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Abstract

The sense of touch is one of our most important channels for communicating with the envi-

ronment. While vision allows us to identify and locate objects in space, somatosensation is

the only sensation that provides direct information about contacting with objects that allows

us to interact with them effectively (Delhaye et al., 2018). From picking up a cup to drink,

to grasp a pen to write, to touch our loved ones and express our emotions, touch plays an

important role in our affective lives and is critical to our ability to dexterously interact with

objects (Hertenstein et al., 2006). Indeed, tactile feedback is indispensable to make smooth

and precise movement execution, patients who lack tactile signals could not achieve smooth

motor execution (Augurelle et al., 2003). However, our understanding of tactile processing

differs along various stages of the tactile ascending pathway. In primates, the coding of

tactile information has been extensively studied in the nerve and in primary somatosensory

cortex (S1) while our understanding of the middle structures, the dorsal column nuclei and

the thalamus, are limited. Hence, the goal of my dissertation is to investigate how tactile

information is represented at the first synapse along the dorsal-column medial lemniscus

pathway (DCML), the Cuneate nucleus (CN), that receives tactile and proprioceptive infor-

mation from the upper body. I characterized the receptive field structure of CN neurons,

determined the convergence of input from multiple sensory channels, documented the tem-

poral and spatial processing of information in CN and investigated the state dependence of

cutaneous sensitivity in CN. Overall, I gained understanding of the process and calculations

happening at this previously neglected region.

vii



Chapter 1 | Introduction

1.1 Introduction

In primates, the coding of tactile information has been extensively studied in the nerve and

in somatosensory cortex (SC). In contrast, the study of the intermediate structures, the

dorsal column nuclei and the thalamus, has been far more limited. The main objective of

my graduate work has been to investigate how tactile information is represented at the first

synapse along the dorsal-column medial lemniscus pathway (DCML), the cuneate nucleus

(CN), which receives tactile and proprioceptive signals from the upper body. I character-

ized the receptive field structure and response properties of CN neurons and showed that

cutaneous signals in CN are modulated depending on behavioral state by top down signals.

1.2 Tactile processing pathway

A central question in sensory neuroscience is how sensory information is represented and

transformed at different stages along the neuraxis. My work focuses on the dorsal column-

medial lemniscus (DCML) pathway of primates, the primary neuraxis for touch and propri-

oception (Figure 1.1). At the somatosensory periphery, touch arises from the transduction

of mechanical deformations of the skin by different types of mechanoreceptors. The first

recipients of signals from the somatosensory periphery are the dorsal column nuclei in the

medulla, after a brief ascent of the ipsilateral dorsal column. Signals from the upper body

project to the cuneate and external cuneate nuclei while signals from the lower body to the

gracile nucleus. Projections from these dorsal column nuclei decussate and synapse onto the

ventroposterior lateral nucleus of the thalamus, which in turn projects to the somatosensory

cortex, with the bulk of them projecting to Brodmann’s areas 3b and 1, and a few of them

to areas 3a, 2 and 5.
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Figure 1.1: Medial lemniscal pathway for the sense of touch (Goodman and Bens-
maia, 2018).

1.3 Cutaneous mechanoreceptors and their associated periphery

nerves

Our skin contains different types of receptors responding to different stimulus modality.

Thermoreceptors respond to non-noxious changes in temperature, nociceptors to strong me-

chanical, thermal, and chemical stimuli, and low threshold mechanoreceptors to non-noxious

skin deformations. A total of four types of mechanoreceptors respond to skin deformations of
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the palmar surface of the hand: Merkel cells, Meissner corpuscles, Pacinian corpuscles, and

Ruffini endings (Figure 1.1). Ion channels – in particular Piezo2 –in the cell membrane of

these mechanoreceptors generate currents in response to mechanical stimulation of the skin

and these electrical signals are then carried to the brain by large diameter A nerve fibers

(Coste et al., 2010; Woo et al., 2014).

Merkel cells innervate slowly adapting type I afferent (SA1). As their name implies,

slowly adapting afferents produce a sustained response to indentations which slowly de-

creases over tens of seconds or minutes (Figure 1.2) (Knibestöl, 1975). Merkels cells have

small receptive field (RF), densely innervate the glabrous skin ( 80 units per cm2) and are

sensitive to low-frequency skin vibrations (<30 Hz). Given their density and small receptive

fields, populations of SA1 nerve fibers convey information about spatial patterns of skin

deformations at a high resolution (Phillips et al., 1988a).

Meissner corpuscles are oval in shape and composed of several irregularly-arranged lamel-

lar discs with serrated edges that bend axon terminals of rapidly adapting (RA) afferents

during the initial mechanical loading. During the sustained contact, the viscoelastic region

at the center of these discs absorbs the stress and lead to RA’s phasic response, restricted to

the dynamic epochs of an indentation (onset and offset) (Takahashi-Iwanaga and Shimoda,

2003). RA fibers have small RFs, though larger than their SA1 counterparts, and innervate

the glabrous skin very densely ( 140 units per cm2). RA afferents respond best to skin

vibrations at intermediate frequencies (peak around 60 Hz) (Freeman and Johnson, 1982;

Muniak et al., 2007).

Pacinian corpuscles are oval in shape and consist of concentric lamellae with layers of vis-

cous fluid between them (Pease and Quilliam, 1957), which shield the afferent in the center

from static deformations while allowing high frequency components to pass through. This

structure endows PC fibers with rapidly adapting characteristic and high sensitivity to skin

vibrations (peaking in sensitivity around 250 Hz). Because Pacinian corpuscles are located
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deep in the subcutaneous fat pads, PC fibers have large diffuse receptive fields.

Ruffini endings are spindle-shaped structures innervated by slowly-adapting type 2 afferents

(SA2), which respond to skin stretch. They are absent from the glabrous skin of Rhesus

Macaques’ hands but present though rare in that of humans (Paré et al., 2002). Ruffini

endings are also located deep in the dermis so SA2 fibers have large receptive fields. Ruffini

endings are most prevalent around nails and, as a result, SA2 afferents are particularly in-

formative about the direction at which forces are applied on the fingertip (Birznieks et al.,

2009).

Pacinian corpuscles are oval in shape and consist of concentric lamellae with layers of vis-

cous fluid between them (Pease and Quilliam, 1957), which shield the afferent in the center

from static deformations while allowing high frequency components to pass through. This

structure endows PC fibers with rapidly adapting characteristic and high sensitivity to skin

vibrations (peaking in sensitivity around 250 Hz). Because Pacinian corpuscles are located

deep in the subcutaneous fat pads, PC fibers have large diffuse receptive fields.

The different biomechanical and electrochemical properties of the nerve endings confer to

the nerve fibers that innervate them different response properties. Interactions with objects

typically activate large populations of nerve fibers of all classes, each of which conveys dif-

ferent but overlapping information about an object grasped in the hand, including its shape,

texture, motion, etc (Saal et al., 2015). Next, we consider how different object features and

their associated sensory continua are encoded in the nerve.
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Figure 1.2: Adaptation responses in cortex demonstrate submodality conver-
gence. A| Responses of a typical slowly adapting type 1 (SA1) afferent to 60 repeated
presentations of a step indentation lasting 500 ms (depicted by the grey trace at the top).
B| Responses of a rapidly adapting (RA) afferent to the same stimulus. C| Response of a
typical neuron in area 3b. D| The adaptation index, AI, is determined by the ratio of the
OFF response to the SUSTAINED response, each normalized by their respective population
means (Saal and Bensmaia, 2014).

1.4 Tactile coding in the periphery nerve

1.4.1 Perceived magnitude

Touch sensations vary over a continuum of intensity, from light to strong, paralleling bright-

ness in vision or loudness in audition. Psychophysical studies have shown that the per-
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ceived intensity of a sinusoidal skin vibration grows linearly as a function of its amplitude

(Johnson, 1974). The responses of individual nerve fibers to vibrations do not exhibit linear

rate-intensity functions. Rather, these functions are piecewise linear, with long plateaus over

which changes in amplitude do not result in an increase in the firing rate. Thus, perceived

magnitude cannot be explained from the responses of individual nerve fibers. However, when

afferent responses are pooled over populations of nerve fibers, the plateaus disappear, and the

resulting population firing rate can account for perception if the firing rates are weighted by

fiber type. Indeed, SA1 spikes are most strongly weighted, PC spikes are the least weighted,

and RA spikes are intermediate (Bensmaia, 2008).

1.4.2 Vibratory frequency

The touch sensations evoked by skin vibrations depend on their frequency, in part because

different nerve fibers exhibit different frequency sensitivity profiles: Vibrations below 5 Hz

excite primarily SA1 fibers and feel like tapping, vibrations between 5-50 Hz primarily ac-

tivate RA fibers and feel like flutter, vibrations beyond 50 Hz primarily excite PC fibers

and elicit sensations of vibratory hum (Talbot et al., 1968; Ochoa and Torebjörk, 1983).

However, sensitivity to changes in frequency is not solely determined by the activated pop-

ulation. Indeed, human observers can reliably detect a 10% change in frequency within the

flutter range and a 30% change at the high frequencies (Goff, 1967). Vibratory frequency is

encoded in the phase-locked responses of nerve fibers. Indeed, over the range of tangible fre-

quencies, nerve fibers produce one or more spikes within a restricted portion of each stimulus

cycle, so the interspike or interburst interval is highly informative about frequency (Talbot

et al., 1968). This temporal patterning has been shown to support frequency discrimination

(Birznieks and Vickery, 2017) and shapes the percepts evoked by complex skin vibrations

(Mackevicius et al., 2012), including those elicited when we scan a textured surface (Weber

et al., 2013), to reflect their frequency composition.
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1.4.3 Shape

When we grasp an object, cutaneous information signals about local features of the object

at each contact point, which is encoded in the responses of tactile nerve fibers, is integrated

with information about the conformation of our hand, which is encoded by our proprioceptive

nerve fibers, to give rise to a three dimensional percept of the object (Hsiao, 2008), an ability

termed stereognosis. The spatial features of object grasped are reflected in the spatial pattern

of activation evoked in SA1 and RA afferents (Johnson and Lamb, 1981; Phillips et al., 1988b;

Goodwin et al., 1995; Wheat and Goodwin, 2001). SA1 afferents signal the most spatially

acute neural image and mediate our ability to discern the smallest tangible feature while

RA afferents convey information about coarse spatial features. Meanwhile, our sense of

the relative position of different contact points originates from proprioceptors embedded in

joints, muscles, tendons, and the skin. How these two sources of information are integrated

downstream to give rise to stereognosis is unknown.

1.4.4 Texture

Our sense of touch endows us with an exquisite sensitivity to surface texture. We can discern

surface features measured in the tens of nanometers and discriminate features that differ

by hundreds of nanometers (Skedung et al., 2013). When we seek to acquire information

about surface texture, we scan our fingers across it (Lederman and Klatzky, 1993).Texture

perception is mediated by two different neuronal mechanisms: a spatial mechanism mediated

by SA1 and RA afferents (Blake et al., 1997) and a temporal one mechanism mediated by

RA and PC afferents (Lamb, 1983; Weber et al., 2013). Indeed, the spatial layout of coarse

textural features is encoded in a neural image carried by populations of the SA1 and RA

fibers (Blake et al., 1997). To discern fine textural features requires movement between skin

and surface, which leads to the elicitation of texture-specific vibrations that spread over

wide swaths of skin (Hollins and Risner, 2000). These vibrations give rise to texture specific
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temporal spiking patterns in PC and RA fibers that carry information about texture identity

with a temporal precision that is measured in single-digit milliseconds (Weber et al., 2013).

Our ability to sense textural features that span six orders of magnitude in spatial scale (from

tens of nanometers to tens of millimeters) is made possible by the integration of these two

neural codes for texture, spatial and temporal.

1.4.5 Motion

Manual interactions with objects typically involve motion between the hand and the object

and when we explore objects to sense their shape or texture, we move our hands across them

(Lederman and Klatzky, 1993). Accordingly, information about the direction and speed of

motion is available via the sense of touch. Two mechanisms mediate our ability to sense

the direction of motion. First, movement across the skin sequentially activates nerve fibers

with receptive fields along the path of motion (Pei and Bensmaia, 2014), as is observed for

motion signals on the retina (Pack and Bensmaia, 2015). Second, lateral movement between

object and hand stretches the skin and activates sensitive SA2 fibers, which in turn can

signal direction of motion (Olausson et al., 2000). While we can perceive the speed at which

objects move across the skin, which is mainly mediated by PC fibers, our ability to do so is

highly dependent on the texture of the surface (Dépeault et al., 2008; Delhaye et al., 2019).

1.5 Tactile coding in the brain stem nuclei

Tactile nerve fibers innervating the hand project onto neurons in the cuneate nucleus (CN).

The CN (along with the gracile nucleus, which receives input from the lower body) has been

traditionally viewed as passive relay stations that faithfully transmit afferent input to the

thalamus (Vickery et al., 1994; Gynther et al., 1995). However, CN responses have never

been systematically compared to their afferent inputs, which precludes any conclusions as

to its contribution to sensory processing. In Chapter two, I discuss our work demonstrating
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that the responses of individual CN neurons reflect the integration of inputs from multiple

classes of nerve fibers and that these inputs are subject to neuronal computations, such that

CN responses are more similar to cortical responses than they are to peripheral ones. In

Chapter three, I discuss our work showing that cutaneous responses in CN are modulated

according to the behavioral state of the animal, further challenging the idea that CN is just

a passive relay station for somatosensory signals.

Figure 1.3: Positioning of brain stem nuclei. A reconstructed 3D view of the lower
brain stem and relative positioning of the gracile nucleus, cuneate nucleus, external cuneate
nucleus, and trigeminal nucleus. Black arrow is pointing toward obex (Suresh et al., 2017).
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Figure 1.4: Somatotopic organization of CN. A| 3D diagram of penetrations with
cutaneous RFs plotted with respect to obex and the surface. Color bar indicates the RF
location. ML, medio-lateral; RC, rostro-caudal. B| Summary of cutaneous results. Left:
distal units tend to be deeper than proximal units. Horizontal bar represents mean values,
and vertical bars span the range of values. Right: distal units tend be more cranial (negative
along the RC dimension) than proximal units. The forearm served as the boundary between
distal and proximal units in the bar plots. C| 3D diagram of penetrations with proprioceptive
responses with respect to obex and the surface. Color bar indicates RF location. D| Summary
of proprioceptive results. Left: distal units tend to be deeper than proximal units. Right:
distal units tend to be anterior to their proximal counterparts. Overall, both proprioceptive
and cutaneous modalities exhibited similar somatotopic trends: proximal units were located
more superficially and more posterior to the obex than distal units. Reproduced from (Suresh
et al., 2017).
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Figure 1.5: Distinct corticofugal pathways target cuneate circuits. The main
cuneate nucleus is a major conduit of forelimb sensory information to supraspinal regions,
including the neocortex, via cuneolemniscal projections (yellow) to the thalamus (VPL). The
core region of the middle CN receives direct input from cutaneous afferents (green) that in-
nervate the glabrous pad of the hand and reside in the dorsal root ganglia (DRG). GABAergic
neurons (orange) located largely in the cuneate ventral shell (V shell) and glycinergic neurons
(red) located in the cuneate ventral shell and cuneate core directly inhibit cuneolemniscal
neurons. These inhibitory neurons receive inhibitory input, potentially from local connec-
tions, and also receive direct input from ascending cutaneous afferents. The cuneate core
region is heavily targeted by corticospinal neurons residing in primary somatosensory cortex
(SSp; dark blue), and cuneolemniscal neurons that reside in this core region receive direct
input from SSp projections. Inhibitory cuneate neurons also receive SSp input, but unlike
cuneolemniscal neurons, are also targeted by corticofugal neurons in rostral sensorimotor
cortex (rSM; light blue), which do not project to the cuneate core, but rather target the
shell region ventral to the cuneate. Cuneate inhibitory circuits provide a means for bidirec-
tional modulation of the transmission of tactile information through the cuneate core, and
their activation or inhibition perturbs the execution of tactile guided dexterous behaviors.
ECu, external cuneate; Py, pyramidal tract. (Conner et al., 2021).

1.5.1 Brainstem nuclei

Four dorsal column nuclei (DCN) in the brainstem are implicated in somatosensory process-

ing (Loutit et al., 2020). The CN, which receives both tactile and proprioceptive input from

the upper body, external cuneate nucleus (ECN), which receives proprioceptive information

from the upper body, the gracile nucleus (GN), which receives tactile and proprioceptive

input from the lower body, and the trigeminal nucleus (TN), which receives tactile and pro-

prioceptive input from the face. The GN is located most medially, spanning the first 1.25 to
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1.5 mm lateral to midline. Next are the CN and ECN, which span 1.5 to 1.75 mm (Suresh et

al., 2017). The TN then spans another millimeter or so along the medio-lateral axis (Figure

1.3, Figure 1.4). While the boundary between CN and ECN is distinct anatomically, it is

hard to distinguish electrophysiologically.

Functional organization of the CN

In rhesus macaques, both CN and ECN exhibit a coarse somatotopic organization along both

the rostro-caudal and dorsal-ventral axis, with units innervating the distal limbs tending to

be located deeper and more rostral than units innervating the proximal limb (Suresh et al.,

2017). A similar dorsal-ventral somatotopic trend has been reported in other primate species

while the rostral-caudal trends seem to be specific to macaques (Florence et al., 1989; Qi and

Kaas, 2006). The representation of the digits tends to be located more ventromedially than

that of the rest of the hand in rhesus macaques while other species of non-human primates

exhibit the reverse trend (Florence et al., 1989). The digit representation in macaques is es-

pecially difficult to access given its location under the cerebellar tonsils. The representation

of the trunk lies in the transition zone between CN and its medial neighbor GN while the

representation of the head lies on the lateral aspect of the CN, neighboring face representa-

tions in TN (Millar and Basbaum, 1975; Li et al., 2012).

Cutaneous and proprioceptive information remain segregated at the level of dorsal column

nuclei. Proprioceptive units tend to be more superficial and more lateral than cutaneous

ones and more frequently caudal to the obex in rhesus macaques (Suresh et al., 2017).

While CN receives both proprioceptive and cutaneous input, the ECN receives exclusively

proprioceptive input.
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Targets of CN

The DCN act as a distribution hub for tactile and proprioceptive signals, projecting to a

wide variety of targets throughout the spinal cord and brain. CN sends its major projection

to the contralateral ventro-posterior lateral nuclei of the thalamus (VPL) via the medial

lemniscus. VPL then projects to somatosensory cortex, located in the anterior aspect of the

parietal lobe, including Brodmann’s areas 3a, 3b, 1, and 2.

In contrast, ECN projects primarily to the cerebellum, and this cuneocerebellar pathway

is the primary source of cerebellar inputs from upper-body proprioceptors (Paxinos et al.,

2012). Proprioceptive signals from the dorsal column nuclei also project onto the border

of VPL and ventrolateral nucleus (VL) of the thalamus (Berkley et al., 1986), which then

mainly target area 3a, as well as areas 2 and 3b (Padberg et al., 2009).

Besides VPL and cerebellum, CN and ECN also project to other spinal and supraspinal

recipients in rodents and cats, including the contralateral posterior group of the thalamus

(Diamond et al., 1992), the nucleus reuniens (Villanueva et al., 1998), the Pontine nuclei

(Kosinski et al., 1988), the superior colliculus (Blomqvist et al., 1978; Nagata and Kruger,

1979), and the inferior colliculus (Aitkin et al., 1981; Wiberg et al., 1987).

Descending inputs into CN

CN also receives significant projections from cortex, which have recently been characterized

in detail in mice (Conner et al., 2021). The mouse CN can be divided into two regions:

a core region that receives the bulk of the input from the periphery and an outer shell

that comprises mostly inhibitory interneurons (Conner et al., 2021). Each region receives a

distinct pattern of projections from cortex: The core region receives excitatory inputs from

somatosensory cortex whereas the shell receives both excitatory and inhibitory input from

a variety of motor structures. The CN of primates has also been shown to receive both

excitatory and inhibitory projections from cortex and these descending inputs match both
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the modality and the response field of their targets. That is, M1 and area 3a mainly project

onto proprioceptive areas in the DCN while (cutaneous) area 3b projections to touch-related

CN regions (Cheema et al., 1983; Cheema et al., 1985; Kuypers et al., 1961). In addition,

the response fields of the central neurons and their CN targets match (Cheema et al., 1985).

Convergence of cutaneous submodalities in CN

Traditionally, the different tactile submodalities – each associated with a different cutaneous

mechanoreceptor and its associated neurite – were thought to remain segregated as they as-

cend the neuraxis. In this view, signals from each type of nerve fibers projected onto different

largely non-overlapping populations of neurons and these different channels of tactile infor-

mation were hypothesized to play different functional roles in tactile perception. However,

quantitative examination of responses in primary somatosensory cortex (Brodmann’s area

3b) reveals that, even at the earliest stage of cortical processing, the responses of individual

neurons reflect input from multiple classes of tactile nerve fibers (Pei et al., 2009; Saal et al.,

2015b). Furthermore, the perception of several tactile features – the perceived magnitude

of a vibration or the roughness of a texture – has been shown to reflect convergent input

from multiple modalities, calling into question the functional segregation hypothesized by

the traditional view (Muniak et al., 2007a; Weber et al., 2013; Lieber et al., 2017).

In chapter two, I will discuss our recent work showing that the convergence of different sub-

modality signals onto individual neurons is already observed in the CN (Suresh et al., 2021).

Indeed, individual CN neurons exhibit response properties indicative of convergent input

from both slowly adapting and rapidly adapting nerve fibers. In addition, many CN neurons

respond to a wide range of vibratory frequencies, exhibiting a much wider bandwidth than

any one population of nerve fibers.
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1.5.2 Tactile coding in somatosensory cortex

CN neurons mainly project to the VPL of the thalamus, which then projects to the so-

matosensory cortex (SC), including Brodmann’s areas 3a, 3b, 1 and 2. SC is organized

somatotopically such that nearby neurons have nearby receptive fields (Pons et al., 1985).

The hand representation in SC is highly enlarged, reflecting its outsized role in object inter-

actions (Sur et al., 1980). While cutaneous nerve fibers reflect the local skin deformation in

highly predictable ways that depend only on their class, SC neurons exhibit more complex

and diverse response properties, giving rise to a high dimensional representation of their

inputs. For example, individual SC neurons exhibit a selectivity for stimulus features such

as orientation and motion direction. These response properties of cortical neurons have

heretofore been thought to first emerge in SC. One of the objectives of the study described

in Chapter 2 was to assess the degree to which the elaborated response properties of SC neu-

rons might reflect computations inherited from their inputs. To this end, we measured CN

responses to two classes of stimuli that have been extensively used to characterized afferent

and SC response, namely vibrations (Mountcastle et al., 1969; Harvey et al., 2013; Saal et

al., 2015b) and oriented edges (Bensmaia et al., 2008; Pruszynski and Johansson, 2014).

Temporal response properties

As discussed above, the different classes of nerve fibers differ in their frequency sensitivity

profiles such that SA1 fibers peak in sensitivity at low frequencies (<10 Hz), PC fibers at

high frequencies (∼ 250Hz, and RA fibers at intermediate frequencies (Talbot et al., 1968b;

Muniak et al., 2007). SC neurons exhibit a wide range of frequency sensitivity profiles.

Importantly, individual SC neurons often respond over a wider range of frequencies than any

one population of nerve fibers, implying that they receive convergent inputs from multiple

classes of afferents. Furthermore, vibratory responses of SC neuron often reflect temporal

computations on their inputs (Saal et al., 2015). Indeed, while some SC neurons integrate
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afferent signals over time, others act as more complex temporal filters, often consisting

of an excitatory and inhibitory lobe. These neurons act as temporal differentiators and

respond to specific features in the input. Furthermore, the shape of these filters differ

systematically depending on the input modality: The filters for SA1 and RA inputs comprise

large excitatory lobes such that signals from these afferent classes tend to modulate the

strength of SC responses to skin vibrations. In contrast, filters for PC inputs comprise

balanced or inhibitory lobes and tend to shape the timing rather than the strength of SC

responses (Saal et al., 2015). The idiosyncratic shape the temporal filter that describes each

neurons vibratory response confers to that neuron a preference for a temporal feature in its

time-varying inputs. In summary, then, SC neurons differ in the submodality composition

of their inputs and in how they integrate these inputs.

Spatial response properties

While the RFs of SA1 and RA nerve fibers typically comprise one or more small excita-

tory lobes restricted to a small patch of skin, the diameter of which is measured in single

millimeters (Vega-Bermudez and Johnson, 1999; Pruszynski and Johansson, 2014), the RFs

of PC fibers are much larger and more diffuse, often spanning multiple digits and some-

times the entire hand. However, all three nerve fibers exhibit responses that track local skin

deformation (Kim, S.S. et al., 2010; Saal et al., 2017). In contrast, the RFs of neurons in

Brodmann’s area 3b are often comprised of both excitatory and inhibitory subfields (DiCarlo

and Johnson, 2000) as well as a co-localized but delayed inhibitory component, which makes

them less excitable for certain time after excitation (Gardner and Costanzo, 1980; DiCarlo

and Johnson, 2000). The structure of the cortical neurons confers to them selectivity for

spatial features, for example the orientation of an edge indented into or scanned across the

skin. Indeed, more than 50% of SC neurons are orientation tuned (Bensmaia et al., 2008).

This orientation tuning has tacitly been assumed to arise de novo in SC.
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Chapter 2 | Sensory computations in the cuneate nucleus of

macaques

2.1 Abstract

Tactile nerve fibers fall into a few classes that can be readily distinguished based on their

spatiotemporal response properties. Because nerve fibers reflect local skin deformations, they

individually carry ambiguous signals about object features. In contrast, cortical neurons

exhibit heterogeneous response properties that reflect computations applied to convergent

input from multiple classes of afferents, which confer to them a selectivity for behaviorally

relevant features of objects. The conventional view is that these complex response properties

arise within the cortex itself, implying that sensory signals are not processed to any significant

extent in the two intervening structures – the cuneate nucleus (CN) and the thalamus.

To test this hypothesis, we recorded the responses evoked in CN to a battery of stimuli

that have been extensively used to characterize tactile coding in both the periphery and

cortex, including skin indentations, vibrations, random dot patterns, and scanned edges.

We found that CN responses are more similar to their cortical counterparts than they are

to their inputs: CN neurons receive input from multiple classes of nerve fibers, they have

spatially complex receptive fields, and they exhibit selectivity for object features. Contrary

to consensus, then, CN plays a key role in processing tactile information.

2.2 Significance

Perception is the outcome of the sequential processing of sensory signals at multiple stages

along the neuraxis. The conventional view is that tactile signals are processed predominantly

in the cerebral cortex. We tested this view by investigating the response properties of neurons

1. This manuscript is under review: Suresh, A. K., Greenspon, C. M., He, Q., Rosenow, J. M., Miller, L.
E., & Bensmaia, S. J. (2021). Sensory computations in the cuneate nucleus of macaques. bioRxiv.
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in the cuneate nucleus (CN), the first potential stage of processing along the primary touch

neuraxis. We found that CN responses more nearly resemble those of cortical neurons than

they do those of nerve fibers: CN neurons have spatially complex receptive fields reflecting

convergent input from multiple classes of nerve fibers and exhibit a selectivity for object

features, absent in the nerve. We conclude that CN plays a key, early role in the processing

of tactile information.

2.3 Introduction

The coding of tactile information has been extensively studied in the peripheral nerves and

in the primary somatosensory cortex (S1, Broadmann’s area 3b) of non-human primates,

leading to the conclusion that sensory representations in S1 differ from those at the periphery

in at least two important ways. First, while cutaneous nerve fibers can be divided into a

small number of classes, each responding to a different aspect of skin deformation, individual

S1 neurons integrate sensory signals from multiple classes of nerve fibers (Friedman et al.,

2004; Kaas, 1983; Lieber and Bensmaia, 2019; Mountcastle, 1957; Paul et al., 1972; Pei et al.,

2009; Saal and Bensmaia, 2014). Indeed, while each class of nerve fibers exhibits stereotyped

responses to certain stimulus classes, for example skin indentations or sinusoidal vibrations,

cortical responses to these same stimuli include features of the responses from multiple tactile

classes, or sub-modalities. Second, the responses of cortical neurons reflect computations on

these inputs. For example, the spatial receptive fields of S1 neurons comprise excitatory

and inhibitory subfields, implying a spatial computation (Bensmaia et al., 2008; DiCarlo

et al., 1998). Similarly, S1 neurons act as temporal filters, as evidenced by the fact that

their responses to vibrations reflect both integration and differentiation of their inputs in

time (Saal et al., 2015). These computations give rise to increasingly explicit rate-based

representations of object features, such as the orientation of an edge indented into the skin or

the texture of a surface scanned across the skin (Bensmaia et al., 2008; Lieber and Bensmaia,
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2019). In contrast to the well-studied peripheral and cortical representations of touch, very

little is known about the contribution of the cuneate nucleus (CN) to the processing of tactile

information. The textbook view is that CN acts as a simple relay station despite the fact that

the response properties of neurons in CN or equivalent brain structures (nucleus principalis,

e.g.) exhibit responses that are not identical to those of nerve fibers (Bystrzycka et al.,

1977; Ebert et al., 2021; Jörntell et al., 2014; Kaloti et al., 2016; Witham and Baker, 2011),

implying some processing. However, CN responses have not been investigated using stimuli

whose representation in the nerve and cortex has been quantitatively characterized (Conner

et al., 2021; Ebert et al., 2021; Jörntell et al., 2014; Lehnert et al., 2021). This precludes a

quantitative analysis of how tactile signals are transformed in this structure. Furthermore,

though a significant body of literature exists where the dorsal column nuclei have been

lesioned (Halder et al., 2018; Liao et al., 2015, 2018; Qi et al., 2013) that demonstrates

that CN is a key part of the medial leminiscal pathway, this approach is limited in that it

invariably alters the inputs to all downstream structures, and therefor the specific role of

CN cannot be inferred. To fill this gap, we recorded the responses evoked in individual CN

neurons to a battery of tactile stimuli that have been extensively used to characterize the

response properties of tactile nerve fibers and of neurons in S1, including skin indentations,

vibrations, embossed dot patterns, and scanned edges. We then compared CN responses to

their upstream (nerve fibers) and downstream counterparts (area 3b or S1, the first stage of

processing in cortex (Delhaye et al., 2018; Kaas, 1983) to assess the degree to which tactile

signals are processed in CN. The picture that emerges is one in which CN plays an integral

part in the transformation of tactile information as it ascends the neuraxis.

2.4 Results

To investigate tactile representations in CN, we measured the responses of individual CN

neurons (n=33) to step indentations, sinusoidal skin vibrations (n=68), mechanical noise
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(n=33), random dot patterns (n=31), and scanned bars (n=9). To compare CN responses

to their peripheral counterparts, we simulated the spiking responses of tactile nerve fibers

to the stimuli used in the CN recordings using a model that can reconstruct such responses

with millisecond-level precision (Saal et al., 2017). To compare CN responses to their cortical

counterparts, we analyzed previously collected cortical responses to analogous stimuli.

2.4.1 Adaptation properties of CN neurons reveal submodality convergence

Nerve fibers can be readily divided into two groups based on their responses to skin indenta-

tions: Slowly adapting type 1 (SA1) fibers respond throughout the skin indentation whereas

rapidly adapting (RA) and Pacinian Corpuscle-associated (PC) fibers respond only to the

onset and offset of the indentation and are silent during the intermediate sustained epoch

(Pei et al., 2009). Examination of the responses of downstream neurons to skin indentations

can thus reveal the sub-modality composition of their inputs. Specifically, responses during

the sustained component reflect SA1 input, as only this class is active during this stimulus

epoch; a strong phasic response during the offset of the indentation is indicative of RA or

PC input, as only these two classes of nerve fibers produce an off response. Co-occurrence

of these two response properties reflects convergent input from at least two classes of nerve

fibers. In CN, we found that the responses of a majority of neurons comprise both sustained

and off components, indicative of convergent input from multiple sub-modalities (Figure

2.1A).
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Figure 2.1: CN responses to step indentations. A| Responses of four CN neurons that
span the range of convergence properties. B| AI index for the nerve (top), cuneate nucleus
(middle), and the primary somatosensory cortex (bottom). AI segregates nerve fibers at the
two extremes, whereas convergence is observed in both the CN and S1.

A previously developed ‘adaptation index’ (Pei et al., 2009) gauges the degree to which

individual neurons receive convergent input from multiple cutaneous sub-modalities based

on the relative strengths of the sustained and off responses. A value of 1 denotes RA-

like responses (only an off-response, no sustained response), a value of 0 denotes SA1-like

responses (only a sustained response, no off response), and an intermediate value denotes
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convergent input (mixture of sustained and off responses). Adaptation indices computed on

CN responses spanned the range from 0 to 1, with most falling between the two extremes,

suggesting that convergence is the rule rather than the exception (Figure 2.1B). Indeed, the

AI distribution of CN was more similar to that of S1 (KS-test, D = 0.218, p = 0.19) than that

of the periphery (KS-test, D = 0.545, p < 0.001). A greater number of neurons exhibited pure

RA-like than SA1-like responses, as has been found in S1, commensurate with the relative

densities of these two groups of nerve fibers (RA/PC vs. SA1). To obtain a quantitative

estimate of the proportion of multimodal neurons, we tested whether the firing rates during

the sustained and offset periods were significantly different from the baseline period. Of the

33 neurons tested with skin indentations, 6% produced only sustained responses, 27% only

offset responses, and 60% produced both sustained and offset responses (the remaining 7%

only produced a transient onset response). Convergence of cutaneous sub-modalities is thus

observed in a majority of neurons in CN.

2.4.2 CN responses to vibrations reveal submodality convergence

Next, we examined the responses of CN neurons to sinusoidal vibrations varying in amplitude

and frequency, hoping to capitalize on the fact that different afferent classes exhibit different

frequency sensitivity: SA1 fibers peak in sensitivity at low frequencies, PC fibers at high

frequencies, and RA fibers at intermediate frequencies (Muniak et al., 2007; Talbot et al.,

1968). We can then assess whether the frequency response characteristic of individual CN

neurons resembles that of any single class of tactile nerve fiber or rather reflects convergent

input from multiple fiber types. We found that some CN neurons respond exclusively to

low frequencies, similar to SA1 fibers (Figure 2.2A), others to high frequencies, similar to

PC fibers (Figure 2.2B), but many respond to the entire range of frequencies tested (Figure

2.2C), suggesting they receive convergent input from multiple tactile sub-modalities.
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Figure 2.2: CN responses to vibrations. . A-C| Responses of three CN neurons to
skin vibrations varying in frequency (from 5 to 300 Hz) and amplitude (1-1000 µm; ordered
by frequency, then amplitude). Some CN neurons responded exclusively at low frequencies
(A), others at high frequencies (B), but many CN neurons responded over a wider range of
frequencies than does any one population of nerve fibers (C). As is the case in periphery
and cortex, CN neurons often exhibited phase-locked responses to vibratory stimuli (see
Supplemental Figure 2.1).

To quantitatively assess the contributions of different afferent classes to the responses

of CN neurons, we regressed the firing rates of individual CN neurons onto the (simulated)

population firing rates of nerve fibers from all three classes to a common set of vibrations

(2.3A). First, we verified that the responses of most CN neurons could be well accounted
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for using a linear combination of SA1, RA, and PC responses (mean R2 = 0.6). Second,

we assessed whether CN responses were better accounted for by multiple afferent classes

than by one and found that, for most CN neurons, the cross-validated model fit increased

significantly with the inclusion of all inputs (2.3A, mean R2
best = 0.50, mean R2

all = 0.60,

mean ∆R2 = 0.1, ranksum = 5395, z = 3.2, p = 0.0013). We repeated the regression analysis

on measured responses of tactile nerve fibers to similar sinusoidal vibrations to verify our

ability to distinguish unimodal from multimodal responses. We found that measured afferent

responses to vibrations were equally well accounted for with a single modality as they were

multiple modalities (Figure 2.3A, mean R2
best = 0.83, mean R2

all = 0.86, mean ∆R2 =

0.03, ranksum = 1019, z = 1.53, p = 0.126). We found that 46% of CN neurons yielded ∆R2

that were more than one standard deviation away from the mean R2 obtained from nerve

fibers, whereas only 10% of nerve fibers exceeded this threshold.
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Figure 2.3: CN responses to vibrations reflect convergent input from multiple
afferents, typically of multiple classes. A| Model fit with only one class of nerve fibers
vs. model fit with multiple classes for CN and afferents. The responses of nerve fibers can
be predicted nearly perfectly with a single afferent type whereas CN neurons often require
multiple. Inset: model improvement when allowing all classes is significantly greater for
cuneate than individual afferents. For this analysis, the mean response to each stimulus is
used as a regressor, computed separately for each class of nerve fibers. B| Performance of
regression models as a function of the number of afferents included in the analysis. Input
from 2-5 nerve fibers is sufficient to achieve asymptotic performance for CN predictions,
but only if convergence across sub-modalities is allowed. When only the best single afferent
class is used (dashed line), an order of magnitude more afferents are required to reach
asymptotic performance. Inset: At criterion, model performance is significantly improved
when all afferent classes are included as regressors in models of CN responses. C| Normalized
regression weights for each afferent class; each point corresponds to a CN neuron.

Third, we estimated the number of afferent inputs required to predict CN responses

accurately. To this end, we simulated the responses of a population of nerve fibers and

assessed our ability to predict the responses of individual CN neurons as we sequentially

added simulated nerve fibers to the regression model (Figure 2.3B). We found that model

fits typically leveled off (reached criterion performance) with just 2-5 inputs if all three

classes of nerve fibers were included in the analysis. If only the most predictive afferent

class was included, more inputs were required to achieve equivalent fits and performance

plateaued at a lower level, consistent with the above analysis based on mean (simulated)

population responses (Figure 2.3B – dashed line). Including all three afferent classes as

regressors significantly improved CN predictions (mean ∆R2 = 0.06, ranksum = 5518, z =

3.07, p = 0.002). We validated the approach by verifying that including all three classes
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did not improve afferent predictions (mean ∆R2 = 0.01, ranksum = 977, z = 0.90, p =

0.36). Examination of the optimized regression coefficients revealed that 15% of CN neurons

were unimodal, 59% were bimodal, and the remainder (26%) were trimodal (Figure 2.3C).

In conclusion, then, the responses of individual CN neurons to vibrations reflect input from

multiple classes of nerve fibers so the submodality convergence observed in cortex is at least

in part inherited from CN.

2.4.3 CN responses to vibrations reveal temporal computations

Neurons in somatosensory cortex have been shown to exhibit a variety of response properties

to vibrations (Saal et al., 2015). Some neurons sum their inputs over time whereas others act

as more complex temporal filters, comprising both excitatory and suppressive components.

Examination of the rate-intensity functions for vibrations revealed suppressive components

in the neuronal response (Supplementary Figure 2.1): Some CN neurons were always sup-

pressed by vibration whereas others were excited by some vibrations and suppressed by

others. For these neurons, regression models yielded significantly poorer fits when weights

were constrained to be positive (mean 22% decrease). These suppressive components may

constitute building blocks of more complex temporal feature filtering. To further charac-

terize the process of temporal integration, we examined CN responses to mechanical noise.

Specifically, we computed the mean response evoked in each afferent class immediately pre-

ceding each spike evoked in a given CN neuron (Figure 2.4). The resulting spike-triggered

averages represent how a neuron integrates the signal from each population of nerve fibers.

Some neurons simply summed their afferent input whereas others exhibited more complex re-

sponse properties, with STAs that comprised excitatory and suppressive components, similar

to those derived from S1 responses to analogous stimuli. As is the case in cortex, PC input

tended to be more suppressive than was RA or SA1 input (Figure 2.4C). Temporal receptive

fields that comprise excitatory and suppressive components confer to neurons a preference
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to fluctuations in the afferent input; heterogeneity in the filters across neurons and input

classes (Saal et al., 2015) gives rise to a high-dimensional representation of the input (Lieber

and Bensmaia, 2019). From CN responses to mechanical noise, we also estimated the mean

latency in CN to be around 10 ms (2.4D), approximately half of that in S1 (∼ 18ms).

Figure 2.4: Temporal integration properties of CN neurons. A| Spike-triggered
averages (STAs) computed from the responses of 3 CN neurons for inputs from the three
classes of nerve fibers. STAs comprise both excitatory and suppressive components, as do
their counterparts derived from the responses of S1 neurons. B| Summed absolute spike prob-
ability for each CN neuron with respect to afferent type. Given the frequency composition of
the vibrations, the RA and PC drive was greater than was SA1 drive. C| Proportion of the
afferent input that is excitatory vs suppressive. The temporal receptive fields of many CN
neurons included both excitatory and suppressive components d— The latency, estimated
from responses to mechanical noise, was about half of that in S1.

2.4.4 Spatial structure of CN receptive fields

Neurons in somatosensory cortex act not only as temporal filters (Saal et al., 2015) but

also as spatial filters (Bensmaia et al., 2008; DiCarlo et al., 1998; Lieber and Bensmaia,

2019). The spatial receptive fields of S1 neurons comprise excitatory and inhibitory subfields,

conferring to them a sensitivity to specific spatial features in their inputs. For example,
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an elongated excitatory subfield flanked by an inhibitory one will confer to a neuron a

selectivity for orientation (Bensmaia et al., 2008; Hubel and Wiesel, 1962). With this in

mind, we reconstructed the spatial receptive fields of CN neurons from their responses to

random patterns of embossed dots scanned across the skin (DiCarlo et al., 1998; Lieber and

Bensmaia, 2019). First, we found that the RFs of CN neurons tend to be larger than are those

of SA1 or RA fibers (Johnson and Lamb, 1981), as expected given the inferred convergence

of afferent input onto individual CN neurons (Figure 2.5A&B). Second, CN neurons have

marginally smaller RFs than do their cortical counterparts (Figure 2.5B&D), as expected

given their relative positions along the neuraxis. The mean RF size is 7.2 mm2 in CN and

9.9 mm2 in cortex (t-test: t(44) = 2.8, p = 0.072). Third, CN neurons have complex RFs,

often comprising excitatory and inhibitory subfields, like their cortical counterparts (Figure

2.5A&C). As in cortex, the excitatory subfields of CN neurons tend to be larger than their

inhibitory counterparts. However, CN RFs tend to comprise a greater number of distinct

subfields than do their S1 RFs (mean of 4 vs. 2.1 mm2, t(44) = 4, p < 0.001). While the

excitatory masses are similar in CN and S1, the inhibitory masses are smaller in CN than in

S1 (excitatory: 5.6 vs. 6.6 mm2, t(44) = 1.37, p = 0.178; inhibitory: 1.5 vs. 3.3 mm2, t(44)

= 2.8, p < 0.008). Nonetheless, the spatial structure of the receptive fields observed in CN

is qualitatively similar to its counterpart in S1.
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Figure 2.5: Spatial receptive fields of CN neurons. A| Reconstructed receptive fields
for 4 cuneate neurons. RFs typically comprise both excitatory and inhibitory subfields in
a variety of conformations. Cuneate RFs are similar to their S1 counterparts (panel C).
Arrow indicates the direction in which the dot pattern was scanned. Scale bar is 1mm. B|
Cuneate receptive fields are on average smaller than those in S1 (panel D), a difference that
is primarily driven by smaller inhibitory subfields.

2.4.5 CN neurons exhibit feature selectivity

Next, we examined whether the spatial structure of RFs confer to the firing rate responses

of CN neurons a selectivity for specific geometric features, as it does in cortex but not the

periphery. To this end, we measured the responses of CN neurons to oriented edges scanned

across their RFs. We found that the firing rates of a subset of CN neurons are modulated by

orientation, (Figure 2.6A, Supplementary Figure 2.2), responding more strongly to edges at

some orientations than others. Some neurons are also modulated by direction of movement,

responding strongly to a bar scanned in one direction but less so to the same bar scanned
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in the opposite direction (top right and bottom left neurons in Figure 2.6A). We quantified

the strength of the orientation tuning using a metric – the orientation selectivity index –

that takes on a value of 1 when a neuron responds only to a single orientation and 0 when

it responds uniformly to all orientations. The degree of orientation selectivity in CN is

intermediate between that seen in the nerve – where none exists – and in cortex (Figure

2.6B). Therefore, the feature selectivity observed in cortex is to some extent inherited from

its inputs.

Figure 2.6: Orientation tuning in CN neurons. A| Response of example CN neurons
to oriented edges. The angular coordinate denotes orientation, the radial coordinate denotes
firing rate, and the dashed circle denotes the firing rate averaged across conditions. B|
Cumulative distribution of orientation selectivity index derived from the responses of nerve
fibers, CN neurons, and S1 neurons. CN responses are more strongly tuned for orientation
than are nerve fibers but more weakly tuned than are the some S1 neurons.

2.5 Discussion

The objective of the present study was to characterize the tactile representation in CN and

to assess the degree to which CN responses reflect computations on their inputs. To these

ends, we probed CN responses using stimuli whose representation in the peripheral nerve

has been extensively characterized, allowing us to disentangle derived response properties

from those inherited from the inputs. Any difference between nerve and CN responses could
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then be attributed to computations within CN (or possibly to an intervening synapse in

the spinal cord (Abraira and Ginty, 2013; Giesler et al., 1984; Liao et al., 2015; Loutit

et al., 2021)). We found that CN neurons receive convergent input from multiple tactile

submodalities, exhibit spatial and temporal filtering properties that had previously been

attributed to cortical processing, and are tuned for behaviorally relevant object features.

Comparison of CN responses to their upstream and downstream counterparts suggests that

the tactile representation in CN is more similar to its counterpart in cortex than it is to that

in the nerve.

2.5.1 Submodality convergence

Tactile nerve fibers that innervate the glabrous skin of monkeys can be divided into three

clearly delineated classes, each with distinct response properties (Delhaye et al., 2018). While

each sub-modality might be more responsive to any one stimulus feature, information about

most features is distributed over all three sub-modalities and the resulting perceptual expe-

rience reflects this integration (Lieber et al., 2017; Muniak et al., 2007; Saal and Bensmaia,

2014; Weber et al., 2013). As might be expected, then, the responses of individual S1

neurons typically reflect convergent input from multiple classes of nerve fibers (Pei et al.,

2009). Where this integration might first take place was unclear, however. Studies with

cats suggested a lack of submodality convergence in CN (Bystrzycka et al., 1977; Douglas

et al., 1978; Ferrington et al., 1987; Gynther et al., 1995; Vickery et al., 1994) whereas

studies in rodents conclude that the trigeminal nucleus – a structure analogous to the CN

that receives inputs from the face – exhibits submodality convergence at the single cell level

(Kaloti et al., 2016; Minnery et al., 2003; Sakurai et al., 2013). Here, we show that the CN

of primates features submodality convergence. Indeed, the majority of CN neurons produce

both an SA1-like sustained response to the static component of a skin indentation and an

RA/PC-like phasic response at the offset of the indentation. Furthermore, individual CN
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neurons tend to respond to a wider range of frequencies than do primary afferents of any

one class. The submodality convergence observed in somatosensory cortex is thus, at least

in part, inherited from its inputs and begins at the earliest processing stage along the dorsal

column-medial lemniscus pathway.

2.5.2 Neural computations

Tactile nerve fibers have small RFs that consist of one or more excitatory hotspots (Johans-

son, 1978; Vega-Bermudez and Johnson, 1999) and faithfully encode local skin deformations

(Saal et al., 2017). In contrast, S1 neurons have larger RFs that comprise excitatory and in-

hibitory subfields (Bensmaia et al., 2008; DiCarlo et al., 1998; Lieber and Bensmaia, 2019),

which confer to them a selectivity for spatial features in their inputs. Individual cortical

neurons also act as temporal filters (Saal et al., 2015), which confers to them a selectivity

for temporal features in their inputs. The idiosyncratic spatial and temporal filtering prop-

erties of individual S1 neurons give rise to a high-dimensional representation of the input in

somatosensory cortex, in which different features of grasped objects are simultaneously and

unambiguously encoded (Bensmaia et al., 2008; DiCarlo et al., 1998; Lieber and Bensmaia,

2019, 2020; Pei et al., 2010).

Here we show that the spatial and temporal computations observed in cortex are also ob-

served in CN. First, the spatial RFs of CN neurons comprise excitatory and inhibitory sub-

fields and, while somewhat smaller (as expected since CN is upstream from cortex), resemble

their cortical counterparts. Second, individual CN neurons process time-varying inputs in a

variety of different ways – ranging from integration to differentiation – that are analogous to

their cortical counterparts. CN thus contributes to the processing of sensory information and

CN neurons exhibit response properties that are qualitatively similar to their counterparts

in S1.
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2.5.3 Feature selectivity

The spatiotemporal response properties of S1 neurons confer to them a preference for certain

stimulus features. For example, individual S1 neurons exhibit a selectivity for the direction

in which objects move across the skin (Gardner and Costanzo, 1980; Pei et al., 2010) or

idiosyncratic preferences for different surface textures (Lieber and Bensmaia, 2019). Another

well-documented feature selectivity in S1 is for oriented edges: a large proportion of S1

neurons respond preferentially to edges at a specific orientation (Bensmaia et al., 2008).

This orientation selectivity is attributed to the neuron’s RF structure, which comprises

excitatory and inhibitory subfields, analogous to neurons in primary visual cortex (Hubel

and Wiesel, 1962). We show that CN neurons also exhibit orientation selectivity, suggesting

that some of the feature selectivity observed in S1 is inherited from its inputs.

Feature extraction results in a sparsening of the stimulus representation, which can result

in an overall loss of information (Babadi and Sompolinsky, 2014), unless it is accompanied

by an expansion of the size of the neuronal population (Daniel and Whitteridge, 1961). Not

surprisingly, the CN is estimated to comprise three to five times more neurons than there

are nerve fibers that innervate the corresponding dermatomes, with a preferential expansion

of the representation of the hand (Biedenbach, 1972; Corniani and Saal, 2020; Darian-Smith

and Ciferri, 2006; Xu and Wall, 1999), also reflected in S1 (Corniani and Saal, 2020), and

consistent with observations in other animals (Catania et al., 2011; Lehnert et al., 2021;

Wassle et al., 1990). Thus, the expanded neuronal representation in CN is consistent with

its role in feature extraction.

2.5.4 Processing along the medial leminiscal pathway

Thus far we have shown that CN plays an active role in the processing of tactile information.

Furthermore, it is likely that the dorsal column nuclei are the first node at which cortical

magnification occurs (Lehnert et al., 2021). Given this, it must be presumed that the

41



primary thalamic nuclei (specifically the ventroposterior lateral nucleus – VPL), another

structure that is often overlooked, builds on top of the outputs of CN, performing further

computations and perhaps magnification, and then projects to S1. The degree to which the

functions and computations of CN and VPL are distinct is unknown, as is the purpose of top-

down modulation on each structure. Conclusions The näıve textbook story is that CN is a

simple relay station that does not effect any computations on its inputs but rather transmits

them unprocessed. The putative role of CN, if any, has been to provide an opportunity to

modulate the gain of the afferent input depending on its behavioral relevance via top down

signals (Berkley et al., 1986; Conner et al., 2021). We show that, in addition to this gain

modulation, the responses of CN neurons reflect a significant transformation of their afferent

inputs, conferring to them properties that were heretofore attributed solely to cortex. CN

is thus an active contributor to the process by which ambiguous signals from the periphery

are converted into sensory representations that support robust and meaningful percepts and

guide behavior.

2.6 Methods

2.6.1 Neurophysiology

Animals & surgical preparation

Neuronal responses were obtained from 7 rhesus macaques (5 males and 2 females, 4-14

years of age, 4-12 kg). Monkeys were anesthetized and placed in a stereotaxic frame with

their neck flexed at 90 degrees to provide access to the dorsal brainstem. The foramen

magnum was exposed and the inferior aspect of the occipital bone was removed. The dura

above obex was resected to reveal the brainstem. All surgical procedures were approved

and monitored by the Institutional Animal Care and Use Committee and were consistent

with federal guidelines. The neurophysiological methods for the cortical and nerve fiber
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responses have been previously described (Bensmaia et al., 2008; Harvey et al., 2013; Pei

et al., 2009). Anesthesia undoubtedly effects our results in a fundamental manner as the

top-down modulation of CN by cortex is absent under anesthesia (Andersen et al., 1962;

Suresh et al., 2017). Nevertheless, our study focuses on the feed-forward processing capacity

of CN neurons and these canonical properties are unlikely to change during consciousness.

Neurophysiological recordings

Neuronal activity was monitored using 16-channel linear probes (V-Probe, Plexon, Dallas,

TX) and amplified and stored using a Cerebus system (Blackrock Microsystems, Salt Lake

City, Utah). Probes were positioned with a stereotaxic system, using the obex as a landmark

to locate the CN. Units with receptive fields on the glabrous surface of the hand were isolated.

Responses from 143 neurons were obtained across experimental conditions. Hand mapping

revealed that the majority of isolated units had small receptive fields, confined to a single

digit pad or palmar whorl, with the exception of neurons that exhibited PC-like responses.

Anesthesia

All animals were induced with a combination of ketamine, dexmedetomidine, and buprenor-

phine. Isoflurane (1-2%) was then delivered continuously via inhalation and decreased during

the neurophysiological recordings. While anesthesia can have a profound impact on neural

responses (Calancie et al., 1991; Cheung et al., 2001; Noda & Takahashi, 2015; Sellers et al.,

2015; Shumkova et al., 2021), several observations suggest that the CN recordings were only

minimally impacted. First, the impact of anesthesia tends to be more pronounced in cortex

(Michael et al., 2008). Given that CN is the first recipient of afferent input, itself minimally

affected by anesthesia (Cheng et al., 2013), the impact of anesthesia on CN responses, at

least those driven by peripheral input, is likely minimal. Second, certain anesthetics have

been shown to affect the temporal response properties of neurons in cortex (Cheung et al.,
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2001). That we observe precise and repeatable phase-locking of CN responses to vibrations

(2.1C) suggests that the anesthesia did not affect the temporal precision of the responses.

Third, CN has been shown to receive projections from cortex (Conner et al., 2021; Berkley et

al., 1986) and this top-down drive is almost certainly abolished or at least strongly altered

under anesthesia. Note, however, the cortical modulation of cutaneous responses in CN

seems to be primarily suppressive (Conner et al., 2021) under conditions where this input

may be disruptive (He et al., 2019). The similarity between the responses of CN neurons

under anesthesia and those of S1 neurons monitored in awake animals implies that CN re-

sponsivity is relatively unaffected by anesthesia. Finally, in a previous series of experiments

described in (Kuresh et al., 2017), we recorded responses of three CN neurons to sinusoidal

vibrations and found that vibratory thresholds were qualitatively similar (Supplementary

Figure 2.3).

2.6.2 Tactile stimulation

We presented five classes of stimuli – skin indentations, sinusoidal vibrations, band-pass

mechanical noise, scanned random dot patterns, and scanned edges – each with precisely

controlled speed, force, frequency, and/or amplitude. In some cases, multiple stimulus classes

were delivered while recording from a given neuron. Indentations, sinusoids, and noise stimuli

were delivered with a probe (diameter = 1 mm) driven by a custom shaker motor (Westling

et al., 1976), pre-indented 0.5 mm into the skin. Scanned random dots and edges were

presented using a miniaturized version of the drum stimulator (Lieber and Bensmaia, 2019;

Weber et al., 2013). Edges were presented using a custom-stimulator that can scan stimuli

across the skin in different directions and whose third degree of freedom allows for indentation

into and retraction from the skin (see (Pei et al., 2014)). Responses to skin indentation and

sinusoids were collected from 4 monkeys (number of neurons = 33, 68 respectively), responses

to bandpass noise and random dot patterns from 2 monkeys (n = 33, 31), and responses to
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edges from 1 monkey (n = 9).

Skin indentations

The amplitude of the ramp and hold indentation was 1 mm and their overall duration was

0.5 seconds, with on- and off- and ramps lasting 25 ms, and separated by a 0.5-s interval.

Indentations were presented 100 times.

Sinusoids

Sinusoidal vibrations were delivered at 7 frequencies (5-300 Hz) and 10 amplitudes, which

spanned the achievable range at each frequency, given the limitations of the stimulator. Each

frequency-amplitude combination, lasting 1 s, was presented 5 times in pseudorandom order,

separated by a 1-s interstimulus interval, for a total of 350 trials.

Bandpass mechanical noise

White Gaussian noise was filtered with different high and low pass frequencies (low: 5-50

Hz, high: 10-200 Hz) to yield 10 unique stimuli (as previously described in (Muniak et al.,

2007), each lasting 1 s and separated by a 0.3-s interval.

Scanned random dot patterns

Random dot patterns were printed (Form 2, Formlabs, Somerville, MA) on a drum (2.5-in

diameter) using previously used geometries and densities (DiCarlo et al., 1998; Lieber and

Bensmaia, 2019). Patterns were repeatedly scanned across the skin at 80 mm/s. For the

first scan, the edge of the pattern was aligned with the estimated the center of the receptive

field and indented into the skin by 0.5 mm. For each of 100 subsequent scans, the drum was

progressively translated by 0.4 mm along the axis perpendicular to the axis of rotation.
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Scanned edges

An edge (1-mm high, 1-mm wide, 0.25-mm chamfer) was printed on a miniature drum,

whose rotation was driven by a rotational motor. The orientation of the drum on the skin

was controlled by a second rotational motor. A third motor controlled the vertical excursion

of the drum and allowed for it to be lifted in between changes in orientation. The edge was

scanned five times at 80 mm/s at each of 16 orientations (0 – 337.5 degrees with a 22.5

degree spacing).

2.6.3 Data analysis

Adaptation index

The adaptation index (Pei et al., 2009) indicates the relative firing rate of the sustained

and offset periods. SA1 afferents respond to the onset and sustained period while RA

and PC afferents respond to the onset and offset transient periods. Thus, the submodality

composition of the inputs of a downstream neuron can be measured by taking the ratio of the

offset and sustained period. The baseline firing rate was subtracted from both the computed

sustained frsus and offset froff firing rates (measured between 0.275-0.375 and 0.505-0.605

seconds respectively). The adaptation index was then computed as:

ai = |tan−1(
froff
frsus

) ∗ 2

π
|

Afferent convergence

Given that each class of nerve fibers exhibits a unique frequency response characteristic, we

sought to determine if the cuneate responses could be explained by linear combinations of

inputs from the three afferent classes. To this end, we simulated the responses of each afferent

type to the sinusoidal stimuli used in this study. For this, we used TouchSim, a model that
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yields millisecond precision reconstructions of the responses of every tactile nerve fiber that

innervates the glabrous skin of the hand to arbitrary stimuli delivered to the skin (Saal et

al., 2017). The firing rates evoked by each stimulus was then averaged across afferents of

the same type. For each cuneate neuron, we used linear regression in the form:

fron = φ0 + φ1frSA1 + φ2frra + φ3frpc

We compared the performance of the full model to that of models that only included one

class of nerve fibers. We assessed model performance using 5-fold cross-validation to ensure

that models with more parameters did not outperform simpler models due to overfitting.

We then compared the best performing single afferent model to that of the full model for

each neuron. To estimate the number of afferents that contribute to the CN response, we

performed a regression analysis using the firing rates of individual nerve fibers as regressors.

We then used an stepwise linear regression process to determine the optimal combination

of inputs. Briefly, on the first iteration, we selected the nerve fiber that had the highest

correlation with the CN response. During each subsequent step, we measured the increase in

correlation when adding every other afferent in the population, either across classes or within

class. We then incorporated the fiber that most improved the regression performance. We

proceeded until the addition of an additional regressor failed to improve the model fit more

than 5%. To determine the relative contributions of each afferent type to the CN response,

we summed the absolute regression coefficient within afferent type and normalized by the

summed absolute regression values across afferent types.

Spike-triggered average - transfer function

Responses to mechanical noise can be used to estimate the transfer function of a neuron

(Saal et al., 2015; Schwartz et al., 2006). Accordingly, we simulated the responses of all
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the nerve fibers that innervate the glabrous skin of the hand to the bandpass mechanical

noise used in the neurophysiological experiments and averaged their responses across fibers

of each class. We then performed a spike triggered average (STA) (Schwartz et al., 2006) of

the response of each afferent conditioned on each spike in CN. That is, the response of each

afferent population over the 100 ms preceding each CN spike was averaged across CN spikes.

The resulting filter was smoothed using a Gaussian filter (sd = 5 ms) and the baseline firing

rate was subtracted. We then standardized the resultant filter for each cuneate-afferent pair

with respect to the period between 100 and 50 ms before the cuneate spike, which we expect

to reflect noise. We then thresholded (Z > 2) the Z-scored probabilities and computed the

magnitude and width of the filters.

Harmonic ratio

To determine the extent to which CN response to sinusoids were phase-locked, we computed

the harmonic ratio of the response to each stimulus. Excluding responses with fewer than

5 spikes, we performed a Fast Fourier transform (FFT) of the peristimulus spike histogram

(binned at 1/5f;), averaged the mean amplitude at the fundamental frequency (Af) and its

first harmonic (Ah1), and divided the resulting value by the median amplitude across all

frequencies (Ã):

hr =
(Af + Ah1)/2

Ã

where

A = |real[FFT (x)] + imag[FFT (x)]| ∗ 1/fs

We repeated this analysis for Poisson spike trains to obtained a distribution of harmonic

ratios obtained by chance.
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Spatial receptive fields

We used standard techniques to estimate the spatial receptive field of each cuneate neuron

(cf. (DiCarlo et al., 1998; Lieber and Bensmaia, 2019)). In brief, we averaged the 16 mm

x 16 mm swath of the random dot pattern that impinged on the skin at the time of each

cuneate spike. To remove the curvature of the drum reflected in the resulting STA, we

subtracted a 2nd order polynomial plane from it. The resultant STA was then standardized

and thresholded to isolate excitatory and inhibitory lobes. To identify the number of subfields

for cortical and cuneate receptive fields, we fitted 2D Gaussians to each RF. Each Gaussian

subfield had the following form:

G(x, y) = a· e(−
1
2 (LΣ

−1LT ))

where L=[x-µx, y − µy], Σ = CovMat(σx, σy, θ), a is the amplitude (a > 0 denotes an

excitatory patch, a < 0 an inhibitory one), (x, y) denote the medial-lateral and proximal-

distal locations on the skin surface, respectively, (µx, µy) represent the center of the Gaussian,

(σx, σy) its standard deviations along the two axes, and θits orientation. Therefore, every

RF is described by a total of N×6 parameters (6 parameters for each Gaussian component:

a, µx, µy, σx, σy, and θ; and N Gaussian components). Nonlinear least-squares optimization

was used to find the best parameters. N represents the minimum number of Gaussian

subfields needed to achieve R2 > 0.9 of 90% of the maximum achievable R2.

Orientation tuning

Spiking responses evoked at each orientation were aligned to a reference stimulus trace

consisting of 6 Gaussians spaced according to the stimulus speed. The spike rate evoked

by the stimulus, centered around the peak response, was averaged over a window of 314

ms, corresponding to 6.2 mm of travel (5% of a complete rotation of the drum), though the
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window size did not affect the results over a wide range (Supplementary Figure 2.2). The

tuning of each neuron was gauged using an Orientation Selectivity Index, given by:

OSI =

√
Σ(Rφ ∗ sin(2φ))2 + (Rφ ∗ cos(2φ))2

ΣRφ

Where is the orientation of the stimulus and R is the firing rate at that orientation. Re-

liability of the OSI was tested using a permutation test, for which neural responses were

shuffled 10000 times and the OSI recomputed.

2.6.4 Supplementary Figures

Supplementary Figure 2.1: Frequency characteristics of CN neurons. A&B| Ex-
ample rate-intensity plots for two CN neurons. The neuron in panel A is sometimes excited,
sometimes inhibited by skin vibrations depending on their frequency while the neuron in
panel B exhibits only suppression. C| The proportion of neurons that are significantly tuned
to each frequency. The dashed line indicates the mean harmonic ratio of a Poisson neuron
(∼ 1), andthedottedlineaboveisthevalue3standarddeviationsabovethemean.
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Supplementary Figure 2.2: Orientation tuning is stable with respect to window
size. A| Raster plot of the responses of an example CN neuron to edges at each orientation
aligned to the peak response. B| Tuning curve for the neuron shown in panel A. C| Polar
plots for 2 example neurons computed from the responses averaged over 3 time windows.
D| Vector strength for all neurons computed over different windows. Example neurons from
panel C are highlighted in the corresponding color. OSI-Perm indicates the orientation index
averaged across neurons when the firing rates are shuffled across trials.
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Supplementary Figure 2.3: Vibrotactile responses are minimally altered by anes-
thesia. A| Example raster and B| rate-intensity function for a neuron recorded from an
awake monkey with a chronic array. C| Thresholds derived from the responses of three
neurons measured in awake monkeys were similar to their counterparts measured under
anesthesia. For two neurons (denoted by green and orange dots), the vibratory stimuli were
delivered using a different vibratory stimulator (mini shaker, 4810, Bruel and Kjaer, Naerum,
Denmark). For all three neurons, the contactor was smaller (1 mm) than that used in the
acute experiments. The gray outline shows the range of thresholds observed for anesthetized
monkeys while dots indicate the thresholds for the units monitored in awake monkeys.
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Chapter 3 | Suppression of cutaneous responses in the cuneate

nucleus of macaques during active movement

3.1 Abstract

To achieve stable and precise movement execution, the sensorimotor system integrates ex-

afferent sensory signals originating from interactions with the external world and reafferent

signals caused by our own movements. This barrage of sensory information is regulated such

that behaviorally relevant signals are boosted at the expense of irrelevant ones. For example,

sensitivity to touch is reduced during movement – when cutaneous signals caused by skin

stretch are expected and uninteresting – a phenomenon reflected in a decreased cutaneous

responsiveness in thalamus and cortex. Some evidence suggests that movement gating of

touch may originate from the cuneate nucleus (CN), the first recipient of signals from tactile

nerve fibers along the dorsal columns medial lemniscal pathway. To test this possibility, we

intermittently delivered mechanical pulses to the receptive fields (RFs) of identified cuta-

neous CN neurons as monkeys performed a reach-to-grasp task. As predicted, we found that

the cutaneous responses of individual CN neurons were reduced during movement. However,

this movement gating of cutaneous signals was observed for CN neurons with RFs on the

arm but not those with RFs on the hand. We conclude that sensory gating occurs in the first

processing stage along the somatosensory neuraxis and sculpts incoming signals according

to their task relevance.

3.2 Introduction

Perhaps more than any other sensory modality, touch occurs during active movements. In-

deed, cutaneous signals typically arise in the context of goal-directed interactions with objects

2. This manuscript is under revision.
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(Mountcastle, 2005). However, limb movement itself activates tactile nerve fibers – partic-

ularly those with receptive fields (RFs) near joints – due to the accompanying skin stretch

(Johansson, 1978). As we reach for an object, nerve fibers that innervate the shoulder and

elbow become activated (Costanzo & Gardner, 1981). However, the pattern of activation

is highly predictable from the movement itself to the point that information about limb

posture can be inferred from the patterns of neural activity in these nerve fibers. Given

its predictability, it may make sense to suppress this signal to enhance more unpredictable

signals such as those arising from object interactions. In fact, noisy, self-generated, or de-

layed sensory inputs have been shown to disrupt fine motor control and coordinated behavior

(Azim & Seki, 2019; Scott, 2016; Shadmehr et al., 2010).

As might be expected, then, sensitivity to cutaneous stimulation has been shown to be re-

duced during movement (Chapman et al., 1987). Indeed, psychophysical experiments with

human observers revealed that cutaneous sensitivity decreases during finger movements (An-

gel & Malenka, 1982; Bays et al., 2006; Post et al., 1994). The neural correlates for this

sensory gating have been observed in local field potentials (or the equivalent) measured in

the spinal cord (Confais et al., 2017; Seki & Fetz, 2012), medial lemniscus, thalamus (Chap-

man et al., 1988), and somatosensory cortex of macaques (Seki & Fetz, 2012) and humans

(Kurz et al., 2018). However, the origins of this sensory modulation at the cellular level and

its dependence on task and behavioral variables remain to be elucidated.

The cuneate nucleus (CN) is the first stage of processing of tactile signals along the dor-

sal column medial lemniscal pathway and receives abundant descending inputs from cortex

(Conner et al., 2021; Loutit et al., 2020). Accordingly, this tiny structure in the brainstem is

well positioned to play a role in task- dependent gain modulation. Recordings of local field

potentials in the dorsal column nuclei and medial lemniscus of cats (Aguilar et al., 2003;

Ghez & Pisa, 1972) and trigeminal nuclei of mice (Chakrabarti & Schwarz, 2018), and in the

CN of monkeys (Chapman et al., 1988) and humans (Insola et al., 2010), have implicated
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CN in movement gating. However, this suppression has not been characterized at the single

cell level in primates, so many questions remain. For example, it is unclear (1) whether all

CN neurons are subject to gating or only a subpopulation is; (2) whether gating is deployed

homogeneously over the entire body map or rather sculpts incoming signals depending on

their body location; and (3) whether this gating is binary or graded according to movement

parameters.

To address these questions, we had Rhesus macaques perform a reach-to-grasp task while

we delivered tactile stimuli intermittently to the identified locations of the RFs of cutaneous

neurons in CN. As the animals performed the task, we measured neuronal responses, tracked

limb movements, and measured the forces exerted by the monkey on the manipulandum. We

found that cutaneous responses in CN were systematically suppressed during movement for

neurons with receptive fields on the arm but were elevated for neurons with RFs on the

palmar surface of the hand, where object contact was anticipated. In some cases, cutaneous

responses of arm RF CN neurons were also suppressed during force exertion. Finally, gating

was observed for some units before movement initiation and was not observed when the arm

was moved passively, demonstrating the top down origins of the observed gating during reach

and grasp. We conclude that CN plays a major role in the movement gating of tactile signals.

3.3 Results

We recorded the responses of 31 CN cutaneous neurons from a total of five Rhesus Macaques,

which responded to light touch over a restricted patch of skin (Figure 3.1, Figure 3.2). Of

these, 18 neurons had RFs on the arm (including one unit on the dorsal surface of the hand),

11 on the palmar surface of hand, and 2 on the back.

Animals were trained to perform a reach-and-grasp task. On each trial, an LED cued the

animal to reach to and grasp a joystick-like manipulandum and apply a force the magnitude
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of which was also cued by the LED. The animal obtained a water reward if it applied the

desired force and held it for the required duration (see Methods for details). After obtaining

the reward, the animal returned its arm to the arm rest and the next trial was initiated 2

seconds later. Each trial was then split into different epochs: rest, cue, reach, and grasp. To

assess whether CN responses are state dependent, we compared stimulus-evoked responses

during rest to those evoked during the other three epochs (Figure 3.1A). To this end, we

first aligned the response of each neuron to the onset of each stimulation pulse, computed

the response to each stimulation pulse (bottom row of Figure 3.1A), then averaged these

separately for each epoch (Figure 3.1B&C). We also computed the mean firing rate (FR)

during the inter-pulse intervals to assess how the baseline response varied across epochs

(Figure 3.2).
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Figure 3.1: Behavioral task and neural data. A| Behavioral task. The monkey
placed its free arm onto the arm rest for a varied interval (rest epoch) to initiate a trial
cued by an LED. The time between the onset of the LED and the starting of the reaching
movement is the cue epoch. The animal then reached toward (reach epoch) and grasped the
manipulandum, applied the cued force (force epoch), received a water reward, then returned
its arm back to the arm rest and waiting for the start of the next trial. Tactors placed over
identified receptive fields pulsed every 200 ms for 100 ms throughout the entire task. One
exemplar arm tactile CN neuron’s responses over 50 trials are listed below the behavioral
diagram. The PSTHs are overlaid on top with orange segments of the PSTH denoting the
stimulation-induced response and red segments the baseline. B| Demeaned average responses
of two exemplar cutaneous CN arm neurons with RFs on the arm. Gray shading denotes
the stimulation epoch. Orange, purple, green, and blue lines stand for the average responses
during resting, indication, reaching, and grasping epochs, respectively. C| Same as B but for
one exemplar palm unit.
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Figure 3.2: Stimulation-evoked and baseline responses of arm and palm cuta-
neous neurons. A| Mean normalized stimulation-evoked responses of all cutaneous neurons
with RFs on the arm (n=18) to stimulation during four event epochs normalized to the rest
responses. Responses were significantly reduced during the cue, the movement and the force
epochs. B| Mean stimulation-evoked responses of all cutaneous neurons with RFs on the
palmar surface of the hand (n=11) during different event epochs. Responses were signif-
icantly increased during the movement epochs. C| Cumulative histograms of normalized
stim-responses of all arm neurons during the three behavioral epochs. D| The same thing
as in C but for all palm neurons. E| Mean baseline response to the same arm neurons as
in A. Baseline firing rates were significantly elevated during grasp compared to rest. F—
Mean baseline responses of the same palm units as in B. (*p<0.05, **p<0.01, ***p<0.001,
significant deviation from rest epoch, Wilcoxon signed-rank test).
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3.3.1 Behaviorally dependent modulation of cutaneous responses

To gauge the response modulation, we divided the mean stimulus-evoked response during

each epoch by the mean stimulus-evoked response during rest. Accordingly, values greater

than 1 indicated elevated responses with respect to rest whereas values less than 1 indicated

suppression. We expected the stimulation-evoked response of arm cutaneous neurons to be

weaker during the movement epochs and perhaps during the force generation epochs com-

pared to their rest counterparts. As predicted, the tactile responses of arm cutaneous units

were significantly weaker during movement and force generation epochs (Figure 3.2A), as

evidenced by normalized stim-responses below 1 during movement. The attenuation of the

responses occurred even before the start of movement, as shown by the decreased responses

during the cue epoch. Note that the baseline response during the cue and rest epochs were

equivalent, confirming that the observed gating during the former was not movement-related.

The presence of such gating during preparation phase implicates descending inputs.

Note, however, that the baseline responses – measured during the inter-pulse intervals – were

elevated during the movement and force generation epochs (Figure 3.2E), opening up the

possibility that the reduced activity during movement and force epochs reflected saturation

of the responses when reafferent and exafferent signals co-occur. Several lines of evidence

rule out the possibility that saturation caused the observed suppression. First, there was no

relationship between the strength of the movement gating and the baseline (non-stimulus

evoked) activity (Figure 3.2). That is, neurons whose response increased the most during

movement or those whose baseline firing rate was highest did not systematically exhibit the

strongest suppression during movement. Hence, movement induced gating is not a trivial

consequence of response saturation.
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3.3.2 Dependence of the gain modulation on behavioral variables

The suppression of cutaneous sensitivity at the lemniscal, thalamic, and cortical levels has

been shown to be dependent on the speed of movement (Chapman et al., 1988; Ghez &

Pisa, 1972). With this in mind, we examined the degree to which the suppression was

modulated by behavioral parameters, including movement speed as well as applied force.

We found that, of the 18 cutaneous neurons with RFs on the arm, two showed significantly

stronger gating at higher speeds during the movement epoch (Figure 3.1A). The influence

of grasp force on modulation (during the grasp epoch) are more varied: Three neurons

showed significantly elevated and two showed significantly suppressed responses at higher

grasp forces (Supplementary Figure 3.1B). Thus, the dependence of the gain modulation on

behavioral variables is heterogeneous: The gating is all-or-none of some neurons and graded

according to behavior in others.

3.3.3 Movement gating on the hand and back

All the analyses described above were performed on cutaneous neurons with RFs on the

arm. A handful of recorded neurons had cutaneous RFs on the glabrous skin (palmar

surface) of the hand. Unlike their counterparts with receptive fields on the arm, all CN

neurons with RFs on the glabrous skin exhibited elevated stimulus-evoked responses during

the movement epoch (Figure 3.2 B&D). Responses of hand neurons during grasping epochs

were not included for analysis because contact with the manipulandum would contaminate

stimulus-evoked responses. Two other units had receptive fields on the back and were not

significantly modulated during movement (Figure 3.3; Supplementary Figure 3.4), further

indicating that the state dependent effects observed was not due to trivial side effects of

stimulators. The modulation of cutaneous sensitivity thus seems to depend on RF location,

which may reflect the task relevance of signals from different body regions: Signals from the

proximal limb reflect reafferences and are not particularly informative whereas signals from

66



the hand carry information about contact with the manipulandum and are thus critical to

task performance.

3.3.4 Movement gating during imposed movement

To assess the degree to which the observed task-related modulation of cutaneous sensitivity

was mediated by top-down signals, we compared the stimulus-evoked responses during active

movements and passively imposed movements. To the extent that gating was caused by top-

down signals, we expected it to be absent in the passive condition. We found that, indeed,

the stimulus-evoked responses of CN neurons with RFs on the arm were not significantly

different during imposed arm movements than during rest (Figure 3.3A; p= 0.8041, Wilcoxon

rank sum test) and were significantly elevated compared to those measured during active

reach (p < 0.001). Similarly, the responses of CN neurons with RFs on the glabrous skin

were not significantly modulated during passively imposed movements (p = 0.9345) and

were significantly lower compared to those measured during active reach (Figure 3.3B; p <

0.001). That movement gating of sensory signals is only observed during actively generated

movements is consistent with the hypothesis that this gating originates centrally.
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Figure 3.3: Stimulation-evoked responses of arm and palmar cutaneous neurons
under active vs. passive movement. A| Mean stimulation-evoked responses of all
cutaneous neurons with RFs on the arm (n=4) to stimulation during three event epochs
normalized to the rest responses. A darker color error bar on the abscissa or ordinate denotes
a significant movement-related modulation under active or passive conditions, respectively.
None of the four units showed significantly reduced responses during passive manipulations.
B| Mean stimulation-evoked responses of all cutaneous neurons with RFs on the palm (n=6).
None of the six units showed significantly elevated responses during passive manipulations.
(Wilcoxon rank sum test).

3.4 Discussion

In summary, we show that the cutaneous sensitivity of CN neurons with RFs on the proximal

limb is systematically suppressed during reaching movements. In contrast, the sensitivity

of CN neurons with RFs on the hand is either unaffected or elevated. In some neurons,

cutaneous sensitivity is also modulated as the animal applies isometric forces on the manip-

ulandum, in the absence of movement. The modulation of CN responses has a central origin

as evidenced by the fact that it is observed even before movement – i.e., before exafference

is engaged – and only during active reaching movements. The strength of the modulation

varies across neurons from 5 to 95% suppression for the arm and from 20% to 250% ele-

vation for the hand. The dependence of modulation on behavioral parameters – including

movement speed or exerted force – also varies widely across neurons: In most neurons the
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modulation is all-or-none whereas, in a subpopulation, the modulation is graded by the speed

or exerted force. Our results are consistent with the view that top-down signals sculpt the

sensory input to squelch behaviorally irrelevant and possibly distracting cutaneous signals

and enhance behaviorally relevant signals.

3.4.1 Sculpting of cutaneous signals according to task relevance

We show that cutaneous sensitivity is not homogeneously gated over the entire body during a

reaching movement. CN neurons with RFs on the arm are suppressed, CN neurons with RFs

on the glabrous skin are sensitized, and CN neurons with RFs on the back are unaffected.

This spatial specificity of gating has also been observed on humans as modulation decreased

when one proceeded away from the moving segment (Post et al., 1994; Williams et al.,

1998). Furthermore, the selective inhibition shown in the present study mirrors results

from psychophysical experiments which observed that the detection threshold at the forearm

increased while those of distal digits did not during reach-and-grasp task (Colino et al., 2014).

The differential modulation of signals from different body regions may reflect their differential

utility in accomplishing a task (Juravle et al., 2017). In a reach-to-grasp task, cutaneous

signals from the palmar surface of the hand signal contact with the manipulandum and

trigger the end of the grasp (Johansson & Flanagan, 2009), whereas signals from the arm

reflect reafference and are less behaviorally relevant. The observed modulation would then

enhance the task-relevant hand signals and suppress the task-irrelevant arm signals. A

similar phenomenon was observed in a psychophysical study with humans, which showed

that detection thresholds increased on the forearm but not the hand during a reach-to-grasp

task (Colino et al., 2014). The task-dependence of modulation has been observed in a variety

of contexts, not limited to upper limb behavior (Juravle et al., 2013; Staines et al., 2000,

2002).
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3.4.2 Dependence of modulation on behavioral variables

We find that the magnitude of the modulation is largely independent of behavioral variables,

such as movement speed and applied force. Indeed, only a few CN neurons exhibited cuta-

neous responses whose strength depended on the speed of the reach or the force applied on

the manipulandum. For most neurons, the modulation was all-or-none. These findings at the

single-cell level are broadly consistent with the observation that lemniscal potentials mea-

sured in cats and primates are more suppressed at higher velocities (Chapman et al., 1988;

Ghez & Pisa, 1972; Rushton et al., 1981). Indeed, field potentials reflect the mixed activity

of neurons that exhibit speed-dependent and speed-independent suppression. Similarly, sen-

sory thresholds measured in human observers have been shown to increase with movement

speed (Angel & Malenka, 1982; Schmidt et al., 1990). These results stand in contrast to

the all-or-none gating in the trigeminal nucleus and barrel cortex of rats (Chakrabarti &

Schwarz, 2018; Hentschke et al., 2006).

Studies of the effect of force exertion on cutaneous sensitivity have yielded mixed results.

Varying isometric force was found to have no effect on cutaneous signals measured in the

somatosensory cortex of humans (Rushton et al., 1981) or on medial lemniscus potentials in

cats (Ghez & Pisa, 1972). However, forces exerted by the lower limb did modulate cutaneous

signals in cortex in a graded fashion (Cohen & Starr, 1985; Sakamoto et al., 2004; Wasaka et

al., 2005). In line with the latter result, psychophysical experiments with human observers

revealed an increase in detection thresholds during higher isometric force production (Post

et al., 1994). This seeming heterogeneity across studies may reflect the fact that only a

small subpopulation of CN neurons exhibits a force-dependent modulation so these effects

may be subtle at the population level and dependent on the specific ranges of forces applied

and on the spatial relationship between activated muscles and locus of cutaneous stimulation.
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3.4.3 Central origins of modulation

The modulation of tactile sensitivity observed in the present study likely has a central ori-

gin. Indeed, cutaneous responses are suppressed or enhanced before movement onset and

this modulation is not observed during passive movements. A putative circuit to mediate

this centrally driven modulation has been identified in rodents. Indeed, the core region of

the rodent CN receives the bulk of the input from the periphery whereas the outer shell

comprises mostly inhibitory interneurons (Conner et al., 2021). The core region receives

excitatory inputs from somatosensory cortex whereas the shell receives both excitatory and

inhibitory input from a variety of motor structures. Together, these top down pathways can

account for the observed modulation of cutaneous sensitivity. Excitatory projections from

motor cortex to inhibitory neurons in the shell region could account for the suppression of

cutaneous signals. Excitatory projections from somatosensory cortex to the core region or

inhibitory projections from motor cortex to the shell region account for the observed eleva-

tion of cutaneous sensitivity. While the relevant anatomy of rodents and primates differs,

similar principles likely underlie the present findings. Indeed, primate CN also receives a

mix of excitatory and inhibitory inputs from cortex (Biedenbach, 1972; Loutit et al., 2020).

3.4.4 Modulation in other sensory modalities

Visual signals are processed via multiple synapses in the retina, but this early processing as

it is not subject to top-down influences. The first opportunity for the central modulation

of visual input is in the lateral geniculate nucleus, which indeed receives massive feedback

projections from visual cortex (Reppas et al., 2002; Sillito et al., 1994). Similarly, audi-

tory signals are not subject to central modulation at stages of processing before the medial

geniculate nucleus, which again receives significant projections from downstream structures

(Reznik et al., 2015; Schneider et al., 2014, 2018). That top-down modulation occurs at the

very first synapse for touch may be a unique feature of the dorsal column medial lemnisical
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pathway. Note, however, that top down projections to the outer hair cells shape auditory

afferent signals (Wersinger & Fuchs, 2011) and may play a similar function as does the direct

modulation of sensory afference described here for touch.

3.5 Methods

3.5.1 Experimental apparatus

A joystick was mounted to a high-sensitivity force sensor (ATI Six-Axis Force/Torque Trans-

ducer). Two arrays of LEDs were placed on top of force sensor with one array of it cueing

the grasp force that the monkey needs to exert to obtain a reward and another reflecting

the real-time loads the monkey applied. Tactile stimulation was delivered using DC coreless

vibration motors (7mm × 25mm, Speed: 8000-24000RPM, Tatoko), which were fixed to

various locations on the monkeys’ arms, each corresponding to one identified cutaneous RF

of a CN neuron. The onset of movement was signaled by photoresistors embedded in the

arm rest of the monkey chair and arm and hand movements were tracked using a camera

and two wireless motion trackers attached to the upper and lower arm (Xsens 3D Motion

Tracking System, Enschede, Netherlands).

3.5.2 Behavioral paradigm

We trained five rhesus macaques (four males, one female, ages 5-10 yr) to perform a reach-

and-grasp task (Figure 3.1A). Monkeys were seated upright at the experimental chair, with

one arm restrained and the other free, facing LEDs and the joystick (Figure 3.1B). The

animal placed its free arm onto the arm rest for a random delay of 0.5-2s (rest epoch) to

initiate a trial. A trial began when the first row of LED lit up, signaling the monkey to

initiate a reach towards the manipulandum. The LED prescribed the amount of force, which

varied across trials, that the monkey needed to apply to the manipulandum on that trial.
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Application of a sustained load on the joystick activated the second row of LEDs, with the

number of lights proportional to the applied force. If the amount of force the monkey exerted

exceeded the required force and the monkey held the force for a required interval (varying

between 0.1-2.0s; hold), the monkey would receive a liquid reward. The animal then returned

to the arm rest for 2s, received the second water reward, the LEDs turned off, and the animal

waited for the initiation of the next trial. Recordings from the first reward onset to the end

of every trial were not included in data analysis to minimize the influence of task-unrelated

movement, as these intervals were accompanied by reward intakes.

Before the start of every recording session, we performed receptive field mapping to locate

tactile CN units. We classified a unit as cutaneous if it responded to gentle stroking of

the skin but not to lengthening and palpation of the muscle underneath the skin. During

recording sessions, 60-100Hz vibrations were applied to the receptive fields of identified CN

units in regular intervals (100ms stimulus on, 100ms stimulus off). The vibrating tactors were

firmly attached to the pre-shaved receptive fields of investigated neurons using glue and then

three layers of vet wrap were applied around the tactor. As the animal performed the task,

arm movements were tracked using two accelerometers attached proximal and distal arms via

velcro bands. Data recorded from days where clear displacement of tactors or accelerometers

were observed at the end of recording sessions were excluded. A camera was placed in front of

the monkey and was checked at the beginning of every experimental session to ensure a view

that includes the whole behavioral process. All camera recordings were manually checked

and trials during which monkeys exhibited clear task-unrelated movement fluctuations were

excluded. A publicly available motion-tracking package was used to track monkey’s arm

movement and to infer reaching speeds based on videos (DeepLabCut, Mathis et al., 2018).

On some trials, we manually manipulated monkey’s hand to passively perform the reach and

grasp task. For this task, we followed the same procedure as the active reaching task (Figure

1), except that the experimenter held the monkey’s arm to reach and grasp the manipuladum
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and return to arm-rest. Experimenter’s contact with tactor placed on monkey’s RFs was

avoided during passive trials. Post-hoc analysis and reexaminations of recorded videos were

done to exclude passive trials with clear voluntary movement of the monkeys. We used

Wilcoxon rank sum test to examine the evoked responses of the same set of neurons under

active and passive movement conditions.

3.5.3 Neural Data Acquisition

We implanted 96-channel iridium-oxide Utah arrays (UEA) (Blackrock Microsystems, Inc.,

Salt Lake City, UT) in all five monkeys. We used customized 8x12 shank rectangular array

with 1.5 mm electrode length and 9cm wire bundle length between array and pedestal to

maximize the landing on CN. Neural data were acquired using a digital CerePlex E headstage

and CerePlex Direct acquisition system (Blackrock Microsystems). We bandpass-filtered

neural signals between 250 Hz and 5000 Hz and we set the voltage threshold for every

channel manually before the start of every recording session. We recorded time of every

threshold crossing on every channel and saved neural waveform in 1.6 ms window for off-line

spike sorting (Plexon, Dallas, TX).

We simultaneously recorded timestamps that indicated when stimulation and behavioral

events occurred, along with the neural data while the monkey performed the task.

3.5.4 Surgical Procedures

All experimental protocols were reviewed and approved by the University of Chicago Animal

Care and Use Committee and complied with the National Institutes of Health Guide for the

Care and Use of Laboratory Animals. We anesthetized animal using ketamine HCI (3 mg/kg

im) and dexmedetomidine (75 µg/kg) and fixed animal’s head in a stereotaxic frame such

that neck was flexed to be 75 degree relative to the body to allow for maximum exposure

of brainstem. We first made a midline incision from the occipital bone to approximately
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C1 C3 and removed posterior cervical muscles along midline using cautery. We secured the

pedestal to the skull with bone screws on the other hemisphere as opposed to the array

implantation side such that the routing of the array lead between it and the array in the

brainstem will be flexible enough for the monkey to make normal neck movement. Then

we exposed the foramen magnum and the occipitocervical dura using cautery and sharp

dissection. We identified the location of Obex and used the stereotaxic frame to target 2mm

lateral to midline and 2 mm anterior to Obex to aim for maximum coverage of distal limb

cutaneous regions of upper body (Darian-Smith Ciferri, 2006; Loutit et al., 2020; Qi Kaas,

2006; Suresh et al., 2017; Versteeg et al., 2021). Then UEA was implanted into the brainstem

using the pneumatic inserter (BlackRock microsystem).

3.5.5 Data Analysis

Offline Redefinition of Task Epochs

To evaluate the epoch-dependent modulation of FR and responses, we first defined each

behavioral epoch by analyzing photoresistors, accelerometers and force input. Reaching on-

set was defined as the first time when photoresistors on the arm rest were uncovered (start

reaching) while reaching epoch offset was defined as the first time that force applied on

manipulandum rose above the threshold (start holding). Both start and end of reaching

behavior were confirmed with rapid and steady decreases in the acceleration of the arm.

After finding the onset and offset points of reaching, we defined four movement-related epochs

for analysis: (1) rest, from the start of the photoresistors coverage till the onset of the cue

signal; (2) delay/cue, from onset of cue signal to onset of volitional movement judged from

accelerometer recordings; (3) reach, from onset of photoresistors uncovering time to onset of

grasping with force exerted crossing force threshold; (4) grasp, from onset of joy-stick contact

to start of water reward after monkey achieved required grasping force (Figure 3.1A). Only

the trials during in which all behavioral events were properly recorded, were analyzed. In
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addition, to minimize the possibility of movements during resting and cue epoch, we only

included stimulation snippets surrounded by baseline FRs that are within three standard

deviations away from the mean FR during these two epochs.

Compiling Stimulation-Elicited Response and Firing Rates for Each Behav-

ioral Epoch

For each RF-stimulated and recorded neuron, the stim-elicited response was computed by

pooling the stim-on firing rates over the whole 100 ms stimulation phases recorded during

the task so as to maximize the signal-to-noise ratio, minus the mean 100 ms stim-off FR.

We first generated a PSTH, aligned to onset of all stimulation pulses applied during the

task, and then we took the averages of all stim-on and stim-off intervals. The average PSTH

included the data from 50 ms before to 50 ms after the 100ms stimulation pulse, with a bin

size of 5ms. Then we computed the average 100ms stim-on FR and subtracted the average

50ms pre-stimulation inter-stimulus FR from it to obtain the demeaned stimulus-elicited

response of every neuron during that specific event epoch (Figure 3.1Bc). We also calculated

the inter-stimulus firing (FR) of every event epoch, defined as the average 100ms stim-off

FR of each epoch, to reflect the baseline status of every neuron during that epoch.

For every neuron, normalization was achieved by dividing the stim-evoked responses/inter-

stim FR in each event epoch by the mean resting state stim-responses/inter-stim FR of that

neuron (Figure 3.2). (In sum, all ‘response’ talked about in this paper refer to stimulation-

elicited response to differentiate from ‘FR’, which refers to inter-stimulus firing rate.) We

compared the rest-epoch average response/FR with those of the other three epochs (cue,

reach, and grasp) using Wilcoxon signed-rank test to study the modulation effect during

active portions of the task.
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Dependence of Gating on Movement Speed

To investigate the influence of movement speed on the degree of gating, we first derived

reaching and speed of every trial using DeepLabCut. We manually labeled 50 videos ran-

domly sampled from all monkeys to train DeepLabCut and then generated the reaching and

return speed of all trials. All speed during resting period was spitted into four quartiles

and the mean normalized stim-responses of these four quartiles were plotted against speed

quartiles for every neuron (Supplementary Figure 3.1).

For every neuron, normalization was achieved by dividing the stim-evoked responses/inter-

stim FR in each event epoch by the mean resting state stim-responses/inter-stim FR of that

neuron (Figure 3.2). (In sum, all ‘response’ talked about in this paper refer to stimulation-

elicited response to differentiate from ‘FR’, which refers to inter-stimulus firing rate.) We

compared the rest-epoch average response/FR with those of the other three epochs (cue,

reach, and grasp) using Wilcoxon signed-rank test to study the modulation effect during

active portions of the task.

Dependence of Gating on Force parameters

To study the influence of load of modulation, we combined data from grasping epochs of

all cutaneous units on the arm across all experimental sessions. We categorized the whole

grasping force range into low (lowest 1/2) and high conditions (strongest 1/2). We then

averaged the stim-elicited responses of the two grasping levels and studied the effects of

laods on gating using Wilcoxon signed-rank test (Supplementary Figure 3.1).

Influence of the Firing Rate Saturation Effects on Movement Gating

Although the decrease in response during movement and force epochs could be evidence of

the state-dependence of CN tactile neurons, it could also be due to the high firing rates and
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thus decreased room for increase in excitability during nonstationary states. To rule out the

possibility of this saturation effect, we calculated baseline resting stage inter-stim firing rates

as an index of the excitability. We then examined the influence of baseline excitability of

each neuron on its own responses by relating baseline firing rates to amount of suppression,

namely the difference in stim-elicited responses in movement and no movement conditions

(Figure 3.2).

3.5.6 Supplementary Figures

Supplementary Figure 3.1: Modulation effect dependency on movement param-
eters. A| Diagram shows the effects of different reaching speeds on normalized stimulus
evoked responses, which is the ratio of the stimulus evoked responses during movement to
its counterparts during rest, as shown in figure B. Every line stands for one cutaneous arm
neuron and neurons that were significantly influenced by movement speed were plot in darker
grey while the others in lighter grey. B| Diagram shows the degrees of grasping force on nor-
malized stimulus evoked responses. Every line stands for one cutaneous arm neuron and
neurons that showed significantly more elevated responses as force increases were plotted in
green, significantly more inhibited responses as force increases would be plotted in red, and
the rest in light grey.
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Supplementary Figure 3.2: Saturation effects analysis. A| The effects of baseline
firing rates on the degree of normalized stim-evoked responses during movement. Colors
correspond to different neurons. Dotted line denote the fitted line, the slope of which is
not significantly different from 0. B| The same thing as A but plotted against stim-elicited
responses during rest. The data do not show a saturation effect.

Supplementary Figure 3.3: Stimulus-evoked response and firing rates modulation
of back cutaneous neurons. A| The same stimulus-elicited response plot as fig. 2A but for
all tactile neurons with RFs on the back (n=2). B| The same inter-stimulus firing rate plot as
fig. 2B but for back cutaneous units. No significant changes were observed during any event
epoch for both stim-evoked response and firing rates. (*p<0.05, **p<0.01, ***p<0.001,
significant deviation from rest epoch, Wilcoxon signed-rank test).
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Supplementary Figure 3.4: Exemplar stim-elicited responses of different classes
of neurons. A| Average acceleration traces with grey backgrounds highlighting the event
epoch. B| Three exemplar segments of responses of arm cutaneous neuron during rest,
move, and force epochs. Every row stands for neural responses of one trial. Grey back
ground stands for 100ms stimulation interval while white back grounds stand for 100ms
inter-stimulus interval. Overlaid curves are PSTH. C| Same as B but from a palmar surface
cutaneous units. D| Same as B but from a back cutaneous unit.
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Chapter 4 | Conclusions

Over the course of my dissertation project, I have investigated the process of elaboration of

sensory representations occurring at the first synapse level along the dorsal-column medial

lemniscus pathway, namely the cuneate nucleus. These studies constitute the first character-

ization of the tactile response properties in the CN of primates. In addition, we were among

the first to successfully investigate brain stem nuclei at the single-neuron level in active be-

having macaques. The approach we developed allowed us to address questions which had

been experimentally inaccessible and thus potentially accelerate future studies in this field.

The following are among the most significant: first, we found that individual CN neurons

receive convergent input from multiple afferent classes such that the submodality conver-

gence observed in cortex is at least in part inherited from its inputs. Second, we observed

that CN exhibit inhibitory responses, which is not observed at the periphery. In addition,

the existence of inhibitory inputs to CN is demonstrating that processing is occurring at this

stage. Thirdly, we found that the population-level sensory representations in CN constitute

an intermediary between their peripheral and cortical counterparts, and are more similar to

cortical ones. Lastly, cutaneous responses to tactile stimulation that are not directly relevant

task goal are inhibited while task-goal related tactile inputs are elevated during movements

at the level of brain stem nuclei. Such a bidirectional modulation mechanism would help

with the fluent execution of behavior by improving discrimination. Together, these findings

revolutionized our understanding of how tactile representations are transformed as they as-

cend the somatosensory pathway by demonstrating that the CN is not a simple relay station

for tactile signals but rather plays an active role in processing, which is inherently against all

textbooks’s view of CN as a passive relay station. We anticipate that the gained knowledge

of the underlying topography and response properties of CN will spur an entire program of

research, including but not limited to the development of bionic touch via subcortical nuclei

stimulation (Bologna et al., 2011; Richardson et al., 2016).
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