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.‘Ab'_s,tract ’

The dynaﬁib propertiesvbf seﬁsory transduction in some
frog Lcutaneous mechanoreceptofs vere §tﬁdiéd; The dorsal
skin was exciéedialong with 'an intact nerve trunkf the skin~ 
was stretéhéd, and the activities'of sihéle régeptorS'werép
re¢orde§ extracellularly. The frequenéy reggonse function
for transduction waé obtained by stimulat;nd'the skin with.a
randomly ﬁoving probe and observing_the resulting 'afferenf
écfion potentials. Transduction could be well characterized
by ‘a power-law or fractional differeptiator'model with two
parqmeters: k, - the fractional exponent‘and g, the gain at
onelradian per second. , | |
Room Eemperature ' studies showed a significant
‘vaFiability in the eXpénent! k, and in the “sens%tjvity, g,
of the power laws fitted 'to the frequency responses,
Héwever, both the exponent and the sensiéivity showed po;ﬁal
bdistribution curves. When the temperatﬁre was varﬁed from
15-25 degrees celsius, there was little change in t/e fitted
sensitivity, g, or exponent, k.

The external potassium concentration was‘incr ased by a
factor of thfin an attempt to depolarize the re?eptor cell
membrane. The results from these experiments dis?&ayed three
charécfer}stic fo;ms: (1) an increase in sgﬁsitivify, g,
with a concomitant decrease in exponent, Kk, (25 no change i;
either sensig@viﬁy' of exponent or, (3) 'a decrease in

sensitivity with a concomitant” increase in exponent. The

effects of the 1increased extracellular potassium are’

iv
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- discussed in terms of the current ionic mechanisms of

‘sensory adaptation.

The type ‘of receptor which was stimulated during the
experiments was not morpholégically identified. - However, a
specific type of receptor; the 'free' nerve ending; Qas
considered to be most likely sto be responsible for the

results obtained, based on the adaptation characteristics

and afferent conduction velocities measured.
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Ig’Introdué¢ion4'

A. Vertebrate Mechanoreceptogs

i

It 1is generally “believed thatrdtne~ developmént of SR

specialized lamellafed encapsuiated cutaneous receptive .

Alstructures (Meissner'sL Paciniano Hétbst; and GolgijMazéoni
corpuscles, Krause“s endin;s and Eimer's organs) coincided
with the euolution"ot' an1mals from an aquatig—;to a
terrestrial environment. At present “amphibians are the

lowest group of animals on the phylogenetic tree to = possess

lamellated  encapsulated cutaneous receptors -(During & -

Seiler, 19745. Weakly encapsdlated receptors or Merkel dlSkS

by

(catton, 1970) have been reported in Teleost flsh (Lane &

Whitear, 1977) and touch corpuscles in the llps of the moray'

eels (Gymnothorax ‘vicinus . and 'G 'mom'nga’), (Bardach &
Loewenthal, 1961), bute true lamellated ‘encapsulated

cutaneous receptors have not been found

:R'

ay

Rapidly Adaptlng Receptors e

The . Pacinian corpusqle ~is a Iarge__;amellated‘

‘encapsulate Z:eceptor ofimammalsrv0.5~2.0 mm in length by
:0.7 mm in:i¥diameter. It is located in the joint capsules,

, o ‘ , |
tendons and fascia of muscles, on the perlosteum,u and in

fatty tissue of the subcutaneous 1ayers ‘of both halry and

hairless skin (Schmidt, 1981) t “is’ composed ofﬂﬂa many

_layered perlneural capsule and an 1nner layer of b11atera11y’

Y

A J

o
*

. b
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arranged Schwann cell lamellae '§urrounding L a central
unmyelinated nerve terminal. . o e

‘ k

The many layered perineuré; capsule of/ the Pacinian

cdrpuscie is not invol‘ed “in  the recep or process of
mechano-electric  conversion. directly (Lb\)ﬁnsteln &
Rathkamp, 1958) but béhayes: as a high pass \fllter of
mechanical ,stimuli (Loewenstein & Skalak, 1966) . When‘
stimulated, the recebtor potential's time course is .the same
whether it is elicited by é stimulus of 1long or short
~durat€onﬂ%(Gnay & Sato, 1953). Mendelson and Loewenstein
}1964)'Showed that the removal of thé iamellar layers
diéruptéd.this regular time course of the receptor potential
(reduced receptor adaptation), nevertHeleés,~only one action
potehtial was still produced 1in response ‘to a step
deformation. These studiés demonstrated that mechaniéal
filtering can contribi . ¢ to adaptation of the recepfor_
potentiél, ‘but that rapid adaptation of the Pacin:ian
corpuscle occuf§ most _robably at the 1level of impulse
initiatién (encoding process).

| The Golgi-Mazzopi~ dg?ﬁuscle is quite similér'to'the
Pacinian coprscle, and is located 1in the dermis, the
periosteum,,and articular structures (Sakada &% Aida, 1971a).
“Its diffefences include émaller' dimensions (150-250um in
diameter jn vman), a. considérably thinner capsule, a
different location in the dermis, the abéence of close .

capillaries, and the frequent _presence of two afferent

myelinated nerve fibres (Chouchkov, 1973). The avian



homologue of the Pacinian corpuscle is the.Herbst corpuscle,
approximatley one thouéand times smaller and located in the
skin near the feather roots, the membranés coverihg and
uniting the bones éf‘the lggs, and in the skin of the bill
of aquatic birds (Quilliam & Armstrong, 1963) and hens
(Andersen : & Nafstad, 1968). ‘A similaf unnamed lamellated
.corpuscle is found in Eimer's organ of tﬁe mole and
resembles a simplified version of a Pacinian cdrpusclé. It
is composed of a éehtral unmyélinated nerve terminal
surrounded by ~ an array of. circumferentially disposed
satellite nerve terminals (Armstrong & Quilliam, 1961). The
Pacinian, Herbst and Golgﬁ—Mazzoni corpuscles show striking
sensitivity to vibration aﬁa are'_classified- as rapidly
adapting mechanoreceptors _(brief dgéanrge to & maintained
stimulus) (Gpay_& Matthews, 1951a; Dorward & McInt&re, 197i;
Sakada & Aida, 1971b; Gregory, 1973; Shen,'1§83), while the
Eimer's orgaﬁ receptor is tentatively assumed to be rapidiy
adapting due to its morphological similarity with the other
receptors (Armstrong & Quilliam, 1961).

Eléctrophysiological studies on frog skin have reported
the presence of rapidly. adapting mechanoreceptors (Dun &
Finnley, 1938; Gray & Malcolm, 1951; Loewenstéin, 195&; A
Catton, 1958; Lindblom, 1962). The similarity Dbetween -thev
discharge patterns of these morphologically unknown
-___mechanoreceptors and the Pacinian corpuscle of mammals wés

pointed ,out by Gray and Malcolm (1951). During -and Seiler

(1974) have revealed the presence of lamellated recéptbrs in

”



the skin of Rana esculenta possessing similar morphological'
characteristics to the Pacinian corpuscle;'and it is on this
basis they suggest it to be fhe . rapidly adapting receptor
recorded by Loewenstein (1956). /During (1973) has described
three types of lamellated receptors in reptileé which" a@e;
(1) lamellated free endings 1in Caiman that resemblke the
lamellated corpuscle in Eimer's organ of the mole, (25
léméllated encapsulated endiﬁgs in Varan and Natrix
fesemblihg the Herbst corpuscle =~and, (3) lamellated
encapsulated endings possessing a capsular space in Caiman
that is structurally similéﬁ to the core of the Pacinian
corpuscle. Rapidly adapting'receptors résponding to 'on' and
foff{ transients of rectangular displéﬁéments,_similar to a
Pacinian corpﬁscle rééponseh have been reb@rted in reptiles
(siminoff & Kruger, 1968) but correlated morphological
?stuaies'were'not performed.

There are fwo morphologically distinct Krause endings
in mammals: the cyllndrlcal end bulbs and the -spherical end
bulbs. The cyllndrlcal end bulb is- found in glabrous skin of
non- prlmates just below the epidermis. They are lamellated
and may contain unbranched, pranched, or multiple nerve
terﬁinais. ‘Iggo and Ogawa (1977) concluded from correlated
electrophy51ology and morpholog1ca1 experiments thaf these
.receptors were rapidly adapting. The spherical end bulbs
have an intertwining network of nerve endings within the

lamellated corpuscle, more or less completely filling the

inner core. These receptors occupy a different location. in



the glabrous: skin of primates than the Meissner's
corpuscles, and their functibnal'characteristics have AOt
' been established (Iggo & Aﬁdres, 1982). Meissner corpuscles
are located at the . apex bf the dermal papillae of the

hairless skin of the primates. They are lamellated

mechanoreceptors with sensory neurites that follow a winding

path through the stacked lamellae, where more than one

neurite may enter a single corpuscle (Cauna & Ross, 1960).

Through electrophysiology and morphologically correlated
experiments, Meissner corpuscles have peeh shown to be
rapidly adapfing (Munger et él., 1979); The 1impulse firing
frequency of these recebtoré is dependent on the yelocity of
ﬂindentat%on of the skin and these are therefore known as
.velocitY/ detectors (Schmidt, 1981). Velocity detector
counterparts in the hairy skin of mammals are the hair
follicle afferent units (lanceolate endings) first described
by Brown and Iggo (1967) in cats and rabbits; which resbond
ts hair movement but not to a maintained displacement and
are also rapidly adapting. Genital end bulbs are
morphologically similar to ’MeisSner's corpuscles with a-
loosely coiled neurite Eigﬁtly/igrrounded by .thin - lamellae
_of+ cytoplasm from aiéociated lamellar cells (Patrizi &
Munger, 1965). Their phyéiolbgical propgrties have not \been
deterﬁinéd - but the appearance of lamellar cell

specializations may imply rapidly adapting characteristics.

2]
I



‘Slowly Adapting Recéptors

Merkel cells have been described in the order Anura:
Réna pipiens . (Nafstad: &‘ ﬁaker, 1973), Rana temporaria
(Whitear, 1974), larval Xehopus laevis (Fox, 1974), Bufo
bufo (Budtz & Larsen, 1975) and, 1in the -Qrder Ufodela:'
larval Salamandra salamandra (Whitéar, 1977), and Ambystoma
tigrinum (Parducz et al., 1977). These amphibian Merkel
cells have similar morphological characteristics to .those of
‘mammals which are: (1) a small ratio of cytoplasm to
nucleus, (2) the presence of membranous bound osmiophilic
granules with -the granules most abuﬁdant between thévnucleus
of the -Merkel <cell and the subjagent expanded nerve
‘terminal, (3) the presence of finger-like processes which
extend between adjacenf cells and, (4) a possibie synaptic
association with nerve‘fibres_kParducz et al., 1977; Fox &
Whitear; 1978). Mammalian Merkel disks are'pfesent in both
the glabrous and hairy skin of mammals where éhe myelinated
afferent fibre branches ektensively to make contact with -
‘many Merkel cells. This is in contrast to the amphibians,
- where Merkel cells 'gre isolated and nerve fibres supply
individual Merkel~cells\(Parduc2‘et al., 1977). In mammalian
glabrous skin, Mérkel désks are contained in rete pegs, and
in hairy skin Merkel aisks lie at the base of the'epidermis,
and\ Eeneath the glaséy membrane and within the basal cell
layer of the sinus hair follicles. In anurans, the Merkel

cells 1lie immediately above the basal 1layer while in

urodgles; Merkel cells are located between the basal layer
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cells, only rarely in contact with the basement membrane of

the eéidermis. . \\

Correlated electgophysiological and morphological
studies have Seen completed 'on the salamander, Ambystoma -
tigrinum,‘and Parducz and co-workers (1977) have_\reported
rapidly aéapting, characteristics fo: Merkel cells. This is
in agfeemeht with Cooper and Diamond (1977), who reported
that éll.salamander cutaneous mechanoreceptors Qére rapidly
adapting. Electrophysiological studies on frog skig~ have
reported the presence of both slowly and rapidly adgbting
mechanoreéeptors. However, morphological correlation with
specific: mechanoreceptors has yet to be petformed. Iggo énd
‘Muir (1969) have classifiéd Merkel <cells in £he cat as
slowly adapting type I mechanoreceptors after correlated
electrophysiological and morphological studies vwere
performed. These receptors have no resting discharge, do not
respond to skin stretch, and give a high frequency discharge
with skin indentation. The high frequency :discharge is
followed by an irregular discharge rate when the stimulus.is
maintained. Merkel disks may be confused functionally Wifh
Ruffini gndings which share several similar'characteristics.
Both receptors are: (1) slowly adapting, with thevdischarge
from a maintained stimulus lastiﬁg at ieast several‘minutes)
(2) 1innervated bf myelinated axons with fast éénductiéh
velocities and, (3) responsive to ver;ical displacement ‘of'
the skin with  both dynamic  (velocity) and static

(displacement) components, thereby tranémittihg information

#



concerniné the magnitude of cutaneous deformation.

The actual role of Merkel cells in the mechanoelectric
-transduction process is still unknown. Horch and co-workers
(1974) have sugdésted that Merkel- cells are the sensory
eiementé of the fype 1 receptor, the Merkel cells
sfnaptiéally stimulating the nerve endings and, Chen, Gerson

and Meyer (1973) have aemoﬁétféted Merkel cell granule

fusion with specialized areas of membrane between the

neurites and the Merkel. cell. A met-enkephalin-like
substance has also been . demonstrated through
immunohistochemistry - (Hartschuh et al., 1979), adding

evidence tol the hypothesis. Gottschaldt . and Vahle-Hinz
(1981) have demonstrated that ﬁerhel cells can respond in
phase to a 1200 ﬁz vibratory stimulus. Theréfb?e, they argue
.that it could not be mediated by a chemosynaptic
transmitter, because an accumulation of releaéed transmitter
in the synaptic cleft would occur resulting in a phase
jitter of the afferent impulses. Gottschaldt and Vahle-Hinz

(1982) used naloxone = met-enkephalin ahtagonist, and saw

no functional decreas. n Merkel cells Were stimulated and
therefore have postulac  ‘hat the Merkel cells are trophic
in = nature. Thev  hy. hesize that the nerve endings
themselves, abundant in r -ond: ‘a and containing a finé.

granular axoplasmic struct: '« whic are -haracterigtics of
sensory nerve endings, may .= *“he actual mechanoelectric

transducer elements.-
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Ruffini endings, unlike Merkel disks, are located in
the dermis or corium of glébrous and hairy ‘skin, and in
joint capsules of mammals. The receptor is spindie Shaped
with collagenous' fibres entering the capsule from both
‘poles, providing a structurally rigid position within the
gkin and joints. The outer éapsule consists of four to five
layers ‘of pe;ineural cells, and inside the capsuie,
endoneural connective tissue is separated into an inner core
and an outer envelope separated by fluid fil&ed spaces. A
single myelinated nerve fibre supplies the receptor which
ramifies and follows, a meandering course, until the end '
axons make direct contact with the collagenéus fibre plexus
of the innerA core. Chambers and. co—wofkers (1972) have .
classified this receptor as a slowly adapting type II
cutaneous mechanoreceptor 'Qﬁich characteristically shows a
resting discharge, responée to skin stretch, and a low
frequency discharge frate to skin indentatjon folloyed by a
.regular discharge raté to 'a‘ maintained stihhlus.
Electrbphysiological ‘ étﬁdiéé performed on knee 'joiﬁt
capéules of the cat have shown an .increase in receptor
activity wupon rotation of the joint (Boyd & Roberts, 1953;
Grigg & Hoffman, 1982) while dermal receptors have réSponded
to skin stretch ;with the same patterns ahd'dimgnsions as
those produced by vertical displacement (Chambers et al.,
1972). ﬁorphological correlations in both cases have
revealed Rﬁffiﬁi endings (Chambers et al., 1972; Grigg &

Hoffman, - 1982). Dermal and joint capsule Ruffini endings are
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directionally sensitive to stretch, which can be accounted
for in terms of the structural coupling between the external

collagen fibrils and the collagenous matrix of the capsule.
: . . v
\

A possible functional role of joint capsule Ruffini endings
are as limit detectors, providing information on‘jointh
 aﬁg1es through capsular stresses, and more importantly, to
indicate when a jQint is at or near the limit of its range

of movement (Grigg & Hoffman, 1982). Dermal receptors,

!
)

however, respond to both vertical displacemen; of the-skiﬁ
and skin stretch with equal-acfivity so that both responses
are accepged as Rﬁffini enﬂing characteristics.

Slbwly adapting feptilian ) mecgénoreceptors show
striking similarities to thé slowly adaptéhg receptérs'founa
in mammals. Slowly adapting tybe II (SAII) receptors are
more subject to lateral stretching of the\skin than slowly
adapting type I (SAI), SAII have a higher prébability of a
resting ‘~discharge ,than‘ SAI, and both receptors transmit
information concerning the magnitude  of cutaneous
-déformation (Kenton et “al., 1971).  Morphological
‘ideptification of two distinct receptors in reptiies have
not correlated these results. |
Hair Cells"

The mechanoreceptors Iinvolvéd in hearing and
equilibrium in.vertebrates and the lateral 1ine"organs of -
anatic amphibia and fish are neurocepithelial cells called.

"hair cells. These hair cells are morphologically similar in
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that numerous closely packed microvilli, termed stereocilia,
and ‘a single true cilium, the _kinociiium Zexcept “for
mammalian cochlea where the hair cells have seconharily lost .
their kinocilium), extend from the apical surface and
protrude into auxilliary structures specific to tﬁe
individual ?rgan;

The lateral line organs are a collection of sensory
endings (neuromasts or canal organé) aistributed
.systematically over the body of' fishe$, larval amphibians
and adult uroaeles and anurans which maintain an aquatic
existence. Neuromasts, which contain 20-60 hair cells, are
found in amphibians and are superficially locq;ed and
distributed singly, or 1in groups (stitches) while canal
organs are pfimarily found in bony fish. The neuromasts are
composéd“of three ce&ls: (1).Mah§le celis which surround the
centrally loCated. supportive and sensory ceYls, (2)
‘§upportivé cells which surround éach sensory cell and extend
from the basement membrane to the outer sur face, and (3)
Sensory, or Hai; cells, located in the apical half of the
neuromast. The stereocilia and the kinocilium of each hair
cell protrude into an byerlying . gelatinous cupula that
prdjeéts directlf info the surrodﬁaing water in neuromasts
~or into the canal lymph in canal orga;s, which communicate
with the surrounding water Sy way of pores. The hair cells
éfe directionally sensitive to cupular movement, and in each

neuromast, the kinocilium of adjacent hair cells are
. : «3

oppositely orientated. The lateral line organs of amphibians

3
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are innervated by two large myelinated safferent nerve
fibres, ~each of which divides and supplies one branch to

3

each neuromast within a stitch, and by myelinated and

unmyelinated efferent nerve fibres. The afferent nerve

o~
Y

fibres, 1like the hair cells, have been shbwn. to  be
directionally sensitive td water displacement (cﬁﬁhlar
movement), indicating that each afferent fibre innervates
hair célls of only one orientation (Sand, 1937; Russell,
1976).. The efferent neurons in amphibians are closely
associatea with movement, the fast motor neurong controlling
volJﬁtary muscles inhibit the lateral;line hair cells 10-20
ms before and during any movement, the extent of ihhibition
increasing the more vigorous the movement. The slow - motor
neurons responsible for muscle tone, however, do not inhibit
the hair cells (Russell, 1971). This neuronal makeup may be
protective in nature, the lateral-line receptors becoming
less éensitive to stimulation, .allowing the lateral—line
system- to be”‘fully responsive to water diéplacements
immediately when movement ceases (Russell, 1976) . .

The hair cells involved -in spatial orientation and
hearing “in vertebrates are morphologically isimilar o the
"hair cells of the lateral line organs. The vestighiar énd'
auditory hair cells are Separated. from each other by
supportive cells, to thch they are joined by tight
junctions on their apical surfaces. In the semicirculaf

ducts, the hair cells are oriented in one direction and

project into an overlying gelatinous cupula. In the saccule
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and utricle, the hair cells are not oriented in a single
direction bpt are .oriented throughout 360°. The kinocilia
‘ére oriented either towards or away from a single curving
.landmark'known as the striola, and the hairs project‘info an
oveflying gelatinous matrix in which crystals of calcium
carbpnate ére embedded. The‘qochlear hair cells are arranged
in rows .along a basilar membrane with the apical stereocilia
oriented in the same ‘direction and brojecting info an
overlying tectorial membrane. .

The hair cells are tonical;y actiye due to a steady

- T~ ‘ .
current flow across the transducer membrang, accounting for

. J
approximately one-fifth of the maximum co&@gctance value-of

the transduction channels!‘Mechanical displacement of the

o \
stereocilia is thought to alter this current flow (Davis,

1965). Displacement . of the stereocilia toWards  the

—

e

kinocilium causes an increase .in membrane“toQSPctance and
cell depolarization which 1increases| the firing rate.)

1

i

Mechanical ‘'displacement in the oppos§£e direction causgé a
decrease in firing rate by decreasiﬁg  meﬁbrane cohductanﬁg
and hyperpolarizing the .cells (HUdsngh//&”HC&{ey, yg;;;
Hudspeth & Jacobs, 19795. Orthbgonal displacements__of the
hair cells evokes 1little or -no responsgf(Hudspeth, 1983).
Hair cells from the bullfrog sacculus (Hudspeth & Corey,
1977; Corey & Hudspeth, 1983a, 1983b), turtle and guinea-pig
coéhlear hair cells (Crawford & ?ettiplace,‘ 1981; Selli;k,

1979) all show similar asymmetrical displacement-response

curves which measure the hair cells mechanical sensitivity
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to a étimulhs: The displacement—respdqse curve was . seen to
shift “dlong the displaeement axis in.builfrog saccular hair
cells in response to ; maintained step displacement,
illustrating adaptive properties ’-the hair cells whieh are
dependent on Ca?* concentration at the épical hair cell
surface (Eatock et al , 1979). When the cells are.displaced
out of their respon51ve range, the adaptlve mechanism shifts
the responsive range to the new bundle position. Thls'allows'
the hair cells to be highly sensitive to small displacements
while maintaining a large displacement ‘range. The
displace&ént response curve 1is also.affected by a change 1in
the - Ca** concentration bathing the apical cell membrane.
Increasing the_Ca2; concehtretion shifts the _dieplacement
response curve to. the right end causes. a decrease in maximum
“current wh11e decrea51ng the Ca2+ concentratlon shifts the
dlsplacement response curve to the left and increases the
. peak current (Corey & Hudspeth, .1983b) . The change in.
displacement—resbonse ‘curve - with change in Ca?**
concentratlon may not be due to a dlrect effect of Ca’*ifon
the transductlon -mechanlsm, but may be explalned by other
factors. First, Ca*’ may sceeen the . membrane surface,
‘thereby reducing,the.negetive'surfece charge.. This reduction
in negative surface charge will cause a subsequent decrease
in the concentration of permeant monovalent cations at the
membrane\surface. Second, Ca?** may act as a ﬁartial blocker

of the transduction channels. Third, the extracellpiar K*

was altered in thevexperiments performed by Hudspeth and

Y
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~ .

Corey (1983b) when Ca?* was altered‘ to’ maintain constant

tonicity in the saline solutlon. .
' Frequencyrresponse studies have béen performed on "f
Xenopus Taevis lateral line organs with both small and’ large.
amplltude 51nuso1dal d1splacements\ (Kroese et al.;' 1978,‘
1980), the increasing stimulus amplitudes alter theiresponse
from a water velocity detector to a water acceleration
detector. Frequency-responses of bullfrog saccular hair
‘cells show a similar frequency-response function 'as \the"
latere line hair cells, with small stimulus dlsplacementsl
'resulting in & phase 1lead of 90° at low frequenc1es
(velocity detector),‘ vrolling off at high frequencies
(similar to a high-pass filter roll-off) (Corey & .Hudspeth,
1983a). The uaigh- pass filter characterlstlcs of the latetal'“
line and bullfrog saccular hair cells are a result or \thel
_adaptlve‘:‘shlfts cin the: hair cells 'atﬁ lowhlstimulcs

RN

amplitudes.
’ v it .‘ . K - X

The transduction process 1is similar in the various

acoustico-lateralis | organs . and "commences " with the

application of a mechanical stimulus to the stereoc111a. It

&

is the overlying aux1lllary structures‘\of the -1nd1v1dual'
organs'.which have been proposed to spec1fy the adequate;
stimulus (water movement, linear .or angular racceleratlon,
auditory vibrations) . for each organ (Lowensteln, 1856). It
has long been postulated that the k1noc111um was an integral
component of 'the transductlon process in" hair cells

(Hillman, 1969) because of other sensory wsystems ‘which
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utilize, ciliary derivatives in . sensory transduétion
(Wiederhold, 1976; Moran et al., 1977; Tgurm et al., 1983).
However, Hudspeth and Jacobs ‘(1979) have shown in the -
bullfrog sacculus, by ‘removal or deflection .of_ the
kinocilium, that the kinocilium is not required for sensory
transduction to occur, but that the stereocilia mediate thé
‘transduétion process. éudspéth (1982) has aiso sthn by -
measuring extracellular potentials - of stimulated bullfrog
Isaccular hair cells that there is a predominant current flow
into the distal portions of the hai; gélls, suggesting that
the transduction apparatus lies at Qr'néar the base of the

st§reociiia. | l

In mammaliaﬁ lgochlea; and . vestibular systems, an
‘endolymph high  in K* and Cl- bathes éhe apical hair cell
membrane;, produéing a potehtial difference of +50 .mV
betweeq the épex and theb base of the cell. It has been
suggestéd that a K* current carries the receptor cUrrent' in
hair cells, the current flo&ing inward throﬁgh the apical
cell membrane and outwards thfough the basolateral lmembrane
(Sellick & Johnstone, 1975; Corey & Hudspeth, 1979). In
Xenopus lateral-line organs, the cUpuia close to the hair
cells was found to possess a micro~-environment high in K*
and Cl- ions similar to that of endolymph in mammals, -and it
is thought to. Be mantained "by an elgctrogeniC‘K’ pump
(Russell & Sellick, 1976). Russell and Sellick (1976)

proposed that the receptor current was carried by K* ions

and not Ca?* 1ions as proposed by Sand (1975) in the
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mudpuppy, and that Ca?®* may play an alternate rqle in the
transduction process. Ca’*' may control the permeability of
the apical hair'céll membrane to K* ions (Russell & Sellfck,
1976; Jorgensen, 1983), and 1is involved in the adaptive
properties of the cell, since a change in apical hair cell
membrane Ca®* concentration shifts the displacement-response
curve of the hair cell (Corey-& Hudspeth, 1983b). Two. K*
conductances,  one voltage-sensitive .and the other
calcium-dependent, have been described in the basqiatérﬁfmw
membrane of hair cells (Lewis; 1982). These conduétances
cause an increase in outward K* current which fépolarizés.
the cell membréne' and increases the receptor.pétentiél. A
voltage-sensitive Ca?* ‘conductance in the basolateral
membrane (Hudspeth & Corey, 1977; Lewis, 1982) is probably
involved with the release of t;anshitter‘ from the cell

(Corey & Hudspeth, 1983a) .

" B. Crustacean Stretch Recéptors

There are two distinct types of muscle stfetch'
receptors in the Crustacea charaéterized by theif rate of
adaptatidn to a maintained stimulus. The first is the slowly
adapting receptor, which ends on the lateral muscle -bundle
while the second is the rapidly adapting feceptor which énds
on thé mediél muscle bundle (Alexand;owi¢z,’1951; Wiersma et
al., 1953)._‘This séﬁsory innervation is of particular
interest Bécause Kuffler (1954) 'shéwed» through ~electrical

«

stimulation of the efferent nerve supply to the receptor
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A

muscles, that a fast, or twitch contraction occurs in the
e
‘medial "fast" receptor muscle and a slow, or tonic

- contraction occurs i9 the lateral "slow" receptor muscle.
Both muécie' bundles are innervated by excitatory and
inhibitory motor neurons. Kuffler énd Eyzaguirre (1955) and
Jansen et al.. (1971) have shown tggt the‘dendritgs of both
stretch receptors receive inhibitory innervation. |

The lateral ‘and medial muscle bundles exhibit a
peculidr feature in lobsters.in that the muscle-fibres are
replaced near the <centre of the bundles by connective -
tissue, .énd it is in this region where the stretch receptor
dendrites are distributed (Alexéndfowicz, " 1951).  - This
non-contractile region'is absent from the crayfish receptor .
muscies (Florey & Florey, 1955), howeverzvexcitation of the
sensory nerves by passive stretch or active contraction of
the receptér muscle infers the paucity of contractile
elements from the dendritic region (Kuffler, 1954;
Eyéaguirre;g Kuffler, 1955). Nakajima and Onodera’s (1969b)
visco elastic -model prop&séd that the dendritic terminals
are located in a region of elasticity (ﬁon—contractile

" material) and thgt this region. can be rapidly stretched
while the contractileﬁ apparatus of the muscle (viscous
eleméht).vstretéhes less rapidly. As the viscous elements
stretch, the tension'ih the dendrites is reduced aﬁd the
deformation is spr;ad evehi}J along the fibre. Theif

experiments on the receptor potential of the slowly adapting
| ,

|

receptor of the caayfish in respohse to a constant stretch
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showed that the receptor potehtial rises rapidly to a peak',
and then declines to a steady level with time, but under
tension. clamping the form of the réceptor potential closelj”
approaches the sguare-wave of the induced tension. The peak
of the receptor potential is‘aésociaped with the initial
rapid burst of action potentials which then aeclinesi to a
sustained fate with a maintained stimulus. Nakajima and
Onodera (1969b) estimated that approximétely 50% of tﬁe
.adaptation in the slowly adapting stretch receptor involves
the transformation of the stretch stimulus to an adequate
stimulus for transduction. The remaining 50% of adaptation
is involved in the transduction and encoding stages..

The - membranes ofv the crayfish stretch receptor which
generate the receptor potential are presumably "the f}ne
dendritic terminals.> fhese dendritic terminals. have dense
clusters of mitochondria situated in areas wheré mechanical g
deformation is expected to be the greétest‘ (Bogla; &
Bergman’, 1962). thcentratiéns of mitochondria are observed
in the dendritic terminals of vertebrate mechanoreceptors
'(Pacihian corpuscles (Quilliam & A;mstrong, 1963),
Meissner''s corpuscles (Cauna & RoSs, 1960), Goigi-Mazzoni
corpuscles (Cﬁouchkov,' 1973)) and therefore, provide
evidence that theée dendritic terminals are responsible for
'transductiéﬁ in these reéeptors.’Me;hanical“ deformation of
‘the déﬁdrites causes the receptor membrane to depolarize

(inward graded Na* current) (Edwards et ‘al., 1963;

Gestrelius et al., 1983) and this dgpolarization activates
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subsequent channels' leéding to an outward K* current
kGeétrelius & Graﬁpp, 1983), an outward Ca** dependent K*
curfent activated by Ca?* influx (Gestrelius et al,,_1981;
Ottoson & SQerup, 1982) or intracellular 'Ca®* inactivating
the transducer channels (Swerupe 1983). An increased
conductance for Cl- does not appeér fo be involved 1in the
recepfor'pétent&al and the receptdr membrane can be regardéd_
as a catibh-éensitive membrane (Obara, 1963). There are twé'
stages of adaptation of the recepto£ potéqtial in the s{?wly
adaptingvstretch receptor of the crayfish: an early phase
which is predominated. bf ionic factors and a late phase
which is mainly associated with mechanical factors.

’ Browﬁ, Ottoson and Rydq&ist (19785 have shown that'the.
Na* channels, of the <crayfish streéch receptor are not
completely sensitive to Na* because when Na® is replaced by
the - larger cations tris and | arginine, a  slight
depolarization of the receptor membrane occurs with
stretching. The Na* channel 'is  also -permeable to tHe
divalent catioqs Ca?**, Mg?**, Sr?** and Ba’*-;Edwafds et al.,
f1981)'and increased intracellular Ca?* ‘"may be responsiblé
for the increased K* conductaﬁce similar to that found by
Meech and Strumwasser (1970) in Aplysia. The proposal by
Ottoson and;Swerup (1982) that th;.adaptive characteristics
of .the receptor ié a Ca?* controlled oﬁéwafd K* current is
based on experiments'”in which an increased intracellular

Ca’* concentration increased the adaptive decline and almost

eliminated the static phase. Injecting a calcium chelator,
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EGTA (Ethyleneglycol-biS(B—aminoethylether)-N,N'—tetraacetic.
acid), or a calcium blocking agent, D600, resulted in ghe
opposite effect: the static phase increased in'amplitude<
while t%e early adaptation was almost eliminated'(étfoson &
Swerup, 1982). " |

A decrease in intracellular kf activity was noticed by
Brown et al. (1978) when extracellulag K* was removed and
this acceie;atea when extraéellular Ca?* was con¢ohitaﬁtly
reduced or remerd. This decrease in intracellular K*
activity is similar to‘that which Brown and Ottoson (1976)
found in the barnacle photoreéeptor, except that they also
found an {ncrease in intracellular Na' activity, which was’
most iikely due to inhibition of -a Na'/K* pump; The
decreased intracellular K* activity would reduce the ~ normal
outward ~ K* current contributing to adaptation in the
receptors. Swerup (1983) also studied the removal of K* from .
the external solution‘and fdund thé early adaptive decline
of the receptor . was abolished, the static phase (late
adaptation) incfeésed -and tﬁe membrane potential slowly
depolarized. Upon restoration of K* to  the external
. environment, reactiQatibn“of ‘the electrogenic pump would
cause a rapid influx of K* ions and extrusion of Na* 1ions
restoring the adaptive properties of the stretch receptors
(Brown & Ottoson, 1876) . 'The mémbrane .potentialf only
siightlb ‘hyperpolarized - back to 1its normal value but the

early adaptive decline returned. and the static  phase

remained higher  than in  controls. The return of



. | 22

extracellular Ca?* to a K* free solution resulted-in a rapid
) S

return of adaptation. When the receptor was returned to

normal saline a normal receptor potential feturned.but the

static phase was smaller than.controllresponses.

C.‘Frog‘Mechahoreceptpré

The sensory inﬁervation of froé‘ skin arises from
m&elinated ' énd non-myelinated axénsL entering the.
subepidermal layers, forming- a deep and a superficial
plexus. Some axons emerging from these plexuses end’in
association with skin glands, blood vessels; differentiated
receptor endings (During & Seiler, 1974% Nafstad -& Baker,
1973), and many penetfate and end.freely inh the -epidermis
(Whitear, 1955). |

Catton (1958)‘has catalogued four types of receptors in
frog skin, based updn their'spike'amplitudes, conduction -
velocities and adaptability to a mechanical ~stimulus. They
are: B ( _
Type a, high amplitude (350-400 qu, rapidly conducting
(20-30 m/s), rapidly adapt}ng receptors with discrete areas
of stimulation which correspond to .Fessard and Segers
(19436) type A, receptofs, Maruhashi,'Mizuguchi and Tasaki's
(1952) tactile éndihgs, Loewenstein's (1956) touch fibres,"”
Lindblom's (1962) very fapidly adapting receptors and,
Ogawa, Moromoto and Yamashita's (1981) rapidly adapting type
IT units, | |

Type b are medium amplitude (200-300 uV), with a conduction
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~velocity of 10-15 m/s and more slowly adapting than the type
a receptors.: Theée receptors correspond vto the type A
endings (sl§wly—édapting touch receptors) of Fessard aﬁd
Segers (1943b), stretch fibres of Loewenstein (1956), less
rapidly adapting reéeptors of Lindblom (19653 and, Ogawa,
Morimoto and Yamashita's (1981) rapidly adapting type I and
siowly adapting units which showed mean ., conduction
velocities in the ébove range. |

Type ¢ are small amplitude (100-150 uV), conduction velocify
of 5-10 m/s demonstrating a slower adaptation fate than the
type b endiﬁgs which readily responds t6 rapid repetifive
stimulation (vibratory receptors). | |

Type d, non-myelinated fibres with small amplitude (<100

uV), conduction velocity of 0.1-0.3 m/s and correspond to

Fessard and Segers (1943b) slowly conducting bain receptors.

The adaptive behavior ~ of the two (type a and b)
receptors were studied in a frog- skin preparation by
Loewenstein (1956) using stretch as the main parameter. The
type b (stretch) fibré has a graded stationary discharge in
 response to a steadily maintained stretch and a period of
depfessed activity'following sudden release of stretch. The
type a (touch) fibre 1is readily excited by stretch, the
" application and reléase; resulting in an 'oh' and 'off'
discharge, respectively. As stretch 1is "~ increased, a
logarithmic increase in the 'on' respomse occurs 'uhtil at
Eigh degFées of stretch this receptor écquires'all the

properties of a slowly ;adapting stretch receptor.

[
|
1
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Loewenstein (1956) attributed these' characteristics to the
mechanical state of the receptors. Under relaxed conditions,
the membrane of the stretch eﬁding was in an expanded sﬁate,
that of the touch ending ih~ a folded state, with the
assumptién that the‘réceptors fire in response to membrane
unfolding. Catton and PeToe's (1966) theory  of
meéhanoreceptof adapéatibn differed from.thisAand,wasA based
on the coupling of forceé beﬁﬁéen skin tissues and the
receptor. The slowly adapting receptors were considered to
have a high elastic modulus whefe little slib occurs betwéen
‘tissue and receptor, resulting ip the terﬁinal fallowing and
feéponding to the applied deflegion, predicting an amplitpde
threshold response. The main force acting on rapidly
adapting receptors was 'thoughs to lbe viscous drag (low
modulus), allowing the terminal;to récover quickly at the
end of a dynamic' stimulus, and predicts variation of
response—latency with wvelocity and ‘the. exiséence of a
critical slépe.’ Evidence for this theory was found when
hyaluronidase, which temporarily decreases the viscosity of
the cellular cement (Swinyard &. Pathag, 1980), and
collagenase, which digests collagen, . shifted the
slope-latency qqrvesj to the richt and decreased the static
phase 1in long ¢onditioning pulses. The shift ~in
slope-latency curve means that; a hiéher stimulﬁs slope
(mm/s) was required to excite the reéeptor at the same
latency wused prior to enzyme treatmenf, while‘a decreased

static phase means that a gfeater test pulse had to be added
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to the conditioning pulse at various times to evoke. a just
threshold vresponse. Both fhese results do demonétrqte an
increased slippage of the receptor and affect predominately
tﬁe elastic coupling forces between skin tissues and

receptor.

D. Objectives
The present study was initially undertaken  to
categorize -sensory receptors in the skin of the frog, Rana'
pipiens, using linear systems analysis. Many sensory
receptbrs _respond. to a sinusoidal driving function in a
non—;inear fashion. That is, the response is not a lsinusoid
differing only in amplitude and phase, but is a modulated
train of action potentials. The use -  of raﬁdom mechanical
stimulation as the driving function can be used to
categorize a receptor by estimating a describing fuhétion
(frequency response function) and some measure (coherence
function) of how completely the descfibing function relates

&

the response (action potentials) to/the driving function.
Linear systems theory has been-used to deScribe many
sensory receptors, énd a large proportién of these receptors
display,ffactional differentiation (Landolt & Correia, 1980;
Bohnenberger, 1981; French & Kuster, 1981; Tomko et al.,
1981; Kuster & French, 1983).
Onée the receptors were categorized, experiments were

desigged to test theories which had already been put forward

using other sensory systems, A strong temperature
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sensitivity was observed in the Pacinian corpuscle (Ishiko'&
Loewenstein, 1961) and -the cockroach tactile spine (French &
Kuster, 1982), arguing ~that a high energy barrier was
invariably necessary for mechenotransduction | in these
receptors._ Temperature experiments were performed on froé
mechanoreceptore to test if a similar energy barrier was
present.in the frog cutaneous tactile mechanoreceptors.
Recent electrical stimulation studies of the cockroach
'tactilev-spine (French, 1984c) have shown that membrane
_pbtential affects the‘adaptive properties of the receptor at
the action potential initiation stage. Depolarizing the cell
increases adaptathon thle, 'hyperpolarizing the cell
decreases adaptation. Similar responses‘could.be obtained by
‘albéring‘ the extracellular pdtaséium eoncentration and
stimulating the receptors mechanically. ‘Increasihg the
extracellular potassium . coﬁcentretion will cause a
aepolarization of ’the receptor membrane ’potential while
decreasing the extracellular potassium concentration will
hyperpolarize the receptofﬂmembfane petentiel. Studies‘were
therefore performed using a high external potassium
‘concentration to see if the adaptive ‘properties of the
receptors could be altered; thereby -allowing a prediction‘
that either the transduction or action potential initiation

stages were responsible for adaptation in these receptoré._



I1. Materials and Methods
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A. Mounting and Strétchiﬁg the Skin

All experimehfs were performed"ﬁsing -dorsal skin
preparatibns from adﬁlt frogs, Rana pipiens. 'All froés were
90 mm or la;gér (bééy size) and were kept at room
temperature . The frogs were aoﬁble pithed and  the dorsal
skin was excised along with an intact dorsal'cutanebus nerve
trunk. (rami cytanei dorso medialés) running from t he spinal
column through the dorsal lymphatic épace to the skin. The
skin was subsequen%ly stretched and an isolated .réceptor
locaged for study. All experiments were performed at room
tempéfé&u;é (éOi1°CL,;eXCept where indicated. The stretcher
(Figure 1); made from teflon was composed 6f three main ring
'Shaped pieces: A) suppbrtive base, ‘B)' clamp, and C)
strfetcher. The suypportive base had 'two large 38x5 mm Screws
used for guiding the clamp and' strétcher. A circular
protrusion from the. clamp inserted into an indentation in
the supportive base. Four small screws (10x2 mm) were used
for securing the clamp to thé base. The dorsal Skin was
placed on the ;upportive,base.with the dermél side up._and
the  dorsal nerve éentéfedi The clamﬁ‘was_lowered on top of
the skin>and secureé.with the four screws. An 18 mm .springx
,a single washer:ahd the stretcher, internal diameter 15 mm,
were placed over  the gﬁiding screws and held taut by a large

nut. The springs were placed between the clamp and the

27.



Figure 1. Device used for holding and stretching the dorsal
skin for each eiperiment. A sheet of skin was placed on the

upper surface_of_bése (A) and held in place with the clamp

(B). The stretcher (C) was then lowered through the center .

of the clamp onto the skin and stretched the central region

by ‘attempting to pass down through the central hole of the

clamp'ahd base. A small amount of Ringers was then placed in :

the upper portion of the stretcher.

A\Y
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tearing the»skin.'_' .
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stretcher to provide resistance to the stretcher, | and the
locking nuts were used to increase the stretch by mov1ng the
stretcher downward A 200 mm long, 12.5 mm diameter brass
rod, tapered and threaded at one end to screw into the
supportive base, was used to support the‘ stretching
apparatus.

The degree of circumferential stretch was slowly
increased in the preparation until it was free.of obvious
wrinkles and the receptor under investigation continued
firingwﬂfor the time required to.gather data for a frequency
response. The degree of stretch was calculated at the end of
each experiment by'measoring with a microscope graticule the
amount of skin which had been displaced by the stretcher.

The skin which had been compressed between the stretcher and
ng X . B M

the wall of the base was rendered pale in colour and this

-

(=¢ . .. . i

fac111tated ‘estimation of the degree of stretching. No
‘q ‘},

attempt was madé€ ,to ‘measure the tension in the skin,

‘however, the tension could be increased to the point of

w3 Pt
L, : N
~ . \

B. Stimulating and Recording

The stretcher . was . positioned above a three
dimensionally adjustable glass rod stlmulator Electrical

act1v1ty in the nerve was recorded u51ng a f1ne 51lver wire
hook‘electrode. The electrode and nerve were ‘lifted from the

-

bathlng solutlon and: coated with- petroleum jelly or 'oil to

prevent de51ccatlon. The skin was bathed in a Ringers

G
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solution, continuously bubbled with room "air, and was

replaced at regular: intervals. This solution consisted of:

(mM) NaCl 115, KCl 2.5, CaCl, 1.0, MgSO, 1.0, NaHCO; 2.5,

NaH,PO, 0.3, Na;HPO, 0.7, CgH4,0¢ 5.0, pH 7.2. The
/

experimental arrangement is illustrated in Figure 2.

The stimulating glass rod vwas a - 1.6—1.8 mm capillary

“tube with a hemi-spherical tip (KIMBLE PRODUCTS #34505). The

area exposed for mechanical stimulation was approximately .

175 mm?, which greatly exceeded the receptive field size ‘of

any receptor studied. Cbmparable receptive fields in toads_

‘varied from 2-35 mm? (Lindblom, 1958) and for individual
receptive,uﬁits in dorsél skin of Rana pipiéns, 3~7 ;mmz
“{Verveen, 1963).

| The glass rod stimulétor was fixed to the center  of a
small loudspeaker cone, 7.6 cm in diaméter.‘The stimulator
position was sensed by an infrared position transducer,
consisting  of an infrared light emitting diode fixed to the
glasg'rod and an infrared phototransducer held stationary
approximately 1 mm away,‘ with the light shining directly

from one to the other. This setup gave good linearity. with

position and signal-to-noise ratio for the movements °

required in these experiments. Transducer calibration was

'

"performed by direct observation of glass rod movement using
a microscope graticule at a series of output voltages. The

position transducer was used to complete -a servo loop

control of loudspeaker position with = second order

compensation. The loudspeaker position signal was viewed on



Figure 2.. The experimental arrangement employed for
. stimulation and recording of dorsal cutaneous

mechanoreceptors. A sine-wave or pseudo-random noise

generator was used to drive a speaker cone with an attached-

glass rod stimulator. The stimulator position was monitored

\

by*a position transducer consisting of an infrared light

emittiné diode and’ infréred, photot;ansdﬁcer mounted to
detect speaker movement.. Action potentials were recorded
from. ‘a. dorsal nerve by a hook elécffode_ and fed
simui&aneously into a PDP—iWicomput&r- With the sfimuléto}

position..

«
.

20

-~
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a Tektronix 5110 oscilloscope and fed to a PDP-11 digital

computer via a 12-bit analog to digital converter.

The electrical recording from the dorsal nerve was

S

amplified with an AC amplifier (GRASS P15D) and fed into the

oscilloscope for visualization. The signal was then used to

'supply an adjustable audio amplifier and a Schmitt trigger

circuit to detect action potentials. Single unit recordings

could be reliably discriminated on .the basis of ;action-

- potential amplitude. Electrical pulses from the Schmitt

v e

trigger were fed into a PDP-11 computer and to an electronic

counter which gave a visual display of the rate of action

potentials at 10 second intervals. For deterministic inputs

‘the data was analysed on-line. For random inputs the action

”~

‘potentials and the position signal were,stored .on magnetic

discs in digital format; to be processed later.

The command signal to the servo amplifier vwas one of

the following:

1. S;nusoidal stimulation or a ‘repea£ed step deformation
from a Héﬁlett Padkard:3310A function generator.

2. Pseudo %andom noise generated by a 33 bit binary shift
register clocked at 1000 Hz and subsequently fed

through a 9 pole active low pass filter to produce a

band limited signal of 0-125 Hz. This band limited

signal was then passed through a two pole passive low
pass filter (30 Hz) to, increase the low frequency
spectrum of the stimulus.

3. Any linear sum of (1) and (2).
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To reduce _contamination of the driving signal by exfernal
‘vibratfons,' the sfretcher, loudspeaker. pusher,” position
.transducbr,d AC émplifier and recording electrode werev§ll
mounted on an air driven vibration isolation table (Micro-g,

2
Technical Manufacturing Corporation).

C.‘Data Processing ./

The ‘}esponses to cyclic stimuli were processed,ﬁsing
the program PULSE (French, 1970). This program constructs
histograms-'of impulée trains by counting the number of
impulses arriving in fixed time 1ntervals, or bins. In these
experiments the trigger, signal from the function .generator
was’used to initiate each'sweep through the histogram and
pulses produced by action potentials were codhted. Normally
hlstograms of 100 bins were used with the bin width adjusted
to give a total histogram w1dth corresponding to one cycle
b§ the stimulus. Histograms from sinusoidal stimuli were
fitted to a sinusoid with a minimum mean square error
prdcedure. Histograms to:stepvstiﬁuli;were éimilarly fitted
with a fractional poﬁe:-law decay.

For random stimulation experiments Ehe analog signal of
the position transducer was sémpled at regular intervals of
4 ﬁs and the action potentials were recorded at their time
of occurrehce with a resolution of 100 usecs. The action
potential signals.were band-limited by ,digitai: ?onvolﬁtion
with a Sinc ‘fﬁnction (French & Holden, 197{a$ to give a

regularly spaced time series. The two time series (position
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and_action potentials) were then processed in the frequency
domain after conversion by the ‘fast Fourier, transforn
(French, 1973). fhe data was processed in& segments ef '512
samples of each signal and more than 200 such segmentsiwere‘
‘ueed to compute -average lspectrarﬁ_AFrequency’ response
functiens to band limited white noise strmuletion were
pletted es Bode diagrams of phase‘lead and log gein versus
llog frequency. Log 'gain versus Iog frequency reeults were
linearly fitted to a 'fracfienal ‘power—law by a minimum
square error procedure. Most data prdeessjng.was.carried out
by programs written in the high level language MOTLEY.

The use of random_mechanicelbstinulation allowed the
response to each frequency component to be determined by
spectrei analysis. The frequency response, G(w), was

obrained by the relationships:~
Glw) = Sxy(w)/Sxx(w) ' (1)
and the coherence function, y?(w),from:
i (w) = |sxy(w5|2/sxx(¢)=5yy(@> (2)
'nnere Sxx(w) and Syy(w) are the power specrral-densities. ef

the input, x(t), and ontput, y(t), while Sxy(w) is the

forward erosséspectral density, respectively.
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D. Temperature Measurgment
Experiments wefe .conducted at three different

temperatures: 15°C, 20°C, 25°C. The temperature of the skin

was monitored by  a f%ne thermocouple connected to an 
electronic thefmoheter (Bailey Instruments BAT-4) and placed’
.in contact with the skin and within the Ringersﬁsolufion.

The4thermocouple was made from 40 gauge Copper/Constantaﬁ

and was electrically isolated from the skin by a thin

coating of varpish. To lower the temperature, a KOLDWAVE air

conditiéﬁer wﬁs used to cool thé skin and surrounding area

to the desired;tempergture; To réise "the temperature,  an

inf;afed fincandeécent bulb was held.at a suitable distance

from the preparation. Each procedure . held tﬁ% temperature.

constant {(+1°C) for long periods.

E; The ﬁanipulation of Extracellular K- Concentration
Experiments on the effects of‘potassiUm concentration
were performéd with the same protocol as room temperatufe
experiments . but the normal solﬁtion was feplaced by a'high
- potassium solutjion.after the'préparatioﬁ had stabilized in
the normal solution. The high potassium solution consisted
of: (mM) NaCl 112.5, KCl 5.0, CaCl, 1.0, MgSO, 1.0, NaHCO}
©.2.5, NaH,PO, 0.3, Na;HPO, 0.7, CsH,30s 5.0, pH 7.2, and was

'reblaced at regular intervals.
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Membrane potentials - were calculated using the Goldman

constant-field equation:
vm = RT-1n[[K*]o + gINa*1o/[K*], + gINa*1,1/F (3)

where @ 1is the ratio of the permeability of Na* ions to K*
ions (Stein, 1980) and can be 'calculated from equation -(3).

At high external potassium concentrations, the membrane

)

 potential approaches the equilibrium potential (E,) for

) . v, ) " .
potassium, while'® at low external potassium concentrations,

the membrane potential (Vm) approaches a constant,

therefore, assuming Vm=E,:
EY . i

aq = [K*,]o[.K"] 1/[-Na*]o[K']‘i. - [Na*1,[K" 1, (4)
When g is sufficiently large,Oequation (3) can be simplified
to the Nernst equation for Na* 1ions and when q is

sufficiently small it simplifiesvto the Nernst equation for

K* 1ions,.
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III. Results

" The responses. of the receptors to mechanical
displacement and stretching of the skin allowed them to be
classified into three groups. |

| Group I. Under lightly stretched conditions small amplitude
(<50 uv) action potentials would fire tonically or
could be elicited by small amplitudé (<12 um)
mechanical 'displaqement of the skin. This Agroup
' cor;esponded to the type d discharge patterns'seen by
Catton (1958).

Group iI. Largbr..amplitude 0(50;250 uV) action potentials
were’ seen when: i) higher amplitude (13-22  um)
méchanical displacements wére given or, ii) thé skin

- was stretched by approximately 10-20% of original
diameter. These receptors responded to high frequency
sinusoidal stimulation (>300/5Lc) for short periods of

timel (<30 " sec). The high ffequency response lasted
ldnger under the stretched condition than with higher
amplitude displaceﬁen;s. These receptors also_responded
for the duration of data gathering (up to 10 minutes)
without a decrease in firing freguency. These receptors
correspond to the tYpe b and ¢ discharge patterns Ofﬁ

‘ Catton (1958).

Group II1I.. The type a, high ahplitude action potential (>300

uvi discharge seén by Catton (1958) were'oniy observed

under large degrees of stretch (greater than 25% of

(99.



original diameter). These ‘receptors
mechanical displacéments but only fired
theiidisplacemeht amplitude (>25 _umy
ihcreased.
The three groups of receptors observed
experiménts also corresgpnd to those observed
(1956). i
The group 11 receptors were the  only

further, and each experiment used a single

i 40

fesponded to
regularly if

was regularly

during these

by Loewenstein

ones studied

unit recording

based on spike amplitude and ffring frequency during data

gathering. The group I receptors were not studied further

because of their tonic firing  properties

and small

amplitudes, while the group III receptors were not studied

because with. the data gathering techniques employe

mechanical displacement adjustment was not possible, so’fhat

most receptors Studied in this group adapted before

completion of data gathering.

A. Sinusoidal and Step Stimulation

Cycle histograms of the < -xesponses

of tactile’

mechanoreceptors to sinusoidal driving frequencies at 1, 5,

©

50 and 100 Hz are shown in Figure 3. The réceptors displayed

phase-locking behavior over the entire frequency range - and

‘were most sensitive to high frequency stimulation. The

v

response to low frequencies (0.1, 1 Hz) was often difficult

to obtain. The receptors showed a strong tendency to fire

once per cycle, except at low frequencies~(0.1, 1 Hz) - where



Figure 3;,Cycle'histograms»of action potentials from dorsal

cutaneous receptors showing their characteristic -

phase-locked response to-sinusoidal driving functions at 1;
-5, 50 and 100 Hz. Mean rateS'respectivelvaere: 1.21, - 3.95,

44.75 and 84.75 impulses/sec. Arrowhead indicates second

9 .
spike which fired at a slightly different phase. Each

" istogram consists of 100 bins with 100 sweeps for 1 and 5

‘Hz, 1000 sweeps for 50 Hz, and 1500 sweeps for 100 Hz. The

number of action potentials per Bin indicated.by the scaie
bar are 4.3, 5.‘2,'25 and 26 for. 1, 5, 50 and 100 Hz,
'resﬁectively. The time peridd of  each histggram in this
figure and figures 6‘ & 7 fepresénts one cycle of the
'stimulating freqfiency. Each h?%togram was trigéered at a

phase of zero degrees (the peak-of a cosine wave).

M
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a second spike was usually seen. The.mean rate‘pf firin§ in

spikes/second was slightly lower than would be predicted

from a one-to-one entrainment due to adaptation of "the

receptors. They respdnded initially with a one-to-one u&\\v

entrainment,to the stimﬁlation.but'this..decreasedv and the

receptor eventually adapted completely to the mechanical

stimulué; Phase~locking has been observed before in"frog

" dorsal-cutaneous receptors, where"the neural response waé

synchronized to the sinusoidal stimulué up to a frequency of’

300 Hz (Keidel, 1968), as well as in other sensory neurons Q;;

(Matthews & Stein, 1969; French et al., 1972). | \_A /
The response of one tactile mechanoreceptor'to a 1‘Hz” o

'step functlon is shown in Figure 4. The hlstogram could not

be f1tted by a single exponentlal decay but a log-log plot-

of the hlstogram (Figure 4) was fitted with a stralght line

by a 1least mean square error procedure. The slope of the

line was -0.80 with a -linear correlation coeff1c1ent 6fi

0.75. The histogram was th;refore fitted bf a power functlon

decay of the form:

y(t) = At-* B - (5)

P

where t is‘ fime, y(t) 1is tﬁe rate of firing in } 4
 spikes/second; A is the rate of firing after 1 second and k
is a fractional exponent of time. This relationship Vagreeé
well with the ‘data from the femoral tactile spine of the
cockroach (Chapman & Smith, 1963; Holden, 1971; French eﬁ

\
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9

:FigureA4. CyClé histogram of a single mechanoreceptOrs'

response ‘to a step-function with peak-to-peak amplitude of
40 ‘um. ,

Insert: -;og~log ’plot with best fitting linear regression

line- (first 2 points of histogram were omitted in the

log-log.plot).
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al.; 1972), where similar step functions were used.
A Bode plot of the logarithm of the average fésponse
amplitude versus logarithm of frequency was plotted ‘for ‘all

responses to . sinusoidal driving functions (Figure 5). The

* predicted dashed line (slope of k) was estimated from the

step ‘response of Figure 4, and fits the data points'well
over the entire frequency ;énge. The phase - constant
predictedv by“ eqﬁation‘ (7) has.been plotted along Qith the
average phase responses to sinﬁsoidal sfimulation; The phase
data ‘was eonsistently beiow the prédicted result and rolled
off with higher frequencies until about 50 Hz where it

remained constant. “The .phasegdata is also compared to the

" phase data of Figure 8 and matches well over most of  the

freguency range.

%V"When é-bénd?limited white noise auxiliary signal Qas
added to av sinusoidal driving functién, the phéSé;locking~
responseléf the receptor was - broken—up and the hiStogram
appeared sinusqidal, as is illustrated in Figure G;FIhisy
auxiliafy signal, which-was not cofreléted with the driving
function, . acted to generate a random carrier rate of spike
disEharge. This technique has-been used before ' to obtain 'éh{
smooth respoﬁse to” deterministic signgls (Spekreijse &
Oosting, 1970; French et al., 1972). A sinusoidal’ driving

function with =added band-limited white noise modulated the

_frog tactile receptors studied in three characteristic ways

depending on the mode of stimulation.

1. When the stimulator was positioned so it was initigllyg



u7

I4

Figure 5. Bode plet of the logarithm of response amplitude
versus logarithm of frequency to sinusoidal dr1v1ng

functlons. The dashed lines are the predicted responses from

n

’Flgure 4 with 1ts corresponding phase‘ value. The (filled

c1rcles are data from 51nu301dal driving functlons and the
filled squares are the phase values obtalned from Flgure 8
for comparison.

Vertical lines: standard deviations around the means.
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Figure 6. Characteristic responses of receptors‘to a 5 Hz

sinusoidal driving funqtion- in A and band-limited white

noise (0-100 Hz) added to a 5 Hz sinusoidal driving function

in B. Each histogram consisted of 100 bins. A. A total of
100 sweeps were taken with a mean:rate of 3.95 impulses/sec.
B. A total of 1000 sweeps were taken with é meaﬁ rate of
3.90 impuigeé/sec. Number of action: botentials pe? bin
indicated lby the scale: bar are 5.2 and é.4'for A and B

respectively.

hd
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just touching the skin, the resbonse was sinusoidal

Ewith tﬁe receptor responding most to the peak of

stimulator movement (inward movement) (Figure 72).

2. As the stimulator was pusﬁed further into the skin, a
second harmonic ‘response was obtaiﬁed. Qheré the
receptor respondsd "to both the peak and the trough of
stimulato; movewé%f (Figure 7B). % “

3. When moved paét this position the response was again
sinusoidal but was now 180° out of phase to the
stimulator movement, (Figure 7C).

A suggested model of epifhelial and receptor movement 1is

aléo répresentif in Figure 7.vﬁerkel cells, which have been

morphblogicaliy identified in the epidermis of Rana pipiens

(Nafstad & Baker, 1973; Whitear, 1974), . and lamellated

vrgceptors‘in the,dérmis of Rana esculénta (During & Seiler,

1974) are répresénted‘in the drawings, Both recéptor types

are considered rapidly adapting and could.be responsible for

the activity observed in these studies.

Figure 7D(i) illustrates most of the cell types in £he
dorsal epithelium wunder restingl conditions and shéws the
starting pqsitioﬁ of the glass rod stimulator, whilér‘g{;;}e
7D(ii) shows the stimulator at ‘the peak of its inward
sinusoidal movement and the point wheré the receptor was

v . .
maximally stimulated. Figure 7E(i) is the same diagram as

7D(ii) but now represents the initial stimulator position
while Figure 7E(ii) shows the greatest inward sinusoidal

movement of the stimulator. For a second harmonic response



Figure 7. Characteriséic responses to thfee different modes
of stimulation with a 5. Hz sinusoidal displacement plus
bana—limited.white noise. A. Response to inward movement“of
stimulator. B. Response to both inward and outward movement
of stimulator. C. Response to~ outward - movement of
stimulator. Sections"D and E _demonstrate the  probable
situation in the ebithelium at the extremes of stimulator
movement (detailed description in text p. 51). Note that the
stimulus used in 7B was ideﬁtical to that of '7A and 7C so
that the response was twice the stimuléting frequency. GR
glass rod stimulator, LER lamellated epithelial receptor, M
Merkgl cell, MC muscle cells, N nerves, SC stratum corheum
or keratinised layer, SG stratum germinativum or basal cell
layer, -~ SM stratum mucosum, STC stratum éohp?ctum, STG
stratum granulqsum, STS stratuh spongiosum. The number of
sweeps yere:%:EDOO, 10000. and 700, rateskof firing were:
3.95,. 3.65 and 5.45 impulses/sec, and the scale bar
indicates: 2.4, 15.8 and 2.2 action potentials per bin in A,q

B and. C, respectively.

5L
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to occur (Figure 7B) the stimulator position would be
intermediate to the two exXtremes of the sinusoidal

responses.

-----

-+ " Frequency resgen P ¥Ns for transduction could
d Y TeSporoary ' -

3

generéliy be‘Eél}ff ‘ ;élatidnship:
&
. . . 0 G(O) = gk A - (6)
and ‘ ‘
Plw) = kn/2. . (7)

.

where G(w) 1is the gain and P(w) is the phase of the output

relative to the input as a function of'radial frequency w, g

represents the gain at w=1 radian/sec, and Kk is the exponent

of frequency. Random mechanical stimulation was used because
it is much more efficient than sinusoidal stimulation and it

significantly reduces the effects of several. -nonlinear

 processeS, such as phase-locking and rectification, which -

occurred with sinusoidal stimulation at frequencies as low

as 0.05 Hz. Along‘with every frequency response function,
‘the coherence function, y*(w), was also measured. The
éoherence function measures the degree of linearity of the
inpﬁt—output relationship (Bendat & Piersol, 1968; French &
Holden, 1971b; étein et al.,_lgg2), A perfectly linear and

noise free system has a coherence of one, while values less

than one can be due to one or more of three possible
: 5
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situations:

T. An intrinsic noise soufce is present in the system.

2. The system is noﬁlinear.

3. There,afe'external inputs bresent not related to the
driving function.

Figgre 8 shows a typical frequenéy 'responsé func;i@n
for mechanical stimulation up to.100>Hz. The gain data is
the best fitting linear relationship using the minimum mean
square error criterion and correspdnds to a value of
k=0.268. The phése advance predicted by équation (7) was
.24.133° at all frequeﬁcies and is plotted as'a solid line
that fits‘thé:data‘well at frequencies below 10 Hz. However,
the experimental‘phase“légged_progfessively more béhind the
predicted.phdSe at frequencies above 10 Hz. This pfqbably
arose from- the delay-.due to action pofential~conduétion
between the recebtor and the recording electrodes. The
coherence’ meésurement was significantly lpwer than one, but
was similar to values obtaingd in other receptor. studies
(Freﬁch & Wong, 1976; French & ‘Kuster, 1981; Kuster & .
Ffench, 1983). Figure 9 is a linear frequency plot of the .
difference bétween ‘the experimental phase data and the
predicted phase constant of Figure 8 and is well fitted by a
straight 1line which corresponds; to sa pure time delay,oé
5.066 ms. This pﬁre time delay does not affect the gain_of a
_.near system but causes a g@ase lag whiéh is directly
proportional to the length’ é} ﬁhe delay and éo ' theh

frequency:



at
"

Figure 8. A typical frequeﬁéy response function for sensory

transduction by a frog‘agggg%wcutaneous,mechanoreceptor. The

Tl .
i

stimulus was pseudo-random noise with a bandwidth from 0—125>'

Hz. The bésb;fitting linear felationship-gives k=0.268 and
g=0.111 impul’jsés/sec-ﬂmT The mégimum value of the coherence

©obe

function was 0.225 at 8.79 Hz.

56
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Plw) = “wAT (8)

N . VIR
M

ending and the reggrdingg

g ¥

giving a conduction velocity of 1.69 m/s.
Figure 10 demonstrates the large var1ab111t1es 1n galn

(sensitivity) and exponent (dynamic behavior) observed in

frog skin mechanoreceptofs (n=128 single un1t recordlngs‘ at

electrode was estimated to be 8.56 mm for this preparation

room temperature, demonstrating the mean, upper and lower,

extrem=s. All experiments except DEC12M showed phase lags :%:

i

%ﬁ

51m11ar to Flgure 8,4with a conduction velocity of 2.84%1,01
m/s (meantstandard dev1ation) The large variabilities:seen

do not appear to arise from several dlfferent populations of

receptors because both the ga1n and exponent populatlons

showed _mal d1str1butlons about the meam, &Flgure 11).
. t - i . ) . T . @
. C. Temperature Experiments 5o S

R

Figure 12 shows the gain, g, at w=1»radian/sec and the

exponent of frequency, k, as functlons of temperature. The

parameter, g, decreased slightly’ between 15 C and 20°C where

it‘ remained constant up to 25°C and represented the normaL s

sen51t1v1ty of the" receptor.. These results are _ﬁn marked

contrast to. those seen in other mechanoreceptors for the

same temperature range, (IShlkO & Loewensteln 1861; French &
Kuster, 1982) The.exponent k, was also unaffected by the
change in temperature as has been observed in the cockroach

e : -
tactile .spine %French & Kuster,- 1982). The firgng rate of

vt



B

Figure 10. .' Three frequency = response functions for
mechanotransduction in frog dorsal cutaneous  receptors
showing the"vafiability in gain, g (Top graphy and exponent

of j-omega, K (Bottom graph)\lobserved." Top.. The circles

A
7

The difference between the experimental phase and the

y . R . O
predicted phase values were computed, except for DECI2M 83,

' and showed similar time vdelayé- for the three reqeptofs.

' Solid lines are the best fitting Iinear reiationships~}using

S AT

a minimum mean square error critetion.
R . . et g :

s ’
5y . o o

represent the mean éajn,‘wﬁgle the triangles and squareéf”,
represent fhe~extreme high;ana lo@ gains, réspectively.
LT MARZJB 84, g=Q.1f1 impulseS/Seé-um., k=0.268,

'aelay=5.066 hs, conduction velocity=1.69 m/s. ' o

_A‘— NOV7B 83, g=0.539 impulsés/sec-um., k=0.227, delay=£?764
ms, condﬁction velocity;2.25 m/s. )

L ; JUN21B 83, - g=0.041 ) impulsgs/géc-um}, K=0&§§8,_
'delayﬁ2.592 ms ; conduction velogity%2.26_m/s. o : 'ﬁg%

_ Botéom. The filled circles represent the.'mean'exponent
»recorded while the filled triangles and squares represént
the extreme low and high exponeng% respectively.

o - MAYBF 84, k;0.574, g=0.194_impq§§es/sec-ym, .deiay=1u541
ms, conduction velocity=3.01 m/s. S g

A - DEC12M 83, k=0.083, g=0.36é impuléeé/sec-um. S

= - DEC7L 83, K=0.586,g=0.041 impulses/sec'um, delay=2.936
ms, conagction velocity=2.94 m/s. 5 (;. | '

sgg‘ \
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Figure 11. Histograms of thé nunfBer of occurrences vs. gain,
g (A) and exponent of j-omega, k (B).
A. Mean R.M.S. value of g=0.137+0.104, n=128.

B, Mean R.M.S. value of k=0.270%0.144, n=128.

(3
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OFigur’e 12. Mean values for the gain, g,Jat

the e;ppnen;:of frequency, k, as functions
) Vefticaillines: sténdard déQiaﬁibhs arqund
R.M.S. diSplacementﬁvalues in micrometers

-

20°C-20.05, 25°C-19.79.

b5

£

¥ radian/sec and
of temperaturé.
the means. Mean.

were: 15°C-19.52,.
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the receptor increased slightly with temperature from 1.88
imp/sec at 15°C to 2.33 imp/sec at 25°C (means), but ‘these
two values were not -significantly different (Student's

f?test, 95% confidence level, Figure 13).

D. High Potassium Experiments

Figure 14 shows three experiments 1in which the

O -

concentration of potassiﬁm ions in the extracellular fluid
was increased ébove the normal. The results are presenﬁed in
relative units of gain, g, and exponent, K, vefsﬁs potassaum
cqncentration so that any change in the two parameters can
be clearly seéh. _Increasing the extraéeLknlar potassium
coﬁcentration by ‘a factor'ofAZ would be expected to cause a
depolarization of approximately 10 mV in  the membrane
potential of the cells. Not all receptors changed their
frequency response functiOﬂfﬁppon application of 5.0 mM
.potassium, but when a change did occur, it was ‘complete
with?n " the first five minutes &.cer application. The changé
lasted for as long-as the 5.0 mM poféssium‘ was maintained.
On several 6ccaéions, the preparation was returned to a =
"normal Ringers solution and :aA49radual recovery to the
original’ frequgncy response function occurred, taking place
over a period of 4 to 6 hours. | |

A total of {¥yne - single unit recordings.in high K~
solution were pé{;Srmed;‘(i) four showed novcgagge in éither
gain or exponent, (ii) three shobed an incfease‘§§iggin'with

_ , e

a decrease in exponent and (iii) two showed a decrease in

Fl
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Figure 13. Mean firing rate of :the rfeceptors  'at the three-

temperatures studied.
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Figure v 14, Three different single unit recordings

4

'.demonstrgting frequency response functions observed 1in frog"

cutaneotl ‘,mechanoreceptor(s) to an increase in extracellular

potassium. Gain, g,~and7exp0nent,'k,'values are in relative

units (ordinate) with a wvalue of one in normal Ringers -

solution. The 'abscissa shows™ time relative to the
replacement of the . normal :Ringer,'soiutien by -a high
potassium Ringer solution. Circﬂes,denote-a receptor which
was no different in the high pota551um ringer compared to
the normal ringer and the triangles and squares- represent

A

two receptorS’which were different.

. = NOVBQ 83} gl(before)=0.153 impulses/sec-um,
. glafter)=0.165 . impulses/sec - um, ~k(before)=0.198,
k(after)=0.209. e a o

A - NOV4-83, g(before) 0.164 1mpulses/sec um,. g(after)s= 0. 055

?;1mpulses/sec um, k(before)—O. ‘klafter)=0.353. /
. - -DEC12 83, g(before)=0f159 impulses/sec - um,
g(after)=0.363 impulses/sec - um, - k(before) 0. A32

”,f
‘:

| k(after)=0.086.

<
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“gain-with ‘an increase in'exponent The mean gain and mean

*exponent of . (11) and ‘(111) (above) were Statlstically
\ \ .
dlfferent to»the‘mean ga1n and exponent of - (1) (above) after

N
vy

.'/

appl1cat10n of the 5 0 m potassium® (Studeht s t*test, 95%r

. . . ‘ um
. confldence level) g ' ' e 'hi“é*
Prellmxnary studies; were performed u51ng a four fold
y J

1ncrease in extracellular pota551um concentratlon ,(10 *mM)
o :

mlnutes of appllcatlon and would not resume i I ‘even w1th

N

addltlonal stretch applled to the skln. A four il lncrease?

was ,expected -to, cause a .membraue'. depolarlzatLon  of

W'pprOX1mately 23 mV AR o - o
4 P = : X . E T
& v . R _ oM .
e Qﬂﬂgf. o e e '”'fj“ . e
» N ! : n % ,-'. - ' -, “-:y .

-, B ) i ' B g . . ’ i B
. . v . Sl X . o : ’ 72
) . | . - . [

’. howevqm -~ the receptors stopped f1r1ng altogether w1th1n 15
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v
5%

‘IV. Discussion ' o 4
- . : . R
- 'l” ’
0 X :
A 4
N ‘ Afferent Un1ts
$24

The m?j g set of receptors studled 1n these experlments

(Group 1) e” con51dered rapldly adaptlng because their

l'response.to a  step dlsplacement of S}unstretched skln
‘ o .J' : DY : ¥
prepar@tlon was a 51ngle,'or .at most few tloanotentlals

’ \ ; Vy
¥

-.:3

- The receptors ﬁ@re con51dered to be 51mr1ar§%w Loeﬁ%nstnln s'

-4

G EXAR e ;?ﬂfﬁ‘
(1956L tactlle flbers' 1n R@ha pl€&ﬁ951 to Caqbﬁn = (1958)

W-

type b flbens in Rana temporapla,'and to Ogawa ‘yorimoto and
é‘(}”r.

[
N

4’\‘“'?

plantar foot of the frog, Rana ca%esbelana Catton s (1958)-

[
. .

.
T &

. " R . . 9 j. . : :
fese flgdlngs .51nee

type g f%ber"dlffers” sllghtly frﬁmr

. \_'qﬁ 4 » \w‘mn/ N
:_Loewensteln s (1956) Atactlle .flbers,mere con51de5e@ roﬁgg,_

~type U flbers ThlS dlscrepency in cla551f1catlon may “be due

KJ<

-7 }Y@mashlta s (T981) rapldly adaptlngﬁ typej I un1ts in the.

‘utactlle flbers as at'

g
T

to . the 'stlmulus parameters used relatlve to Loea%nsteln s

‘ . «- e

Q-

parameter for cla551f1catlon. In these expenaments, stretch
» "y D)

Y
. ‘and mechanlcal dlsplacement were the two patameters used to

-cla551fy receptors.and Stlll larger (type a of Ca@ton 1958)‘,3i»

‘ \

.actlon potentlals were encountered w1th greater degrees ‘of

n,,.. r:;

- o 4

(Loewensteln \1956) so ti. the&%adapted w1th)a slower time

course. During actqu stretch of the ;sg;n,w the‘ receptors;

(1956)“exper1ments,gwhere stretch was - used a@? the maln‘

were altered when lateral stretch was applled n;the' skin

‘stretch 'The\'rapldly sadaptlng propertles of the/rc aptors -

Hi -
©Rgy

N
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'fired “with --a "inftia{z rapid'“burst that alWays adapted
"_com@le%ely within a couple of mlnutes. This agaln disagrees
with. the flndlngs of Loewensteln (1956) who observed tact%%e

i receptors,flrlng tonlcally for over 25 m1nutes after a 16%
& wo '
[stretch of the sk1n. Loewenstapn (T9%6) d1d not 1nd1cate the

B Y
,'.u'

~51zes of the action. poxentlals recorded 1n hlS experlments,

e
wmaklng compar1sons between the dlf;eféntﬁrecﬁptor categbrles
.E} M v / -,7" B PR TN~ ki B
extremel dlfflcult : - R S,
Y . Q’f o ’ ‘\"u_.f,“ j‘. h/ 41 .‘

N

1'”53'Th¢‘ Group 1 reheptérs were %lowly adaptlng wnd |

dx‘
‘ﬁ-f .9

o corresponded t%‘CaEton s (1958)ggyp%¢d flbers. and Fessard
.. and Segdﬁ% (T943b ;sldﬁly -conductlng Qaln FécbptorsEfThe

i O &

W -'1 &

-

'fGroup II actlon' potgntlals were hlgher am%%ﬁtude, moreﬂ

-,

rap1dly%adapt1ng thﬁn &ype a receptors of’ Catton (1958) nﬂ

corresponded to Catton s%(1958) type b. and c flbers *and to
&L

,,Ogawa Morlmoto and Yamashlta s (198 )‘rdéldly adaptlng type

Ilireceptors‘w—

"h adapted completely'after the flrst cycle

W
oI .a sine wave

& .

yhe N
- T

Y.

SeVeral typest of,;neceptors have been  idenfified -

.

~ N ‘d.,’_L.‘

_ morphologlcally in “amphibian cutaneons'tissue by light and
'electron m1croscopy Merkel cells (Nafstad Baker,_ 19735+

Fox & Whitear, 1978)., lamellated receptors (Durlng & Seiler,

. 2
&, B

;.g;$9747; sengdrv nerve.endings (Roberts & Bl1ght( 19753'* and
| ;free“-nerve éndfngs‘(Robertsv&vHayes;-j§§?:_Robert§,f1980;
:§§Hayes & Roberts :]?é3)} There are two types Qf 'free' .nerye
endlngs 1nnervating"the fbead skin of XehobUS'léevis; Rana’
' temporapla, and Trltunus helvetlcus " 'movement detectors'.

»whlch ,have a tonic dlscharge to movement of the skin and

-

.Q'

o
)é?{ a0
KB

?1" N

" .

s

i
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discharge tc . »id local ‘1ndentatl;ﬁ

'rapid transi- it -detectors’', wh1ch cgive -a° brief phasic
v g Ak . * . ’

terminals of Rohon-Beard
- e T :
Cated in'embryonic frog

1983). The atter are sensor

cells Rohen—Beard“cells have bee

J(Rana plplensb spinal cord and send ner&e terminals to the

perlphery. In Rana plplens, the Rohon-Beard cells a:e

functlonally -replaced at later stagea by the splnal gangl1a

M

~(Bacher,‘ 1973) ‘The 1nnervat10n pattern. of Rohon-Beard

BN

&

\0

mechanosensory transductlon. Parducz and co-workenshiﬁ1977).

. e . :
neurites\_dbserved in Xenopus IaeVIS aﬁ; similar to that

observed in adult frog ‘skin (Wha—tearQ ﬁQ?

° “

ﬁroup 'II reteptors could p0551bly be the rapld trans1ent

L'| T

0w . Lo yest
. .. e

detectors ‘observed by Roberts (1880) _»V

0 . . 4 L

Me?kel N cellé”_ have * been identified’ by ,electronq'wﬂ

mlcrosdoﬁy 1n the epzthellum of several 'orders 'of Apoda,

A u

Urodela and Anura (Nafstad ‘& Baker, 1973- Fox & Whltear,

»

1978) . Merkel:rete paplllae and touch dcmes_.of. mammals,

which coptain ‘clusters of Merkel cglls, have been shown to

o

sl wly adaptlng mechanoreceptors '(Iggo & Muir\v 1969;
Jnﬁfef

et “al 1979) Merkel cell granules have also been

&
seen to fuse w1th the specxal}ze& area of membrane, between

Jso “that the

MKitson & éoS%ftsfr

the neur;te and ,Merkel ceﬂl, an 1ndfcat10Q\of synapt1c '

transmiséion (CHen et al., 1973), and - ”iSTAobservatlons'

»
[ £y

‘like - thesé  which ‘have i'mpl‘i‘"czated"Merkel cells in o .. .

prov1ded ev1dence that 'Merkel cells ~in amphibians were

rap1dly adaptlng \and”.Were assoCiated with -~ a < qgle

o
Y

mechanoregeptlve nerve ' fiber. -However, :-the dorrelation

, -
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o

between 1low threshold -hreas! and Merkel cells were -not
'perfect. If the Merkel cells are transducers of mechanical

stlmull,"~the. m1crov1llar Rrocesses ev1dent on Merkel cells

could be 1pvolved in detecting deformatlons of  the

I * ‘e
surronndini‘ tissue. Other 1nvestlgators (Munger,l 1971;

Gottschald§?& Vahle- Han, 1981) have postulated that 'the”

T
\ﬁﬂerkel\ cellS~~may <be‘-trophqc 1ﬂ:nature and that the nerve

.elenents and FOx and Whitear (1978) have postulated that

;crov1llar processes prov1d@ga routewﬁor diffusion of a

»,{rﬂfory product 1nto the surroundlng eplthellum. Roberts
s “s;'v. . 1

kN S YR .
«)A% Y

wdlfferent1ated and may 1nd1cate that Parducz and co—workers

R

(1977) were st1mulat1ng 'free nerye end1ngs wh1ch were

endings: themselves may be the mechanoelectric transducer

| and Hayes %19773 rapldly adaptlng "free' nerve’endlngs were;

observed “atwva stage when. Merkel ‘cells were not’ as yet

—

L
sltuated close to Merkel cells. #TE and Whltear (1978) ,h%ve X

showgy, that - nerve fjbers associated with Merkel cells pass
“g:“t‘.‘.‘.ié' N . i o

“beyond thé points -of synapse ‘and ramify‘ifreely iﬁ.wthe

!

epidermis. | - o N,
. R . o : P ra

.‘??;y - "Lamellated"encapsulated receptors have also been

observéd  in the frog, Rana escdﬁfnta by llght and electron

renl macr scopy (Durlng & Seller, 1974). whlle three dIStlnCt
- ’%n x . C . . - . .
{ ‘ I = =

B »s.s,b: 0

l(Dnring,. h1973 During = & Mlller,' ,1979).‘ Combined

physiological‘ and .morphologlcal 'studies ‘haVe’ hot been

-‘ performed but During and Seller (1974) have suggested that

‘the lamellated\ receptor"is Loewenste1n s (1956) ‘rapidly .

C taw

. types. oﬁx lamellated endrngsnhave een’ observed in reptiles;



Yo

. may “occur when the, skl‘;F{

A -‘”. »

SWasi

-

adaptfngffreceptor based on its strucmural 51m11ar1ty to

mammallan Pac1n1an corpuscﬁ%s Loewensteln and -Skalak (1966)

.‘v

havé‘“ demonstrated that ' the Pacinian corpuscle is‘,&h,}

mechanical filter of high—pass characteristics‘and Hubbard's

C . 7T

(1958) experiments 'showed that only tran51ent mowéments of

the ‘inner core- occurred when theV Pac1nran corpuscle - Was

S

compressed and released When the muter lamellae werel o

e

e :

“~4.slower3;1I h the recéptaﬁ potentlﬁl (Loewensteln . &

Mendelson 4965' Ozek1 & Sato 1965). Avdecreased adaptatlon

tretched experlmentally because

Under ‘notrial phy51olog1c-“‘

£ .
TN N

, , & e
receptor in theA skln prevents stretching of the receptor

1

’(During & Selser 1974) ' ‘ {ﬁy

The conductlon velocities obtalned in these . experlments

was 2.84%1.01 m/s (mean+standard dev1atlon , number of

measurements=29), whlch corresponds.to an unmyelinated nerve

_locatlon ‘of_'the,

fiber of approximately. 1.0-1.2 in diameteﬁ , (Ritchile,

1982) ‘or a myelinated ‘nerve flber of 1.0 wm in dlameter,
« '

(Hutchlnson et al. , 1970; Ritchre, 1982) Dur1ng & Seiler

(1974) have shown through serlal sectlons that\myelanatedf

axons. w1th,a dlameter of 8—12 um 1qpervate \?he' lamellated

recgptorséﬁbmd w0uld have a conducgfhn veloc1ty of 25 m/s or

more (Hutchlnson/et/al 1970)

<

i v
were varlable in 51ze, ranglng from 1-4 um 1n daameter (Fox

—_

Neurites located' next,'to ' Merkel cells'in amphibians

& - Whltear 1978).1 If Merkel cells. were jindeed theh

P -

-

removed the mechaqucal fllterlng ;35 reduced and adaptatlon .gﬁ:“f

7
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transduoerslloff mechan1ca1 stlmull,. a synaptictr delay of

‘

C ¥
,(. approx1mately 1 ms would probably be present The average

onductlon veloc1t1es 1n the nerves would then be 3.84+1.01

Gt Yk . a

o
m/s - mean +standard dev1at10n number\\qf measurements 29)

Ry

. This ﬁﬁgher conduct10n-*veloc1ty would . requlre a mean

%
)

gunmyellna%ed flber dLameter of apprdklmately 4 um j(Ritchie,

% J
1982), 1n the upper extremes othhe range observed in- closevu

N n 5 - - ) U‘ q Q. N .
hroxrmlty to amphlblan Merkel cells. “' ‘«‘; ) g ;i‘“~ﬂa$ -

_ecmxon m1crographs(pf ufree nerve endlngs (Roberts & ;

1977Y‘shpwed dlameterggﬁff~io 2r1 OAoum: and Whﬁtear

Sela
- % \34 ‘7 4 L

RE 9'74 )

L

with SLmllar dlameterSQ'ThUS of the three types of . p0551b1e
Sensory receptors the 'free nerVe endlngs appear to be - the
receptor type- which is most llkely to be respon51ble for the

B 1 '-\\w"-/“

id },l
results' obtalned here on the ba51s Qi thelr adaptat‘von'~

I3

2 O ;i
TR characterlstlcs and thelr conductlon velocities.
: s @

B. The Dynamic Behaviour of the Tactile Receptors

| I . L ‘ ) ‘ :
Random: ;noise stimulation is a superlor *method of -
. < A

’ . N . .
measuring dynamic behaviour to 51nu501da1 stlmulatlon for

+ several important reasons:

f.’ Estdmating the frequ%ncy response funetion with random
v ' . stimulation--requires; relatively short periods of -
experimentait; data': whereas sinusoidal stimulation
“requlres longer reeording times and' therefore;'_7ai
a :

B greater oppprtunlty for non statlonary behaV1Q§f-‘

2. Random n01se reduces or prevents-non—l;nearltles such as

'showed unmyellnated nerve: fibers in Raha tempoﬁarla
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R
S wphase—locking (Spekreijse & Oosting, 1270).

wd

3. The estimate of tHe coherénce fungg1on which is’not

‘poéssible when using 51nu501dal stlmulatlon provides a

measurement‘of how well the frequency response function

describes the input-output relarions of the ‘receptor‘

T

6;"‘_.;v, studied. The\'coherenceh functioén can only be obtained
" from estimates of,the ihput,foutpnt and cross-spectra

of the system (equation (2)).-

The dynamic properties of the frog']tactilef reCeptors
) ~.

studied hére could bergk ﬂrepresented by the power law’ of

;eQuation (6). However,-tff: flas con51derable var1ab111ty in

their sen51t1v1t1es, g, and exponentsﬁ K. Frequency response;.;

’

funct1ons &determaned by random noise or sinusoidal

A”

stimulation ‘have ‘.notv been described before’ for frog
. cutaneous receptors..e However, step responses _which
demonStrate fractlonal exoonentf' of frequency have been

a

reported for 'slowly adaptlng receptoﬁﬁ-iniﬂua%rog (Keidel}

1968 Ogawa & Yamashlta, 1982);;§1n§§g%da1 stlmu;i Showed
. phase locklngéﬁgsponses (Keldel 19681U3gawa-et al., 1981),

and a secondary harmo\dc was also observed with an rncrease
"in stlmulus‘,inten51ty (Keldel, 1968),:;51m11ar Bo thosg

observed in‘these experiments. . |

q Thelreceptors'studied here 'showed ‘simxlar .fractional
-exponent values to -those observed w1th the- tactlle splne of
.tha cockroach (Frehch Holden & Ste;n,d 1Q72; French &

v Ce -

Kﬁ%ter, 1981) locust mu;tipolar receptors (Kuster & French,

-
o

1983), campanlform sensilla'(Chapman et al.,,1979), and slit
) ’ > . v N . P ‘2, v'/"v,,:'; -

. PR . —
€ AT B e
e . S “ ,;__3‘.*\‘

{

-
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sensilla of the spide:t(Bohnepberger, 1981). The sensititity.
of _the - frog cutaneous receptors is less than the-cockroach
tactile spine by a factor of 10 (Fse1§§ &, Kuster 1981) and
to that of the locust multlpolar redbptors by a factor of 3

(Kuster & ‘French, 1983). Step and ‘frequency ’ responsedf#;

functions - which demonstrate fractional * exponentS' of -

fréguency have'been. reported in "'a wide range of otﬁer

_receptors including the cefcal. hair . Jsens1lla' of the
. ;cockroach‘:(Buoo,‘ Monti&BlOch%*and Crispino, 1981 Bdno,
Monb@~Bloch,_uMgteos and Hanéler, 5981),"crustacean stretch

) e . : , . .- N

ré%eptorS’(Broyn & Stein, 1966),, primate touck receptors
&;‘(Mohntcastle et"al., 1972; Mei 'et”‘alﬂ,%l9%g),'Pacinian

‘corpuscles Kﬁolahowékiq & Zwislocki,i 1984a, - 1984b), and

vestlbular afferents in -mammals (Tomko et al.,, 1981) and

% . Y
. {

BT

4. birds (Landolt & Correia 1980) .

2yt

a

The\<process where a mechanlcal stlmulus is transduced

1nto a train of.action potentlals in a mechanosensory ‘o7 :n A

~

(mechanotransductlon) can be - tonsidered: to- occur in a

stepw1se fashlon,ﬁEyzaguirfe-& Ruffler, 1955; Loewenstein,

-
4

1959) ¢

gg%v1. am‘external mechanlcal stlmulus 1s coupled to an 1nternal

mechanlcal dlsplacemeht or fo;ce;
2. the displacement or force'-produoes ‘a greded_;generqtot
potential (transduction); and — |

3. the  generator potential causes a train of action

potentials (encoding). _ \ o @ ;’ '
. . : LI

Adaptation has 'been observed in receptors during the

’
-
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encodinq stage (Mendelson’ & Loewenstein, 1964; Nakajima &
VOnodéﬁa,.1969a),'and recent studies on the cockroach tactile
spine ‘(French, 19'84a,."__198A4b)o have demonstrated w that
.fractional differentiation may be in fact a function of the

nonl%@ear encoding process raéher than the process of

transduction 'as was earlier assumed (French & Sanders,

1981). - IR "
B -u’t; -

The experiments conducted here included all three

stages of transduction and therefore .could not add any
-\ ‘ N - m—— 'j . V . \}

evidence to this debate. However, the most llkely type of

greceptor 1nvolved wa'y the ‘frq

"ﬁ?eru 1 1ng- which. lacks

"‘ V‘,‘\;}\\

anyzelaborate transductlon str“ ﬁy Thls makes 1L unllkely¢ @

. »,,./ . ’
H: - Y

that the dynamlc behav1our arose' from' complex: mechanlcab

structures and would agree with the actlon potentlal encoder

v“belng responsible for rapld adaptatlon.

J . ., '

C Effects of Temperature o l,w,v;{j-QJ:-?g

The sen51t1v1ty g, and fractlonai exponent k, of' the )

e - .

receptors studled “in these experlments d1d not change over
P

the range of temperatures studled (15°-25 °C). Kerkut ‘and ~
Taylor (1956, 1958 aquBurkhardt (1959) have démonstrated a

t‘*f.&f
strong-, compensatlon “for temperature. change ~in ,the
.mechanoreceptors - of co@d-hrooded animals, Where a transient
increase in act1v1ty occurs w1th a decrease in temperature,,

and a tran51ent decrease in act1v1ty occurs W1th an 1ncrease
‘ - . o e
in‘temperature. This temperature compensatlon_ may ~be very

important in/ cold-blooded 'anlmals because thelr receptors

\

- S * s cR
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-,l961) was used to argue, that ak_high'

will be subject to environmental fluctuations  in

temperature. In the frog, Rana pipiens, which lives both in

VR

and ‘Sbt 'of water, temperature changes of the magnitude

P

studied here should occur Qquite frequentlf, and one could
expect a mechanism which will try to maintain the receptor

sen51t1v1ty at a fairly constant level

These results can be contfasted w1th those thalned in

the cockroach‘(French & Kuster, 1982) where. tha sen51t1V1ty;

of the Leceptor changed dramatically betweenwkﬁ and 25°C.

MThe Strong temperature sen51t1v1ty in the co"'?"“u

L‘]‘.,

spine and ‘the - Pac1n1an corpu cie (Ishikb @a‘ih%“,

_1nvar1ably'*necessary in ‘mechanotransduction.‘ The lack of

temperature sens§t1v1ty found here makes this ,1ess likely.

However, it is; p0551b1e that = a compensating _ch“gge 1n
sensitivity with“temperature is present at #%ther stage,

. 0 S
such as the encoder. tdy

- The effects ‘of témperature on exc1table cell.,membranes

’

cagndt ea51lyf be generalized, because of the rather mixed

s ) . 1o 0 opa . . '. e

results obtained ~ from experiments  with different
-5 “" . I - <

’hu

jpreparatlons. rncrea51ng the:%temberature has caused both L
hYperpoiarizatlons SHeitler, ,Goodman; &"‘Rowell, - 1977 o.
_Stephens‘&,Atwood, 1982) and depolarizations‘ﬂMoser, Ottoson
ieiﬁidqvist,l1979). Wlth membrane potent1a1 increases -(West
& Lent'35974~ Stephens & Atwood 1982) and decreases (Moser
. et al., 1979 Abrams & Pearson, _ 1982) have been 'reported

‘_w1th, temperature. Also,‘with membrane resistance and f1r1ng

;.~‘:> ) . ¢
Vi, - :

or
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rates, both increases and decreases/ have been reported with .

temperature (Murphy & Heath, 1983).
D. Effects of Potassium

Raising the external potassium concentration would be
expected to depolarize the’ receptors,o ‘and thlS membrane

o

1nclud1ng ‘the 1nact1vatlon of ‘Na* current, the actlvatlon of

»

‘an electrogenlc pump or an increase in calciﬁm dependent K’

current, all of wh1ch have been reported to,cause adaptatlon

- ? ~-.‘ \-4

in other‘reqeptorsyln response. to membrane depolarlzatlon

~(Nakajima & Onodera;°1969a, Gestrellus et” al., 1381 Otgoson_

& Swerup, 1982; Gestrelius d& Grampp, 1983). ,Elevated'

1

external potassium concentratlon could ‘also directly

r P .

,&
1nfluence a sodlum pota551um pump or a pota551um current

Frencb (1984c) showed an 1ncrease in the adaptat1on of the

cockroach? tactile sp1ne by depofarlzlng , éhe receptor

. .. o . .
membrane' with electr1cal current ‘or ¥ by 1ncrea51ng the

< LAl

-1external potass;um concentratlon .and  earl1er~ studles'.onf
jfrOg skin by Feng (1933) and Hoagland (1934) suggested ‘that .

.an 1ncreased adaptatlon rate was a result of"anl 1ncreaSed

from. injured epithelial- cells. An fncreased' power?law

adaptatlon obserﬁa in several of the receptors in thbse
G,

experlments is llkely to be caused by some'écombln@thn +of
. . L

these effects. T L . .

“depolarlzatlon could affect a varlety of‘membrane processes-'

sl

oV

‘.

extracellular pota551um concentratlon tbrougb *llberatlon,‘

3

<9
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Hyperpolarization " has been shown to cause slower
adaptation‘in receﬁtors (French,- 1984c) and it was shown by

Nakajlma and% Takahash1 (1966) that the electrogenlc sodium

.

pump in- the slowLy~_adapt1ng crayfish stretch receptor

N

o

neurone ' h'ad - the same. re‘s’-t " as pas-smg a . constant

hypetpolar121n§%‘nurent 'throughﬁ;the; membrane. 'Gage, and

'Hubbard (1964) also shoﬁéd“ that - post*tétaniCAJ
hypaﬁ olarlzatlon whlch lasted &or as long as _one ‘m1nute,

Y ~{7 1
wasE%due ‘to-a long lastlng pota551um permeablllty éhcrease,
J. R . . < . ) & .. . . o
and-these{results may he 'respon51ble for. the decreased-

2 e

-tes observed 1n several receptors studled Py
‘Severa:'re'eptors studledrhere dlsplayed no  chunge {1in

g

° - E ) p s

b their @daptatioﬁg'rate{ With a££W‘ncrease in extracellularr'
SR . : i)
pota551um concentratlon. Thls could have been caused by a -

Q
'

'lure ‘of the potas51um to reach the receptor 51te or"l .

&.y that thlS receptor Was not affected by an 1nprease,1n

»
.

ellular potas51um.;«The exact mechanlsms 1nvolzed 1ﬁf"j
. receptor adaptatlon due to 1ncreased extracellular potags1um

| are=>'unknown-"$buiﬁf changlng - the ) external . potas51um"
concentrat1on mlght prov1de a mechan1sm for d1st1ngulsh1ng
‘between dlfferlng receptors‘ 1n the sk1n of the frog, Rénav s

pipiens. = = ~;ﬁfﬁ§ﬁft )»:- T

. ’ \* . L RS . . T . v e

E. Conclus1ons and Suggest1ons for Future Work“ o : .
B &“.-v - .

o

The frog sk1n prepakatlon offers a relitively lsimple

_meansf.of exam1n1ng"transductlon in«’a_vertebrate sensory

system, and the power law responsé observed hete’ i's ‘similar
= - - . R « ' . .

+
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© N

to the behavior of a "range of other invertebrate and

»

e

vertébrate mechanoreceptors. An advantage of the system 1s

‘ithe‘abélity to. change, the_ bathlng solutlon quxckly and

complételv, which is not possi e in some other preparatlons

Pl ] : & N

such as the' widely used insect m chanoreceptors.

° A major dlsadvantage at present is our 1gnorance about

3

A'the; relatlonshlp %%b%een the morphologlcal gypes * of

ke receptors ‘presej ',5and the diff%rentt classes  of
a ‘ u_‘,/ : . v ] Cow

‘electfothsiologicaY un1ts whach can’  be 1dentaf1ed ‘This
questlon should probably be addressed before other studles

are attempted Durlng the cdurse of this . work 'some 1n1t1al

1

attempts were made to 1dent1dy the morphology of the sensory

B

I /‘
f

However these ! experlments . were . not‘ sucoessful and -
1llustrated how dlfflCUlt thls problem is, S )
N
Y "~ A major problem in mechanonecepilon is to 1dentgfy the

locatlon and mechanlsm of the power -law adaptation whlch is

¢

',.

;- v

free .nerve endlngs are respon51b1e , or.ﬂthe Group II

Y v "

g responses SO that any _spec1allzed mechanical structures}

A Y

would have to be vefy small It seems more llkely that ;Ehe

. power _law‘ adaptat1on' occurs during encodlng of action@

}

potentlals, SO experlments to d1rectly stlmuIate the sensory

LB

endings | Wlth ' electrqcal current mlght 'reasonably be

[N

: preparation mlght also make 1t useful for testlng spec1f1c

A

channel bfbtking_*agents when ' more is ‘known about - the'.

- .

“ structures’by back fllllngvthe nerves with varlous stalnsa-

ga_ common- ‘feature. The eV1dence presented here suggest thatﬂ

attempted. The ease of changlng the bathlng solutlon in thlS”‘

,

- “
\
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