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ABSTRACT OF THE DISSERTATION 
 

Interaction of Sensorimotor Signals in the Rat Vibrissa System 

by 

John Chester Curtis 

Doctor of Philosophy in Biology 

University of California, San Diego, 2008 

Professor David Kleinfled, Chair 
 
 

Sensory perception in natural environments involves the dual 

challenge to encode external stimuli and manage the influence of changes 

in body position that alter the sensory field.  To examine mechanisms 

used to integrate sensory signals elicited by both external stimuli and 

motor activity, we trained rats to perform an active search task with a 

single vibrissa.  We recorded neuronal activity in primary somatosensory 

cortex, along with vibrissa position and touch signals, as rats rhythmically 

swept their vibrissa in search of a target.  A majority of neurons respond to 

touch and, critically, ~ 20 % are transiently excited only when contact 

occurs at a cell-specific phase in the whisk cycle.  This response arises 

from a nonlinear interaction, consistent with gating by shunting synaptic 

inhibition, between vibrissa touch and a motion-derived signal that 

dynamically labels each neuron with a preferred phase.  The observed 

response is likely to underlie estimation of object position in a head-

centered reference frame as rodents search for vibrisso-tactile targets.  



 x

More generally, our results delineate a computation that is likely to occur 

in all active sensorimotor systems. 
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Chapter 1 – Introduction 
 

For well over a century neurophysiologists have grappled with the 

relationship between sensory and motor processing. Early on it was clear to 

researchers that the two were definitely linked due to the readily observable 

and ubiquitous sensory – motor reflex.  The empirical solidarity of the sensory 

– motor reflex spawned an energetic approach and strong intuition that 

viewed motor activity and behavior as the direct product of sensory input. 

However, by the early 1900’s investigators began to realize that the sensory – 

motor relationship was not so clearly unidirectional and that since motor 

activity continually repositions bodily sensors it was possible that such 

movement could itself cause sensory events to occur. In other words it 

became increasingly clear that sensory and motor activity could exert 

reciprocal influence.  In order to clearly describe the reciprocal nature of 

sensory and motor activity Erich von Holst (1954) developed functional 

terminology that defines sensorimotor signals according to their respective 

source, method of generation, and effect. Exafference signals are designated 

as being generated in the periphery (inflowing) through engagement of bodily 

sensors with stimuli in the external environment. Reafference signals are also 

inflowing but are generated by self movement. Reafference includes signals 

generated by proprioceptors in muscle and connective tissue as well as 

sensors that engage external stimuli. Efference signals are defined as being 
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centrally generated (outflowing) that result in motor activity. Efference copy 

signals are also centrally generated but do not result in motor activity, rather 

they interact with exafferent and reafferent signals. A key issue in 

differentiating signals according to origin and effect is not to highlight their 

distinctiveness but rather to provide a framework with which to evaluate the 

influence each has on one another. For instance efferent signals may have a 

large impact on the manner in which exafferent signals are generated. The 

nervous system may want to discount this influence so that features of the 

environment can be represented invariant of body configuration or movement. 

In this case efference copy or reafferent signals could interact with exafferent 

signals in order to discount the subjective influence of self-movement. 

Conversely the nervous system may want to produce movement that 

enhances the generation of certain exafferent signals. In this case 

interactions among exafferent, reafferent, and efferent signals could combine 

in order move sensors in a manner that is tailored to a particular engagement 

of external stimuli. Additionally, the nervous system may want to determine 

whether certain motor commands, i.e. efferent signals, result in desired 

movements. Efference copy signals could interact with reafferent signals to 

produce feedback motor control. 

1.1 Sensorimotor Signal Interactions 
 

When viewed from this perspective sensorimotor signal interaction 

takes on a ubiquitous and central role in sensory processing and substantial 
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evidence for the interaction of ex-afference, reafference, and efference copy 

signals has been demonstrated at peripheral and thalamocortical levels 

(Cullen and Roy, 2004).  The combination of reafference and efference copy 

gates input to vestibular nuclei (Roy and Cullen, 2004), while efference copy 

determines the intended position of gaze in vision (Sommer and Wurtz, 

2006). In the visual system, neurons in cat thalamus (Lal and Friedlander, 

1990) and primary visual cortex (Ashton et al., 1984) respond both to the 

stimulation of extra-ocular muscle proprioceptors and visual stimuli.  Further, 

interactions between ex-afference visual signals and a presumed reafference 

of eye position have been observed at multiple level of cortical processing in 

primates (Andersen et al., 1993), and somatosensory cortex has been shown 

to receive unexpectedly extensive visual reafference (Krubitzer et al., 2004; 

Wang et al., 2007). The posterior parietal cortex in primates has been shown 

to be involved in an amazing number of sensorimotor interactions involved in 

visual processing, e.g. tracking, planning and execution of eye movements, 

tracking head and body movement relative to visual input, integrating relative 

positions of visual and auditory stimuli (Andersen et al., 1997).  Given the 

ubiquity of responses to combinations of ex-afference, reafference, and 

efference copy, it is likely that these signals extensively intertwine throughout 

all levels of sensory processing.  Yet a mechanistic understanding of how ex-

afference and reafference interact, which lies at the heart of transformations 

to place sensory input in body-centered coordinates, is lacking. 
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Although computational specialties are bound to exist among different 

instances of sensorimotor signal interactions and / or at different levels of 

processing, it is also likely that many interactions are mediated by 

mechanisms of varying similarity. Thus characterizing the biophysics of even 

a few instances of signal interaction may provide valuable insight into 

mechanisms that underlie other interactions. To this end the perspective 

solicited by von Holst provides a powerful guide in formulating experiments to 

uncover the neural mechanisms of sensorimotor processing. One can identify 

(anatomically or physiologically) neurons that receive one or more 

sensorimotor component signals, characterize the signals independently, and 

compare them to signals produced by interaction. This can provide 

quantitative evidence of the basic computation being performed, give insight 

into the mechanism that carries out the computation, and can point to new 

experiments that confirm or clarify details of the interactive mechanism. Not 

only can this provide a clear understanding for particular mechanisms and 

computations but such knowledge can serve as a template for investigating 

signals and interactions elsewhere. The overwhelming emphasis in 

formulating experiments and employing techniques of analysis is to 

characterize components and interactions in such a way that renders possible 

biophysical mechanisms more or less likely.  

1.2 Mechanisms of Interaction 
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In order to make the discrete state transitions necessary for any formal 

computational system to function some type of nonlinearity is required 

(Gelder, 1995; Koch, 1999). This is not to say that signal processing in the 

brain operates exclusively or necessarily within a discrete state space. As 

such linear signal transformations are an important class of operations that 

shape sensorimotor signals (London and Hausser, 2005). However, their 

general applicability in solving signal processing problems is distinctly limited. 

In terms of sensory signal interactions linear operations would be of the 

weakest class. In fact the linear combination of two signals within a “noisy” 

neuron necessarily decreases the signal to noise of the resultant signal 

(Koch, 1999). Therefore in order for one sensorimotor signal component to 

effectively impact the responsiveness of another component, i.e. maintain 

high signal-to-noise, increase gain, or attenuate, it is necessary that the 

signals be combined in a nonlinear manner. 

In accordance with the fundamental importance of nonlinear interaction 

among neural signals research has uncovered an abundance of network and 

cellular mechanisms capable of such (Salinas and Thier, 2000). The most 

well known of these mechanisms is the spike generation threshold.   Although 

the process of spike generation is highly nonlinear and has been implicated 

as a mechanism for nonlinear signal interaction (Ahrens et al., 2002) the 

spiking output (in terms of spike frequency) is largely proportional, i.e. linear, 

to input (McCormick et al., 1985). Other cellular mechanisms include, 
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synaptic nonlinearities, active conductance in dendrites (London and 

Hausser, 2005). Network mechanisms include spike coincidence (Salinas and 

Sejnowski, 2000), excitatory / inhibitory balance (Shadlen and Newsome, 

1998), synchrony (Tiesinga et al., 2004), and shunting inhibition (Koch et al., 

1983). The involvement of inhibitory interneurons in sensory component 

interactions is appealing for several reasons. First interneurons mediate local 

transmission of signals among different cortical layers, nulei, and subnuclei, 

which tend to be targets of distinct signal component pathways. This situates 

interneurons in prime locations to mediate component interactions, i.e. they 

can provide distinct targets for specific sensory pathways, make extensive 

connections among local layers, nuclei, or subnuclei that can nonlinearly 

interact with other distinct excitatory (or inhibitory) inputs.  

Summary 
 

The primary focus of this thesis is to offer up experimental results that 

give a detailed account of the dynamic interaction between exafferent and 

reafferent signals that occur as rats actively search for a tactile object with 

their vibrissae.  In the next chapter we will review anatomical and 

physiological results that demonstrate multiple afferent pathways in the rat 

vibrissa system, from the periphery to the primary somatosensory (S1) cortex. 

In Chapter 3 we will characterize exafferent and reafferent spiking responses 

in S1. Chapter 4 will examine the interaction of exafferent and reafferent 

signals in S1 and, along with some biophysical modeling, suggest a likely 
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mechanism for the interaction. Chapter 5 will conclude with a more nuanced 

discussion of sensorimotor processing in the context of perception and 

behavior. 
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Chapter 2 – Sensory pathways in the vibrissa system 
 

 Several features of the rat vibrissa system make it ideal to study the 

mechanisms with which the various components of sensorimotor processing 

interact. The dynamical nature of whisking behavior distinctly envelops 

sensory and motor activity, which is reflected in rich anatomical connectivity 

observed among vibrissal sensory and motor areas. Motor and sensory areas 

of the vibrissal system form nested reciprocal pathways both within and 

among trigeminal, thalamic, and cortical levels (figure 2.1, Kleinfeld et al., 

1999).  

 

Figure 2.1: Nested Loop Connectivity 
Schematic outlining known sensorimotor connectivity in the vibrissa system. Afferent 
pathways are in red and efferent pathways are in black. Adopted from Kleinfel, Berg, and 
O’Connor, 1999. 
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A comprehensive summary of all that is currently known about these 

pathways is beyond the scope of this work, but we will review those that are 

most relevant to reafferent – exafferent interactions seen in S1 as a result of 

our experiments. 

2.1 Vibrissal Follicle Innervation 
 

Vibrissal follicles are highly structured and densely innervated (Figure 

2.2). In animals that whisk, e.g. mice, rats, gerbils, etc., vibrissal follicles are 

innervated by a superficial pathway (SVN) and a deep pathway (DVN) (Rice 

et al., 1986) that have distinct projections to the trigeminal complex 

(Arvidsson and Rice, 1991). Interestingly animals that do not whisk, e.g. cat, 

guinea pig, rabbit, either completely lack superficial follicle receptors or the 

innervation is sparse and largely unstructured. This has led to the hypothesis 

that the SVN specializes in transmitting proprioceptive signals related to 

vibrissa motion (Rice et al., 1993). This hypothesis is somewhat bolstered by 

the lack of evidence for reafference originating from vibrissa musculature 

(Semba and Egger, 1986; Rice et al., 1993).   
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Figure 2.2: Follicle structure and innervation 
Drawing of the vibrissal follicle structure and innervation. Several superficial nerves (SVN) 
terminate in the upper regions of the inner-conical body, forming neural rings, and in 
epidermal tissue of the rete ridge collar.  One deep vibrissal nerve terminates in the mid-
lower region of the inner-conical body.  Adapted from Rice, Kinnman, Aldskogius, and 
Arvidsson, 1993. 
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Spiking activity of trigeminal ganglia has been shown to respond to 

both vibrissa motion, i.e. whisking in air, and active touch. One study (Szwed 

et al., 2003) used motor nerve stimulation to produce whisking motion in 

anesthetized rats and found populations of cells that respond somewhat 

exclusively to either whisking or touch and other cells that responded to both. 

Another study in awake rats (Leiser and Moxon, 2007) found that almost all 

ganglion cells respond with increased spiking activity during whisking and 

active touch relative to epochs when the vibrissa are not in motion (or making 

any sort of contact). They observed, however, that a portion of ganglion cells 

had spiking activity that was phase-locked to whisking while other cells only 

demonstrated tonic increases in spike activity during whisking.  

2.2 Follicle to Brain Stem 
 

Superficial and deep vibrissal nerves project to distinct targets within 

the brain stem trigeminal complex of rodents (Arvidsson and Rice, 1991). The 

trigeminal complex consists of four main nuclei, Principalis, Oralis, 

Interpolaris, and Caudalis. Principalis and Interpolaris form two main sensory 

pathways designated as lemniscal and para-lemniscal respectively. Both 

receive somatotopically organized input from the DVN and form the 

“barrelettes” mapping of vibrissal input (Arvidsson and Rice, 1991). The 

majority of SVN axons terminate in Caudalis, but a few also project to 
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Principalis and unlike DVN projections are not somatotopically organized 

(Arvidsson and Rice, 1991).  

2.3 Brain Stem to Thalamus 
 

The section of the lemniscal pathway (figure 2.3) from the brainstem to 

the thalamus consists of neurons in Principalis that project to the ventro-

posterior-medial (VPM) thalamus in a manner that maintains single vibrissa 

topography thus forming the thalamic vibrissal representation known as 

“barreloids” (Van Der Loos, 1976). A portion of neurons in Principalis and 

Interpolaris send axons that terminate in the ventral region of VPM (VPMvl) in 

a non-somatotopic manner (Pierret et al., 2000). This projection has been 

recently designated as the “extra-lemniscal” pathway (Yu et al., 2006). Other 

Interpolaris neurons project to posterior medial thalamus (POm) as part of the 

para-lemniscal pathway. Neurons within Caudalis do not project to the 

thalamus, but certain subpopulations send excitatory connections to 

Interpolaris and Principalis, as well as inhibitory connections to Interpolaris 

(Furuta et al., 2008). 

2.4 Thalamus to Cortex 
 

At the thalamus, VPM (which relays the majority of information from 

Principalis) projects to layer IV and upper portion of layer VI of S1 making 

branching terminals that tend to be confined to discrete regions known as 
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“barrels” constituting the end of the main lemniscal pathway (figure 2.3). POm 

and VPMvl relay “para-lemniscal” and “extra-lemniscal” pathway information, 

respectively, which is received from subpopulations of Principalis and 

Interpolaris neurons and sent to multiple layers of S2 and S1 where axon 

terminals tend to be situated in cortical regions surrounding barrel columns 

(Deschênes et al., 1998). Indication of a fourth pathway has been recently 

revealed by thalamic neurons in the dorsal region of VPM (near the POm – 

VPM boarder) that, similar to barreloid VPM neurons, receive input from 

Principalis, however, unlike lemniscal VPM neurons, they respond to the 

stimulation of multiple vibrissae and thus do not maintain vibrissal 

somatotopy. Cortical targets of dorsal VPM neurons have yet to be 

determined.  

There is fair consensus that signals carried along the lemniscal 

pathway pertain specifically to tactile information, e.g. touch, texture, etc, 

while information about vibrissa motion is thought to be routed through the 

para-lemniscal (Yu et al., 2006) or dorsal VPM pathways (Urbain and 

Deschenes, 2007). Based on anesthetized experiments that induce artificial 

whisking by motor nerve stimulation, Ahissar’s group found that POm 

neurons responded to preferentially to whisking, VPMvl neurons responded 

preferentially to touch, and VPM neurons responded to both whisking and 

touch (Yu et al., 2006).   
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Figure 2.3: Schematic of vibrissa system afferent pathways 
Pathways that maintain vibrissal topography are labeled as “single vibrissal” and those that 
are not topographic are labeled “multi-vibrissal.” Example terminations of thalamo-cortical 
projections are given at the top. Barrel regions are indicated by gray shading. Adapted from 
Deschenes, Veinante, and Zhang, 1998; Pierret, Lavallee, and Deschenes, 2000; Yu, 
Derdikman, Haidarliu, and Ahissar, 2006. 
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Summary 
 

There are at least four separate pathways relaying vibrissal afferent 

information to somatosensory cortex: lemniscal, para-lemniscal, extra-

lemniscal, and dorsal VPM. Responses to vibrissa stimulation from neurons 

in the lemniscal pathway have single vibrissa receptive fields. In contrast, 

responses to vibrissal stimulation of neurons in the extra-lemniscal, para-

lemniscal, and dorsal VPM have multiple vibrissa receptive fields. There is 

consensus that the lemniscal pathway conveys exafferent information that is 

relevant to identifying external stimuli. Additionally it is thought that reafferent 

information, relevant to tracking vibrissa motion stimuli, is routed through 

either the dorsal VPM or para-lemniscal pathways. 
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Chapter 3 – Sensorimotor Signals in Rat Primary 
Somatosensory Cortex 
 

3.1 Efference, Efference Copy, and Reafference 
 
  Efferent signals give rise to rhythmic motor activity that results in 

stereotypical whisking behavior (Berg and Kleinfeld, 2003), which in turn 

generates robust reafference signals (Figure 3.1) that track vibrissa motion 

(Fee et al., 1997; Ganguly and Kleinfeld, 2004; Crochet and Petersen, 2006). 

Intracellular recordings (Crochet and Petersen, 2006) performed while rats 

whisk freely in the air has revealed that the membrane potentials of many S1 

neurons fluctuate in a manner that it is phase locked to the whisk cycle 

(Figure 3.1 A). Additionally, spiking activity in S1 neurons has been observed 

to track slow changes in whisking amplitude which occur during epochs of 

extended rhythmic whisking (Figure 3.1 C). Spike activity in S1 neurons that 

is phased locked to the whisk cycle is extinguished when whisking is disabled 

on the contralateral side, e.g. by reversibly blocking the facial motor nerve 

using lidocaine, indicating reafferent input (Fee et al., 1997).  However, 

blockage of the contralateral facial motor nerve does not affect spiking activity 

that reports changes in whisking amplitude, which indicates input from 

efferent copy pathways (Fee et al., 1997). 
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Figure 3.1: Efference copy and reafference in S1 cortex 
A. Intracellular membrane potential (Vm) activity during an epoch of rhythmic whisking. 
Whisker position was tracked using high speed video. The cross-correlation shown in the 
middle plot is centered on time from the peak of protraction. Phase is calculated from 
whisking frequency and the time lag of the closest peak in the cross-correlation. Phase and 
depth of whisking responses are plotted in polar coordinates at the bottom of the panel. 
Adopted from Crochet and Peterson, 2006. B. Same analysis as in A, but with extracellular 
spike data. Adapted from Mehta and Kleinfeld, 2004. C. Distribution of whisker pad EMG 
values at spike times and at all times demonstrating that spike activity tracks amplitude of 
whisking envelopes. The phase-locked whisking responses, as in B, were extinguished by 
blockage of the facial motor nerve on the contralateral whisker pad, while spike activity in C 
was unaffected. Adopted from Fee, Mitra, and Kleinfeld, 1997 
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3.2 Differences between active and passive touch 
responses 
 
  Many studies have investigated S1 exafference signals generated by 

passive vibrissa stimulation, demonstrating texture encoding (Andermann et 

al., 2004; Arabzadeh et al., 2005), direction selectivity (Simons, 1983; Bruno 

and Simons, 2002; Wilent and Contreras, 2005; Andermann and Moore, 

2006), and stimulus localization (Szwed et al., 2006), but relatively few 

studies have sought to characterize afferent response to active touch, i.e. 

vibrissa contact effected by self movement (Szwed et al., 2003; Krupa et al., 

2004; Crochet and Petersen, 2006; Ferezou et al., 2006). Studies that have 

investigated active touch demonstrate that there are distinct differences 

between neural responses to active and passive touch. Szwed et. al. (2003) 

found neurons in the trigeminal ganglion that respond to passive touch but 

not to active touch. Neurons that responded to both active and passive touch 

tended to differentially encode touch events, i.e. direction selectivity seen in 

passive stimulation was not present during active touch and vis-versa. 

Ferizou et. al. (2006) also demonstrated a dramatic difference in the spread 

of S1 cortical activity during active and passive vibrissa stimulation (figure 

3.2). These results indicate that self movement can qualitatively and 

quantitatively alter exafferent signals. 
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Figure 3.2: Active vs. passive touch responses in S1 cortex 
Summary of behavioral states and associated cortical responses active and passive touch.  
The upper panels are caricatures of the behavior of the mouse in three different awake 
states: A “startle mode” that corresponds to immobility, an “exploration mode” that is 
accompanied by rhythmic sweeps in air, and an “object detection mode” that corresponds to 
palpation of an object with the vibrissae.  A sequence of images, which each pixel reports the 
spatially averaged change in the membrane potential of superficial cortex, corresponds to a 
typical response for each of the three awake states.  Note the large difference between active 
and passive stimulation in the two whisking states. Adapted from Curtis and Kleinfeld, 2006; 
Ferizou, Bolea and Petersen, 2006. 
 

3.3 Characterizing active touch 
 

To further clarify the nature of exafferent and reafferent signals in 

vibrissal S1 cortex we performed extracellular recordings in S1 as rats 

actively searched for a tactile target using their vibrissae. Rats were trained to 

palpate a sensor with their vibrissae in either a free ranging (Fig. 3.3A) or 

body constrained (Fig. 3.3B) behavioral configuration. Animals that 

succeeded in this task underwent surgery to implant a micro-wire head-stage 

(Ventakachalam et al., 1999) above vibrissa S1 cortex to record broad-band 

electrical activity. These signals were subsequently sorted into single-units 
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(Fee et al., 1996), as verified by the consistency of spike waveforms across 

instances and autocorrelation functions that decay toward zero at equal time 

(Fig. 3.3C).  We established the principal vibrissa (Simons, 1978) for each of 

two to four electrodes in S1 cortex and trimmed all but these vibrissae.  

Further, micro-wires were implanted into the mystacial pad to record the 

differential electromyogram (∇EMG) of the muscles that drive the vibrissa 

motion; the rectified ∇EMG serves as a surrogate of vibrissa position (Berg 

and Kleinfeld, 2003).  Videographic images at the time of contact confirmed 

which vibrissa touched the sensor (Fig. 3.3C).  Rats were further coaxed to 

whisk freely in the air before and after a set of trials (Ganguly and Kleinfeld, 

2004), so the reafferent response to whisking could be assessed (Figs. 3.3D). 
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Figure 3.3: Active touch experimental setup 
A. Free ranging apparatus.  The rat cranes from a perch to contact a piezoelectric touch 
sensor that is held in position by a pneumatic piston and imaged with a high speed camera.  
Five seconds after the initial contact the sensor is withdrawn and the rat receives a liquid 
food reward.  Spike signals from the stereotrodes in the rat’s cortex and EMG electrodes in 
the mystacial pad, along with contact, positional, and video data are logged on a computer.  
B. Body restrained apparatus.  The animal is wrapped in a sack that that is held in a plastic 
tube.  All other experimental features as in panel (A), except that food is delivered from a port 
close to the animal’s head.  C. Examples of primary data, including the 4 to 8 kHz bandpass 
filtered touch signal and accompanying video frames, the rectified ∇EMG and 22 Hz lowpass 
filtered ∇EMG, the 0.35 to 10.0 kHz bandpass filtered neuronal activity from both channels of 
the stereotrode, along with the spike times from two single-units after sorting of the spike 
data.  The bottom shows the temporal waveform and autocorrelation function for the two 
single-units.  D. The left strip shows the response of unit 1 in panel C to touch across multiple 
trials, together with the touch signal.  The right strip shows the response during free whisking, 
together with the concurrent ∇EMG.  The averages relative to contact and to the peak of the 
∇EMG signals are shown at the bottom of the panel. 
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3.4 All phases of the whisk cycle are coded in S1 cortex 
 

We recorded 152 single-units in the vibrissa S1 cortex of 9 rats, a 

majority of which responded to whisking in free air.  No differences were seen 

between free ranging (Fig. 3.3A) versus body constrained (Fig. 3.3B) 

paradigms.  Cross-correlations between spiking activity and the rectified 

∇EMG show that individual units tend to spike at specific phases of the whisk 

cycle (Figs. 3.4A-D, left column).  The phase in the whisk cycle is 

φ = 2πfwhiskt - φwhisk, where fwhisk is the whisking frequency, φwhisk is the 

preferred phase, and the angular position of the vibrissa is proportional to 

cos(φ).  A preferred phase of φwhisk = 0 corresponds to the protracted position, 

φwhisk = ± π is the retracted position, and negative (positive) angles indicate 

protraction (retraction).  The observation of units whose spike rate is 

phasically modulated by whisking follows from the narrow distribution of 

whisking frequencies (Berg and Kleinfeld, 2003), i.e., fwhisk = 8.7 ± 1.3 Hz 

(mean ± SD), and confirms past results obtained with free-ranging (Fee et al., 

1997; O'Connor et al., 2002; Ganguly and Kleinfeld, 2004) and head-fixed 

(Crochet and Petersen, 2006) animals.  We found that the spike rate during 

free whisking epochs is largely unchanged from that during periods of 

negligible mystacial ∇EMG activity, such as when an animal walks without 

whisking (Fig. 3.4E; statistics in figure legend).  Thus whisking tends to 

reorganize the timing of spikes rather than add new spikes, reminiscent of the  
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Figure 3.4: Whisking and touch response characterization 
A - D. The left column is a histogram of the average spike rate centered on the peaks of 
∇EMG activity, which corresponds to the maximal protraction. The spike rates were fit with 
Poisson maximum likelihood estimates of a series of complex exponentials to determine the 
baseline firing rate and the dominant whisking frequency, amplitude, and phase of each spike 
response (green line). The phase for the peak of spike response is defined as φwhisk. The 
middle column is a histogram of the touch response, smoothed using Bayesian adaptive 
regression splines (green line). The last column shows the temporal waveform and 
autocorrelation function for the unit. The uncertainly in all cases is represented by 95 % 
confidence intervals. E. The spike rate for all units whose spike rate was significantly 
modulated by whisking versus the rate in the absence of whisking. The line has a slope of 1. 
A fit to the data of Ratewhisking = slope x Ratenon-whisking yields slope = 1.05 ± 0.11 (mean ± 2 
SE) for rapidly excited units and slope = 1.03 ± 0.04 for all other units; neither slope is 
significantly different from unity. F. Average response to touch over all single units in a given 
class of both whisking and touch sensitive units. 
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effect of finger taps on the response of neurons in the primary somatosensory 

area of monkeys (Mountcastle et al., 1968). 

3.5 Active touch leads to both rapid and extended 
responses 
 

The majority of single-units responded to active touch (Figs. 3.4A to 

3.4D, middle column).  Three broad classes of responses emerged based on 

trial-averaged responses: Rapidly excited (Fig. 3.4A), slow net inhibition 

(Fig. 3.4B) similar to that seen under non-whisking conditions (Krupa et al., 

2004), and slow net excitation (Fig. 3.4C).  The temporal delineation between 

rapidly and slowly responding cells is sharp (Fig. 3.5).  Rapidly excited units 

responded to touch with phasic spiking that had latency to onset of 5 to 9 ms 

and ranged from 12 to 44 ms in duration.  These units had the greatest 

maximum spike rate (Fig. 3.4F) and fired about 2 % of their action potentials 

in bursts.   Both categories of slowly responding neurons encode the 

behavioral task per se as well as touch, in that their spike rates change as the 

rat cranes and whisks vigorously as it attempts to touch the sensor (middle 

row, Fig. 3.4C). 
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Figure 3.5: Distribution of touch response widths 
Histogram of the width of the response to touch (full width at half maximum amplitude) for all 
excited or inhibited touch responses, i.e., rapid excited, slow excited, and slow inhibited. 
Units with no response to touch are not included. Note that all rapid excited touch response 
widths fall within the first bin of the plot. 

3.6 Touch responses are specific to cortical layers 
 

The laminar position of each single-unit was estimated relative to the 

position of sinks and sources of ionic current.  After all recording sessions 

were completed, we recorded the depth profile of the local field potential 

(LFP) in response to periodic stimulation of all principal vibrissae (Fig. 3.6A), 

from which we calculated the current source density (CSD) along the radial 

axis through cortex and calibrated the location of sources and sinks, 

indicative of lamella at different depths, against a published profile of the CSD 

(Swadlow et al., 2002).  The depth profile for each single-unit record was 

reconstructed based on the distance the electrodes were lowered for each 

recording session (Fig. 3.6B, C).  Neurons that exhibited a rapid excitatory 
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response to touch were largely confined to the granular and deep 

infragranular layers, consistent with data gathered from anesthetized animals 

in which whisking was driven by electrical stimulation of the vibrissa motor 

nerve (Derdikman et al., 2006; Yu et al., 2006). A similar distribution was 

found for units that were unresponsive to touch.  In contrast, neurons that 

exhibited slow excitation upon touch dominated the supragranular and 

infragranular layers while those with slow inhibitory responses were uniformly 

distributed among all layers. 
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Figure 3.6: Laminar specificity of touch responses 
A. Representative local field potential (LFP) measurements along with the current source 
density (CSD) calculated from these measurements. The CSD, shown also in false color to 
emphasize sinks and sources of current, was used to classify the cortical layer and depth for 
each recording.  The plot on the right confirms that at least the short-time measurements 
concur with past results (Swadlow, Gusev, and Bezdudnaya, 2002). B. Compendium of 
responses across all single-units.  C. The laminar distribution of single-units that responded 
to active touch, independent of their whisking related response. 

Summary 
 

Neurons in S1 demonstrate distinct responses to reafferent, efference 

copy, and exafferent sensory input. Reafferent signals are seen as a 

modulation of neuronal spike rates that have specific phase relations to 

rhythmic whisking. Efference copy signals track the relatively slow changes in 

whisking amplitude during epochs of rhythmic whisking, and exafferent 

signals effect different responses to touch in manners that are specific to 
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cortical layers of S1. The functional significance of neurons that respond to 

touch with tonic changes in firing rate is not immediately clear. One study 

(Kleinfeld et al., 2002) has reported that touch signals transmitted to the 

primary motor (M1) cortex are adaptively filtered to the lowest frequency 

component of passive stimulation. Additionally they reported that a fraction of 

S1 cells responded in a similar manner. The S1 neurons with slow responses 

to active touch are consistent with what they observed during passive 

stimulation in the awake animal. This raises the possibility that the touch 

response signals seen in M1 receive a majority of their processing in the 

upper and lower layers of S1. This is supported by our result that neurons 

slowly excited by touch occur in the output layers of S1. Many neurons that 

are unresponsive to touch are responsive to whisking freely in the air (Figure 

3.4 D) and therefore could report vibrissa motion invariant of touch.  Lastly, 

neurons with rapid excited responses to touch provide a “real time” indication 

of objects in the vicinity of the face of the rat. Most of these neurons also 

respond to whisking in a manner that locked to specific phases of the whisk 

cycle. In the next chapter results will be presented which demonstrate that 

rapidly excited neurons achieve maximal firing rates when touch occurs in 

specific phases of the whisk cycle.  

Methods 

Training and Behavior 
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Nine female Long-Evans rats (Charles River, ME), 270 to 300 gm 

initial weight, were successfully trained to whisk against a piezoelectric 

sensor (Bermejo and Zeigler, 2000) return for a liquid food reward 

(0.2 ml/trial; LD-100; PMI Feeds, St. Louis, MO).  One of two behavioral 

paradigms were used.  In a “free-ranging” paradigm (Fig. 3.3A), 

unconstrained animals were trained to perch on the edge of a platform and 

crane their necks to gain access to the sensor.  Each trial was initiated when 

the rat first contacted the sensor.  Video images, at a frame rate of ~ 100 

frames/s, were collected while the rat palpated the sensor to confirm that the 

longest vibrissa touched the sensor.  After an approximately 3 s period of 

palpation, the trial was terminated by removal of the sensor and concomitant 

pumping of the liquid reward to a nearby well on the platform.  The sensor 

remained retracted for 5 s, then was restored to its previous position so that a 

new trial could begin.  In a “body constrained” paradigm (Fig. 3.3B), the 

animals were placed in a sack and held in a tube within proximity of a sensor.  

A trial began when an animal craned and initially touched the sensor and, as 

above, was terminated after a 3 s period of touch events. 

 Successful learning of either of the above behaviors took about two 

weeks. Once training was completed, a small chamber that contained an 

array of 2 to 4 stereotrodes was fit over the vibrissa area of parietal cortex 

and secured to the skull with screws and dental acrylic (Ventakachalam et al., 

1999).  The stereotrodes were individually advanced through the dura into 
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cortex with a vacuum insertion technique that prevented damage to the upper 

layers (Ventakachalam et al., 1999).  Fine wires were threaded into the left 

and right mystacial pads to record the EMG (Berg and Kleinfeld, 2003). The 

care and experimental manipulation of our animals are in strict accord with 

guidelines from the National Institutes of Health (1985) and have been 

reviewed and approved by the local Institutional Animal Care and Use 

Committee. 

After several days of post-op recovery the animals were briefly 

anesthetized and each contralateral vibrissa was individually stimulated with 

a brief air puff (Kleinfeld et al., 2002) in order to determine the principle 

vibrissa response for each stereotrode.  The designation of the principal 

vibrissa was based on the amplitude and latency of the stimulus-locked 

spikes (Armstrong-James et al., 1992).  Once the principal vibrissae were 

determined across the full complement of stereotrodes, all other vibrissae 

were trimmed at ~ 1 mm from the surface of the skin.  The rats were returned 

to their behavioral set-up and invariably performed the task with the single, 

longest vibrissa.  We then acquired spiking data with the electrode that had 

this vibrissa as its principal vibrissa; the electrode was lowered at the start of 

each recording session by 80 µm, or until multi-unit spikes were detected. 

Once this electrode had been lowered through the full depth of cortex, we 

trimmed the longest vibrissa and proceeded to take data from the next 

longest vibrissa, and hence forth. 
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Estimation of Electrode Depth 
 

We exploited the stereotypic form of the radial CSD to identify the 

lamina of each recording.  After all electrodes were lowered through the 

cortex and data collection was completed, the rat was anesthetized with 5 % 

(w/v) halothane.  All electrodes were fully retracted, then lowered in 

increments of 80 µm while air puffs were delivered at 1.3 puffs/s to passively 

stimulate all of the vibrissae.  We recorded the LFP at each depth as an 

average over 100 air puffs.  The second spatial derivative was then 

calculated cross all of the averaged LFP responses to produce an estimate of 

the one-dimensional CSD profile for each electrode. Current sinks 

corresponded to the afferent inputs in layers 4 and 6A; this calibration data 

allowed us to specify the lamella and depth of every record (Figs. 3.6A). 

Data Analysis 
 

Continuous time-series from the cortical and EMG micro-wires were 

band-pass filtered from 1 Hz (1 pole) to 10 kHz (6 poles), while the 

piezoelectric sensor was band-pass filtered from 4 to 8 kHz (2 poles).  All 

data was sampled at 32 kHz and blocks of approximately 3 s in duration that 

incorporated each epoch of touch were stored to computer disk, together with 

the time-locked video images.  Additional spike-train records, 10 s in length, 

were obtained as animals were coaxed to whisk in air without contact by 

placing their home cage just out of reach (Ganguly and Kleinfeld, 2004).  Both 

putative single-unit data, which forms a point process, and the LFP, which 
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forms a continuous time-series, were extracted from the broad-band time-

series.  For single-units, we digitally high-pass filtered the broad-band signal 

at 300 Hz (4 pole) and then used an offline non-Gaussian cluster analysis 

algorithm (Fee et al., 1996) to isolate spikes from an apparent common 

source.  For the LFP, we digitally low-pass filtered the broad-band signal at 

300 Hz (4 pole). 

Modulation of the spike rate of single-units during epochs of rhythmic 

whisking in air was characterized by cross-correlating ∇EMG peak times with 

spike times.  This method allowed us to normalize the correlation in terms of 

spike rate.  We first band-pass filtered the rectified ∇EMG from 3 to 22 Hz, 

set an appropriate threshold for the signal as a means to isolate the interval 

that surrounded the peak of the waveform, then calculated the center of mass 

in these intervals to obtain a point process that represents the peaks of the 

∇EMG.  This time-series was then shifted by 20 ms to account for the 

measured time-delay between the onset of muscle activity, as measured by 

the ∇EMG, and movement of the vibrissae (Berg and Kleinfeld, 2003).  The 

resultant cross-correlation corresponds to the ∇EMG-triggered spike average 

(gray histograms in the left column of Figs. 3.4A-D).  The sinusoidal nature of 

the cross-correlation was characterized by Poisson distributed maximum 

likelihood estimates (MLE) of the mean spike counts (Brown et al., 1998) for a 

series of complex exponential functions that spanned the frequency range of 

5 to 20 Hz, plus a constant  term; function call glmfit in MatLab™  
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(Mathworks) with the log link-function.  The frequency of the modulation was 

defined as the estimate with the highest likelihood among all of the complex 

exponential estimates in the series.  The phase and amplitude of each 

response was calculated from the real and imaginary parts of the estimate.  

Lastly, the cross-correlations were normalized in terms of spike-rates by 

multiplying the spike counts in each bin by the width of the bin (2 ms) and 

dividing by the number of ∇EMG peaks in the average (green curves in the 

left column of Figs. 3.4A-D).  Sampling distributions of maximum likelihood 

estimators were used to construct 95 % confidence intervals of the mean 

spike rate and parameter estimates. 

Touch responses were estimated from contact-triggered averages 

across all trials (gray histograms in the middle column of Figs. 3.4A-D).  

Smoothed values for all estimates made use of the Poisson distributed 

Bayesian adaptive regression splines non-parametric smoothing algorithm 

(DiMatteo et al., 2001); available at lib.stat.cmu.edu/~kass/bars 
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Chapter 4 – Interaction of touch and whisking signals 
 

Among the few studies that have recorded neural response to active 

touch, none have sought to characterize interactions between vibrissal touch 

exafferent signals and reafferent signals associated with vibrissa motion. In 

this study we show that responses to active touch interact in a robust manner 

with reafference signals of vibrissa motion, such that position of vibrissa touch 

can be deduced from spiking activity of S1 neurons.     

4.1 Whisking behavior in search of touch 
 

In both freely ranging and body constrained apparatuses (Fig. 3.3) rats 

tended to exhibit a large amount of head (and / or body) movement while 

attempting to contact the sensor, such that vibrissa touch occurred at random 

phases of the whisk cycle. In almost all recording sessions, rats touched the 

sensor many times at all phases of the whisk cycle (Figs. 4.1, 4.2). This 

allowed for the estimation of touch response as a function of phase in the 

whisk cycle.   
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Figure 4.1: Distribution of touch phases 
Overall distribution of whisk cycle phases of touch events for all units with rapid response to 
touch. Plot of the relative frequency of touch events at different phases of the whisk cycle. 
The blue horizontal line indicates the mean probability of touch over all phase intervals. The 
shaded region around this line indicates 95% confidence limits for a uniform distribution. 
Although touch events near retraction are significantly less frequent, a sufficient number of 
these events occur in each session to produce stable touch response estimates, e.g., the 
mean number of touch events per session for the interval at the start of protraction (the 
lowest bar on the plot) is 12 touches per session. In general, each interval had at least 8 
touches per individual session in the data sets that we analyzed. 
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Figure 4.2: Whisking activity surrounding touch events 
Examples of whisking activity that surrounds touch events. Each plot shows whisking activity 
that surrounds touch events that are sorted by where touch occurs in the whisk cycle. Single 
whisking trajectories are thin lines overlaid in grey and mean trajectories are thick black lines. 
The lower plots show the relative frequencies of touch at different whisk cycle phases for 
each unit’s recording session. 
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4.2 Phase in the whisk cycle gates the rapid touch response 
 

As stated in the previous chapter primary interest in this study focuses 

on neurons excited by touch and modulated by rhythmic whisking motion.  

These neurons responded to touch with short delay (5 – 9 ms) and short 

duration (12 – 44 ms) increases in firing rate and tended to spike 

preferentially at specific phases of the whisk cycle. Free whisking responses 

for these neurons (as well as neurons with other touch response types) were 

characterized using Poisson distributed maximum likelihood estimation (MLE) 

to fit a sinusoidal spike rate curve to the average free whisking response of 

each neuron. The phases of sinusoidal fits relative to the peak of vibrissa 

protraction was designated as the preferred free whisk cycle phase for each 

neuron (figure 4.3A, see methods for details).  Overall touch responses were 

analyzed using a non-parametric spline based smoothing technique 

(Bayesian Adaptive Regression Splines or BARS, Kaufman et al., 2005) to 

produce a response curve that captures the statistically significant features of 

total average (PSTH) excitatory responses (Figure 4.3B).  Touch events were 

then analyzed to determine where they occur in the whisk cycle phase by 

fitting (Gaussian distributed MLE) sinusoidal functions to the EMG signal 

surrounding touch times. Single event touch responses were then grouped 

into whisk cycle phase intervals (8 phase intervals from –π to π, i.e. fully 

retracted to fully retracted). Average touch responses within each whisk cycle 

phase interval (figure 4.3C) were then fit using Poisson distributed MLE to 
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each neuron’s overall touch response curve (found using BARS, figure 4.3C 

overlaid curves). In this manner touch responses within each whisk cycle 

phase interval were modeled as scaled versions of each neuron’s overall 

touch response. This method not only allowed for the estimation of contact 

response amplitude at each whisk cycle phase interval it also allowed the 

placement of 95% confidence intervals on the mean response spike rate 

(Brown et al., 1998).  

An example demonstrating the gating of touch responses by phase in 

the whisk cycle is shown in figure 4.4. Two sequences of high speed video 

frames demonstrate a rat touching the sensor at nearly opposite phases of 

the whisk cycle, i.e. near retraction and near protraction. Included are time 

series of filtered raw data showing touch sensor, ∇EMG, and S1 unit spike 

activity surrounding touch events. The preferred free whisking phase for one 

of the S1 units (labeled Unit 1 in the figures 4.3 and 3.3C, D) is near 

retraction. When touch occurs near retraction Unit 1 produces a noticeable 

burst of spikes in response, in contrast when touch occurs near protraction no 

noticeable change in spike activity occurs.     

We observe that the touch response for each unit is strongly 

modulated by vibrissa position, such that the response is maximal at or near 

the preferred phase during free whisking (Fig. 4.3C, D).  There is no change 

in the amplitude of whisking as a function of the contact relative to the 

preferred phase in the whisk cycle (Fig. 4.2).  The maximum spike rate for the 
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response to touch is about 10-fold higher, on average, than the approximately 

10 Hz average spike rate during whisking, suggestive of a strong nonlinearity 

in the interaction between the reafferent whisking and ex-afferent touch 

signals. 

 

Figure 4.3: Examples of rapid touch responses gated by phase in the whisk cycle 
Examples of the interaction between phase in the whisk cycle and the response of rapidly 
excited (RE) touch sensitive single-units.  A. Histograms of the spike responses to free 
whisking in air.  The spike rates were fit with sinusoids (green line) and the phase at the peak 
of spike response is denoted φwhisk.  B. Histograms of the touch response, averaged over all 
events, as a function of time from the measured contact.  The spike rates were fit with 
smooth curves using Bayesian adaptive regression splines (green line).  C. Histograms of the 
touch response parsed according to the phase in the whisk cycle upon contact.  The phase 
interval is π/4 radians.  The red curves correspond to the interval with the maximum response 
and the black curves correspond to a lower response; these curves are scaled versions of 
smoothed trial-averaged touch response in part B.  D. Plots of the peak values of the touch 
response from the fits to each of the eight intervals of the touch responses in part C; dots 
designate the example fits from panel C.  The uncertainly represents the 95 % confidence 
interval.  A smooth curve through this data defines the phase of maximal touch response, 
denoted φtouch.  Note that φtouch ≈ φwhisk for each example 
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Figure 4.4: Raw data example of touch response gating 
Plots of high speed video frames, rectified touch sensor signal, rectified (and low pass 
filtered) EMG signal, and S1 cortex recording channels surrounding two touch events during 
a recording session. Dots indicate times of contact events and sorted spike times for two 
units (waveforms and autocorrelations are shown at the bottom). The left plots show the rat 
touching the sensor during retraction and touch in the right plots is during protraction. Unit 1 
is rapidly excited by touch and Unit 2 does not respond to touch. The spike activity of Unit 1 
is modulated by free whisking and its touch response is modulated by whisking. The 
preferred phases of free whisking and touch for Unit 1 are near retraction, i.e., φwhisk = 0.84π 
for whisking and φtouch = 0.82π for touch. The touch event to the left is within the preferred 
phase of Unit 1 as can be seen by increased spiking briefly after touch is initiated. The touch 
event to the right occurs nearly opposite to the preferred phase of Unit 1 and spiking briefly 
after touch remains similar to background activity. 
 

In general, rapidly excited (RE) touch/whisking units showed 

responses to touch that were tuned to the phase of the whisk cycle (28 of 35 
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units).  A summary shows that the phase at the maximal touch response for 

each unit, denoted as φtouch (Fig. 4.3D), is statistically equal to the unit’s 

preferred phase for spiking in the whisk cycle, i.e., φtouch ≈ φwhisk (Fig. 4.5A).  

All values of preferred phase are represented, with a distribution that is 

biased toward retraction (side bars, Fig. 4.5A).  The angular tuning of touch 

was visualized by offsetting individual curves by the corresponding preferred 

phase during free-whisking (Fig. 4.5B).  All tuning curves are relatively broad, 

with an average half-width-at-half-maximum of 0.32 π ± 0.05 π radians 

(mean ± SD) (thick line in Fig. 4.5B); this is equivalent the to π/3 radian width 

for cosine-shaped tuning curves.  For a typical whisking amplitude of ± 30o, 

this phase resolution corresponds to an angular resolution of 10o. 

We next determined if the spike rate during free whisking is predictive 

of the peak rate upon touch.  In contrast to naïve expectations, the maximum 

rate upon touch was nearly independent of the average spike rate during free 

whisking (p = 0.05) (Fig. 4.5C).  A related analysis considers the modulation 

depth of the spike rates (insert, Fig. 4.5D), i.e., 

≡
Maximum Spike Rate  -  Minimum Spike Rate  (1)  Modulation Depth  

Mean Spike Rate for Whisking in Air
. 

 

The modulation depth of the tuning curve for the touch response was, on 

average, 4 times greater than that for the free whisking response.  Neither the 

spike rate nor the modulation depth showed a systematic dependence on 

phase in the whisk cycle (Fig. 4.6).  Critically, the modulation depth for touch 
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at different phases in the whisk cycle was statistically independent of the 

modulation of the rate during free whisking (p = 0.8) (Fig. 4.5D). 

 

Figure 4.5: Summary rapid touch responses gated by phase in the whisk cycle 
A. Scatter plot of the preferred phased for free whisking, φwhisk, versus the preferred phase for 
touch, φtouch.  Shown are mean values plus 95 % confidence intervals for the estimates of 
either phase.  The data is consistent with φtouch = φwhisk (p < 0.001).  B. Smoothed versions of 
the touch responses as a function of phase in the whisk cycle (gray), where each curve is 
normalized to its peak value and centered with respect to φwhisk, the preferred phase for the 
unit while spiking while whisking in air.  The solid black curve is the population average and 
the dashed curve the minimum relative spike activity.  C. The maximum spike rates during 
active touch (Max in insert) versus the average spike rates while whisking in air (Mean in 
insert) are not significantly correlated (p > 0.05) D. Comparison of the modulation depths of 
the spike rates for touch versus free whisking. Touch and free whisking modulation depths 
are not significantly correlated (p = 0.08). Modulation depths for cells with touch responses 
that are not significantly modulated by whisking were excluded from the corrlation test. 
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Figure 4.6: Comparison of modulation among different preferred phases 
Comparisons of maximum touch response and modulation depth at different preferred 
phases. A. The spike rate for the maximum touch response as a function of preferred phase 
for units with whisking modulated rapid touch responses. B. The modulation depth of the 
touch response plotted as a function of each unit’s preferred phase. Mean values across all 
preferred phases are indicated in each plot by dark green line along with 95% confidence 
band in light green. There is no significant tendency for either maximum touch response 
amplitude or modulation depth to be greater at any specific preferred phase relative to other 
preferred phases. 

4.3 Models for gating of the rapid active touch response 
 

A biophysical model of the observed confluence of reafference with ex-

afferent touch signals must account for four phenomena.  First, the touch and 
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free whisking responses are enhanced at the same phase in the whisk cycle 

(Fig. 4.5A).  Second, the spike rate amplitudes and modulation depths of the 

spike rates for touch and free whisking responses are independent 

(Figs. 4.5C and 4.5D).  Third, the modulation of the touch response is much 

greater than the relatively small modulation of the spike rate by free whisking 

(Figs. 4.3D, 4.5C and 4.5D).  Lastly, the whisking reafference essentially 

does not change the background spike rate (Fig. 3.4E). 

Summation of the ex-afferent and reafferent inputs, followed by a spike 

generating mechanism whose firing rate is a steeply increasing function of 

input current, is a potential mechanism for the observed phenomena. 

However, a dramatic increase in the slope of spike rate versus input current is 

unprecedented for cortical neurons (McCormick et al., 1985).  A related 

scheme makes use of the summation of signals near threshold (Ahrens et al., 

2002).  However, both whisking and touch events ride on a substantial 

background rate for all of our units.  Multiplication of the ex-afferent touch 

signal with the reafferent whisking signal is a potential nonlinearity that can 

strongly modulate the touch response by the phase in the whisk cycle.  One 

expectation for this scheme, implicit from past work on the multiplication of 

signals in somatosensation (Ahrens et al., 2002), audition (Pena and Konishi, 

2004), vision (Andersen and Mountcastle, 1983; Brotchie et al., 1995; Salinas 

and Abbott, 1996), and electroreception (Neiman and Russell, 2004), is that 

the amplitude of the touch response should track that of the whisking 



45 

 

response.  However, in contrast to this expectation, the modulation depth for 

touch at different phases in the whisk cycle was independent of the 

modulation of the rate during free whisking (Fig. 4.5D). 

4.4 Shunting inhibition model 
 

We propose that shunting inhibition of a putative touch pathway by a 

whisking pathway provides the most likely circuit to gate the touch response 

by the phase in the whisk cycle.  Shunting inhibition, previously studied in the 

guise of feed-forward inhibition (Sun et al., 2006) for precise spike-timing 

(Pouille and Scanziani, 2001) and directional selectivity (Koch et al., 1983; 

Wilent and Contreras, 2005), also provides a means for one input to modulate 

the synaptic gain of a second input.  A minimal model consists of a neuron 

with three compartments, each with a leak battery with resistance R and 

potential EL, and arranged so that (i) an active zone has a bias battery, with 

conductance GB and potential EB, and generates spikes; (ii) a soma receives 

shunting, i.e., GABAA-mediated, synaptic input with a battery with 

conductance GS and inhibitory potential ES, where ES ~ EL; and (iii) a dendritic 

compartment receives excitatory synaptic input with a battery with 

conductance GE and excitatory potential EE (Fig. 4.7).  The sequential 

arrangement of the compartments, taken for simplicity to be one electrotonic 

length apart, allows the inhibitory whisking input to both modulate the 

background spike rate and gate an excitatory touch input.  Putative inhibitory 

neurons that are strongly modulated by whisking but not touch in close 
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proximity to rapidly excited touch cells is consistent with our laminar analysis 

of different classes of single units (Fig. 3.6C). 

 

Figure 4.7: Diagram of shunting inhibition model 
Shunting-inhibition model for the observed phase-sensitivity of active touch. The circuit 
diagram for the three-compartment neuron displays the essential features of shunting 
inhibition.   The whisking signal is “inverted” by a local inhibitory neuron and acts as a shunt 
between distal excitatory touch input and the spike initiation zone. 

 

Insight into the mechanism of shunting inhibition can be gleaned from 

a linear analysis of the circuit (Methods) since with high background activity 

the spike rate will track the membrane potential (Richardson et al., 2003).  

For simplicity, we ignore the bias current and assume that the maximal 

synaptic conductances are large (Fig. 4.7).  Contact at the preferred phase in 

the whisk cycle, i.e., φ = φwhisk so that RGS = 0, leads to a membrane potential 

of Vm ~ (4EL + EE)/5 at the active zone, which exceeds the rest level Vm ~ EL.  

In contrast, when contact occurs at φ = φwhisk ± π so that RGS >> 1the 

excitatory touch input is shunted by the inhibitory whisking input and the 
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membrane potential falls to Vm ~ (EL + ES)/2 + EE/(2RGS), which is close to 

the rest level.  The independence of touch and whisking is seen by estimating 

their modulation depths (Eq. 1) with Vm as a surrogate for spike rates: 

⎯⎯⎯⎯⎯→;
L S

L S
Whisking E  ~ EL

E  - E1(2)  Modulation Depth    0
4 E

 

which approaches zero when the shunt and leak potentials are equal, and 

( )⎧ ⎫+⎪ ⎪⎯⎯⎯⎯⎯→⎨ ⎬
⎪ ⎪⎩ ⎭

;
L S

L S E S
Touch E  ~  EL S

3 E  - E   E  + 2E2 1(3)  Modulation Depth    
5 3E  + E 5

 

which approaches a constant in the same limit.  Thus the modulation depth 

for touch can be both independent of that for whisking and larger, consistent 

with our observations (Fig. 4.5D). 

Numerical analysis of the model (Fig. 4.7) with a Hindmarsh-Rose-type 

mechanism for spike generation (Wilson, 1999) and parameters appropriate 

for cortical neurons  (Rudolph et al., 2007) (Methods) clearly shows that the 

response to touch is enhanced at the preferred phase in the whisk cycle 

(Fig. 4.8B).  Simulations with different bias conductances shows that whisking 

has only a marginal effect on the spike rate (Fig. 4.8C).  Simulations with 

different shunt conductances shows that the amplitude of the touch response 

is independent of the amplitude of the free whisking spike rate (Fig. 4.8D) and 

that  modulation in the spike rate by changes in vibrissa position is both much 

greater than and independent of the modulation during free whisking 

(Fig. 4.8E).  The proposed circuit can, in principle, be confirmed or refuted by 

recording the intracellular potential from layer 4 spiny stellate or star 
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pyramidal cells in rats that are trained to whisk (Crochet and Petersen, 2006). 

A combination of ion blockers and voltage clamping should reveal if the 

whisking response is mediated by inhibitory input. 

 

Figure 4.8: Numerical analysis of the shunting inhibition model 
A. Example results from a numerical simulation of the circuit equation for our model; note the 
extra spike for “touch” near the preferred phase of φwhisk = 0.  B. Example result for one 
model neuron.  The same analysis tools were used as with the data for RE/touch units (Fig. 
4.2). The left column is a histogram of the average spike rate centered on the peaks of EMG 
activity, corresponding to protraction.  The next two columns are histograms of the touch 
response, shown as a composite and by phase in the whisk cycle.  The right column shows 
the tuning curve.  C. The trial-averaged maximal spike rates during active touch versus the 
average spike rates while whisking in air; 0.05 < RGB  < 0.8.  D. The maximum spike rate 
upon contact versus the mean rate; 0 < RGSO < 20 (Eq. 10).  E. The modulation depth of the 
spike rate as a function of phase in the whisk cycle versus the modulation with phase in the 
whisk cycle; 0 < RGSO < 20. 
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The shunting inhibition model offers an intuitive explanation as to why 

modulation depths associated with free whisking are much smaller than 

whisking modulation of touch responses. This is because the reversal 

potential of the inhibitory synapses is very close to the resting potential of the 

neuron. Therefore the effect it has on spiking is only due to the decrease in 

membrane resistance when synaptic shunt conductances are high. Lower 

membrane resistance at resting potential will make it less likely that random 

membrane voltage fluctuations will cross spiking threshold but the degree to 

which if affects instantaneous spike rates depends on how close the 

synapses are to the spike initiation zone. Thus according to the model we 

propose differences in free whisking modulation are due to variation in the 

proximity of shunting inhibitory synapses to the axon hillock. However, the 

ability of shunting conductances to gate touch signal input does not depend 

on how close the inhibitory synapses are to the SIZ as long as they are 

situated somewhere in the electrotonic path of excitatory touch related 

potentials traveling to the SIZ.  Consequently, the maximal conductance of 

the shunting inhibition does not effect a greater modulation of spike rate 

directly but it has a dramatic effect on the gating of touch related potentials, 

which would explain why whisk cycle modulation depth of spike rates for 

touch and free whisking are uncorrelated among different neurons.  

The average ongoing rate of spiking hovers around 10 Hz and the 

average modulation of the spike rate by whisking per se is ± 2 spikes/s.  This 
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corresponds to ~ 0.4 spikes / whisk, on top of a fluctuating background of ~ 1 

spike / whisk.  We estimate that the output from ~ 200 neurons must thus be 

summed to achieve a resolution of π/3 radians, as set by the tuning curves 

(Fig. 4.3A), to specify the phase in the whisk cycle on a single trial basis. To 

the extent that a consensus view of the ongoing spike rate of neurons in 

vibrissa S1 cortex is evolving, with evidence from intracellular studies that the 

rates for many neurons may lie closer to 1 Hz than 10 Hz (Manns et al., 2004; 

de Kock et al., 2007), our estimate of the need to average over ~ 200 neurons 

is likely to be an upper bound. 

With regard to contact induced spikes, active touch leads to an 

average, integrated response of 2 spikes per contact within a window of 

~20 ms (Fig. 4.3B); this further coincides with the time spent in each 

resolvable phase interval of π/3 radians (Fig. 4.5B).  The additional spikes 

generated by active touch significantly exceed the ~ 0.4 spikes generated by 

whisking alone and should be sensed with high fidelity.  Lastly, resolution at a 

finer scale than π/3 radians, which is required to explain recent 

psychophysical results on perceptual acuity with the vibrissa (Knutsen et al., 

2006), may be achieved by averaging the responses from multiple neurons. 

Summary 
 

Active sensing by the rat vibrissa system involves two sensory signals, 

a reafferent signal of motor activity that codes the position of the vibrissa and 

an ex-afferent signal that encodes touch (Fig. 4.3A,B). We have shown that 
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these two signals are merged in a highly nonlinear manner (Figs. 4.5C, D).  

The preferred phase for spiking during free whisking acts as a dynamically 

generated tag that specifies the preferred phase for spiking upon contact.  

This is in contrast to static tags, such as orientation preference in visual 

processing.  Our results led to the prediction of a neuronal circuit that 

computes the location of objects within a sensory field (Fig. 4.7).  This circuit 

adds specificity to abstract notions of canonical cortical circuit (Martin and 

Douglas, 1991) and, in principle, provides a universal substrate for cortical 

computations of coordinate transformation. 

Methods 

Analysis of whisking gated touch responses 
 

The phases of touch events within the whisk cycle were determined by 

fitting a series of complex exponentials to the ∇EMG trace, centered in a 

200 ms window that surrounded the time of vibrissa touch.  The procedure 

proceeded as described above for spike-events, except that we now used a 

Gaussian rather than Poisson distributed MLE as the ∇EMG data is a 

continuous function rather than a point process.  Goodness of fit was 

quantified by calculating the ratio of the amplitude of the fit relative to the root-

mean square residual of the fit; contact events with ratios less than two were 

discarded. 

To assess the touch responses as a function of phase in the whisk 

cycle, cycles in which touch occurred were first divided into eight intervals of 
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π/4 radians.  Touch responses were then binned according to the interval in 

which the touch events occurred to produce a set of eight histograms for each 

single-unit (Fig. 4.3C).  To insure our results were statistically reliable across 

the full range of phase intervals, sessions with less that eight touch events in 

any phase interval were excluded.  Touch responses for each whisk cycle 

phase interval were then modeled with a Poisson distributed MLE as scaled 

versions the overall touch response, computed as described above (red and 

black curves in Fig. 4.3C).  The peak amplitudes for each of the best fits were 

used to construct the tuning curve for the single-unit (Fig. 4.3D).  Confidence 

intervals (95 %) for mean spike rates were calculated from sampling 

distributions of maximum likelihood estimators. 

Model 
 

The circuit model (Fig. 4.7) consists of three compartments with equal 

membrane capacitances, C, and resistances, R, and joined by a resistance of 

R so that the compartments are one electrotonic length apart in the absence 

of synaptic input.  We define EL, EB, ES, and EE as the reversal potentials for 

the leak, excitatory bias, inhibitory synaptic shunt, and excitatory synaptic 

currents, respectively, GL as the fixed leak conductance, and GB as the 

conductance of a slowly varying bias current, and GS, and GE as the 

conductances for the vibrissa-driven inhibitory shunt and touch-driven 

excitation, respectively.  For constant values of the conductances, the steady-

state subthreshold voltage of the active zone, denoted Vm, is given by: 
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The full dynamics is found by solving 5 equations, which include a third-order 

Hindmarsh-Rose system to generate spikes in a cortical cell with adaptation 

(Wilson, 1999), and additive band limited Gaussian noise to approximate the 

variability in synaptic arrival time.  We have 
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where the leak term RGL(EL – Vm) in the dynamics for Vm is subsumed in the 

active currents and we use �m = 1 ms, �U = 1 ms, �W = 99 ms, ENa = 48 mV, 

EK = -95 mV, EKA = -38 mV, ES = EL = -74 mV, EB = EE = +10 mV, E1
 = -

75.4 mV, E2 = -69 mV, RGR = 26, RGA = 13, RGB = 0.2 (ranges 0.05 to 0.8), 

RGL = 1, a = 17.8, b = 0.476/mV, c = 3.38 x 10-3/mV2, e = 1.3 x 10-2, f = 0.8, 

g = 3.3 x 10-4, and h = 1.1 x 10-3 in our simulations.  The noise current has a 

root-mean-square value of 2.0 mV, the shunting inhibitory conductance was 

of the form 

( ){ }π φ+ −SO
S

RG
(10)  RG  = 1 cos 2 f t  

2 whisk whisk  
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where RGSO = 10 (ranges 0 to 20) and fwhisk = 9 Hz, and the excitatory touch 

conductance was of the form 

( ) τ2 2
EO EO- t - t 2

E EO(11)  RG  = RG e  

where RGEO = 40, �EO = 20 ms, and tEO is a random variable with a mean of 

0.25 s that marks touch events. 
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Chapter 5  – Conclusion 
 

Early view of sensorimotor processing, reflex action 
 

One of the earliest observed phenomena of sensory processing in 

experimental psychology (or neurophysiology) was that of sensorimotor reflex 

.Hence from the very beginnings of scientific investigation into sensory 

processing motor activity was observed to play an integral role. To this point 

James writes: 

  

Currents pouring in from the sense-organs first excite some 
arrangements, which in turn excite others, until at last a motor 
discharge downwards of some sort occurs. When this is once 
clearly grasped there remains little ground for keeping up that 
old controversy about the motor zone, at whether it is in reality 
motor or sensitive. The whole cortex, inasmuch as currents run 
through it, is both. All the currents probably have feelings going 
with them, and sooner or later bring movements about. (James, 
1890) 

 

The sensorimotor reflex and its subsequent conceptual model “reflex action” 

proved very fruitful in early studies, not only because its predictions were 

amenable to experimentation, both psychological and physiological, but it 

also provided conceptual structure to guide the exploration of more 

complicated sensory (and, of course, motor) processing.  It was observed in 

early studies that increasingly complex sensory discrimination and motor 

responses depend on “higher” nervous system structures. This was explained 
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in terms of “reflex action” as a general notion that neural pathways 

progressively intertwine in trek from spinal to cortical structures allowing a 

combinatorial increase in stimulus features that could be sensed and motor 

patterns that could be generated in response.  

Change of direction in understanding sensorimotor 
processing 
 

Explanations of neural processing and behavior in terms of “reflex 

action” were surprisingly nuanced and incorporated notions of association 

and competitive interaction to account for the effects learning and memory 

had on adapting motor reflexes to suit particular behavioral context and goals.  

However, the inherent emphasis “reflex action” placed on sensory driven 

motor activity betrayed intuition as to the effect motor activity has on sensory 

acquisition. The role motor activity plays in gathering sensory events was 

made more explicit in the early to mid twentieth century by investigators 

observing that motor activity distinctly affects how sensors engage stimuli, 

and therefore motor activity can both drive and be driven by sensory events.   

One such clarification was introduced by the previously mentioned E. 

von Holst (1952) who emphasized that the nervous system must account for 

sensor activation that is caused by motor activity in order to establish the 

objective sensation of external stimuli. He proposed that the CNS generates 

efference copy signals in parallel with motor command signals (efference 

signals) that interact with reafferent signals generated by movement. In his 
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formulation efference copy signals would be tailored such that they extinguish 

the expected reafference signals that are produced by efference and 

subsequent movement, thus eliminating the subjective influence that 

movement had on sensory acquisition. If there was a mismatch between 

reafference and efference copy then a residual signal would remain that 

would alert the CNS that the movement did not go as expected, e.g. the 

motor command was not properly calibrated or an external influence distorted 

the intended movement. In this case the CNS could compensate by altering 

the efference signals until efference copy and reafference nullify each other, 

thus pioneering the inclusion of feed back motor control into the 

understanding of sensorimotor processing (Cullen and Roy, 2004).  

Another significant clarification was introduced by James Gibson 

(1962) who argued that movements are purposefully orchestrated in order to 

direct sensors toward specific stimulus features, directly countering the 

intuition granted by “reflex action.” Gibson encapsulated this notion into a 

form of tactile sensation (although he emphasized similar attributes could be 

had in vision) denoted “haptics” or haptic touch. Haptics integrates exafferent, 

reafferent, and efference in a manner that begets a singular percept of 

manual sensation.  In other words the hand represents a set of sensory 

experiences that are produced by various combinations of external 

stimulation, proprioception, and movement.  Similar propositions have existed 

since the early 20th century. Through studying sensory deficits in patients with 
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neurological damage neurologists Henry Head and Gordon Holmes (1911) 

were led to the hypothesis that the brain forms a unified and dynamic 

representation of external stimuli relative to the position and configuration of 

the body, which they denoted “body schema.” More recently studies guided 

by the notion of “body schema” have evolved into consideration of 

sensorimotor processing that occurs within the reachable space surrounding 

the body (Maravita et. al., 2003; Legrand et. al., 2007). These studies have 

confirmed at the neuronal level complex and dynamic integration of position, 

configuration, as well as multiple external sensory modalities, e.g. single 

neurons that exhibit hand centered visual-tactile receptive fields. The 

important point conveyed by the notions of “haptic touch” and “body schema” 

is that the majority of sensory experiences do not distinguish between 

contributions of motor and sensory, they are perceptually unified, i.e. they are 

sensorimotor in a manner analogous in which we tend to perceive visual 

objects without noticing them as a collection of features, e.g. oriented “edges” 

of high contrast.  

Since external objects within reachable space can be actively 

manipulated they are highly amenable to sensation that is carried out with 

sophisticated sensorimotor processing. Although some investigators have 

sought to make a case for the special consideration of reachable space 

analogous processing occurs in the processing of stimuli that are out of reach 

or not touched. Evidence for the selective acquisition of stimulus features 
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through movement of sensory organs has come mainly from they study of 

eye movement strategies when viewing natural scenes or performing certain 

visual tasks. Psychophysical studies have found that eye movements during 

exploration (Reinagel and Zador, 1999) or analysis of visual stimuli are 

directed selected features that increase information transfer. Prioritizing the 

understanding of sensorimotor processing 

 
 There is, however, a central problem inherent to sensorimotor 

processing that begs solution: What governs or organizes the reciprocal 

interplay between sensory and motor activation inherent to sensorimotor 

processing? Interestingly, this question was pondered more than a century 

ago by Herman von Helmholtz as he was introspectively studying the 

perception of binocular rivalry using stereoscopic images. He noted the 

difficulty in voluntarily moving his eyes to the correct vergence angle 

necessary to produce perception of depth from a set of 2-D drawings: 

 When I have before my eyes a pair of stereoscopic drawings 
which are hard to combine, it is difficult to bring the lines and 
points that correspond, to cover each other, and with every little 
motion of the eyes they glide apart. But if I chance to gain a 
lively mental image of the represented solid form …I then move 
my two eyes with perfect certainty over the figure without the 
picture separating again. 

It is not a trial of strength between two sensations, but 
depends on our fixing or failing to fix the attention. Indeed, there 
is scarcely and phenomenon so well fitted for the study of the 
causes which are capable of determining the attention. It is not 
enough to form the conscious intention of seeing first with one 
eye and then with the other; we must form as clear notion as 
possible of what we expect to see. Then it will appear. (James, 
1890 / p. 441)  
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Helmholtz explicitly describes his observation that proper movement or 

positioning of the eyes was not driven by the stereoscopic stimuli but rather 

as a consequence of effort to succeed in perceiving the 3-D image, i.e. by 

centrally generating a “mental image” of what he wanted to perceive. This 

observation incorporates two interrelated components that are likely to be key 

elements that govern sensorimotor processing, i.e. attention and goal 

directed behavior.    

It has long been observed that perception can only accommodate a 

fraction of stimuli that impinge on bodily sensors at any give time, that 

perceived sensory events are selected according to their level of interest, and 

that the selection process, i.e. attention, involves both enhanced saliency of 

relevant stimuli and decreased saliency of irrelevant stimuli (James, 1890; 

Reynolds and Chelazzi, 2004). Clearly, the manipulation of stimulus saliency 

can be carried out overtly by positioning sensor organs to improve their 

response to stimuli of interest while simultaneously avoiding uninteresting 

stimuli. An obvious example of this is foveating to interesting visual stimuli, 

which places other stimuli in lower resolution areas of the retanae. 

Additionally it has also long been recognized that attentional selection can be 

carried out covertly (James, 1890), i.e. stimuli could be brought into 

perceptual focus without overt movement of sensor organs. However, covert 

attentional selection of certain stimuli almost always has to be accompanied, 

simultaneously, by some degree of overt attention toward stimulation that 
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signals placement of sensor organs (James, 1890). The reasoning for this is 

rather clear because positioning of the sensor becomes a crucial part of the 

task that is independent of increasing the saliency of select peripheral visual 

stimuli, thus, both processes are of interest, e.g. in a visual task that requires 

maintenance of a certain eye position while evaluating a stimulus located in 

the peripheral visual field there is stimulation that signals the correct eye 

position (whether it be a visual cue or proprioceptive feedback) as well as the 

peripheral stimulus and are both relevant to successful completion of the 

task. 

There is emerging physiological evidence that supports the 

sensorimotor nature of attention observed by Helmholtz. Areas of the cortex, 

i.e. lateral intraparietal area, frontal eye field, and superior colliculus which 

have long been known to be involved in the planning, execution, and tracking 

of eye movement (Andersen et al., 1997) have been found to be deeply 

involved in attentional processing (Gottlieb, 2007). In Helmholtz’s case overtly 

attending to features of the 2D stereoscopic drawing only allowed him to 

catch random unstable glimpses of the 3D image. This strategy was most 

likely unsuccessful because it only gave priority to sensory cues when 

evaluating the drawings, which only solves half of the problem. Stable 

rendering the 3D image not only requires one to attend to certain visual cues 

it also requires one to produce convergent eye positions are not overtly 

directed to, or focused on, any single point in the drawings. In other words the 
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task requires one to attend to a specific sensorimotor event. Having a few 

brief glimpses of the correct sensorimotor pattern allowed Helmholtz to focus 

attention on the sensorimotor percept (in the manner described by “body 

schema” or “haptic touch”) thus facilitating the appropriate sensory and motor 

activation necessary to move the eyes and render sensation of the 3D image. 

Final Words 
 
 Despite our meager understanding of how sensorimotor processing 

works to coordinate movement, sensation, and perception in light of 

behavioral context there has been progress in revealing the form of 

physiological involvement through reciprocal interactions of sensory and 

motor signals that are prioritized according to task-relevance. Clearly, with 

such vast complexity and so little knowledge there is a high propensity for, 

and long historical tradition of, false generalization, which warrants 

consideration of more than just the theoretical form of sensorimotor 

interactions, i.e. they need to be explained with biophysical precision.     
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