Mean VPM firing
rate (n=8 cells, two mice, whisking p=0.001, laser
p=0.11, two-way repeated-measures ANOVA). (E)
Cross-correlation between VPM firing rate and
whisking amplitude (p=0.48, paired t-test between
peak values).

in VPM, possibly reflecting the known corticothalamic connections between S1 and VPM

(Bourassa & Deschénes, 1995; Hoogland et al., 1987; Killackey & Sherman, 2003), but this effect
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did not reach significance (Figure 2-4 D, p=0.1). Suppressing S1 had little impact on the
correlation of VPM spiking and whisking (Figure 2-4 E).

Thus, both optogenetic manipulations had qualitatively different effects on VPM and POm
activity, consistent with the known anatomical differences in corticothalamic projections onto
these two nuclei. Taken together, these results demonstrate that POm does not inherit information
about whisking amplitude from M1 or S1. Rather, corticothalamic inputs appear to transmit signals
other than whisker movements, and these additional signals normally reduce the correlation of

POm activity with whisking amplitude and phase.

2.2.5 Lesions to Superior Colliculus (SC) Do Not Reduce POm Correlation With Whisking
In addition to afferent inputs from brainstem and efferent inputs from cortex, POm receives
excitatory projections from the superior colliculus (SC) (Gharaei et al., 2020), which could also
provide a motor efference copy signal similar to known collicular circuits in the visual system
(Berman & Waurtz, 2010). SC receives excitatory input from both the trigeminal brainstem and
cortex and is whisking modulated (Castro-Alamancos & Bezdudnaya, 2015; Castro-Alamancos &
Favero, 2016), making SC a potential source of whisking-related POm activity. To test this
possibility, we performed bilateral electrolytic lesions in SC and subsequently recorded POm cells
(Figure 2-5 A). Whisking had similar effects on POm activity in both intact and lesioned animals
(Figure 2-5 B, n=49 cells from eight animals, 59% increase in mean firing rate, p<10~°). POm

firing rates of lesioned mice were overall higher than those of intact animals, independent of
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Figure 2-5: Lesions to superior
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whether animals were whisking or quiescent (Figure 2-5 C, lesion p<10-3, whisking p<10~°, two-
way ANOVA). There was a slight tendency for SC-lesioned animals to whisk more frequently
than intact animals, but this effect was not statistically significant (Figure 2-5 D, p=0.35, Wilcoxon

rank-sum test).

2.2.6 POm Activity Tracks Pupil Dynamics

Neither reafference nor the most likely sources of motor efference copy explain the coarse
modulation of POm by movement. This raises the question of whether POm encodes movement
per se, or another variable that is coupled with whisking and other movements, such as arousal. To
investigate this, we measured pupil diameter, which is a known metric of arousal. We acquired
videos of the pupil and whiskers while recording from POm (Figure 2-6 A). Pupil diameter was

tightly correlated with whisking, with pupil dilation lagging whisking amplitude by 880 ms on
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average (Figure 2-6 B). Pupil diameter also
correlated with POm activity, to a similar
degree as whisking and with a lag of 950 ms
(Figure 2-6 C, whisking amplitude peak
diameter

correlation=0.052, peak

pupil

correlation=0.071, p=0.23, paired t-test).

2.2.7 LP Activity Tracks Slow Whisker
Dynamics

We reasoned that, if the modulation of
POm by whisking was truly due to whisker
movement rather than some other correlated
variable, non-somatosensory thalamic nuclei
would not be expected to track whisking. The
secondary visual thalamic nucleus LP is the
rodent homolog of the primate lateral
pulvinar. LP is primarily coupled with cortical
and subcortical visual areas (Nakamura et al.,

2015), rather than somatosensory ones.
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Figure 2-6: POm activity tracks pupil dynamics.
(A) Sample recording of POm activity (middle, black)
with concurrent ipsilateral pupil diameter (blue, top),
median whisker angle (middle, gray), and whisking
amplitude (green, bottom). (B) Cross-correlation of
pupil diameter and whisking amplitude (30 recording
sessions from seven animals). Error bars are present
but very small. (C) Cross-correlation of POm firing
rate (n=10 cells from three animals) with whisking
amplitude (green) and pupil diameter (blue).

Because of their different connectivity, POm and LP are expected to carry separate sensorimotor

signals related to somatosensation and vision, respectively. Therefore, LP would not be expected

to encode whisker movement. By contrast, changes in behavioral state, such as overall animal

arousal as suggested by our pupil measurements, might modulate all thalamic nuclei, including LP

and POm.
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We tested this idea by recording juxtasomally from LP neurons (Figure 2-7 A and B, 29
cells from four mice). Surprisingly, we found that LP activity was significantly increased during
whisking bouts (Figure 2-7 C, increase from 13.0 Hz to 18.0 Hz, p<10~*, paired t-test). Like POm,
LP activity correlated with both whisking amplitude and median whisker angle with low latency
(Figure 2-7 D). Since changes in pupil diameter will cause more light to fall on the retina, the LP
correlation with whisking might be an artifact of pupil dilation. To control for this, a subset of cells
was recorded in low light. Under these darker conditions, the pupil was maximally dilated and did
not change (Figure 2-7 B), rendering input to the retina largely constant. However, these cells still
showed an equivalent increase in firing rate during whisking (Figure 2-7 C, orange; n=29 cells,
four animals; increase from a mean of 13.0 Hz to 18.0 Hz, or 39%, p<10~4, paired t-test). Thus, LP
activity appears to track whisking independent of changes in visual input, which suggests that the
effect in both nuclei is due to the arousal-whisking correlation rather than a direct effect of
whisking.

The activity of individual LP cells was more coherent with the low-frequency components
of whisking than high frequencies (Figure S-2 A). Overall LP-whisking coherence was identical
to POm-whisking coherence in both the low- and high-frequency bands (Figure S-2 B).

Taken together, our results indicate that the slow component of whisking-related activity
in POm is neither a consequence of ascending motion signals from reafferent mechanisms nor
corticothalamic or colliculothalamic efferent mechanisms. We conclude instead that behavioral
state, such as arousal may strongly dictate the activity of secondary thalamic nuclei, including

POm and LP.
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Figure 2-7: LP activity tracks slow whisker dynamics

(A, B) Sample recordings of two LP cells (black) recorded in normal light (A) or low light (B), with
corresponding median whisker angle (gray) whisking amplitude (green), and pupil diameter (blue or
orange). (C) Scatter plot of mean firing rate in LP cells during whisking and quiescence. Blue, cells recorded
in bright light; Orange, cells recorded in low light (n=29 cells from four mice, p<10-4, paired t-test). (D)
Cross-correlation of LP firing rate with whisking amplitude (green), median whisker angle (red), and 4-
30 Hz bandpass filtered angle (black).

2.3 Discussion

Our study tested the idea that the secondary somatosensory thalamus is a monitor of
movements or motor commands and manipulated the multiple known pathways to POm that could
mediate such signals. Juxtasomal recordings of POm cells revealed that this nucleus mainly tracks
slow components of whisking, not detailed kinematics and that mouse POm firing rates are much
higher during bouts of whisking than when a mouse is quiescent, consistent with other studies (J.

D. Moore et al., 2015; Urbain et al., 2015). POm activity mainly correlates with the slow change
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in whisking amplitude rather than the fast changes of the whisk cycle. Only a minority of our POm
cells exhibited any whisking phase information, and phase encoding appeared to depend on
sensory reafference. We have demonstrated that, by contrast, the overall elevation of POm activity
by whisking is not due to sensory reafference from self-generated movements, as transection of
the facial motor nerve did not uncouple POm activity from ipsilateral whisking. We showed that
potential motor efference copy via corticothalamic pathways from S1 and M1 cannot account for
whisking modulation of POm. Similarly, the phenomenon is independent of SC, the activity of
which is linked to movement and orienting.

What appears to be movement-related activity in POm is likely instead a consequence of
the encoding of behavioral state. Activity in secondary visual thalamus (LP) exhibits the same
correlation with whisker movement that we observed in POm. Though it is possible that POm and
LP separately encode correlated sensorimotor information, a more parsimonious explanation is
that both POm and LP are modulated by arousal, which is naturally elevated during movement.
Modulation of activity by the behavioral state may be a general property of all secondary thalamic
nuclei. Future studies are needed to examine if this principle holds in auditory thalamic subnuclei,
and perhaps even thalamic nuclei connected to motor cortex and other frontal areas. Conceivably,
some movement correlations seen even in motor thalamus may reflect various states more than
specific movements (Z. V. Guo et al., 2017).

The paralemniscal system has been speculated to be a parallel secondary afferent pathway
(Frangeul et al., 2014; Yu et al., 2006). However, in anesthetized rats, POm does not appear to be
sensitive to fine aspects of whisker touch, having very large receptive fields and long-latency
responses (Diamond et al., 1992; Trageser & Keller, 2004). One might expect that very large,

synchronized movements of the whiskers, such as during whisking, would elicit a response from
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POm due to sensory reafference driving coarse receptive fields. However, paralyzing the face did
not uncouple POm activity from ipsilateral whisking amplitude. Similarly, mouse barrel cortex is
also modulated by whisking and quiescence in absence of sensory input: whisking is associated
with a decrease in synchrony between layer 2/3 pyramidal cells in S1 and an increase in discharges
by VPM, which is unaltered by bilateral transection of the infraorbital nerve sensory nerve (Poulet
& Petersen, 2008). Manipulations of somatosensory thalamus strongly impacted cortical
synchronization (Poulet et al., 2012). Further studies are needed to parcel out the extent to which
thalamic contributions to cortical synchronization is due to inputs from VPM, POm, or both.

POm receives descending input from many cortical regions including M1 and S1.
Conceivably these inputs could modulate ascending sensory input or provide the thalamus with a
motor efference copy (Mease, Metz, et al., 2016; Sherman, 2016). Similarly, LP and LGN axons
in V1 exhibit eye movement-related signals (Roth et al., 2016). Previous studies in anesthetized
rats have shown that cortical inactivation will silence POm, but not VPM (Diamond et al., 1992).
Therefore, cortex might be the primary source of excitatory input to POm. However, we discovered
that, in the awake mouse, silencing either M1 or S1 only slightly reduces the firing rate of POm
cells and has little to no effect on VPM activity. We conclude that, while S1 and M1 provide
significant excitatory inputs to POm, these inputs are not the sole drivers of POm activity during
wakefulness.

Moreover, silencing these corticothalamic pathways increased rather than decreased the
correlation between POm activity and whisking amplitude. If POm activity were primarily
representative of a cortical efference copy, we would expect the opposite effect. While we cannot
rule out the possibility that POm receives some efference copy from cortex, such input is not the

cause of what at first appears to be whisking modulation. POm might instead be under equal or
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greater control of subcortical regions such as trigeminal brainstem complex, zona incerta, the
thalamic reticular nucleus, and neuromodulatory brainstem centers—all of which receive inputs
from broad areas of the nervous system (Pinault & Deschénes, 1998; Trageser & Keller, 2004).

As POm continues to track whisking in absence of both ascending sensory input and
descending cortical input, we propose that the activity we observe is not sensorimotor in nature,
but rather representative of thalamic coding of internal state. POm axons project to the apical
dendrites of pyramidal cells (Meyer et al., 2010; V. C. Wimmer et al., 2010), where they might
drive state-dependent changes in activity and synchrony. Arousal has dramatic effects on cortical
dynamics (Constantinople & Bruno, 2011; Reimer et al., 2014; Vinck et al., 2015). We observed
that pupil diameter, which closely tracks arousal, is highly correlated with whisking amplitude.
Due to the coupling between pupil and whisking dynamics, they both correlate with POm firing
rates. To dissociate the contributions of arousal and whisker movement, we took the novel
approach of comparing POm dynamics with those of LP, the rodent homolog of the primate lateral
pulvinar. We found a near-identical relationship between LP activity and whisking as we observed
in POm, even though there is no known connectivity between LP and the whisker system. As for
POm, these shifts in LP activity do not appear to be sensory dependent, as they persist even in low-
light conditions where the pupil is maximally dilated and can no longer contribute to changes in
retinal activity.

If state-dependent modulation of secondary thalamic nuclei is not derived from sensory
reafference or motor efference copy from cortex or SC, the likely remaining candidates would
include a large number of neuromodulators. While the neuromodulator acetylcholine is known to
mediate the effects of whisking on activity in somatosensory cortex (Eggermann et al., 2014), our

silencing experiments rule out any neuromodulation of primary somatosensory cortex as a

43



mechanism. However, acetylcholine and norepinephrine also act directly on thalamic nuclei, such
as VPM (Aguilar & Castro-Alamancos, 2005; Hirata & Castro-Alamancos, 2010). Zona incerta
terminals within POm are regulated by acetylcholine (Masri et al., 2006) and are likely modulated
in the same way within LP. Acetylcholine and norepinephrine both track pupil dynamics and are
plausible mechanisms of the POm-whisking correlation (Reimer et al., 2016a). In addition to these
two well-studied modulators, many others are known to have direct effects on thalamus (Varela,
2014). Any of these could act directly on POm and LP or indirectly through ZI, TRN, and
trigeminal brainstem nuclei, such as principalis and interpolaris. Future studies manipulating these
many modulators and at different sites of action are needed.

The arousal effect we have described may be a more general version of modality-specific
attentional effects that have been proposed for at least some secondary thalamic nuclei. In primates,
pulvinar neurons respond strongest when stimuli are presented in attended regions of visual space,
and lesion of the pulvinar leads to deficits of selective attention during visual tasks (S. E. Petersen
et al., 1985; Ward et al., 2002; Wilke et al., 2010). Human patients with pulvinar damage exhibit
spatial neglect, in which a stimulus can be perceived normally in isolation but is missed or distorted
in the presence of neighboring stimuli (Karnath et al., 2002; Snow et al., 2009). By analogy, one
might hypothesize that POm provides feedback that selects somatosensory stimuli for further
cortical processing. Indeed, we and others have already demonstrated that activation of POm
sensitizes cortical pyramidal neurons to the occurrence of subsequent tactile stimuli (Mease, Metz,
et al., 2016; Zhang & Bruno, 2019). Thus, POm affords control over the gain of the sensory
responsiveness of somatosensory cortex circuitry. Selective enhancement of sensory responses by

attention within a modality could be a general principle of all secondary thalamic functions.
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Cortex-wide fluctuations in activity are known to correlate with various uninstructed
movements (Musall et al., 2019). Cortical activity ceases in the absence of thalamic input, and
secondary thalamic inputs to somatosensory cortex are stronger and longer lasting than
corticocortical connections (Z. V. Guo et al., 2017; Reinhold et al., 2015; Zhang & Bruno, 2019).
Taking those studies and our study together suggests that secondary thalamus may be the
underlying cause of the recently observed patterned fluctuations in activity across cortex. Our
study directly tested the multiple known possible sources of afferent and efferent motor signals to
secondary thalamus. None of these could explain apparent shifts in thalamic activity. Thus,
behavioral state, rather than uninstructed movement, may be a primary driver of thalamic and
cortical activity during movement.

Elevated firing rates in secondary thalamus due to arousal or attention could be useful for
creating periods of heightened cortical plasticity. Recent studies have shown that repetitive sensory
stimuli in anesthetized animals drive POm input to pyramidal neurons, which leads to
enhancement of future sensory responses in cortex (Gambino et al., 2014). A potential mechanism
of this is that disinhibition of apical dendritic spikes leads to long-term potentiation of local
recurrent synapses among cortical pyramidal neurons (Williams & Holtmaat, 2019). Furthermore,
an in vivo study found that associative learning can also potentiate long-range POm connections
onto pyramidal neurons when subsequently measured in vitro (Audette et al., 2019).

It is conceivable that the arousal modulation of secondary thalamus that we have described
is utilized by such processes. Our work opens avenues to examining potential links between

arousal, attention, and plasticity.
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2.4  Materials and Methods

2.4.1 Surgery
Headplate and Craniotomy:

Mice were anesthetized with isoflurane and placed in a stereotax. The skull was exposed,
a thin layer of superglue was applied, and a custom-cut stainless steel headplate was attached using
dental acrylic. A small (200 um wide) opening was made on the mouse’s left side at ~1.7 mm
posterior to bregma and 1.4 mm lateral of the midline. A silver wire or screw was inserted over
the frontal cortex of the same hemisphere as a ground electrode and covered with dental acrylic.
The skin was sealed to the implant using superglue. Mice were allowed to recover from surgery
for 5 days before habituation. Mice were habituated to the setup for 5 days by attaching their
headplate to a holder on the recording table for 5-30 min each day, during which no recordings

were performed.

Facial Nerve Transection:

The facial nerve was transected with the mouse under isoflurane anesthesia. A small
(~5 mm) incision, centered ~5-8 mm ventral of the eye, was made in the skin. The buccal and
upper marginal branches of the facial nerve were identified running from near the ear to the
whisker pad, blunt dissected free of underlying tissue, and cut. The skin was closed with stitches
and bupivacaine was applied. Mice were allowed at least 24 hr to recover from surgery before use

in experiments.
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Superior Colliculus Lesion:

The superior colliculus was lesioned bilaterally just prior to headplate implantation.
Craniotomies were drilled over SC (0.5 mm anterior of lambda, 0.75 mm lateral of midline). A
tungsten electrode (0.3-1.0 MQ) was inserted to depths of 1 mm and 2 mm on each side, and 300
1A of current was delivered for 30 s at each lesion site. Mice were then implanted with a headplate
and habituated as described above. Histology was used to confirm lesion size and location, and

only recordings from mice with on-target lesions were analyzed.

2.4.2 Electrophysiology

After habituation, a mouse would be recorded for 2-7 days. A glass micropipette
(opening ~1.5 ym ID, shank ~60-80 um OD over last 3-4 mm) was filled with artificial
cerebrospinal fluid and inserted vertically into the brain using a micromanipulator. POm cells were
typically recorded at microdrive depths of 2800-3600 pum relative to the pia, and LP cells were
recorded at depths of 2100-2600 um relative to pia. Recordings were made with a MultiClamp
700B amplifier (Molecular Devices), bessel filtered 300-10,000 Hz, and digitized at 16 kHz using
custom Labview software (ntrode). At the end of some experiments, recording sites were labeled
with a glass electrode coated in Dil inserted to a depth of 3600 pum relative to the pia. Recordings
of M1 were performed with 64-channel silicon electrode arrays (Cambridge NeuroTech H3 and
H9). Arrays were inserted vertically to depths ranging from 1220 to 2000 um from the cortical
surface. Prior to recording, the tip of the array was dipped in Dil to label the recording site.
Recordings were acquired with an OpenEphys acquisition system and software (Siegle et al.,

2017), sampled at 30 kHz, and bandpass filtered from 2.5 Hz to 7.6 kHz.
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2.4.3 Videography

Whisker, pupil, and mystacial pad videos were made during electrophysiology and imaging
using multiple PS3eye cameras running at 125 frames per second. Camera housings had been
removed, and the lenses replaced with a 12 mm F2.0 lens (M12 Lenses Inc, part #PT-1220). Video
was acquired using the CodeLaboratories PS3eye camera driver and the GUVCView software on

a Linux computer.

2.4.4 Optogenetics

Optogenetic silencing of cortex was performed using Emx1-Halo mice as previously
described (Hong et al., 2018). Briefly, Emx1-IRES-Cre knock-in mice (Jackson Laboratories,
stock #005628) were crossed to Rosa-lox-stop-lox (RSL)-eNpHR3.0/eYFP mice (Ai39, JAX,
stock #006364), which express halorhodopsin after excision of a stop cassette by Cre recombinase.
All mouse lines were maintained on a C57BL/6 background. Optogenetic experiments used mice
that were heterozygous for the desired transgene as assessed by in-house genotyping. The locations
of S1 and M1 were marked based on stereotaxic coordinates during headplate surgery, and the
skull was thinned before recordings. Light was generated by a 593- or 594-nm laser (OEM or
Coherent) coupled to a 200-um diameter, 0.39 NA optic fiber (Thorlabs) via a fiber port, and the

diamond-knife cut fiber tip was placed above M1 or S1.

2.4.5 Histology
At the end of experiments, mice were deeply anesthetized with sodium pentobarbital and
then perfused transcardially with 1x phosphate buffer followed by 4% paraformaldehyde. Brains

were removed and sectioned on a vibratome into 100-um-thick slices, or on a freezing microtome
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into 50-um-thick slices. 100 pum slices were mounted directly on glass slides with mounting
medium. 50 um slices were stained in a solution of Cytochrome C (0.3 mg/ml), Catalase
(0.4 mg/ml), and 3-3’-Diaminobenzidine (DAB, 0.583 mg/ml). Sections were incubated in this
solution at 40°C for 30-45 min. Sections were washed five times in 1x phosphate buffer and

mounted on glass slides with mounting medium.

2.4.6 Data Analysis

For juxtasomal recordings, putative action potentials were identified offline with custom
MATLAB software. Spikes were then manually sorted with MClust (version 4.3). For silicon
probe recordings, we used KiloSort3 to detect spikes and assign them to putative single units
(Pachitariu et al., 2016). We then used Phy2 (https://github.com/cortex-lab/phy; Rossant, 2021) to
manually inspect each unit. Units were assigned to the array channel on which its mean waveform
had the highest standard deviation. Unit depth was assessed based on the microdrive depth of the
probe tip from the cortical surface and the known distance of the channel from the tip. We
identified putative inhibitory neurons based on the half-width of their mean waveform, that is, the
time between maximum negativity and return to baseline (Rodgers et al., 2021). Units with a half-
width below 0.25 ms were deemed narrow-spiking (putative inhibitory) and excluded from further
analysis.

Whiskers were automatically tracked from videos using software (Clack et al., 2012).
Custom MATLAB software was used to compute the median whisker angle. The median angle
was bandpass filtered from 4 Hz to 30 Hz and passed through a Hilbert transform to calculate
phase. We defined the upper and lower envelopes of the unfiltered median whisking angle as the

points in the whisk cycle where phase equaled 0 (most protracted) or +m (most retracted),
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respectively. Whisking amplitude was defined as the difference between these two envelopes.
Periods of whisking and quiescence were defined as times where whisking amplitude exceeded
20% of maximum for at least 250 ms. Periods of time where amplitude exceeded this threshold for
less than 250 ms were considered ambiguous and excluded from analysis of whisking versus
quiescence. The motion energy of the mystacial pad was defined as the mean absolute difference
in pixel values between successive frames of a 3- min n video.

For cross-correlation analysis, whisking angle, amplitude, pupil, and spike vectors were
binned with a 10-ms time bin. They were then normalized to have a mean of zero and standard
deviation of one. Cross-correlations were again normalized such that the autocorrelation at a time
lag of zero equaled one (Pearson’s p). To test the significance in changes between cross-correlation
distributions (e.g., when comparing laser-off and laser-on conditions during cortical silencing), we
found the lag of the peak correlation value for each distribution. We then performed paired t-tests
between the correlation values of each cell at that time lag.

For each cell, each spike that occurred while the mouse was whisking was assigned a phase.
The distribution of possible spike phases (—=n to m) was calculated using 32 equally sized bins.
Using the same binning, we then calculated the distribution of phases observed in the video to
determine the time the whiskers spent at various mean phases. We normalized the spike phase
distribution by the phase distribution to calculate the firing rate as a function of phase. The
modulation of the cell was characterized by fitting a sine function with a period of 2z to this rate
function using least-squares regression. The modulation depth was calculated as the amplitude of
the fitted sine wave divided by the cell’s mean firing rate (J. D. Moore et al., 2015) . To test the

significance of this modulation, we compared the distributions of whisking phase and
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(unnormalized, unbinned) spike phase with a Kuiper test and a Bonferroni multiple-comparisons
correction.

Whisking power spectra were computed using a multi-taper approach (Chronux,
mtspectrumc, (Mitra & Bokil, 2008). A power spectrum was calculated using the raw
(unsmoothed, unfiltered) median whisker angle for each whisker video of the 11 mice used in
Figures 2-1, 2-2 and 2-7. Mean power spectra were computed for individual mice. Whisking-
spiking coherence for each POm and LP cell was similarly computed using a multi-tapered
approach (coherencycpt). Shuffling was performed for each cell by offsetting the spike-time and
whisking angle vectors by a randomly selected amount of time and computing the coherence
between the offset vectors. Each cell was shuffled 50 times, and then all cells were averaged to
obtain the mean shuffled coherence.

Pupil diameter was measured from video using custom MATLAB software. Videos were
level adjusted and thresholded to maximize the contrast between the pupil and the rest of the eye.
The built-in imfindcircles function was used to locate the pupil and measure diameter on each

frame.
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Chapter 3:
Attentional modulation of secondary somatosensory and visual
thalamus of mice

3.1 Introduction

Each of the primary sensory cortices are reciprocally connected with corresponding
sensory thalamic nuclei. These nuclei are broadly classified as primary or secondary (also known
as high-order) (Guillery & Sherman, 2002; Herkenham, 1980; Phillips et al., 2019). The primary
nuclei respond robustly to sensory stimulation and transmit sensory information to the cortex
(Chiaia et al., 1991; Constantinople & Bruno, 2013; Sherman & Guillery, 2002; V. C. Wimmer et
al., 2010). By contrast, the secondary nuclei receive sparse input from the sensory periphery and
are connected with many cortical and subcortical regions. They have nonspecific or complex
receptive fields and their role in sensation and cognition is not well understood.

The rodent primary somatosensory cortex (S1) is connected to the posterior medial nucleus
(POm), the secondary somatosensory thalamic nucleus (Deschénes et al., 2016; C. C. H. Petersen,
2007). Despite reciprocal connections with the whisker-sensitive region of S1, POm poorly
encodes whisker touch and movement (Diamond et al., 1992; J. D. Moore et al., 2015; Urbain et
al., 2015) . However, the region contributes to whisker-dependent behaviors (La Terraet al., 2022;
Qi et al., 2022), facilitates cortical plasticity (Audette et al., 2019; Gambino et al., 2014; Williams
& Holtmaat, 2019), and encodes non-sensory task-related behaviors (EI-Boustani et al., 2020).
Despite these recent findings, POm activity in awake, behaving animals is relatively poorly

understood.
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There is evidence that the secondary nuclei also play a critical role in attention. The lateral
posterior nucleus (LP) is the secondary visual thalamic nucleus in rodents, homologous to the
lateral pulvinar in primates. In humans, damage to lateral pulvinar causes attentional deficits
(Danziger et al., 2004; Snow et al., 2009; Ward et al., 2002). Similarly, pulvinar silencing in
nonhuman primates induces transient impairment in attention tasks (Wilke et al., 2010; H. Zhou
et al., 2016). However, the role of the secondary visual thalamus has not yet been studied in
rodents.

Despite belonging to ostensibly distinct sensory systems, there are several similarities in
the activity and neuroanatomy between LP and POm: Both regions target primary and high-order
sensory cortex in the same layer-specific way (El-Boustani et al., 2020; Nakamura et al., 2015;
Roth et al., 2016; V. C. Wimmer et al., 2010), have broad sensory receptive fields (Ahissar et al.,
2000; Allen et al., 2016; J. D. Moore et al., 2015; Roth et al., 2016), and are driven by cortical
activity rather than afferent sensory input (Bennett et al., 2019; Diamond et al., 1992; Leow et al.,
2022; Liao et al., 2010). These similarities suggest that the secondary nuclei could play similar
roles in sensory processing and attention.

Here, we investigated how sensory, arousal, and movement activity in LP and POm are
shaped by associative learning. We conditioned head-fixed mice to attend to a stimulus of one
sensory modality (visual or tactile) and ignore a second stimulus of the other modality. We then
recorded simultaneously from POm and LP. In mice trained to attend to a tactile stimulus and
ignore a visual stimulus, POm tactile responses were enhanced. The opposite was observed in mice
trained to respond to a visual stimulus and ignore touch. We observed similar effects in LP. Thus,
behavioral training reshapes activity in secondary thalamus, inducing responses to behaviorally

relevant stimuli regardless of sensory modality.
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3.2 Results

3.2.1 Mice can attend to one sensory modality while ignoring a second modality

We developed a conditioning task in which mice were trained to associate a stimulus of
one sensory modality with a reward while ignoring a stimulus of a different modality. Water-
restricted mice were head fixed and presented with a visual stimulus (a drifting grating on a
monitor) and a tactile stimulus (air puff to the distal ends of the whiskers) (Figure 3-1 A). Mice
were separated into two cohorts: in the “tactile” cohort a water reward was given at the offset of
the air puff (Figures 1B, C top; n=11 mice); in the “visual” cohort the water reward was given at
the offset of the drifting grating (bottom; n=12 mice).

Initially we trained mice on a shaping version of the task which followed a traditional trial-
based structure (Figure 3-1 B). A stimulus of one modality or the other was randomly presented
on each trial. Trial-based structures are undesirable for our purposes because the unrewarded
stimulus is informative that no reward will occur and may garner the animal’s attention. Therefore,
after reaching criterion (see Methods), mice were moved to the full version of the task. In the full
task the stimuli were presented at the same mean rates as in the shaping task but were completely
uncorrelated with one another (Figure 3-1 C). After a stimulus, the time
offset (Figure 3-1 D, top). The stimulus thus had a flat hazard rate for the majority of possible
inter-stimulus intervals (Figure 3-1 D, bottom). Visual and tactile stimulus intervals were drawn
independently, and the stimuli could overlap. As a result, given a stimulus, a mouse could not
predict the timing of the next stimulus of either type.

We examined anticipatory licking to assess how mice learned the stimulus-reward

association (Figure 3-1 E-J). For each stimulus presentation we computed a lick index (the
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difference in the number of licks during stimulus presentation and two seconds prior to stimulus
onset, divided by the sum of all licks in both periods)(Jurjut et al., 2017). A positive lick index
indicates that a mouse responded to a stimulus by licking, a negative index indicates that it
withheld licking, and an index of zero indicates that it ignored the stimulus.

An example visually conditioned mouse is presented in Figure 3-1 E and F. During the
shaping task, this mouse initially ignored both stimuli (Figure 3-1 E, left). After several shaping
sessions it learned that the drifting grating was predictive of a reward, as evidenced by an increased
anticipatory lick rate and positive lick index (Figure 3-1 E, middle). However, this mouse also
learned that the air puff predicted the lack of a reward and withheld licking after air puff onset.
After switching to the full version of the task it learned to ignore the air puff and no longer withheld
licking (Figure 3-1 E, right). This trajectory of learning held true across all visually conditioned
mice (Figure 3-1 1, J left). These mice initially learned that the air puff indicated the absence of
reward, and only learned to ignore it after several sessions of conditioning on the full version of

the task.
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Figure 3-1: Mice can be conditioned to attend to one sensory modality and ignore a second
(A) Behavioral setup. Mice were head-fixed and presented with a visual stimulus (a drifting grating on a
screen) or a tactile stimulus (an air puff to the distal portion of the whiskers). (B) Schematic for the shaping
version of the task, depicting the timing of the air puff (red), the drifting grating (dark blue), and the water
reward (light blue). Mice were presented with either stimulus with an inter-stimulus-interval of 8-12
seconds. In the tactile cohort, the air puff was paired with a water reward; in the visual cohort the drifting
grating was paired with the water reward. Continued on next page.
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Figure 3-1 Continued:

(C) Schematic for the full version of the task. Stimuli were allowed to overlap so that only the
conditioned stimulus predicted the timing of the water reward. (D) Timing of stimuli in the full task.
Inter-stimulus intervals were drawn from an exponential distribution with a linear offset (top). As a
result, the hazard rate was largely flat for most stimulus presentations (bottom). (E) Example behavior
from a mouse trained on the visual task. Top row: raster plot of licks aligned to the onset of the grating
(blue region). Red markers indicate the first lick to occur after reward was available. Middle row: raster
plot of licks aligned to the onset of the air puff (red region). Bottom row: Mean lick rate aligned to the
onset of the drifting grating (blue) or the air puff (red). Gray region indicates the stimulation period.
Data are from the first session of the shaping task (left column), the first day of the full task (middle
column), and the final day of conditioning (right column). (F) Learning curve of the mouse shown in
E, showing the lick index (mean +/- SEM) in response to the drifting grating (blue) or the air puff (red)
on each training day. Vertical dotted line indicates the day the mouse was switched from the shaping
version to the full version of conditioning. Triangles: sessions shown in C. (G,H) Similar to E and F
but for an example mouse trained on the tactile task. (I) Learning curves of all visually conditioned
mice (left) and tactilely conditioned mice (right). Thin lines: mean lick index of a single mouse. Thick
lines: mean lick index across all mice. (J) Mean lick index for all mice on the first day of conditioning
(“shaping session 17), the first day of the full task (“full session 1”), and the final conditioning session
(“final full session”).

By contrast, tactilely conditioned mice rapidly learned the association between air puff and
reward, displaying anticipatory licking as early as session 1 (Figure 3-1 G, left; 3-1 H). Tactilely
conditioned mice always ignored the drifting grating, never displaying a visual lick significantly
different from zero (Figure 3-1 1, J right). This difference suggests that mice found this particular

tactile stimulus more salient than the drifting grating.

3.2.2 POm responses to tactile and visual stimuli depend on conditioning paradigm

To evaluate the effect of reward conditioning on activity in secondary sensory thalamus,
we performed electrophysiological recordings in mice fully trained on the conditioning task
(Figure 3-2). We inserted a 64-channel multielectrode array that spanned both LP and POm. Probes
were coated in Dil, and histology images were aligned to the Allen mouse CCF to identify the
location of each putative cell (Figure 3-2 A-C). We identified 347 POm cells from 11 tactilely
conditioned mice, 257 POm cells from 11 visually conditioned mice, 64 LP cells from 7 tactilely

conditioned mice, and 67 cells from 8 visually conditioned mice. Our recordings covered most of

57



the volume of POm but were clustered primarily in the anterior and medial portions of LP (Figure
3-2 D-F). Cells that were within 50 um of a region border were excluded.

We first investigated how conditioning affects POm activity. We observed a heterogeneous
population of cells with varied patterns of activity. For example, in tactilely conditioned mice, we
observed certain cells with a sharp increase in firing rate at air puff onset (Figure 3-3 A, left) and
other cells that primarily responded after the stimulus offset when the mouse was consuming the
water reward (Figure 3-3 A, right). A large portion of cells responded most strongly to the stimulus
onset, having a peak firing rate within 250 ms of the start of the air puff (70 cells, 20.2%). However,
we observed cells with peak firing rates spanning the entire duration of the air puff and up to four
seconds after air puff offset (Figure 3-3 C). Of cells from tactilely conditioned mice, 175 (50.4%)
significantly responded to the air puff, as defined by having a firing rate significantly different
from baseline within one second from air puff onset (Figure 3-3 D, bottom). By contrast, only 24
cells (6.9%) had significant responses to the drifting grating, and each of these cells also responded
to the air puff (Figure 3-3 D, top). We identified no cells that responded to the drifting grating
alone.

We observed a strikingly different pattern of activity in POm cells from visually
conditioned mice (Figure 3-3 B, E, F). Surprisingly, many POm cells responded to the drifting
grating alone or to both the drifting grating and the air puff (Figure 3-3 B, left). Others had no
response to either stimulus but were more active during reward consumption (Figure 3-3 B, right).
Compared to tactilely conditioned mice, a much greater portion of cells responded to the onset of

the drifting grating and a smaller portion responded to the air puff (Figure 3-3 F, 16 air puff
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Figure 3-2: Array recordings were made simultaneously from POm and LP

(A) Example coronal section. Red: Dil marking recording location. Gray: endogenous biotin stained with
Alexa fluor 647 streptavidin. (B) Zoom of the outlined region in A. The borders of LP, POm, and VPM are
outlined. A 64-channel silicon probe was used to record from LP and POm. (C) Mean waveform of an
example POm cell across all probe channels. The channel with the largest mean waveform was identified
and used to estimate the position of the cell (red circle in B). (D,E,F) Estimated location of putative cells
(gray circles) located in POm (red) and LP (blue) aligned to the Allen reference atlas. Cell locations are
jittered along the medial-lateral and anterior-posterior axes for visualization purposes. (D) Coronal
projection over the range of cell locations in the anterior-posterior axis. (E) Sagittal projection over range
of cell locations in the medial-lateral axis. (F) Transverse projection over range of cell locations in the
dorsal-ventral axis.

responding cells, 6.2%; 18 grating responding cells, 7%; 86 cells responding to both stimuli,
33.5%). POm thus displayed dramatically different responses to visual and tactile stimuli

dependent on how mice were conditioned (Figure 3-3 G, H).
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Figure 3-3 POm responses to tactile and visual stimuli depend on conditioning paradigm

(A) Example cells from a tactilely conditioned mouse (same mouse as in figure 3-1G, conditioning session
7). Top row: spike raster aligned to the onset of the drifting grating (blue). Middle row: spike raster aligned
to the air puff (red region). Bottom row: Mean firing rate over each trial aligned to the drifting grating (blue
line) and the air puff (red line). Gray region indicates the timing of both stimuli. (B) Sample cells from a
visually conditioned mouse (same mouse as in figure 3-1E, conditioning session 12). (C) Firing rate of all
POm cells from tactilely conditioned mice aligned to either the air puff (left) or the drifting grating (right).
Cells are sorted by the timing of the peak firing rate when aligned to the air puff. n=347 cells, 11 mice,
range=11-57 cells/mouse, median=33 cells/mouse. (D) Scatter plot of POm firing rates 1-second pre-
stimulus (x-axis) and 1 second during stimulus onset (y-axis) from tactilely conditioned mice. Colored
markers: cells with significantly different firing rates pre- and post-stimulus (Wilcoxon signed-rank test).
Gray markers: cells without significantly different firing rates. (E) Firing rates of all POm cells from
visually conditioned mice aligned to either the air puff (left) or the drifting grating (right). Cells are sorted
by the timing of the peak firing rate aligned to the grating. (=257 cells, 11 mice, range=10-42 cells/mouse,
median=19 cells/mouse). Continued on next page.

60



Figure 3-3 Continued:

(F) Scatter plot of POm firing rates pre- and post-stimulus onset for visually conditioned mice, as in E.
(G) Event-triggered average firing rates of all POm cells (mean +/SEM) aligned to either the air puff
(red) or the drifting grating (blue) in tactilely conditioned mice (left) and visually conditioned mice
(right). Gray region indicates the timing of both stimuli. (H) Box plot of the mean firing rates of each
POm cell during a baseline period, during the first second of stimulus onset (“stimulus period”), and
during the first two seconds post-stimulus (“response period”). Baseline firing rates were not
significantly different between experimental groups (Mann-Whitney U test, p=0.5). In tactilely but not
visually conditioned mice, firing rates were higher in the air puff response period than the drifting
grating response period. In both tactilely and visually conditioned mice, firing rates in the response
period were significantly different between stimulus types (two-way ANOVA with post-hoc Wilcoxon
signed-rank test).

In both conditioning groups, we observed POm cells with elevated firing rates when mice
were consuming water. We examined firing rates during the offset period, defined as the two-
second period after stimulus offset and during the reward delivery (or absence of reward for the
unconditioned stimulus). In both groups, cells had a greater firing rate during the rewarded period
(Figure 3-3 H, Wilcoxon signed-rank test, p<102° for both groups). However, we did not observe
a difference in activity between groups: air puffs in tactilely conditioned mice and drifting gratings
in visually conditioned mice were followed by similar amounts of POm activity (p=0.82). This

suggests that POm encoding of reward and/or licking is not contingent on conditioning.

3.2.3 POm responses to tactile and visual stimuli vary based on anatomical location

We considered the possibility that the differences in stimulus-aligned activity were caused
by distinct regions within POm having distinct sensory responses. We computed a selectivity index
for each cell that significantly responded to the air puff and/or the drifting grating (colored points
in Figure 3-3 D and F). A selectivity index of +1 indicates that a cell responds only to the air puff,
an index of -1 indicates that it responds only to the drifting grating, and an index of 0 indicates that

it responds to both stimuli with an equal magnitude.
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All responsive cells in tactilely conditioned mice had a positive selectivity index (Figure
3-4 A), and we found no pattern between a cell’s anatomical location and its selectivity index
(Figure 3-4 B, left). In visually conditioned mice, POm neurons exhibited a wide variety of
selectivity (Figure 3-4 A). In these animals, cells with a positive selectivity index clustered in the
lateral and dorsal region of POm (Figure 3-4 B, right), a subregion receiving both top-down inputs
from the barrel cortex and ascending input from the brainstem (Groh et al., 2014; Sumser et al.,
2017). Linear regression of selectivity index against a cell’s conditioning type and anatomical
position along each axis (Figure 3-4 C, see Methods) revealed that only medial-lateral position
was significantly correlated with selectivity index. Thus, there appears to be a core location in the
lateral most portion of POm that is always whisker sensitive, while conditioning dictates the

selectivity of the rest of POm.
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Figure 3-4: POm responses to tactile and visual stimuli vary based on anatomical location.
(A) Sensory response index for significantly responding POm cells (colored cells in 3-3 D and 3-3 F).
Cells with a positive selectivity index primarily respond to the air puff and cells with a negative index
primarily respond to the drifting grating. Cells from tactilely conditioned mice had a significantly higher
response index (Wilcoxon rank sum test, p<0.001, n=200 significant tactile conditioning cells, 120
visual conditioning cells). (B) Position of all POm cells separated by conditioning type. Cell positions
are projected on the coronal plane (top row) and sagittal plane (bottom row), as in figure 3-2 C and D.
Significantly responding cells are colored by their response index. Gray Xs indicate nonresponding
cells. Positions in the medial-lateral and anterior-posterior axes are jittered for visualization. (C)
Response index of significantly responding cells as a function of their position in POm along the
anterior-posterior (left), dorsal-ventral (middle), and medial-lateral axes (right). Light gray: tactile
conditioning. Dark gray: visual conditioning. A linear model of response index with experiment type
and anatomical position as predictors revealed a significant effect of M-L position and an interaction
between M-L position and experiment type. In visually conditioned mice, cells in the lateral portion of
POm were more selective to the air puff (model p<10°, adjusted R?=0.61, conditioning p<10~, medial-
lateral p<10, ML-conditioning interaction p<10, all other terms p>0.1)
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3.2.4 POm correlates with arousal and movement regardless of conditioning

In freely-whisking non-behaving mice, POm activity correlates with whisking, pupil
radius, and behavioral state (J. D. Moore et al., 2015; Urbain et al., 2015). To assess whether this
correlation exists in behaving mice and whether the conditioning type is a factor, we acquired
video of the whiskers and eye contralateral to the recorded thalamus (Figure 3-5 A). We measured
pupil radius as a metric of arousal and quantified whisking activity by amplitude, the difference
between the most protracted and retracted position of the whiskers on each whisk cycle (see
Materials and Methods 3.4.6). Mice had different whisking and pupil responses to the drifting
grating and air puff contingent on how they were conditioned (Figure 3-5 B). Tactilely conditioned
mice displayed a robust increase in pupil radius and whisking amplitude at the onset of the air puff.
This movement and arousal persisted throughout the response period, consistent with licking
behavior (Figure 3-1 G) and POm activity (Figure 3-3 C, G). Indeed, we observed that licking
was highly correlated with pupil and whisking regardless of conditioning type (data not shown).
Tactilely conditioned mice did not whisk in response to the drifting grating; however, the grating
did induce a pupil constriction. We observed a similar pupil constriction at stimulus onset in
visually conditioned mice, but this was followed by a pupil dilation after reward delivery. These
mice also displayed increased pupil radius and whisking in response to the unrewarded tactile
stimulus, again suggesting that the whisker air puff is more salient than the drifting grating even
when a mouse has been trained to ignore it.

Consistent with previous results, we found that POm activity was correlated with both pupil
and whisking regardless of conditioning type (Figure 3-5 C). Interestingly, POm neurons were

more correlated with licking after tactile conditioning than after visual conditioning. We have
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Figure 3-5: POm correlates with arousal and movement regardless of conditioning

(A) Pupil and whisker tracking. Top left: Example frame from an eye video with the edge of the pupil
highlighted in green. Top Right: A sample trace of pupil radius over time (gray: raw; green: smoothed).
Bottom Left: Example frame from a whisker video with whiskers highlighted in green. Bottom Right:
Example trace of whisker angle over time (gray) and the most protracted and retracted whisker positions
over each whisk cycle (green), which is used to compute whisking amplitude. (B) Whisking amplitude and
pupil radius aligned to stimuli in tactilely conditioned mice (n=11 mice, left column) and visually
conditioned mice (n=11 mice, right column). Top row: Pupil radius of each mouse aligned to either the air
puff (blue) or the drifting grating (red) (Z-scored, mean+/-SEM). Bottom row: Whisking amplitude of each
mouse aligned to the two stimuli (mean+/-SEM). Gray regions indicate stimulus timing. (C) Cross-
correlations between POm activity and pupil radius (top), whisking amplitude (middle), and lick rate
(bottom). Light gray: Cells from tactilely conditioned mice (mean +/-SEM, n=347 cells, 11 mice). Dark
gray: Cells from visually conditioned mice (n=257, 11 mice). (D) Movement-corrected firing rates. The
firing rate of each cell was fit to a linear model with whisking, licking, and pupil radius as predictors. Model
residuals of all cells (Z-scored, mean+/-SEM) are aligned to the drifting grating and the air puff, as in B.
(E) Box plot of the model residuals of each POm cell during the first second of stimulus onset (“stimulus
period”), and during the first two seconds post-stimulus (“response period”), the same time windows as in
3H. Adjusted firing rates in tactilely conditioned mice were significantly higher during the air puff stimulus
period than the drifting grating period.

previously reported that POm correlates with pupil radius most strongly at a time lag of about 1
second (Figure 2-6). We found that visually conditioned POm cells were more strongly correlated

with pupil radius at this time lag compared tactile conditioning. However, this was not the case at
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a time lag of zero. This difference is likely due to the different pupil dynamics in response to the
drifting grating across conditioning types.

Much of the stimulus-aligned POm activity observed could conceivably be due to
movement and arousal responses rather than afferent sensory signals. To disentangle these, we fit
the firing rate of each cell with a linear model using pupil radius, whisking amplitude, and lick rate
as predictors. We then analyzed the model residuals as a “movement-corrected” stimulus-evoked
firing rate (Figure 3-5 D, E). Compared to the raw firing rates (Figure 3-3 G, H), we found that
regressing out movement had little effect on activity during the stimulus period but resulted in
reduced activity in the offset period. Thus, the apparent tactile and visual responses in POm after

behavioral conditioning cannot be fully explained by movement or arousal.

3.2.5 Conditioning also reshapes LP activity
We next investigated the effect of conditioning on LP activity. Conceivably, when a mouse
engages in a visual task, LP might be more engaged and have higher spontaneous or sensory-

evoked firing rates. We compared spontaneous firing rate, defined as the mean rate over periods
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Figure 3-6: Conditioning also
reshapes LP activity

(A) Baseline firing rates of all POm and
LP cells separated by conditioning type.
POm cells had higher firing rates than LP
cells, and firing rates did not significantly
differ by conditioning type (two-way
ANOVA). (B) Example LP cells from a
tactilely conditioned mouse (top) and a
visually conditioned mouse (bottom).
Mean firing rates over each trial are
aligned to the drifting grating (blue line)
and the air puff (red line). Gray region
indicates the timing of stimuli. (C) Firing
rate of all LP cells from tactilely
conditioned mice aligned to either the air
puff (left) or the drifting grating (right).
Cells are sorted by the timing of the peak
firing rate when aligned to the air puff.
n=64 cells, 7 mice, 4-16 cells/mouse,
median=7. (D) Firing rate of all LP cells
from visually conditioned mice aligned to
either the air puff (left) or the drifting
grating (right). Cells are sorted by the
timing of the peak firing rate when aligned
to the drifting grating. n=67 cells, 8 mice,
range=1-19 cells/mouse, median=6 cells.
(E) Event-triggered average firing rates of
all LP cells (mean +/SEM) aligned to
either the air puff (red) or the drifting
grating (blue) in tactilely conditioned
mice (left) and visually conditioned mice
(right). Gray region indicates the timing of
both stimuli. (F) Movement-corrected
firing rates. The firing rate of each cell
was fit to a linear model with whisking,
licking, and pupil radius as predictors.
Model residuals of all cells (Z-scored,
mean+/-SEM) are aligned to the drifting
grating and the air puff, as in E.

A B

Baseline Firing Rate

-

25 [ Tactile
N.S N.S
2 _— —= [ Visual
N 15
L
£ 10
5
0
POm LP
C Tactile Conditioning
Air Puff Drifting Grating

FR (Hz)

FR (Hz)

Mouse T-1, Cluster 27

20+
10‘% === Air Puff Response
== Grating Response
0 T T T T ]
Mouse V-6, Cluster 31
10
54 WFJ}{E\JEUV\‘::
0
-4 -2 0 2 4 6
Time from Stimulus Onset (s)
Visual Conditioning
Air Puff Drifting Grating
2
15 2
2
@
1 =®
&
05 N
g
0 3

2 0 2 4 6-2 0 2 4 6
Time from Stimulus Onset (s)

2 0 2 4 62 0 2 4 6

Time from Stimulus Onset (s)

E Tactile Conditioning Visual Conditioning
12
~
<
: ), S
& 6 1
(=2
&
Fi == Air Puff Response
== Grating Response
0 T T T 1 T T T J
-2 0 2 4 6 -2 0 2 4 6
Time from Stimulus Onset (s) Time from Stimulus Onset (s)
Tactile Conditioning Visual Conditioning
08
0
S 06
9w
N
& 04 :
o
o
g 02 4
13 ‘; \
e -
0 1

-2 0 2 4 6
Time from Stimulus Onset (s)

-2 0 2 4 6
Time from Stimulus Onset (s)

that contained no licks, stimuli, and reward for at least two seconds and that lasted at least 6

seconds. Conditioning type did not statistically change mean firing rates in POm or LP, though

POm cells had a higher baseline firing rate on average (Figure 3-6 A).
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Like POm, LP exhibited a heterogeneous set of sensory responses that was highly
dependent on conditioning (Figure 3-6 C-D). In tactilely conditioned mice, the majority of LP cells
responded to the air puff alone (23 cells, 36%) or both the air puff and the drifting grating (23 cells,
36%), with only 4 cells (6.3%) responding solely to the drifting grating. At the population level,
firing rates during the air puff stimulus period were significantly higher than the drifting grating
stimulus period (Figure 3-6 E, left). In visually conditioned mice we observed far fewer cells
responding only to the air puff (6 cells, 9%), but a similar proportion of cells that responded to the
drifting grating or to both stimuli (8 grating responding cells, 11.9%; 27 cells responding to both
stimuli, 40.3%). Similar to what we observed in POm, the magnitudes of air puff and grating
responses were not significantly different (Figure 3-6 E, right). Thus, tactile conditioning appears
to potentiate tactile responses in LP.

As LP correlates with movement and arousal to the same degree as POm (Figure 2-7), we
again computed a movement-corrected firing rate by regressing out pupil radius, whisking
amplitude, and licking (Figure 3-6 F). This regression quashed the difference in activity between
conditioning types in the response period only. Interestingly, we still observed an air puff response
in visually conditioned LP even after this regression (Figure 3-6 F, right). These results
demonstrate that LP activity is similarly reshaped according to the modality of the attended

stimulus.

68



3.3  Discussion

Here, we investigated whether the secondary sensory thalamic nuclei differentially encode
relevant and distracting stimuli. Our novel head-fixed conditioning paradigm demonstrates that
mice can attend to a visual or tactile stimulus while ignoring a stimulus of the other sensory
modality. Learning dramatically altered activity in POm. For example, after visual conditioning, a
large portion of POm cells responded to the onset of the visual stimulus. This effect varied by
anatomical location, as there was a lateral subregion of POm that preferentially responded to the
tactile stimulus in both conditioning types. POm correlated with arousal and movement regardless
of conditioning type, but movement correlations could not explain POm sensory responses.
Learning also altered LP activity: LP responses to tactile stimuli were greater after tactile
conditioning, while visual responses were weaker. The predominant response in both POm and LP
was to the conditioned stimulus. Thus, the secondary sensory thalamic nuclei encode the
behavioral relevance of a stimulus, regardless of its modality.

We conditioned mice to lick in anticipation of a water reward after either a tactile stimulus
(air puff) or visual stimulus (drifting grating). When trained on a traditional, trial-based structure,
visually conditioned mice learned that the drifting grating predicted reward and that the air puff
was negatively predictive of reward. In our task design the unrewarded stimulus was decoupled
from reward entirely, making it a true distractor. When trained on this version of the task, visually
conditioned mice learned to completely ignore the air puff. By contrast, tactilely conditioned mice
always ignored the unrewarded drifting grating regardless of task structure. These mice also
learned the stimulus-reward association after fewer sessions. The air puff is thus innately more
salient than the drifting grating. Indeed, it is thought that mice rely more strongly on their whiskers

than vision for many behaviors, and that all but the subtlest of vibrissal stimuli are salient (Warren

69



et al., 2021). Regardless, mice can be conditioned to completely ignore a salient stimulus in favor
of a more behaviorally relevant one.

POm receives ascending sensory input from somatosensory brainstem and descending
input from primary somatosensory cortex (Chiaia et al., 1991; Deschénes et al., 1998; Veinante et
al., 2000). It is barely activated by single whisker deflections, typically requiring large deflections
of multiple whiskers (Ahissar et al., 2000; Diamond et al., 1992; J. D. Moore et al., 2015).
Consistent with those studies, we observed a portion of POm cells that responded to the onset of
the air puff in both conditioning groups. In tactilely conditioned mice, we also observed many cells
that responded throughout the duration of the stimulus, having peak firing rates spanning the
entirety of the two-second-long air puff. Such responses were largely absent in visually
conditioned mice.

Remarkably, we observed putative visual responses in POm after visual conditioning.
These visual responses largely resembled the air puff responses in tactilely conditioned mice, with
individual cells preferentially responding to specific periods spanning the entire two-second
duration of the stimulus. Though POm receives excitatory input from a wide array of cortical
regions (Aldes, 1988; Gharaei et al., 2020; Liao et al., 2010), it is not known to receive direct input
from the retina or visual cortex. Rather than a sensory response per se, this stimulus-evoked
activity likely reflects encoding of behavioral state or attention . Indeed, the majority of visually
responsive cells in POm were also sensitive to the unconditioned air puff. It could be that the
observed activity is from POm cells that respond to any increase in attention, be it due to the
salient, “attention grabbing” air puff or the subtler but behaviorally relevant drifting grating.

There is growing evidence that POm is a heterogeneous region composed of multiple

subnuclei defined by distinct thalamocortical outputs and corticothalamic inputs (EIl-Boustani et
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al., 2020; Groh et al., 2014; Mease, Metz, et al., 2016; Sumser et al., 2017; Viaene et al., 2011).
We examined how conditioning might differentially affect POm activity by anatomical location.
While visual conditioning induced visual responses throughout POm, cells in the lateral dorsal
region of POm remained more sensitive to the air puff than the drifting grating. Layer 5a cells in
the S1 barrel field preferentially project to this region of POm (Sumser et al., 2017), and POm cells
receiving S1 corticothalamic input also receive convergent projections from the whisker-sensitive
brainstem nucleus SpVi (Sumser et al., 2017). It is likely that the observed activity in lateral dorsal
POm is driven by whisker responses in SpVi and S1.

POm is known to correlate with whisking (J. D. Moore et al., 2015; Urbain et al., 2015),
and cortical activity also correlates with uninstructed movement signals (Musall et al., 2019).
Reward consumption coincides with movement — including whisking — as well as increased
arousal. Thus, putative sensory responses in POm might instead be movement signals, though we
have previously demonstrated that POm-whisking correlations cannot be fully explained by
sensory reafference nor input from S1, M1, or the superior colliculus . We found that POm activity
correlated with whisking amplitude, pupil diameter, and licking regardless of conditioning. Still,
we did observe subtle differences in these relationships between conditioning groups.

In both conditioning groups, POm activity was elevated during reward presentation and
consumption, coincident with licking. POm receives somatotopic projections from all of S1, not
just the barrel cortex (Diamond et al., 1992; Fabri & Burton, 1991). As such, stimulation of the
mouth and tongue - as occurs when the mouse licks - could indirectly activate POm via S1.
Tactilely conditioned mice had a greater correlation between licking and POm activity. This could
be a result of an increased sensitivity to all tactile stimulation as mice attend to the air puff,

compared to mice that are ignoring the air puff and attending to the drifting grating.

71



Further, visually conditioned mice had a greater correlation between POm and pupil radius,
but only at a time lags greater than 500 ms. Conceivably, as mice attend to visual stimuli, they
could be more sensitive to all changes in retinal input, and this is reflected in POm activity.
However, at time lags close to 0 ms there is no difference in POm-pupil correlation between tactile
and visual conditioning groups, and we observe very few visually responsive cells in tactilely
conditioned mice. This difference in POm-pupil correlation is therefore unlikely a result of
increased visual sensitivity. Instead, it may represent an increased correlation between POm and
arousal. The drifting grating is inherently less salient than the air puff; consequently, the visual
conditioning task may require greater attentional demands, which in turn could engage the
secondary thalamic nuclei.

As licking, whisking, and pupil dilation are all significantly correlated with POm, we
examined whether this relationship could explain stimulus-evoked activity. Even after we factored
the possible contributions of these variables using regression, POm responses to the onset of
conditioned stimuli were stronger than that of the unconditioned stimuli. In both tactilely and
visually conditioned mice, movement could not explain the increased firing rate at air puff onset.
This early response across conditioning groups is likely due in part to “true” sensory responses
driven by S1 and SpVi. In tactilely conditioned mice, movement regression attenuated, but did not
eliminate, activity in the later portion of the air puff. Activity in the rewarded offset period was
suppressed almost entirely, suggesting that this post-stimulus activity is due to sensory responses
and reward signals when mice lick the water port.

Interestingly, movement could also not explain elevated POm activity during presentation
of the drifting grating. This is despite whisking coinciding with peak firing rates during the

stimulus. We conclude that this activity is not sensory or motor in nature but instead reflects
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increased arousal and attention. As in tactilely conditioned mice, movement regression attenuated
activity in the offset period. However, there was persistent activity in the early part of the offset
period not explained by licking. This may again reflect the increased attentional demands of the
visual version of the task compared to the tactile task.

Like POm, LP displayed varied stimulus-evoked activity that was heavily dependent on
conditioning. LP responded to the air puff robustly and with low latency, despite lacking direct
somatosensory inputs. Though LP activity correlates with whisking and air puffs induce whisking,
movement could not explain such responses in either conditioning group. The air puff response
was larger in tactilely conditioned mice, indicating that, like POm, LP is more responsive to
behaviorally relevant stimuli regardless of modality.

Unlike POm, LP responded to the drifting grating in both conditioning groups. LP receives
input from the retina, the superior colliculus, and several visual cortical areas (Bennett et al., 2019;
Born et al., 2021; Juavinett et al., 2020; Leow et al., 2022; Roth et al., 2016; Scholl et al., 2021).
These inputs convey visual signals and form retinotopic maps in LP. In our study, 42.3% of
tactilely conditioned LP cells responded to the onset of the drifting grating, consistent with
previous studies of LP responses to simple visual stimuli(Allen et al., 2016). After visual
conditioning a greater portion of cells were visually responsive (52.2%), suggesting the existence
of a population of LP cells that are not sensitive to simple visual stimuli but are active when a
mouse is aroused and attentive.

LP has several sub regions with distinct cytoarchitecture, anatomical inputs, and retinotopic
maps (Bennett et al., 2019; Leow et al., 2022; Nakamura et al., 2015; Takahashi, 1985; N. A. Zhou
et al., 2017). Our recordings were clustered in the anterior and medial portion of LP. These

recording sites largely overlap with frontal LP, a region that receives input primarily from frontal
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cortex and only sparse input from V1 and superior colliculus. It is possible that the other regions
of LP which receive greater input from visual cortex will be more responsive to visual stimuli and
less affected by conditioning, similar to the dorsal-ventral region of POm we identified. Further
characterization of the various LP subregions in behavioral contexts could reveal how specific
cortical and subcortical inputs contribute to attention.

What might be driving these different responses in the secondary nuclei? One likely
mechanism is neuromodulation. Cortical levels of acetylcholine and norepinephrine track arousal
(Reimer et al., 2016b). Both acetylcholine and norepinephrine can act directly on thalamic nuclei
like VPM (Aguilar & Castro-Alamancos, 2005; Hirata & Castro-Alamancos, 2010) and may do
so on POm and LP as well. Acetylcholine can also enhance POm tactile responses by suppressing
GABAergic activity in the zona incerta (Masri et al., 2006). LP receives inhibitory input from the
zona incerta (Bartho et al., 2002), so LP visual responses are likely modulated by cholinergic
activity in the same way. Either direct modulation or indirect disinhibition could underly enhanced
air puff responses in tactilely conditioned POm and enhanced drifting grating responses in visually
conditioned LP. State-based disinhibition of POm could also contribute to “visual” responses after
visual conditioning by potentiating non-sensory inputs to POm.

Another potential culprit is direct corticothalamic input. S1 is thought to be the primary
driver of POm (Diamond et al., 1992). Though S1 activity alone does not drive arousal-related
activity in POm , direct S1-to-POm projections contribute to performance of tactile discrimination
tasks (Qi et al., 2022). Glutamatergic S1 inputs could underly enhanced air puff responses in POm
in behavioral contexts; however, S1 activity cannot explain the same effect in LP. Instead, visual
responses in POm and tactile responses in LP could be driven by high-order cortex. In nonhuman

primates, the lateral pulvinar has been shown to facilitate communication between the visual
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region V4 and higher order cortical regions. These include the lateral intraparietal area (Eradath et
al., 2021) and the temporo-occipital area (Saalmann et al., 2012), regions that are engaged in visual
attention tasks. Indeed, there is growing evidence that the secondary nuclei may function as hubs
for cortico-cortical communication (Lohse et al., 2018; Theyel et al., 2010; H. Zhou et al., 2016).
Elevated activity in POm and LP could reflect increased cortico-cortical communication between
high-order regions, primary sensory regions, and motor regions based on attentional needs.

A recent study demonstrated that, in a tactile Go-NoGo paradigm, POm activity correlates
with a mouse’s decision to lick or withhold licking (El-Boustani et al., 2020). By contrast, the
primary nucleus VPM correlates indiscriminately with licking regardless of the animal’s decision.
Similar results have been demonstrated in a detection task using the forepaw (La Terra et al., 2022).
We observe activity in both POm and LP that occurs at the onset of a rewarded stimulus that cannot
be explained by licking or other whisking. These early responses to stimuli might also represent
the decision to lick, or anticipation of reward.

The secondary visual thalamic nucleus in primates — the lateral pulvinar — has been known
to play a role in guided visual attention. In humans, pulvinar damage causes a variety of attentional
deficits, impairing the ability to selectively attend to a visual stimulus in the presence of a distractor
(Snow et al., 2009; Ward et al., 2002, 2002). In nonhuman primates, chemical silencing of the
pulvinar induces spatial neglect (Wilke et al., 2010; H. Zhou et al., 2016). Further, pulvinar
responses to a visual stimulus are strongest when a monkey directs attention towards that stimulus
(S. E. Petersen et al., 1985). Similar results have not yet been reported in rodent LP, nor have they
been directly extended to the somatosensory thalamus.

A consistent result of attention studies in humans and nonhuman primates is the

enhancement of cortical and thalamic sensory responses to an attended visual stimuli (Gregoriou
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et al., 2009; Moran & Desimone, 1985; H. Zhou et al., 2016). Here, we show not just enhancement
of sensory responses to stimuli within a single modality, but also across modalities. It is worth
investigating further how secondary thalamus and high order sensory cortex encode attention to
stimuli outside of their respective modalities.

Experience-dependent synaptic plasticity is a substrate of learning and memory. In
anaesthetized mice, POm excitation facilitates long-term plasticity (LTP) in layer 2/3 pyramidal
cells in S1, while POm silencing ablates plasticity (Gambino et al., 2014). Similarly, whisker-
dependent associative learning potentiates POm-to-S1 synapses (Audette et al., 2019). In visual
cortex, excitation of layer 2/3 neurons paired with stimulation of layer 4 cells induces LTP in those
layer 2/3 cells (Kirkwood & Bear, 1994). LP thus likely contributes to cortical plasticity. Elevated
firing rates in POm and LP could contribute to learning the behavioral relevance of novel stimuli.
As such, we expect that disruption of thalamocortical output from secondary nuclei to sensory
cortex (via optogenetic manipulation, e.g.) will disrupt or even prevent associative learning.
Indeed, based on our findings, disruption of POm activity could impair learning visual learning.
Such experiments would further illuminate how the secondary nuclei participate in sensory
processing and pave the way for further studies of thalamocortical and corticothalamocortical

circuits.
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3.4  Materials and Methods

3.4.1 Surgery

Mice were anaesthetized with isoflurane and placed in a stereotax. The scalp and fascia
were removed, and a custom-cut stainless steel headplate was affixed with Metabond®. Mice were
allowed to recover for seven days before water restriction and behavioral training. After behavioral
training, mice were again anaesthetized and a ~200 pm-wide opening was cut on the left side of
the skull, centered at 1.8 mm posterior to bregma and 1.5 mm lateral of the midline. This opening
was sealed with Kwik-Cast™. A silver wire or screw was inserted over the frontal cortex of the
right hemisphere. Mice were allowed to recover for 24 hours, after which recordings took place.
At the end of experiments, mice were deeply anesthetized with isoflurane and then perfused

transcardially with phosphate buffer followed by 4% paraformaldehyde.

3.4.2 Behavior Apparatus

The behavior apparatus was contained in a black box with a light-blocking door. It was
constructed from metal posts on an aluminum breadboard (Thorlabs). Mice were held in a 3D-
printed hutch and head-fixed with a machined steel head plate holder. Air puffs (0.5-1 PSI) were
delivered through a nozzle (cut p1000 pipet tip, approximately 3.5mm diameter aperture) and
controlled by a solenoid. Water rewards (8-16uL) were similarly delivered by a solenoid. Licking
was recorded with an infrared proximity detector. The visual stimulus was presented on a monitor
(5 inch, 800x480 resolution, Eyoyo) positioned 11 cm from right side of the mouse hutch
occupying 52°x 33° of visual space. The stimulus consisted of vertical drifting bars (Spatial
frequency 0.05°/cycle, temporal frequency 1.5Hz) with maximum contrast (maximum luminance

247 cd/m?, minimum luminance 3.2 cd/m?). When the stimulus was off the monitor displayed a
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gray background set to the same mean luminance as the stimulus (125 cd/m?). A photodiode was
used to detect the onset of the visual stimulus to synchronize it with the rest of the apparatus.

An Arduino UNO microcontroller drove the two solenoids. A digital signal from the
Arduino was used to trigger the visual stimulus, which was driven with a custom Python script
(PsychoPy®). The solenoid TTL signals, the lick detector analog signal, and the photodiode output
were all recorded with OpenEphys hardware and software (see “Electrophysiology’ below). When

capturing video, the Arduino also drove a blinking infrared LED to synchronize video data.

3.4.3 Conditioning

Mice were deprived of water 3 days prior to the start of conditioning. Throughout
conditioning, mice were deprived of water in their home cages and received all daily water intake
during the conditioning task. We closely monitored their weight and health, and ad libitum water
was provided if weight decreased below 80% of baseline. Prior to conditioning, mice were
habituated to head fixation and given ad libitum water in the behavior apparatus for 15-25 minutes.

In the first phase of conditioning (“shaping’), mice were separated into two cohorts: a
“tactile” cohort and a “visual” cohort. Mice were presented with tactile stimuli (a two-second air
puff delivered to the distal whisker field) and visual stimuli (vertical drifting grating on a monitor.).
The stimulus types were randomly ordered. In the visual conditioning cohort, the visual stimulus
was paired with a water reward (8-16uL) delivered at time of stimulus offset. In the tactile
conditioning cohort, the reward was instead paired with the offset of the air puff. Regardless of the
type of conditioning, stimulus type was a balanced 50:50 with an inter-stimulus interval of 8-12

seconds (uniform distribution). Mice were trained for one session per day, with each session
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consisting of an equal number of visual stimuli and air puffs. Sessions ranged from 20-60 minutes
and about 40-120 of each stimulus.

Throughout training and during electrophysiology recordings, we recorded analog signals
of mouth and tongue movements with an infrared proximity detector located below the water
reward spout. Individual licks were detected by manually inspecting this signal and setting a
threshold using custom MATLAB code. Throughout conditioning, we evaluated performance by
measuring the anticipatory licking behavior of a mouse to a rewarded stimulus (CS+) or
unrewarded stimulus (CS-). For each stimulus presentation, we counted the number of times a
mouse licked in the two seconds prior to the stimulus onset and the number of licks during stimulus
and calculated a lick index (L1I) for that stimulus(Jurjut et al., 2017).

_ lickSstimuius — lickSpasetine

 lickSseimutus + licKSpasetine
A positive lick index indicates that a mouse responds to a stimulus by licking more and a negative
index indicates that a mouse responds by withholding licking. Licks that occurred within 50 msec
of the stimulus onset were excluded when computing the lick index.

Mice were trained on the shaping version of the task until the mean lick index of the CS+
for a given session was significantly greater than O (sign rank test), with a minimum of three days
of conditioning. After reaching this threshold, mice were switched to the full version of the task.
In the full task, the stimuli and reward were identical, but stimuli were presented at uncorrelated
and less predictable intervals. For a given stimulus, the time until the next stimulus of the same
type was drawn randomly from an exponential distribution with a mean of 10 seconds plus an
offset of 8-12 seconds (draw from a uniform distribution), for a mean ISI of 20 msec. The
maximum ISI was capped at 55 sec, and ISIs were binned by seconds. Both the air puff and the

visual stimulus ISIs were drawn from the same distribution but were done so independently. Thus,
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the stimuli could overlap, the timing of the CS- was uncorrelated with the CS+ or the reward, and
each stimulus had a largely flat hazard-rate for the majority of possible ISIs. Mice were then trained
on the full version of the task until the mean LI per session for the CS- was not significantly

different from 0, for a minimum of four days.

3.4.4 Electrophysiology

We performed simultaneous recordings from LP and POm from fully trained mice as the
animal performed the full version of the task. Using a motorized micromanipulator (Scientifica
PatchStar), we inserted a 64-channel electrode array (Cambridge Neurotech, models H3 and H9)
into the craniotomy Arrays were inserted vertically to a depth of 3.1-3.5 mm from the cortical
surface (mean 3.4 mm). Prior to recording, the tip of the array was dipped into a Dil solution to
label recording sites. Array recordings were acquired using an OpenEphys amplifier with two
digital headstages (Intan ~~~) at 30 kHz and with a bandwidth of 2.5 Hz to 7.6 kHz. The same
acquisition system was used to record stimulus timing, licking, and a syncing signal for the video.

We used KiloSort3 to detect spikes and assign them to putative single units (Pachitariu et
al., 2016) and Phy2 (https://github.com/cortex-lab/phy; Rossant, 2021) to manually inspect each

unit. Units were assigned to the array channel on which its mean waveform was largest.

3.4.5 Histology

We sectioned paraformaldehyde-fixed brains into 100-pum sections using a vibratome. To
visualize the border between POm and VPM, we stained sections for endogenous biotin using
fluorescently conjugated streptavidin (Alexa Fluor 647, ThermoFischer). We imaged the sections

on a slide scanner (Nikon AZ100 Multizoom). We then used SHARP-Track to align images to the
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Allen reference atlas and to identify the position of the electrode array by tracing the Dil track
(Shamash et al 2018, https://github.com/cortex-lab/allenCCF). After histological alignment (see
below) we used the depth of each putative cell along the array to assign it to a brain region. When

assigning cells to brain regions, we excluded cells that were within 50 pum of a region boundary.

3.4.6 Videography

During electrophysiology recordings, two PS3 Eye cameras were used to capture video of
the mouse’s eye and whiskers. The whisker camera was positioned below the mouse’s head and
recorded at 125 fps. The eye camera was positioned on the right side of the face and recorded at
60 fps. The OpenEphys Bonsai program was used to record video.

Pupil size was measured from video offline using custom MATLAB code. We defined a
region-of-interest around the eye and applied a threshold to each video frame to create a binary
image of the pupil. We then used the function “regionprops” to fit an ellipse to the pupil and
estimated pupil radius as the geometric mean of the semi-major and semi-minor axes of that ellipse.
The trace of pupil radius over time was smoothed over 5 frames (8.3 msec). Large discontinuities
in the pupil radius vector (such as those caused by a blink) were excluded based on a median filter
(spanning 3 seconds) and linearly interpolated.

Whiskers were automatically tracked from videos using the software package Trace (Clack
etal., 2012). Custom MATLAB software was used to compute the mean angle of all whiskers over
each frame. The mean angle was bandpass filtered from 4 to 30 Hz and passed through a Hilbert
transform to calculate phase. We defined the upper and lower envelopes of the unfiltered median

whisking angle as the points in the whisk cycle where phase equaled 0 (most protracted) or +n
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(most retracted), respectively. Whisking amplitude was defined as the difference between these
two envelopes.

A blinking LED paired with a TTL pulse was used to synchronize the video frames to the
data collected via the OpenEphys acquisition system. After processing the videos, this signal was
used to align relevant video data (pupil radius and whisking amplitude, e.g.) to physiology and
behavioral data. Video vectors were linearly interpolated from their respective frame rates to 1
kHz. Stimulus and licking signals were downsampled to 1 kHz, and spike times were rounded to

the nearest millisecond.

3.4.7 Regression of Movement and Arousal Variables

When fitting linear models, we first binned firing rates, lick rates, whisking, and pupil
radius into 250-msec time bins. This bin size is long enough to capture a range of firing rates (i.e.
most cells had multiple spikes per bin) while preserving the timing of licking and whisking. We
tested models with bin sizes of 50, 100, and 500 msec and found qualitatively similar results. For
each cell, we fit a linear model of firing rate to whisking amplitude, pupil radius, and lick rate
using least-squares regression. We extracted the model residuals for each cell and z-scored them

over the entire recording, producing a movement-corrected firing rate.

3.4.8 Sensory Responses

We examined each cell’s putative sensory response by comparing its firing rate during a
“stimulus period” to its baseline firing rate. We first excluded overlapping stimuli, defined as any
stimulus occurring within 6 seconds of a stimulus of a different type. We then counted the number

of spikes that occurred within 1 second prior to the onset of each stimulus (baseline period) and
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within one second of the stimulus onset (stimulus period). The period within +/-50ms of the
stimulus was considered ambiguous and excluded from analysis. We classified a cell’s response
as significant by first performing an ANOVA between all baseline firing rates and the rates during
each stimulus period, followed by a Holm-Bonferroni multiple comparisons correction. This
correction was applied to cells within each experimental group (i.e., p values from tactile
conditioning POm cells were corrected separately from p values of visual conditioning LP cells).
We then classified cells as responding to the visual stimulus, the air puff, or both by performing
paired Wilcoxon ranked-sum tests between stimulus period firing rates and the corresponding
baseline firing rates. No multiple-comparisons correction was applied to the ranked-sum values.

For significantly responding cells, we computed a sensory response index (SlI). Selectivity
index measures the difference between the magnitudes of the air puff response and the drifting
grating responses compared to the baseline firing rate.

_ IFR,- FRg| — |FRy - FRy|

SI =
|FR4 - FRg| + |FRy - FRg|

Where FRg is the mean baseline firing rate, FRa is the mean firing rate during the air puff
response period, and FRy is the mean firing rate during the visual response period. A positive
selectivity index indicates that the cell has a larger response to an air puff, in terms of absolute
change in firing rate, than it does to the visual stimulus, and vice-versa for a negative index.

To determine if anatomical location had a significant effect on sensory response index, we
fit a linear model between the selectivity index of all cells and each cell’s position in the dorsal-
ventral (DV), medial-lateral (ML), and anterior-posterior (AP) position, along with the
conditioning type (CT) of that cell. We also considered interactions between experiment type and
position, but not between the different positional dimensions. The model thus had the following

design:

83



SI~1,DV,ML,AP,CT,CT = DV,CT * ML,CT = AP

Chapter 4: Conclusion

The secondary thalamic nuclei have puzzled neuroscientists for decades. These regions
have obtuse, heterogeneous sensory responses and are interconnected with a myriad of cortical
and subcortical regions. Only recently are we beginning to understand the role of POm, LP, and
other secondary sensory nuclei in sensation, cognition, and behavior. We have long known that
POm does a poor job at conveying whisker sensory signals to the cortex. However, studies from
the past five years have demonstrated that the region plays a critical role in cortical plasticity, in
sensory discrimination tasks, and that it encodes non-sensory task variables. We have also
learned that LP contains multiple subregions with distinct responses to complex sensory stimuli;
evidence hints that the same might be true of POm. Studies in humans and nonhuman primates
indicate that LP plays a central role in attention, and the similarities between LP and POm
suggest that the same might be true of the somatosensory thalamus. In this thesis, | have tested
two preexisting hypotheses of the role of the secondary thalamus: that they encode movement

signals, and that they engage in modality-specific attention.

4.1 POm and LP encode arousal rather than movement

Like the primary nucleus VPM, POm receives afferent sensory information from the
whiskers by way of the brainstem. Unlike VPM, POm also receives information from primary
motor cortex (M1). In anesthetized rates, POm activity encodes whisker movement better than
VPM, while VPM responds better to whisker touch (Yu et al., 2006). This finding led to the
hypothesis that POm activity represents a movement signal, perhaps from M1, that conveys

information about the exact position of the whiskers. By comparing information about whisker
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position from POm to information about whisker touch from VPM, the cortex could better
compute the exact position of an object from whisker sensations (Diamond et al., 2008). More
recent studies have shown that, in awake animals, VPM does a better job than POm at encoding
touch and whisker position, evidence against this hypothesis (J. D. Moore et al., 2015; Urbain et
al., 2015). Here | directly tested whether POm contains a movement signal by manipulating the
primary candidate sources of motor information.

Consistent with previous studies, | found that POm poorly encodes the fine, temporally
precise aspects of whisking. All POm cells correlate more with whisking amplitude rather than
whisker angle, and only a small subset of cells significantly correlate with phase. This motor
information is not inherited from sensory reafference, as paralyzing the contralateral side of the
face does not ablate POm correlation with the ipsilateral whiskers. Nor is this movement
inherited from the primary cortex or superior colliculus; silencing of M1 and S1 increases rather
than decreases correlation with whisking, and lesions of superior colliculus similarly have no
effect. Indeed LP, which has no direct input from whisker afferents, S1, nor the whisker region
of M1, encodes whisking just as well as POm. Thus movement-related activity in POm is not a
movement signal per se. Instead, it is a result of the relationship between movement and arousal
— the secondary nuclei track behavioral state, which is in turn correlated with movement.

There are multiple mechanisms by which POm and LP might track behavioral state. The
thalamus is under direct and indirect influence of several neuromodulators, including
acetylcholine and norepinephrine, both of which can modulate arousal (Aguilar & Castro-
Alamancos, 2005; Barth¢ et al., 2002; Hirata & Castro-Alamancos, 2010; Masri et al., 2006;
Reimer et al., 2016b). It is also possible that this effect results from changes in activity in the

high-order cortical regions that we did not manipulate. As POm is involved with certain complex
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behavioral tasks, it seems unlikely that the secondary thalamus tracks arousal and nothing else.
Instead, what appears to be an arousal signal in nonbehaving animals might be a result of
uninstructed shifts in attention. This finding led me to investigate how POm and LP activity

changes based on what an animal is trained to attend to.

4.2  POm and LP respond to behaviorally relevant stimuli

The rodent LP is homologous to the lateral pulvinar in humans and nonhuman primates.
This region is involved in guided visual attention: pulvinar responses to attended stimuli are
enhanced, while pulvinar inhibition or damage causes attentional deficits (Danziger et al., 2004;
S. E. Petersen et al., 1985; Snow et al., 2009; Ward et al., 2002; Wilke et al., 2010; H. Zhou et
al., 2016). Similar effects have not yet been observed in LP, nor have similar experiments been
performed in the rodent somatosensory system. In the second part of my thesis, | investigated
how POm and LP are involved in attention. | trained mice to attend to a particular stimulus and
ignore a distractor, then compared POm and LP activity between groups trained on different
stimulus-reward contingencies.

| conditioned mice to respond to a stimulus of one modality (visual or tactile) and ignore
a stimulus of the other modality. Doing so required developing a novel conditioning paradigm. |
observed drastically different activity in both POm and LP between mice conditioned to respond
to a whisker air puff and mice conditioned to respond to a drifting grating. In tactilely
conditioned mice, POm had little-to-no response to the drifting grating. In visually conditioned
mice nearly half of POm cells responded to the grating with elevated firing rates, despite no
known inputs from the retina or the visual cortex to POm. The degree to which POm cells were

selective for the air puff or the drifting grating depended on location, reflecting known
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subregions of POm. Similarly, LP had stronger air puff responses in tactilely conditioned mice.
This activity could not be explained by movement.

| demonstrated that POm and LP exhibit significantly different activity depending on
what a mouse has been trained to attend to. The secondary thalamus thus does not only encode
behavioral state — if so, all differences in activity between groups would be explained by
differences in movement. However, they also are not simple modulators of sensory input — POm
has no known visual sensory information to modulate yet has significant visual responses after
visual conditioning. Instead, these regions appear to contain some sort of “higher” information
about the behavioral task, perhaps inherited from frontal or associative cortical areas. This could
relate to movement planning (El-Boustani et al., 2020), reward anticipation (La Terra et al.,
2022), cortico-cortical communication (Theyel et al., 2010), or all of the above. It is also possible
that POm and LP are involved in learning the stimulus-reward association, and that this thalamic
activity is driving cortical plasticity (Audette et al., 2019). | believe that my findings have
furthered our understanding of how the secondary thalamus works in awake behaving animals

and, hopefully, has opened up new avenues of study.

4.3  Future Directions

As we begin to unravel how the secondary thalamus functions in awake animals, it is
important to understand what drives and modulates thalamic activity. LP and POm receive input
from many cortical areas and are reciprocally connected with most of them. They are also under
direct and indirect influence of several neuromodulators. We are now discovering behaviors that

rely on the secondary nuclei and learning how behavior alters thalamic activity. The next step in
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understanding will require dissection of the many thalamocortical circuits that are involved in
these behaviors.

Optogenetic silencing offers a potent tool for such investigations. Through transgenic
mouse lines and Cre-dependent viral constructs, it is possible to selectively infect specific inputs
to the thalamus. In Chapter 2, | optogenetically silenced M1 and S1 and found that this
manipulation increased the correlation between POm activity and whisking. As S1 is thought to
be a primary driver of POm, it would be interesting to see how S1 contributes to POm activity
during my conditioning paradigm. It is possible that S1 contributes to enhanced tactile responses
in POm after tactile conditioning, and that S1 silencing would remove the effect of conditioning
on POm tactile responses. However, as S1 contains no visual information, | would not expect S1
silencing to impact the drifting grating response. This activity might instead originate in high
order cortical areas, and could involve indirect inputs through zona incerta. By manipulating
thalamocortical inputs, we could reveal how POm contributes to specific behaviors and sensory
computations.

Similarly, it is important to explore role of thalamic outputs. Recently, EI-Boustani et al.
described distinct populations of POm cells that project to S1 and S2. They demonstrated that
these outputs carry distinct sensory and motor information (El-Boustani et al., 2020). Qi et al.
have shown that POm as a whole contributes to a sensory discrimination task (Qi et al., 2022). It
is likely that distinct POm outputs contribute to sensory processing in different ways. By
selectively silencing only S2 outputs, for example, we might untangle how POm contributes to
specific cortical computations. Likewise, LP has distinct subregions that are reciprocally

connected with different cortical and subcortical areas (Bennett et al., 2019). These regions have
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different responses to looming stimuli and background movement, indicating that they play
distinct roles in cognition.

We also now know that the secondary nuclei play a role in cortical plasticity and
learning. Audette et al. have demonstrated that associative learning (pairing a whisker air puff
with reward, similar to my task) causes long-term potentiation of POm-to-S1 synapses (Audette
et al., 2019). Based on the similarities | observe between LP and POm, | would expect a similar
effect on LP-to-V1 synapses after pairing a visual stimulus with a reward. La Terra et al. have
shown that inactivating POm impairs learning a forepaw vibration detection task, suggesting that
POm-mediated cortical plasticity plays a critical role in associative learning (La Terra et al.,
2022). Our lab has previously shown that S1 is not required for simple whisker detection tasks
(Hong et al., 2018) is required for texture discrimination (Park, Rodgers, and Bruno, in
preparation). | expect, then, that POm is similarly essential for learning the relevance of more
complex tactile stimuli (vibrations and textures), but not simple whisker detections. More precise
manipulations of specific POm outputs could then illuminate how different cortical regions are

involved in learning across different behavioral paradigms.
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Afterword

The secondary nuclei have long been mysterious, to the point of feeling truly inscrutable.
Indeed, it has been said that what the pulvinar truly encodes is not vision, motion, or attention, but
rather career death for those poor scientists who study it. However, | believe we have made rapid
progress in describing the secondary thalamic nuclei over the past few years. We have falsified an
early but persistent hypothesis — that POm encodes motion — and shown that POm is involved in
sensory discrimination, learning, and attention. We have found that LP is a heterogeneous region
with a variety of anatomical connections and sensory response properties, and that the same is
likely true of POm. These findings put us in a prime position to untangle how specific
thalamocortical circuits contribute to sensory processing. By wedding knowledge across the visual
and somatosensory system, | believe we will soon have a robust model of how the secondary
thalamus works as a whole. Where once | viewed this area of neuroscience with trepidation, 1 am
now excited for the future of the field. We are giving the secondary thalamus the attention it

deserves.
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Appendix I: Supplemental Figures
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Figure S-1: POm cells are coherent with whisking only at low frequencies

(A) Individual (gray) and mean (red) power spectra of mouse whisking (n=11 mice). (B) Mean coherence
between POm spiking activity and whisking (green) compared to shuffled data (black). Shaded: SEM
over cells. (n=22 cells from five mice, same cells as in Figure 2-1). (C) Mean whisking coherence for
each POm cell in the frequency ranges 0-5 Hz (encompassing the slow components of whisking) and 8—
13 Hz (encompassing the fast components) coherence is significantly higher in the lower frequency band
(p=0.0004, paired t-test). Filled circles indicate cells with significant phase coding as in Figure 2-1 E.
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Figure S-2: POm and LP cells have identical patterns of coherence with whisking

(A) Mean spiking-whisking coherence for each POm and LP cell in the frequency ranges 0-5 Hz and 8—
13 Hz. Green circles: POm (n=22 cells from five mice, same as in Figure 1). Blue diamonds: POm with
ipsilateral facial motor nerve cut (NC) (n=12 cells from two animals, same as in Figure 2-2). Orange
triangles: LP (n=29 cells from four mice, same as in Figure 2-7). (B) Coherence of whisking with POm
cells (green), POm cells after motor NC (blue), and LP cells (orange) in frequency bands 0-5 Hz and 8-
13 Hz. Coherence was significantly higher at lower frequencies within all groups and there was no
significant difference in whisking coherence among groups (frequency band p<10-°, experimental group
p=0.52, two-way ANOVA).
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