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CHAPTER I, INTRODUCTION

Vibrissae are prominent structures of many marsals,
Their number, size, and development are not provortional
to the size of an animal; rather, their characteristics
appear to be correlated with the mode of life of a species.
Vibrissae occur in some snecies of every order of wmammals
(Pocock, 1914; Danforth, 1925),

Many specializations of locus and other charaeteristics
of vibrissae have occurred. For example, they are found
near the wrists of srecies that use forelimbs for climbing,
digring or grasping; they are more nrominent in piseiverous
or insectiverous aquatic genera than in aquatic herbivora.
in some aquatic speeies, the vibrissae have corrucated
surfaces which apparently inecrease sensitivity to water
currents. Vibrissae are conspicuous features of burrowing
aninals (Poceodc, 19143 Lyne, 1959; Ling, 1966). Reretitive
whisking movenents of the mystacial vibrissae are seen
in many but not all rodent species; sueh movements are
absent in domestic cat and dog, raccoon and seal even
though prominent faeial vibrissae occur in all these
animals (Weller, 1964). Vibrissae of the male of a species
are often slightly more numerous and stronger than those

of the female (Vineent, 1913; Ling, 1966).



A« The Role of the Vibriasae in the Behavior of the

Abino Hat

Hovement of the vibrissae playes a prominent role
in "aniffing" behavier of the rat as it explores its
environment. This behavior occurs in a precise spatio-
tewporal integration, involvine movements of the head and
snout, rapid respiratory movements (polypnea), and protraction
and retraction of the mystacial vibrissae, all in a repetitive
sequence at a rate of 6 to 8 per seconxl., This characteristic
pattern is eliecited Ly mildzy novel stimuli in any sensory
modality. The descriptions of sniffing behavior that follow
are based on the extensive cinematographic and observational
analyses of Welker (1964),

The four components of suiffing behavior scour not
only at the same rate, but also in a fixed temporal rela-
tionship to one another. As the nose contacts a surface,
the vibrissae are maximally »rotracted and thus in contact
with the surface. The tip of the snout is fully retracted,
maximally exposing the nostrils, and inhalation is at its
neak., Vithdrawal then oceurs, about twice as rapidly as
approach; the head withdraws, the vibrissase are retracted,
the tip of the nose is relaxed, and the animal evhales,
This pattern ocecurs repeatedly at a rate of 6 to 8 cycles/
8ec.,, for periods From one toe ten seconds long. The nose
an vibrissae do not invarisbly contact a surface, and in

such instances the sequence of wovenents occurs in mid alr,



Figure 1. illustrates the sniffing sequence ; Figure 2,
shows a rat with vibrissae in the relamed and protracted
position,

In addirion to describing this sniffine pattern in
noral animals, Welker further analyzed the behavior after
various types of neural damage. The snif fing sequence
seems well ~organized for optimal recention of both zomatic
sensory and olfactory stimuli. YNonetheless, selective depri-
vation of visual, olfactory, auditory or somatic sensory
input did not significantly alter the eyclie, synchronous
wotor pattern of sniffing behavior. However, animals in
vhich either the olfactory bulbs or the somatiec snout afferents
were destroyed showed some behavioral impairments; they
had diffieulty in discriminating noxious from innocuous
substances until they were actually lidked and were inefficient
in finding their food,

Animals injected with an excitant drus (Ritalin) or a
lepressant (Nembutal ) showed sl ightly hicher or lower
sniffing rates respectivel yihowever, the rates were still
within the rance exhibited by normal animals, and the intew
vration of the motor pattern was unaltered,

Ablation of both bilateral neocortesr md olfactory
bulbs disvupted the sniffine sequence, makin it difficult
to elicit and decreasing its rate, intensity and duration.

Welker also deseribed the ontogeny of sniffin- behaviors
in normal infant rats. The various components of the

pattern anneared at Jdifferent ages; the sniffins rate also
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exhibited a developmental gourse. Folypnea was the only
conponent present during the f£irst four postnatal days,

At first it occurred at a rate only slightly Ffaster than
norwal breathing but gradually increased. On the fourth

day the vibrissae began to retract synchronously: proninent
protraction of the wibrissas and nose became visible on day
7 and discrete head mbvemﬁmta on the eirhth day. These
behaviors did not reach their full amplitude and rate until
the fourteenth to eighteenth day. Although the behaviors
matured at different times, when each did appear, it oceurred
at the same rate and in normal synchrony with those moveuents
already present. Thus on day 8, all the behaviors occurred
at a rate of about 4/sec, and on day 10 at 4/sec. From .ay
14 on, the adult rate of 6 to 8 eycles/sec. was ohserved.

The temporal relationship of the warious companents as

they emerged was similar to that of the adult rat.

The synchronous sniffing pattern is relatively imsutable:
it ie essantially identieal in the 18 day old infant, which
is neither weened nor has yet had its Tirst period of intense
exploration, and in the adult animal. MNoreover only the
wost drastic interference with the nervous system has any
substantially disruptive effects.

In an early study by Vincent (1912), the vibrissae
were found to be important in maze learnins and tactile
diserinination by albino rats. In a sideless elevated Az ,

rats deprived of vibrissas from birth took lenver to learn
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and fell off the maze more “requently than normal subjects:
they also kent their bellles flattened to the center of the
nathway rather than rupmine "high," on evtended legs, as
did the normal rats, Unilateral removal of the vibrissae
resulted in the rat staying close te the edge of the maze
on the side where the vibrissae remained, Such aniwals
actuslly learned the maze more rapidly, singe staying
consistently to one side prevented most errors, The infra-
orbital nerve was sectioned bilaterally in some animalcs,

o that the nose as well as the vibrissae was insensitive:
these rats performed more poorly than those in which the
vibrissae were simply removed. Blind aninals with snout
afferents intact learned at about th@ same rate as visually-
intact animals with the infraorbital nerve sectioned, but
the former suffered many fewer falls from the maze. Blind
animals without vibrissae did not master the maze in alwost
two months of training. Vincent concluded thet vibrissae
are important in prowviding the rat with a sense of support,
in delimiting the edges of a path, in defining right and
left, and in providing a sense of equilibrium.

In a second experiment reported in the same paper

(Vincent, 1912), rats were required to diseriminate corrurated
k H

from swmooth sides of an alley in order to obtain food and
avoid punistment. Animals without vibrissas learmed more
slowly than normal or blinded rats; animals with bilateral

infraorbital nerve section failed to reach criterion on



this problem in four months of training .

Vincent's results contrasted with thoese of atsgon
(19073, who venorted no impairments in masze rerention 48
hours after cutting the vibrissae., Many diffarences in PIOCe-
dure mizht: account for this, such as Watson's use of rats
that had already learned the maze and the use

gk e & _ maze with sides versus the elevated maze
ew-loyed by Vinecent.

Horanyi, Undroczi and Lissal (1963) reported that
following removal of vibrissae, rats showed a temporary
lopairment followed by rapid recovery of performance in
a previously learned avoidance task., These results are
cimilar to the findings of Jatson oh maze learning.

Richardson (1910) showed the importance of the vibrissae
to the rat in learning a jumpine task, Blind rats learned
to Jusp from one platforw to ansther much more readily if
thelr snout or vibrissse contacted the second rlatform
before jumplag. VYhen the second surface was ocut of reach
of the rat's vibrissae, the experimenter could stimulate
the animal to jump by touching the tips of its vibrissae
with a pencil.

Zucker and Bindra (1961) found that rats derrived
of vibrigsae and vision spent more time exploring a nowvel
envircnmant, as measured by walking and reaving, than did

>

control aninals. UWlth mueh of their sensory input thus
P



removed, the deprived animals did not adapt to novel stimuli

as readily as the normal rats,

€1

B, snatony of the Vibrissae and Associated Structures

1. General Description

¢ {1914) has distinruished five catezories
facial vibrissae, based on their position on the head of
an animal :  a) Bueccal, which ig subdivided into tha mystacial
vibrissae on the muzzle and upper 1ip and the submental,
on the chin and lower Lip; b) Intervamal, bBehind the
mandibular symphysis; c¢) Cenal, rostral to the base of the
pimna; 4) Superciliary, above the eye; and e) Subocular,
below the eye. Of these, the mystacial are by far the most
consplcuous and numerous in the rat. The use of the term

1"

vibrissae, without further qualifications, will refer to

K4

the mystacizl vibrissae in this paner,

The mystacial vibrissae ave arrvanged in five rows along
the lateral aspect of the face of the albino rat (FPic. 3).
There are 30 to 35 relatively large vibrissae on sach side.
For convenienes, in speclfying any partiecular vibrissa,
the rows have been designated V through Z, from dorsal to
ventrael, and the columns have been mumbers! 1 to 8, from
caudal to rostral, The nuwber of large vibrissae in each

vow varies; vow V, the shortest, has only Five, while rows
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¥ and %, the longest, have eight large vibrissae. The
longest and thickest vibrissae are located caudally; they
becowe shorter and finer more vostrally, gradually tapering
off into the small sinus hairs found adjacent to the lips
and nares. The distinction between what are here termed
"large vibrissse" and "small sinus hairs" is an arbitrary
oneé, They are arparently structurally sinilar, with size
being the only notable difference. The most caudal vibrissae
(column 1) are about 5 ¢m. long; column 3 vibrissae are

3 to 4 cn.; those of colum 5 are 1 to 2 om. in length.

It is not uncomion to observe two halrs emerging from a
single large follicle. The vibrissae, when whisking, nrovide a
rostral-to-caudal mobile span of as much as 5 om. on either
side of the face, thus greatly increasing the potential
stimulus area an animal can contact from a given body
position.

In genetic studies of mice, the number of mystacial
vibrissae has been found to be an extremely invariant
characteristiec in most strains (Fraser and Kindred, 1962).
Danforth (1925) found that lesse than 1% of mice showed any

variability in the pattern of the mystacial vibrissae.

2. Horphology

The most extensive study of the morsholory of vibrissae

follicles was perforwed on mice by Melargno and lontagna



(1953). Less complete deseriptions of the follicle of the
albino rat (Vincent, 1913; Patrizi and Munger, 1966) and
kangarco rat (Yebster, 1966) show a virtually identiecal
structure; thus the following deseription ie lar~ely based
on the more camplete study on the mouse.

Hailr iteelf is not a senge organ. The receptive orcan
is within the hafr folliele, which is specialized in several
ways which avrarently promocte sensory input. The vibrissae
follicle (Fig, 4) is embedded in a dense capsule of Fibrous

comective tissue, which is attached to the dermal papilla

at the bottom of the capsule and constricts ai the top of

the follicle into the conical body which enclos ses the sebaceocus

glands. Between the capsule and the follicle is found the
lLarge blood sinus which is the most distinguishing feature
of tactile hairs as compared to pelage (ecoat) hairs, The

Lower part of the sinug is knowm as the cavernoug sinus,

due to the trabeculae of stellate cells and capillary plevuses

vhich are found there. The upner or ring sinus 15 associated

with the ringwulst, an umbrel La-shaped thickening of conneetive

tissue. The entire folliele is surrounded by a mesenchymal

gheath, which is the source of both the trabereulae in the
lover portion and +he ringvulst in the u-per part of the
sinus,

The blood ginuses rrovide & possible mechanism for

altering pressure which may affeet sensory reception
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(Vincent, 1913; Patrizi and Munger, 1966). There is con-
siderable speculation that the cavernous &inus may serve

as an erectile orgm, alterins the input to the large rinowulst
Just above it. “resumably when the sinus is turgid, the
vibrations of the hair in the follicle are altered, thus
changing the afferent impulse nattern,

The internal root sheath, hair shaft and hair bulb

of vibrissae are similar to those of eoat hair. Some

elaboration of the external sheath has occurred in the

vibrissae follicle: there ig a guperior enlargement of the

external membrane just above the ringwulst and a glassy
nembrane, a hyalin membrane of varying thickness whieh
separates the evternal sheath and the mesenchymal sheath,

The Jermal papilla is large and traversed by many

small capillaries, as contrasted with papillae of coat
hairs which are larcely avascular. Scott (1955) contrastad
the capillary network of the papilla with the bleod sinuses
found in the upper part of the follicle, saying that the
capillary network serves the high metabolic demands of |
the papilla rerion required to maintain tie constantly
crowing hair,

Oliver (1966) reported that the vibrissa follicle
will regenerate as long as no more than the lower third
of the follicle is removed, The hair will not grow until
the papilla has regenerated. If a stialler than nornal

papilla regenerates, a smaller han normal wvibrisss will
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The hair itself acts as the transmitter of externally-
apnlied tactile stimuli to the receptor endings. Sherrington
(1900} said,

"The short hairs of the skin much enhance the

tactile sensitivity, On 2 sa, mm. of skin from
which the hairs have been shaved the Liminal
stimulus was 36 mgms. whereas before it was
shaved, 2 mems., wae the Liminal stimulus,..
The hair ie three to twelve times more
sensitive than the (touch) spots, Each short
hair is a lever, of which the long arm outside
the skin acts at an advantage upon the touch
organs at the root.,"™ (p. 926)

The vibrissae provide a much longer lever for this amplifying

funetion, »

Besides its greater length, the vibrissa hair is also
speclalized in that keratinization occurs very low in the
hair follicle. Such stiffening provides a more efficient
pathway for transmission of mechanical deformation. (Ling,
1966).

+he muscular attachments of the follicle have not been
deseribed in detail, but a brief report has been made by

Vincent (1913), Vibrissae follicles share in the general

- skin musculature, as well as having evtensive muscular

attachments of their own. Long cords of musele run from

the sides of the follicle into the subcutaneous tissue
beneath it. There is also a flat muscle band on three sides
as well as a museular structure aroun” the neck of trhe

folliele and around the conical body., The latter are thought
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to influence the level of dampins of the vibrations of the

tactils hair.

3. Sensory Innervation

The infracrbital branch of the trireminal nerve provides
the somatic sensory innervation of the vibrissase and mouth,
It is relatively large in the rat, containing an estimated
15,000 to 20,000 fibers. Vincent (1913) provides the basis
for the following description of the rich and complex sensory
innervation of the vibrissae.

There are often 150 or more fibers entering one follicle
of a large sinus hair. Asg the nerve bundle reaches the root
of the hair, it divides into two parts which penetrate
through opposite sides of the lower third of the dermal
sheath. Both sections divide further, surrounding the
foliicle with parallel bundles of ascending Libers, many
of which ascend to the neck of the follicle. Many avons
preserve their myelin sheaths slmost all the way to their
terminations near lMerkel disc cells. There are anywhere
from 1 to 4 such disce per follicle. ALl the large fibers
which terminate above the level of the rinswulst are forced
te mass throuch it., In addition to this ascending inner-
vation, a nerve ring is formed above the ringwulst by fibers
degcending from the Jdermal plexus.

ina brief repart on the receptors of the mole, Muillam

(1964) reported at least 40 neudons enterine each vibrissa
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follicle,

Patrizi and Munger (1966) studied the nerve teminations
in rat vibrissae follicles with the electron mieroscope.
Trey also found that mest of the neurons ended at Merkel
dise cells, alter losing their myelin sheaths at the level
of the rinrwulst., They desoribe "neurite-orkel cell
complexes” which appear quite similar to those found in
enidermwal. and coat hair innervation. The Merkel cells are
filled with mitochondria at the point of association with
the neurite, Their data did not permit them to determine
whether there was one or more than one neurite ner Merkel
cell. They speculate that the specialized secretory nature
of the Merkel cell might provide the wmechanism for graded

chemical changes in the production of receptor notentials.

8.  Heural Circuits for Tactile Sensation of the Face

Somatic afferent impulses from the face activate
nevrons in the trigeninal division of the somatic sensory
system, The primery aiferent fibers travel in the
trigeminal (Vth) cranial nerve to the semilunar (Uasserian)
ganglion; they aseend in the trigeminal root and spinal tract lar-
gely to svnanse in the trigeminal nuclear complex of the
brain stem, iany fibers then rro ject to the somatic Bensory
receiving areas of the thalamus and neocortex. The trigeminal

cirevit just described, along with the dorsal root, dersal
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column input from the trunk and Limbs, constitute the classical
sensory pathway for light touch stimulation known asg the medial
lemnisecal svstem (Rose and Hountcastle, 1959). The following
review will emwphagize murosnatomical and neurorhysiological
data concerning the peripheral neurons of the trireminal-
lemniscal system. The central receiving areas will be

discussed nore briefly.

L.__The Semilunar Canglion

a. lYeurcanatomy

The semiluner sanolion ha: three divisions, each projecting
with relatively 1little overlap to three trigeminal skin
fields. The divisicns are the ophthalmic, maxillary and
mandibilar (Head, 1894; Sherrington, 1898; Kerr, 1963
Jarian-Snith, Mutton and Proctor (1965),

Cajal (1999) described the ganglion as composed primarily
of monopolar cell bodies, As the vnnyelinate? axon leaves
the cell body, it forms a tightly coiled glomerular struce-
ture and then bifurcat@a.inﬁo an ascending and descending
seguent., each of which is mwelinated. istological examina-
tion of the ganvlion in eat and monkey shows a cell mass
runaing from anteromedial te nosterolateral throuzh the
three divisions, irregularly interupted by fiber bundles
{(Kerr and Lysak, 1964; Darian-Smith et al,, 1965) (See Fig,

5 & 6),
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Electron microscopy has revealed the ultrastructure
of the gauglion to be very similar in many épecias of
animals; it is eomposed of nerve cells of various sizes,
surrounded by satellite cells, and containing large central
nuclei (loses, Beaver and Ganote, 1965)., Although some
etudies falled to report unmyelinated fibers (e.x. Gerard,
1923; Brookhart, Livingston and Haugen, 1963), both myelinated
and unmyel inated fi&ers have been observed with the electron
wicroscope (Uixon, 1963), The latter are nresumed to subserve
efferent symnathetic rather than sensory funetions, whiech
would account for their not being identified in the physio-
logical studies, which employed afferent test stimuli.
Conduction time studies permit the inference that a
wile spectrum of axon diameters exists smons the niyelinated
afferent fibers. Mellinley and “agoun (1942) found conduction
velocities of 40 to 50 meters/sec in the trigeminal nerve
of cat., BSrookhart et al. (1963) reported conduction speed
in the peripheral segment of axons intervating tooth pulp
to be between 30 and 45 meters/sec. Darian-Smith et al,
{1965) have identified fouwr fiber groupg in the eat trireminal
nerve with mean conduetion velocities of 67, 35, 23, and 12
meters/sec. in the neripheral axon segment. In the pPogt-
ganglionic segment, velocities were markedly less (between
6 and 34 meters/sec) than in the periphery., Within the

central segments conduction speed (between the ranglion and
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brajnsten) decreases further caudally, probably due to
tapering of the individual ribers (Vall and Taub, 19623,
Although some controversy has existed cver the level
of temmination of the first order nenrons in the trigeninal
nuelear complex, antidromie stimulation of the spina tract
in eat, at successively uove caudal nositions, has shown
that 805 of the large fibers project at least as far caudally
as the obex, 48% at leaat as far as the first cervieal segment
and 16% as far as the second cervical sesmant (Dard an-Smith
et al,, 1965). Similar reaults were obtained from degewmration
studies performed on eat and rat (Kerr, 1963; Clarke and
Bowsher, 1962), The level of teraination in the madulls
is not eorrelated with the peripheral divigion to which a
fiber belongs as has been nreviously thought (Torvik, 1956
Wall and Taub, 1962; Darfan-Smith et al., 1965), althourh
there is a somatotopie arrangement of fibers at any transe
verse plane from ophthalmie, mavillary and mandibular branches

in ventrodorsal succession (Torvik, 1956; Kerr, 1963).

bs Heurophysiology

There have been relatively few revortad neurophysiological
investiczations of the semilunar ganglion in cat and wonkey
and none in rat. In the two most extensive investigations
carrie! out (Kerf and Rysak, 1964 on cat and monkey; Darian-

Smith et al., 1965 in cat), single unit recording was used

to establish some of the regentive field and coding chapac -
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teristics of these neurons. Xerr and Lysak found neurons
that were activated by stimulation of hairs, gentle contact
with the skin and pressure or movewent of the vibrissae.
Darian-Smith et al. usvally emnloyed an electrical stinmulus
which presumably activated all of these categories of unirs.

The two studies renort somewhat different somatotopie
organizations within the ganglion, Xerr and ILysal: found
that units located dorsally in the ganglion hal receptive
fields in ths mora nosterior regions of the face; ventral
uite innervated the perioral mmd perinasal regions, Darian-
Smith et al, did not observe such a dorsoventral organization.
Both studies, however, renorted that the three divisions
of the ganclion subserve the three segments of the face,
ophthalmic being nost medial in the ganslion, mandibular
wost lateral and waxillary in bhetween then. Darian-Smith
et al. stress that +he ophthalmic division is located rostrally
as well as medially in the ganglion and that the mandibular
division is situated caudally as well as laterally. The
present experiments providae information regarding somatotopic
organization within the maxillary cotiponent only, hecause
this is the division which receives projections from the
vibrissae.

Both Kerr and Lysak and Darian~Smith ot al. found neyrons
with restricted cutaneous receptive fields, with averace
reeentive field diameters bhetween 1 and 2 cm,; thev observed

the size of the receptive fields to be smallest in the perioral



18

and perinasal regions and largest around the pinna and eye,
his change in the average size of the receptive field as

a function of body locus is similar to that found in dorsal
roots in many investizations (e.~s, Pubols, YWelker and Johnson,
1965).

Kerr and Lysak studied neurons innervatine teeth and
vibrissae, and these results, along with those from several other
erperiments recording frow the mrimary afferent fibers in
response te stimulation of the teeth and vibrissae, will be
discugsed after the findings of the present experiments
have been reviewed,

There have been many reports of antidromic activity
recorded within the primary afferent fibers of the triveninal
(Turnbull, Black and Seott, 1961; Alvarex-Carregal, Crue
and Todd, 1963; Jarian-Smith, 1965; Darian-S3mith and Yakota,
1966a, b; Hammer, Tarnecki, Vyklicky and “Hesendanger,

1966; Stewart and King, 1966, Stewart, Scibbtta and King,
1967). The terminology used to deseribe this activity is

not standardized as yet, I shall use the terms chosen by
Barian-Snith and colleagues, who have made the most extensive
of the investigations.

They describe the existence of the "trigeminal tract
reflex,” a repetitive discharge of 2 to 7 spikes analogous
to the dorsal root reflex (ef. Brooks and Yoizmumi, 19563
Eecles, Kozak and Hagni, 1961). It is characterized as

follows:
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1) Elicited by electrical or mechanical stimulation of the
exeitatory receptive field of a unit or of the area
surrounding that recentive Field.

2) Onset lateney of about 5 to 12 msec,; duration of ahout
3 to 15 usee,

3) Abolished by section of the triceminal root.

4) Abolished by stivulation rates of about 2/sec. or more,

5) Znhanced by a subnormal body temperature,

| The studies by Darian-Smith (1965) and Stewart et al,

(1967) also report the evistence of a change in exeitability

in the central terwinals of the afferent fibers, termed

primary afferent depolarization (PAD, deseribed by dorsal
root fibers by Wall, 1958). PAD has many characteristics
identical to those of the tract reflev, and it is nresumed
that the trigeminal tract reflex oceurs when DAD reaches
threshold for spilke discharvse, PAD e¢an be elicited by
stimulation of the same peripheral areas that produce the
tract reflex or by electrical stimulation of the face area
of contralateral somatic sensory cortex. Several other
cortical loci alse nroduce lesser amounts of PAD, It has

a latency of 10 msec., a pea® at 20 to 30 msee, and a duration

of 150 to 300 msec, The effect is ma<imal in the prinary



afferent terminals in the rostral part of the trigeminal
brainstem comnlex. |

Stewart et al., reported an enhancement of PAD when
a tractotomy is performed which senarates the rostral and
caudal brainstem nuclei, sugresting a tonic hyperpolarizing
influence exerted by the caulal nuelei. Darian-Suith and
Yakota did not find this effect,

Both studies sugrest that the tract reflex is an
instance of primary afferent depolarization which is respon-
sible for surround inhibition observed in the seecond order
neurens. This will be discussed Ffurther in the subsequent
section on the brainstem nuclei.

Stewart et al, observed a depression of the trigeninal
tract reflex elicited by a test stimulus following the electrical
cortical conditioning stimuli effective in produging PAD,

They propese that the conditioning stimulus partially depo-
larizes the afferent fibers which, in turn, inhibits the

response of the second order neurons, This decreaced response pre-
sumably activates fewer of the interneurons which synapse

back on the primary fibers, and thus fewer spikes are elicited

in the tract reflex.

2. Triceminal Nuclear Complex of the Brainstem.

a, Neuroanatouay

The trigeminal nuclear compler consists of two main
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divisions, an ascending component of the triveminal spinal
tract called the main or prineipal sensory nucleus and the -
descending ecomponent of the tract called the spinal nucleus
of the trigeminal tract (Ramon y Gajfal, 1909; verard, 1923).
The latter structure is comrosed of at least three divisions,

nucleus orelis, interpolaris and caudalis (Olszewski, 1950;

Torvik, 19562,

Many of the neurons from these nucleil project to the
contralateral nosterior (ventrobasal) thalanus {Rose and
lounteastle, 1959). Recent experinents usin- antidromic
stimulation suggest that the rostral nuclei project to the
arcuate nucleus of the ventrobasal complex; the neurons
from n, caudalis project largely to the posterior nuclear
group (the chief receiving area for the spineothalamic traet)
of the thalamus (Darian-Smith, Row and Sessle, 1966b)., On
thig basis Dardian-Snith (L966) provosed that the former be
considered lemniscal neurons and the latter as the homolog
of the spinothalamic system, but this scems somewhat premature
until additional pronerties,such as size an’ location of
receptive fields and modality specificity, are seen to avree
with this dichotomous classification,

Although a subject of much controversy {(see Rose and
Hounteastle, 1959), results of recent studies usi g degenw
eration methods and antidromic stimulation suggest that

there is a projection to insilateral thalanus (Torvik, 1957;



Stewart and King, 1963; Eisenman, Fromm, Landsren and Howin,
19642, There 18 also a projection to the midbrain reticular
formation {(Nauta and Xuypers, 1958: Stewart and Ring, 1963)

from the caudal brainstem nucleus.

b.  Neurophysiolory

ilfh@uyh there has been quite a number of electrophy-
siolorical studies of these nuclei (Darien-Suith and Hayday,
1960; Gordon, landrren and Seed, 1961; Kruger, Siminoff and
Vitkovsky, 1961; Wall and Taub, 1962; Kruger and Michel,
1962 a, b; Parian-Smith, Phillips and Ryan, 1963a: Darimn-
Saith, Proctor and Ryan, 1963b; Eigenman, Landzren and
Novin, 1963), there is Lirtle apreement on the size of the
cutaneous receptive fields or somatotople organization.
ALl the investigations agres that the receptive ficlds
are vestricted in some subnuciei and large in others, and
that the restricted fields are organized somatotopically
in the form of an ipsilateral inverted head. I lowever
the various experiments disag-ee as to which of the nuclei
and subnuelel possess  somatotopic Qroj@ctioné and which
have receptive Fields too large and overlapping to reveal
such organization., Some experiments report precisely the
reverse ol others, Darian-Smith (1966) consgiders that
shrinkage of tissue upon histological preparation, spread
of field potentials in macroelectrode studies and biased

sanpling procedures in miero-slectrode studies all contribute



to the thmus far confused rm@ﬁiﬁ&; .

Unirs in the brainsten complex with cutaneous receptive
fields located in the vibrigsae will bn discussed following
the results of the present experiments, |

There has baen a mnﬁh«w off reports of afferent surround
inhibition in the trigeminal brainstem nuelel (EBrickson,

King and Praffmarmn, 1961; Darian-Suith, 1965; Derian-Smith
and Yakota, 1966 a, by Stewart and King, 1966; Stewart et
al., 1967}, The inhibition has the same tganoral and apatial
characteristios as the primary afferent depolarization

{PAD) deserdibed in the preceding section, Inhibition of
responge to a2 test stimulug cccurs fﬁlimwing.a conddtioning
stimulus to the excitatory receptive fileld of a unit, to

the peripheral region surrounding that receptive f£ield or

to the face area of the contralateral somatic sensory

cortex. The ‘nhibition alee has a latency and time course
similar to those of PAD, and it too is meximal in the rostral
nuclei, Thus the {nhibitorv effert hapg 2ll the characteristics
of pregynaptic inhibition as characterized by lecles and

his col’ eagues (see Fecles, 1964) in the spinal cord and
dorsal colusn nuclei, Une study of the brainsten nuecled
failed te £ind such surrvound inhibition (Kruger snd lichel,
1962}, They examined neurong in the cat responding te
stinulation of the vibrissae especially carefuliy for this

phenonenon but did not see it,



3. Thalanic Receivine Areas

Hounteastle and Tenneman (1952) and Rose and Mounteastle
(1952) deseribed the somatic sensory nrojections to the
thalamus in monkey, cat and rabbit, They defined the ventro-
basal complex as the priwmary receiving area . Within this
region, trigeminal input from the face and mouth is localized
to the arcuate nucleus in cat and monkey. In the rabbirt,
almost the entire ventrobasal region receives facial input,
with only a small zone reserved for sninal afferents.
bomers (1965) likewise found a relatively large representation
of the face in the wventrobasal comple of the rat, with many
evoled potentials elicited by stimulation of just the vibrissae.
& somatotopic organization was found in all species. The
contralateral face was represented more extensively than
the limited ipsilateral projection from nerioral zones.

Darian~-Smith et al, (1966 b) substantiate’ these
findings for facial input to the arcuate nucleus of the cat.
They reported receptive fields of between 2 and 25 me, Lor
units which, in general, evhibited the highly specifiec
rroperties found throughout the primary somatic syaten.,

Hlost units adapted rapidly to either light touch or hair
stimulation., About 50% of the neurons were inhibited by
electrical stimulation. in the areas surrounding the recep-
tive field; the surround usually consisted of the entire

contralateral face with an ipsilateral perioral extension,
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More than 90% of the neurons which responded to tactile
stimulation received their input from the main nucleus

and rucleus gralis of the trigeminal complex in the brainstem,
_ The sane study reports that input to the nosterior

proup of the thalamus is largely I{rom nucleus gaudalis of

the brainstem complex, The recentive fields of these neuvons
are much larger; some neurons even resnond to auditory
stimuli.

& third thalamic area responding to facial stimulation
was the subthalamus {(Darian-Smith et al., 1966b). About one-
third of the neurons in this area had relatively small
discrete recentive fields and tw-ithirds had more extensive
and diffuse fields, similar to those of the posterior nuclear

group.

Gortical Receiving Areas

-
i

Adrian (1040) and Woolsey (1943; 1958) delimited two
ereas of the cerebral cortewx, desigmated ST and SII, which
receive a somatotopically organized nrojection from the
entire body surface and face., In the rat, the amount of
cortex vepresenting the surface of the trunk and limbs is
roughly proportional to the skin surface area, whereas
the face region of cortex is relatively enlarged (Woolsey,
195823,

In a detailed study in the cat of trigeminal input
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to the cortex, Darian-Smnith, ibister, Mok and Yakota (1966a)
observed that the functional characteristics of Ffacial
neurons were siuilar to those observe: for cortical neurons
responding to spinal input (e.o, Mounteastle, 1957; Carreras
and Anderson, 1963). Darian-Smith et al. (196ca) also
defined a third somatic rrojection reglion, SITI, which had
similar properties, They suggested that 3I1I in the ecat
say be howologous to the split-head projection found in
primates (e.n, Ullrieh and Yoolsey, 1954),

A1l three regions recdive an inverted, forward-pointing
projection of the head and faee. ALl three face areas
exhibit columnar organization of the receptive fields, such
that all wnits within a colum situated at a right angle
to the cortical surface receive innrut from a ginilar peripharal
Llocus and of sivilar modality. ALl three have large contra-
lateral and small ipsilateral facial projections (Darian~
Smith et al., 1966a).

In conclusion, the neural organization of touch sensation
from the face has many sinilarities to the more thoroughly
studied somatic sensory input frow the trunk and limbs (the p
dorsal column svstem). As do lemniseal neurons of the dorsal
column system, many of the trigeminal neurons have pracisely
localized somatic sensory receptive fields arranged in a
somatotople pattern., The two systems project side by side

to adjacent areas of the medulla, thalanus and cortex, Homologous
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distinctione between the dorsal column pathway and the
spinothalamic tract are as vet less clear in the trigeninal
system, although indications are that such a dichotomy exists
there toe (Rese and‘mbuntcaatla, 10590 Darian-Saith, 1966).
Both systems exhibit afferent survound inhibition, with a
well-docunented presynaptic component of the inhibition in
the medulla. One distinct difference is the inclusion of

an ipsilateral projeetion within the trigeminal pathways,
vhereaw the body limb projection appears to be exclusively

contralateral,

2y Cuantitative delationships of Stimulus Input,Neural Output

Precise relationshins between the intensity of a stimulus
and the frequency or amplitude of the evoked ﬁeural activity
have been astabli&h&ﬁ in tha‘primary afferent dorsal root
Jibers b’ a mmber of investigators (Mriam and dotterman,
1926; Matthews, 1933; Katz, 1950; Lindblom, 1962; Ta'per,
1964 Werner and Yiountcastle, 19643 Mountcastle, Talbot and
Kornhuber, 1966b), In addition, reports have been made of
intensity-Efrequeney relationshins studying faefal input
to the medulla (Takata and Yojire, 1963 Darian-Smith, 1964),
and spinal inpu® to the thalamus (Mountecastle, Povgio and
Jerner, 1962, 1963). All of the above studies report a
linear, lorarithnie or power function between stimulus
invut and neural response.

’

By far the most elegant of these experiments were those



conducted by lountcastle and ecolleagues. They have explored

the S-R relationships at three Locations in the somatic

sensory system:

a) in primary afferent £ibers of the saphenous nerve in
response to mechaniecal stimulation of Igzo corpuscles
(touch spots). The subjects were cats and wonkeys
under barbiturate anesthesia. |

b) in thalamic neurons in resmonse to gentle rotation of
the joints of unanesthetized mottkeys and

¢) in slowly-adaptin: primary afferent fibers in res-onse
to wechanical stimulation of the dermal ridges in the
#labrous skin of the hand of macaque monkeys under
barbiturate anesthesia,

“hese experiments revealsd that the degree of skin
indentation or joint movement was precisely coded by Fre-
quency of reural firing. In the first two experiments
(2 and b abeve) the velationghip of stimulus intensiry and
impulse Lrequency was in the form of a power funetion.
When plotted as a double logarithmic transformation, the
data showed axtremalylﬁlosa fits to a straight line function
(e.z. mean correlation coafficient % ,96 for 10 primary
arferent Ffibers).

In the third experiment (o above) stirnlation of the
dermal ridges vesulted in s linecar relationship between

stimulus intensity and Erequency of splke discharve. The
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correlation coefficient describing the goodness-of-fit of
the data to straight line functions was ,99 or more in all
cases, This relationship can, of course, be considered as
a power function with an expenent of 1.

These results are extremely intevesting in the light
of human psychophysical experiments performed by Stevens
and colleagues (e,g. Stevens, 1959, 1961 b, 3 1966), which
show a similar power fumction relationship between stimulus
intensity and "subjective sensation” for an inpressively

ide range of stimulus nodalities {(esg. electric shock,

loudness, brightness, eeld, Length of lines, and nany others).
Stevens uses nrimarily the methods of "magnitude estimation,"”
whareby subjects asaign a mmmerical value to a stimulus in
comparison with an arbitrary numeriesl value assioned to
a standard stimulus and "eross-modality matching, " whereby
the observers equate the sensations -roduced by stimuli
of different modalities. His results show that the former
method produces straight line functions when the data are
transformed onto double log cocrdinates, with a characteristic
slope (l.e, the exponent of the nower function) repregenting
cach stimolus modality, The eross-modality matching procedure
produces similar straight line functions with slopes equal
to the ratios of the exponents of each modality involved.
If instéad of the magiirude scaling methods, diseriminability

scales are constructed, us' ng the just-noticeable-difference
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method of Fechner, a logarithmic rather than a power
function emergaes.

The straight line functions of Stevens are cbtained
by averaging the vesulis from a large number of trials
per subject and a large number of subjects. Data eolieccted
from individual subjects, even though a large nuber of
trials may be used (up to 100 at each stimulus intensity),
show systematic deviations from a straight line, with slopes
of the best-fitting straight Line varying widely from subject
to subject (Luce and Mo, 1965),

Stevens strongly arsues that the power function should
replace the classical semin~log relationship of Fechner as
the psychophysical law. Other investigators, while not
doubting the empirical validity of the power function
obtainsd by magnitude scaling, have reservations about itrs
meaning (see, e.c., Eman and Sjoberg, 1965),

The impliestions for one another of the human pavcho-
physical data and the single unit animal data are not entirely
clear, One differvence in the results of the two kinds of
studies is that in the first two ewperiments described,
“lounteastle reports a different exponent for each nerve
fiber. This might be somewhat inconsistent with the existence
of an exponent uniquely characteristic of each modality as
purperted by Stevens, sinee the range of exponents for

mechanoreceptive afferent flbers was almost &8 mreat as
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the range found for all stimulus wodal itics by Stevens,

Jespite such discrepancies, Werner and Mounteastle
(1965) assert that the identity of the formal relation
between stimulus and resnonse in the two kinds of experdsents
implies

"that the neural transf orms intervening between

input and The final verbal descriptions of an

introspective masnitude estimation must be linear

for the intemsive continuum. This does not imply,

of oourse, that the intervening neural transforms

wust all Le linear, but that the sum of their

serial superpesition must be so." (p. 391)
This statement is not necessarily true; If successive trans-
fomations were power functions rather than Linear & unetions,
the sum of the transformationms would nonetheless be a DOWEE
function,

Hounteastle, Talbot, Dardian~Suith, and Kornluber (1966a)
performed an experiment designed to compare directly human
futter-vibration thresholds and resnonse properties of
first-order mechanoreceptive afferents from the hand of
amesthetized monkeys. Using the sane stimulator and stimulus
prograw for both humans and monkeys, they found twe sets of
afferent fibers whose response properties accounted e tremely
well for the two Limbs found 1In the human threshold curves,
This experiment adds weight to the assumption that neuro-
physiological studies of peripheral Tibers can shed licht

on mechanisms of sensery percention,
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L., Purpose of the Present Esperiments

The esperiments reviewed in the preceding sections
describe some of the behavioral, asnatomical and neurephy-
silological data relating to the pareeption of tactile
stimidi. The data indicate, in part, the role tactile
stimuli to the vibrissae play in the rat'’s behavior, how
the vibrissae and associated structures ave snecialized
to receive the stimuli and which neural circuits have
been discovere! that rrocess tactile stimulation of the
face.

The presen: expariments were designed with the goal
of relating neural coding éharacteristic$ fo peripheral
mechanical stimuli, in order to understand what ilnput might
normally be perceived from the extensive use the rat wakes
of its vibrissae, The methods of stimulation were chosen
so as to mimic some of the stimulil that the rat normally
encounters during use of its vibrissae Iin exploring the
environment.

The first order neurons of the trigeminal system were
selected for amalveis, This iz not to Imply that these
peripheral afferents are the locus of 'perception’®, but
rather that these neurons ave an early f£iltering point of
the neural circuit which ultimately underlies the percertion
o< a tactile stimulus., 3tinuli whiech are transmitted hy

these first neurons, i.e, which are encoded by them, have
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the poasibility of affecting higher order cells. Conversely,
stimulus charscteristics which are eliminated by this filter
gannot iatluence later firing in the circuit.

The following general questions were asked in the
present study: a) Yhat are the characteristics of adequabe
stimuli for activation of the {irst order neuronst b} lhatb
char cberistics of such stimuli are coded? ¢) Vhat is the
nature of such codes?

speeifieally, the experiments verc designed to deline
the receptive fleld characteristics and topographical
organizabion of units responding to stimulation of the
vibrissae and to debtermine the response of these neurons
to vibrissse movement produced by aetivation of the normal
facial motor pathways, The ﬁhﬁeahcl& gtimalus suffieient to
activate the vib?iﬁaaé units and their response to u susbaincd
astimulus were also determined., Finally, gquentitative rele-
tionships betweer the amplitude and veloclty of the stimalus

and the froguency of impulse discharge were exauined,



CHAPTER 1II, MATERIALS AND METHODS
A EXPERIMENT 1

Bxperdment 1 defined receptive field characteristies
md adequate stimuli for activation of single unfts in the
senilunar ganglion using the following esperimental subjects

and teehnlaones,

L. Experimental Preparation

Fwenty-four nale Sprague-Dawley rats weighing between
190-3320 pm were used as subjects, Anesthasia wes indueed
by intreperitoneal injeetion of 45 wmg/kg pentobarbital
sodium; subsequent doses were administered as fudged necessary
by reflex responsiveness, Vibrissaa were elipped to about
1 om, in length and painted black for easier visualization.
The trachea was then cannulated and the anfmal placed in
the headholder of a stereotaxic instrment, Hody temperature,
menitored rectally, was maintained between 32 and 36° ¢,
with the use of a heat laup,

Under visualization with a binocular dissectine wmiero-
scope, enough of the left heaisphere was removed by aspiration
to expose most of the semilunar (Gasserdian) gamnglion (Sce
Fig, 7). lemostasis was achieved with the use of relfoan.

The dura was then teased awny from the exposed surfase of

the ganglion with fine foreceps, Continuous ascumulation



of cerebrospinal fluid preventing drying of the sanglion.
In some animals, the trigeminal root was sectioned to
prevent the recording of any possible antidromie activity
(trigeminal tract reflex) in the ganglion (See Introduction).
The temnerature of the tissues adjacent to the ranglion
was measured in a few cases and was typlecally 35-39°C,
i.e., a few degrees higher than rectal temperature, This
difference was probably due to the illumination of the
ganglion by sureical lanps.
In some animals, a 5 wa, length of the buceal branch
of the facial motor nerve was dissected clear of aurrmunding
tissues to permit electrical &timulétiqn producing protraction
of the wvibrissae. Occasionally a small rostral branch of
the faeigl nerve, stimulation of which produces retraction
of the vibrissae, was similarly prepared., Lach e osed
nerve was covered with a small coiton ball soaked in mineral

oil to prevent drying.
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2. Recording Methods

Tungsten microelectrodes, preparesd accordine to the method
off Hubel (1957) were usaed to record electrical actiwvity
from units in the ganglion. These electrodes had a tip
diametor of aﬁﬁrnxinately lp-and were insulated with epomylite
varnish to within 15 to 30 from the tip. Pigure 8A shows
the size and shape of one electrode which successfully recorded
from wmits in a majority of the experiments, The aicro~
electrode was carried in a shielded holder and was itself
sirielded to within 3 em, of its tip by hypodermic tubing
attached to the holder. The common shield was srounded to
the stereotaxic headholder and the indifferent glectrode was
attached to ewposed secalp.

Mderoelectrodes were lowered onte the ganglion by
mea s of a mieromanimulator attached to the stereotawic
instrument, lMovement of the electrode onto anl thraough the
surface of the ganglion was observed through a binocular
dissectin’ microscope. In each puncture, the electrode
was lowered dorsoventrally until the botfom of the ganglion
wag resched, This polnt was easily identified by an abrupt
ressation of unit Thash? activity when the face and snout
were being stroked. The location of each puncture was marked
on a sketeh or photogravh of the ganslion (Ses Fig. 8B).
The punctures did unot sample the ~anglion systematically
but rather were Jdesicned to mavimize the recording of units

which resvonded to vibrissae gtimulation,



The electriecml signs of neural sctivity were amplified
by an Arvgonsut differential preamplifier {(low cutoff filter
set at 520 -cps und the high cubtoff Lilter at 16U0 eps) whose
cubput was led into the smplifler of a Pektronix 502
ogeilloscope., The electrical sctivity, thus amplified, was
monitored on the face of the osellloscope and, with additional
amplification, over an 8 in. loudspeaker. Unit acbivity
was recorded on one channel of & two channel magnetic bepe
(Magnecord tape recorder F728-4), while the second channel
recorded ver.al descriptions of assoclated exnerimental
pﬁadedures and unit characteristicg., Ior illustrutive
purposss, sclechted units were photographed frou the oseillo-
graphic playback of the recorded date, using a Orass camera
{model C4%), The recorded acbtivity was also used in data
analysls procedures {see below).

Heeords vere taken only of the electrical signs of
single unit activity., Uniformity of splke amplitude and
wave lorm w re the major criteria us d to distingulsh s
single unit. Although several units might be recorded from
any one electrode position, they were distinguishable by
distinet differences In spilke amplitude and waveform, Data
were recorded only in those cases vhere the spikes were of
uniform emplitude and slso sharply differentisted from besee
line and background activity., The amplitude of splkes mocting

these oriteris ranged Irom about ?U/g? o about 400 pV.
s
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Polarity of the gpikes varied: 48% were initially
positive and 52% were initially negative (Fic, 80). Soume
electrodes tended to record more units of one nolarity type
than the other, but ne electrode recorded one polarity type
exclusively, In geneval, initfally negative units could
be held for longer periocds of time than those that were
initislly positive., Single units were held for as long as
Ewo hours, but five to ten minutes were usually sufficient

to obtain the relevant data for each unit,

3. Electrical Stimulation of the Faecial
Herve ' ’ '

The faclal nerve was stimulated electrically to produce
movenents of the vibrissae which simulated natursl motor
itovenents. The buccal branch of the nerve, which vielded
protraction when gtimulated, was usually chosen, but occa-
sionally a small branch yieldng retraction was stimulated
as well. The latter was stimulated less often because of
the relative difficulty in dissscting it free.  Mono-
polar stimulating electrodes were constructed of ,005™
dismeter Tormvar-coated stainless steel wires., A Loop waa
made at the end of cach wire snd the insulatisn on its inner
surface removed. The stimulating wire loons were then
hooked onto the two exposed branches of the facial nerve.

The indifferent electrode was inserted subcutaneously over



the dorsal aspeet of The neck. The wires were connected

to the sutput of a variable valﬁage igolation transfommer
{General Radio Corp.) via a switch bex, which allowed selective
sthoulation of either the protraction or retraction nerve,

A potentiometer on the output of the transformer permitted

ad justment of stimulus intensity te produce an amplitude

of vibrissae whisking movements whieh would aprroximate

that of the bebaving mmimal. The stimulus to the isclation
transformer consisted of a 1 msec, duration pulse, delivered
by a Telstronix 16 pulse generator at a rate of 2.8

pey second,

&, Mathods of Tactile Stimulatiﬁn

o ———— -

Mechanical stimulation was employed to explore the
surface of the animalt face, As the microalectrode was
advanced slowly into the ganglion, the mystacial vibrissae
pad and surrounding faeial areas were repeatedly stroked
with a polyethylens tube stvlus to ascerta’n if the micro~
electrode tip was in position to record from a driveable
unit, When driveable iselated single units were encountered,

the electrode advance wan halted, and a more detailed

T

dentification of the unit's receptive field was carried
o,
Firgt the extent of the receptive field was identified

as being either a vibrissa, smell sinus hair, or patch of
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comnon fur, In the case of each vibrissa or small sinus
hair, the following stimulation procedures were systenatically
etnployed :

1) Successive movements in each of four major directions
(rostral, eaudal, dorsal and ventral) were produced by
contacting the hair or vibrissa near its tip (all vibrissae
had been cut to 1 em in length, see above) with a small
probe and deflecting it as far as required to activate
the unit consistently, Althourh the planes of deflection
wvare approximastely these four, some variation in the precise
direction was inevitable. Small deviations from the four
90% positions did not aspear to affect the unit response
paraneters which were studied.

2) The probe was then quickly removed, allowins the
vibrissa or hair to retum rapidly from its deflected posi-
tions (here called "snap release™),

3} Next, the tip of the vibrisea or hair was grasped
with a fine forceps and alternately pulled and pushed
rerpendicular to the surface of the skin.

%) The mystacial vibrissae were then activated to
protract, and in some cases retract, by electriecal stinu-
lation of the facial nerve which immervates the striated
muscles that activate the vibrissae, This determined
whether or not repetitive movement of the vibrissae in
the rostral-caudal direction would activate the unit,

Such aetivation simulated vibrissae whisking in a behaving
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animal .

5) While a vibrissa was thus freely moving, a "barrier”
vas placed In contact with i, simulating what might oceour
vhen the animal encountere’ an object while exploring the
environment. The barrier was held, in turn, in each of the
four main directions, rostral, caudal , dorsal and ventral.

When the receptive field was associated with comnon
fur rather than with vibrissa or swmall sinus hairg, the
extent of the receptive field was determined by mentle
mechanical stimmlation, consisting of hair stroking and
bending with a fine~tipped probe.

Since some stimulatine nrocedures were not used in the
early experiments, and some units were lost before the
complete battery of procedures could be applied, not every
method of stimulation sms employed for every wnit studied,
Consequently, in the results reported below, the mumber of

units ineluded in each of the several analyses is not equal.

B, EXPERIMENTS 2 and '3

Experiments 2 and 3 extended the findinge of the first
experinent by using an alectranicallymeantralled mechanical
stimulator which precisely regulated the velocity, anplitude
and duration of the stimulus to the vibrissae, In addition,
a small vumber of wnits in Exﬁerimant 2 was studied in

unanesthetized decerebrate animals to evaluate the effecis
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of barbliiurate enesthesia in these experiments. The changes

in tec'mique from the first experiment are deseribed below.

L. Drperimental Preparation

Hale Sprague-Dawley rats weirhing between 200 and 300
grans served as experimental subiects, In Dwseriment 2,

26 animals were used and in Experiment 3, 6 animals were
usad., ALl but two of the amimals were ancathetiged and
subjected to the same surgical procedures as those deseribed
for subjects of Experiment 1. The trigeminal root was sec~
tioned in 7 rats used in Experiment 2. YNome of the animals
used in Dxperiment L were used in Experiments 2 or 3. The
only rats which were used in both the latter experiments
were the two decerebrate animals.

These two rats underwent decerebration prior to the
normal surgileal procedures, For these aninals, ether anes~
thesia was aduinistered, snd 2 stainless stebl elestrodes
were stereotaxically positioned in the wmidbrain {coordinates,
A-P 13 lateral 2 wm on either side of the midline; depth
1 wm above herigontal 0), A 60 ma radio frequency current
was passed through the 3 mwm. bared tips of the electrodes
for 20 see., using a radio frequency lesion naker,
This produced a large bilateral midbrain lesion, The semi-
Lonar ganglion was then exposed, as described in Lxperiment
1, and the animals permitted fa recover fLrom the ether aneg-
thesia. Upon recovery they showed brisk reflexes whan

stimulated, but did not struggle in the headholder. They
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were then paralyzed with gallemine triethiodide (Flavedil)

and artificially respirated for the duration of the experiment.
The vibrissae were cut to 1L em. in leagth in all animals;

in a few animals, they were clipned to successively shorter

and shorter lengths durinos the course of the experiments.

This was done to determine the influence on unit responses

of rosition of the stimulator probe in relation to the

length of the vibrissa {see "wosition" effect below),

2. Recording lethods

Recording techniques for Lxperiment 2 and 3 were
identical to those deseribed in Experiment 1, except for
the followiny modifications: a Tektronix 2A51 differential
preamplifier and 565 osecilloscope replaced the Argonaut
preamplifier and Tektronix 502 oscillosecope.

lgolated single units were held for as long as five
hours, but 30 minutes te 2 hours were the typical range
of time for which these units were studied,

3. _.The Vibrissae Stimulator

4n electronically~controlled mechanical stimulator,
shown in Fig. 9, was used to menipulate single vibrissae
in any of four directions: rostral, caudal, dorsal and ventral.
The stimulating pro'e consisted of a hollow, eylindrical
wand, into which the vibrissa could be slipped (Fig. 10),
The probe was usually pesitioned 5 ma, From the base of the
vibrissa, In some cases, the distance from the base was
varied to letermine the influence of several positions of the
nrobe on unit firing (see the "position™ effect below),

The stimulator produced an angular motion of the wand
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proportional to the input at the RAMP teminal., (See
block dlagram, ¥ig, 11). The simal fed to the RAP
teminal was a sawtooth waveform initiated by manual triggering
of the first of two Tektroniyx 162 wavefomn generators,
frior to stimulus initiation, the START STOP FLIP-FLOP
held storage capacitor Oy discharged and the wand in its
rest position. OCoineident with the start of the sawtooth,
the first waveform generator slso produced a start -ulse, ,
which permitted the voltage on C1 to follow the sawtooth.
At the end of the sawkooth, C; held the highest value
of woltaga that the sawtooth had achieved, This voltase
was held for the time of the HOLD TIME GATE, which was produced
by the second 162 gemevator and trigpered by the end of the
gawtooths The temminatrion of thie rate caused the vesetb
of the FLIP-FLOP, which in turn discharged O at a rate
dependent on the tiwe constant selected by the OFFSE
gwitch,

A range of 10 msec, to 10 sec, was available for both
the sawtooth and the gate times, which were independently
ad justable on the two 162 rencrators, The onset velocity
of the wand was spprowimately linear, although there was
an initlsl wechanical lag which varied with the length of
the sawtooth, The mechanicel latency usually constituted
about 10% of the total sawtooth rise time, There were three
OFFSET vime constants available, 15 msee. ("slow M),

Ge8 maee, ("medimm™), md 2,2 msec. ("Fast")., The offset
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veloeity followed the exponential time céur@& of its RC
cireuit,

The voltage on the capacitor th was real ocut by the
FOLLOWER AMPLIFIER and applied to the GAIN control. The
rogition of this control determined the percentage of full
secale traversed hy the wand., The greatest deflection at
the tip of the wand was 1 om, In practice, 5 tm, was the
waxcloun tip excursion used, since deflections greater than
this éausa& excasgive deformation of the mystacial pad
un&erlying'th@ vibrissa. The minimum reliably reproducible
anplitude of eweursion was 0,8 mm, Since saviooth rise
time varlied from 10 sec. to 10 msec, (see above), the range
of velocities for the useful amplitudes, 0,8 to 5 mnr, was
.08 my/sec. to 500 mm/sec. The amplitude of excursion
refers to the distance traversed by the tip of the stimu-
Lating probe, which was positioned 5 mm, from the base of
the vibrissa (see above), The sensory receptor endings
zre lecated intradermally at the vibrissa base, Therefore
the "stimulus amplitude" does not express the aetunl
deformation at the receptor but rather a deformation which
is an unknown but presumably consteaant multiple of the stimulus
which is exerted on the recertor endings.

The »POSITION control detem'ned the rest pogition of
the wand, which was variable from about 1 om, on one side

ol zere to 1 mm, on the other side, This adjustment nermitted
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the wand to be positioned exsctly coincident with the axis
of rotation of the galvonometer. To allow the wand to pivot
through the galvonometer axis, a mechanical linkage called
a squash plate was used., This changed the awxis of rotation
by 90° while maintaining a fixed relationship between the
angle swept by the galvonometer and that swept Hv the wand,
The squash plate consisted of a disk mounted on the ~alvonometer
shalft with one face at an ancle of 108° from the axis of
rotation., A rocker arm rested on this face in such a way
that when the disk was rotated, the rocker arm was tilted,
The wand, mounted on the rocker amm, tilted with it. The
entire galvonometer assembly was mounted on gimbals to nermile
complete freedom of position, The apparatus was then mounted
on thé stereotaxic apparatus which held the experimental
aninal,

4 stimulus artifact marker pulse was nroduced, by the
first 162 waveform generator, coincidentally with the onset
of the sawtooth, This pulse was tape recorded, aleng &ith
the unit discharges, to facllitate data analvsis, The latency
from the marker pulse to the first spike includes the mechanical

lag of the stimulator as well as the receptor-axon latenciss,

4, Srioulatine Trocedures

Vibrissae units were isolated using the procedures

Jdescribed in Uxperiment 1. When a unit was encountered



47

that could be activated by stimulation of a vibrissa, the
surrounding fur and vibrissae were stimulated to ineure

that these did not also activate the unit, In a Ffew casesg,
the vibrissa was stinulated renetitively at 2 cyeles/sec.
for a few seconds. Then the followinz stimulating procedures

were executed,

E%'“i gKT}ﬁr ii‘ﬁenﬁ 2 .

1) Velocity threshold determination, A modified

method of limiis procedure (the staircase method, Guilford,
1954) was used in wperiment 2 to determine the threshold

stimulus veloeity required to activate a unit {Table 1),

i e o~ e B At

B T e T B

Table 1, Trocedures used to derermine velocity
threshold in Experiment 2.

A, Staircase method: used if no variability of the velocity
threshol? occurred in 4 determinations. An exanple, ‘

Humber of spikes elicited by successive presentations of
stinuli which vary onlvy in deflection velocity., Ampli-
tude and direction of deflection are constant,

TS descending series

1+ ascending series
stimulus stimulus i
velocity presentation number
3 I3 % 4 B
200mm/sec., |G
160 g | | 1
[ 125 07 ~y0_ 7 g

% Computed threshold: 147,55 ma/sec.
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Such a threshold was determined for all units which were
not activated by the minimum stimulus velocity avallable
with the stimulator. If a unit responded to the minimum
veloeity, no threshold determination was nossible, The
eriterdon for unit activation throughout the thresheld
determinations was the discharre of one or more spikes in
response to the stimulus. 17 the minimm velocity did not
activete the unit, the velocity was increased by succossive
factors of 10, to determine the general region in which the
threshold lay. Then the stimulus was decreased in steps
until the unit ceased to fire. Alternating ascending and
descending series were run twice, If the four threshold
values thus obtained were identical, the detemination
was halted. If any wvariability occurred, a more extended
series was employed, In the wore extended run, after the
unit was activated for the first time, the velocity was
inereased one step further before the descending series
was begun. The descending series continued one step below
the point at which the unit ceased to respond, and then the
ascending mm began. Bight such alternating series were
used to permit statistical determination of tha threshold,
Whenever possible, the entire velocity threshold deter-
mination was repeated in each direction for each unit at
three different deflection amplitudes, 0.8, 2 and 4 mm,

Since thils required a large mumber of trials, it was accom-
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plished only when recordings could be made from a unit for
a relatively lowy period o7 time. In less ideal cases,
onity two deflection distances were used,

2) Determinaion of adaptation rate. To study

adaptation rate, a vibrissa was naintained in a defleated
sogition for 10 sec. Soveral stimulus anplitudes wers used
suceessively in a rondom order for each unit, Vilocity
was not varied on these trialsg; a speed of 50 mn/sec. was

always used to reach the final Jeflected position,

3} Determination of response to stinulus releasge,

This parameter was not as precisely investisated as deflection
veloeity since only three stimuius return times were available

"‘h

with the stimulator (see above), Thus veloelty eould not

be held constant over the range of stimulus amplitudes,

For example, using a fixed offset time, the release velocity
from a 4 wn. deflection is twice as rapid as the release

from 2 om, and five times more rapld then the return velocity
from 0.8 mis, The three available offset times were used
with one or more deflection distance to dete: mine the effects

of rate and amplitude of stimulus return,

b, Ewmeriment 3.

The progran of stimulus presentation in this experiment
was designed to investicate the psychophysical relationship
tween spike frequenggand defleetion amplitude or veloaity,

sequences, chesen from a random niabers table, of nine
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stimulus velocities were presented: 100, 50, 25, 10, 5,
2.5, 1, 0.5, and 0.25 wma/sec., all at 2 mm deflection
amplitude, Randomly chosen sequences of eight available
stimulus amplitudes wére used: 5, 4, 3, 2,5, 2, 1.5, 1,
and 0,8 mm,, all at a stimulus velocity of 50 mn/sec.
Three or more seconds elapsed between each stimulus pre-
sentation to prevent interaction of successive unit.
responses. Due to time limitation, only one wvelocity and
one amnlitude sequence was tested once for most units,.

In one unit, the same sequence was presented 5 tines to

determine the reliability of the response measure,

5. Data Analysis

Where measures of unit discharge frequency were required,
it was ﬁaaessary to count the mmber of snikesg produced
by each experimental manipulation. This was acecomplished
by playinc the magnetic tape recordings into a Schmitt
trigeer which in tum activated an electronie counter
(Lewlitt-Packard #5212A, modified for gate control). The
stimulus artifact pulse served to start the counting interval;
the 1éngth»o£ the interval could be varied and was determined
by the gate setting afla Tektronix 162 wavaform generator.
This cﬂunting‘pfaeednre wase hichly reliable, For exanple,
for two randonly selected units, successive counts of the

same data showed the fallowing distributions of counts in



spikes per second: 1, 118, 117, 118, 119, 118;:
2. 3%, 34, 34, 35, 34,

Data were analyzed using either non-parametric statis-
tical methods (Siegel, 1956) or parametric wethods (Ferguson,

1959),
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CHAPTER TII. RNESULTS
A. EXPERIMENT 1

1. locus of Cutaneous Z2eceptive FPields

The receptive fields of a total of 485 isolated single
units were studied from the maxillary division of the semi-
lunar ganglion in 24 rats, The peripheral receptive f£ield
for every unit examined could be placed in one of three
catesories: a single vibrissa, a2 single small sinus hair,
or a patch of comuon fur., Fig, 12 shows the distribution
of these fields on the face and snout of the rat., Of the
485 units, 370 (76%) were activated by stimulation of one
and only one vibrissa, 37 responded to stimulation of a
single small sinus hair, 75 responded to underfur stimue
lation, and 3 unite (not shown in the figure) were nctivated
by stimulation of deeper receptors, As Fig, 12 and Table
2 indicate, the longer, more caudal vibrissas were more
frequently represented in this sample than the shorter, finer
rogtral ones, These firures cannot be assumed to represent
the entire population of units in the maxillary diviesion
since both the location of electrode punctures and methods
of stimlation were designed to mavimize detection of

vibrissae units.
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Table 2. Location on the mystacial pad of single vibrissa
receptive fields,

Lach square in the table designates the location of one
vibrigsa, The numbers within each square refer to the

number of single unite activated by stimulation of that
vibrissa in all animals in Emeriment 1, (CE, Fig., 12). E
Total n = 370 units, !

VIBRISSAE CQOLIMNS

Rostral <. -> Caudal
Dorsal [JLRT 6180 47 31 *.._.}b”i |
VINRISSAR v T 3187 7111 ¢
1 ! | 14j12513022(11
ROWS i | 1] 619i11i2026i18
Ventral {Yi 1| 3112 Eggwézwzaém
23l 2! 3(8l16{15113]18]

AN PN T L i P o b

The recentive fleld was always & restricted region
at the periphery; never did stimulation of an extended area
surrounding this region activate a unit. This was true
in all aninals regardless of whether or not the trigeminal
root was sectioned. These resulis differ from those found
in the cat by Darian~Smith et al, (1965) and othersa, who
report that electrical stimulation of the arca surrounding
the receptive field of a unit usually activated the "erigeminal
tract reflex” if the trigeminal root is intact (see

Introduction).
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2, gzganizatian of Regeptive Fleld Projections
in the Canglion

Within the mawillary division of the semilunar gangl ion,

the receptive fields are organized smaatotopically (i.e.
in a spatially systematie projection of the peripheral

fields) in  two nlanes,

Table 3. OSomatotopic organization of single vibrissa
projections within the semilunar sanglion.
,The position of any vibrissa on the mystacial pad is
specified in the table by a lettered row and a numbered
column.

PSP

A, Medio-lateral organization in the canglion as a function!

of vibrissae location om the mystacial pad,

Each "m™ or "L in the table refers to a medial or
lnteral ganglion unit, respectively, which is activated
by the specified vibrissa, lNhmber of medial units =
52; number of lateral units = 25,

VIBRISSAT COLUMNS

| 7 6 5 4 3 2 1 ,,.
; - s i st it e
; VIBRISSAE v [Omm pamReR 0 T wm
g
i ROWS
W HEH 1 DUOEEM UEARED  mnm m j
f
i
X m mn mil ml e mmll opml i
b4 nm mmmm), ml 11y 11 !
§
b
4 ml, 1 1 11 31111 311 j
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B. Dorso-ventral organization in the ganglion as a function
of vibriscae location on the mystaeial pad.

% Bach "d" or "' in the table refers to g dorsal or
| ventral panglion unit, respectively, which iIs activated
by the specified vibrissa., Number of dorsal units = 303
number of ventral units = 28,

VIBRISSAE COLUMNS

| & :
::‘w.?a:v—w“:.ﬁ R - A & TR .:i;ua" e -—HHZ e W%ﬁ

| vIBRISSAR |V

ROKS W v d d dddad
i vy
; i
b 4 dv v dv ad da ddd

Wt e o A s 5 SR B

5 v v ad vov  ddd dd v ad
| L w
I 1

2 v v W dyvwwy v dar Av

Table 3A compares the distribution of the peripheral receptive
fields of vibrissae units in the wost lateral and most

medial punctures in the ganglion., Vibrissae rows V and W
rroject wore frequently to medial units in the ganglion

(%2 2 36,17, »p < 001, 42 = 1 ), Similarly, the distri
bution of peripheral flelis differs between dorsal and

ventral units (Table 3B}, Vibrissae colums L, 2, and 3
nroject more frequently to dorsal units in the ganglion;

colums 5, 6 and 7 project more frequently to ventral units



(x % = 14,46, p ¢ 001, df = 1). Insufficient numbers of
units were recorded from caundal electrode punctures to evaluate
the possibility of somatotopie organization in the rostral-
candal plane,

The medial-lateral somatotonic organization eonfirms
tﬁe data reported by Dardian-Smitrh et al, (1965) in cat; the
dorsep~-ventral somatotornic projection supports the Findings

of Kerr and lysak {1964) in cat and monkey.

3, Adequate Stimuli

After the peripheral field of a neuron was localized
to a vibrissa, small sinus hair, or patch of cowmon fur,

more delicate forms of stimulation (see lethols) were applied.

a, Vibrissae Units

1) Response to snw:ilar deflection, Four nmajor cate-
gories of recentive Tields were defined by their responsiveness to
vibrissae deflection (see Table 4). Units responded to a)

deflection and release in gomplementary directions (see

below), b} deflection and release in all four directions,
c) shap release only in all Ffour directions, or 4) deflec-
tion only in one to four directions, One-half of all the

vibrissae units were in the complementary ~lass; that is,

they responded to defflection of the vibrissa in one, two

or three directions and to its release from deflection
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in the remaining directions, Of these units, 70% resronded

to the deflection in two directions an’ to the release
from the remaining twe. The two directions which responded
alike were always adjacent directions (e.o. rostral and
dorszal or restral and ventral, but never rostral and caudal.)
A miscellaneous category consisted of units which
responded to stimulus “eflection and/or release in various
combinations of directions. Only two vibrissae units failed
to respond to the deflection and release stimuli in any

way: these responded only to pull (see below).

Table 4, Clagsification of 485 semilunar ganglion units !
in terms of type of effective peripheral stimulus. f

Experiment 1, all animals combined, Mumber of uynits = Agn

b ot bt v i AR AT T A o A A iV B 5 e s ey i

2 : e n

_A. _Single vibrissae units. , i
L. Angular deflection 370
a. Deflection and release in complementary 184

directions (deflection in 1L direction, release

in 3: nz30. deflection in 2 directions, re-

! lease in 2: nzl29, eflection in 3 directions
i release in 1: n .= 25) f
b. Deflection and release in all 4 directions 62

¢. Snap release in all 4 Jdirections: no deflections 38
i d., Deflection only in 1 to 4 directions;

: no release 37
e. Deflection and release in misc., combinations

of direections 47

f. No vesnonse to deflection or release 2.

2, Pushepull at richt angles to the skin surface 210

! a. Respond to push 82

i b. Respond to pull 31

§ ¢. Respond to both L7

L s despond to meither ST— |

~B. Single swail sinus halr waits T U gn

_C. Comson fur units — oo Rl ;-

2. Deep receptor units '32

B



Fitzgerald (1940) hae sugwested that vibrissae units
in cats fire ontimally when a vibrissse is deflected toward
the center of the mystacial pad, e,v. when dorsal vibrissae
are pushed ventrelly, rostral vibrissae are ~ushed caudally
ete, MNeither this nor any other relationship between
location of a vibrisse on the neripheral mystacial pad and
the preferred deflection direction of ite unit was found
in the present study of the rat., Nor was there any organ-
ization within the ranglion according te rhe category of |
response to deflection. In any quadrant of the ganslion
exanined, the probability of finding vibriseae units in
each of the 4 major categories was similar to the proba-
bility of seecurrence of that categéry in ﬁha entire sample
of units studied,

2) Response to push-pull. DUespite the large deforma-
tions of the skin resulting from push-pull stimulstion as
compared with the deflection stimuli, only slightly more
than nalf the vibrissae units tested anpchded to push or
pull and only 8% resnonded to both.

There was some correlation between the way a unit
responded to angular deflection of its vibrissa and the way
it responded to push-pull., Pushing or pulling activsted
a majority of the units which also responded to complementary
deflection (77 resnonded to push-pull, 18 did not); it
activated slightly less than half the units which also

responded to defleection and release in all directions
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(18 out of 39); twenty units thnt responded to snap release
in 4 directions never fired to push or pull,

b, Small SBinus Hair Units

The distinction made here between the large vibrissae
and the small sinus halrs at the rostral and lateral edges
of the mystacial vibrissae pad was somewhat arbitrary.

A

sinus halrs that were so short and fine that it was more
difficult to apply a controlled stimulus were placed in the
small sinus hair category. Iiowever, the classification of
such hair units with vespect to type of adequate stimulus

was similar to thaet of the larpe vibrissae units. As was
found for the large vibrissae units, the category of response

most frequently observed was the complementary on and off

response .

¢, Comnon Pur Units

Seventy-five units wers activated by very gentle
stroking of a patch of fur between and around the wvibrissas,
The size of the recentive field of fur units was always
small, rarely over 1 mm in diameter.

d. Deep Recentor Units

Three units vere activated only by relatively stronger
nressure over a somewhat wider peripheral region., On this
basis they were classified as having deen rather than
cutanaous surface rece~tors. It should be noted that initial

stimulating methods were such that the surface receptors
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were much more likely to be activated than deep receptors,
(see dethods}, and therefore the sample is not representative
in this respect. -

e, Spontaneously Firing Units

Only 9 units were observed to discharge in the absence
of a Jeliberately anplied mechmical stimulus. The rate
of this discharge was increased by vibrissae ‘eflection
in one or more directions. Upon return of the vibrissae
fron such a deflection, the unite tvpically showed a brief
'dilent period,” followed by a gradual resumption of their
spontaneous rate (Fiz, 13), In 5 of the units, spontaneous
firing was halted by deflection in another direction.
Similar results were reported for vibrissae units of the

cat by Fitzgerald (1940) and Kerr and Lysak (1964),

4. Eleectrical Stimulation of the Facial Nerve

The musculature which proluces the normal whisking
movement s of the rat's vibrissae (Sce Inmtroduction) is
innervated by the buccal branch of the facial nerve, This
nerve was stimulated to produce vibrissae movements of about
the same rate and amplétude as those seen in the behaving
animal. A total of 233 vibrissae units were tested for
response to protraction of the mystacial vibrissae produced
by electrical stimulation of this normal wotor pathway,
Almost half the wibrissae units responded to such active

movement; in these cases, the units fired on each occurrence
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of the repetitive movement. “hether or not a unit responded
to active vibrissae protraction was not correlated with the
nature of its vesponse to passive vibrissa deflection, Thus
units in each of the four major deflecticn categories were
equally likely to be activated by vibrissae protvaction.

For 184 of these units, a barrier was inserted successively
in each of the four directions wvhile the vibrissae were
being thus repetitively protracted. Whereas about half
of the units had responded to protraction without a barrier,
alnost 90% fired synchronously with the movement 1 the
vibrissa struck a barrier while protracting (Table 5a),
Comparable data are shown in the same table for 16 units
during retraction of the vibrissae.

The barriers exerted force arainst m actively moving
vibrissa in the same four directions In which the vibrissa
had been passively deflected (see above). In about half
of the units, the effective barrier directions were identical
to the directions of passive deflection which produced a
it response. 4An additional 30% of the wnilts responded
to barriers placed in any of the four positions against
the protracting or retracting vibrissae (Table 53). The
latter units did not respond to passive defleation in all
directions. lowever, the barriers eldcited wore spikes in
the directions which corresponded to the effectiva passive

deflections,
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Table 5, Unit activation by vibrissase movement produced
by electrical stimulation of the faclal nerve.
Rumber of wuaits z '"a"™,

Ay Number of units which responded to whisking vibrissae
movements, alone and against barriers.
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B. EXPERDMENT 2

in this expariment, by means of the electronicall yw
controlled tactile stimulator ‘s the adequate stimglus for
activation of vibrissae units wag more precisely defined,
Response paprsuwe fers such as veloeity threshold at differens
execursion amplitudes, adapration rate an! resronse to several

rates of stimulus release were devermined,

1. Classificstion of hirs According te Adecuate Stimulus

Recordings were made from 117 single neuvons in 24
anesthetized rats, An additional 10 units were studied in 2
piralyszed, decerebrate animals, All of these units were
activated by stimulation of one and only one vibrissa:
units with other taetile receptive filelds (deseribed in
Bxperiment 1) were encountered during this experiment but
were not explored bevend the detemination that they were
not vibrissae units,

The response of vibriame neurons to manual ancular
deflection {the ssme stimulue as used in Lrperiment 1)
neymit ted similar %a&%agoé*iz:mf:ion inte four taa jor groups
plus & miseellanepus category (Table 6). The percentage
of unite in each of the cateseries was sinilar in the two
experinents. The categorv types and their relative sizes
were similar among units regorded from degerebrate animals

as well {(Table 6).
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Table 6. Categories of unlt response to wanual deflection
of vibrissae,

Nmber of units = "

Brpoviment 1 Sxperdment 2 Dwperiment 2
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directions of /{184 soil6s | 56 i 6 | e0 i
deflection } ; ? : i i
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i ' ‘ ! !
-~ ol » i ) g 1
Daflection ﬁ | % |
and release Iny 62 | 17 27 | 23 4 3 30 §
all directions! ! | b ‘: : g
H ; 1 !
) = H % 2 ;
i Snap release | b f !
| only | 3a i 9 | 8 1 Lo f
, i
| Deflection | i §
fonly i 37 048 6 | 5 0 o i
: | I} | » !
j i*iiag.:i:mluﬂesf '§ { | :j
i various diveesf 49 | 13 9o | 8 || o 0 j
i tlon specific § ,_ : '; b ;
: regponses to | | : ‘ ,_ * i
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relea i i H i 1 | y
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; TOTALS {370 iy 110 z
i ‘n) i i1 ! i
g (n ' j ; z‘ e ":’"? R a1 T L n’i«n»’l\!f"z\w&rnﬁl»@:

Thirty-four of the 117 units were recorded from animals
with the trigeminal root sectioned, No differences in localiw
zation of receptive field or in sategories of resnonse to
angular deflection were seen In these units, Compared with
those recorded with the root intact, Thémﬁam the data

are combined in the following results.
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& vibri ss was never an adeguste stimilus for activation
of the units vesponding to that vibrissa, 7This remuained
true in the anesthetized snimals with the root intast or
gegctioned as well ac in dscerebrate anlmals with the roob
intacte

A somevhat revised classiflcecastlon of unlt responses
to deflection wug required Lecause the mechanical sbtimuletor
permiitted much wore rapid vibrissae deflection speeds than
had been possiole maraally, With & manual stimulus, many
units d4id not respond at all to deflection in g given
direction but fired only te relsasc from the deflected
nosition. Use of rapid stimlaver velocities revealed
that most guch units would indeed flre to deflectlon in
those directions 1Y the veloelly were great enough. Thus
the difference bebween "on® directlions and "off" directions
was not an absolute diflerence, wut rather depended on

veloeglty threshold differences. The new classification

did not slber which units were categorised together, but
rather regquired that the names of the cabegories be changed.
The revised nomenclature is bosed on the minimel vibrissae de.
flection veloclity vwhich was sufficient %o activate the units
in each eatezory. The succesding sections, which present

the velociby threshold results, wlll explain the reasons for
remaimiﬁg sach category. [he revisions ol the lerminclogy

are whown in Table 7.
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Table ‘7m Rﬂalasslﬁlantlan of unltﬁ‘&n Exneriment 2",
according to differences in velocity

5
|
threshold, ;
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Classification with manual Classification with j
i vibrissae stimulus. electronicallv~controlled |
g{ﬂxperim@nt 1) vibrissae atimulus. §
é {Experiment 2) |
Complementary units, Low velocity threshold com- 2
| "on" direction nlementary uwnita (LVT-comp) |
CQMpiamentawy mits, High veloceity threshold 3
"off" direction complementary units (HVT-comp)
e - & ‘- " x - ¥
‘cflection and release, | Hoderate veloeity threshold

in all directions i units (W) i
i
snap release only, in all High wvelocity threshold units |
direetions W) i
4

| Defiection only in all Low velocity threshold units
MWmmm iﬁma !

In subsequent analyses, the number of observations

-

reported is usually based on the number of deflection

directions rather than the number of units studied, This

was necesgary becausge thresholds and other navameters af
response were determined separately for nore than one direc-
tion of deflection for most units; the responses +o aach
direction are conmsidered separately. The letter TN will

refer to the number of unit-directions und-r consideration

on & given topie; "a" will denote the number of units,
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2., Response to Vibrissae Meflection: Absolute Velocity
Threshold in /mesthetized AnimalLs

&, Preliminary Considerations

Before presenting the threshold values that were
obtained in each category, it is necessary to consider
further certain limiting capacities of the mechanical
stimulator, Because the nininmum stimulus rice time was
a fixed quantity (10 msec.), the maximum possible velocity
varied at each deflection amplitude, At 4 wn, deflection,
the maximum was 400 wm/sec,; at 2 mm,, it was 200mm/sec.;
and at 0.8 mn,, it was 80 wm/sec. (Fig. 14). When a unit
was not activated by the maxinum velocity available at a
siven amplitude, the threshold was desirnated sinply "oreater
than maximum,"” Clearly this designation was assigned more
frequently at the lower amplitudes, since the maximum was

lower. In order to determine whether an interaction between

stimulus amplitude and veloeclty occurred, it was necessary
to select for comparison just those unit-directions at the
larger amplitude such that a less than maximal velocity
threshold would be expected at the smaller excursion ampli-
tude. For example, the units which have a threshold less
ﬁhan 200 mm/sec. with a 4 mm, deflection may be compared
with any observation at 2 mm, defleetion. If the threshold
at 4 wu, is over 200 mm/sec., only the qualitative threshold

designation "greater than maximum" would be expected for
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the corresponding unit-direction at 2 mm. Likewise, the
unlts with thresholds less than 8C mm/sec. at £ mm, may
legimatoly be compared with any uni® at 0.8 mm. deflection,
(Fig. 14)}. These comparisons will then permit evaluation
of posslble interactions betwesn veloeliy threshold and
excursion asmplitude (soe below).

Since the maximum riss time was aleo a fixed quantity
(10 see.), the slovwest weloelities should alse very ss a
fahctien of stimulus amplitude, However, when very slow
velocities were used at small amplitudes, the mechanical
stimlator was somevhat unreliable., Therefore it wus decided
to use & minlmum stlmulus veloclity of 5, mm/sec. for all

gtimulus amplitudes, from 0,8 to 5 mm,

be Stimulus Presentation Procedures
The veloecity thresholds were determinsd about egually

often by the gtalromse method of limits (see lietuiods), sig-

nifying no varlation in threshold cecurred (N, number of unite

directions,= 125) and the modified stalrcase wethod (that is,

in which threshold variation did ocour, N 2 116}, ‘hen
velocity threshold varicbtion did oceuwr, 1t was seldom very
greats. Thresholds on all ascending and descendlng runs for
a given direction of a unit were usually within two velocity
steps of one another and almost always within thres steps,

Wo variatlon cccurred in about half the threshold
aétermin&ﬁi:ns§ thls Implies that the order of stimulus vresen-

tatlon was not an lmportant warlable, since for these units
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ascending and descending runs produced the same results,

For units in which variation did occeur, a slrm test was used
to compare the means of the ascending and descending thresholds
for each unit, lo significant difference was seen as a
function of the order of stimulus presemtation (p< .05,
2-tailed test),

¢, Low Velocity Threshold {(ILVT-comp) and High Velocity
shreshold (HVI-compJComplementary Units,

It was usually impossible to establish precise thresholds
for the LVT-comp units (see evamnle in Fig, 154), since they
‘were dlmost always activated by the minimal stimulus velocity
emnloyed, 0.5 wm/sec, (Table 8).

A sign test performed on HVT-comp units (see axample
in Pig., 15B) indicated thaet there was no significant difference
between the velocity thresholds at 0.8 and 2 mm,, but a
trend was revealed indicating a somewhat higher velocity
threshold at 0.8 mm, deflection (p = Abb, Z2etailed test),
This comparison was made as Jeseribed above in section a,
Although 79 unit-directions were tested for threshold
responses at both 0.8 and 2 mm., only 19 of these had a
thrashold = 80 m/sec, with the 2 wmn. excursion, The sign
test just deseribed compared these 19 thresholds at 2 ma.
with paired observations at 0.8 mm,

Similarly, & sign test performed on paired observations

at 2 and 4 wmm. showed that there was no significant difference
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between the veloclty thresholds at these two ampllitudes

{p & 718, 2~-tasiled test)., This result was based on 35
unit-directions for hich the threshold at 4 mm, was 200
mufsec., and thus Tfor which & threshold of less than maximel

veloolty at 2 mm., {200 mw/sec.) would be expected.

O

Since the 2 and 4 nm, thresholds did not differ, these
values were combined in the eslenlation of & medisn velooltly
threshold, Secause of the tendencey for the 0.8 mm, veloclty
threshoeld %o be higher than that at the other waplitudes

{and thus suggesting & velociby - smplitude interaction),

the 0.8 thresholds wevre nos inciuded in the coupubation of
the mnedicn, The overall median for 79 unit-dlrecticns was
caleulated by including the 4 ram. veloclty bthreshold vhenever
it was aveilable} vhen no determineation had been made at & nm.,
the © mm. threshold wvalue was used. Such an interdigitation
of the © éﬁﬁ 4 wm, velocity thresholds provided & more prew
cise esﬁiﬁatm than the £ mm, values alone, since at £ wmm.,
quantitative veloelty thresholds above 200mm/sec. were nod
obteinsble, It wes also wore preclse than the 4 mm, veloeldy
thresheld alone, since the number of unlt-directions tested
at this amplitude was smaller.

The median value for the 79 interdigltated veloclity
thresholds was 158 mufsec (Table 8), Thus the nemenclature
used at the begimning of this cection for complementary
units is elucidated, In the low threshold directions, these
units are almost invariably mctivated at the minimal V&l&?ity

available of .5 mm/sec., In the high threshold directlons,
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the median velocity threshold is 158 mn/sec., a value which
includes 11 unit-directions which failed to regpond even

at 400mm/sec.

g, lHoderate Veloclty Thresgheld (MVT) Units

Unite in this category resronded in a similar way to
deficction stimnlation in all directions, hereas a majority
of wuits had velocity thwresholds helow the ninimal stimulus
velogity (0.5 mm/sec,}, a substantial number responded
only to a supraminimal stimulus (Table 8). Thus this
‘ecategory is designated MNVE units (see example in Fig., 15C),
The wedlan threghold value at each smplitude Lies below the
wininum avallable velocity. A significant interaction between
velocity threshold and amplitude of exewsion was found,
Comparison of the numbers of less than minimel and greater
than minimal velaeity thresholds at 0.8 and 2 o, showed
that a highar proportion of the 2.0 mm, thresholds were
less than ninfmwm (X2 = 12,85, p C#00L, 4f = L), Similarly
a higher proportion of wvelocity threshelds were less than
ainimem at & mm, ag compared wich those at 2 mm,

(X2 3 4,33, pc 05, 4f = 1), Thus, unlike the complementary
units, velocity~amplitude interactions exilst for MvrT units

at higher as well as lower stimulus smplitules,

e, Hizh Velocity Threshold (HVT) Units

Like the MVT units, and unlike the HVT - comp ones,
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the unite in this category responded to deflection in all
directions, In athervrésnécts, however, they closely
resembled the HVI-comp units, particularly in that they
did not resnond to deflection unless the velocity was
high (sde.evémple in Fir, 15D),

A sign test revealed that al%hough no sisnificant
‘ifference existed between the vmlcaify thras&wld& at 0.8
and 2 wm, in 12 pairs of unit-directions, a trend existed
for the 0.8 velocity threshold to be higler (p = .146, 2
tailed test). Eight nalrs of nit directions at 2 and 4
mr, showed no significant difference in threshold
(p = .726, 2-tailed test). These results clogely pargllai
those obtained in HVlw.ecomp units. |

The wedian of 35 interdigitated threshold values at
2 and 4 mm, show that the median velocitv thresholl for

these unit-directions was 130 wm/sed. (Table 8).

£+ low Veloecity Threshold (LvD) Units, The five units

in this category were activated by vibrlssae deflection at
the minimal velocity (0.5 mn/sec.) at all stimulus amplitudes

and in all defleection directions (Table 8).

f.  Sumnary of Veloeity Threshold Results

The results presented in the preceeding sections suggest
that IVT and WT fnits clméaly resenble LVT-comp and HVT-

comp unite respectively, evecept that the lakter are directione
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sensitive while the former do not resnond differentially

to vibrissae deflection in different dirvections, MVT units
are similar to LVT and HVT unite in that they respond to

all directions of vibrissae deflection but with veloeity
thresholds intermediate between the other categories,

The categoriss defined with the manual stimulus in E-periment
1 reflected the directional properties, but did not reveal
the important differences in velocity thresholds among the
categories, Succeediny secticns of Em_;:m*imnt 2 present
additional response properties in the five categorics of

units which define and deseribe each category more completely.

3. Veloeity Thresholds in Imenesthetized, Decerebrate
AnTmals

The veloelty threaholds in unancethetismed, decerebrate
‘animals (Table 8) are categorized similarly to those obtained
in anesthetized subiects., ILVI-comp units respond to the
avallsble velocity and thus no determination of the threshold
cen be made. 1VT-comp and HVT wnits have high median
thresholds Juite similar to those in +he lavger sample m:ff
units recorded from anesthetized animals. In the MVT eate-
gory, nost units have a threshold which Lies helow the
minimal .Smom/sec., hut a few have thresholds above this
velocity. This result also resembles that gecen in the

. aninals under barbiturate anesthetie,



4, Corwelation Amons V-locity Thresholds in Several

jaractlans for individual Units

Velocity thresholds were usually obtained for uore
than one direction of deflection for a given unit. Are
the several velocity thresholds compared amony the different
deflection direetions in an individual unit more similar
than thresholds compared across units of the same cate-
zpory?

It is not nossible to answer this question for the
LVT~comp and LV! categories, sinee virtually all these
unit-directions were activated by the minimal veloeity
available with the stimelating apparatus, and thus no threshold
could be delimited. Similarly for MVT units, at 2 and &
wa, deflection, a iarge majority of unites had thresholds
below the minimal velocity. At 0.8 mm., however, over
one~third of the units had thresholds which lay abowe the
mininum veloeity. A binomial probability éwpansion was used
to test whether or not the distribution wag the samne, of less
than minimal epd supraminimal thresholds, in eaech of 26
units in which threshold values had been derermined n four
directions at 0.8 mm, The results indicated that ths less
tham, and greater than>ninimal thresholds were net distributed
randonly among the units ( X2 = 56,54 p <« 001 df = 1),

This would sug~est that the thresholds obtained for an
individual unit are correlated with one another., Such

correlation waz further substantisted by 4 of the 26 units
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which had gquantitative threshold values in all feur deflection
directions., A4 Kendsll coefficlent of conecordance of ronks for
these unlte indleabed that the velocity threshold values in
The lour directions for an individuzl unit were reloted to
ench other (WT .925, 2 » 11,1, p .02, &f ¥ 3),

A simllar snalysls was carried out for HVT units,
Five units at 2 mm. deflectlon had gquantitative thresholds
in .11 four direetions. The Yendall coefficlent showed that
the veleeity thresholds in the four & rections of an individual
unlt were positive correlated {W = 8375, < = 13, PO - S )
af 2 4). |

Among The HVT-comp units, data was usually obbained
for two directions of & unit (the other two dirsctions
being, of course, L¥T-comp)., Many of the thresholds lay
above the maximum velocliy available (see Fig. 14)3 thus
gquantitative correlations of the two directions could not be
carried out. 7o obbaln & descript on of withineunit verisnce
a% compared to the varlance of all the uhits as a group, the
thregholds were divided into 5 arbltrary intervals, (Thresholds
greater than the ﬁaximum,vaiezity were lncluded in the fifth
intervoly The interval variance was computed for each pair of
unit-directions as well as for all unli-directlons togebher.
- For 35 units at 2mm, deflectlon :mplitude, the withineunit vari-
ance vas Z.4 Intervals and the betweene~unit varlance was 2.2.

For L2 unlde &t 4 mm,, vhe wlthin-unit varisnce and the
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petwesn-unit variance wers hoth E.3, although sush & catew
govization inte five interv.ls permits only a rough deseripe
tion of the duta, 4t is apparent thut mo efrict correlation
ogcury smong the two directlons f IVi-comp unlta,.

Thua, for WVT and HV?T unlts, In <hich thresholds can
be compared in an individusl unit 1n response to lour
directions of deflection, the ihresholds are positively corre-
lated wlithin esch undit, For HVT-comp units, in which only
two directions ure oomparable, there does nol appoer Lo be

guch & relationshlp,

£, Unlit Responsivoeness to . upestiweshold Gbimuld

“he pumber of splkes alicited by & suprathreshold
daflection of the vibrissus varied mackedly smong the
cabegorios of unita. (see Plg. 10 A«D,} The numbers of
gplies obbtalned for units in each sategory are not strietliy
comparable since the wveloeitlies of the test stimull were not
the same amount above the threshold for ecach unit. They
wore of negesoliy sloser to the veleclty threshelds in
some cabegories than in others, However, large differences

bhetweeon the categories are aspparent,
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Table 9. Tumber of anlkn dlseharges in thram cataﬁowlaa
of units at three defleetion amplitudes. Iumber |
of unit-dirvections = "N, :

g%z.:lu? us | )}Qég}agémg&?ﬂxr of il
Amplitude | spikes in first seec.
» (mm.)
T 3 e B e W T AN e AP GACRAA R s | resbe e AT AT s A WIS SNSRI B A YL SRR el IV e T e ""!‘,
LVE and LVTwcomp units., | 0.8 42
test veloclty=50 wm/aec, 2 79
Ma fm é’;& eac’a amp} itm’t@ 4 97
dVT unlt&. 0.8 G
test veloelty=z50 mn/secy 2 11
214 at each amplitude 4 21 3

LVT and LVT-comp units fired many more spikes than
uits in any other category (Table 9). The number of apikes
increased monotonically as a funetion of deflection ampli-
tude for 33 of the 39 unit-directions included in the table
(see Lxpeviment 3 for further discussion of this point).

The number of spikes recorded from units in the MVT
category was considerably less than in the low velocity
threshold categories. However, number of spikes was again
a monotonic function of stimulus amnlitude, for 11 of the
14 wnits contributing to the means shown in Table 9,

At maximal stimslator weloeities, the HVT and 1VT-
comp units typically produced only a few spikes, Most of
these units were not activated at all by the 50 wm/sec.
test stimulus used above for LVT, LVIi-comp and HVT units,

At veloeities near threshold, which was often near the
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maxdimal capacities of the stimulating apparatus, these

units usually fired about tihree to siv spikes,

6, Adaptation Rate

Adaptation rate to a sustalned stimulus also varied
apong the eaterordes of unit response type and, within
Some catedories, &cccfding to deflection amplitude (Table
10),

The HVI mad HVI-comp units were all very fart adaonting:
that is, the impulse discharse did not outlast the stimulus

onset time even thourh the vibrissa remained in the defleeted

position. (Stimulus onget time refers to the period of time

from the initfation of the et'mulus o the attaimment of
the final deflected position. Stimulus duration denotes
both the onset time and the length of time the probe remains
in the deflected position,)

The VT units adapted to the stimmlus somewhal more
slowly but were still rapidly-adapting units, Av all spike
anvlitudes, impulse discharre elishtly outlaste ! stimilus
- onset time, (Wth a deflection velocity of 50 wi/sec,, at
amplitudes from 0.8 to 4 mm., onset time varied from 16
to 80 meec.,) However, almost all the units had ceased firing
within 60 msee, after the stimulator reached its steady =

state deflected position.
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Table 10. Adaptation rate as a function of ime and
stinelus amplitude in LVP-comp units.
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The adaptation rate for LVP and L¥YT-eomp units varied
as a function of stiwnlus amplitude, However, even at the
smallest amplitude, these units usually responded for a

longer period of time than the MVT units. In order to
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evaluate adaptation rate independently of the absolute

mumber of splkes at each amplitude (since ﬁu?bar of spikes

was slso a functlon of amplitude, see above), it wus necessury
to express the data for each time interval as & percentage of
the muximum response at that &mplitu&m. Tables 1G4 and B

show the date before and after converasion to percentage
5eores, It is evident that the rate of impulse discharge
decreases as u Tunchblon of time at all stimulus amplitudes;
however, the rate declines more rapidly with 0e8 mmny doflece
tlon amplltude than with £ or 4 mm, deflection.

The avgrﬁgg percentage data were ranked, with the most-
rapldly adaepting emplitude {lowest porcentage) within esch
unit direection assigned rank 1 and the most slowlyeadapting
unlt assigned rank 5., Comparison of the ranks revesled that
unlt discharge adapbed signiflcantly more slowly at © mm,
then at 0.8 mm. deflection { 2 T 84.8, p ,001, 4f = 2).

In addition, adaptation occcurred sipgnificantly more slowly

at 4 mm, than at 2 mm. { % 2 8,98, p .08, 4f 2 2),

7e Responsges to Release of the Defle ction Stimulus

Among the five categories of units which have been
defined, responses to release of the deflection stimulus
ccourred in units of the WP, HVT, and HVT-comp categories
but rarely in the LVT or LVi-comp categories. This result is
similar to the classification developed in Experiment 1 using a

manual vibrissae stirmlus. Thus, the threshold for the
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release dlscharge veried among the three catepvries in which
release responses occcurred,.

| In evaluating the relesss threchold; it was often
imposaible to differentiate bsbween threshelds that were
dependent on release rate or on release dilstance, Slnuce
only three offset Yimes were available, & constent veloecity
gould not be maintained when amplitude wos varied (see
Hethods)s Thus the two paremeters varled dependently and
their effecta cannot be distinguished, However, a quallta~
tive eveluation of the relesse threshold can bDe rehleved by realtlng
the responses as follows: |
>a} Low releaso response thresholdst wunlis respond to release
at all dist nces and velocities avallable with the present
stimilator,
b) Medium relesse regponse thresholds: units respond at
£11l veloclitlies to some but not all stisulus amplitudes and
¢} High release response thresholdst unlits do not respond
to all three release velocitlies &t any stimulus amplituds,

These ratings can be consldered te form an ordinal

scale of threshelds, with the firat having the lowest, and
the third the hipghest, threshold in response to release of

the deflection stimmli,
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Table 1l “glationahip between release and deflection
. threshold responsivencss,

The numbers in the table represent the muber of unilbe
directions, "N", vhich maniTested the compination of
deflection and releass sharacteristlice spesified by the
row and column subheadings, : :

Gabegaﬁﬁ of response to releass

Gatogory of Response occurs Response ocours  Hoesponse does
"response to  at all deflece. &t all velocities not occur at

deflection - tion amplitudes for some but not &ll velecitiecs
and veloelities . all amplitudes for anuy
{low) {medium) amplitude (hi&h)
HVT=-conp
units . X
N = 52 1B » . 28 8
- VT units, ’
W =2 45 F 25 / 18 3 =
YT units

= 27 s 1 4 22

The data in Teble 11 iﬁdi&&tﬂ that the nsdurs of the
regponge to vclfksa of the stimalus is not indepen ent
of a unitrs Paﬂpéﬁqa to defeletlon of the v;ariés&. Thue,
HYP units had a sivni Aeantly higher %hr&;hol& to stimalus
reloase than did HYT-comp unite { 2 = S48y, p LOCL, af = 2),
Thus the Lerm "snap release” used to describe thesé units

in Bxperiment 1 is borne out with the stimuluator; the reslcease



response wust be rapid to aetivate these units, WTl-goup
units teided to have a higher release threshold than the
Mviundts (A2 2 5,61, p < .1, 4f & 2; for sigificance at
<03 lavel., }.‘ z 5,99 is required).

In addition to tho mgahqld for cceurrance of the
regponse to stimulus release, the "Mﬁ of spikes in the
release discharge was also often a funetion of amplitule
and rate of m::?.tzmlu# release, This relationahip was not
studied systematically; however an example of a wnit which
dilscharged inereasing numbers of spikes as release rate

=R

was nereased (at a given aaplitude) is shom in Fig, 158,

B. “mry of Resnonse Characteristics in
Lagiy L vategory of Unif

The data in the weceding sections indicates that evaery
ﬁatrgo“y of unii: rasponees has a number of characteristie
features which, taken as a group, distinguish cach category
from all others, The adlient featwres of each category
are as follows (see also Table 12): |
1) Low velogity threshold, high frequenvy, slowly-adapting

discharge: unresponsive to stimalus release,

a. Direetion-sensitive units: showed the above response
in ome, two or three directions ad a high threshold
response in the complementary directions (LVI-comp units)

b, lHon-direetion sensitive: showed this resmponse in all

dirvections (LVT unit).
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drh veloolty threshold, low frequency, very rapidly-
sdapting discharge; responds to rapid stimulus release,
a. MHreection-sensitive units: shoved the abmv& response
in eomplementary direetions to the low thresheld
reshonse (HVTP-comp unifs).
b. Non-direction sensitive: showed this response in

all directions (HVI‘ units).

Hoderate wvelbeity « iwreshold, molerate frequency, rapidly-

adapting discharge; responds to stimilus release; no

direction sensitivity (MVT units).

- e e o o g (i i P b b e LT o b s e 5 U0 N S AP TS T MY A AT ot ’Vl'
’ Table 12, aiﬂﬁary of ma*ov cha rar%nrlbtics of each cataoory }
| of unit response type. For detailed desc Lptions
E of these ressonse characteristics sce pr ecw”“‘ g !
% seetions 1, 2, 5, 6 and 7. ;
g, |
i1 {
f % R O N e b |
| Category % of § Drection ”elaci%y §Adaptarlar'\elatwijﬁaleaa@ §
| of unit ) total | specifi- | threshold, rate 'f of regronse |
; { ety ; , ikes |
o i SRSSRR— =8 ok . S " T R
% 1VT—camp 56 i yes ‘rﬁlatiV€ly many seldom |
| ‘ | Low { Slow { |
' LVT . 5 ! ne § ; | !
v ! | ! !

o | | ': !
VT . 23 | no | moderate relazlvely~madéra+ moderate
a i rapid ; thresjold,
[ HVE-comp' 56 | yes x f higher |
- % : threshold!
- g hirh very { few §

{ : rapid { !

, HVT 8 ! ne ! ] | highest §
f § § g % g §thvﬂshwld
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9. Spontanecusly Firing Units

Bach of 23 unites which fired in the absence of an
externally-aprlied mechanical stimulus was also activated
by stimulation of one vibrissa. The categeories of response
to such external activation were similar to the deflection
categorics established for units which did not fire spon-

taneously (Table 13),

Table 13, GSpontaneously firing uvnits: number of occurrence
and categorization of resnonse patterns,

thymber oif nnits g ™",

AT W 4 L RN A T S TN N AT o S XU b e A TR Y e
AR S ST R L A A T IO G A DA

Ae DNoumber of cccurrences ::;i & o"ltamsamsly f:amzw units
in two subjeet groups.

A WMW,.{QW

e <2 R EARHYIER Eake A S

e A

Subject groups z Smntaneously firing units
n % of total n
Anesthetized animals j i 2% 20% of 117 !
i -3
Unanesthetized, | ,
decerebrate animals | 0 % of 10
e e . ':}:»«‘-' ‘A::. - - .x‘-g gﬁ"my‘r ﬁmwmw e e _:‘@‘M;&"*‘i_“: - - A:«:mr .:-A ﬂ\ﬂ"wnvai‘@ﬁﬂﬂ%%ﬂﬁ:%

B Number of oceurrences of unit response pattern categ drieé
in spontaneously firing units

: i
T § 4
Regponse pattern eategory 3 n | !
_ _ =1 |
gCample mentary units 16 : !
1
§ ]
z MPT ondts 3 :
| i
VT units 0
;,i %
iLW unit s , %
s ,
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In the 16 comp. units, spike frequency was increased
by deflection in the LVT directions; firing temporarily
ceased after stimulus release (the "silent™ period), and
then gradually resume’ its spontancous rate (Fiz., 13) In
addition to systematic incresses above the spontaneous
rate of firing, the spontanecous activity could be decreaged
or eliminated in 13 of the 16 comp. units, by deflection
in fhﬁ opposite or VT directions. Upon release from deflec-
tion in this direction, the units fired a release response
and then resumed the spontanecus rate of discharge.

in a few units, although the rate of discharge could
he increased by deflection in some directions, no systematic
decreases in the spontaneous activity were seen, In these
units, the gpontaneous rate was sporadic rather than remular.
It is possible that such sporadic firlnzy could be attributed
to occasional muscle twitches oproducing slight movements
of the vibrissae that were imperceptible to the observer,

If this were tba case, ne systematic response decreases
would be expected, None of the units in the decerebrate
animals exhibited spontaneous activity (Table 13). The
lmpression was also gained that the small, spontanceous
background activity, of units never sufficiently isolated
to be included in the sample, was less in the decerebrate
animals than in the anesthetized ones. Since these animals
were paralyzed, no muscle twitches could vcour in this

preparation.
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The percentage of spontanecusly firing units in
aninals with the trigeminal root sectioned (187 did not
differ from that in mimals with the root intact (20%),
Thus thé Spontaneous activity cannot be attributed to anti-

dpomie activation of the wmite.,

10, The Trigeminal Tract Reflesx

Ho evidence for the relatively long latency, repetritive
tr Leeminal tract maif}.mc, described in the ecat by Darian-
Saith (1965) and others (see Intbodumtion}, was found in
these experiments. As discussed previously, no unit was
activated by stimulation of the ares surrcunding the main
receptive fleld of a unit, Althourh response latencies
were not measured, the following evidence is not consistent
with the existence of early orthodronic and later antidromic
lopulses, as deseribed for the tract reflex,

a) The pattern of the spike discharge sometimes variecd within
the same unit in response to the same stimulus (Fig, 164),

1f the later spikes are not consistently temporally-separated
from the earlier ones, it seems less likely that they have

an antidromiclcrigin.

b) Occasionally a short latency spike followed by a longer
latency burst was seen in units where any antldromic impulses
had been prevented by section of the trigeminal root (PFig,
168), Thus, longer latency is not a certain indiecator af

an%mﬁromlc origin of a discharce,
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e¢) The pattem of short latency, lonw latency spikes could

be maintained during repetitive stimulation of the wvibriszae
at 2/sec (Flg. 16 G}, slthough the mtidromie spikes of

the traet reflex are much less probable at repetition
rates of 2/sec. or more (Darian-Smith, 1965), Thus these
long latency aspikes may not be of antidrouniec origin.

d) In most units, two temporallye-serarated bursts of s ikes
did not ocour (examoles in Fig, 16 DY, The events described
in a, b and ¢ above were seen less commonly than a continucus

discharge of unit funvlees.

11, The "Position” Effect

Becsuse simple deflection of the vibrissas very con-
sistently activated vibrdssae units, it was the stimulus
uaesd throughout these experiments. For some units, however,
a slight diffevence in the position of the stimulating probe
used to deflect the wibhriesa altered the unit's response
pattern, For exanmple, with the probe situated ¢ om, Lfrom
the base of a vibrissa, a unit might exhibit a slowlveadapting
responsa to deflection and release; with the probe positioned
3 ma, from the base, a more rapidliyveadaptineg deflection
regponse an' a release response would occur. It was never
possible to veproduce a ranid "on™ and "off" pattern for
these unite with a manual stimulus., A total of 20 comple-
mentary units showed this "position” effect (out of n= 66).

Figure 17 illustrated the behavior of such a unit,
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whose response nattern changed aceording to the position
of the stimulating probe. Resnonses to stimulation are
shown with the tip of the probe located succesgsively at
5w, (A), 4 om, (B) and 3 mn, (C) from the base of the
vibrissa. The unit fired fewer and fewer spikes although
the only variable aspect af the stimulus was the position
of the probe on the vibrissa. The vibrissa was then out
from its former length of 10 mm. to 7 mm. in length. The
tip of the stimulator probe was then positioned 3 mn. From
the base (the same stimulus position as in C, above).
The unit now exhibited a slowly-adapting response (D),
When the probe was moved to 2 mm. from the base, the rapidly-
adapting response again oceurred (Fig, 175), The vilirissa
was cut again, this time to a total length of & mu., Now
with the mrobe positioned 2 mm, from the base (as in g,
above}, the unit produced a gl owly~adarting, rather than
'a rapidly~ada§ﬁing, response, Whenever the unit adapnted
rapidly, it responded to stimulus release (not shown) as
well as deflection. The successive vibrissae cutting proce-
dure produced similar results on three units for which it
was tried,

Thus, For these units, distance of the probe from the
base of the vibrissa was not a erucial determinant of firving
nattéyn, but rather relative distance of the probe from the

cut tip of the vibrissa was eritical, with all other stimulus
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parsueters held eonstant, Since rhe receptor is loecated
intrademmally at the base of the vibrissa, it is diffievlt
o explain this finmding if deflection alone is the adequate
stimulus, It seems probable thar a slizht bending of the
hair within the follicle 18 requirved im addition to linear
deflection for these units, When the probe is positionad
far from the tip of a vibrissa, a large part of the hair

is enclosed within the probe, and the vibrissa 1s held
rigidiv as it woves. 'Hth the probe nesrer the vibrissa
tip, only a small part of the vibrigsa is encased within

it, and a slight bendin: of the hair can ecceur. This permits
optimum activation of some units., It is assumed that the
manual stimulus always reprmitted a slight bending, since

the hand-held probe never maintained the vibrissa completely
rvigid. The vibrissce are deflectsd and bent when they
gontact an object as the rat explores its environment, The
vosition effect found here may indicate that this deflection
and bending may produce the most effective stimulus for some

vibrissee units,

G, EYPERIMENT 3

To study psychobhysical relationships in primary
vibrissae afferents (ef, Intraduation), the relatiomship

of atimulus ‘nput (deflection amplitude or velocity)to
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neural discharge frequency was determined for 18 units,
Fourteen of the units were studied in animals under barbi-
turate mesthesia and 4 in paralyzed, decerebrate mimals,
Ho differences between the two groups were cbserved in
these mmall samples (see below), and the data are combined

in the following results,

L. Stimulus Amplitude

Pigures 12«22 show the influence of A ffevent stimulus
annlitudes in determinins neural response frequency, expressed
in spike discharges per second, Part A of each figure
deseribes the untransformed arithmetic function, Part B
is the semi-leg tramsformation: a straight line function is
mredicted on these coordinates by the Fechner psychophysical
equation (R = log § ' a), Part ¢, the double lozarithmic
transformation, is predicted to be a straight line funetion
by Stevens' power law (R & kS0 or log R = nlog S tlow k).

It would appear from the data shown in these o«raphe,
and the correlation ceefficients of the data to the hest-
fitting straight lines, that the S-R relationship is ‘described
equally well by all three functions, The similarity of
the corvelation ceeificients far each of the arithmetie,
seni-log or log-log tranaformations Implies that the rance
of stimulug values was too small te peymit adequate diffar-
entiation ammong the functions. It is evident that response

frequency is a monotonically-inereasine funetion of stimulus
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emplitude, tut a wore precise statement of the relationship
is impossible without employiny a wider range of stimuli.
Responses of a unit to a serias of deflection amnlitudes
are shown “‘n Fig, 23,

As stated above, this measure of neurzl responsiveness
did not differ in the decerebrate and aneathetized animals,
For LVT-comp units at 1 sec. observation time (Fig, 19),
there were 9 unit-directions in anesthetized animals and
6 in decerebrate animals, No significant difference was
found when the Mann-Yhitney U teét wags used to compare the
correlation coefficient of the best-fitting-straizht
line for each groun (in lor-log coordinates) (U = 29;
eritical U for p = .1 i3 127,

The slopes of the functions for LVT-comp units (Fig,
13~21}Mhacamé steeper as successively longer time interwvals
are counted. This is attributable to the fact that adap~
tation rate, which plays an increasingly important rele
as time is increased, is also a monotonic function of stimulus
emplitude (see Experdment 2), Presumably if only steady
state firing were observed, the slopes would be more gimilar
for the different counting intervals, The shorter obser-
vation times have slopes less than 1, which is in accord
with the values obtained in other experiments on first ovder
and thalamic lemniscal afferents (Mountcastle et al., 19633

Vernar and Mowuntcastle, 1965},



2., Stimulus Velocity

In determining the influence of deflection veloecity on
the frequency of spike discharge (Pig. 24 and 25), the stimulus
range annloved was considarably wider (2.5 los units as
compared te .8 Lor units for the stimulus anclitude range).

The relationship between veloeilty and impulse freqronaey

“ia much better described by a power function (log-log
transforuation, Graph C) than by straight lines in either the
arithme tic or semi-lor coordinates,

The data on stimulus veloeity pertain to discharce fre
quency during the transient period of stimulus onset only.
Jounteastle et al., (1963) observed that although the transient
frequency might be corrvelated with stimulus velocity, the steady
state frequency in their study was not. Steady state data
wonld have Yo be obtained to determine whether the power
relationship between velocity and neural discharge seen in
the present evperiment was limited to the period of stimulus
onset.

5, Limiting Considerations

The data presented in Figures 18-22 and 24-25, for both
deflection amplitude and velocity, are based on the arith-
metic averages of the responses of a nuwber of units.
Correlation coefficients for the best-Tittine straight
lines of data based on single units are somewhat variasble,
with some units describing functions very sinilar to the
averaged curves and others showing less orderly rélationships.

There are several probable ewplanations Ffor this variability
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of goodness-cf-fit among unit responses as compared with
the extremely good £its of individual dnit responses dea-
eribed by Mounteastle and his associates, e major factor
is that, due to 1initakions of time and the lack of automatie
prograviing equipment, each stimulus amplitude or veloelty
was used only onee in the present study, Twenty to Zilty
randon presentations of sach stimulus were averaged in the
Houmteastle studies, The plot for individual units
the Latter experiments was tn averags of the values at each
stimulus magnitude, Five repetitive trials, in the same
raundon sequence, were run for one unit in the present experi-
wents; the correlation eefficient of the averages of the 5
tedals with the best-fitting regression lime in log«lar coorw
dinaves was ,955 for stinulus amplitude and 991 for stimulus
veloetity.

A second factor likely to have inereased deviations
from the best-fitvine 1 ne was the Tailure to record exeluw
sively the steady state condition, Rapild transien: firing
during st mulus onset affects the frequenéies recorded in

the shorter ¢ounting Imtervals, In addition, the confounding

e ]

variable of adaptation rate (sece ahove) Influenced frequency
differentially at different stimuluz amplitudes; the ¢onsise
tently lew frequeneay at the wminisum stimulus anplitude

is probably attributable to the relatively ‘e:'arsic’i‘ adantation

vhich ogours at this ae~litude,



OHAPTER IV, DISCUSSION

A, Codinr in First Urder Vibrissae Afferents

The results of these experiments indicate that first
order neurons of the trigeminal system, taken as a group,
encode many parameters of the mechanical stimuli delivered
to the vibrissae and face of the rat. Specifiecity of loecus
of peripheral stimulation is achieved by differential
activation of eome neurons and not others. That is, each
neuron responds to stimulation of a single vibrissa, a
small sinus hair, or a small patch of common fur. Such a
topographical coding system appears to be typical for
metathetic (or extensive) continua, beth in other parts
of primary somatic sensory system and in other primary
scusory systems. In neurons which responded to stimulation
of a single vibrissa, the spike dischaige pattern coded
many aspects of the stimulus in addition to peripheral locus.
Thus variations of at least aix other parameters of vibrissae
deflection (onset, dirsction, velocity, annlitude, duration
and offset) were capable of activatine different TeSponse
patterns, Decsuse of the striet correlation smong the
Teatures of each stimulus-res-onge pattern, observing the
response of @ neuron to one or two of these parameters
rermitted an almost certain prediction as to its responses
to the other variables,

These eonsistent constellations of stimulus-response
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relationships in differvent vibrissae unit categories were
striking features of 2!l the experimental resulte. Thisa
categoriz tlon suggests that mulbiple rpeceptor ending
locitions and/or Lypes m&y'aacaant for these features in

the response of the {irst order neurons. It is lnovn

that & single vibrissa L& supplied 1ith numerous receptor
endings; Vincent (1913) found as many as 150 neurons per
vibrlssa follicle. lowever, anatomical invastigatimn&

reveal such a tangled mass of arborizations about the haip
Teollicie that it ie “ifficult to ascertain whether the neripheral
axon of a single ganglion cell actualily terminates in some
restrieted or specific way within the sinus hair capsule as
the present data suggest . ‘he present results do show that
a rartlcular type of stimulus to & single vibrissa is capable
of activatlng & number of units each of vhich exhinlts a
different response nattern category, thus vermiiting meny
agspects of a 3timﬁluﬁ Lo & glven vibrissa to be transmitted
centrally. PFor example, 1f a2 stimulus to one vibrisssa in-ona
direction activated both BYT fa@idly»&d&pting receptors and
VT slowly-adapbing endings, the stimmlus will be coded in
the first order units for Loth onset and steady state condi-
tions. Althoush relatively few neurons were studled in sach
animal in the present cxperiments, it was not uncommon Lo ind
several unlte, eaech responding to a different tipe of sbtimu-
lation to one vibriasa In & single enimal, Such units would

have different res-onsc pattern characteristice. It ig posaible
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that some of the fibers entering a vibrissa follicle are eolla-
terals of a single semilunar ganglion cell,

“wo previous stmdies have evamined swaller samples of
first order neurons supplying the vibrissae in cat and nonkey .
(Fitzgerald, 1940; Kery and Lysak, 1964), Although neither
of these species possesses the whisking vibrissae seen in
the rat, many of the findings in the present exveriments
on the rat are in agreement with these earlier studies,

For evample, most units showed directional sensitivity.

Ferr and Lysak reported that unir discharge often occurred
in response to stimulation in two adjacent directions and
not in the other two., This is a similar result as that
obtained in the present study when comparable procedures
were used to eﬁplora complementary units., Pitzgerald
claimed that the optimum direction of stimulation was toward
the center of the mystacial pad, but neither the results of
Kerr and Lysak nor the present data are in agreement with
this observation.

Neither previous study apnears to ﬁave employed stimuli
suffieiently rarid te activate the high velocity threshold
units, although Kerr and Lysak noticed one unit wvhich responded
only to rapid release of the vibrissa stimulus. Both ecarlier
studies found that the wmajority of units were slowly-adapting
and a Tew fast adanting. Kerr and Lysak stated that slowly
adapting units in the cat werc more likely to be direction-

seneitive; the present data on the rat are similar in that
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vegpeet, The finding that many vibrlasae units are slowly
adapting is in marked contrast to the results of other stulies
of First order spinal and trisemingl afferents which respond
to comnon hair stimulation almoat exclusively bw a rapidiy.
adapt'ng discharge (lunt end Melntyre, 1960; Xerr and Lysal
19643, iowaver, both slowly-adanting and ranildly-adapting
common halr imits have been found in trigeninal primary
afferents in the coatimmdi and receoon. (4, I, Welker,

personal communication).

By Goding in Hicher Order Vibrissae Afferents

A mumber of studies have investirated the characteristics
of sscond ordey vibrissae neurons in the rrigeninal brainstem
complex of the cat (Gordon et al., 19613 Krurer and tiichel,
1962, a, Ly Edsenman et al,, 1963, 1964). Kruger and ichel
(1962 b) observe! that the vibrissae are by far the woat
extensively represented str.ctures in the rriveminal ecomplaex,
They found that most units responded to stimulation of a
single vibrissa; however, other authors observed! s smaller
reveentage of neurons with such restricted: flelds, Tor
example, EBisennan et al. (1963) found that the extent of
the ;mriptwwalwﬁeemtiva field varied with the lorcation of
the neuron in the nuclei. About half the newrons in the
main sensory nucleus responded to one wibrd ssa, but only
1 out of 13 in nueleus oralis was s!milarly restricted,

Gowrdon et al, (1961) renorted that in the fibers lateral
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to the spinal nmeleus, 14 out of 20 units wers activated
by one vibrissa only, but two-thirds of the vibrissae cells
within the nueleus responded to more than one vibrissae,
Obwiously a large number of the primary afferents have
converged on the second order neurons %o produce these
results. However, anéciﬁiciﬁy sgems to be maintained in
the brainstem trigeminal comnlex in that these neurons
regpond only to vibrisszae an® not to skin ox comuon hair
stimulation, Furthermore, a rostrale.caudal columnar secre-
gation of the various types of vibrissag an@@ars to . oecur,
with mystacial, genal and ophthalmic vibrissas rerresented
in adjacent columns but not in the same colum (Eisenman,
et al,, 1963), The latter suthore also found a few units
which responded either to all of the aystacial vibrissae

or to &1l of the ophthalmic ones. BEisenman et al. (1963)
found units in the brainstem complex similar to first order
neurons in that the more sensitive units (in the »resent
experiments, low velocity threshold units) were slowly
adapting and less sensitive units (hirh velocity thrashold)
were ranidly adapting,

, To summarize, although many of the second order neurons
appear to maintain the highly specific receptive field.
response properties found in the primary afferents, a
numher of the brainstem units lose this speclalization

in favor of a converging orgsnization. WNeurons in at least

three of the four nucleid (main eensory nucleus, nucleus
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oralis end spinal nucleus) appear to respond to vibrissae
input., Variations in anatomical lecalization and sampling
procedures make comparisons among the experinents on the
second-order neurong tenuous, Since none of the studies
has provided a complete mapping of all the nueclei, cohclusions
concerning differences in represantation in the various
miclei must await more thorouch investigations,

In work currently in progress, single units have been
found in rat scmatie sensory cortex which respond to single

vibrissa deflection (G, Welker, personal comunication).

Co_Comparisons with Primary Tooth Afferents

A number of experiments investigating the responses
of primary “rizeminal afferents to stimulation of the testh
reveal that some characteristics of these units are sinilar
to these of vibrigsae wunits (Pfaffmann, 1939; Ness, 1954;
Kerr end Lysak, 1964; Xawamura and Nishivema, 1966), These
studies reported that many units respond to stimulation of
just one tooth; meny are direction-specific, with an inereased
adaptation time and frequency and a decreased thrashold
and latency, in the optimum direction. The majority were
slowly adapting. Pfaffmann (1939) and Nees (1954) found
that about 10% of the tooth units were spontaneously active;
the spontancous firing rate could be modified by eomparable
nrocedures and with similar results to those daseribed

for vibrissae units (see below), Doth rate of apnlication
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of pressure and absolute level of pressure were found by
Pfaffmann to determine the spike frequency of a wnitr, He
foundd thresholds to be much lower in kittens than in adult
cats, Tseth units differ from vibrissae units in that most
of them roguire a rather substantial foree to activate

them, as compared with the exquisite sensitivity of many
vibrissae neurons. All of the other resnonse characteristics
appear very similar to those reported here for wvibrissae

wnits,

De. Anatomical Mechanisms of Adaptation

The marked vardation in adantation rate among the
different response nrattern categoriss of first order neurons
can probably be attributed to nroperties of the reedntor
apraratus. In addition to wvariation between the categories,
adaptation rate varied as a function of stimulus amplitude
within the low velocity threshold categories., Loewenstein
and colleagues (Loewenstein, 1956); Loewenstein and Mendelson,
1965; loewenstein and Skalal. 1966) have nroposed an
explanation in terms of the mechanical features of receptors
which may account for at least some of the ohserved differences
in adaptation rate.

Using cat Pacinian cormuscle receptors, Loswenstein
and Mendelson (1965) demonstrated that if the lamellar
layers were stripped from the corpuscle, the remaining

decapsulated recentor adapted more slowly than did the intact



corpuscle, If an artificial capsule was constructed arcund
the decapsulated receptor, the endings again becane very
rapidiy adapting., They alaso found that although the intact
capsule resronded to stimulus "on™ and stimnlus "off", the
decapsulated receptor responded only te stimulus onset.

They argued that release of enercsy stored in the elastic
elements of the receptor structure accounts Ffor the "oif"
response in the normal capsule., They concluded that
mechanical features of the Prneinian corpuscle provide the
rate-limiting faetor in adaptatisn and the mechanisu for
rasponse to stimulus offset, That the receptor is the
limiting facter in adaptation rate was susgested in a previous
atudy by the fact that adaptation of the Pacinian corpuscle
recentor structure occwrred more rapidiy than the accomodation
of ite own axon (Gray and Matthews, 1951),

In the vibrissae neurons of the present study, units
which were activated by stimulus onset and of fset were more
rapidly adapting than units which responded only to stimulus
onset. 4 difference in the wechanieal featwres of the
‘recentor sites might acco mnt for such response differances
in the peripheral neurons,

loewenstein (1956), in exmerivents on somatic sensory
receptors of frog skin, found fibers vhich responded to some
stimuli with a rapidly-adapting "on' and "off" responsge,
which changed to a slowly~adapting discharge with no "off"

component when stimulus intensity was inereased, This
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phenomenon Ls similar to the "pogition effect"” deseribed
avcve for vibrissae units, in whiech the response is rasidly-
adapting "on" and "eff" or slowly-adanting "on" aceording

®
s

to the position of the stimulating probe. Loswenstein

usad a mechanieal hypothesis to ewplain hiz results,

He suggestad that with a less intense steady state stimulus,
in-seriss, non-elastic components of the receptor fold back

ot ang another, wheress with incressed intensity, a receptor
ending becunes fully expanded and provides a steady depolars
izing current, It is interesting to note that, as in his

data on Pacinlan corpuscles, the cccurrence of rapld adan-
tation is correlated with response to stimulus of fsetr and

the oecurrence of slow adaptation is correlated with lack

of an off responsz. The present experiments, rather than
showing gither a rapid or & slow rasponse, demonstrated

a gradation of the position effect according to the precise
position of the probe on the vibrissa and a gradation of adapba-
tion rate in LVI-éompwics as stimulus auplitude was ingreased,
A differential activation of mechanical slements in the
recepters, as proposed by Loewenstein, is consistent with
different sdaptation rates amons the categories of units,

with gredaticn of edaptation with stimulus anplitude, with
gsradation of adaptation with the position of the probe,

and with occurrence of an "off" response in rapidly~adapting

unita.
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Es__Spontanecous Nisebardse

in the present experivents, as well as ‘n the earliew
studies of vibrissae firet order units (Firaverald, 1940;
Kerr and Lysak, 1946), small provertions of spontaneonsly
discharsing units were observed., In all the axperiments,

it was found that firing eould be eliminated by defleetion

of the vibrissa in one or more direstions, whercas deflegw
tion in the other directiong resulted in an increase

in the rate of digcharge. Such an incresse was followed,
‘upon release of deflection, by a silent period and pradfual
regunption of the spontaneous rate,

Substantial df £ferences in the awnber of spontaneous
units were found between Experiment 1 (less than 5%) and
fxperiment 2 (almost 20%) of the present series., iltzrecald
fourd an intermediste mmber {10%). Ome poesible exnlanation
for the disecrenaney in the two present experiments wasg
the fallure to rigldly gentrol body tauperature, Spontaneous
discharge can be affected by smal! changea in temperature
in lewmiseal afferents (Mmt and Melntyre, 1060), Another
variable often seen to influence the ccomprrence of spontancous
f?irinrs’i#s anesthetic level ., lMountecastle (1957) found i‘:hm‘:t
svontaneous discharge decressed rapidly in ortical somatie
sendory neurons when the level of barbiturate anesthesia
was increased. In the present experiments, in the small
sanple of units obtained in the paralyged decerebrate animal ,

ne spontaneous firing was observed, It is rossible that



in aninals under relatively tisht barbiturate ansgthesia,
musele twivghes nroduce slight movements, fmpercentible to

the observer, whieh gosount for at least some of the "8 poite
taneous” disgharge. The present sxpepiments were oecagionally
interrupted becasuse slisht twitches in the vibyissae were
almewe&: these were seen prior to any of the othe r usual
reflex signe of light snesthesia and were eliminated by an
additional injeection of anesthetie,

In second order triceminal unite in eats, Kruiger and
HMichel (1962b) cbserved that spontansocus firing was rave,
vherens Ziserman et al, (1963) found that about hal® of _
their wnits Msﬁharmci gontancously, Thisg Jifference o
especially interesting in that the latter exceriment studied
cats uinder barbiturate anesthesia, while the former used
roralyzed, decerebrate eats, These results are consistent
with the ilea suprested abm'm that zome of the "srontanecus’
sctivity may be atrtributable to musenlar activity which is
not present in the paralvzed anlmal . _

Blinination of the mesthotic agent in the decerebrate
animals had Little offest on my of the parametars of TEEPUNSS
which were recorded. This is in accord swdth many of the
characteristics of higher order leamniscal neurons { Pogzio
and Hounteastle, 1963), It fe onlv wvhen more complex response
“eatures sre evanined, such as wecovery eycle or following
rate, that barbiturate interfevence segmed to bacome evident

in the lemniscal units in their stwly. It {8 probable that
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anesthegla has even less influence on primary afferent fibers
in the present experiment than on the higher order fibers srulled

in the latter experiments,

fy  Unlt Besponses to actively Protracting Vibrissae

The responses to movement of the vibrissae produced
by stimulation of the normel motor rathways suzsest that
When & rat 1s arocused %o sctive exploration, the successive
waves of viobrissae protraction and retraction are coded oy
wany but not all primary vidrissae neurons. furthermors, infor-
mation regarding a physical stimulus contected by such
whisking movements is trensmitted in a series of buarsts
corresponding to the rate at which the vibrissee whisk baelk
and forth., The daba fron Interposition of a barrier agpainst
the vibrissae alse indicate that most of the uwilts meintain
the directional sensitivity during movement thot was round
when the wibrissae were stimulated when stetionary. In
Experiment 1, the directional sensitivity to baerriers placad
against the whisking vibrissae wa: identifal to that in
stationary vitrissae for about half the unites Another 300
responded to the barviers in all dirsetlions, althou'h with
& longer, higher frequency discharge in the directions feund
te Le effective for the stationary vibrissse. "The resronse
of these latter units corrvesponds to the distinetlon between
LVT and HVY directions established in Ewperiment £, but

*

which was rnot seen with the mernusl gtimulue 1In the [first
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experiment. Thus for these 30%, the vibrissa whisking against
& barricr was a sufficiently intense stimulus to activate

the HVT as well as the LVT directions of a unit,

G__The Trigeninal Tract Reflex

One somewhat pumzling feature of the present experinents
was the failure to find the antidromicslly-conducted triceminal
tract reflex when the trigeminal root was intact, as deseribed
by Darian~Smith et al. (1965) and others (sece Introduction).

Ho such activity was observed in response to mechanicdl stimulation
of the region surrounding the receptive field of a unit,

and although latency analyses were not carried out, there

did not appear to ’ée a response to stimulation of the receptive
fleld with the latency characteristics described by Darian-
Suith et al. (1965)., Althourh the other studics of primary
vibrissae aiferents (Fitzgerald, 1940; Kerr and Lysak, 1964)
did not snecifically look for the tract reflex, activity
resulting from stimulation outside the restricted receptive
fields would probably heve been chserved had it existed,

In one study on the brainsten nuelei which specifically

sought surround inhibition of vibrissae neurons, no such
effect was found (Kruger and Michel, 1962 b), Yet the
existence of this tract reflex in the primary afferent sensry
fibers and the resulting surround inhibition in the second
order neurons are wellw-documented in several studies (see

Introduction),
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Two rossible explanations may account for these discre-

pancies, Ome is the differences in the type of stimuli
used to elicit the responses in the several experiments.,
The oresent study, and the others which have yielded sinilar
resulis, smploved the most delicate posgible methods of

actile stimulation, in the interests of defining the adequate
stimulus, i,e, the stimulus which activates the unit with
the lowest mechanical stimulus threshold. On the other hand,
the exneriments which observed the tract reflex used much
stronger stimuli, Thus, Stewart and Fing (1916) and Stewart
et al. A967) employed electric shoek to the afferent nerves.
Dapian-Smith (1965) usually used slectric shock to the skin
of the face; although when he oceasionally employed mechanical
stimuli (of an unspacified nature), thaese produced The antidromic
phenomenon to a lesser extent, Although the stimuli which
ware adequate for eliciting the orthodromic rasnponse in

the present experiments failed to activate a clear antidromic
response, it is possible that stronger stimuli might have
been effective. This idea is supported by the results of
Srickeon et al. (1961), who found the trigeminal tract
reflex in rats only when electrieal stimali were emploved,

If only very intense or electrical stimubation effectively
elicit this activity, its physiolovical significance may
be limited to envirconmental situations inveolving %Xf?&%@ly

intense or noxicus gtinulation,
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Another possibility is that these phenonena do not exist
‘0 the neurons respending to wibrissaee imput., The purpose
of surround inhibition appears te be to sharpen the boundardies
off the reeeptive fiield, and thus o inerease the diseri.
winatery cepacities of a systen (lartline, Vamer end
“atliff, 1956; Rose and Mounteastle, 1959), Whareass this
is elearly am important funstion when stimuli san Inpinge
on spatially eontipuous areas (e,y, the skin surface), it
would a.mam; to be muech less uvaeful when the peripheral
field consists of snatially discrete elements, The latter
is, of eourse, the case for vibrissae, The loous of stimi-
lation is already perfectly defined by eaech newron: it
responds to one and only ome vibrissa, with ne
overlapping receptive fislds., An additional mechanian
for sharpening the diserimination of the periphersl locus

of a stisulus would seem less wseful in such a systenm,

H, Psyehophysical Thresholds

With few exgeptions, determinations of the absolute
threshold for aeural discharge have not besn obtained.
Only for the first order neurons teruinating in Pacinian
corpuseles hove thresholds been defined, Gray ad Haleom
(1950) found that a minimum wovement of 0,5 (1 in L0O mee,
was véquired to activate most of sueh recentor neurons.

The present threshold dats have saw bearing on von

Bekesy and Stevens' theory of neural quanta as the basis
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for sensory difference limens (von Bekesy, 1930; Stevens,
Yorgan and Volkmamm, 1941; Stevens, 196la), Althoush their
theory pertaine to difference thresholds, it is also appli-
cable to the absolute threshold., They susgest that the
paychouwetric function is reetilinear in fowm, with the
tranaltion from no Jatection to 170% datection aémwing; as
a consequence of the activation of a given number of'neural
units or"quantal Von Bekesy (1937) proposad habt the neural
unlt of a single quantum was the peripheral nerve fiber;
Stevens et al, (1941) arpued that the quantal unit was a
centrally-located :ﬁ'uﬁmt:icmal unit rather than 2 peripheral
structural én‘?:i'%:f,r.

1,

One basis for their rejectlon of the seripheral fiber
as the mnit was that the critical incvement or quantum,
while a relatively stable quantity, displayed some variability
in size. The present experiments show that about half the
single units studied had invariant thresholds and hwlf showed
some variation in threshold, Thus the ewxistonce of variation
in quantal size is not an adequate basis For rejection of
the perisheral f£iber as the unit of the newral quantisa,

A second argument of Stevens et al. (1941) against
the iden‘?:ity of the peripheral uvnit and the neursal gquantum
iz that there are more fibers, for example in the auditory
nerve, than there are quate in either pitch or loudness
wodal ities, In the present study, many of the vibrissae

units had identical threshold walues, an? thus a given
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stimulue incrament would activate all these units, Therefore
several peripheral fibers could coneceivably constitute one
quanium, JThere is no necessity of this aceurring more
centrally. The prasent dota are not sulficient to eveluate
several other points of their argument.

e psychophyeical threshold data show that thresholds
for one paramcter of a stimlus are altersd by the values
uged for aother parancter. Tor exanple, auditory intensity
thresholds derand in part on the Crequency of a tone (Licklider,
19517; similarvly, visual intensity thresholds depend partly
on the wavelangth of 2z light (Judd, 19513, Such an inter-
action oceccurs to some extant in the primary affervent vibrissae
neurons, There was a trend Ffor velocity threshold te be
higher at the lowast deflection amplitude in HVI-comp units;
in EVT unite, significantly higher velocity thresholds existed

at ¢he lowver stimulus amnlitudes.

I, Stimulus-Response Rel ationshirsand the Psychophysical lLaws

The results of the experiments plotting response rate of
vibrissse nourons against stimulue {nput show systematic
changes of discharge frequency as a fimetion of stimulus
amplitude and veloelty. The nrecise funetional relationship
between stimulus anplitude and impulse frequency cannot be
thoroughly evaluatzd without Further evperiments uwsins a
broader stimulus rance; it is evident, however, that a

wonotonically-inereasing function existe. Spike discharce



frequency exhiblis a power funection relationshin with
stimulus velecity, although whether this relationship nay
be applicable only toe the transient stimulus onset period
remains to be deternined,

The psychophysiecal laws of Fechner and Stavens were
formulated with reference to the Intensive continum of
stimulil: evactly what censtitures "stimlus Intensity

4

a1 the present study is not elear. It 13 possible, of

Ity

course, to define that continumim which obeys a psychophysieal
law ae the intensive continuwm, but this is hardly an
independent evaluation of the law, Mountcastle et =1,
(1963} argue that for their data, stimulus amplitude and
not velogity de the intensive continmam. In = Tew cases,
in which they were able to convert the stimulus measure
into a measure of force, %:‘m—*,,y found that the power laow
predicted f‘ra.e: farce sweh@phy sical funection even more
accurately than the amplitude function, although both
were power funetions, 5

The .'p?:'cs;ent data caution against hasty conclusions
about the formal relatisnshiy between stimuluve and response.

»

ogical eperinentation has

|w=l

dYuch of the previous physic

L

coneluded that the 8-R relation is a linear, logorithmic

*

or power functien, without testing the alternative possi-
bilities. The data on stimulus amplitude in the present
atudy would have perwmitted any of these three conclusions

had not the other relaticnships been tested as well.



Ir is evident that a syuthesis of the results, techniques
and theorics of human sensory psychophysics and single unit
neuronhysiological analysis is only at the initlal stages
of development. Subsequent experiments in both disciplines

should further elucidate mechanisme of sensory perception.
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CHAPTER V. SUMMARY

The electrical sisns of neural impulse discharrse in
response to mechanical stimulation af the vibrissae were
recorded from single units in the trigeminal semilimar
vanglion of albino rate. The majority of units was
studied in rats under barbiturate anesthesia; a few units
were recorded from unanesthetized, decerebrate rats., In
some anicals, the trigeminal root was sectioned. This
procedure did not appear to affect any of the resnonse
characteristics that were observed,

Te delimit the receptive fiel? of each unit, delicate
forms of mechanical stimulation were anplied to the mystacial
vibrissae and surrounding facial regions. The receptive
fields were localized to a sincle vibrissa,a small sinus
hair or a small patch of common fur, Without exception,
units which were activated by vibrissa stinulation were
activated by movement of one and only one vibrissa. Alwost
all vibrissse units (over 99%) resnonded to angular deflection
and/or release of a vibrissa, In Experiment 1, the direc~
tional specificity of unit responses was defined for deflection
{"on'') an release (off") stimuli in rostral, caudal, dorsal
and ventral direetions, In Bwneriment 2, additional parameters
of the adequate stimulus wers studied, by means of an

electronical ly-controlled vibrissae stimulator which permitted
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variation of velocity, amplitude, duration and release, as
well as Jdirection, of vibrissae defleetion. Manipulation

of these parameters revealed a mmber of consistent constel-
lations of unit discharge characteristics. The following
unit response patterns occurre! in the percentages shown:

1. imits responding to vibrissae deflection with a
low velocity threshold evhibited a relatively high frequency,
slowly-adapting discharge, Adaptation time increase’ as
stimulus amplitude inereased. Such unite seldon responded
to stimulus release., Low velocity threshold units could
be subdivided into two classes:

a, Direction-sensitive units, which showed the above
low threshol’ pattern in one, two or three deflec-
tion directions and responded in the remaining
(complementary) directions with a hish velocity
threshold response pattern (see 2a), (367)

b, Hon~direction-sensitive units showed the low
threshol” pattern in all direetions, (3%}

2. lnits responding to vibrissae deflection with a
hich velocity threshold exhibited a low frequency, very
rapidly-adapting discharme and in addition, responded to
stimulus release. Such units could also be subdivided
into two classes:

a. Ulrection-sensitive units which showed the high

velocity threshold pattern in complementary direc-
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tione opposite to those in which the low threshold
wattern oocurrel. (56%)

b. Non-direction-sensitive units ghowed the high
threshold characteristics in all directions. (8%)

3. Hoderate velocity thresghold units responded to
vibrissae deflection with a moderate frequency, rapidly-
adapting df scharge, These unite were also activated by
stimulus release., They showed no drectional sensitivity.
(23%

4, A miscellaneous catepory of wunits resnonded with
varied threshold and adaptation characteristics to various
combinations of wibrissae deflection and release stiimli,
(8%)

In addition to determining response patterns evoked
by passive deflection, unit activity waa observed during
repetitive whishking movements (protraction) of the vibrissae,
Such movements, elicited by eleectrical stimulation of the
faecial motor nerve, aativated about half the wvibrissae
mits, Alnost 90% of the units responded if, in addition,
a barrier were placed against the vibrissae while they
protracted, The directional senaitivity of most units to
such barriers inserted successively in four directions
was similar to th-t observed when the Vibrissae were
stimulated when stationary, The procedure of nlacing a
barrier against the whisking vibrissae wis designed to

Simulate a natural encounter of the vibrissae with an
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objeet as the rat explores its environment,

In Experiment %, systematie variations of stimulus
anplitude and veloclty revesled that unit lwpulse Frequency
was a monotonically-inereasing function of beth these para-
meters, Impulse Lrequency was observed to increase as a
power function, rather than a linear or semiwiogaritimic
funetion, of stimulus veloelty during the period of stimulus
onset, The range of defleetion amplitudes was too narrew
‘e permit a specification of ite evact functional relatisnship
vith response frequency; the dats were equally well deseribed
by a'l three functions examined,

In the small number of units studied in decerebrats
rats, neither resronse pattern categordes nor response
frequency relationships differed from those observed in
anesthetized snimale,

These three experimants suggest that when a vat encounters
objects which defiect either its actively whiskin~ or stationary
vibrissae, the first order neurons of the trireminal cirewit
nreeisely code the locus and direotion of peripheral mechanical
stimulation as well as it onset velocity, amplitude, duration

and of fset.
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Pigure 1. The rat snpiffing cyele, ochematie represcntation
of temporal organlzaticn of the four major "snlflfing' actions
during one couplete cyele {(heavy line). Vertieal dashed line
indicates that the protragtion phase 1s more prolonged than
the retraction phase, Time is on the norigontal exis and

anplitude on the vertlcal one.
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Fflouwre 2,
a. Sketech of rat with vibrissae in relaxed nositlon.

Sketceh of exploring rat with protracted vibrissae

b.

contacting 2 food pellet.






Figure 3. Photograph of lateral aspect ofl face and snout

el

£ albino rat., Mystacisl vibrissae are cut short and painted
black for easler wisualization of orderly rowe and coluuns,

Caudal vibrissae are larce; more rostrally, they are shorter
and finer, gradually tepering to the small sinus hairs around

the lips and gnout, Man. secale in lower corner.






Figure 4. Longitudinal section through a rat vibrissae

follicle, drawn from a Oejal silver pmreparation, with some

Ffeaturee of the nerves and arteriss added from other

preparvations, (Taken from Vincent, 1913)

.
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Nerve from dermal plewus rumning down to formm the nerve ring
Conical body

Sebaceous gland

Artery entering the ring simug
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Large artery entering with the nerve
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TACTILE HAIR OF THE WHITE RAT

8. B. VINCENT




Figure 5, ‘llorizontal section through left semilunar ganglion
of an albino rat. ©ut at 15 , stained with thionin and
embedded in paraffin, Havniﬁiaation: 49 X, Some shredding
of the tissue occurred. long medial braneh (at left in
photograph) consists of the ophthalmo-maxillary division of
the ganglion., The shorter lateral branch is the mandibular
division. HNete the pale fiber bundles irregularly inter-

rupted by dark-stained cell body clusters.
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Plgure 8, Ooronal section through left semllunar genglion
of an albino ret. Cut at 30 , stalned with thionin and
embedded in celloldin, MNugnlficatlent 10U Xs The nmedial
branch {(at top in photograph) consists of the opthalmo-
maxillary division of the ganglion, Tﬁe shorter lateral
nerve orench ls the mandibular division. HNobte the pale
fiber bundles irregularly interrunted by dark-stained cell

body clusters in the opthalmoe-maxiliary division,






Figure 7. PFhotograph, taken from zbove, of the left semiw
lunar ganglion in situ. Exposure of the ganglion was accob-
plished by partisl removal of the left cerebral hemisphere,
The dural layer is strisped from the ganglion surface,

Mm, scale in lefi-hand corner.

a. Ophthalmo~maxillary division of the ganrlion

a'. The general region of the maxillary division in vhich
wost eleetrode punctures were made.

b. Handibular division of the ganglion.






As  Drawing of shank and tip of a typiecal tungsten
mierc-electrode used in thess experiments. Alsc sketched
are outlines of  two  sesnilunar ganclion cells drawm to
show relative dimensions of elactrode tip and eell hodies,

B, Sketeh of gemilunar gmmglion as viewed from above.
Black dots vepresent the logations of electrode punctures
in Bwperiment 1, The composite of 160 punctures in 24
rats is shown.

C. Single unit discharges, resorded with the eleetrods
in A, illustrating one initially positive and one initially
negative spike discharge, In this and al) subsequent photo-

graphs of unit discharge, positive polarity is reeorded

as an upward deflection,







Figuwre 9. Photovraph of electronically-controlled vibrissae
stimuletor, desimed to deflect a vibrissa different distances
at varying rates, The stimulater is shown mounted in the
nogition for use, as emprloved in Bxreriments 2 and 3, Note
the gimbal mounting, which permits comnlete flexibility of
nosition, enabline the nyrobe to be precisely alirned with

any vibrissa.









Figure 10. Close-up photograph of the stimulating probe

of the electronic vibrissae stimulator. The probe consists
of a lensth of hollow metal tubing, Into which a vibrissa
can be slipped, The galvonometer assenbly can be rolated
through 3600 | permitting deflection of the rrobe In any

direction.






Figure 11, Block diagvram of the electronic eoircuit of the

b

vibrissae stimulator. See text for detalls of its oparation.
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Figure 12, Photegraph of a threc-dimensional model of rat's
face and snout, The curved lines sre wires that represent
the vi'.«issae, Each black bead designates the locus of the
receptive field of cne unit, which was localized to a single
vibrissa, a small sinus heir or a small pateh of common fur

in Experiment 1, HNumber of units represented is 482,






Figure 13, A spontaneously discharging unit, Ranid initial
ratawas produced by deflection {(push) of the vibrissa.

Upon yelease, 2 slilent period oceurs, followed by resumption

of the spontaneous rate of firing.

Time cal ibration:



sawnsaly




Flgure 14, The range of deflection velocities available

at three deflectlion amplitudes with the machanical vibrissae
stimulator. The minimum veloeity was .5 mm/see, for all
amplitudes, The maximum avallable veloeclity varled «ith :mplitude:
it was 80 mm/sec. 8t 0.8 mm,, £00 mm/sec. at 2 mm, and 400 mm,/

sec, at 4 mm, deflection amplitude,
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Figure 13, Euxgiples of different eategories of unit TeSDPONSse
patterns found in Mxperiment 2. All photorraphs were taken
from oseilloscopie playbacks of tape recorded data. Imitial
positive pulse in the upper left corner of the first trace
which occurs in wost series is the etim:lus onset marker.
Eacn trace = 100 msec.

A, low veloeity tlreshold, complementary unit (LVI-comp.).

Unit produces a slowly-adapting discharsge in response to
deflection of a single vibrissa in two adjacent directions,
Stimulus: 4 wa, deflection at 50 mm/sec, Three consecutive
100 msec, traces are shown at the following time samples
aftar stimulus initistion: A

a, O seec. b, 1 see, c¢. & see, d., 8 sec.

B. High velogity threshold, complementary wnit (HVT-comp. ).

Velocity threshold determination is shown, using staircase
method presentation of effective and non~effective deflection
stimuli. The unit also fired several spilkes on release of
the stimulus (not shown), Deflection amplitude is 4 mm,

a, 200 mm/sec, stimulus velocity., Thmit fires 1 spike.

be 160 mn/gee. velocitv. Unit is not activated,

e. 200 mnfsee, veloeity

d. 169 mm/sec, velocity

¢. 200 mm/sec, velocity

C. loderate wveloelty threshold (MVT) unit.

Responsc is similar to all directions of deflection.

a. Jeflection (on) vespomse, OStimulus: & wmm, at 500 nm/sec.
b. Release (off) response. Stimulus: 4 wm. at approx. 45mn/
sec, -

D, High veloeity threshold (IVT) unit.
a. Delleection (on) resronse. Stimulus: & mm. at 200 mn/sec.
b. Release (off) vesponse., Stimulus: 4 ma, at Yo,
180 mn/sec.

E, Release response in an HVD? unit as a function of
stimulue release rate,
a. "Fast" relmse, b, "Medium" veloecity release.
¢, "Slow" release.

Time cal ibration: L = 25 msec
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Figure 16, Lack of clear evidence for the occurences of the
trigeminal tract reflex. Each oscilloscope trace = 100 msec.

A, latency of unit discharce may be wariable in response
to repetitions of identical stimuli. Stimulus: 2 mm. deflec-
tion at 50 wm/sec. Repetitions sre separated by 3= 5 sec,

The trigeminal root is intact.
&. Two temporally-separated bursts of spikes.
b, and c. Same wnit responding without distinet spike groupings.

3., Two temporally-separated discharses in an animal
with the trigeninal root sactioned to prevent recording of
antidronic activity. Stimulus: 4 m. deflection at 50
wmn/sec,

Ce aintenance of temporal separvation of bursts of
spikes with repetitive stimulation of the vibrissa at 2/secc.
Stimulus: 0.2 ma. deflection at 50.mn/sec. Trizeminal root
is intact.

D. Examples of lack of temporally distinet bursts of
spikes. Such continuous impulse discharce as these were
observe ' much more coumonly than the patterns in A, B and
C above,

a, A rapidly-adantine unit, no temporal separation inte
épik& bursts. Stimulus: 4 wm,. deflection at 50 mm/sec.
Trigeninal root is intaect.

b, A slowly-adapting unit, no temnoral separation inte
spike bursts., Stimulus: 2 mm. deflection at 50 nm/sec.

Irigeminal root isg intact.

Time calibration: . = 25 msec.






Pigure 17. The "sosition” effeetr, ALl oscilloscope tracings
in the filgure sre responses of the same unit to a stimulus
of identicel amplitude and veloeity, The stimulus
variables were the position of the stimulating rrobe and

the length of the vibrissa., Stimulus: 4 1. deflsction at
B30 mn/sec,

A, The vibrissa is 1 on. long and the stimulating probe
is located 5 mn, from the vibrissa base. A slowl y-~adapting
discharge is activated by vibrissa defleetion. Three
consecutive 100 meec. traces are shown at the following time
samples after stirmulus initiation:

a. O sec. b, 4 see, e, 8 sec

B. Vibrissa 1L em. long, stinmulating probe positioned
4 wmin, from base, thit adapts more rapidly; frequency of
firing is decreased. Three conescutive 100 msee, traces
are shown at the following time sanrles after stimulus
initiation:

a, 0 sec. be 4 ses. c. 8 see,

€. Vibrisse 1 em. long, stimulating nrobe positioned
3w, Lrom base, init ceases to discharre in less than 100 msec,

D. Vibrissa fs now cut from 1 em, to 7 ma,. in len~th,
“ith stimulating nrobe positioned 3 mm., from vibrigsa hase @e
in G), unit discharges a slowly-adaptine response, Three
consecutive 100 msec. traces are shown at the following time
samples after stimulus initiation:

a. 0 gec. b, 4 sec. ¢, B see,

£, Vibrissa 7 mm. long, stimulatine probe pos’tioned

2 mm. from base. Rapidly-.adapting responce occurs.

Time calibration : —!' & 25 msee.
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Figure 18, Relationship of stimulus deflection amplitude

(8) to response Trequency in spikes/sec. (R) in VT ~comp.
units, Graphs A, B, and C show the data plotted arithmetically,
seri-logarithmically and double logarithmically respectively,
“ach point is the mean of 11 unit-divections () in 10

mits (n), The correlation coeffieient, r, expresses the

fit of the mean values to the best-fittine regression lLine
drawn through those values. All data have been normal {ized

as follows: Stimilus amplitude values are expressed as
percent (in A) or log percent (in B and C) of the maximum
gtimulus value; response Lrequencies are e'mressed as parcent
(in A and B) or log percent (in ©) of the response to the
maximun stimulus. Observation time, the length of the
interval after stimulus initiation in which impulses were

ecounted, was 1l00mseae,
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Figure 19. Rel ationshin of stimulus deflection amplitude

(3) to response frecquency in spikes/sec, (R) in LVI'-comp
units, Oraphs A, B, and C show the data plotted arithmetically,
gemi~logaritbmically and double logarithmically respectively.
Z“ach point is the memm of 15 unit-directions () in 12

units (n). The correlation coefficient, r, expresses the

£fit of the mean valuss to the best-fitting regression line
drawn through those values, All dots have been normal ized

as follows: Stimulus amplitude values are expressed as
percent (in A) or log percent (in B and C) of the wavimm
stimulus value; resnonse freauencies are evpressed as percent
(in A and B} or log percent (in C) of the response to the
maximum stimolus, Observation time, the length of the
interval after stimulus initiation in which impulses were
counted, was 1 sec. The 1 sec., interval includes the first

100 msee. shown in Fig, 18,
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Figure 20, Relationship of stimulus defleetion anplitude
(8) to response frequency in spikes/sec. (R) in Lvf-comp

undits. Oraphs A, B, and C show the data plotted arithmetically,
semi-logarithmically and double logarithmically respectively.
Zach point is the wean of 9 unit-directions (¥) in 3 units

(n). The correlaion coefficient, r, ewpresses the fit of

the mean values to the best-fitting regression line drawn
through those values, All data have been normalized as
follows: Stimlus emplitude values are ewxpressed as percent

(in A) or log percent (in B and C) of the ma-imum stioulus
value; response fredquencies are expressed as percent {(in

A and B) or log percent (in C) of the response to the

maximum stimulus., Observation time, fhe length of the

interval after stinulus initiation in which impulses were
counted, wae 5 gee. The 5 sec, interval includes the first

1 zee, shown in Fig, 19,
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Figure 21. Relationship of stimulus deflection amplitude

(8) to response frequency in spikes/sec. (R) in IVP-comp
units, Graphs A, B, and C show the data plotted arithmetically,
seni~logarithuical ly and double logarithmical ly respectively.
Bach point is the mean of 15 unit~directions () in 13

wits (n). The correlation coefficient, r, expresses the

fit of the wmean values to the best-fitting regression line
drawn through those values, All data have been nomwaliszed

as follows: OStimulus amplitude values are ewpressed as

percent (in A) or Loy percent (in B and €) of the maximum
stimulus value; rasponse Crequencies are expressed ag percent
(in A and B) or log pereent {in €) of the response to the
maxdmum stimulus, Obscdvation time, the length of the interval
after stimulus Initiation in which Lmpulses were countad,

was L0 sec., The 10 sec, Interval ineludes the first 5 sec.

shown in Flgure 20,
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Figure 22. Relationship of stimulus deflection mmplitude

(8) to response frequency in snikes/sec. (R} in MWWT units.
Grachs A, 3, and C ghow the data plotted arithmetically,
semi-logaritimically and double logarithmically respectivel .
Zach point is the nean of 6 unit-directions (¥) in 2 units
(n). The correlation ecoefficient, r, expresses the £it of
the mean values to the best-{itting vegression line drawn
through those walues, All data have been normalized as
follows: GStimulus amplitude values are expressed as percent
(in A) or log percent {(in B and C) of the maximum stimulus
value; response frequencies are evpressed as percent (in

A and B) or log rercent (in C) of the response to the maxdmm
stinulus, Observation time, the length of the interval after
stimulus initiation in which immulses were eounted, was

100 myseaec,
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Figure 23, Stimulue amplitude, neural resnonse frequency
relationship for one "Wl-comp unit. Deflection amplitudes
were praesented in a randem order to the same vibrissa; the
results are presented here in order of increasing stimulus
amplitude, Yeleocity was 50 m/sec,. for all atinuld,

Ay 0,8 mm, amplitude. Unlt does not respond.

8, 1.0 amplitude, Unit does not respond.

C. 1.3 mm. ischarge ceases within 300 masec., after
stimulus initiation, Three consecutive 100 msec, traces are shown .

D, 2.0 ma, Three consecutive 107 mser~., traces are shown
at the following time samnles after stimulus nitiation:

a. 0 sec. b, 4 sac, ¢c. 8 sec.

E, 2.5 am, a. 0 see, h, 4 sec, c. 8 moc,

¥ 3.0 noe, a. 1 sea, B, % sec, ¢, 8 sgec.
G, 4.0 mm, 2. O gec, B, 4 smer, c, 8 soc,

Time calibration: L— = 25 mseco,

1
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Firure 24. Relationshin of stimulus deflection velocity

(8) to responze frequency in spikes/sec. (R) in LVT-comp
units. OGraphs A4, B, and C ghow the data nlotted arithmetically,
semi-logarithnically and double lovaritmically respectively,
Bach point ig the mean of 11 unit-directions (H) in 9 units
(). The correlation coefficient, », expresses the fit of
the mean values to the best-fitther rerression lLine drawn
through those values, The ecwrved lines drawn n graphe A
and B were fitted to the data noints by eye. &1l data have
been normalized as follows: Stimulus veloeity values are
expressed as percent (in A) or log percent (in D and C)

of the mawimum stirulus value; resvonse frequencics ave
expressed as pereent (In & and B) or log percent (in &)

of the response to the maximum stimulus. Observation tiuwe,
the length of the dinterval after stimulus initiation in
which impulses were ocounted, was stimulus onset time, that

ig until the final deflection amplitude was reached.
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Figure 25, Relatlonship of stimulus deflection veloecity (8)
to response frequenecy in spikes/sec, (R) in MUT units. OCraohs
A, B, and G show the data plotted arithmeticallv, semi-
logarithmically and double logarithmically respectively,

Zach point is the mean of 12 wnit-directions (N) in &

unite (n), The correlation coefficient, r, ewpressss the it
of the mean values to the best-fittine regression line

drawn through those wvalues, The curved lines drawn in e¢ranhs
A and B were fitted to the data points by eye. All data

have been normalized as follows: Stimalue velocity values

are expreased as percent (In A or log percent (in B and )

of the mawimum stimulus value: resnonce Fraquencies are exmressed
as percent (in A and B) or log perecent (in ) of the regponge
to the maxinim stimulus., Observation time, the length of

the interval after stimulus initiation in which impulses were
counted, was stimulus onset time, that is until the final

‘eflection amplitude was reached,



(xpw S 9, sp §) bo7 | (xow g 9, sp g) 607

02 21 1 01 L b 0 £ 9o- 02 LI ¥l 01 L ¥ 0 g- 9-
=T e B i B . | — IR e e
. X
o /8- o\ 102 o
I~ L)
mwm.HL - - »M \ ot R
4 o BV
’ to 2 \ HJog &
» ; s
Jp N Jog I
N 5
dg° < ¢ | Jool
L g
431 3
5
N~
el XDW G 9 SD §
. 001 _ 0S 62 01¢ 0
x | | I [
0 ‘ o 9
) ' . o\!.ON &
Ap190jan sninw1ys = xl
100 _ H S \ o4 M/M
B2 "2l =N v © 0s I
oW} JOSUO SNINWILS = 9WI} UOIJDAIBS]O \ 109 o
| ° H{og 3
SLINA QTOHSIYHL I1VYIGOW \ S
| 5 Joo1





