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The physiological characteristics and organization of cat primary 

somatosensory cortex (SI) were studied in electrophysiological and anatomical 

experiments. In single cell recording experiments, quantitatively controlled 

mechanical stimuli were used to examine the responses of SI cortical neurons to the 

velocity component of skin or hair displacement. The firing frequency of most 

rapidly adapting neurons increased as stimulus velocity was increased. Rapidly 

adapting neurons were classified based on their response patterns to constant-velocity 

ramp stimuli. Neurons in these classes differed significantly in sensitivity to stimulus 

velocity and amplitude, adaptation rate, and spontaneous firing rate. The results 

suggest that frequency coding of stimulus displacement velocity could be performed by 

individual SI rapidly adapting neurons, and that the classes of rapidly adapting 

neurons may play different roles in sensation of tactile stimuli. 

Tract-tracing experiments were used to investigate the ipsilateral corticocortical 

connections of areas 3b and 2 in SI. Different patterns of connections were found for 

these areas: area 2 projects to areas 3b, 1, 3a, 5a, 4 and second somatosensory cortex 

(SII), and area 3b projects to areas 2, 1, 3a and SII. To further compare the 

organization of these areas, the thalamic input to the forepaw representation within 



each area was studied. The forepaw region in area 3b receives thalamic input 

exclusively from ventroposteriopr lateral nucleus (VPL), while area 2 receives input 

from VPL, medial division of the posterior complex (PoM), and lateral posterior 

nucleus (LP). These results suggest that area 2 lies at a higher position in the 

hierarchy of somatosensory information flow. 
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CHAPTER 1 

INTRODUCTION 

First order mechanoreceptive peripheral afferents (hereafter called peripheral 

afferents) can be classified based on submodality, that is, their sensitivity to a 

particular type of stimulus. The submodality information in the peripheral afferents is 

preserved in the projections to higher levels of the somatosensory system. Peripheral 

afferents can also be classified into two types according to the rate of adaptation to 

sustained stimuli: rapidly adapting afferents do not respond to sustained stimuli while 

slowly adapting afferents do. The broad goal of the experiments described in this 

thesis was to begin to understand the dynamics of the somatosensory information flow 

in the early stages of the cortical processes. 

Mountcastle (1984) has published an extensive review of somatosensory system 

organization, and much of the first part of the introduction is based on this review. 

Point-to-point connections preserve the topography of the body representation from the 

peripheral afferents to the dorsal column nuclei (DCN), thalamus and neocortex. 

Thus, both topography and submodality specificity is preserved at each level of the 

somatosensory system leading to the neocortex. The peripheral afferents related to 

low-threshold mechanoreceptors (groups I and II from muscles and Aa fibers from the 

skin and joints) form the dorsal columns of the spinal cord and terminate in the DCN. 

1 
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The axons of DCN neurons form the medial lemniscus as they project to the 

contralateral ventral posterior nucleus of the thalamus (VP). The dorsal 

column/medial lemniscal system is the major component of the specific somatosensory 

system, although some of the fibers in the spinothalamic tract (traveling in the 

anterolateral funiculus) terminate in the posterior complex of the thalamus and convey 

cutaneous, deep and pain information. The nonspecific somatosensory system is 

comprised of the anterolateral funiculus (spinoreticular and part of the spinothalamic 

tracts), which terminate in the reticular formation and nonspecific thalamic nuclei. 

1.1. Responses of mechanoreceptors to stimulus displacement velocity 

The firing frequency of peripheral afferents of mammals increases as stimulus 

displacement velocity is increased (reviewed by Burgess and Perl 1973; also see 

Pubols and Pubols 1976; Franz6n and Lindblom 1976). Stimulus displacement 

velocity is defined as the velocity of movement of a single probe stimulus which 

causes indentation of skin or displacement of hairs. Two different types of stimulus 

displacements have been used by most investigators: constant-velocity ramp stimuli 

(i.e. movement of the stimulating probe with constant velocity and then fast retraction 

to the zero position after it reaches the final amplitude); or trapezoidal stimuli (with an 

on-ramp, a plateau or sustained displacement, and an off-ramp). Differences in the 

response patterns of peripheral afferents were identified in the early studies of 

Zotterman (1939). Based on the rate of response adaptation to handheld stimuli, the 
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peripheral afferents (and their related receptors) have been classified into four main 

groups: 1. very rapidly adapting (Pacinian corpuscles); 2. rapidly adapting (Meissner 

corpuscles); 3. slowly adapting type I (Ruffini corpuscles); and 4. slowly adapting 

type II (Merkel receptors) (reviewed by Darian-Smith 1984). Other researchers, 

however, have criticized the use of this single qualitative criterion and have applied a 

wide range of quantitative criteria to classify peripheral afferents (reviewed by Burgess 

and Perl 1973; see also Gibson et al. 1975). These investigators have suggested that a 

continuum between the very rapidly adapting and the slowly adapting units is found if 

more of the physiological properties of peripheral afferents are taken into account. 

Burgess and Perl (1973) have proposed a comprehensive set of features to distinguish 

the functional characteristics of peripheral afferents. These features include axon 

diameter, conduction velocity, and adequate stimulus (either stimulus position, 

velocity, or rapid transition). In addition, response characteristics such as adaptation 

rate, fatigue, linear and spatial directionality, and pattern of discharge have been 

extensively used in the proposed classification framework. This classification has 

been successfully applied to cutaneous rapidly adapting peripheral afferents of many 

mammals using responses to the velocity and displacement components of controlled 

stimuli (reviewed by Burgess and Perl 1973). One criticism of this scheme is the lack 

of correspondence of the physiologically distinct groups to specific receptor types. 

However, the possibility of differences in nerve-receptor coupling has not been ruled 

out. 
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Using the criteria mentioned above, Burgess and colleagues have arbitrarily 

divided rapidly adapting peripheral afferents into three different classes (Burgess and 

Perl 1973; Tuckett et al. 1978; Horch et al. 1977). The following section will 

describe features of these different classes of rapidly adapting mechanoreceptors, as 

well as of C mechanoreceptors and receptors associated with sinus hairs. Rapidly 

adapting peripheral afferents are called G (guard hair) if associated with hair and F 

(field) if associated with skin mechanoreceptors. 

The firing frequency of rapidly adapting peripheral afferents increases with 

increasing ramp velocities (Brown and Iggo 1967; Burgess and Perl 1973; Pubols and 

Pubols 1976). This afferent population exhibits a continuum in many physiological 

properties. At one end of the continuum lies the Gj/F 1 afferents, which produce only 

2 to 3 spikes at the beginning of ramp stimulation. They do not respond to transient 

movement propagating from distant sites and require rapid displacements due to high 

velocity thresholds of more than 20 mm/sec. They do not respond to low amplitude 

displacements and show little linear directionality (i.e. selective response to indentation 

or retraction of skin/hair). At the other end of the continuum lies the afferents, 

which have velocity thresholds of 0.5 mm/sec or less. They respond continuously 

during the constant-velocity ramp stimuli and their response to stationary stimuli 

declines over 1-2 seconds. These afferents show significant post-impulse depression 

that lasts approximately 100 msec and which results in the appearance of evenly 

spaced impulses. The receptive field size of G2 afferents are less variable and are 
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typically smaller than afferents (Burgess et al. 1968). 

Peripheral afferents with properties intermediate to G;/F ; and G2/F2 are called 

G or F intermediate (Gint/¥int). These peripheral afferents generate a series of 

irregularly spaced impulses in response to hair or skin movement in either direction 

(indentation or retraction). Their discharge is less regular than that of the G2 

afferents. Gin( units are very sensitive to vibration and exhibit little or no response to 

stationary stimuli (Tuckett et al. 1978). They have velocity thresholds of 0.5 to 20 

mm/sec and exhibit little linear directionality. At stimulus velocities above threshold, 

the interspike intervals can be less than 10 msec because these afferents have shorter 

recovery cycles than G2 afferents. 

Low velocity displacements preferentially activate afferents with low velocity 

thresholds, position sensitivity, linear directional sensitivity, smaller axons, and higher 

maximum firing frequency (G2/F2 type). Higher velocity displacements will evoke 

higher firing frequencies in G2/F2 afferents, and will also recruit afferents with high 

velocity thresholds, acceleration/velocity sensitivity, less linear directional sensitivity, 

larger axons, and lower maximum firing frequency (GJIVJ type) (Table 1). In such a 

manner, the responses of the population of rapidly adapting peripheral afferents are 

selectively influenced by the velocity, amplitude, and temporal frequency of single 

probe stimulation. 

C mechanoreceptors respond best to slowly moving stimuli and may show an 

after discharge following sudden cessation of the slow stimulus (Iggo 1960). Skin 
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deformation is required to evoke activity in these afferents. They do not respond to 

movement of an isolated hair and do not respond to brief stimuli (Iggo 1960). These 

afferents show linear directionality and their position and velocity responses are weak 

or absent during the initial part of stimulus retraction. The responses of some of the 

SI neurons described in chapter 2 resemble those of C mechanoreceptors. 

Two types of response characteristics have been described for 

mechanoreceptors associated with sinus hairs: position detection and velocity 

detection. Position detectors are thought to be associated with Merkel receptors. 

Velocity detectors have properties similar to those of rapidly adapting velocity 

detectors. They show little spatial directionality and detect rapid mechanical 

displacement. A few neurons responsive to movement of a single sinus hair have 

been described in chapter 2, all of which had responses similar to the velocity detector 

type. 

1.2. Responses of DCN and VPL neurons to stimulus displacement velocity 

As with the peripheral afferents, the firing frequency of DCN and the 

ventroposterior nucleus of the thalamus (VPL) neurons increases as a function of 

stimulus displacement velocity (Golovchinsky 1980; Golovchinsky et al. 1981). 

Neurons in the DCN and VPL have been classified using a modification of Burgess 

and Perl's (1973) criteria (Golovchinsky 1980; Golovchinsky et al. 1981) (table 1). 

G;/Fy neurons in the DCN and VPL respond during the initial portion of a high 
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velocity ramp and show little variation in response pattern when stimulus displacement 

velocity is changed. These neurons usually have an off response to fast retraction, 

and fatigue following repeated activation (Golovchinsky 1980). G2 neurons in the 

DCN and VPL discharge throughout the ramp in one of four different patterns: 

increasing, decreasing, constant, or transient increase and decrease near the end of the 

ramp stimulus (Golovchinsky 1980; Golovchinsky et al. 1981). These neurons are 

very sensitive to delicate air puff, discharge irregularly and are not directionally 

selective. Some of the G2 neurons in the DCN display continuous discharge during 

the plateau of fast rising trapezoidal stimuli. Gint/¥int neurons respond to ramp 

stimuli with an initial discharge which is usually followed, after a brief pause, by a 

prolonged discharge. Spontaneous firing rate has also been used as a criterion to 

distinguish between different types of rapidly adapting neurons in the DCN 

(Golovchinsky 1980). G;/Fj neurons have little or no spontaneous activity. G2/F2 

neurons have spontaneous firing rates ranging from less than 1 Hz to 25 Hz, and the 

spontaneous firing rates of Gint/Fint neurons in the DCN is usually lower than that of 

G2/F2 neurons. 

Studying the responses of SI neurons to quantitatively controlled stimulation is 

essential for understanding the neural mechanisms of tactile perception at the primary 

stages of cortical sensory processing. The rapidly adapting system is thought to be 

involved primarily in the detection of motion, and may also play a complementary 

role to the SAI system in detection of form and texture (reviewed by Johnson and 



Hsiao 1992). 

In the experiments described in chapter 2 I have used quantitatively controlled 

mechanical stimuli to examine the responses of SI neurons to the velocity component 

of skin or hair displacement. This technique provides new means for comparing the 

responses of cortical neurons and subcortical levels of the somatosensory system. 

Three main questions were addressed in these studies: 1. Is the firing frequency of 

rapidly adapting cortical neurons influenced by stimulus displacement velocity? 2. 

Does the response pattern of rapidly adapting cortical neurons to constant-velocity 

ramps resemble those of subcortical rapidly adapting neurons? 3. Is there a difference 

in the cortical laminar or areal distribution of rapidly adapting neurons with different 

velocity sensitivities? 

1.3. Cortical somatosensory areas 

In order to determine the functional characteristics of somatosensory cortical 

areas, it is useful to consider the response properties of their constituent neurons as 

well as the connections relating these cortical areas to each other, to thalamic nuclei, 

and to association cortical areas. In the following sections these features of the major 

somatosensory areas (SI, SII and SIII) are described. 

SI is located posterior to the cruciate sulcus and is surrounded by motor cortex 

(area 4) anteriorly, SIII posteriorly and SII laterally. In the cat, SI has been 

subdivided into four distinct cytoarchitectonic areas that lie rostral-caudal and are 
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named: 3a, 3b, 1 and 2 (Hassler and Miihs-Clement 1964). Area 2 is located in the 

anterior wall of the ansate sulcus and in the depths of this sulcus it meets area 5a. A 

single body representation in areas 3b, 1, and part of 2 has been described (Felleman 

et al. 1983). It has been proposed that these areas constitute a unique functional 

division of the neocortex without significant cytoarchitectural differences and form a 

postcentral koniocortex (SI) equivalent to area 3b in the monkey (Kaas 1983). 

However, electrophysiological studies by Iwamura and Tanaka (1978 a,b) and a 

mapping study by McKenna et al. (1981) revealed two forepaw representations in SI: 

one in area 3b and the other in areas 1 and 2. Moreover, neurons in area 2 display 

extensive convergence of cutaneous and deep inputs (Iwamura and Tanaka 1978b). 

These investigators suggested that the differences in submodality content as well as in 

receptive field size reflect differences in the functional roles of these regions. 

SII is a small region lying on the exposed crown of the rostral and medial two-

thirds of the anterior ectosylvian gyrus. SII is surrounded by SIV laterally, area 5a 

and area 2 medially, and the anterior auditory region and suprasylvian fringe region 

posteriorly (Burton and Kopf 1984). 

The existence of a third somatosensory body representation along the anterior 

bank of the ansate sulcus has been known for a long time (Marshall et al. 1941; 

Darian-Smith 1964 and 1965; Darian-Smith et al. 1966). However, the exact location 

of SIII is not clear. It was initially suggested that SIII occupies the entire length of 

the ansate region (Darian-Smith 1964 and 1966; Jones and Powell 1968; Waters et al. 
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1982). These investigators considered SIII to be a medio-lateral strip-like 

representation coextensive with area 5a and lying caudal and parallel to SI (see also 

Hassler and Muhs-Clement 1964). This idea, however, has been questioned by other 

authors (Garraghty et al. 1987). Garraghty and coworkers (1987) suggested that SIII 

is neither parallel to SI nor completely coextensive with area 5a of Hassler and Miihs-

Clement. They proposed that SIII lies medio-laterally and that in its most lateral part 

(the hindpaw representation) overlaps part of area 5b and the medial bank of the 

suprasylvian sulcus (Garraghty et al. 1987). These studies have yet to be confirmed 

by other investigators. Moreover, the forepaw representation of SIII defined by 

Garraghty and colleagues appears to be coextensive with the forepaw representation 

located in area 2 and in some studies this forepaw is considered as part of SI 

(Iwamura and Tanaka 1978b). 

1.4. Receptive field characteristics of cortical neurons 

Neurons in the forearm representation in the coronal region of SI (area 3b) 

usually have small receptive fields and simple response properties, and are responsive 

to a single, cutaneous submodality (Iwamura and Tanaka 1978a; McKenna et al. 

1981). Neurons in the forepaw representation of the ansate region (area 2) have 

larger receptive fields (the forearm is usually part of the receptive field) and many of 

these neurons have complex response properties (convergence of submodalities and/or 

direction selectivity) (Iwamura and Tanaka 1978b; McKenna et al. 1981; Waters et al. 



12 

1982). In the ansate region, neurons with inhibitory receptive fields are found that 

can inhibit the background activity of adjacent receptive fields, although those fields 

have been interpreted as having discriminative effects rather than surround inhibition 

effects (Iwamura and Tanaka 1978b). 

Because SII is much smaller than SI, convergence of receptive fields and 

modalities might be expected. However, receptive fields in SII are remarkably similar 

to those in the individual subdivisions of SI and display no evidence of modality 

convergence (Robinson and Burton 1980). 

Based on multiunit recording studies, most SIII neurons (as defined by 

Garraghty et al. 1987) are responsive to light tactile stimuli, are rapidly adapting, are 

not responsive to deep stimuli, do not represent glabrous skin of the forepaw, and are 

2-3 times larger than those in SI (Garraghty et al. 1987). However, single unit 

recordings have shown that the forepaw representation in the anterior bank of the 

ansate sulcus has both deep and cutaneous receptive field properties (Iwamura and 

Tanaka 1978; Waters et al. 1982). The differences in the response properties of 

forepaw neurons in area 2 and in the SHI body representation defined by Garraghty 

and colleagues (1987) suggest that the area 2 forepaw is probably not part of SIII and 

may be an additional forepaw representation of SI. Such data must be interpreted 

with caution, because it is difficult to accurately determine receptive field properties in 

multiple unit recordings. 
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1.5. Anatomical organization of cortical somatosensory areas 

1.5.1. Interconnections of cortical somatosensory areas 

SI and SII are reciprocally connected (Jones and Powell 1968). Area 3b of the 

cat receives the heaviest input from SII and in a decreasing order SII also projects to 

areas 1, 2 and 3a (Burton and Kopf 1984). Although the density of these reciprocal 

connections differ, they are precisely organized in a topographical manner and 

adjacent distal digit zones in SI send converging input to each of the separate digit 

zones in SII (Burton and Kopf 1984). Following injections of WGA-HRP into SII, 

Burton and Kopf (1984) found a separate patch of labeling in the posterior part of area 

2. This result is consistent with the presence of two forepaw representations in SI. 

SI and SIII have reciprocal connections that are topographically organized 

(Jones and Powell 1968; Garraghty et al. 1987). In addition, a projection from SII to 

area 5 (which some authors think is analougous to SHI) has been described 

(Yamaguchi et al. 1982; Kawamura and Otani 1970; Burton and Kopf 1984). 

Chapter 3 deals with experiments which were designed to reveal the 

corticocortical organization of SI subdivisions in order to determine the position of 

these areas in the somatosensory system. Tract-tracing experiments were used to 

investigate the ipsilateral cortical connections of the forepaw representations in SI. 

The objective of these studies was to determine if there are any differences in the 

pattern of connections of the forepaw representations in areas 3b and 2. Differences 

in the patterns of corticocortical connections would suggest separate functional roles 
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for these areas and may be correlated with the physiological differences found between 

neurons in these areas. 

1.6. Thalamocortical connections 

VP receives ascending fibers of the medial lemniscus and spinothalamic tract 

(Jones and Burton 1974). This nucleus projects to the ipsilateral cortex and contains a 

detailed, topographic representation of the contralateral half of the body. In general, 

projections from VP carry light tactile information whereas projections from the 

medial division of the posterior nucleus of the thalamus (PoM), which receives 

spinothalamic fibers, carry nociceptive, cutaneous, and deep information to SII as well 

as to SI (reviewed by Jones 1985 and Mountcastle 1984). 

Most afferent thalamic fibers to SIII appear to originate from neurons in PoM 

(Avendano et al. 1985; Garraghty et al. 1987). This finding is consistent with 

previous reports describing the thalamic connections of the lateral part of area 5a 

(Tanji et al. 1978). The dorsal margin of the VPL also projects to this area 

(Garraghty et al. 1987). In addition, light projections to Sin originate from 

ventrolateral (VL), ventromedial (VM), centrolateral (CL), paracentral, mediolateral, 

reticular and suprageniculate nuclei of thalamus (Garraghty et al. 1987). 

In the experiments described in chapter 4, tract-tracing techniques were used to 

study the origin of thalamic afferents to the forepaw representations in areas 3b and 2. 

The proportion of thalamic afferents arising from VPL and PoM to areas 3b and 2 
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may play a significant role in determining the response properties of neurons in the 

targeted cortical regions. Differences in these proportions would suggest that these 

cortical areas occupy different positions in the cortical hierarchy of somatosensory 

structures. 



CHAPTER 2 

RESPONSES OF RAPIDLY ADAPTING PRIMARY SOMATOSENSORY CORTICAL 

NEURONS TO CONTROLLED MECHANICAL STIMULATION 

2.1. Summary 

Data from psychophysical studies suggest that the velocity of stimulus 

displacement may contribute to tactile sensation. It has also been shown that stimulus 

displacement velocity influences the responses of subcortical somatosensory neurons. 

The cortical correlates of these phenomena, however, are not known. In the present 

study, the responses of rapidly adapting neurons in the forelimb region of cat primary 

somatosensory cortex (SI) to controlled displacement of skin or hair were studied. 

The rapidly adapting cortical neurons were grouped according to their response 

patterns to constant-velocity ramp stimuli. Firing frequency, spontaneous firing rate, 

velocity/position sensitivity, receptive field organization, and cortical location of the 

rapidly adapting neurons were compared among groups. 

The response characteristics of the population of rapidly adapting neurons 

formed a continuum. At one extreme, Gy/F^ neurons (n = 16) typically responded to 

constant-velocity ramp stimuli with 1-3 spikes at the beginning of the ramp stimulus; 

they had little or no spontaneous activity and responded only to relatively fast stimuli. 

16 
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At the other extreme, G2/F2 neurons (n = 15) responded throughout the ramp 

stimulation. These neurons usually had higher spontaneous firing rates than Gj/F1 

neurons and responded to relatively slow stimuli. Some G2/F2 neurons responded 

during the initial phase of a sustained stimulus. GintIVint neurons (n = 18) fell 

between the two extremes: they had an initial brief response which was sometimes 

followed by a discharge towards the end of the ramp. Nine neurons had response 

patterns which suggested the existence of either convergence between these classes or 

input from other types of mechanoreceptors. 

Both the average and instantaneous firing frequencies of most of the rapidly 

adapting neurons increased with increasing ramp velocities. G/F^ neurons were most 

sensitive to stimulus velocity (highest slopes of regression lines fitted to power 

function) and G2/F2 neurons were least sensitive. Low stimulus velocities evoked the 

highest average firing frequencies in G2/F2 neurons and the lowest firing frequencies 

in Gj/Fj neurons. There were no significant differences between the receptive field 

sizes or cortical laminar location of different classes of rapidly adapting neurons. 

2.2. Introduction 

Stimulus-response relations of stimulus properties such as amplitude and 

frequency have been studied at various levels of the somatosensory system 

(Mountcastle et al. 1957; Mountcastle et al. 1969; Darian-Smith 1984). Physiological 

studies of peripheral afferents suggest that stimulus displacement velocity is detected 
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by rapidly adapting mechanoreceptors (reviewed by Burgess and Perl 1973; and 

Darian-Smith 1984). Psychophysical studies suggest that stimulus displacement 

velocity is perceived and that it may interact with the perception of tactile stimuli. 

Although it is commonly assumed that perception primarily arises at the cerebral 

cortex, the influence of stimulus displacement velocity on the responses of 

somatosensory cortical neurons has yet to be investigated. 

Humans are capable of detecting both the velocity and depth of single probe 

displacement of skin. Magnitude estimation of the velocity of skin displacement is a 

power function of the stimulus displacement velocity (Franz6n and Lindblom 1976). 

It appears that displacement depth interacts with velocity: estimation of displacement 

depth is more reliable at faster velocities and estimation of displacement velocity is 

more reliable at higher displacement depths (Pubols and Pubols 1982). 

The responses of peripheral afferents are influenced by stimulus displacement 

velocity. Discharge rates of rapidly adapting cutaneous mechanoreceptors of many 

mammals increase with increases in stimulus displacement velocity (cat: Burgess and 

Perl 1973; Brown and Iggo 1967; monkey: Pubols and Pubols 1976; Lindblom 1965; 

and human: Franz£n and Lindblom 1976; Jarvilehto et al. 1981; Knibestol 1973). 

The responses of neurons in the cat dorsal column nuclei (DCN) and ventroposterior 

lateral nucleus (VPL) of the thalamus to stimulus displacement velocity have been 

shown to be similar to those of peripheral afferents (Golovchinsky 1980; 

Golovchinsky et al. 1981). 
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Different classes of cutaneous rapidly adapting peripheral afferents have been 

distinguished based on a set of physiological criteria including response pattern, 

axonal conduction velocity, velocity/position sensitivity, direction selectivity, and 

adaptation rate (Burgess and Perl 1973; Burgess et al. 1968; Knibestol and Vallbo 

1970; Knibestol 1973; Horch et al. 1977; Tuckett et al. 1978). Using a modification 

of the Burgess and Perl criteria (1973), rapidly adapting neurons in the DCN and VPL 

have also been arbitrarily classified by their response patterns to constant-velocity 

displacements (Golovchinsky 1980; Golovchinsky et al. 1981). 

The purpose of the present study was to examine the responses of SI rapidly 

adapting neurons to stimulus displacement velocity using quantitatively controlled 

mechanical stimuli. Three main questions were addressed: 1. Is the response of 

cortical rapidly adapting neurons influenced by stimulus displacement velocity? 2. Are 

the response patterns of cortical rapidly adapting neurons to constant-velocity ramp 

stimuli similar to those of subcortical units? 3. Are there differences in the laminar or 

areal distributions of different classes of rapidly adapting neurons? 

The firing frequency of the majority of cortical rapidly adapting neurons 

increased as stimulus displacement velocity was increased. In most cases the response 

patterns resembled those of subcortical somatosensory units. Some of the present data 

have been published in abstract form (Esteky et al. 1992). 
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2.3. Materials and methods 

2.3.1. Animal preparation 

Thirteen adult cats were used for this study. Each animal received initial 

injections of ketamine (30 mg/Kg, i.m.), atropine (0.04 mg/Kg, i.m.), and 

dexamethasone (0.1 mg/Kg, i.m.). A femoral vein and artery were cannulated and 

anesthesia was induced with sodium thiopental (20 mg/Kg, i.v.) and maintained by 

continuous infusion (3.5 mg/Kg/hr, i.v.). A tracheostomy was performed and the cat 

was positioned in a stereotaxic frame. A craniotomy was made over SI and the dura 

removed. Prior to recording the cat was paralyzed with continuous infusion of 

gallamine triethiodide (8 mg/kg/hr, i.v.) and was placed on a respirator. Blood 

pressure, heart rate and body temperature were monitored during the experiment and 

maintained within normal physiological limits. End-tidal C02 was maintained at 4%. 

EEG was monitored and together with blood pressure and heart rate was used as a 

measure of the depth of anesthesia. 

2.3.2. Stimulation and recording 

The forelimb representation of SI was mapped using low-impedance 

microelectrodes to record multi-unit responses to natural peripheral stimulation. A 

glass-coated tungsten microelectrode (1-10 nm exposed tip) or a glass micropipette 

filled with 1.2 M sodium citrate and 5% pontamine sky blue was then used to record 
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single unit responses to peripheral stimulation. The locations of neurons were marked 

by lesion (2^A x 2 sec) or deposition of dye. 

Neural signals were amplified and monitored by conventional 

electrophysiological techniques. The discharges of single units were monitored 

continually on a digital oscilloscope. Peristimulus time histograms of the neuronal 

response to ramp, rectangular, and trapezoidal mechanical stimulation of peripheral 

receptive fields were constructed and displayed on-line. The occurrence of action 

potentials (with a resolution of 0.1 msec), together with a digitized record of the 

stimulus position were stored for off-line analysis. 

After a single cell was isolated, its response class was classified as hair 

(responsive only to movement of hair by air puff or light brush), skin (responsive to 

skin movement or heavy brush) or deep (responsive to heavy tap, manipulation of 

muscles, or movement of joint). The receptive fields of cutaneous neurons (hair or 

skin) were then mapped using handheld mechanical stimuli. A computer-controlled 

moving-coil vibrator was then positioned for quantitatively controlled mechanical 

stimulation of skin or hair. Rectangular stimuli were used to assess the adaptation rate 

of the cell to sustained displacement. Neurons that responded continually with little or 

no response adaptation during the sustained stimulus, for at least 2 seconds, were 

classified as slowly adapting. If a rapidly adapting neuron responded to movement of 

a single guard or sinus hair the hair was glued to the tip of the probe. When single 

hair displacement did not elicit a response, a group of hairs was glued to the probe tip 
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and moved in the preferred direction. When the receptive field was on the skin the 

rounded stylus tip (1 mm diameter) was positioned at the skin surface. Care was 

taken to initiate skin or hair displacement from their null position. For each cell, a 

series of ramp or trapezoid (in pseudo-random order) stimuli with constant final 

amplitude (ranging from 422 to 1084 microns) and various velocities (ranging from 

0.13 to 65.10 mm/sec) were presented. The number of trials of identical stimuli 

ranged from 5 to 64. The interstimulus interval was approximately 5 seconds. 

2.3.3. Data Analysis 

Average and instantaneous firing frequencies were calculated for the response 

during the entire period of ramp stimulation, except for the off-response. Average 

firing frequencies were calculated by dividing the number of spikes in each trial by 

the duration of the ramp stimulus. These values were then averaged over all trials of 

identical stimuli. Instantaneous firing frequencies were calculated from the reciprocal 

of the mean of the interspike intervals. 

2.3.4. Histology 

At the end of the recording session the cat received a lethal overdose of 

sodium thiopental and was perfused with normal saline followed by a solution of 0.1 

M phosphate buffer containing 1% paraformaldehyde and 2.5% glutaraldehyde. 



23 

Brains were removed, postfixed in cold fixative for 4-6 hours, blocked and stored in 

phosphate buffer containing 30% sucrose until they sank. Frozen 50/tm thick sections 

were cut in the sagittal or frontal planes, and the locations of recorded neurons were 

identified. 

2.4. Results 

One-hundred seventy eight neurons with receptive fields on the forepaw or 

forearm were recorded in areas 3b, 1 and 2 (Table 2). Fifty-eight of these neurons 

responded to controlled single probe displacements of hair or skin and were used for 

further analysis. The average firing frequency of the majority of rapidly adapting 

neurons increased as the stimulus displacement velocity was increased. These neurons 

exhibited a wide range of response in physiological characteristics such as spontaneous 

firing rate, range of firing frequency, velocity/position sensitivity, and response 

pattern. 

Table 2. Classification of SI cortical neurons 
in the present study 

3b 1 2 Total 
RA hair 60 11 13 84 
RAskin 37 5 2 44 
RA deep 14 5 4 23 

SA 9 1 0 10 
nd 8 6 3 17 

Total 128 28 22 178 

RA = rapidly adapting 
SA = slowly adapting 
nd = not driven 
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2.4.1. Response pattern 

The response patterns of rapidly adapting neurons evoked by constant-velocity 

ramp stimuli were repeatable for any given velocity. Displacements of different parts 

of the receptive field evoked responses with similar patterns but different intensities. 

There were no significant differences in the response patterns of skin or hair neurons. 

When rapidly adapting cortical neurons were classified by their response patterns 

during constant-velocity stimulation, they formed a continuum ranging from very 

phasic responses (at the beginning of the ramp) to very tonic responses (during the 

entire period of the ramp). The most distinctive criterion to distinguish among rapidly 

adapting cortical neurons was their response patterns during constant-velocity ramps. 

The response patterns of most rapidly adapting cortical neurons (49/58) resembled 

those of rapidly adapting units at lower levels of the somatosensory system (Burgess et 

al. 1968; Burgess and Perl 1973; Golovchinsky 1980; Golovchinsky et al. 1981). 

Therefore, these neurons were categorized based on their response patterns to 

constant-velocity ramps using a modification of a classification scheme for peripheral 

afferents (Burgess and Perl 1973). 

The first group (called G1 when receptive field was on hair and F7 when 

receptive field was on glabrous or hairy skin, n = 16) responded to ramp stimuli with 

1-3 spikes at the beginning of the ramp and no discharge during the rest of the ramp 

or sustained stimuli. These neurons showed little variation in pattern of response to 

different ramp velocities, but in low velocity ramps the typical brief response to 
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stimulus onset was absent (Fig. 1). 

Displacement velocities of 10 mm/sec or less evoked typical responses in all 

G;/F^ neurons. All neurons with receptive fields on glabrous skin had type 

response patterns (n = 4). 

G2/F2 neurons (n = 15) had the lowest rates of adaptation and responded 

throughout the ramp and in some cases during the initial phase of a sustained stimulus, 

indicating that these neurons were very sensitive to stimulus position and that they had 

slower rates of adaptation than other classes of rapidly adapting neurons. Compared 

to the G;/F; neurons, G2/F2 neurons responded well to slower stimuli (Fig. 2). 

These neurons were usually more sensitive to brief air puff stimulation than other 

rapidly adapting neurons. 
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Fig 1. Responses of a Gj neuron to constant-velocity ramp displacement. In this and 

all other peristimlus time histograms, a raster display of the neural response is shown 

at the top, a record of the movement of the stimulus is shown in the middle and a 

peristimulus time histogram is shown at the bottom. In all histograms the vertical line 

at bottom left represents 50 Hz. A = final amplitude of displacement (in microns), 

and V = velocity of displacement (in mm/sec). The short burst of discharges 

following the end of the ramp is an off-response. Histogram bin width is 8 msec. 

Ten stimulus trials were presented for each stimulus. The neuron was located in area 

3b, layer III, and the receptive field (20 mm2) was guard hair on the ventral wrist. 
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Fig 2. Responses of a G2 neuron to constant-velocity ramp stimuli. Bin width is 8 msec. 

Twenty-four stimulus trials were presented, except for the histogram shown at the bottom 

where 32 stimulus trials were presented. This neuron was located in area 3b, layer VI, 

and the receptive field (25 mm2) was guard hair on lateral toe five. 
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The third group of neurons (n = 18) had response patterns intermediate to the 

GJ/FJ and G2/F2 neurons and were called Gint/Fint. They discharged irregularly: 

usually an initial brief response was followed by a discharge near the end of the ramp 

(Fig. 3). GintIVint neurons exhibited greater variation in their response patterns than 

the other classes of rapidly adapting neurons. At one extreme the response pattern 

was somewhat similar to the G ; /F ; type with a few spikes (usually more than 3) 

during the initial part of the ramp and no response during the rest of the ramp. At the 

other extreme the response patterns were somewhat similar to the G2/F2 type. These 

neurons tended to respond during the entire ramp with brief pauses which sometimes 

resulted in grouping of spikes in the PSTH. 

The distinction between GinJVint and G;/Fj neurons could be made most easily 

using high velocity ramps. At high velocities Gint!Vint neurons generated a more 

prolonged discharge than GJ/F i neurons. The distinction between Gint/Fint and G ^ 

neurons was made most easily using low velocity ramps. At low velocities G2/F2 

neurons responded continually and usually generated many spikes during the entire 

period of the ramp stimulus while GinJVint neurons responded with fewer scattered 

spikes during the ramp stimulus. 

In all classes of rapidly adapting neurons there was usually an off-response to 

rapid termination of ramp or rectangular displacement. However, some neurons had a 

significant off-response to low velocity ramps but no off-response to high velocity 

ramps (see Fig. 1). 
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Fig 3. Responses of a Gint neuron to constant-velocity ramp stimuli. Bin width is 8 

msec. Forty-eight stimulus trials were presented. This neuron was located in area 3b 

layer III, and the receptive field (450 mm2) was guard hair on the dorsal forearm. 
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Nine neurons had response patterns which suggested the presence of 

convergence between different classes of rapidly adapting neurons or input from other 

types of mechanoreceptors. The response of a neuron with combined G} and G2 

response patterns is shown in Fig. 4. Spikes were evoked during the ramp and to 

some extent during the sustained displacement, a pattern which resembled a G2 

response. However, a G1 response pattern was generated in response to higher 

velocity ramps. The inhibition which followed the Gj response was not seen in 
* 

responses to lower velocity ramps. 

Different types of complex response patterns were seen in three neurons. For 

example, a rapidly adapting neuron responded to air puff and to constant-velocity 

ramp stimulation, and was classified as Gint (Fig. 5). However, the neuron also 

exhibited a strong afterdischarge following cessation of the stimulus. The 

afterdischarge was less prominent when air puff stimuli were used or when a different 

part of the receptive field was stimulated during presentation of a constant-velocity 

ramp stimulus. These response properties resemble those of peripheral C 

mechanoreceptors (Bessou et al. 1971; Iggo 1960). 

Another type of complex response pattern is illustrated in Fig. 6. The 

prominent feature of this response was inhibition which increased with ramp amplitude 

and velocity, suggesting an inhibitory G2 input. There was also an excitatory 

response to the ramp onset and an afterdischarge following the cessation of the ramp 

suggesting that the neuron also received Gint and C mechanoreceptor type inputs. 
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Fig 4. Responses of a G;-G2 neuron (complex response pattern) to trapezoidal stimuli. 

Bin width is 8 msec. Eight stimulus trials were presented. This neuron was located in 

area 3b layer V, and the receptive field (150 mm2) was on guard hair on dorsomedial toe 

2 and 3. The spontaneous firing rate was 8.11 Hz. The neuron responded during both 

on-and off-ramp as well as during the initial part of sustained stimuli. 



A - 3 6 9 
V - 0.58 

.v • 

y « • : < L , % ¥, ••. . •. 
V-! v • ^ 

. - " . . V • • ¥ .1 . " • \ »• V •• "• 

33 

1000 

Time (msec) 

2000 

A * 448 
V - 0.67 

• mtm» ' »V „?• ••• .. , 
it • , " i # • •• • • 

. '• ; x * • 
"W • A , •*. , 

„ • • ' * ;»<?; • . I •• • ' Mfc • •• • 
m- f« « ' ' * * 

"it.*"' :'v! 

- l i 

1000 
Time (msec) 

2000 

Fig 5. A neuron with complex response pattern (Gint and C mechanoreceptor). Bin 

width is 16 msec. Forty-eight stimulus trials were presented. The inverted ramps 

displaced hairs in the opposite direction. A Gint response pattern was evoked in some 

of the runs. The strong afterdischarge lasted up to 700 msec. This neuron was located 

in area 2 layer IV. The receptive field (400 mm2) was on guard hair around central foot 

pad. The spontaneous firing rate was 4.76 Hz. 
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Fig 6. The responses of this neuron consisted of patterns similar to Gint and C 

mechanoreceptor inputs as well as an inhibitory G2 input. The inhibition was seen 

only in constant-velocity ramp stimuli and not when rectangular stimuli were used. 

Bin width is 16 msec. Sixteen stimulus trials were presented, except for the 

rectangular stimulus where 8 stimulus trials were presented. This neuron was located 

in area 3b layer 4. The receptive field (20 mm2) was on sinus hair on ventral 

forearm. The spontaneous firing rate was 11.90 Hz. 
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Following classification of the neurons based on response pattern, the response 

characteristics of each class were analyzed. The results of these analyses are 

presented below. 

2.4.2. Firing frequency 

Analysis of firing frequency was performed in 40 rapidly adapting neurons. 

The average firing frequency of all classes of rapidly adapting neurons and most of 

the neurons with complex response patterns increased as ramp velocity was increased 

(Fig. 7). 

GJ /FJ neurons tended to have low firing frequencies and G^V2 neurons tended 

to have high firing frequencies to low displacement velocities (table 3, also see Fig. 
» 

8). 

Table 3. Average firing frequency of SI rapidly adapting neurons 

Low Velocity Stimulus High Velocity Stimulus 

Gl/Fl (n = 7) 
Gint/Fint (n = 9) 
G2/F2 (n = 9) 

Mean SE Mean SE 
1.25 0.30 21.28 2.84 
4.23 0.85 18.95 3.39 
7.68 0.88 49.99 14.2 

Analysis of variance showed a significant difference in the average firing 

frequency of different classes of rapidly adapting neurons, both at low and high 
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displacement velocities (low: F2 = 14.40, p < 0.000 and high: F2 = 3.58, p < 

0.045). Post hoc analysis (Tukey multiple comparisons) of low displacement 

velocities showed a significant difference between the average firing frequency of 

G2/F2 neurons and those of GJ/VJ and GintIVint neurons (p < 0.001 for both 

comparisons) but not between the average firing frequency of GJ/FJ and GinJ¥int 

neurons (p < 0.62). At high displacement velocities, analysis of variance showed a 

significant difference between the mean firing frequencies of G2/F2 and GinJVint 

neurons (p < 0.045). 
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Fig 7. Average firing frequency of different classes of rapidly adapting neurons to 

stimulus displacement velocity. Each line represents the data from a single neuron. Each 

date point is the average of at least 8 stimulus trials. 
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The physiological variables (i.e., spontaneous firing rate, power function 

exponent, average firing frequency at low and high stimulus displacement velocities) 

were plotted against each other to determine if there were groupings of rapidly 

adapting neurons. Two combinations of variables provided separation of rapidly 

adapting classes. Fig. 8 shows a plot of the average firing frequency at low 

displacement velocities to average firing frequency at high displacement velocities and 

reveals differences between rapidly adapting neurons. However, the overlap in this 

plot further indicates that there is a continuum in the response characteristics of 

cortical rapidly adapting neurons to stimulus displacement velocity. Differences in the 

physiological characteristics of rapidly adapting cortical neurons were also seen when 

the spontaneous firing rates were plotted against exponents of power function (Fig. 9). 

The relation between stimulus displacement velocity and average firing 

frequency was compared between different classes of rapidly adapting neurons. The 

average firing frequencies were plotted against stimulus displacement velocity on 

linear, linear-log, log-linear, and log-log coordinates. In all plots, except log-linear, a 

close approximation to a straight line was observed. Therefore linear (y = a + bx), 

logarithmic (y = a + blogx), and power (y = ax^) function regression analyses were 

performed for each neuron. The correlation coefficients (r) of the regression lines 

were not significantly different for the functions tested (Table 4). 
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Table 4. Correlation and regression coefficients of functions describing relation 
between average firing frequency and stimulus displacement velocity 

Correlation Coefficient Regression Coefficient 
Range Mean SE Range Mean SE 

Gl/Fl (n = 11) 
Linear 0.32 -1.00 0.85 0.06 0.51 -1.92 1.23 0.16 
Log 0.59-1.00 0.80 0.03 0.57 - 7.30 24.84 5.45 
Power 0.36-1.00 0.81 0.07 

[ i P 1 U>
 

i 0.99 0.11 
G2/F2 (n = 

Linear 
10) 

0.23 -1.00 0.80 0.07 0.50-27.00 4.35 2.53 
Log 0.56 - 0.89 0.72 0.04 9.88 - 48.00 26.06 *4.31 
Power 0.40-0.98 0.78 0.05 0.24 - 0.83 0.50 0.05 

Gint/Fint (n 
Linear 

= 12) 
0.72 - 0.98 0.87 0.03 0.43-4.58 1.50 0.33 

Log 0.40-0.98 0.79 0.04 6.90 - 70.50 24.47 6.14 
Power 0.56-0.99 0.87 0.03 0.35 -1.06 0.75 0.09 

However, in order to permit comparisons with studies of peripheral afferents 

and psychophysics a power function was used to compare the relation between average 

firing frequency and stimulus displacement velocity across classes. 
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Fig 8. Average firing frequency at low stimulus displacement velocities plotted against 

average firing frequency at high stimulus displacement velocities. Each symbol 

represents the data from one neuron. Low stimulus velocity (in mm/sec): mean = 0.67, 

SE = 0.28; final amplitude (in microns): mean = 781.6, SE = 53.7. High stimulus 

velocity (in mm/sec): mean = 16.06, SE = 2.24; final amplitude (in micron): mean = 

714.1, SE = 49.6. The 0 ^ 2 c^ass ^ a w ^ e r rang© of firing frequency at both low 

and high stimulus displacement velocities than the other two classes. 
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The mean of the exponents of the power functions was highest in GJ/FJ 

neurons, lowest in G2/F2 neurons, and intermediate in GintIFint neurons (Fig. 10). 

The range of the exponents of G;/F^ neurons was greater than that of G2/F2 neurons 

(Table 4). Analysis of variance showed a significant difference in the exponents 

across classes (F2 = 6.75, p < 0.004). Post hoc tests (Tukey multiple comparisons) 

revealed a significant difference between the exponents of G;/F; and G2/F2 neurons (p 

< 0.003). At a given stimulus displacement velocity there was little variation in the 

mean firing frequency of rapidly adapting neurons (Fig. 11). 

The instantaneous firing frequency of most rapidly adapting neurons increased 

with increases in stimulus displacement velocity (Fig. 12). All three classes of rapidly 

adapting neurons exhibited a wide range of instantaneous firing frequencies at low 

stimulus displacement velocities, but the range decreased with higher stimulus 

displacement velocities. 
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neuron. Each point is the average of at least eight stimulus trials. 
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2.4.3. Spontaneous firing rate 

GjIF j neurons had lower spontaneous firing rates than other classes of rapidly 

adapting neurons (Fig. 13). Analysis of variance showed a significant difference 

between the mean spontaneous firing rates of different classes of rapidly adapting 

neurons (F2 = 7.91, p < 0.001). Post hoc tests (Tukey multiple comparisons) 

revealed a significant difference between the mean spontaneous firing rate of GJ/FJ 

and G2/F2 neurons (p < 0.001) but not between other comparisons. Most neurons 

which showed complex response patterns had high spontaneous firing rates. 

2.4.4. Receptive field size 

There was no significant difference between the average receptive field size of 

different classes of rapidly adapting neurons. However, most GJ/FJ neurons with 

large receptive fields on the forearm required stimulation of a large area of the 

receptive field and did not respond to single probe stimulation. As a consequence, 

these neurons were not included in the present analysis. 

2.4.5. Cortical location 

Six of the 47 rapidly adapting neurons recorded in area 3b had complex 

response patterns, whereas 3 of the 9 rapidly adapting neurons in areas 1 and 2 had 

complex response patterns. Statistical comparisons of the areal distribution of 
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different classes of rapidly adapting neurons could not be performed due to the small 

number of neurons sampled from areas 1 and 2. 

Different classes of rapidly adapting neurons were found in cortical sites 

representing the same part of the body. The laminar positions of area 3b neurons 

were compared across different classes of rapidly adapting neurons using a chi-square 

analysis. No relation was found between the class and laminar position of rapidly 

adapting neurons (df = 12, X2 = 15, p < 0.1). 

2.5. Discussion 

These experiments revealed that rapidly adapting cortical neurons are sensitive 

to stimulus displacement velocity and exhibit a wide range of physiological properties 

such as velocity/position sensitivity, response pattern, and spontaneous firing rate. 

2.5.1. Response pattern 

Rapidly adapting cortical neurons exhibited a wide range of response patterns 

to constant-velocity ramp stimuli. Some neurons responded very briefly at the onset 

of ramp stimuli, some responded during the entire period of ramp stimuli, and some 

had response patterns intermediate to the other two classes. In general, the response 

patterns of most of rapidly adapting neurons reported here were similar to those of 

rapidly adapting units at lower levels of the somatosensory system (Burgess and Perl 
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1973; Golovchinsky 1980; Golovchinsky et al. 1981). For example, GJ/¥J and G2/F2 

type response patterns have been found in cat and primate rapidly adapting peripheral 

afferents innervating hair or hairy skin (reviewed by Burgess and Perl 1973; also see 

Pubols and Pubols 1976 and Jarvilehto et al. 1981). Gint!¥int response patterns have 

been reported in cat peripheral afferents (Tuckett et al. 1978), as well as in DCN and 

VPL neurons (Golovchinsky 1980; Golovchinsky et al. 1981). 

All of the rapidly adapting cortical neurons with receptive fields on glabrous 

skin (n = 4) had an Fj response pattern. Rapidly adapting units with response 

patterns similar to the F^ and F2 classes have been reported in peripheral afferents of 

cat glabrous skin (reviewed by Burgess and Perl 1973), and primate (Knibestdl and 

Vallbo 1970; Knibestdl 1973; Talbot et al. 1968). However, other authors have failed 

to find F2 type responses in monkey SI neurons with input from glabrous skin, and 

have questioned the significance of differences in the response patterns of cortical 

rapidly adapting neurons (Mountcastle et al. 1969). A larger sample of rapidly 

adapting cortical neurons with glabrous skin inputs is needed to draw conclusions 

about differences in the response patterns of glabrous versus hairy skin neurons of cat 

SI. 

The response of SI neurons during constant-velocity ramp stimuli could be 

influenced by ramp velocity and/or amplitude. In peripheral afferents, the pattern of 

response depends on the velocity and amplitude sensitivity of the mechanoreceptors 

involved as well as adaptation rate. The response patterns of cortical neurons, 
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however, are not simply related to mechanoreceptor properties and may be influenced 

by other factors. 

Fifty-one percent (158 of 313) of rapidly adapting DCN cutaneous neurons are 

G2/F2 (data taken from Golovchinsky 1980, comparable data are not available for 

VPL rapidly adapting neurons). The proportion of G2/F2 cortical neurons reported 

here (15 of 58) is about half that of the DCN neurons. The smaller proportion of 

G2/F2 neurons in SI could be due to inhibitory cortical processes. However, 

differences in anesthesia may also contribute to these differences. 

Disynaptic IPSPs are evoked following activation of thalamocortical pathways 

(Anderson 1965). The amplitude of the IPSPs in SI increases as a function of 

stimulus displacement velocity and amplitude (Hellweg et al. 1977). These IPSPs may 

alter the response patterns of SI neurons (Hellweg et al. 1977). These authors have 

shown that slowly adapting responses of thalamocortical fibers can be transformed to 

rapidly adapting responses at early stages of cortical processing presumably by the 

disynaptic IPSPs. Therefore, it may be that the response patterns of SI rapidly 

adapting neurons reported here were influenced by stimulus-driven cortical inhibitory 

processes. As a result, the response of a slowly adapting or G2/F2 rapidly adapting 

neuron could be transformed to other rapidly adapting response patterns (e.g. GJ/VJ 

or GintIFint). 
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2.5.2. Velocity sensitivity 

The firing frequency of most of the rapidly adapting cortical neurons changed 

as a function of stimulus displacement velocity. There was no significant difference 

between the correlation coefficients of the linear, logarithmic, and power function 

regression lines. However, as describded below, a power function seems to best 

describe the relation of average firing frequency of rapidly adapting neurons to 

stimulus displacement velocity. GJ/FJ neurons were more sensitive to displacement 

velocity, as indicated by higher exponents of power functions. This is consistent with 

the criteria proposed by Burgess and Perl (1973); the closer a unit is to G J / F J type the 

more sensitive to displacement velocity it is. Moreover, power functions have also 

been used to describe the relation between displacement velocity and firing frequency 

in most studies of peripheral afferents (e.g. Pubols and Pubols 1976; Brown and Iggo 

1967). Finally, only the power function results in a y intercept of the regression line 

which has values roughly similar to the average spontaneous firing rate of each rapidly 

adapting class. 

Both rapidly adapting and slowly adapting peripheral afferents are sensitive to 

the velocity of skin or hair displacement (reviewed by Darian-Smith 1984 and Burgess 

and Perl 1973). Brown and Iggo (1967) have shown that firing frequencies of rapidly 

adapting peripheral afferents of cat hairy skin increase as stimulus displacement 

velocity is increased. The same results have been reported for slowly adapting and 

rapidly adapting peripheral afferents of monkey glabrous skin (Pubols and Pubols 



53 

1976). Also, the firing frequency of rapidly adapting units of human glabrous skin 

increases as a function of stimulus displacement velocity (Knibestol 1973; Franz6n and 

Lindblom 1976). 

Similar to the present findings, a universal function describing the relationship 

between stimulus displacement velocity and firing frequency of peripheral afferents 

and DCN neurons has not been found (Pubols and Pubols 1976; Golovshinsky 1980). 

However it is widely accepted that a power function with an exponent close to one 

best describes this relation in peripheral afferents (reviewed by Burgess and Perl 1973; 

also see Pubols and Pubols 1976; Brown and Iggo 1967). For example, a power 

function with an average exponent of 0.68 best describes the relation between stimulus 

displacement velocity and firing frequency of cat rapidly adapting peripheral afferents 

innervating hair follicles (Brown and Iggo 1967). Also, a power function with a 

median exponent of 0.56 best describes the relation between ramp velocity and firing 

frequency of glabrous skin rapidly adapting peripheral afferents of monkey (Pubols 

and Pubols 1976). 

The instantaneous firing frequency of most of the rapidly adapting neurons 

increased as displacement velocity was increased. Instantaneous firing frequency is 

the most common measure of discharge rate in peripheral afferents; it provides 

information about average interspike interval. This type of information is not 

provided by average firing frequency and is not apparent in the neural response 

pattern. 
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2.5.3. Spontaneous firing rate 

The range of spontaneous firing rates for each cortical rapidly adapting cell 

type was similar to that of the same type of neuron in DCN and thalamus. Cortical 

G2/F2 neurons had the widest range and the highest mean value, while G;/F2 neurons 

had the narrowest range and the lowest mean value. This is consistent with the 

findings at the lower levels of the somatosensory system. In the DCN and VPL, 

G2/F2 rapidly adapting neurons exhibit a wide range of spontaneous firing rates while 

GJ/FJ neurons rarely have any spontaneous activity (Golovchinsky 1980; 

Golovchinsky et al. 1981). It may be that neurons with similar response patterns and 

spontaneous firing rates at different levels of the somatosensory system are serially 

connected, and that each of these functionally distinct channels supplies different types 

of information to higher levels of the somatosensory system. 

2.5.4. Cortical location 

There was no evidence that neurons with similar response patterns were 

clustered in the cortex. The data revealed no differences in the laminar distributions 

of different classes of rapidly adapting neurons. Neurons in the middle layers were 

recorded more frequently than in other layers as seen in other studies of SI 

(Mountcastle et al. 1957; McKenna et al. 1984). 
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2.5.5. Receptive field organization 

About half of the neurons in area 3b and one third of the neurons in areas 1 

and 2 responded to single probe displacement. The cutaneous neurons that responded 

to single probe stimuli may receive a higher degree of spatial convergence. No data 

are available for receptive field size of different classes of forelimb rapidly adapting 

peripheral afferents. Receptive fields of Gj sural nerve peripheral afferents are 

relatively larger than those of G2 afferents (Burgess et al. 1968). As in the cortical 

rapidly adapting neurons, there is no difference between the receptive field size of 

different classes of rapidly adapting neurons in the DCN (Golovchinsky 1980). 

2.5.6. Directional selectivity 

All classes of rapidly adapting neurons occasionally exhibited an off-response. 

The lack of response to fast retraction of skin/hair is thought to be an indication of 

directional selectivity in some peripheral afferents. This is caused by a difference in 

the velocity thresholds of displacement in one (indentation) or the other (retraction) 

direction (Burgess and Perl 1973). G2 peripheral afferents are thought to selectively 

respond to indentation and not to retraction, and are therefore considered to be 

directionally selective (Burgess and Perl 1973). However, similar to rapidly adapting 

cortical neurons, G^F2 neurons in the DCN exhibit no directional selectivity 

(Golovchinsky 1980). This could be due in part to a decline in the velocity thresholds 
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of skin/hair retraction at higher levels of the somatosensory system. 

2.5.7. Classification of rapidly adapting neurons 

Although rapidly adapting cortical neurons exhibited a wide range of response 

properties, there were no obvious subdivisions of rapidly adapting cortical neurons. 

These neurons formed a continuum when they were rank ordered on any of the 

response characteristics examined (i.e. response pattern, spontaneous firing rate, 

exponent of power function relating firing frequency to stimulus displacement 

velocity, and average firing frequency at low/high stimulus displacement velocities). 

Consistent with the results of this report, no subclasses of rapidly adapting 

units have been found in peripheral afferents, DCN, or VPL neurons (reviewed by 

Burgess and Perl 1973; see Pubols and Pubols 1976; Tuckett et al. 1978; Gibson et 

al. 1975; Golovchinsky 1980; Golovchinsky et al. 1981). Rapidly adapting peripheral 

afferents of cat hairy skin could not be subdivided using a set of criteria including 

velocity and amplitude thresholds and relation between velocity thresholds of 

indentation and retraction (Tuckett et al. 1978). Likewise rapidly adapting peripheral 

afferents in monkey glabrous skin could not be subdivided when a different set of 

criteria are used (i.e. absolute indentation threshold and exponent of power function 

relating firing frequency to stimulus displacement velocity) (Pubols and Pubols 1976). 
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2.5.8. Input from other mechanoreceptors 

The contribution of Pacinian receptors to the responses of the rapidly adapting 

neurons reported here was not systematically studied. However, none of the neurons 

showed entrainment to high frequency stimuli (128 Hz tuning fork). It has been 

shown previously that cortical neurons do not respond to high frequency stimulation in 

pentobarbital anesthetized preparations (Hellweg et al. 1977). Therefore a cortical 

neuron that receives Pacinian input may not respond to high frequency stimuli. The 

other distinguishing feature of Pacinian receptors is that only these receptors are 

sensitive to tap stimulation of skin areas outside their receptive field (reviewed by 

Burgess and Perl 1973). No response was obtained when tap stimuli were delivered 

to areas outside the receptive field of the rapidly adapting neurons. 

Responses of slowly adapting thalamocortical fibers could transform to rapidly 

adapting response at cortical level, possibly due to intracortical inhibitory processes 

(Hellweg et al. 1977). The contribution of slowly adapting inputs in the responses of 

rapidly adapting cortical neurons is not clear and therefore such a contribution can not 

be ruled out for the observations reported here. 



CHAPTER 3 

CORTICOCORTICAL CONNECTIONS OF 

PRIMARY SOMATOSENSORY CORTEX 

3.1. Summary 

The organization of corticocortical connections in the representation of the 

forepaw in cat primary somatosensory (SI) cortex was studied following injections of 

various tracers into different cortical cytoarchitectonic areas. Small injections of 

horseradish peroxidase (HRP), wheat germ agglutinin-conjugated HRP (WGA-HRP), 

Phaseolus vulgaris leucoagglutinin (PHA-L), or Fast Blue were placed into the 

representation of the forepaw in areas 3b, 1, or 2. The positions of labeled neurons 

in SI and the surrounding cortical areas were plotted on flattened surface 

reconstructions to determine the organization of the corticocortical connections within 

SI. 

A strong, reciprocal projection linked the two forepaw representations which 

have been described in area 3b and the part of area 2 which lies in the anterior bank 

of the lateral ansate sulcus (cf. Iwamura and Tanaka 1978a; b). Dense projections 

also linked these areas with SII, as previously reported (Burton and Kopf 1984a). 

Additional projections to area 3b arose primarily from areas 3a and 1. Projections to 
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area 2 were more widespread than those to area 3b, and arose from all other areas of 

SI as well as from areas 4 and 5a. All injections into SI tended to label groups of 

neurons which lay in mediolateral strips. 

Corticocortical projection neurons which were most heavily labeled by SI 

injections were pyramidal cells in layer III. Additional projections from area 2 to 3b, 

area 5a to 2, and SII to areas 2 and 3b arose from layer VI as well. Although 

neurons of layers in and VI were always the most densely labeled, large injections 

into SI labeled neurons in layers II and V as well. 

3.2. Introduction 

Primary somatosensory (SI) cortex of cats and other mammals can be divided 

into four cytoarchitectonically-distinct areas labeled 3a, 3b, 1 and 2 (Brodmann 1906; 

Hassler and Miihs-Clement 1964). In the monkey at least two of the areas (3b and 1), 

and perhaps the others as well, contain a separate map of the body surface (Kaas et al. 

1979). In the cat the relationship of the cytoarchitectonic areas with the representation 

of the body surface is less clear. Areas 3b and 1 have been described as containing a 

single, complete representation of the body surface (McKenna et al. 1981; Felleman et 

al 1983), but within the representation separate regions receive submodality-specific 

(rapidly- or slowly adapting) inputs (Sretavan and Dykes 1983). 

A second, separate representation of the forearm region of the cat lies in the 

anterior bank of the lateral limb of the ansate sulcus (Iwamura and Tanaka 1978b; 
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McKenna et al. 1981; Waters et al. 1982; Garraghty et al. 1987). This region 

appears to be coextensive with area 2 of SI as described by Hassler and Miihs-

Clement (1964) and some authors have included the representation in SI (Iwamura and 

Tanaka 1978b; McKenna et al. 1981), while others have included it in a separate body 

map within an area termed SIII (Garraghty et al. 1987). 

Functional and anatomical differences between areas 3b and 2 of the cat have 

been reported. Receptive fields of single neurons in the forepaw representation in 

area 2 are larger than those in area 3b, and a higher proportion of neurons in area 2 

show complex response characteristics such as increased responsiveness to stimulation 

of the entire receptive field and to stimulus movement and direction (Iwamura and 

Tanaka 1978a; 1978b). In approximately 10% of the neurons recorded in area 2, 

Iwamura and Tanaka (1978b) identified complex responses suggestive of convergence 

of deep and cutaneous inputs. Complex responses of this type recorded in areas 1 and 

2 of monkey SI have been proposed to arise from convergence of thalamocortical and 

corticocortical inputs (Iwamura et al. 1983; 1985). 

Little is known about the organization of corticocortical connections linking the 

cytoarchitectonic areas of cat SI. Lesions restricted to one or two areas result in 

degeneration which forms a rostral-caudal band spanning the extent of SI and which 

enters motor cortex anteriorly and area 5 posteriorly (Jones and Powell 1968). In a 

recent study of the individual neurons which give rise to this pattern, certain neurons 

were described which distribute axon collaterals to each of the other cytoarchitectonic 
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areas of SI as well as to motor cortex, while others had collaterals in fewer areas 

(Schwark and Jones 1989). Small, punctate "needle stitch" lesions restricted to area 

3a result in patches of degenerating axons in areas 3b and 2 as well as in motor cortex 

(Grant et al. 1975). These observations suggest the possibility of differential patterns 

of intracortical connectivity within SI. 

In the present experiments the distribution of corticocortical connections within 

SI is examined in order to define the relationship of the second forepaw representation 

in area 2 to the other fields of SI and to determine if the organization of these 

connections is consistent with a role for them in the genesis of complex response 

properties of area 2 neurons (Iwamura and Tanaka 1978b). Small amounts of various 

tracers were injected into single cytoarchitectonic fields to label small populations of 

neurons in SI and the surrounding cortical areas. Some of these results have been 

reported in abstract form (Esteky and Schwark 1990). 

3.3. Materials and methods 

3.3.1. Animal preparation 

Sixteen cats were used in these experiments. Each cat was injected with 

atropine (0.04 mg/kg, i.m.) and ketamine (30 mg/kg, i.m.) and cannulae were 

inserted into a femoral vein and artery. Surgical levels of anesthesia were induced 

with sodium pentobarbital (30 mg/kg, i.v.) or sodium thiopental (20 mg/kg, i.v.), and 

maintained by continuous infusion of sodium thiopental (3.5 mg/kg-hr, i.v.). A 
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tracheostomy was performed (except in two cats which recovered from anesthesia), 

the cat was mounted in a stereotaxic frame, and craniotomies were made over the 

forelimb representation of SI cortex of both hemispheres. 

3.3.2. Tracer injections 

A variety of tracers and injection parameters were used in order to reveal 

different aspects of the corticocortical connections of SI, and to assess the reliability of 

labeling patterns. Table 5 contains a list of the tracers, amounts, injection sites and 

injection sizes for each animal. The injection sizes are estimates of the uptake area, 

but because different tracers and reaction procedures were used, comparisons between 

cases must be made with caution. Injections were made through glass micropipettes 

with tip diameters ranging from 10-50 pm. In certain experiments the placement of 

the injection pipette in the distal forelimb representation was confirmed by first 
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recording multi-unit responses to natural peripheral stimulation of the distal forelimb. 

Delivery of the tracer was accomplished by pressure injection or iontophoresis (see 

Table 5). After the injection the exposed cortex was covered with 3% agarose 

followed by melted Vaseline, and the opposite hemisphere was prepared for 

physiological recording experiments which formed part of a separate study. 

Upon completion of the physiological recordings, the cat was given a lethal 

overdose of anesthetic (rapid i.v. injection of 50 mg/kg sodium thiopental) and 

perfused with physiological saline followed by 2 liters of fixative appropriate for the 

injected tracer. The fixatives were 0.1 M phosphate buffer containing 1 % 

paraformaldehyde and 2.5% glutaraldehyde (for HRP and WGA-HRP), 4% 

paraformaldehyde (for Fast Blue), or 4% paraformaldehyde and 0.1% glutaraldehyde 

(for PHA-L). Survival times following injections ranged from 13-44 hours. The two 

cats which received bilateral PHA-L injections under aseptic conditions recovered 

from anesthesia and survived for four days. Blocks containing SI cortex from all 

animals were postfixed in fixative at 4°C for 6 hours, transferred to phosphate buffer 

containing 30% sucrose at 4°C until they sank, then quick frozen in dry ice or -30°C 

isopentane. 

3.3.3. Histology 

Frozen sections (50 jxm) were cut in the frontal or sagittal planes. SI cortex of 

animal C006 was gently flattened before it was frozen and cut in sections tangential to 
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the surface of the cortex in order to examine local patterns of corticocortical 

connections. Sections from blocks containing Fast Blue injections were mounted in 

three series: one series was counterstained with thionin, the second series was cleared 

directly in xylene and coverslipped, and the third series was examined without 

coverslipping and later counterstained with Acridine Orange. Blocks containing HRP 

injections were reacted by the cobalt- and nickel-enhanced diaminobenzidine (DAB) 

method of Adams and Warr (1976) or the tetramethylbenzidine (TMB) method of 

Mesulam (1978). Sections from blocks containing PHA-L injections were reacted by 

the method of Gerfen and Sawchenko (1984) using an avidin-biotin complex detection 

kit (Vector Labs). Alternate sections through the blocks containing HRP or PHA-L 

injections were counterstained with thionin. 

Outlines of counterstained sections, and the boundaries between layers I and II, 

layers IV and V, and layer VI and the white matter were drawn using a camera lucida 

at a total magnification of 12.5 times. Boundaries between the cytoarchitectonic areas 

of SI were drawn on the tracings after identification according to the criteria of 

Hassler and Muhs-Clement (1964). The following criteria, which were corroborated 

by analysis of multiple sections in a series, were the primary ones used to distinguish 

among the areas of SI in the forepaw representation: Area 3b was characterized by a 

thick, dense layer IV. Layer V was mostly clear, with a few large pyramidal 

neurons. Area 1 had a thinner and higher layer IV, and the large pyramidal neurons 

in layer V were found in nests. Area 2 had thicker superficial layers than area 1, so 
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that at the boundary with area 1 there was a step-like shift in the boundary between 

layers HI and IV. Layer IV was invaded by larger cells from layers III and V. Layer 

III of area 5a had no sublayers, and layer IV was thin but denser than in area 2. 

Following identification of the cytoarchitectonic areas, the locations of injection sites 

and labeled neurons and axons were plotted on the outline drawings. Identification of 

labeled elements was made at progressively increasing magnifications (up to 400 

times). To portray the labeling patterns on flattened maps of the cortex a procedure 

similar to that described by Jones and Wise was used (1977). The locations of labeled 

neurons and axons, the injection site, boundaries between cytoarchitectonic areas, and 

the locations of gyri and sulci were marked on the boundary line between layers IV 

and V. The boundary line and the locations of these features were then entered into a 

computer using a digitizing tablet, and the digitized lines were replotted to obtain a 

surface map of the flattened cortex. 

3.4. Results 

The number of labeled neurons and axons resulting from each injection 

depended upon the type of tracer used and the injection parameters. Iontophoretic 

injections of PHA-L and HRP resulted in a relatively small number of well-filled, 

retrogradely-labeled neurons outside the injection site. The morphology of some of 

the individual HRP-filled neurons near the injection sites have been described in a 

previous publication (Schwark and Jones 1989). Despite their small number, labeled 
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cells in these cases were found throughout SI and motor cortex (area 4). The labeled 

neurons were usually organized into mediolateral strips in a manner such that in 

parasagittal sections the groups of neurons appeared in a patchy or columnar pattern. 

Pressure injections of HRP, WGA-HRP, and Fast Blue resulted in larger 

numbers of retrogradely labeled neurons, but the distribution patterns of labeled 

neurons in these brains were similar to those seen following iontophoretic injections. 

Pressure injections of WGA-HRP retrogradely labeled neurons over extensive regions 

of the anterior parietal cortex. Within the regions containing retrogradely labeled 

neurons discrete patches of heavily labeled neurons were located among areas 

containing more lightly labeled, less numerous neurons. The locations of the heavily 

labeled neurons were consistent with labeling patterns following smaller injections, 

while regions of lightly labeled neurons followed a similar, but more widespread 

pattern. 

3.4.1. Area 3b injections 

Injections of HRP or WGA-HRP were made into area 3b in 8 animals. In 

every case, retrogradely labeled neurons and/or anterogradely or retrogradely labeled 

axons were found in areas 3a, 3b, 1, and 2. The HRP injection illustrated in Fig. 14 

was reacted using the TMB procedure, which precluded analysis of the local labeling 

pattern near the injection site. Groups of labeled neurons and axons were located in 

the medial bank of the coronal sulcus in area 3b near the injection site, in area 3a 
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500-1500 #tm anterior to the injection site, and in areas 1 and 2 posterior to the 

injection site with intervening areas containing no labeled somata. The posterior 

group of neurons lay in a mediolateral strip which started 1 mm posterior to the 

medial edge of the injection and extended medially for approximately 1.75 mm within 

the anterior bank of the lateral limb of the ansate sulcus, the region which contains a 

second forepaw representation (Iwamura and Tanaka 1978b; McKenna et al. 1981). 

Labeled neurons and/or axons were found in this region following every injection into 

area 3b. 

Fig. 15 illustrates another HRP injection into area 3b which was processed by 

the DAB procedure. In this case only anterogradely-filled axons could be identified in 

the other areas of SI, otherwise the pattern was similar to other cases. A small 

number of axons were identified in areas 3a and 1, and only a single axon was seen in 

area 4. No retrogradely-labeled neurons were identified in area 2, even though 

labeled axons in this area formed a strip spanning 3 mm mediolaterally. The pattern 
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Fig 14. Flattened surface map of cat anterior parietal cortex depicting pattern of 

labeled cells (solid lines) and axons (dotted lines) following an iontophoretic injection 

of 5% HRP into the forepaw central pad representation in area 3b. Stippled area is 

the site of injection. Parasagittal section on the right illustrates the border between 

layers IV and V and the position of the injection. The fundi of sulci are depicted by 

heavy solid lines and the crowns of gyri are depicted by heavy dashed lines. 

Boundaries between cortical areas are thin, solid lines. Abbreviations for this and 

subsequent figures: GSL = lateral sigmoid gyrus, PcD = postcruciate dimple, SAnsL 

= lateral limb of the an sate sulcus, SAnsM = medial limb of the ansate sulcus, SC = 

cruciate sulcus, SCo = coronal sulcus, SOr = orbital sulcus, SSs = suprasylvian 

sulcus, SII = second somatosensory area. 
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of axonal labeling in area 2 is shown in the reconstruction of main axon branches 

from 8 serial, 50 fim sections (Fig. 16b). A number of thick axon branches ascended 

from the white matter to enter the strip. Additional thick axon branches entered the 

strip along a horizontal course from adjacent cortical areas. Axons of the latter type, 

which traveled over the crown of the anterior bank of the ansate sulcus on a course 

that stayed well within the gray matter (Fig. 16a), were seen routinely after injections 

into areas 3b or 2. 

In one animal a small amount of WGA-HRP was iontophoresed into area 3b 

and tangential sections were cut to reveal local labeling patterns. The label around the 

injection site was circular in form with no suggestion of periodic or patchy local 

connections. Consistent with the other injections into area 3b, anterograde label was 

observed in area 2, in the anterior bank of the lateral limb of the ansate sulcus. 

Some of the tissue blocks did not include area SII because initial experiments 

were directed toward examining local projection patterns of single cells within area 

3b. In those cases which included SII, retrogradely labeled neurons were identified in 

SII, primarily in layers III and VI following injections into area 3b. 

3.4.2. Area 2 injections 

Injections of HRP, WGA-HRP, PHA-L or Fast Blue were made into area 2. 

Following injection of PHA-L into area 2, labeled neurons or axons were identified in 

areas 4, 3a, 3b, 1, 2, and 5a, as illustrated in Fig. 17 for an injection made in the 
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Fig 16. (a) Low-magnification reconstruction from 10 serial sections showing the 

organization of axons as they run into the termination zone in area 2 following an 

injection of HRP into area 3b. The injection site is depicted on the figure to aid 

orientation, even though it lies approximately 500 microns medial to the reconstructed 

sections, (b) Higher magnification reconstruction of the termination zone in area 2 

shown in (a). This reconstruction was made from 8 serial 50 micron sections, and 

shows the major axon branches. Fine axon terminals and boutons were identified in 

layers II and III, but are not shown in the figure. 



74 

C636L 

2 mm 

500 fJm 



75 

,o c/> 

•A 

I 2. 
to 
a 
c % 
1 

I 
Q 
CO 
C 

§ •B 
3 

i 

e 
f 

"8 I 
i 
! 
<N 

1 
2 
.S 
< 

£ 
PL| 
C 

! 

D DO 

00 
C 

I 
jS c3 
E •* * 

00 
E 

4) 
I 
8 

fi ? 
£ 



76 

deep layers of cortex. Retrogradely-labeled neurons were located throughout most of 

the anterior-posterior extent of area 2 and extended approximately 4.5 mm 

mediolaterally. A large number of retrogradely-filled neurons were located in area 

3b, and fewer were in area 3a. Areas 4 and 1 contained mostly anterogradely labeled 

axons. A few retrogradely labeled neurons as well as anterogradely-labeled axons 

were located in area 5a, in the posterior bank of the lateral limb of the ansate sulcus. 

In general, the labeled elements in areas 4 and 5a lay at approximately the same 

mediolateral position as the injection site, whereas the labeling in areas 3a, 3b, and 1 

extended 1-2 mm lateral from the level of the injection. This is complementary to the 

labeling pattern following area 3b injections, and is in conformity with the topography 

of the somatotopic maps in these areas (see Discussion). 

The use of the tracers HRP, WGA-HRP, or Fast Blue resulted in larger 

numbers of retrogradely labeled neurons in each of the areas, as illustrated in Fig. 18. 

In this case the injection was placed somewhat more laterally than the one shown in 

Fig. 17. The use of the TMB procedure precluded analysis of local connections 

around the injection site, but resulted in heavier retrograde labeling* than HRP and 

revealed a somewhat "patchy" organization among the neurons projecting to area 2. 

Labeled neurons and axons in areas 4, 3a and 3b lay in loosely organized mediolateral 

strips anterior to the injection site which extended more than 1.5 mm lateral and 3 

mm medial from the mediolateral plane of the injection site. Area 1 contained labeled 

axons and neurons which formed a strip running laterally from a position just anterior 

to the injection site. Labeled axons and neurons in area 5a extended medially from a 
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point approximately 2 mm posterior to the injection site. 

All cases of area 2 injections were consistent with the labeling patterns 

illustrated in Figs. 17 and 18. A comparison of the labeling patterns following 

injections into areas 3b or 2 is illustrated in two series of parasagittal sections shown 

in Fig. 19. Each of the injections were made into the representation of the forepaw 

toes, and neurons at both sites were activated by deflection of hairs. WGA-HRP was 

used in both injections, although slightly more was injected into area 2 than into area 

3b. Nevertheless, the obvious difference in the number of retrogradely labeled cells 

between these two experiments was consistent with the results of the other injections 

using a variety of tracers and injection sizes. 

The area 3b injection labeled neurons in area 3b anterior to the injection site, 

in area 3a, and in area 2 in the anterior bank of the lateral limb of the an sate sulcus. 

Labeled neurons in areas 3b and 3a were located primarily in layers III and VI. 

Labeled neurons in area 2 were located in all cortical areas except layer I, although 

only a few labeled neurons were in layer IV. Within the groups of neurons labeled in 

area 2, the most widespread labeling was seen in layers HI and VI. The injection into 

area 2 resulted in labeled neurons in many areas of the anterior parietal cortex. Many 

neurons were labeled in area 3b in the banks of the coronal sulcus. Retrogradely-

labeled neurons were also located in areas 3a and 1. In area 4, labeled neurons were 

found in layers III-VI lateral to the cruciate sulcus. A dense patch of labeled neurons 

in layers III and VI was located in the posterior bank of the ansate sulcus in area 5a. 
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Fig 19. Two series of parasagittal sections which illustrate the differences in the 

patterns of retrograde labeling following injections of WGA-HRP into area 3b (left) 

and area 2 (right). Numbers to the left of the sections are the approximate distance 

(in millimeters) from the midline. The large dots represent densely-labeled neurons, 

the small dots represent more lightly-labeled neurons. In areas of heavy labeling there 

is not a one-to-one correspondence of dots to neurons. The injection sites are shown 

in dense stippling, the non-specific reaction product around the injection site in light 

stippling. 
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The most medial sections in the figure depict labeled neurons posterior to the ansate 

sulcus which, based on the cytoarchitectonic criteria of Hassler and Mtihs-Clement 

(1964), are still in area 5a. Each of the injections also resulted in light labeling of a 

small number of neurons in a region corresponding to area SIV. These two cases 

illustrate the general conclusion that projections to area 3b arise primarily from within 

SI and SII, while projections to area 2 arise from SI and SII as well as from areas 4 

and 5a. 

3.4.3. Area 1 injections 

Because of the narrow anterior-posterior extent of area 1 in the forepaw 

representation only one injection, illustrated in Fig. 20, was confined within the 

borders of this area. The injection resulted in anterograde and retrograde labeling in 

areas 3b and 2. The labeled elements in area 3b were in the depths of the coronal 

sulcus. The labeled elements in area 2 were in the anterior bank of the lateral limb of 

the ansate sulcus. Retrogradely-labeled neurons filled much of the area surrounding 

the injection in area 1, especially anterior to the injection. Because of the small 

injection size in this case (Table 5) and the use of DAB, the horizontal extent of 

labeling was somewhat limited. 
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3.4.4. Laminar distribution of labeled neurons 

Small, iontophoretic injections of HRP into area 3b resulted in retrogradely 

labeled pyramidal neurons in other regions of 3b and in areas 1 and 3a. The labeled 

neurons were in the superficial layers, primarily layer in. Retrogradely labeled 

neurons in area 2 and SII were located in the superficial layers (mostly layer III), and 

in layer VI. Afferent axons labeled by area 3b injections tended to arborize heavily in 

the superficial layers. 

Small, iontophoretic injections of PHA-L into area 2 resulted in retrogradely 

labeled neurons in the superficial layers of areas 4, 3a, 3b, and 1, while retrogradely 

labeled neurons in SII and area 5a were located in the superficial layers as well as in 

layer VI. Injections in area 2 also revealed anterogradely labeled axons which 

arborized heavily in the superficial layers (II and III) of the target cortical areas. 

Iontophoretic injections of WGA-HRP and pressure injections of Fast Blue 

resulted in larger numbers of labeled cells and in labeling of cells in additional layers 

(Fig. 21). Unlike the results for smaller injections, injections into areas 3b or 2 

resulted in labeling of layer VI neurons and, in some cases, neurons in layers n, IV 

and V. Despite the appearance of labeled neurons in most cortical laminae, it was 

always apparent that the neurons which were most heavily-labeled were those in layer 

III and, for projections from area 5a to 2 and from area 2 to 3b, in layer VI. 
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Fig 21. Distribution of retrogradely-labeled neurons following injection of WGA-HRP 

into area 2 (left, case C021L) or area 3b (right, case C024L). Each panel in the figure 

was drawn from a single section through the center of the labeled region. The cell bodies 

of well-labeled neurons are drawn in black. The small dots represent neurons which 

were only lightly labeled. Scale bars = 250 #im. 
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Only a single, small injection of HRP was localized to area 1. This injection 

resulted in retrograde labeling of neurons in layer in in areas 3b and 2. 

However,because this injection was confined to the superficial cortical layers, it may 

present an incomplete picture of the laminar positions of cells projecting to area 1. 

3.5. Discussion 

The present experiments have revealed wide-ranging interconnections among 

the cytoarchitectonic areas of cat SI. Larger injections (WGA-HRP injections and 

pressure injections of Fast Blue or HRP) resulted in greater numbers of retrogradely 

labeled neurons than smaller injections, but the patterns of horizontal interconnections 

were similar for all injection sizes. A strong, reciprocal projection links two regions 

which appear to correspond to the two forepaw representations which have been 

described in area 3b and in the part of area 2 which lies in the anterior bank of the 

lateral limb of the ansate sulcus (Iwamura and Tanaka 1978b; McKenna et al. 1981; 

Waters et al. 1982; Garraghty et al. 1987). Despite their wide distribution, the 

patterns of connections of areas 3b and 2 are significantly different. 

3.5.1. Pattern of corticocortical connections in cat SI 

Area 3b is interconnected most heavily with the other cytoarchitectonic 

divisions of SI, especially area 2, and with SII. In a few cases weak connections of 
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area 3b with areas 4 and 5a were identified. These may have resulted from 

interruption of fibers of passage to area 4 (see below) or transsynaptic retrograde 

transport of WGA-HRP to area 5a from area 2. Area 2 exhibited more widespread 

connections than area 3b; it was interconnected with each cytoarchitectonic area of SI, 

with area SII, and with areas 4 and 5a. The heaviest of these connections were those 

between area 2 and areas 3b, 5a, and 4. 

Previous studies of the distribution of degenerating axons following cortical 

lesions revealed a similar, but somewhat more widespread distribution of 

corticocortical connections in SI (Jones and Powell 1968), perhaps because of a 

greater degree of interruption of fibers of passage. In the present experiments, when 

a larger amount of tracer was injected, widespread connections were also observed. 

Within this labeling, however, it was possible to identify more refined patterns defined 

by dense labeling which were similar to the patterns revealed by small injections. 

Such differences would be harder to identify using degeneration techniques, and 

widespread labeling or degeneration might arise if lesions or injections involved the 

corticocortical connections formed by axons which run for long distances in layer VI 

from caudal areas of SI anteriorly to area 4 (Schwark and Jones 1989). However, in 

the present experiments even large injections confined to the superficial and middle 

cortical layers resulted in more widespread labeling than appears explicable on this 

basis. In addition, similar widespread labeling with more discrete, heavily labeled 

patches have been observed following injections into area SII, which would not 
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interrupt fibers passing between the subareas of SI (Burton and Kopf 1984). 

Viewed in flattened, surface maps, groups of neurons which were labeled by 

injections into SI tended to lie in strips running in the mediolateral plane similar to 

those previously described in monkey SI (Jones et al. 1978). When viewed in 

parasagittal sections, this organization resulted in a patchy or column-like appearance. 

This pattern may reflect an underlying cortical organization analogous to ocular 

dominance columns in cat visual cortex (LeVay et al. 1978) and 

summation/suppression zones in cat auditory cortex (Imig and Adrian 1977; Wallace 

et al. 1991). Maps of cat SI cortical regions which receive predominantly rapidly 

adapting or slowly adapting thalamic input also reveal a mediolateral organization 

(Sretavan and Dykes 1983). Conversely, small lesions in VPL result in anterior-

posterior bands of degeneration in cat SI (Kosar and Hand 1981). 

Although neurons in many cortical layers were labeled following large 

injections, layer III pyramidal neurons appear to be the major source of corticocortical 

connections. Three exceptions to this were found in the projections from area 2 to 

area 3b, from area 5a to area 2, and from area SII to areas 3b and 2, in which 

significant numbers of deep layer neurons (primarily layer VI) were also well-labeled. 

Corticocortical connections among the monkey visual cortical areas have been 

classified as feedforward or feedback on the basis of the laminar positions of cells of 

origin and afferent terminations (e.g. Felleman and Van Essen 1991). A major 

criterion for classification in this scheme is the laminar termination pattern of 
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anterograde projections. A projection is classified ascending if it terminates in layer 

IV, descending if it terminates in superficial and deep layers, and lateral if it 

terminates in a columnar fashion through all layers (Felleman and Van Essen 1991). 

This set of rules does not seem to apply as well to the cat cortex (Caminiti et al. 

1979; Burton and Kopf 1984a; Symonds and Rosenquist 1984) or to the monkey 

somatosensory and motor cortex (Jones et al. 1978). Although the involvement of 

layer VI cells in the projections demonstrated in the present study might suggest the 

possibility that they serve as feedback pathways, the reciprocal projections from areas 

3b and 2 to SII also arise from neurons in both superficial and deep cortical layers 

(Burton and Kopf 1984a). Anterograde labeling patterns are difficult to interpret in 

the present study because the local axon collaterals of neurons retrogradely labeled 

with WGA-HRP will contaminate the pattern. 

3.5.2. Corticocortical connections and somatotopy 

To preserve the integrity of the cortex, extensive maps of SI derived from 

microelectrode recordings in the injected hemispheres were not made. Nevertheless, 

the labeling patterns in the present experiments are consistent with published 

representational maps of cat SI (Felleman et al. 1983; McKenna et al. 1981), and 

suggest that the corticocortical connections between areas of SI may be homotopic. 

Although there is significant variability in the body map between cats (Felleman et al. 

1983), a forepaw representation in the anterior bank of the ansate sulcus has 
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consistently been localized in the present experiments (recorded in 39 penetrations in 

16 hemispheres (unpublished observations)). More detailed studies involving complete 

mapping experiments combined with injections (e.g. Alloway and Burton 1985) will 

be necessary to describe fully the somatotopic arrangement of these local projections. 

3.5.3. Functional implications of corticocortical connections 

Areas 3b and 2 each contain a representation of the skin of the forepaw 

(Iwamura and Tanaka 1978b; McKenna et al. 1981), and the present study suggests 

that these representations are densely interconnected. The relationship between these 

two areas, and their positions in the circuitry that permits the flow of somatosensory 

information across the anterior parietal cortex, are not clear. At least two maps of the 

body surface have been described in the vicinity of the anterior bank of the ansate 

sulcus (Waters et al. 1982; Garraghty et al. 1987). The region described by Waters et 

al. (1982) contains a body map which lies parallel to the map in 3b, has a majority of 

neurons which respond to cutaneous (hair or skin) stimulation, corresponds to the 

region which contains neurons that project to area 4 (Yumiya and Ghez 1984), and 

appears to coincide with area 2 as described by Hassler and Muhs-Clement (1964). 

The region described by Garraghty et al. (1987) contains a body map which has a 

different orientation than the one in area 3b, is located further laterally, and also 

contains neurons with cutaneous receptive fields. It is not clear if this map includes 

the forepaw representation in area 2 described in the present study, although neurons 
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in the face and hindpaw representations in this map formed corticocortical connections 

with areas SI, SII, Sin and area 4 (Garraghty et al. 1987) in a pattern which appears 

to resemble that described in the present study. 

The results of the present study demonstrate that area 3b, area 2, and SII are 

densely interconnected. Neurons projecting to area 3b are confined to the other areas 

of SI and SII, suggesting that relative to area 2, this area lies at an early position in 

the cortical somatosensory processing stream. 



CHAPTER 4 

THALAMOCORTICAL CONNECTIONS OF 

CORTICAL AREAS 3b AND 2 

4.1. Summary 

Each cytoarchitectonic area of SI receives dense input from the thalamus. 

However, there have been no comparisons of the origin and submodality composition 

of the thalamocortical afferents to different areas of SI. In the present study, the 

origins of thalamocortical afferents to areas 3b and 2 were investigated using tract-

tracing techniques. Locations of retrogradely-labeled cells following injections into 

area 3b differed from those following area 2 injections. Following area 3b injections, 

labeled neurons were found exclusively in the ventroposterior lateral nucleus (VPL). 

Injections into area 2 resulted in labeling of neurons in VPL, the medial division of 

the posterior complex (PoM), and the lateral posterior nucleus (LP). Light and 

moderately labeled neurons were also found in the centrolateral nucleus (CLN), the 

ventroanterior nucleus (VA) and the ventrolateral nucleus (VL). There was no 

significant difference between the size of labeled VPL neurons following injections 

into area 3b or 2. 

91 



92 

4.2. Introduction 

Electrophysiological studies have revealed that there are two forepaw 

representations in cat primary somatosensory cortex (SI): one in area 3b and one in 

area 2 (Iwamura and Tanaka 1978 a,b; McKenna et al. 1981). The size of the 

receptive fields of area 2 neurons are larger than those of area 3b neurons and area 2 

has a higher proportion of neurons which respond to stimulation of deep receptors 

(Iwamura and Tanaka 1978b). The patterns of corticocortical connections of these 

representations also differ: only area 2 has connections with motor and association 

cortex (Schwark et al. 1992, see chapter 3). The differences in the response 

characteristics and corticocortical connections suggest that neurons in these two areas 

have different functional roles (Iwamura and Tanaka 1978b; Schwark et al. 1992; also 

see chapter 3). 

Thalamocortical afferents to the area 3b forepaw representation originate 

exclusively from VPL (Dykes et al. 1986; Spreafico et al. 1983; Saporta and Kruger 

1979; Kosar and Hand 1981). However, the thalamocortical connections of area 2 

forepaw representation have not been describded in detail. 

The proportion of cortical afferents contributed by different thalamic nuclei 

might play a role in determining the response properties of neurons in an area of SI. 

Somatosensory thalamic nuclei receive different types of ascending inputs from the 

spinal cord. Dorsal column inputs, which carry light tactile information to the 

thalamus, terminate primarily in VPL. Spinothalamic inputs, which carry noxious as 
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well as nonnoxious information to the thalamus, terminate in PoM and in the shell 

region of VPL (reviewed by Jones 1985). 

Differences in the response properties of SI neurons may also arise from 

differences in the type of VPL neurons which give rise to the afferents. Neurons of 

different sizes in the monkey VPL have been shown to receive input from different 

ascending sources (Rausell et al. 1992). Large neurons receive lemniscal input and 

project to the middle layers of SI, while small neurons receive nonlemniscal input and 

project to the superficial layers of SI (Rausell et al. 1992). In the cat, thalamic 

neurons which project to superficial layers of area 3b are smaller than those which 

project to the middle layers (Penny 1982). In the present study, the size of neurons 

projecting to the forepaw representations in areas 3b and 2 was compared to look for 

such differences. 

The thalamocortical connections of areas 2 and 3b were compared by 

examining the distribution of labeled neurons following iontophoresis of horseradish 

peroxidase (HRP) or injection of wheat germ agglutinin-conjugated HRP (WGA-HRP) 

into the forepaw representations in these areas. Area 3b injections labeled neurons 

only in VPL whereas area 2 injections labeled neurons in VPL as well as in PoM and 

LP. There was no significant difference in the mean size of VPL labeled neurons 

following injections into area 3b or 2. 
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4.3. Materials and methods 

Data presented here were obtained from the thalami of some of the cats used 

for the experiments described in chapter 3. Table 6 contains a list of the tracers, 

amounts, injection sites and injection sizes for each animal. 

Table 6. Characteristics of tracer injections into area 3b and 2. 

Case Injection site Receptive field Tracer 
C020 Area 2 Medial forepaw 0.5% WGA-HRP, 0.50 ul 
C021 Area 2 Hair, forepaw toes 0.5% WGA-HRP, 0.50 ul 
C025 Area 2 Hair, toes 0.5% WGA-HRP, 0.35 ul 
C030 Area 2/1 Hair, forepaw 0.5% WGA-HRP, 0.45 ul 
C024 Area 3b Toe 5, hair 0.5% WGA-HRP, 0.30 ul 
C034 Area 3b Hair, toes 1 and 2 0.5% WGA-HRP, 0.54 ul 
C560 Area 3b Hair, near central pad 5% HRP, 1 uA, 1.5 h 

4.3.1. Histology 

Frozen sections (50 /*m) were cut in the frontal plane. Sections were 

processed using the tetramethylbenzidine (TMB) method of Mesulam (1978), and an 

alternate series of sections were counterstained with neutral red or thionin. Outlines 

of counterstained sections were drawn, and labeled neurons were plotted on the 

drawings from the TMB reacted sections using a camera lucida. Thalamic nuclei were 

identified according to the criteria of Berman and Jones (1982), and Jones (1985): 
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The posterior complex (PO) includes PoM and PoL. PoM is a thin strip of 

loosely arranged, small and weakly staining cells lying on the dorsal aspect of 

the VPM. PoL is also composed of small weakly staining and sparsely 

scattered cells. 

The ventroposterior nucleus (VP) includes VPL and VPM. VP contains many 

large cells which are densely stained. The nucleus is oval, but flattened on its 

dorsomedial aspect. The narrow anterior pole of VP lies approximately 2mm 

posterior to the anterior pole of the thalamus. Over the posterior 2/3 the 

dorsal surface of VP is near the lateral posterior complex (LP), though for the 

most part it is separated from this complex by a thin lateral extension of the 

internal medullary lamina. The posterior pole of VP is difficult to define since 

the medial region of the posterior complex, with which it merges, contains 

scattered large cells similar to those of VP. VPM has smaller, relatively 

closely packed cells while VPL has larger cells that are usually arranged in 

clusters. VPM extends posterior to the VPL. 

The ventral lateral nucleus (VL) contains cells which are of approximately the 

same size and staining intensity as those in VP, but are rather more angular 

and less tightly packed. At the anterior pole of VPL, there is a region of 

transition between VL and VPL. This region contains the large angular cells 

(typical of the VL) but these cells lie among a substantial population of small 

cells similar to many of the cells in VP, so that the anterior pole of VPL is 
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especially difficult to define. 

The lateral posterior nucleus (LP) has a very heterogeneous cell population. In 

the middle 1/3 of LP small cells are replaced by a much more varied 

population consisting of small to medium and moderately large cells. 

The central lateral nucleus (CLN): extends through much of the anteroposterior 

extent of the thalamus as a thin sheet of large, deeply staining, ovoid cells. 

4.3.2. Cell size measurement 

Boundaries of labeled cells in the VPL were drawn from the TMB reacted 

sections using a camera lucida (400X magnification). These drawings were then 

entered into a computer using a digitizing tablet, and measurement of the size of 

neurons were obtained for each section. 

4.4. Results 

Every injection into area 3b resulted in clusters of labeled neurons located in 

the ventral parts of VPL. Injections into area 2 resulted in labeled neurons in the 

ventral and lateral parts of VPL as well as in PoM and LP. Labeled neurons were 

also found in CLN, VA and VL following WGA-HRP injections into area 2. 
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4.4.1. Area 3b injections 

Injections of WGA-HRP or iontophoresis of HRP into the forepaw 

representation in area 3b resulted in dense clusters of labeled neurons in the ventral 

and ventromedial parts of VPL (Fig. 22). In each cluster large, densely labeled 

neurons were surrounded by smaller labeled neurons. The largest dorsoventral extent 

of the labeled clusters was in the rostral regions of the nucleus. In more caudal 

regions labeled neurons were found in the ventrolateral shell of the nucleus. The 

extent of the labeled clusters as well as the density of labeling varied slightly among 

different experiments, but the positions of the clusters within the nucleus were 

consistent. 

4.4.2. Area 2 injections 

The pattern of thalamocortical connections of the forepaw representation in 

area 2 differed from that of area 3b (Fig. 22). Injections into area 2 resulted in 
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Fig 22. Patterns of labeling following injections of WGA-HRP into areas 3b or 2. 

Sections are shown in rostral to caudal order (top to bottom). Numbers refer to the 

distance from the anterior pole of VP. Each dot corresponds to a labeled neuron; large 

dots represent heavily labeled neurons. 
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labeled neurons in VPL, LP, and PoM. Scattered light to heavily labeled neurons 

were found throughout the rostrocaudal extent of VPL. In the middle regions of VPL 

the labeling covered most of the ventrodorsal extent of the nucleus. Scattered labeled 

neurons were also found in ventrolateral VPL extending into PoM, and ventral LP. 

In addition, scattered, lightly labeled neurons were found in VL, VA, and CLN. 

Analysis of variance showed no significant difference between the average size 

of VPL neurons labeled after area 3b or area 2 injections (F = 0.00, p < 0.99). The 

frequency distributions of VPL cell sizes were also similar for each population (Fig. 

23). 
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4.5. Discussion 

The present results suggest that the origin of the thalamocortical projections to 

the forepaw representations of areas 3b and 2 are different. Injections into area 2 

resulted in heavily labeled neurons in VPL, PoM, and LP while area 3b injections 

resulted in labeled neurons only in VPL. No difference was found in the average size 

of VPL neurons projecting to areas 3b or 2. 

The forepaw representation in area 2 has been considered to be part of SI by 

some authors (McKenna et al. 1981; Iwamura and Tanaka 1978b) while others have 

considered it to be a part of SIII (Garraghty et al. 1987). Kaas (1983) proposed that 

area 3b, 1 and part of area 2 are a unique functional division of the neocortex without 

significant cytoarchitectural differences. He considered the whole as the postcentral 

koniocortex (SI) equal to area 3b in monkey. However, there are differences between 

the area 3b and 2 forepaw representations in their thalamocortical connections (present 

results), cytoarchitecture (Hassler and Muhs-Clement 1964), response characteristics 

(Iwamura and Tanaka 1978b; see chapter 2), and corticocortical connections (Schwark 

et al. 1992; see chapter 3). The presence of corticocortical connections of area 2 with 

motor cortex and with association cortical areas suggest that this area might be 

involved in sensory motor coordination and in integration of different sensory 

modalities. Other properties of area 2 neurons which suggest that this area lies at a 

higher level in the somatosensory hierarchy include convergence of deep and 

cutaneous inputs, a higher proportion of neurons showing complex response patterns 
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to constant-velocity ramp stimuli, and increased responsiveness to stimulus movement 

and direction (Iwamura and Tanaka 1978b; see chapter 2). 

The differences in the origins of the thalamic afferents to areas 3b and 2 are 

consistent with the idea that the forepaw representation in area 2 is not part of SI. 

The results also suggest that, since area 2 receives heavy inputs from regions of 

thalamus where spinothalamic fibers terminate, neural activity in this area may be 

influenced more by spinothalamic inputs than activity in area 3b. 

The thalamocortical connections of the forepaw representation in area 2 differ 

from those of Sin. Most thalamic projections to Sin (hindlimb and vibrissae 

representations) originate from neurons in PoM (Garraghty et al. 1987; Avendaiio et 

al. 1985; Tanji et al. 1978). Nevertheless, the corticocortical connections of SHI 

(hindlimb and vibrissae representations) (Garraghty et al. 1987) are somewhat similar 

to those of the area 2 forepaw representation (Schwark et al. 1992). The response 

properties of Sill neurons have not been studied in detail, precluding comparison 

between the response properties of area 2 and Sin. 



CHAPTER 5 

CONCLUSIONS 

The responses of SI rapidly adapting neurons to stimulus displacement velocity, 

and the anatomical organization of SI, were described in this thesis. In the 

experiments described in chapter 2, quantitatively controlled mechanical stimuli were 

used to examine the responses of SI neurons to the velocity component of skin or hair 

displacement. This technique has been described and used previously (Burgess and 

Perl 1973; Golovchinsky 1980; Golovchinsky et al. 1981) and provides a means for 

comparison among responses of cortical neurons and neurons at subcortical levels of 

the somatosensory system. 

These experiments revealed that the responses of rapidly adapting neurons are 

influenced by stimulus displacement velocity. The firing frequency of these neurons 

increased as stimulus displacement velocity was increased. Rapidly adapting cortical 

neurons exhibited a wide range of response patterns, from very brief responses at the 

beginning of ramp stimuli to continuous response during the entire period of constant-

velocity ramp stimulation. 

The response patterns of most SI neurons, especially those in area 3b, were 

similar to rapidly adapting units in lower levels of the somatosensory system. The 

sensitivity of SI neurons to displacement velocity and the similarity of their response 
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patterns to those of the lower level units suggest that rapidly adapting units may 

encode stimulus displacement velocity and faithfully transmit the information to higher 

levels with little or no modification. 

The rapidly adapting system is thought to be involved primarily in the 

detection of motion, although it may also play a role in detection of form and texture 

(reviewed by Johnson and Hsiao 1992). Detection of stimulus motion in the 

somatosensory system has been studied using two different types of stimulation: 1. by 

moving a brush or grating across the skin; 2. by sequential presentation of punctate 

stimuli. Both types of stimulation give rise to the sensation of motion. As the speed 

of movement of brush or grating stimulus increases, the velocity of vertical 

displacement of skin increases; also the indentation velocity of each individual probe 

increases when the temporal frequency of sequential punctate stimuli increases 

(assuming the final depth of indentation is kept constant). Therefore, an essential step 

in understanding the mechanisms involved in motion detection is to describe the 

responses of rapidly adapting neurons to the velocity of single-probe displacements. 

A subset of neurons representing a given area of the skin could selectively 

respond to skin/hair displacements of varying velocities. Discrimination of stimulus 

displacement velocity could be based on selective activation of a set of serially 

connected somatosensory units from peripheral afferents to cortical neurons. 

However, the existence of selective connections between different levels of the 

somatosensory system has not yet been investigated. 
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The response patterns of most rapidly adapting neurons did not change as a 

function of stimulus displacement velocity. Therefore, pattern coding could be used 

only when discrimination is made between the responses of different classes of rapidly 

adapting neurons. However, the average firing frequency of most rapidly adapting 

neurons increases when stimulus displacement velocity was increased. Therefore, 

frequency coding of stimulus displacement velocity could be performed by individual 

rapidly adapting neurons. In addition, because of differences in the velocity 

thresholds of rapidly adapting neurons, selective activation of different classes of 

cortical rapidly adapting neurons at low stimulus displacement velocities could be used 

to discriminate velocity. 

In the second set of experiments, tract-tracing techniques were used to 

investigate the ipsilateral corticocortical connections of the forepaw representations in 

SI. These experiments were designed to reveal the corticocortical organization of SI 

in order to determine the position of each SI cytoarchitectonic subdivision within the 

somatosensory system. The question of the hierarchial position of the area 2 forepaw 

representation was addressed in particular. The studies revealed that the forepaw 

representations in areas 3b and 2 have different patterns of corticocortical connections. 

Area 3b projects to areas 2, 1, 3a, and SII. Area 2 projects to areas 3b, 1, 3a, 5a, 4 

and SII. The densest reciprocal connection of area 2 is with area 3b. 

The pattern of thalamocortical projections to area 2 also suggests that this area 

lies at a higher level in the somatosensory system than area 3b, and that it may 
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receive and process more integrated information. Area 3b thalamic afferents arise 

exclusively from neurons in VPL while area 2 receives inputs from VPL as well as 

PoM, and LP. 
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