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Procedures that reliably evoke cutaneous pain in humans (i.e., 5--7 s
skin contact with a 47--51 C̊ probe, intradermal algogen injection)
are shown to decrease the mean spike firing rate (MFR) and degree
to which the rapidly adapting (RA) neurons in areas 3b/1 of squirrel
monkey primary somatosensory cortex (SI) entrain to a 25-Hz
stimulus to the receptive field center (RFcenter) when stimulus
amplitude is ‘‘near-threshold’’ (i.e., 10--50 mm). In contrast, RA
neuron MFR and entrainment are either unaffected or enhanced by
47--51 C̊ contact or intradermal algogen injection when the
amplitude of 25-Hz stimulation is 100--200 mm (suprathreshold).
The results are attributed to an ‘‘activity dependence’’ of g-amino-
butyric acid (GABA) action on the GABAA receptors of RA neurons.
The nociceptive afferent drive triggered by skin contact with a 47--
51 C̊ probe or intradermal algogen is proposed to activate
nociresponsive neurons in area 3a which, via corticocortical
connections, leads to the release of GABA in areas 3b/1. It is
hypothesized that GABA is hyperpolarizing/inhibitory and sup-
presses stimulus-evoked RA neuron MFR and entrainment when-
ever RA neuron activity is low (as when the RFcenter stimulus is
weak/near-threshold) but is depolarizing/excitatory and augments
MFR and entrainment when RA neuron activity is high (when the
stimulus is strong/suprathreshold).

Keywords: bipolar GABA action, interareal interactions,
mechanoresponsivity, pain--touch interaction, primary somatosensory
cortex, vibrotactile frequency discrimination

Introduction

Human studies (healthy subjects—Apkarian et al. 1992, 1994;

Maxfield and Bolanowski 1994, 1995; Bolanowski 1996;

Bolanowski et al. 2000, 2001 chronic pain patients—Hollins

et al. 1996, 2001; Hollins and Sigurdsson 1998) have demon-

strated that clinical pain or experimentally evoked nociceptor

afferent activity is accompanied by significant degradation not

only of the perceptual abilities to detect vibrotactile stimula-

tion but also to discriminate vibrotactile stimuli that differ only

in frequency. Consistent with these observations are results

indicating that pain or skin nociceptor afferent drive is

accompanied by ‘‘suppression/inhibition’’ of the primary

somatosensory cortical (SI) response to skin stimuli that

preferentially activate rapidly conducting (Ab) mechanorecep-

tive afferents. As examples, Tran et al. (2003) observed that

painful electrical stimulation of the skin is accompanied by

a decreased amplitude of the early magnetic fields evoked in SI

by electrical stimulation of Ab afferents, and Apkarian et al.

(Apkarian et al. 1992, 1994) used functional imaging methods

to show that the human contralateral SI response to a spatially

discrete tactile stimulus is reduced in the presence of thermal

pain experienced at the same or a nearby skin site. Also

consistent with the idea that pain/nociceptive afferent drive

exerts a suppressive/inhibitory effect of pain on the SI

response to Ab mechanoreceptor afferent drive is the finding

that transection of the spinothalamic tract at a cervical level of

the spinal cord in patients with chronic pain is followed not

only by pain relief but also by an increase of the amplitude of

the short-latency potentials evoked in the contralateral areas

3b and 1 by stimuli that selectively activate Ab afferents (Rosso

et al. 2003).

Observations reported in other human studies make it clear,

however, that the effects of pain/nociceptor afferent drive on

tactile perception and central nervous system (CNS) process-

ing/representation of tactile stimuli are not explicable solely in

terms of pain/nociceptor-evoked central inhibition. As exam-

ples, laser-applied stimuli which evoke activity in nociceptive

skin afferents facilitate the SI magnetoencephalographic re-

sponse to Ab afferent input (Ploner et al. 2004); tactile

‘‘hyperesthesia’’ occurs in normal healthy subjects following

an exposure to experimentally induced skin pain (Svensson

et al. 1998); perceptual responsivity to localized mechanical

skin stimulation is increased in the presence of temporoman-

dibular joint pain (Ayesh et al. 2007) or after third molar

extraction (Eliav and Gracely 1998); the SI functional magnetic

resonance imaging (fMRI) response to a spatially localized

tactile stimulus is increased following intradermal capsaicin

injection in normal subjects (Iadarola et al. 1998; Baron et al.

1999, 2000; Maihofner et al. 2004, 2005; Peyron et al. 2004);

and finally, although both fMRI activity in contralateral SI

somatosensory cortex and vibrotactile sensitivity on the fore-

arm decrease substantially and significantly during painful

thermomechanical contact of a small (21 mm2) region on the

hand, painful thermomechanical contact with a more extensive

(1074 mm2) area on the hand is accompanied by increased

fMFRI activity in the contralateral SI and, also unlike the

decrease of vibrotactile sensitivity obtained with localized

painful thermomechanical contact, vibrotactile sensitivity in

the presence of such large-area thermomechanical contact is

unchanged (Apkarian et al. 2000).

The experiments described in this paper were undertaken in

an attempt to obtain information that would enable straight-

forward neuromechanistic explanation of the above-described

diverse and seemingly conflicting effects of pain/nociceptor

afferent drive on the SI response to tactile stimulation and

tactile perception. More specifically, the experiments of the

present study sought to evaluate the possibility that the effect

of pain/nociceptor afferent drive (suppression or enhance-

ment) on the SI response to Ab mechanoreceptor afferent
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drive, and thus on tactile perception, might depend on the

parameters of the mechanical skin stimulus. The present study

focused on stimulus strength/intensity as a possible determi-

nant of the sign/polarity of cortical tactile--pain interaction. To

this end, we evaluated the impact of 2 manipulations (i.e., 5--7 s

skin contact with a 47--51 �C probe—Li et al. 2001, 2002;

intradermal algogen injection—Szolcsanyi 1987; LaMotte et al.

1992; Torebjork et al. 1992; a,b-methylene-adenosine 5#-
triphosphate—Hamilton et al. 1999, 2000, 2001) on the

response of SI cortical cutaneous mechanoresponsive neurons

to near-threshold versus suprathreshold vibrotactile (25 Hz)

stimulation of the receptive field (RF).

Some of the findings were described previously in pre-

liminary communications (Li et al. 2001, 2002; Lee et al. 2009;

Whitsel, Favorov, Li, Lee, and Tommerdahl 2009).

Materials and Methods

Subjects
An institutional review committee reviewed all procedures involving

animal subjects in advance of the initiation of experiments. All

procedures were in full compliance with National Institutes of Health

policy on animal welfare. Subjects were 10 adult male and female

squirrel monkeys (Saimiri sciureus).

Subject Preparation
General anesthesia was induced with 4% isofluorane in a 50/50 mixture

of oxygen and N2O. Following tracheal intubation the anesthetic gas

mix (1--3% isofluorane in a 50/50 mixture of oxygen and N2O) was

delivered via an anesthesia machine (Forreger Compac-75) connected

via flexible tubing to the tracheal cannula. A polyethylene cannula

inserted into the hindlimb femoral vein enabled administration of

drugs, glucose (5%), and electrolytes (0.9% saline). Methylprednisolone

sodium succinate (20 mg/kg) and gentamicin sulfate (2.5 mg/kg) were

injected intramuscularly to protect against cerebral edema and

bacterial septicemia, respectively.

A trephine and rongeurs were used to make a 1--1.5 cm2 opening in

the skull overlying SI cortex. A Lexan recording chamber was placed

over the opening and attached to the skull with dental acrylic. Wound

margins outside the recording chamber were infiltrated with a long-

lasting local anesthetic (Cetacaine) and closed with sutures, the dura

overlying SI was incised and removed, and skeletal neuromuscular

transmission blocked using intravenous (i.v.) Norcuron (loading dose:

0.25--0.5 mg/kg; maintenance dose: 0.025--0.05 mg/kg/h).

Following completion of the above-described surgical procedures

a 50/50 mix of N2O and oxygen was delivered to the subject via

a positive pressure ventilator. The concentration of isofluorane in the

anesthetic gas mix was adjusted as needed (typically to values between

0.5% and 1.0%) to ensure that heart rate, blood pressure, and the slow-

wave content of the electroencephalogram remained at values

consistent with general anesthesia. End-tidal CO2 was maintained

between 3.0% and 4.5% by varying the rate and depth of ventilation;

rectal temperature was monitored (using a rectal probe) and

maintained between 36.5 and 38 �C using an electronically controlled

heating pad that remained in contact with the subject’s abdomen and

chest throughout the experiment. Euthanasia was accomplished by i.v.

injection of pentobarbital (50 mg/kg) and by intracardial perfusion

with saline followed by fixative (10% formalin).

Thermotactile Stimulation
The stimulator used in all experiments (CS-540 Thermo-Vibrotactile

Stimulator, Cantek Enterprises) enables concurrent delivery of pre-

cisely controlled thermal and vibrotactile stimulation to a discrete skin

site. Stimulator contact with the subject’s skin was via the tip of

a cylindrical metal contactor probe (5-mm diameter). Stimulator probe

temperature was altered and maintained at an investigator-specified

value by varying the flow rates (via software-controlled valves) of hot

and cold water from 2 constant-temperature baths (RTE-211, Netlab

Inc.) connected to the stimulator via insulated tubing.

The long axis of the stimulator probe was positioned perpendicular

to the skin with the tip at a position ~5 mm above the skin site to be

stimulated. Only after heating the probe to the desired temperature did

the stimulator’s control system advance the probe to indent the skin by

~1 mm. Following 50--100 ms of stationary contact at this depth,

sinusoidal vertical oscillation of the probe was initiated at a frequency

of 25 Hz. The peak-to-peak amplitude of the oscillation was

investigator-specified—in the experiments described in this paper,

25-Hz vertical displacement stimulation was applied to the neuron’s

receptive field center (RFcenter) at 1--4 amplitudes selected from within

the range of 10--200 lm. The probe remained in contact with the skin

throughout each stimulus trial (typically 5 s). All stimuli were delivered

to a site on the contralateral volar hand.

Throughout the period of 25-Hz stimulation, the temperature of the

stimulator probe was maintained at: 1) a temperature between 25 and

38 �C—normal conscious human subjects experience static 5--7 s probe

contact with the skin at a temperature within this range as

‘‘thermoneutral’’/‘‘nonpainful’’ and assign the sensation a value of ‘‘0’’

using a 10-point pain rating scale where 0 indicates no pain and 10

indicates unbearable pain; 2) 47 �C—subjects rate 5--7 s static probe

contact with the skin at this temperature as ‘‘warm/marginal pain,’’

corresponding to values between 1 and 2 using the same pain rating

scale; 3) 48 �C—probe contact with the skin for 5--7 s at this

temperature is rated by conscious subjects as ‘‘marginally painful’’ and

assigned a value between 2 and 3; or 4) a temperature between 49 and

51 �C—contact at a temperature within this range is rated as

‘‘moderately painful’’ and assigned a value between 4 and 5 (Vierck

et al. 1997; Whitsel, Favorov, Li, Quibrera, and Tommerdahl 2009).

The stimulator probe was retracted to a position ~5 mm above the

skin and maintained at that position: 1) for 30 s after each 5- to 7-s

stimulus trial delivered during the CONTROL, TEST, and RECOVERY

phases (each phase consisted of 4--6 trials) of the 2 stimulation

protocols (described in subsequent section entitled ‘‘stimulation

protocols’’) and 2) for 3 min after the last trial of the CONTROL, TEST,

and RECOVERY phases of the protocol. Successive stimulation

protocols were separated by an interval of at least 5 min during which

no stimuli were presented. When delivered to a site on the skin of the

distal forearm or hand of the authors, the protocols/stimuli described

in this paper never evoked escape, persisting alterations of tactile

sensation, or visually apparent skin damage. A time-of-day referenced

digital record (sampling rate 20 KHz) of probe position, probe

temperature, and neuronal spike firings was created for each

experiment and stored as an electronic file.

OIS Imaging
The near-infrared optical intrinsic signal (OIS) imaging method, used

previously by the authors to study the SI cortical response to

nonnoxious mechanical and noxious skin heating stimulation

(Tommerdahl et al. 1996, 1998, 1999), was used in the initial phase

of all experiments. The OIS images generated in this way guided

placement of the microelectrode penetrations performed in the

subsequent neurophysiological recording phase of the experiment.

Availability of images of the OIS response of the subject’s SI cortex to

the same stimulus conditions used to study the spike firing response of

individual SI mechanoresponsive neurons ensured that extracellular

recordings of spike discharge activity were obtained from neurons in

the cortical region which in that subject responded maximally to 25-Hz

vibrotactile stimulation.

Neurophysiological Recording

Electrodes, Recording Conditions

Extracellular recordings of the spike discharge activity of single

neurons or small SI neuron groupings (typically consisting of the

activity of 2--5 neurons) were obtained using electrolytically etched,

glass-insulated tungsten wires (impedance 300--500 kX at a test

frequency of 10 kHz). To minimize the cortical and vascular move-

ments associated with the cardiac and respiratory cycles, each
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microelectrode penetration was carried out under ‘‘closed-chamber’’

conditions—achieved by filling the recording chamber with artificial

cerebrospinal fluid and hydraulically sealing it with a glass plate

containing an ‘‘o-ring’’ through which the microelectrode was advanced

under direct visual control.

Neuron Classification

Of the multiple classes of cutaneous mechanoresponsive neurons that

occupy areas 3b and 1, only those neurons dominated by input from the

RA-I class of rapidly adapting skin afferents (i.e., identified as ‘‘RA’’

neurons in this paper) were targeted for in-depth evaluation. The

authors view restriction of the analyses described in this paper to the

spike train activity of members of this SI neuron subpopulation as

consistent with our goal of improving the currently deficient neuro-

mechanistic understanding of the impact of pain on tactile perception.

Particularly influential in this decision were published findings that

have established that: 1) it is the spike discharge activity of the SI RA

neurons which underlies the perceptual abilities of humans and animal

subjects to discriminate vibrotactile stimuli differing solely in fre-

quency within the frequency range 10--50 Hz (Mountcastle et al. 1969,

1990; LaMotte and Mountcastle 1975, 1979; Hernandez et al. 2000) and

2) either clinical pain or experimentally induced nociceptor afferent

drive degrades the normal human capacities not only to detect but also

to discriminate 10- to 50-Hz vibrotactile stimulation (Apkarian et al.

1992, 1994; Maxfield and Bolanowski 1995; Bolanowski 1996; Hollins

et al. 1996, 2001; Hollins and Sigurdsson 1998; Bolanowski et al. 2000,

2001).

Skin mechanoresponsive SI neurons were identified initially using

handheld mechanical ‘‘search’’ stimuli (e.g., skin brushing, tapping,

vibration, and static skin indentation). Only after positive identification

of a neuron as a member of the RA class of SI mechanoresponsive

neurons (Sur et al. 1984; Bensmaia et al. 2006) was the thermo-

vibrotactile stimulator set up and employed to deliver series of

precisely controlled static indentation stimuli to the skin site identified

as the neuron’s RFcenter. The neuronal spike activity evoked by such

stimuli enabled confirmation/rejection of the investigator’s initial

classification based on the neuron’s response to handheld mechanical

stimuli.

Stimulation Protocols

The Standard 3-Phase Protocol

Three series of 25-Hz vibrotactile stimuli were delivered using this

protocol. All stimuli (typically 4--6) in the initial series (CONTROL)

were delivered with the stimulator probe preheated to 38 �C. Next,

a second series (TEST) of stimuli identical in all respects except one

was delivered to the same skin site—that is, during this second series of

stimuli the probe of the stimulator was maintained at a temperature

selected from within the range 47--51 �C. A final (third; RECOVERY)

series of stimuli then was reapplied to the same site with the stimulator

probe again at 38 �C. In all trials and in all phases of this protocol, the

same duration of 25-Hz stimulation was used, and a 30-s interstimulus

interval always separated successive control, test, or recovery stimuli. A

3-min no-stimulus delay separated the CONTROL, TEST, and RE-

COVERY series of stimuli delivered in the same run.

The Multiple Amplitude Protocol

The effect of noxious skin heating on the response of a limited sample

(n = 12) of RA neurons to 25 Hz stimulation of the RFcenter was studied

using a protocol substantially more lengthy than the above-described

3-phase (standard) protocol. Like the standard protocol, the multiple-

amplitude protocol delivered 25-Hz stimuli to the RFcenter at a probe

temperature selected from within the range 25--38 �C and also between

47 and 51 �C. Unlike the standard protocol, the multiple-amplitude

protocol delivered 25-Hz stimulation to the RFcenter at each of a series

of amplitudes (typically 3--5) that included near-threshold as well as

suprathreshold values. The different amplitudes of 25-Hz stimulation

were delivered in randomized order in the CONTROL, TEST, and

RECOVERY phases of this protocol.

Neural Data Analysis
Custom-made software allowed postexperimental display and review of

the digital records of neuronal spike firing and stimulator events

collected and stored during an experiment. The spike firing activity was

reviewed using a high-resolution monitor, and the activity attributed to

individual (SU) or small neuron groupings (MURs) was discriminated on

the basis of amplitude using voltage windows. Multiple (typically 2--3)

nonoverlapping voltage windows were identified at each recording

site. An output data file registered the times of occurrence of the action

potentials falling within each voltage window and also the times

of specific stimulator events (onset and offset of each sinusoidal

cycle, etc.).

2 aspects of SI neuron spike discharge activity were evaluated: 1)

mean spike firing rate (MFR) per second and 2) entrainment (‘‘R’’; for

description of the method for calculation of R see Whitsel, Favorov

et al. 2000; Whitsel, Kelly et al. 2000; Whitsel et al. 2001, 2003). The R

measure quantifies the extent to which spike discharge is phase-locked

to the sinusoidal motion of the stimulator: the value of R can vary

between 0, indicating random organization of spike discharge activity

within the stimulus cycle, and 1, indicating perfect entrainment to the

sinusoidal stimulus.

Intradermal Injection of Algogen
Extracellular recordings of the spike firing of mechanoresponsive

SI neurons evoked by precisely controlled mechanical skin stimulation

and in the absence of intentional stimulation were obtained before,

during, and subsequent to the highly selective skin C-nociceptor

afferent activation elicited by intradermal injection (using a 29-gauge

hypodermic needle and 0.5-mL syringe) of 10--20 lL of a 1% capsaicin

solution (LaMotte et al. 1992; Torebjork et al. 1992) or 50--100 lL of a

5 mM solution of a b me ATP in saline (Hamilton et al. 1999, 2000,

2001). The needle was inserted into a skin site 4--10 mm away from the

neuron’s RFcenter 15--20 s prior to the infusion of algogen. The infusion

required <5 s to complete, after which the needle was withdrawn. The

same protocols used to characterize the response of an RA neuron to

25-Hz stimulation of the RFcenter prior to algogen injection were used

repetitively to: 1) assess the effect, if any, of algogen on that same

neuron’s response to such stimulation and 2) evaluate the time course

of that effect.

Histological Procedures/Identification of Cytoarchitectural
Boundaries
Following tissue fixation, the SI region traversed by each microelec-

trode was serially sectioned at 30--60 lm in the sagittal plane. The

sections were stained with cresyl fast violet and inspected microscop-

ically to distinguish anterior parietal regions on the basis of established

cytoarchitectonic criteria (Powell and Mountcastle 1959; Jones and

Porter 1980; Sur et al. 1982). Microscopic examination of the

histological sections revealed the locations of microelectrode tracks

and electrolytic lesions. The laminar locus, at which a recording of spike

discharge activity was obtained, was determined for the majority of

recordings of RA neuron activity (47/64) based on the micrometer

reading on the microdrive used to advance the electrode to that location.

For the remaining recordings (n = 17), the site of the electrode tip was

marked immediately after completion of data collection by passing 1.5--

5.0 lamps of DC current through the electrode, creating a discrete

electrolytic lesion that subsequently could be identified by microscopic

examination of the Nissl-stained histological sections (Fig. 1B). While the

great majority (51/64 = 79.7%) of RA neurons that were studied were

located in the middle cortical layers (layers III--V), neurons in layer II (n =
4) and layer VI (n = 9) also were studied.

Results

RA Neuron Identification

Figure 1A shows for each microelectrode penetration that

yielded recordings of stimulus-evoked RA neuron spike

discharge activity (n = 15), the locus at which each penetration
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made initial contact with the cortical surface. Each penetration

was inserted so that it traversed the localized (1- to 2-mm

diameter) zone in the hand representational region of area

3b or area 1 of the contralateral hemisphere that underwent

the maximal increase in light absorbance (wavelength 830 nm;

‘‘near-infrared’’) in response to the 5--7 s 25-Hz vibrotactile ‘‘OIS

mapping’’ stimulus. Each microelectrode penetration per-

formed in the experiments described in this paper was placed

within the SI region that underwent the maximal OIS in

response to 25-Hz vertical skin displacement stimulation of

a discrete (5-mm diameter) site on the skin of the contralateral

hand. Because the magnitude of the OIS that develops in SI in

response to an adequate stimulus is highly correlated with the

magnitude of the stimulus-evoked increase of SI neuron spike

firing activity (Tommerdahl et al. 1996, 1998, 1999; Whitsel,

Favorov et al. 2000), use of this approach ensured that the

RFcenter of the great majority of the neurons encountered by

the microelectrode corresponded to the skin site contacted by

the stimulator probe. When it was ascertained that the RFcenter
of a neuron deviated from the locus of the ‘‘mapping stimulus,’’

the position of stimulator probe was shifted (using a

microdrive-controlled 3-axis positioner) so that the 25-Hz

stimulus was delivered to the RFcenter.

The microelectrode penetrations indicated in Figure 1A

yielded, in addition to recordings of RA neuron activity, some

recordings of the spike firing of slowly adapting (SA)

mechanoresponsive SI neurons. Although the impact of

elevating stimulator probe temperature to 47--51 �C on the

response of SA neurons to 25-Hz stimulation of the RFcenter also

was evaluated using the same protocols used to study RA

neuron spike firing behavior (the ‘‘standard’’ and ‘‘multiple

amplitude’’ protocols; see Materials and Methods), description

of observations obtained from SA neurons will be presented in

a separate paper.

At each cortical site where the spike firing evoked by

handheld mechanical search stimulation appeared consistent

with the behavior of RA neurons (i.e., high sensitivity and

reliable elevation of MFR in response to periodic mechanical

skin stimulation, rapid adaptation of the MFR response to

static contact within the RF, transient elevation of MFR to

both the onset and removal of probe contact with the RF,

and limited and spatially continuous RF), mechanical skin

contact elicited above-background spike discharge across

well-defined and spatially continuous regions on the glabrous

skin of the contralateral hand. After determining that the

spike activity derived either from an individual or a small

grouping (2--5) of RA neurons, the laboratory’s thermo-

vibrotactile stimulator (described in Materials and Methods)

was set up and used to deliver sinusoidal 25-Hz vertical skin

displacement stimulation to the skin site identified as the

RFcenter of the responding neuron/neuronal grouping. For

each such recording, the RFcenter was a skin locus from which

transient skin contact reliably triggered the most prominent

elevation of MFR.

Evaluation of the Effects of 47--51 �C Skin Contact

Effects on the Response of an Exemplary RA Neuron to

Near-Threshold Stimulation of the RFcenter

The spike train records in part A of Figure 2 show that the MFR

response of this area 3b RA neuron to 50 lm 25-Hz stimulation

with the stimulator probe at 48 �C (trials #7--#12; the ‘‘TEST’’

trials) is substantially smaller than the response obtained in the

‘‘CONTROL’’ trials (#1--#6; the initial set of trials during which

probe temperature was 38 �C). Furthermore, visual examina-

tion of the spike trains in Figure 2A reveals that although the

magnitude of the suppression of MFR that accompanied 48 �C
probe contact with this RA neuron’s RFcenter increased

progressively after the onset of each trial, the suppression of

MFR did not persist beyond the 30 s no-stimulus period that

separated successive TEST trials (i.e., stimulus-evoked MFR

during the initial 1--2 s of each TEST trial is the same as during

the CONTROL trials).

The peristimulus time (PST) histograms and difference PST

histograms (DPSTs) shown in Figure. 2B provide quantitative

confirmation of the suggestion (derived from visual inspection

of the spike trains in panel A of Fig. 2) that the suppressive

influence of 48 �C probe contact on this RA neuron’s MFR

response to 25-Hz stimulation: 1) increased progressively with

increasing time after the onset of each TEST trial (in trials #7--

#12) and 2) is no longer apparent in the trials carried out

subsequent to the exposure to 48 �C probe contact with the RF

(during the RECOVERY trials; i.e., trials #13--#18).

In addition to undergoing a substantial decrease of the MFR

associated with near-threshold 25-Hz stimulation of the

RFcenter when the temperature of the stimulator probe was

increased to 48 �C, the RA neuron that yielded the

observations shown in Figure 2 also underwent a substantial

Figure 1. SI recording sites. (A) A photograph of surface of squirrel monkey right hemisphere. Each dot in the vicinity of the lateral end of the central sulcus (CS) shows location
of microelectrode penetration that yielded recordings of area 3b/1 RA neuron spike discharge activity evoked by 25-Hz stimulation of the RFcenter in the absence and presence of
skin nociceptor afferent drive. LF, lateral fissure. (B) Microphotograph showing entry point (small arrow) and intracortical path (radially oriented track below small arrow) of
penetration that yielded extracellular recordings of RA neuron spike discharge activity. Large filled arrow indicates location of boundary between areas 3b and 1.
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degradation of its ability to signal stimulus frequency using

a periodicity code. More specifically, the degree to which the

spike activity of this neuron entrained to the 25-Hz stimulus

in the trials in which the temperature of the probe was 48 �C
(trials #7--#12) is considerably less than the degree of

entrainment measured in the CONTROL trials (#1--#6)—see

circular histograms and associated R values in part C of

Figure. 2. Interestingly, this exemplary RA neuron’s entrain-

ment to 25-Hz stimulation did not recover immediately

following the TEST trials—that is, entrainment to 25-Hz

stimulation during the RECOVERY trials shown in Figure. 2

did not, as did stimulus-evoked MFR, recover to the values

obtained in the CONTROL trials. Instead, the degree of this

neuron’s entrainment to 25-Hz stimulation remained sub-

normal for ~10 min after completion of the RECOVERY trials

shown in Figure 2.

The majority (23/35 = 65.7%) of the RA neurons studied in

the manner shown in Figure 2 exhibited a persisting suppres-

sion of their stimulus-evoked response after the exposure to

47--51 �C skin contact, but because this behavior varied

Figure 2. Response of exemplary area 3b RA neuron to 38 �C versus 48 �C near-threshold 25-Hz stimulation of the RFcenter. (A) Raster-type plot showing spike trains
recorded during (0--5 s) and following (5--15 s) 18 applications (trials) of a 25 Hz, 50 lm amplitude stimulus to the RFcenter. Probe temperature during trials #1-#6 and
#13-#18 was 38 �C; 48 �C during trials #7-#12. Vertical line at 5 s indicates time in each trial when stimulator probe retracted to a position 5 mm above the RFcenter.
(B) Top: superimposed PST histograms showing mean spike firing rate (MFR) during trials #1-#6 (shaded) and trials #7-#12 (open). Middle: difference PST histogram
(DPST) showing difference between MFRs recorded during trials #7-#12 and #1-#6 (PST7--12 � PST 1--6). Bottom: DPST showing difference between MFRs recorded
during trials #13-#18 and #1-#6 (PST13-18 -- PST1-6). (C) Circular histograms showing distribution within stimulus cycle of spike firings recorded during CONTROL (left),
TEST (center), and RECOVERY trials (right).
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substantially from one neuron to the next (e.g., for some

neurons both MFR and entrainment remained suppressed

following the exposure to heated skin contact; for others only

entrainment remained suppressed), no attempt was made to

quantify this aspect of the RA neuron response to 47--51 �C
skin contact.

Effects on the Response of the Same Exemplary RA Neuron to

Suprathreshold Stimulation of the RFcenter

The spike train observations and histograms in Figure 3 were

obtained at a later time from the same exemplary RA neuron

(at ~20 min after completion of the RECOVERY trials illustrated

in Fig. 2). Unlike the substantial suppression of this neuron’s

MFR and entrainment to 25-Hz stimulation of the RFcenter that

occurred when the 48 �C stimulus was near-threshold (50 lm;

see Fig. 2), when the amplitude of the 25-Hz stimulus was

suprathreshold (200 lm) and delivered at a probe temperature

of 48 �C (in trials #6--#12 of Fig. 3A) neither stimulus-evoked

MFR nor the degree to which spike activity entrained to the

stimulus differed significantly from the values obtained in

the 38 �C CONTROL trials. More specifically, increasing the

amplitude of the 25-Hz stimulus to 200 lm eliminated

the prominent suppression by 48 �C skin contact of this

exemplary RA neuron’s MFR and entrained responses to 25-Hz

stimulation to the RFcenter that occurred when the stimulus

amplitude was 50 lm (cf. Figs 2 and 3).

Figure 3. Effect of 48 �C skin contact on response of exemplary area 3b RA neuron to suprathreshold 25-Hz stimulation of the RFcenter. Same RA neuron, stimulation protocol,
and format as in Figure 2. Observations were obtained using a suprathreshold amplitude of 25-Hz stimulation (i.e., 200 lm rather than the 50 lm amplitude used to obtain the
data in Fig. 2).
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Time Course of the Effect of 47--51 �C Contact on the

MFR Response of SI RA Neurons to Near-Threshold

25-Hz Stimulation of the RFcenter

The plot of DMFR versus time in Figure 4 shows the average

across-RA neuron (n = 35) alteration of MFR that occurred

when the temperature of the probe used to deliver 25-Hz

stimulation to the RFcenter was increased from a value between

25 and 38 �C to a value between 47 and 51 �C. For each of the

35 RA neurons that were studied using the standard 3-phase

stimulation protocol, the MFR observed during each successive

150-ms interval during the 15-s period after stimulus onset in

the CONTROL trials (averaged across trials) was subtracted

from the MFR during the same temporal interval in the TEST

trials. Accordingly, a negative DMFR value in the plot in

Figure. 4 indicates that during this temporal interval RA neuron

MFR was suppressed, whereas a positive DMFR value indicates

that RA neuron MFR was enhanced.

The principal attributes of the effect of skin contact with

a 47--51 �C probe on the SI RA neuron MFR response to near-

threshold (10--50 lm) 25-Hz stimulation of the RFcenter are as

follows (see Fig. 4). First, the MFR response of RA neurons to

near-threshold 25-Hz stimulation underwent a significant

suppression (P < 0.001) during the period of 47--51 �C probe

contact with the RFcenter (see also Fig. 5A). Second, sub-

sequent to termination (at 5 s) of the exposure to the near-

threshold 47--51 �C 25-Hz stimulus, MFR initially remained

below-normal for ~3.8 s after the probe was removed from

the skin (relative to the MFR observed during the same

temporal interval in the CONTROL trials; estimated using the

X-intercept of the regression equation for the data obtained

between 5 and 10 s after stimulus onset; P < 0.0001) but

thereafter underwent a transient facilitation before reattain-

ing values similar to those observed at the corresponding time

in the CONTROL trials.

Amplitude-Dependence of the RA Neuron Response

Modifications that Accompany 25-Hz Stimulation with

a 47--51 �C Probe

The across-neuron distribution (for the 35 RA neurons in the

sample; barplots on left in Fig. 5A) of the alterations of MFR and

entrainment (R) reveals that when the 25-Hz stimulus to the

RFcenter was near-threshold (10--50 lm) and applied with a

47--51 �C probe, most RA neurons in the sample underwent

a substantial suppression of both MFR and entrainment

R (relative to the values of MFR and R obtained when the

probe was maintained at a temperature between 25 and 38 �C).
Both the suppression of MFR and R associated with 47--51 �C
probe contact is highly significant: that is, average DMFR =
–0.31, the 99% confidence interval extending from –0.46 to

–0.16 and average DR = –0.39, the 99% confidence interval

extending from –0.54 to –0.25.

In striking contrast, when the amplitude of the 25-Hz

stimulus was suprathreshold (100--200 lm; barplots on left of

Fig. 5B) and applied with the probe at 47--51 �C, relatively few

of the RA neurons underwent a suppression of either MFR or R.

Furthermore, comparison of the barplots on the left of Figure 5

reveal that in those relatively few instances when a suppression

of RA neuron MFR and R did accompany suprathreshold (100--

200 lm) 25-Hz stimulation at 47--51 �C (plots on left of Fig. 5B),

the magnitude of the suppression was smaller than when the

25-Hz stimulus was near-threshold (10--50 lm; plots on left of

Fig. 5A). Overall, the effect of 47--51 �C skin contact on RA

neuron MFR and entrainment to suprathreshold stimuli was

facilitatory, although this effect was not statistically significant.

More specifically, average DMFR was +0.08, the 99% confidence

interval extending from –0.09 to +0.24 and average DR was

+0.04, the 99% confidence interval extending from –0.08 to

+0.15. When evaluated using the paired T-test, the difference in

the effect of 47--51 �C probe contact on the RA neuron

response to near- versus suprathreshold 25-Hz stimulation of

the RFcenter was statistically significant for both MFR (P <

0.001) and entrainment (P < 0.05).

The RECOVERY trials following the noxious-heat TEST

phase of the stimulation protocol (during which the stimuli

were again applied with a 38 �C probe) confirm that

suppression of RA neurons’ responses to near-threshold stimuli

during TEST trials is due specifically to the high probe

temperature (see panels on right in Fig. 5). Thus, for the

near-threshold RECOVERY trials, the average DMFR = 0.04

(±0.17 for the 99% confidence interval) and the average DR =
–0.04 (±0.12 for the 99% confidence interval), which means

that statistically the RECOVERY responses are not different

from the CONTROL responses.

Effects of Intradermal Algogen Injection

Intradermal Injection of Capsaicin

The firing rate histogram in Figure 6A shows the ‘‘spontaneous’’

spike discharge activity of an area 3b RA neuron recorded in

the absence of intentional mechanical skin stimulation before,

during (at arrow labeled CAP), and for 23 min after the

intradermal injection of capsaicin (CAP) at a skin site located ~8
mm from the neuron’s RFcenter. This RA neuron, like the other 8

RA neurons studied in the same way, exhibited 1) a large, but

transient (persisting for ~15 s) increase in MFR after the

injection (postinjection peak MFR is >43 the MFR recorded

Figure 4. Effect of 47--51 �C contact on RA neuron MFR response. Average across-
RA neuron (n 5 35) MFR alteration (DMFR) during and following onset of 47--51 �C
near-threshold (50 lm) 25-Hz stimulation of the RFcenter. Solid line superimposed on
data points between 5 and 10 s is best fitting linear regression line. X-intercept of
regression equation 5 8.8 s (i.e., full recovery of spontaneous/poststimulus RA
neuron MFR to values matching those obtained prior to the exposure to 47--51 �C skin
heating did not occur until 8.8 s after the exposure was terminated). Error bars are
±1 standard errors of the mean.
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prior to the injection) and 2) a secondary, but relatively minor

elevation of MFR at ~12--15 min after the injection.

Figure 6B shows the average magnitude and time course of

the effect of intradermal capsaicin injection on RA neuron MFR

in the absence of intentional mechanical skin stimulation. The

dotted line shows normalized data obtained from 9 RA

neurons—that is, maximal postinjection MFR for each neuron

was set = 1.0, and MFR at all other time points is expressed as

a fraction of that value. This plot not only confirms that

intradermal capsaicin injection is followed by a rapid and

vigorous increase of RA neuron activity but also, in addition,

reveals that the initial period of increased spike firing that

follows capsaicin injection wanes quickly (for the 9 RA neurons

studied in this way the capsaicin-evoked increase of MFR

recovered to ½ max at ~11 s after the injection). Moreover,

a second, but much smaller elevation of above-background RA

neuron spike firing occurs between 25 and 40 s after capsaicin

injection (Fig. 6B), and for a prolonged (2--3h) period, the spike

firing of RA neurons remains more irregular /‘‘bursty’’ than it

was before the injection (this latter feature of the RA neuron

Figure 5. Effects of 47--51 �C contact on response of RA neurons to near-threshold versus suprathreshold stimulation of the RFcenter. (A) Top left histogram: Distribution of the
MFR alteration (DMFR) that accompanied near-threshold (10--50 lm) 25-Hz stimulation with the probe at 47--51 �C. DMFR was computed as the average MFR in TEST trials
minus average MFR in CONTROL trials divided by the average MFR in CONTROL trials; that is, magnitude of the MFR alteration is expressed as a fraction of the CONTROL MFR.
Negative/positive value of DMFR indicates that MFR decreased/increased in TEST trials; 0 indicates no change. Top right histogram: DMFR computed as average MFR in
RECOVERY trials minus average MFR in CONTROL trials. Note that unlike the distribution of DMFR on the left, this distribution is centered on 0, indicating no difference between
the average across-neuron MFR for the RECOVERY and CONTROL trials. Bottom left histogram: Distribution of the alteration of R (DR; computed using same approach as that
used to obtain DMFR—see above) that accompanied near-threshold (10--50 lm) 25-Hz stimulation with the probe at 47--51 �C. Bottom right histogram: DR was computed as
average R in RECOVERY trials divided by the average R in CONTROL trials. Unlike the distribution of DR shown at the left, in this case the distribution of DR is centered on
0 (indicating no difference between the average across-neuron R in the RECOVERY and CONTROL trials). All histograms computed from data obtained from the same 35 RA
neurons. (B) Summary of MFR and R observations derived from 24 of the 35 RA neurons whose data are summarized in the histograms in A. Same format as in A. With one
exception, stimulus conditions were the same as those used to obtain the data shown in A: that is, the amplitude of 25-Hz stimulation of the RFcenter was suprathreshold
(100--200 lm).
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response to capsaicin was not evaluated quantitatively). In

striking contrast to the capsaicin-evoked response of area 3b/1

RA neurons, nociresponsive area 3a neuron MFR (see the solid-

line plot in Fig. 6B) increases more slowly, but progressively,

subsequent to intradermal capsaicin injection and requires

a much longer time (~52 s) to recover to ½ max (Whitsel,

Favorov, Li, Quibrera, and Tommerdahl 2009).

Effects of 47--51 �C Skin Contact versus Intradermal

Capsaicin Injection on RA Neurons

Figure 7 compares the effects of 49 �C probe contact (‘‘heat’’;

histograms on the left) and intradermal capsaicin injection

(histograms on the right) on the MFR response of a represen-

tative area 3b RA neuron to near-threshold (50 lm) 25-Hz

stimulation of the RFcenter. It is apparent that for this neuron

both 49 �C probe contact with the RFcenter and intradermal

capsaicin (injected at a site 5 mm proximal to the stimulus site)

resulted in a substantial suppression of the neuron’s MFR

response to the 25-Hz stimulus. The effects on near-threshold

25-Hz stimulation of the RFcenter of 1) 47--51 �C probe contact

and 2) intradermal algogen were compared for 3 other RA

neurons that were studied in the same way as the neuron

whose data are illustrated in Figure 7—for each of these

neurons a substantial suppression of the MFR response to near-

threshold 25-Hz stimulation of the RFcenter resulted either from

47 to 51 �C probe contact with the RFcenter or intradermal

capsaicin injection.

Intradermal Injection of a b me ATP

Figure 8 shows results obtained from an area 1 RA neuron

prior to and after intradermal injection of a different algogen

(a b me ATP) at a site 7 mm from the RFcenter. Like the

approach used to study the effect of intradermal capsaicin on

RA neurons (see Fig. 7), the effect of a b me ATP was

determined 1) in the absence of intentional stimulation (firing

rate histogram at top of Fig. 8) and 2) on the neuron’s

response to near-threshold (50 lm) stimulation of the RFcenter
(PST histograms at bottom). Like the effect of intradermal

capsaicin injection, in the absence of intentional mechanical

skin stimulation, injection of a b me ATP was followed not

only by a brief and vigorous elevation of MFR (rate histogram

at top) but also by a substantial suppression of the neuron’s

MFR response to near-threshold 25-Hz stimulation of the

RFcenter (see superimposed PST histograms—middle panel

and DPST in bottom panel). Similar results were obtained

from 3 other RA neurons studied in the same way (data not

shown).

The Effect of Intradermal Capsaicin Injection on the

RA Neuron MFR Response to 25-Hz Stimulation of the

RFcenter is Amplitude-Dependent

The PST histograms in Figure 9 show the MFR response of

a representative area 3b RA neuron to 25 Hz near-threshold

(25 lm; right column) versus suprathreshold (200 lm; left

column) stimulation of the RFcenter at successive 15-min

intervals during the >75-min period subsequent to the

intradermal injection of capsaicin (at time ‘‘0’’). The injection

was made at a site 10 mm proximal to the RFcenter. These

observations demonstrate that over the entire post-capsaicin

period during which recordings of stimulus-evoked spike

discharge activity were obtained, the MFR response of this RA

neuron to near-threshold 25-Hz stimulation of the RFcenter
remained suppressed (relative to the precapsaicin MFR

response to the same stimulus), whereas over the same time

period this RA neuron’s MFR response to suprathreshold

25-Hz stimulation of the same skin site (the RFcenter) was

enhanced (relative to the precapsaicin response to same-site

200 lm 25-Hz stimulation).

Figure 10 summarizes results obtained from 3 simulta-

neously recorded area 3b RA neurons (differentiated on the

basis of spike amplitude). For each of these RA neurons,

the MFR and entrained response to 25-Hz stimulation of the

RFcenter was determined (using the multiple amplitude stimu-

lation protocol) before intradermal capsaicin injection (at time

‘‘0’’) and subsequently at successive 15-min intervals during the

>75-min period following the injection at each of 3 different

stimulus amplitudes—that is, 50 lm (left column), 100 lm
(middle column), and 200 lm (right column). The plots in

Figure 10 reveal that for each of these neurons, intradermal

capsaicin injection was followed by: 1) a prolonged enhance-

ment of both stimulus-evoked MFR and entrainment (~45 min

for MFR; >75 min for R) when the amplitude of the 25-Hz

stimulus was suprathreshold (100 or 200 lm; plots in middle

and right panels) but 2) by a prolonged suppression of both

stimulus-evoked MFR and R when stimulus amplitude was near-

threshold (50 lm; plots in left panels). Comparable observa-

tions were obtained from 4 other RA neurons (2 area

3b neurons, 2 area 1 neurons —including the neuron that

provided the data illustrated in Fig. 9).

Figure 6. RA neuron response to intradermal injection of capsaicin (CAP). (A)
Histogram showing MFR of exemplary area 3b RA neuron in the absence of
mechanical skin stimulation before, during, and for 23 min following the intradermal
injection of capsaicin. Note that: 1) the peak elevation of MFR associated with the
injection develops within seconds and 2) MFR remains elevated for ~15 s after the
injection. A subsequent, but relatively minor elevation of MFR occurred during the
period between 12 and 15 min after the injection. (B) Comparison of normalized
average area 3b RA neuron (n 5 9) and area 3a nociresponsive neuron MFR (n 5 21;
from Whitsel, Favorov, Li, Quibrera, and Tommerdahl 2009) before and after intradermal
capsaicin injection (at time 0). Downward arrow indicates time (for RA neurons at ~11
s after injection onset; for area 3a nociresponsive neurons at ~52 s after injection
onset) at which the capsaicin-induced increase in MFR declined to half-maximal.
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Discussion

Perceptual Implications of the Bipolar Effect of Skin
Nociceptor Afferent Drive on SI RA Neuron MFR and
Entrainment

The authors regard the suppression of the area 3b/1 RA neuron

MFR response to near-threshold 25-Hz stimulation that

accompanies contact of the RFcenter with a 47--51 �C probe

(Figs 2--5, 7) or follows intradermal algogen injection (Figs 7--

10), as fully consistent with 1) the impairment by ongoing pain

of the human capacity to detect a vibrotactile or punctate

mechanical skin stimulus (Stevens et al. 1977; Apkarian et al.

1992, 1994; Hollins et al. 1996; Bolanowski et al. 2000, 2001)

and 2) the reports (Hollins et al. 1996, 2001) that vibrotactile

and pain sensitivities are inversely related in patients with

temporomandibular pain but not in pain-free individuals.

The present study’s observation that the polarity (–/+) of the
effect of nociceptive afferent drive on the SI RA neuron MFR

response to 25-Hz stimulation of the RF depends on stimulus

amplitude (see Figs 2--3,5,9--10) enables cortical-level neuro-

mechanistic explanation of the reports of hyperesthesia in

human subjects experiencing clinical or experimentally in-

duced pain (Eliav and Gracely 1998; Svensson et al. 1998; Ayesh

et al. 2007). That is, hypoesthesia in the presence of pain/

nociceptor afferent drive might be associated with weak/near-

threshold mechanical skin stimulation because under this

condition, the contralateral SI RA neuron MFR response to

a tactile stimulus is smaller than normal; whereas hyperesthesia

in the presence of strong pain/nociceptor afferent drive might

be associated with stronger/suprathreshold mechanical skin

stimulation because under this condition, the stimulus-evoked

RA neuron MFR response in the contralateral SI is larger than

normal.

Consistent with the present study’s observation that the

nociceptive afferent drive which accompanies noxious skin

heating or intradermal algogen injection degrades SI RA neuron

entrainment to near-threshold 25-Hz stimulation of the RFcenter
are 1) published reports showing that the human perceptual

capacity to discriminate frequency of low-amplitude/near-

threshold vibrotactile stimulation is subnormal in the presence

of experimental or clinical pain (Hollins et al. 1996; Hollins and

Sigurdsson 1998) and 2) pioneering studies which not only

revealed that the mechanoresponsive RA neurons of areas 3b/

1 utilize a spike firing periodicity code to signal/encode

frequency of sinusoidal vertical skin displacement stimulation

(Mountcastle et al. 1969, 1990; Mountcastle 1984) but also

demonstrated that destruction of areas 3b/1 in the contralat-

eral SI cortex eliminates the ability to discriminate frequency of

vibrotactile stimulation at frequencies between 10 and 50 Hz

(LaMotte and Mountcastle 1979).

Unlike the clear parallel between the suppressive effects of

skin nociceptor afferent drive on the SI RA neuron MFR

response and human perceptual sensitivity to weak/near-

threshold mechanical skin stimulation, there is no clear parallel

in the published psychophysical literature for the present

study’s finding that in the presence of nociceptor afferent drive

SI RA neuron entrainment to suprathreshold 25-Hz stimulation

of the RFcenter is normal/near-normal or, not infrequently, is

Figure 7. Comparison of the effect of heated skin contact versus capsaicin (CAP) on the same RA neuron. Panels at top: Superimposed PST histograms showing effects of 49 �C
skin contact (top left) and intradermal capsaicin injection (top right). Panels at bottom: Difference PSTs for conditions described above. Arrows beneath abscissa indicate time of
stimulus onset ([; at time zero) and termination (Y; at 5 s after stimulus onset).
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significantly enhanced/improved. Because it is established

(Mountcastle et al. 1969, 1990; for review see Mountcastle

1984, 1998) that the ability of RA neurons in the contralateral

hemisphere to entrain to 10--50 Hz skin flutter stimulation

underlies the perceptual ability to discriminate such stimuli

solely on the basis of frequency, the prominent amplitude-

dependency of the effect of skin nociceptor afferent drive on

RA neurons (illustrated in Figs 2--3,5,10) leads the authors to

anticipate that future studies of the capacity of humans to

discriminate skin flutter stimuli which differ only in frequency

will find that whenever the stimuli used in such investigations

are 1) suprathreshold and 2) applied in the presence of pain/

nociceptive afferent drive, a subject’s frequency discriminative

capacity is either little affected or enhanced (relative to the

significant pain-induced alteration/decrease of the ability to

discriminate the frequency of near-threshold skin flutter

stimulation; Hollins and Sigurdsson 1998; Hollins et al. 2001).

Why haven’t published studies of the effect of pain/

nociceptor afferent drive on human vibrotactile frequency

discriminative capacity detected bipolar amplitude-dependent

alterations consistent with the RA neuron observations

obtained in the present study? Although the answer to this

question may be more complex, one possibility is that this

situation exists because, at least to date, the impact of pain/

nociceptor afferent drive on human vibrotactile frequency

discriminative capacity has been studied using near-threshold

amplitudes of skin flutter stimulation (Hollins and Sigurdsson

1998; Hollins et al. 2001). The evidence obtained in the

experiments of the present study suggests that while the

exclusive use of near-threshold skin flutter stimulation ensures

that maximal estimates of the suppressive effect of pain/

nociceptor afferent drive on frequency discriminative capacity

are obtained, this approach is incapable of providing evidence

bearing on the possibility (suggested by the RA neuron

observations obtained in the present study) that the perceptual

capacity to discriminate suprathreshold flutter stimuli solely on

the basis of frequency either is little affected (relative to the

significant and substantial reduction that occurs when

the stimulus is near-threshold) or is significantly enhanced in

the presence of pain/nociceptor afferent drive.

Mechanisms Underlying the Bipolar (–/+) Effect of
Nociceptor Afferent Drive on SI RA Neuron MFR and
Entrainment to Skin Flutter Stimulation

Prior studies have shown that the RA-I skin afferents (the major

source of Ab skin mechanoreceptor input to SI RA neurons;

Mountcastle 1984, 1998) are unaffected/insensitive to either

intradermal algogen injection or elevations of skin temperature

to values between 38 and 49 �C (e.g., Szolcsanyi 1987; LaMotte

et al. 1992; Torebjork et al. 1992). It seems evident, therefore,

that alterations of the stimulus-evoked response of CNS

neurons at one or more levels of the projection path that

conveys stimulus-evoked input to SI cortex must be re-

sponsible for the stimulus-intensity dependent, bipolar modi-

fication of stimulus-evoked SI RA neuron MFR and entrainment

that accompanies heat- or algogen-evoked skin nociceptor

afferent drive.

The findings obtained in the present study provide no

information about either the site(s) or nature of the cellular-level

mechanisms responsible for the activity/stimulus-dependent

bipolar alteration of RA neuron MFR and entrainment that

accompanies skin nociceptor afferent drive. Nevertheless,

observations reported recently by others lead the authors to

propose that the bipolar stimulus-dependent alterations of

RA neuron MFR and entrainment that accompany nociceptor

afferent drive revealed by the experiments of the present study

are outcomes of an activity-dependent action of the neuro-

transmitter c-aminobutyric acid (GABA) on the GABAA recep-

tors of SI RA neurons. Especially meaningful in this regard is the

recent, but already considerable, evidence that indicates that

even in adult subjects ‘‘the alteration of cortical neuron

membrane ion conductance which accompanies GABA binding

to GABAA receptors is not fixed, but is prominently activity-

dependent.’’ For example, even a relatively brief (>5 s)

Figure 8. The effects on an exemplary RA neuron of intradermal a b methylene ATP.
Top: MFR versus time histogram showing effect of intradermal injection of a b me
ATP (time of injection indicated by [). Middle: Superimposed PST histograms
showing the same RA neuron’s MFR response to 25-Hz stimulation before and after
the injection of a b me ATP. Arrows beneath the abscissa indicate the time of onset
([; at time 0) and termination (Y at 5 s after stimulus onset) of 25-Hz stimulation.
Bottom: Difference PST histogram for the same RA neuron showing suppressive
effect of a b me ATP injection. Format same as above.
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exposure to conditioning excitatory afferent drive converts the

action of GABA on cortical pyramidal neuron GABAA receptors

from inhibitory/hyperpolarizing to excitatory/depolarizing

(layer II-II pyramidal neurons in sensorimotor cortex—Lee

et al. 2009; hippocampal pyramidal neurons—Staley et al. 1995;

Kaila et al. 1997; Gulledge and Stuart 2003; Isomura et al. 2003;

Stein and Nicoll 2003; Walters 2004; Szabadics et al. 2006;

Fujiwara-Tsukamoto et al. 2007; pyramidal neurons in temporal

neocortex—Kaneda et al. 2005; for in-depth discussion of the

cellular/biophysical mechanisms underlying the bipolar action

of GABA on neuronal GABAA receptors see Staley and Proctor

1995, 1999; Taira et al. 1997; Voipio and Kaila 2000; Gulledge

and Stuart 2003; Fujii et al. 2004; Fiumelli et al. 2005; Morita

et al. 2006; Khirug et al. 2008; Bannai et al. 2009; for overview of

the excitatory effects of GABA and their putative functional

meaning see Marty and Llano 2005).

Guided by the above-described recent evidence, the authors

consider it as plausible, if not likely, that: ‘‘1) the action of GABA

on SI RA neurons is different at different levels of stimulus-

evoked RA neuron spike firing (i.e., activity-dependent) and 2)

such an activity-dependence of the action of GABA on SI RA

neurons accounts for the present study’s observation that the

effect of nociceptive afferent drive on the MFR and entrained

responses of RA neurons to 25-Hz stimulation of the RFcenter
changes progressively from suppressive/inhibitory to augment-

ing/excitatory as stimulus amplitude/intensity is increased

from near-threshold to suprathreshold values.’’

Figure 11 shows the CNS structures (sensory projection

pathways, interareal corticortical connections, cell types, and

cellular-level mechanisms) hypothesized by the authors to be

responsible not only for the release of GABA in areas 3b/1 of SI

cortex in response to skin nociceptor afferent drive but also

for a bipolar (–/+) and activity-dependent GABA action on

SI RA neurons (mediated via postsynaptic GABAA receptors).

The principal elements of our hypothesis—currently under

evaluation using both in vivo (Whitsel, Favorov, Li, Lee, and

Figure 9. Amplitude-dependence of capsaicin effect on RA neuron MFR. PSTs histograms showing exemplary area 3b RA neuron’s MFR response to 5 s suprathreshold (200
lm; left column) versus near-threshold (25 lm; right column) 25-Hz flutter stimulation of the RFcenter before (‘‘Control’’ PSTs shown at top), and at successive 15-min intervals
after the intradermal injection of 50 lL of 1% capsaicin (injection was at time ‘‘0’’). Note that when the amplitude of 25-Hz stimulation was suprathreshold, the stimulus-evoked
MFR remained elevated (relative to the precapsaicin values obtained under the same stimulus conditions) for[75 min after the injection of capsaicin. In contrast, throughout the
same postinjection period the MFR values associated with near-threshold skin flutter stimulation were suppressed (relative to the precapsaicin values obtained under the same
stimulus conditions).
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Tommerdahl 2009) and in vitro (Lee et al. 2009) approaches—

are as follows: 1) area 3a nociresponsive pyramidal neurons

vigorously activated by either 47--51 �C skin contact or

intradermal algogen injection (Whitsel, Favorov, Li, Quibrera,

and Tommerdahl 2009) release GABA in areas 3b/1 (not only

from the spatially extensive and strongly interconnected—via

gap junctions—network of GABAergic interneurons activated

by glutamate (GLU) release from the terminals of cortico-

cortical axons arising in the nociresponsive regions of area

3a—Burton and Fabri 1995; Fukuda et al. 2006; Whitsel,

Favorov, Li, Quibrera, and Tommerdahl 2009 but also from

neurons and glia in the region of areas 3b/1 in which

a substantial increase in [K
+
]o
+
occurs reliably in response to

peripheral afferent drive—Koch and Magnusson 2009) and

2) the GABA released in the area 3b/1 cell column(s) whose

neurons have an RFcenter corresponding to the skin site

contacted by the 25-Hz skin stimulus leads to hyperpolariza-

tion/inhibition when RA neuron MFR is low (as during near-

threshold 25-Hz stimulation of the RFcenter) but is depolarizing/

excitatory when RA neuron MFR is high (as it is during

suprathreshold 25-Hz stimulation of the RFcenter).

Although experimental identification of the cellular mech-

anisms which enable conversion of GABA’s effect on SI RA

neurons from hyperpolarizing/inhibitory to depolarizing/ex-

citatory is at a relatively early stage (Lee et al. 2009; Whitsel,

Favorov, Li, Lee, and Tommerdahl 2009), the evidence obtained

to date is consistent with the idea that 1) the responsible

mechanisms are triggered into action by a co-occurrence of

strong direct thalamocortical afferent drive and GABA binding

to GABAA receptors and 2) the end-result is a substantial

increase of intracellular chloride ([Cl
–
]i) in the affected RA

neurons. Although the full spectrum of cellular-level events and

the relative contribution of each to the increase of [Cl
–
]i

proposed to occur in RA neurons in response to a co-

occurrence of strong direct thalamocortical afferent drive

and GABA binding to GABAA receptors remains uncertain, it is

presumed that, as has been established for hippocampal

pyramidal neurons, the most significant events include:

1) preservation of the normal transmembrane HCO3
–
gradient

due to HCO3
–
/CO2 redistribution; 2) continued operation of

a still uncharacterized Cl
–
uptake mechanism located in the

somal region of the neuron (a bicarbonate-dependent mech-

anism has been suggested; Khirug et al. 2008); and 3)

extracellular K
+

accumulation (at least, in part, due to

K
+
release from neighboring glia) which, if sufficiently large,

stops and even reverses Cl
–
extrusion by membrane ion

transporters (Fujiwara-Tsukamoto et al. 2007). Because an

increase of [Cl
–
]i would shift the reversal potential (EGABA) of

RA neurons toward more depolarized values, GABA’s action in

the presence of an increasingly elevated [Cl
–
]i is anticipated to

be accompanied by a progressively smaller hyperpolarization/

inhibition of the RA neuron response to the GLU released by

the thalamocortical afferent drive evoked by stimulation of the

RFcenter. Furthermore, when an RA neuron’s [Cl
–
]i is elevated

sufficiently due to the co-occurrence of strong direct

thalamocortical afferent drive, generated by a suprathreshold

mechanical stimulus to the RFcenter, and GABA binding to

GABAA receptors, both the action of GABA as well as the GLU

released from the terminals of thalamocortical afferents would

become depolarizing. The end result is that under this

condition (high RA neuron [Cl
–
]i and suprathreshold mechan-

ical stimulation of the RFcenter) both GLU and GABA would

contribute to increased RA neuron spike firing because the

values of both EGABA and EGLU of the affected neurons are more

depolarized than the threshold for neuronal spike firing.

Although the mechanisms illustrated in Figure 11 appear to

satisfactorily account for the bipolar and activity-dependent

alterations of RA neuron MFR and entrainment that accompany

algogen injection or noxious skin heating, they do not explain

the brief (~10 s) and relatively weak increase of RA neuron

spiking firing that reliably follows intradermal capsaicin

injection—relative to the more prolonged (~50 s; Fig. 6B)

Figure 10. Amplitude-dependence and bipolarity of effect of capsaicin on RA neuron MFR and entrainment. Top panels: Each panel (left, middle, right) shows the effect of
intradermal capsaicin on the normalized MFR response (MFR was corrected for spontaneous activity: i.e., MFRSTIM � MFRNOSTIM; expressed as % of the control/precapsaicin
MFR) of 3 simultaneously recorded area 3b RA neurons to the indicated amplitude (50 lm—panel on left, 100 lm—middle panel, 200 lm—right panel) of 25-Hz stimulation of
the RFcenter. Data points for the same neuron are indicated by the same symbol. Bottom panels: Each panel shows the effect of intradermal capsaicin on entrainment (expressed
as % of the precapsaicin entrainment value) for the same 3 RA neurons whose MFR data are summarized in the panels at the top. Same correspondence between symbols and
neurons as in top panels.
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and vigorous activation of nociresponsive area 3a neurons

(Whitsel, Favorov, Li, Quibrera, and Tommerdahl 2009) and

C-nociceptor afferents (LaMotte et al. 1992) triggered by

capsaicin injection. Because no comparable response is

observed when an equal volume of saline is injected in-

tradermally at a site located 4--10 mm from the RFcenter, the

authors do not regard the increased RA neuron MFR that

follows algogen injection as attributable to a transient mechan-

ical event associated with the injection. Instead, it seems

possible (but unproven) that this may reflect the activation by

capsaicin of cutaneous afferent fibers other than those that

supply C-nociceptors (e.g., Ad skin nociceptive afferents and/or

the C-fibers that supply skin mechanoreceptors—afferents that

have been reported by others to respond weakly and unreliably

to capsaicin (Foster and Ramage 1981; Kenins 1982; Szolcsanyi

1987; LaMotte et al. 1992).

On the Modality Specificity of SI Neurons

The authors view the observations obtained in the present

study to conflict fundamentally with the widely held view that

the information encoded by the different classes (modalities) of

peripheral receptors that exist in the skin of humans and

nonhuman primates are kept isolated/separate until a stage of

CNS processing later/higher than areas 3b and 1 of primary

somatosensory cortex (Sur et al. 1984; Mountcastle 1998; also

for discussion of role of GABA see Dykes et al. 1984, and

Alloway and Burton 1991). Instead, the results demonstrate

that 1) the RA neurons in areas 3b and 1, in addition to

processing low-threshold skin mechanoreceptor input, are the

recipients of significant influences that originate in skin

nociceptors and 2) skin nociceptor activity can lead to

substantial modification of the SI RA neuron response to

vibrotactile stimulation. Because of the strong parallels

between the effects of pain/skin nociceptor afferent drive on

1) SI RA neurons and 2) the abilities of humans to detect and

discriminate vibrotactile stimuli, the authors regard it as likely

that the effects of experimental or clinical pain on human

vibrotactile perception are attributable in part, if not entirely,

to the effects of nociceptor afferent drive on SI RA neuron MFR

and entrainment.

Because the evidence presented in this paper is indirect, it

would be premature to conclude that the modulation by skin

nociceptor afferent drive of the area 3b/1 RA neuron response

to skin flutter is due solely to a corticocortical influence arising

from nociresponsive neurons within area 3a. Nevertheless,

consideration of the extensive corticocortical connections

which link the 4 cytoarchitectonic areas that comprise anterior

parietal cortex (Burton and Fabri 1995) not only makes across-

modal modulatory influences of the type detected in the

present study plausible (see Fig. 11) but also raises the

possibility that such influences may contribute importantly to

both normal and abnormal somesthetic perception.
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Figure 11. Neuromechanistic interpretation of the activity-dependent, bipolar SI RA neuron response alteration that accompanies skin nociceptor afferent drive.
(A) Neuroanatomical projection paths that convey stimulus-evoked activity originating in: 1) skin C-nociceptors to nociresponsive pyramidal neurons in the contralateral
area 3a (Craig 2003, 2006; Craig and Blomqvist 2002; Whitsel, Favorov, Li, Quibrera, and Tommerdahl 2009) and 2) RA-I skin mechanoreceptors to RA neurons in contralateral
areas 3b/1 (Mountcastle et al. 1969, 1990; Mountcastle 1984, 1998; LaMotte and Mountcastle 1975, 1979). (B) Schematic diagram showing: 1) thalamocortical projections
(vertical arrows) that convey activity from the thalamic region activated by Ab skin mechanoreceptor afferent drive (nucleus ventralis posterolateralis, VPL) to areas 3b/1; and
from the region activated by C-nociceptor afferent drive (VMpo) to area 3a; and 2) corticocortical connections (arrow originating in area 3a) that, when active, trigger the
excitation of GABAergic interneurons in areas 3b/1. (C) Area 3b/1 RA neuron (triangle) showing hypothesized transmembrane distribution of Cl� and the synaptic effect of GABA
on RA neuron GABAA receptors under the 2 conditions evaluated in the experiments described in this paper: on the left—GABA triggers RA neuron membrane hyperpolarization/
neuronal inhibition when the direction of Cl� diffusion through activated GABAA channels is inward (as it is when the RA neuron’s activity is low); on the right—GABA leads to
membrane depolarization/neuronal excitation when the direction of Cl� diffusion through activated GABAA channels is outward (as it is when the RA’s neuron’s activity is high).
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