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ABSTRACT 7 )

The well known response-og temperature receptors
include a.non-adapting steadf state reiponse to constant
ﬁemperaturg, (maximum. frequency up to 10 Hé at a temperature
:_—Mr.tQERééL for the receptor type and preparation) and é dramatic

excitafion gr\inﬁibitibn in response to a suddem chanée in
temperature.: Quaqb%;ative descriptions of the response
aboﬁnd in the li%erature, but they are arbitrary and typicai-
ly refer to only one feature of “the response in isolation
from the.fotal ?attgxn. The purpose of this reseafch.was‘;o

A

-—-——ﬂeve%ep—qn~empirical model of the total response that would

- /. -
L "

,,.A»-—~—"‘“THVEIV§*?Ea&fiy\qalculable descriptive pérameters.
—~

Rats weré anaesthetized with nembutal and the
scrotal skin was stimulated by an electronicaily controlled
Peltier thérmgde capable of producing constant temperatures

from 10° to 45°C and ramp stimuli e;)ﬁ rates from +#0.25 to

. -ufﬁfw‘félo C°/sec for S,fziér 14 c° changes. Within an oil pool
o — ’ - .

- above the tesgis, action potepfials were recorded frém single
'fibre aﬂa multifibre preparations of the anterio; and poster-
ior scrotal nerves. Visual records of the ﬁemperaturé stim-
ulus, nerve activity, ana instantaneous frequency were made
on light sensitive paper at the time'of the,experimenﬁ_or

later from tape recorded data. Analysis of the.response was
. .
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done directly from these visual records.

-

Responses from 17 preparations were available for

analysis. 1In all cases rapid cooling led tc ipcreased

ac;iyity?ﬁﬁa;ming prodyced inhibition. In multifibre -

preparations théxpumber of active fibreséwas determined by

. . . "‘!
examining pulse sigrqtures, and the response of an "average"

\\ -
. - . ) .
fibre determined. Lo

The steady state response was obtained by counting
. N '

pulses in 10 second intervals after at least two minutes at
a giv%n temperature: All 2.5C° intervals from 15° to 40°C

were used. Five fibres gave peaked responses with maximum

fréquencies of 5 to 10 Hz at 26° to 30°C. Three fibres gave .

- flat responses-of 1 to 5 Hz frém&15° to :30°C. Five fibres

- ~e R
showed no steady state responsé'at all. Four fibres gave a

response that was linear from 15° to 40°C. These responses

were regular, highly repraducible and had maximum frequencies

- up to 20 Hz at 40 C°. -keceptors with these properties were

labelled "thermometer™ receptors. ' .

The frequency at temperature §, fss(e),.aﬁd the
slope of the steady state response, a, (Hz/C°) called the
st?ady state sénsitivity, are the complete parameters of the
steady state response.

The ramp stimulus produced a rate of change of N
freéuency propoftional to the negative of the ramp rate. The
proportionality parameter, s (Hz/c°), the dynamic sensitivity,
was calculated from a series of runs at different ramp rates.
At the end of a ramp the fregquency decayed expongntially to

! L J
/ .
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" the new steady state level wiﬁh a decay time-of Tt.seconds.

The four Parameters were incorporated ‘into an

equétion to desdribe the dAynamic .response superimposed o

the steady state activity.
df/dt = (s-a) (-d8/dt) - K(f-£_) :
where k=1/71 is_thg decay con;taht (
The parameters s and r‘show temperature dependency;
T decreases °linearly withfil!reasing temperature from an’
average 21 sec at 15°;£Eo 12.; sec at 30°C; s has a maximum
value at 30°C. The overall ranée of values for s‘waéll.iito

8.7 Hz/C°. ../’/’ -

The "thermometer” fibres have a strong steady state

sensitivity but appear to have lower dynamic sensitivities -

than/éﬁﬁer fibres. The variability of dynamic{response is

ivity these fibres could be useful tools fer the étudy of
temperature rgl;ted ﬁebavioﬁr in a group of‘animals.

Thé response of a given témperature'receptor or
the'average_resppnse‘of a Eonsistent grou%_of receptors can
be totally described by a composité graph against temperature
of steady state frequency,\dynamib sensitiviti; and aecay

timé“and the equasion given above. , .
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CHAPTER 1

FNTRODUCTION

Aristotle placed all the cutaneous sensations, as

3

well as internal visceral and postural sensations into the
fifth sense labelled "touch”. One of these cutaneous

sensations is temperature.

-

Essential to survival of any organism is a contin-
[ o . . -

uous monitoring of internal and external temperatures. 1In

higher animals the external monitoring involves temperature

"sensitive structures in the skin connected to afferent

neurons which transmit information to the central nervous

system.- . -

-

The search for specific structures that could be

identified routihely as temperature sen?itive endorgang is

a 1ocg history‘of contradictory ev@dence'and conclusions .
(Sinclair, 1567). .Recenﬁ.etudies ueing'improved his%ological
techniques with light and electron microscopes, (Winkelmann,
1968; Cauna, 1968) support the now generally accepted con-
clusion that the .function of temperature reception is served
by bare .nerve endxngs rather than by endorgans with a highly
specialized and easily recog%ized morphology. This does not
rule out spec1fic1ty in the function of’ these bare nerve
endings, but such spec;ficity must be at a mlcrostruq'Ural

and molecular level. /

. —
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The method by which the central nervbus system
procésses the.informatioﬁ from the cutaneous senses remaihs
open Eo controversy; fhe "pattern” £Qg6ry and.thé "specific
‘fibre' theory, (Sinclair, 1955) are opposing theories that
imply differences inwt@étégégétor mechanism. The extreme
of the "pattern”™ theory contends that the cutaneous sensory
nerve endings ghow no specificity in thé;; sensitivity to
different types of stimuli, (Nafe, 1968): The modality of
a given stimulus, (touch, temperature, pressure for example)
is determined by the temporal -and spatial .pattern of activ-
ity in a population of non-specific nerve endings. The
extxeme of the "specific ‘fibre" theory reqﬁires a‘;timﬁlus—
specific endoréan conngctgd directly to a sénse'specific
gentre “n ﬁhe brain. Neither extreme expiains all the
experimental evidence, and it is not the purpose of this
.reSearch to evafﬁate that evidenpel However, there is con-
siderable evidence to sﬁow ghat it is possible to record

,from ampefipheral nerve and observe acéivity in primary
affegeht fibres tﬂat s w‘at least a differential, if noét
Aabsolute, sensitivity 2:\;timﬁli such as to&ch, temperature,
pressure and pain (Igéo, 1963; Zotterman, 1963).

Most biOIOgical'érocesses show a temperature
dependency; for e&ampig the:Eonduction velécity of a nerve
or the change in sensitivity of a mechanorecepio; with
temperature. It is assumed that an action, more direct than
these is required for the monitoring of iqternal ané external

temperature. . For the purpose of this resea;chL\ff a.fibre




b

-
o

-

shows well-defined activity in Tesponse to an appropriate

temperature stimulus it will be referred to as a tempera-

" ture fibre. Further, the functional transducer at the 7

-

periphefql end of a temperature fibre will be referred to-

- ’

as a temperature reééptoi,'régardIéSE’of'Its —structure or
other function.

Thus, although the exaét structuyre 6f temperature
sensitive nerve endings is not understood, And the degree
of specificity is still an open quéstion; it is- quite clear
that when recording from peripheral nerve bundles, some
nervaffib}es exhibit a Elear response to a temperature
stimulus. It is the purpose of this reseérch‘to develop a
guantitative picture of the rélationsﬁip‘between.an applied

- ) . <

€ temperature stimﬁlus\ﬁnd the pattern of response in these
. . ]

LY

teméerature sénsitive nexve fibres. A better understanding

of the primary response of temperature sensitive nerve
endings should be helpful in identifying'the basic mechan-

isms of a temperature receptor as well as in understanding

other temperature related behaviour iﬁ arnimals.

»




CHAPTER II

HISTORICAL REVIEW

Early.information regarding temperathre was

4

based on man's subjective perceptions ¢f the temperature

stimulus. From'this base it was generally concluded that

there must be two forms of endorgans, "hot“'and."cold“
temperatﬁre receptors.' It was assumed that except for thé:;‘
applica;ion of ex;;dhg tempera;ures, these receptors were
totally adapting sjnéé thelsg%sation of temgerature usually
disappeared after the initial adjustméns to a new tempera-
ture. ‘
. ~The advent of direct fecording of nerve impulses
provided the opportunity for objective examihatioﬁ and
discovery of the meckanism of temperature sehsation. This
hiséorical_review.is confined to the literature on direct
recordings of nerve impulses from &emperature sensitive

Qrgans. It will develop the general features of the

response of a temperature receptor; review some of the work

related to cutaneoué receptors in mammals, and indicate the

* -

development and limitations of current quantitative descrip-

‘tions of the response of a temperature receptor.

v

-

l. The Response Pattern of a Temperature Receptor
L]

Lt " Many investigators have recognized specific

A&

»

O

-~




responses to thermal stimuli in a vari;ty of prepargtibns.
An example is the study of Sand, (1938) of the_Ampﬁllae of
Lorenzini, part.of the lateral-line sensory system éf
fishes. These receptors exhibit a Qell-defined response fg
temperature changes as smail as 0.5°C." In all c§5e§ éboling
increased the frequency of fir;ng ard warming iﬁhihited the
firing. Further researph-has suggested that the thermél
sensitivity 1is not the primary function of-these receptbrsl
but one.cannot éeng_thé reality of the response when such a
stiqylus is applied. Another gxampleiis the facial pit
orgéh;of the rattlesnake with sensitivity to.radiant heat
sufficient to detect and then direct an ‘attack against live
~ prey (Bullock and Diecke, '1956). ,
LA se;ies of works»by H. Hensel and Y. Zotterman
and their colleagues in the early 1950's clarified many of
the features of the response bf a mammalian témperature
receptor. Specific references will be cited and developed
below. The sténdard prep$r§tion used by this group
Jinvolved reéérding‘from the'lingﬁal nerve of the isolated
tg%gue of a cat or dog.. Fine gtrands'of this lingual nerve
usually cqptained one or moré tggperature.respongive -
fibres. These fibyes were small and ﬁyelinated, and wer;
known as A.'fib;es. - Thermal stimuli were applied by
streasing water. at a given teﬁperature évér‘a thin metal
plate in contact gith thehsurface of the tongue. The

acti#itx and temperature were recorded simultaneously'on‘ ~

’ filﬁl. . ’ -~ ‘
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Their first conclysion was that cold receptors
;ere~not totally adapting (Hensél and Zotterman, 1951a).
‘At temperatures below 22fc£ regular firing from a given I
fibre was maintained from 15 to 70 minutes. The freduehc&
was constant during this period and was reproducibie after
a temperature change. Because of this non-adapting
activity in a col® receptor, Hensel and Zotterman kl9?ﬂa |
showed that on removal of/e cold stimulus, the cold fibres
continued to show some“activity in spite of the gradual
" warming. nhis’provided'an.explanation at the receptor
level for the"persi;ting cold sensation" often noticed
. after removal of a cold stimulus. To dispel any of the
fhebries that a spatial temperature gradient was the
necessary stimulus of a temperature receptor Hensel and
Zotterman (1951c) fand Hensel and Witt (1959) showed by‘
stimulating the tongue from either side, that the firing of
/a receptor correl ted Wlth the temperature at its location,
rather than with’ the spatial temperature gradient,

Because we experience a strong sensation in

response to a rapid,change in temperature it had always

been expected that there would be a strong neural response

‘to a cnanqing temperature. Thfs expectation was verified

by all of Hensel and ZQtterman 8 records. (See also Dodt ‘

and Zotterman [1952] ) The sudden change in temperature {:'

produced either a rapid volley. of action potentials, the
~%

on response, or a sharp cut-off of any activity, the "off"

response. The direction of temperature change ‘required to




produce the "on" dynamic-response was used as ‘the basis for
classifying a receptor a; warm or cézé. A cold receptor,
responde to suéden'cooling with éh increase in firing, and
to sudden éerming with imhibition, often to total cut-off
of firing (Hensel’ 1968b). A wermureceptor is excited by
sudden warming eodlinhibited by cooling.

Both warm and cold flbres were found in the
tongue, although 1n most oreparatlons there was a pre-
domlnance of cold flbres Dodt and Zotterman (1952)
recorded lmpulses from the central part of the chorda
tympan1 and found a hlqh proportlon of warm'flbres. They

noted that at constant temperatures the frequency. of dis-
~charge of)é ‘warm r;cepton was lower and more lrregular than
that of a’cola receptor. The paxlmum frequency at constant
temperature for a warm receptor was about 4 impufEes per
second Wlth the peak at temperatures hetween 38°C. and .43°C.,
while the maximum for cold fibres was 10 1mpulses per second
with the peak at temperatures between 15°C., and 34°C.

Hensel (1968a) also recorded impulses from the trigeminal
nerve of the'cat.ang {gﬁhd the nasal region. to coﬁtein warm
and cold receptors in almost equal proportion. .

The maximum frequency obtained from a single ‘cold
fibre in response to a dynamic temberature stimulus was in
the order. of ten times that resulting from a steady state
stimulus; (Hensel, 1968bj. After'the initial burst of’
activity following the temberature change, the frequency

)
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decreased to the steady state level for she new tempera-

/

ture. This decrease in activity followed an exponential-.
decay with time constants ranging $rom 0.3 to 2.2 seconds,
(Hensel, 1953}.

Some meéhanoreceptors in the tongue respondeg to
a temperature stimulus. Henséﬁ and Zotterman (1951d)
recorded action }Jotentials frcsm these mechanoreceptors that
were 3 to S'timés as large as tﬁe spikes from the tempera-

ture receptors. These action potentials were normally *

produced in reéponse to light touch or pressure to the.

receptive field. Actionnpqtentials could be elicited in‘
the same fibres by a-temperature stimulus, but changes in
temperature of 15°C ar more were needed. The response was,
also'totally phasic, with no steady state response at any
temperature. }Pressure receptors, with even laféer-Spikes,
(8 to 10 times those of the tempef;ture receptofs) did no%
show any response to even the most extreme temperature .
sgimuli. Thus although some mechano;eéeptor; dié respand.
to falling temperature their sensitivity was so ﬁhch lower
that they were not confused with the normal cold témpera—
ture receptor. |

- For temperature receptors the opposite was true.
Response in a temperaturé‘fibré could ;ot_be produced by
light mechanical stimuli. Sevefe méchanical stimuli, '
approaching pa;h levels, howevéq did produce a reéponse in
these fibres, 4Hensel, Iggo and Witt, 1960}. I

2 1

To correlate the sensory studies on humans  with

L d

~— '
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animal experiments described‘%bove;\HEEéel and Boman (1960),

recorded the afferent impulses in cutaneous sensory nerves

in human subjects. They isolated a bundle of fibres from

-

.the radial nerve of the arm which served a region in the

\

fingers known to show normal mechanical and thermal sensa-
tions. The multifibre preparations all showed reéponse to

mechanical stimuli, and 70% showed a positive response to

-

cooling and an inhibition to warming. Of a total of 16

single fibres in this experiment eleven responded to mechan-

.

ical stimuli only, with a stimulus equal to the threshold

of sensation suf?iéient to stimulate a single fibre. Four
single fibres‘sh6wed a mechanical response as well as a .
posltive response ﬁo.cooliﬂg. Only Qne single fibreﬂprepér—
ation was sensitive to tempeiafdte alone. This was'a cold

fibre with maximum steady state frequency of 12 impulses per

secondvjust below 20°C. The dynamic response was similar ;6/—
that found in the animal experiments.
*'J' . Based ‘on the research cited aﬁove the properties
+ of temperature receptors can be summarized as follows:
(1) Many sensory nerves contain fibres which show activity .
in the form of a series#of action pqtentials if response to
an appropriate temperature sttmulps. .It is. inferred that
these action potentials are generéted'in a functional .
temperature receptor. - (2). Cold temperature réceptors;
. exhibit a dynamic response that involves increased
frequency on cooling and no responsé. or inhibition,of

existing activity on warming. (3) Warm temperature

Lo . »
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receptors exhibit a dynamic response that involves increased

10

frequehcy on warming and no response or inhibition on
cooling.\ (4) Temperature receptdrs show a reproducible,
non-adapting séeady state response at constant temperature,.
(5) Temperature receptors show no response,‘§£ ver?ulow'
sensitivity to non-painful mechanical stimuli. (6) The
spatial gradient of temperature at the loéation of the
receptor is not én effective stimulus. (7] The sensitivity
of temperature réceptors as shown by the threshold stimulus
required for activity was comparable to the seﬁsig}vity of

the thermal sensations in man.

2..&Sensory C Fibres in.ﬁammais .

All of»the‘results pertaining to temperature
fibres presented above were recorded from small but
myelinated sensory fibreé (AG fibres). - It had long been
exPected that slowly cq‘gucting unmyelinated fibres (C
fiﬁres)‘played an important role in the monitoring of
mechanical, thermal and pain stimuli to mammalian skin.
The size and fragility of the fibres had made it diffic:;;ﬂ,—”’
to‘isoléze and record single fiﬁre r?spoﬁses. Iggo, (1 BY '

succeeded in ma#ing such recordings in the vagal nerve of

" the cat. The te¢hnique involved very tareful dissection of

the nerve bundles,” and an ingenious method for the measure-
ment ¢f conduction velocity and the identification of the
fibres. This technlque was lmmediately applied to study

the sensory functione of afferent o flbres from the skln.

Ce
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sensitivity.- Both warm and cold fibres®were found with i _\

Iggo (1959a,'1959b, 1960) applied stimuli to the inner
surface of the thigh, leg, and the foot.of a cat. Record-
ings were made from branches of the saphenous nerve. He
found that C fibres did play a major roie.ln cutaneous sens-
dtion. Most‘of the fibres were associa%ed w;th mechano-

Y
*®

receptors. The mean sensitivity of th se é fixbre mechano-
receptors was lower than that of the Aé fibre mechano~-
receptors,'but much of their ran&ES of sensitivity over-
lapped Peak frequencies of 50 to 100 imp lseé/sec., were
sustained for only a few pulses in C fibres, bpt'were as
high as 200 lmpulses in the first second for éwfibréé.

Only severe thermal stimuli were Fapable of stimulating the °

C fibre mechanoreceptors. 'lthough the C fibres adapted R |
faster and could not sustaln reSponse ‘to heavy, r peated
stimuli, in general they‘operated as a parallel sygtemqto
the AG fibres and their receptors. . ' i \
. The first temperature sensitive C flbres tga\
were found (Iggo, 1959b) required stimuli of greater tﬁa

159¢C from the neutral temperature, but Hensel, quo and X

¢
N

Wltt (1960) soon established, the e*lstence of specific, *

temperature sensitive £ fibres exhibiting normal levels of \

typical responses to statie and‘dynamic stimali. Respoﬁsee \

to temperature changes of -0.2° for cold flbres and +0. 3°c .

A

for warm fibres established that the receptors assoc1ated

-]

w1th‘these flbres were almost as sensitive as thg.receptors

associated with A, ‘fibres. The thresholds to mechanital - .

-
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these receptors.

stimuli were very high
3

The antidromic X% sion tecﬁnique fo} determin-

ing acpivity for C fibres in total nerve trunks, (Douglas

Lo

and Ritchie 1957) was used to, study the role of C fibres
P " . <« . ° L3
- in reéponse,to cooling of the skin (Douglas, Ritchie and
' 4 ) ° \ . ' - ¢ e
Straub, ,1960). This research and others by Douglas and -

Ritch}e (1959, 1962) confirmed that, there were C fibres in
~ (‘ . < .

the saphenous negve of\the cat responsive to temperature

.stimuli. The basic feJ;ures.of the response were as

described above from the work of Iggo et al. b
(,. ' Recordings from the saphenous nerve in-.the rat in
S ?
. . response to thermal and mechanival stimulation were studied
- H -

by Iriuchijima aﬁdeottermag (3960) . They found cold and

< - waxm fibres sensitive to a suddigighggge-df‘lq;s than 1°C.

Thé general behaviour of these fibres was similar to that

deécr%bed\for the témp;}aturé-sén§itive Ka'fibres of the
‘cat“?onQue'p%epaygtion._ By measuring the conduction veloc-
iéy directly for i9 ;;Efes; and”hoting‘the’behaviour'of'
the ~others, thef éonélude& that ﬁost if not all of the,
> ' té%peragure sénsit{;e fibreélah the skin of the rat were

_C fibres. I£ was also Clear fhat these ;empérature sensi-

- tige C fibres had-no response to normal touch stimuli.

The mechanorecep'tors, on the other };and,a did not respond

to moderate temperature)stimuli. .

. :Iggo jléGé% cérded'c fibre activity in the

» scrotal nerve of’tﬁe rat in resppﬁse to £gmperathre stimuli
dpplied to the sgroéé} skin. A rélativq abundance of warm .

o 1Y . 3
- . s < €
. ‘ .

»
.
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warming angd cooling respectively. S S Ve

. . . he .
expected h&s been made. .

~

receptors were fog%i 1ncludu1§ one awvarm fibre isolated as

.a single unit. Four €old fibres were 1solated-es single

.~ °
units. ‘The cold fibres had a maximum steady state frequency

up tp'lO Hz_at a temperature of 28°C. The warm fibfes had

ag

51milar max imum steady state frequenCLestbut vat 42°C. Both ':

- ~ . . Rry
warm : and cold fzbres showed a strong response to rapid
r * ‘i
hese first two sections of th€ historical review

formed the basis for assuning that tempefatnre sensitive .

-

C fibres could %é’found:in'cutaneous sensory nerves_of_tne

rat. A gemeral descriptioﬁ’of the_resﬁonse

[- 2

. Ce s ! Y
. L] l \/
3. The gQuantitative Descriptign of the- Response
) .of\-aeTTemperature Receptdr- ' _ .

The.puipqse—bﬁ this rég;erch is" to pursue a

> , . . '
quantitative description of the relationship betweeh an

é ‘. - . o - .
,applied temperature 8timulus and tnq§rggponse,pattern-ih

., o - . . J

temperature sgnsitive nerve fibres. It is impgrtant to

look firsk at efferts already made to quantify this stimu- °
. ' . ;.

lus and response relationship. I '

. e . /-
The experiments described above had been carried

out in a quantitative manner\ Temperature ‘and extent of
?

temperature stimuius were well controlded and defined. -,

L}

* Stimulus and responpe wege, recorded simultaneously_so'thefé'

4
was no 2onfusion in the analyzing of resuhts. Quanéitative

descriptioqs of the results were made. sufficient for the

id
L]
L4
S
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‘fibres in the lingual nerve of the cat tohgue time constants

from 0.3 to 2.0 seconds; were found *for ¢old temperature *

a 14

burpoSes_of the experiments. Basically the purpose was to

T - - .
— - 2a

‘confirm-the existence of specific temperature sensitive
1 * .

fibres and describe their general properties. Frequency »

=f action-potentials at constant temperatures were“recorded

sgy that one could define the maximum fx'equency and the
'temperaturelat which the maximum freqnency occurred.  Warm

and cold receptors could.be sorted on this basis, since max;

- ~

(imum fregyencies for warm receptors were at abqut 40°C and -

for cold receptors at about 30°C,, )
oo . /

Temperature- receptors and mechanoreceptors show1ng

temperature epnsxtlv1ty were dlstlngulshed quantltatlvely on

v

the baSLS of -the mlnrmal temperature change requlred to

produce a reSponse. True thermoreceptors ;esponded to
changes of less than.l°C. whlle mechanoreceptgrs requlred l
changes of 5°cC. or more before a response could be
ellclted (Iggo, 1960) . ) ) ’ o,
The decay in act1v1ty at- completlon of a dynamlc‘

stlmulus has been quantlfled. Hensel (19%3) assqmed the

L

actxvxty followed an- exponentlal decay to the new steady

v
étatevlevel of firing. Thus the' ‘Kate of qecay.conld'be

@escribed by an exponential'hrmeicoﬁstant} For the A,

. .
- . . . .

-

L3 (S,
.

receptors.

The sensxtxvity of the'steady state and dynamic
¢ J A T
responses were lnitxally descrfled in terms of the maximum

frequencies obtained (Daat” apd-Zottermany7T§510. Later,

1]

s
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Hensel, Igée-and Witt (1960) used dyﬁamic and steady state

sensitivity constants to compare the response of Aé and

C fibre temperature mpceptors. Oynamic sensitivity was

defined as "the change in impulse frequency due to a temper-
-~ 2 )

ature jump of 1 C°". Since the standard thermode used,

produced an almost instantaneous temperature change, the ’
- Y ' .

dynamic sensitivity was calculated by dividing the maximum

L]
frequency change by the temperature change. A static

N
sensitivity was calculated from the maximum slope in the

]

curve_ of steady state fregquency versus constant teMperature..

This curve was peaked, and so two values of the static

sensitivity were given, one for each.,side of the peak.

‘Both of these sensitivity constants had units of .impulses/

sec/C°. On the basis of these definitions they found

L4

. dynamic sensitivities of 30 impulses/sec/C°® for both fibre

typeé_and static sensitivities ranging from 1 to 8 impulses/

.

sec/C° fbf both fibre types. Thus they concluded that As
s . .
and ¢ fibre temperature receptors were similar in their

performance capabillties.

2
i

»

In mpst of the examples above the stimulus was
essentially fiXed and the main variable was the biological-
preparation. An investigation of the changes in steady

state and dynamic sensitivities with temperature was under-

taken'by Iggo (1969) in studies on the monkey, baboon, dog,

' 1 4
and rat. Steady staté sensitivity was'aéfined directly by

the curve of steady etate frequefrcy versus constant temper-

‘ature. The'peak of this curve gave the frequency and temp-

~erature of the maximum steady state sensitivity. 1In the:

[ ”

J
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X ' 4
glabrous skin of the monkey this maximum was greater than

20 Hz at 30°C. For coid receptors iny the upper lip of the

dog the maximum was about 15 H2z at between 31° and 37°C.

In the scrotal skin of the rat the maximum was 10 Hz at

between 23° and 28°C. The dynamic sensitivity was defined
by the number of pulses produced in the %irst four seconds
in response to a standard stimulus of 2 C°® or 5 C°.

Dynamic sensitivity as defingd in this way showed a depen-
dence on the tempera£ure-at which the stimulus was applied.

The curve of dynamic sensitivity versus temperature was

peaked with maximum dynamic sensitivity very close to the

‘

. same temperature as the maximum steady state sensitivity.

This was close tb the neutral temperature for a receptor in.
each preparatién. .Thus ;t appears that temperature receptors
exhibit their maximum'senéitivity.fo.both steady state and
dyﬁémic stimuli at a temperature within their most common
operating range. This is a valuable insight into the per-
formance of tempgfature recep;ors; brought about by an -
increased effort to make fhe variablgs ;nd method of analysis

quantitative rather than descriptive. ! L

o4
Thus the direction of this®research is td fix the,

préparhtion and vary the feaiﬁfes'éf the sfimulus. An under;
standing of the re}a;ionship_between temperature stimulus and
primary neural activity in one preparation descri;ed in terms
of ‘parameters that‘could be conveniently obtained wouiq
grovide a tool for comparing the results between different

animals.

15
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' . P 'CHAPTER III ' .

* METHODS ‘

LY

-—

- “There weqs several distinct components involved
in the conduct of the experiments. A suitable animal.
preparation was required from which peripheral nerves with
temperaturelsensitiviiy could be con?eniently isolated. ’A
controlled thefmal stimulus along with some means of

| \.f—*--——~—*-—ée}iver1ng a regular stlmulus pattern was needed. In the

process of isclating a response to the thermal stlmulus,‘

—_— e —— —

and testlng the stability ot thls response, on—llne mon-
itoring and display of the nervous activity was negcessaryil

Once a suitable fibre preparation had been found the stimuli

-

and responses had to be. recorded for playback after the

experiment was completed. In this chapter the equipment

and procedures required to carry out the above tasks are

L] : o
.

-

' S : '
- 1. The Animal and the Nerve. Preparation

described.

. Male, Sprague-oauley rats were used in all the
eiperiments. They were cared for and fed in group cages
1n-the\anima1 colony until just prlor to the experiment.
The aﬁfﬂals werighed from 300 to 450 gms., and ranged in ‘age

from two.to six months.

.- -
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Each ;nimal was anesthetiéeé to surgical level
with 40 mgm. per Kgm. body_dgight of 60‘mgm./ml. Nembutal
(sodium pentobarbitoi) injected intraperi£oneally.(I.P.).
Throughout the experiment approximétely 10 mgﬁ. per Kgm.
body weight of Nembutal was injected I.P. per hour to main-
tain the level of anesthesia. A tracheotomy was‘performed.
on eacﬂ animal. With thesg provisions, viable prepaiaﬁions
were maintained for as.long as 36 houfs. .

o A prepdration was sought‘éuéh that a controlled
tﬁerﬁal stimulus could be conveniently appiied and from
which primary neurons could be isolated for'recordinq on
gross electrodes. The scrotal skin sati§fied~£hé§e
criteria. The animal lay- prone in a sty;oﬁo;; mola wlth.
the scrqtal‘skin resting on .the metal plate of the thermal
stiﬁﬁlqtor~(?igure la).

The incisionS'nebéssary.to expose the riéht
anterior and_posterior s;rotal nerves are shqwn in Figure
1b. A péol of'paraffin oil was formed by attaching the' -
skin flaps té a metal.ring. This oil pool‘prevenzed drying
‘of the nerves durjng separation and recording. The anter-
ip; and posterior scrotal nerves are.shcwn in Figure lc

labelled ASN and PSN respecti%ely. These nerves are

branches of the perineal nerve (Green, '1955)& The poster-

ior scrotal nerve had to be isolated from the fat above the

v ™

testes and separated from the posterior scrotal artery be-

- -

fore further dissection and recording could be attempted.’

The anterior scrotal nerve follows a path along the

L




(a)

) (b)

(c)y
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™
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EL
PSA
PSN

ST

FIGURE 1

Photoérag§§ig£_the Preparation
- -\\\\\ .

Micromanipulator for mounting the nerve dissec-
tion foot ' : '

Styrofoam mold to positioh the rat

Thermode for delivering temperature stimulus to
scrotal skin A . '

Dissecting microscope

Metal form used to attach skin flaps to contain
a pool of paraffin oil

Anterior scrotal, nerve

Electrodes for recording the activity

-

Posterior scrotal artery
Posterior scrotal nerve
Semitendinosus muscle with upper attachment cut

and tied back to provide better access to the
nerves. ‘ : ’
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'semitendinosus muscle deep into the scrotal sack.: Usually
part of the semitendinosus muscle ;as,cqt awaf or tied back
.as in-Figure 1lc. This procedure érovided clear access to °
'at least 2 cm. of the ante€rior scrotal nerve.

- Sensory figlds of the two nerves were mapped by
monitoring the response to touch sﬁimuli. The posterior
scrotal nerve served the posterior third of the scrotal
sack, including the dorsal, lateral and ventral aspects.
This area’included the ﬁ#inless ﬁoétefior tip of the scro-:
tum. The anterior'scrxotal nerve served the anterior two
thirds of the scrotai sack and also part of the internal
- aspecp.of the thigh. 1In soméiprgparations a clearly
defined branch of the anterior scrqtaI nerve was found

which served the surface of the scrotum directly in contact

with the cehtre of the stimulator plate. When clearly -

LAY

available this branch was labélled the medial scrotal

nerve, and was pursued as the best choice for recording.
In aother preparations the branching must have ,occurred

further down the anterior scrotal.netve and thus activity

-

f;'om this branch was included in the main trunk.

One of the nerves mentioned above was separated

—~
-

- from the ehclosing tissue, cut centrally, placed on a

3

dissecting foot and lowered into the o0il pool. By teasing
away the nerve sheéath, small bundles of nerve fibres coulé—-

" be i!thted afld placed on the electrodes to test for a
. ’ < - -
response to the thermal stimulus. If the response indic-
e . N

agted a large number of active fibres the nerve was teased

| K



down further with small piﬁs and razor kniyes, as .described
by Iggo {1958). Activity of a single fibre was sought.
However, preparations with several fibres which could be

N ' separated by pulse heights, and preparations with several

. . '

~~

fibres firing in a consistent manner were accepted.
In some ariimals, no thermal response could be
found. Considering the-degree of trauma and destruction

inHerent in the fibre isoldtion technique it is quite pos-

from the stimulus area were

4

-

destroyed. In other animals one\por more act@ye‘ﬁrepara—

sible that the responsive uni

tions were obtained. Altogether 17 preparations were

obtained for analysis.

’

-

2. The Thermal'Stimulaéor and Program Control - -

The témperature stimulus system used .in most of ~
the experimeqts invoived a Peltier -thermode with water |
cooling systenm, a_cogtrollea power supply ggd a temperéture
programmer. .%&gure Z.is & block diagram of this total

‘ system. This section will describe‘each of these compon-
. ents and the stimulus patéerns that were uqsd in the
. \
. ) expefimentg. ' ‘ - _‘ f |
The Peltier thermode utilizes the reverse of the

thermocouple effect, {i,e. the Peltier effect). 1In a ‘

thermocouple a potential and current is produced when the-
junctions are helg¢ at different temperatures? "In a thermo-
,electric stimulator ‘a temperature difference between two

_surfaces is produced by passing a current through a pair of

. .
- . .

°
. . . . & P
- - !
- .
I L]
- ) L4 »
. .




N ‘ . ' n
. " FIGURE 2
Block Diagram of Temperature Stimulus

and Control System
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junctions. Although theoretically possible, this reverse
proces® only recently became practical on a commercial scale

with the introduction -of P-N junctions of semiconductor

materials such as.bismuth telluride. .A number of junctions

~are arranged in series to provide a sizeable surface which

. . , . : >
may be maintained at a given temperature above or below the
‘ 4 N Bl <

temperature of a reference surface attached”to some form of ,

heat sink. Such units are sometimes referred to by an

A

early trade name, "Frigistor", or commonly a Peltier

L —
—

Thermode or thermo-electric devi®e. Further information
may be founa in gay,-(1960, 1964) , Hayward, Ott, Stuart &
Chespire, (1965). The eimple design, lack of mechapgical
part;, and poteﬁtial for total electronic/contro; all
recommended a Peltier fhermode deyice for our application.
The thefmode used in bheee experiments was a
Bailey, Model BFS-Z:Microtome tooling stage. At ft;st this
cooling stage was used Wﬁip the standard power supply and
controller, modlfled to operate rn\hhe rang‘ of 0° to 50°C.
Tpe heat sink was held af go G. with water-from.a Haake_

~

Type F circulating pump: The active surface was cooled to
.

the temperature selected” on the controller and monitored,

by a thermistor probe'IiGéontact with the preparation and

aatlve surface.- Warmlng was achieved by ralslng the

‘selected temperature fh the contrgller .and allowxng the

a5

active surface to approach this tempeérature passively, or
by manually switching a relay-which reversed the current

through the thermode and actively warmed the active surface.



In this mode the congfoller was inoperative and a separate

3 13 v v .
S . temperature monitor was reguired. At the desired tempera-
;::3 t a & ’ .

ture the warming current had to be manually switched off.-
¢
This controlling system was satisfactory for producing

& ' = h
- stMMulus patterns of constant temperatures and-large
N

ostillations, (typically 40° to 15%:and back again}.

- Although some results were obtained wath thls control sys-—

*

tem it was found that tbe stimulus patterns were gross and
- - ) .

4 . ~
g difficult fo réProduce and led to response patterns that
h 3

were not easily arfalyzed. _

To overcome these difficulties a second power

a2
-

supply and control system was designed to be used in con-
junction with.the Bailey thermode; The main feature of
" this power supply was that the diregtion and magnitude of
-the output current was determlned by the sign‘ and magnitude
of a controlling vgltage. Thluvcontrollang vo;page was

supplied in one of two operating modes; an opeﬁ loop mode

or a closed loop (feedback"controlled) mode.e In the open

loop mode the‘controlling:voltage.waSJset by a dial or
v . “
e provided from an external'source. The current was thus

fixed or programmed and the resultingiiempefature was

" monitored by a thermocouple thermometer. ip the feedback

controlled mode the de91red temperature was chosen by a

o

dial or by an external temperature programmer. The output

of the thermocouple thermometer was compared with the input

and the difference prod@ced an error voltage which dreue

s the power supply so as to reduce,ﬁhe error. Thus. any
- L] . . , ) \ -

.
L]




desired constant, temperature and- a series of dynamic

temperature programs coul& be de;i;ered by this controlled
s

power supply: ~
; A consistent voltage anelogue of temperature was

used throughout the stimulating system. Twenty-—=five hegrees
Celsius was set as 0 volts with 0.1 volte;fqr each degree

above or below 25°C. Thus for eXample, 15°C was'repfesented

by -1.0 volts and 35°C by 1.0 volts. . . )

‘Temperature was monltared by a thermocouple therm-

ometer. The monitoring therMOcouple was glued to the sur-

8
face of the temperatu:e control plate in a position where
e . : . o )
the scrotal skin would also be in direct cdontact with the ‘

tpetmocouple. " The reference thermocouple was kept in ice --

-~

water at 0°C. -The output of -the thermocouple was'amplified
. N . .
by a choppe;'stabilized operafional amplifier and offset so

that a temperature of 35°C produced zero voltage. It was
-calibrated to produce anoou?put that matched the analoéue

of temperature described above. As well as being one of
.- . ?

£l

the variables of the .experiment, this vpltage was used in

the feedback circuit of the tempePature ‘controller. A volt-
‘ . i

meter scaled in °C provided a visual output of temperature.
fﬁe temperatqre programmer wag designed to provide

beth steady state and dypamie stimulus patterns. A schem-

atic representatlon of these patterns is shown in Figure 3.

‘A fixed set of temperatures from 15°C to 40°C at 2.5CF°

‘, 3

intervals formed the steady state part of the programmer.
L] o s

This also served to set the hase temperature for the ramps

e .




-~

FIGURE 3 .

Schematic Represéntation of Stéady Sta®te and Dynamic

* Stimulus-Patterns

]
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of ,the dynamic stimulus patterns. The r;mps coul@ Se\of
any extent bu; were usually set‘for 5C °or 10 C °. Five
figed‘famp rates were available;;o.zs, 6.9, l.d, l.é and
2.0 C_°/sec. -Thé btandard pattern of tbe dynamic stimulus
. was to sta;t yith a famp of éecreasing temperature, ané
after a period of‘adaptation‘at the new temperature fcllow
with a raﬁp of increasiné temperature back to the original
lével. The ramés were préducéd by Ap inteérétqr ana‘vari—
able function generator from an analogug computer.

A regular procedyre Qas.adopfe@ fq;-applyiﬂghthe
stimulus patterns. : If a preparation‘shewed'é steady state
‘response the steady state stimulus procedure was initiated.

.

Starting at 40°C the -temperature was reduced in'5 C °®
steps with periods of three mindfes between each temperature
change so that activity stabiliééd~after each change. The
recording of the steady state activitf was made in the last
30 seconds of each period. Once down to 15°C ihelgempera—
ture waé raiifd to 17.5°C and proceeded in 5 C ° steps up
to 37.5°C. This completed the pracedure. All 2.5 C °
intervals had been_ used and a'cycl; of decreasing and in-
creasing steps of’ﬁemperature had been accomplished. See
'Figure 3. It was essentiaf to do this to determiné if
there were differences in the steady state act1v1ty at a
given temperature dependlng on whether- it was approached
from a hxgher or lower temperature.‘

After completlpg one steady state stimulus cycle

the dynamic stimulus procedure was initiated. If a 10 C °

30
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ramp was used a sefies of ramps _were xun frém 35°C  to
25°C followed by a serie§ of ramps from 25°C to 15°C. If

a 5C ° ramp was used the first series of runs was from

35°C to 30°C followed by series from 25°C to 20°C; 30°C S

-
to.-25°C and finally 20°C to 15°C. A series involved two

runs at each ramp rate, following the sequence 1.0, 0.25, )
2.8, 0.5, 1.5 C °/sec. and repeating another two runs at P

1l C °/sec. at the end. =
A pause of 2 minutes_was maintained between each’

run of a series to ensure that the steady state reépénse
"had been reached. ° Thus the tdtal dynamic stimulns procedure

scribed could take up to ‘two hours. It was not often that
a re dable fibre could be maint;ined for this period of
time. Thus most of the stimulus procedures for a given
nerve i?volved ﬁhe steady state cycle followed by ramp

. \‘ L3 * 13 -
seri tarting at one or possibly two different tempera-

tures. .

- * 3

3. The Monitoring, Recording and Playback Functifms

Three t;me—synchrodized pieces of data were
needed from these experiments; the stimulus temperature
applied to'the scro€al skiﬁ; the nerve activity in ‘response '
to the stimdlus, and the frqueﬁcy of ‘this activity. The
means of obtaining each of these signals, amplifying,‘ |
calibrating and mon;tbring them, making on-line chart-
records, and then recording them on tape for-later offfline
plaiback is described in this section. Figﬁre 4 illystrates

the total experimental arrangement.

-
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The final -form of the data was a visual record

made by a Honeywell Visitorder, Model 2106. This is the

light- beam chart recorder shown in Figure 4, and will com-

. monly be referred to as "the Visicorder". 1In this recorder

.

ultraviolet light is reflected from small galvanometers and,

focused on light sensitive paper to gi&e a trace, of the

desired.analogue signals. Up to 8 variables can be dis-

played on six inch paper with a single time grid-using this.

- -
recorder.

Signals had to be conditioned to match the capac-

ities of the galvanometers. For signal levels greater than

0.1 V. and frequency less than 6@ Hz tHere were three

galbanometers available with an input attenuation system to ‘

provide zero settings and calibration. High frequency sig-

nals were handled by a galvanometer with freéuency xesponée

flat to 4800 Hz. A Honeywell Accudata 104 power amplifier

was reéuired to drive the high frequency galvanometer-,

‘ : Tbe measurement, ampiification and calibration of
tempé}?ture was.described.iﬂ”the section above. Tﬁe )
analo;;b voltage of témperhtﬁre was in the range that qoulé
ba. handled directly by the ﬁape recorder and by.the input
networks to the galvanometers éf the Visicorder. Thus no

further conditioning was required. Calibration of the

Visicorder was achieved by providing fixed signals of 0.0 V.

and -2.5 V. for 25°C - and 0°C respectively. These signals
were recorded at the beginning of each experiment .to check

. the calibration of the system.
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Platinum electrodes were used to record activity
in the isolated scrotal nerve. The small bundles of fibres
.teased from the nerve were placed over these electrodes
within the pool of paraffin oil. A a'parate éilver - Silver
('Ihlor;ide electfode_ was embedded in the animal tissue aé a
_éroﬁhd electrodé. ‘The nerve signal was amplified by a
Tektronix Model 2A61 Plug-In Amplifier in a Tektronix Model
565, Dual Beam Oscilloscope. The‘plug-in.unit was an A-C
coupled, high gain; differential amplifier with adjustable
low frequency and high frequéncy cut-off filters and a 60
cycle n;tch'filter. Usually the filters wére set to pass
the band f‘ron{ 60 Hz to 6,000 Hz. This eliminated any low
frequency driftiné and unnecessary high frequency noise. A
'powér amplifier, drove the high speed galvanometer in the
‘VisiCOrder‘as well as ‘the tape recorder, audio amplifier;,
and pulse hé&ghé discriminator, Calibration was adjusted
io provide a net gain of 1 so a 1 cm deflection on the
oscil}oscope produced a 1 cm deflection on the Visicorder
paper. . : ;‘}

For most of £he steady state responses the freq-

. I
uency of pulses

was best obtained by direct counting %rom
the Visicorder record of the activity.. Extraneous pulses
‘could be elimipated from the count. In preparations with
two or more distinct fibres, the responses cduld bevcougtéd'
seéa;atef}. In most of .the dynamic responses howgvef;Lthe
.frequencies were high ahd changed qPickly so-that manéal

counting would have become impossible. A Transidyne Model
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1262.pulse;height disériminétor circuit with f;Equency
averager was used to provide an anélogue output of frequency
that was recorded on the Visicorder paper. The upper and
lower’ gates of the discriminator were adjusted.to reject
extraneous pulses and allow counting of separate, distinct
pulsés én a multifibre preparation.

The temperature and nerve pulses were recorded on
a Sanbo;n Model 3907 tape recorder. This recorder.featured
FM circuitry for recording DC signals such as temperature.
Toc attain a frequenlty response of 2500 Hz for'recoéding the
nefve impulses the tape was run at 7.5 inches/second. A
voice channel was available to add comments at the time of

’

the experiments.
N

N
AN

A one-second timing signal~waé reéorded along
with the data. On playback this was used to trigger the
Visicorder timing circyit and prodqce a one-second time grié
on the chart paper thatrwas,always synchrénized with the
data.
- During'an experiment the Fequnse to a température
stimulus was monitored with the audio output and the
oscilloscope. .Signals for each variable were connected
directly to the Visicoidér.sd that records could be produced
for immediate assessment as the experimegt progressed. Once
a good preparation was fqund all pertinent data was recorded
on the tape reéorder, with only a few on-line Visicorder
records made to confirm satisfactory progii:s of the exper-

.

iment.
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Following the experiments the data was played
back at a ;onvenient time. - In the p}ayback made, the nerve
impulse signal from the tape recgrder was senﬁyto the
Tektronix Model 63 plug-in amplifier for the lower beam of
,the oscilloscope. The output of this Qlug—;n amplifier was
sent to the po&er amplifier and everything proceeded as in-
the on-line mode. The temperature signal from the. tape
reco;der was féd directly to the input of the Visicorder
galvanometer. The anangué frequency signal was nét
recorded on tape during the experiments but was made at
the time of pfoduciﬁg a Visicorder record. Thi; allowed
for several re-runs of a given response with different
window settings in the discriminator to éétch the differ-
ent pulse groups. Off-line playback of the data from the

-
tape gecordér to the Visicorder produced records identical

to thosg made on-line at the time oL the ex;erimenﬁ.

Over the course of-:B}s research the.quality of
the light sensitive recording paper available iﬁprovedA‘
considerably. The latest p;per, Rodak Linagraph Direct
Print, Type 1895 "Improved" prodﬁced visible record§
within 5 seconds. The records could be used immedi- ‘
ately and handled 4n room 1igh£‘as long as necessary
for analysis. The pgper remained iight sensitive how- .
ever and so could not be left exposed to room lighE or
sunlight indefinitely. It seems that the paper could

withstand 24 hours of total light exposure before any

loss of contrast developed. High Contrast Copy Film
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was used to photograph any records required for reproduc-

tion or publication.




" CHAPTER®T®

RESULTS

General features of the responsé of a temperature

&’

receptor will be described in this chapter. Some specific

features of the steady state response will be shown. "'To

o

descr¥be the dynamic response an empirical model will be .
% Ay

developed and put into mathematical form. On the basis of

this model broader features of the response of a tempera-

ture receptor will be developed.

*

General Features’

g In any recording from the scrotal nerve it was
immédiately apparen} that temperature fibres were in tﬁe
minority. The majority were mechanical fibres. That is,
they were fibres showing activity in respons? to peripheral
mechanical stimulation. Even after the nerve bundle had
been séparated down to the point of a single active temper-
ature fibre, along.with'other fibres, mechanical stimulation

-

of the scrotal skin produced a barrage of impulses. These

impulses were ldrger than those of.;gmpéraﬁure fibres#™ The

response 'to a mechanical(étimulus was rapid, and stopped
immediately as soon as the stimulus wag removed. None of

these large impulses could be produced by the temperature

-
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-stimuléis. It appears that thé stimulator could not produyce

.a eufficiently large and fast Eemperature change to match
the severe temperature stimulus required to excite meehano-
receptors, as descrlbed by Iggo (1960).

ﬁkp preparatlon was obtained in which the 51ngle

temperature sensitive fibre was the only active fibre in

«

xthe small thread of nerve tissue over the electrode. On

mechanical stimulation one could'not determine directly
that the temperature.fibre was not firing, because any pos-
sible response ‘was oEscured hy other mechano-respoﬂéive
fibres. However, on the basis of the size of pulses, and
the?segsitivity of the response to a tempereture stimulus,
ityie clear ehat the responses observed were from fibres
assoc1ated w1th temperdtﬁre receptors.

All the temperature receptors o'%erved wepe colq
temperature receptors, that is, they responded to cooling
ramps with increased firing and warming ramps with decreased

ofiring. This was true not jggt for the 17 'preparations on
which recordings were made,-but from many other preparations
in which a response was seen butﬁnet recorded. In most
cases rhe inhibition on warming was such as to cut off act-
ivity comple;ely, and even for seme time after. This por-
tion of the dynamic reepohse pattern was not studied. Some
informatiog'was there, but the excitation pdtterﬁvon cooling
was the primary focus of the analysis. ' ‘ -

Many preparations showed a high degree of repro-

ducibility in their responses. For efample, the steady

>




state pattern for preparation 67 lasted 40 minutes, with a
temperature of 35°C. at the beginning and end of the period
producing frequencies of 16 and 16.5 Hz. respectively. For

preparation 75 the steady state-pattern was repeated twice,
N - . . N
covering a time span of 80 minutes, and the responses, *.

except at 48°C., were within 1,5 Hz. ofdeach other. In the
’ !. X - e ' - -
' same preparation'a dynami¢ ramp stifmulus of ~1.0°C./sec.
- @
applied at the beginning of the series produceg(valuee far

initial Af/At of 2.6 and 2.4 Hz./sec. and at- the end Qf the .

‘

series, 40 minutes later, initial Af/4t .of 2. 9 and Z.3 Hz./
sec. Since such rengdu01b111ty 5?5 p0551b1e, rack of it.

was interpreted as the result of exce551ve trauma to the

system and the experiment was either terminated or another

/;part of the nerve was examlned o s
( Three types of preparation. gave respogses‘that
could be analyzed»s&stematicall;. The?first_was.any prepag-
ation’that clearly showed only a single fibre respohding.
Thls was judged by the consistent height of all the pulses
and the regularlty in the f1r1ng ‘' Such preparations were
labellé§ as single fibre, (SF). The second group of prepar-

ations were those that showed two or thre§"fibres firing,

but each produced pulses of ggstinct height se they could be
separa&edsby the pulse height discriminator. Such prepara-
‘tions were labelled as multlfxbre - separable, CMng. The
thlrd group of preparations showed several fibres. firing )

which cQuld not be readily separated by pulse height discrim-

‘£—-—\“//?___;parion. A feature of some of these multifxbre preparations,
! ;

. ¢ \ ‘
’
. . S o
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. ‘however, was that each of the fibres involved seemed to

follow the sam€ basic response pattern. This was not true
for all multifibre preparations, but those for which it was
true were labelled as homogeneaUs multifibre, '(HMF).

The nq}se‘level and intrinsic varia;ion in pulsé

height made it impossible to sort out by pulse height alone

the number of distinct fibres involved in a given HMF prepar-

ation. quevef if the pulses were displayed on.a storage

oscilloscope at a sweep time of 0.1 msec/cﬁ. it was found

that each active fibre produced pulseé with a well defined .-

)

shape signature. : IR ) . .

- <

Random samples of the pulses were ﬁhotographed
’ . °
from the wscilloscope to: further help in sorting the pulse
signatures. A photograph of ‘the pulses from preparation 67

during a steady stAte response at 35°C., and a dynamic

feéponse to a réﬁp'of -1 ¢°/sec. from 35°C. to 25°C. is

shown in Pigure 5. Essentially one fibre is active in the

stéady‘étate respohée at  the top of the éiagram and this
same fibre as well as two others-are active in tﬁe dynamic
response shown a;.the botta;. Similar analysis was done on
all HMF preparatioqé and is shown in Appendix I. In each

cas® the number of distinct shape sigpe‘uies was assumed

~eqyal to the number 6f fibres that produced the total

respqQnse.
N L Y

A .
2.. Steady State Response Patterns

Identification of a temperature sensi§ive fibre

(3
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_FIGURE 5
Pulse Signatures
O
? These traces are from prepgration 67. The ug?g; trace is
composed .of 20 pulses from the steady state ré;;ondé at
- 35°C. One fibre is active in this steady state reséonse.
® fThe lower trace is composed of 20 §uf;es from the dynamic
responsé'to a ramp of -1 C°/sec. from 35°C. to 25°C. The
pulse seen in the steady state response is present plus
.two others. One pulse has a distinctly different pulse
. height and the other ha;zthe same pulse height but dif-
ferent oscillation paéiern. Thus the total dyn;mic re-
sponsé‘was made up‘;f three active fibres.
Axis labels. are: vertical 50 uVv

horizontal 0.1 m sec.
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in a given preparation was done on the basis of a response -
"to a dynamic stimulus. Not all preparations with a dynamic
respons%(showed a measurable response to constant tempera-
ture over the range of 15°C to 40°C. Of those that did
show a steady state response three different patterns
emerged: the flat response, the peaked respénse, and thei
linear response. The analysis of a steady state response

involved counting the number of pulses in a 10 second inter-

val after activity had stabilized at a given temperature.
The average frequencies obtained at each temperature were
~ ‘recorded and plotted on a graph of frequency versus steady
state tempgfature.
a. Flat steady state responses
Several preparations showed a low irreguiar
reséonse that is best described as a flat response. Two N
- examples are preparations 49-2 and 60-2, and a plot of.freq-
. uency versus steady state temperature for these is shown in
Figure 6a. Note %bat in both cases the response was zero
beyond about 30°C.j The firing in this type oﬁ'preparation.
is very irregular, so that if there is any definite pattern
) i). . to the freguency response, it is lost in this high variabii-
ity. _Tpe mean frequency ;nd»stqpaard deviations for each of

these flat responses are listed in part "a" of Table 1.

' [

b. Pehked steady state responses

.. Five preparations showed steady state responses

—




FIGURE 6

Flat and Peaked Steady State Response Patterns

(a) Two examples of flat steady state responses
(b) Two examples of peaked steady state responses with
the stimulus sequence indicated by the arrows.

(c) The average of 5 peaked steady state responses.
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that exhibited a peak in their response curves. An example

of the éctivity leading to this response pattern is shownk'

for preparation 79-2 in Fidgure 7. -The firing in this type
of prgparation is irfegﬁlar, especially at the lower freg-
uencies. Response~curves for preparations 79-1 and 79-2
;re shown in Figure 6b aﬁd the average response for all
five preparations is shown in Figure 6c.’

A distinction was made between the frequency

. -

obtained as one went through a decreasing sequepcé of temp-

erature steps and thep latkr the increasing sequence of

temperat This distl ion is made clear by the

. . .
arrowi in Figure 6b,c. A

Note that the extent of this hysteresis effect

&1
ro

varies from one preparation to another: as shown in the_
two examples of~Figure 6b. For each graph a hand drawn
estimate was made of the curve ‘that should be obtained if
there were no hysteresis. The maximum frequency and temp-
erature of maximﬁm frequency were optained for each prepar-
ation, and these values are listed in part "b" of Table 1.
c. Linear steady state ;esponses

Four preparations, 60-3, 67, 75 and 80-1, yielded
fibres exhibiting a response to steady state stimuli that -
showed greater.regularity and reproducibility than eithef
of the previous groups. Activity from.preparation 67 is .
., shown in Figure 8 and illystrates the regularity of firing
in thesé!p?éparations.' The reproducibility of these-

-

¢




FIGURE 7

Example of Activity for a Peaked Steady State Response

’ \
TwWO second samples of the activity from preparation 79-2
are shown for each’ steady state temperature. Tﬁe diagram
illustrates~t£e stimulus sequence used ih_the experiment. o,
Tedsgrature was held constant for 2 minutes at each level

before activity was recorded.
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FIGURE 8

Example of Activity for a Linear Steady State Response

Two second samples of the activity from prepa:aéiqn 67 are

shown for each steady state temperature. Temperatureﬁras

‘held constant for 3 minutes at each level before activity

was recorded.
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results is evident by the fact that thg'same temperature S

stimulus applied more than 30 minutes apart produced freg-

uencies within 1 Hz. of each other.

, Steady state reéponses’for all four preparations

" are shown in Figure 9. May‘cimum.frequencies were hi‘r

than fér érevious groups.. The most surprising feature was
. @ response pattern that was essentially linear from a zero
response at a temperature around 15°C to a maximum response
ardﬁnd 40°C. Over the range of apparent linearity the data
was subjected to a regression analysis.to give.the equation
for the sﬁraight~1ine of best fit. These equations were put

in the fqrn_’o ‘

£=ale - eo)v_{?oief_emam | (1)
.‘.;r\.i .
where: f is the steady state - o
frequency for ~ﬁ7

temperature 8 N
a-i's the slope of the .
' line’, which can be
interpreted as a
steady state senslt1v1ty
* constant:
8 is the temperature at .

Swhich the frequency is ey

- zero *
. ¢ is the upper limit
. o - B 5f the- _range of" {
: - linearity )
Q‘ -
- The constants a and eo are obtained from the

‘regression analysis, along with a correlation coefficient r,
: = .

indicating the degree of fit of the data to the sfraigh;.

line. The eqpations and the correlation coefficients for

»°

each preparation are listed in part "c¢" of Tabie 1.
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4 FIGURE 9 .
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Linea? Steady State Response Patterns
LA The four responses have been presented on two graphs
- N . - )
oo for the purpose of clarity. -
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3. D?namic Response Patterns -

a. ' Preparations with negligible steady state activity
Activity 1n response to é dynamic stimulus for |
preparation 77-1 1is shgwn\in Figure '10a. The stimulus of
interest was the cooling phase, a ramp of -5.0C°/sec. from
80°C to 25°C. The instantaneous frequency in response to

this stimulus is shown in this diagram and will be referred

to as the dynamic response. Preparation 77-1 was a homogen-

ecus multifibre preparation with 2 fibres making up the

total response in this run. For this preparation the steady

state frequency was less than 1 throughout the whole temper-

€ v

ature range. Thus the résponse seen is solely that initiated

by the dynamié,;timulus. The response divides into a rising .
. TN
phase during the temperature ramp followed by a decay phase '

at the new constant temperature.

-

. Figure 11 shows a series of runs at different ramp - = :

rates, It was noted that the initial slope qf the frequency
- 1 -.

. - <

on cboling, was_‘proporti Qal to the negative of the rate of ,

change of temperature. / - .

‘ -
Af/étinitial x - Ae/qt A
-where: f is the frequency of
impulses
+ 6 is the temperature
t is the time . !

The "A" notation is used to emphasize the empir-
ical rather than the analytical source of this expression.

Thus Af/At and A6/4t refef to measured slopes over a finite

.
e 0




FIGURE 10 :

Example of Activity and Analysis ©f a Dynamic Reséonse

——y

in a Preparation with Négligibig Steady State Activity

<

(a) This diagram is the output of a single‘run from prep-
aration 77-1 thch was a h?mogeneous multifibre preparation
with umi activé:fibres. The frequency trace was obtained
from the pulse ‘height discgiminator. The stimulus w§? a
ramp of -0.5 C°/sec. from 30°C. to 25°C. The response is
that of 'a cold ieceptor,\showing a marked fon“ response

during the cooling ramp and an "off" response on warming.
N ‘ J

(bf This diagram illustrates the analysis done ‘on the dy-

namic response to cooling. The response separated into the

rising phase during the ramp and the decay.phase'at the
completion of-.the ramp. The estimate of the initial sldpe
of the rising phase was drawn in. - This siope is referred to

as Af/At, in the text,-and has the, value of 7.1 Hz/sec.

nit.

>

. . '] ’ . -,
- in this example. A smoothed approximation of frequency in
. . : ' o ’
. the decay phase was drawn in. From the smoothed curve the

‘time for frequericy to decay t&ihalf of maximum freguency was

noted. This time was the .value for 11/2, which gave t and k
’ \ -

as defined in the text.” The value for 11/2 in this exampile

3 N
[}

is 11.5 seconds.
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. o "FIGURE 11

A Series of Runs at Different Ramp Rates

Five dynamic reéponses from preparation 81-3 are shown %p

this diagram. All ramps are from 35°C. to 30°C. Initial

slopes of eaeh response havi been drawn in. g

<

Run ) Ramp rate . " Initial Siope
Ae/At C°/sec ) Af/At Rz/sec
. (a). “lo.25 1.1
{b) - -0.50 - : | 1.8
- (e) -1.0 - L 4 ~
(d) -1.5 ’ 5.7
(e) ;2.0 _ : 9.5
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rather th;nfthe;instantaneous slop? implied by df/dt. .
The decay phasefappeared'to be an exponentiaf
‘decay. To test sthis Rypothesis, the frequency at each
v second was plotted on a logari£hmic scale against time
stérting at the end of the ramp. An exponential curve
should prpducéﬁé straight line when plotted on a semi-log
'graph. Such a plot is shown by Eﬁe dots in Figure 12 for
:preparation 77-i. 1In spite of the’scattér the poings fall
) well along a stgaight line. Thus it ap;ears that the fall .
- in freguency following the dynamic stimulus follows an
. ‘exponential decéy curve. This can be repreéented by
C . Af/At e -f \ (3)
The decay mechanism that manifests itself clearly
in t@e decay phaée also takes piace during thé stimulug
phase. This was most apparent duxing the slow ramps, as
shown in Figure 1la and b, where. the activity falls—away
‘ffom—the extended straight line representing the initial ;
‘k slope;_'In a fe; very slow ramps, not illustrated, the freqg-
. ueﬁcyllevelled off until an'equilibrium maiimum frequency - .
. was reached where the stimulus and decpy effect balanced.
. . Thus, the overall dynamlc activity seemed tb be descrlbed
by the expression: ' A .
S - Af/At = s(-AB/At) - Kf T
wheié: £,0,t ﬁa@e bee; described B
» . above
: : s is a positive constant .
indicating the sensitivity -
of the response to the
-~ dynamic stimulus™

- - k is a constant, associated
//’\\“ . . with the rate of decay.




., FIGURE 12
A Semi-log Plot of the Frequency versus Time
in the Decay Phase of the Dynamic Response

Data for this’diagraﬁ is from preparation 77-1 from the.
same run ag"illustrated iniFigure 10. The time scale starts
atithe‘égset of the decay phase of the dyhamic response.
F{fquenéy at each seconé is plotted on a logarithmic scalé.
The dots represent t?e'freqhenciég read from the direct re-
cord. - The symbol x represents the frequencies read from the
smooth hané_df;wn cuXe. An exponential de&ay is implied
by the straight line response shown ¢6n this semi-log plot.
The line shown is the best line through the points from
the smoothed éurve. This line represeﬁts a half time of
ll.S.gecénds,-ihe same as that obtained directly, from the

‘hand drawn curve in Figure 10. -
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Change A to "d" for defi&atibe in‘eéuation (4).
df/dt = s(-de/dt) - kf£ _ (5)
Thus, this simple first order differential equa- :
tion describes the dynamic¢ response to a cooling tempera-
ture ramp, for a preparation-with negligible steady state
frequency. Thé coefficients in the equation, s and k, rep-
resent the dynamic sensitivity and decay constant of the
temperature receptor. The pfécedures for finding s and k

[ ]

gill be described below. ) .

As-the stimulus is f%itially applied, the freg-

. uéhcy is essentially zero, and until the freguency builds
|

- up the decay term has little effect. Thus at the onset of

stimulation equation (5).suggests,

df/dtinitial= s (-d6/4t) ’ *
or, to put this in terms of the measurable guantities and
: ' ~
dropping the approximation, - . ‘ ;
Af/Atinit. = s(-A8/A¢t) . . (6)

To test this expression and get a value for s, the
&3

initial slope of each résponse ‘rve was estimated by eye as- s

shown in Figure 10b. " The value of Af/Atini calculdtéd' T

t.
from this slope was plotted against the negative ramp.rate.

yf’ ' This is shown in Figure 13 for preparation_81-3. The upper

set of points is for ramps from 35°C to 30°C and ihe lower

&

set of poipnts is for raﬁps from 25°C to 20°C. The lines- of

. best fit are shown. These lines were obtained by regression
’

, analysis so that the slope,

o -

_equal to s, for each temperature
range was computed. The standard deviation-of s, and the

correlation coefficient indicating degree of fit to the data

. ’ - .
[ ] * » 'Y

- A /\




FIGURE 13

Initial Slope of Dynamié Respamse Versus the Ramp Rate
. >

for Two Temperature Ranges

L

- ~ Data for.thesg/graphs are from preparation 81*3.‘ Lines of N
best fit were(obtained by regression analysis. T@e slope \j
. of each'liqe is the dynamic sensitivityffrepresehted‘by . i
L " 8. . : 3 |
Symbol Ramp Range s * S.D. Hz/C®°
o] 35°C » 30°¢€ o 4.4 + .4
x ' 25°C + 20°C 2.9 t .6 .

‘/'
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were also computed.

- Once the ramp stopped at a new constant tempera-

) k]
ture, d€/dt=0, and equation (6) becomes

. df/dt = /
» . . ‘ hd -
The solution of this equation déscribes the decay phase; ¢

f=f 'K . ) \ (7

max

where: f - is the maximum freg-
max uency which occurs when
the ramp stimulus is
completed and the freg-
uency begins to decay.
. ¢

The decay constadt k is equal .to 1/1 where 1 is
the exponential decay time, that is, the time for frequency
+to decay to l/B or 37% of its original value. It was more

convenient to mgﬁgure the time taken for frequency to decay
. 2 -
to half from any.given -value. This is the half-time, indic-
-
1/2

ated by 11/2. Since T =,6951, and 1=1.44"1 then

1727

k=l/1;?4rl/2ﬂgr KftGQS/Tl/Z. To estimate 11/2 a smoothed

)

curve ‘'was drawqh;hrouqh the response and the time measured

' » - )
for decix»to half value of fmax : .

t An exémpl ‘of the smooth curve dkawp through thé,

decay act;yity is shown in%Figure 10b. The frequencies at'

each second along th}s smoothed:curve'were pletted as x‘é
“in Figure‘12; These fit along the straight line indicating -

- . l )
that the hand drawn curve is a good estimate of the actual
s . o ’ ' .
frequencyg curve. . S 2
. P ” )
In the.case of homogeqeops multifibre preparation
~ - :

the value of-s obtained is the sum Bf‘;bé'separate values.

‘.

. If ;ﬁé-numbef’of active fibres is knoWwn an average valye- of

-




s for afsingle fibre can be found by dividing byfthis

humber. - . : .
- 3

T ——
‘In the exponentlal decay part of the curve, add-
ition of several responses leads to another curve, that is
pseudo-exponential and-may be ascrrbed a decay time. 'If

the sFread in decay times of the individual responses is 3

€

* sm3ll the decay time of the accumulated curve is close to

a

.« the average of the ipdividual curves.* Thus,‘analy515 of

; . HMF preparatlons produced an average value for s and T that
was ascribed to the "average" single fibre in the.grouﬁ.
— ' N L]
o ) . This c oletes.the development of the empirical

\-&"

v model of the dynamlc reSponse for preparatlons with neglxg-

.

v ible steady state activity. The methods, used to calculate

- the coeff1c1ents of the equation of the model.have been

- -,
-
.
[erS

shown.

2 . . . Pb. Preparations with con31derable steady state
T T activity

v, l -
\f -
v

t
T . . ’ .
‘ & . - Activity in response to a dynamlc stimulus for,

- ’
’

° * . preparation 75 is shown in Flgure 14a. Three clearﬂy
identiftaﬁﬁe’active fibres were in this preparation and the
activity of the ‘tibre with the.smallest pulse height was

lsolated to give the trequency trace shown in FLgure ;zh.,

sv‘"
v .
LI
. .

=y
. gt
N

‘. PO . 3 <
.+ * . "% From an émpirical test, a spread of adbmuch as 50% in
. . = the original decay" timess%roduced an accumulated curve with
' decay time 10% below the average of the decay times for the

~ individual curves. However, with 3 spread of only 10% in
v the origlnal decay times, the accumulated curve had a decay.
. time only 1% below the average. ’

. -
. L] L]
) A . .. L .., -

.
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% FIGURE 14

Example of Activity and Analysis of a Dynamic Response *

*

in a Preparation with Considerable Steady State Activity

-
hd 1

(a) This diagram is the output of a 51ngle run from prep-
aration 75. Three separable_ flbfes were active in. this
preparation:. The pulseigexght discriminator was used to

v : wHal

isolate the smaldlest.of the three pulses, and pfoduce the

.frequency trace. Strong }egula:Asteaay state activity is

ghgyn by the frequency before the coolin; ramp anu the ..
dynamic stimulus was a,ramp of -é.b C°/sec. from 35°C to
25°C. Activity in fesponse'to the dynamic stimulus is
superlmposed on the steady state activity, showxng an "on"

response upon coolfgg and a very well defined "off" response

' - r
on warming. ’ : . o e

3

(b) This diagram illustrates -the analysis’ done on the :

dynamic response to cog%ing.‘ The analysis protedure is

‘exactly a8 described in Figure 10b with the modification .

that in the decay phase the frequency approaches the steady

state frequency for- 25°C gsfher than zero frequency.

2

P,
. .
. . {
. .

T [+
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\

This fibre, labelled 75a, had a J.inear‘s.tead" state response.

The ongéiﬁg steady state activity is slearly seen at the

beginning, middle and end of the record. It is seen that the
dynamic responée 1s superimposed on the steady state

response. This assumption was made ¥ the extension of the

¢, '
onses with considerable steady ‘state

activity. 1In general the steady state freguency, f;S

B

ﬁatkematical mModel to resp

is some

function of temperatures, f

(). During 2 dynamic stimulus

Ss

there is a change in f . due to the ‘change ‘in temperature,

but superimposed on this is theT~response to the temperature

£q Then the resultant. frequency egéervedfis
. £ = fd * fss' . ’. (8)
But fd is the\sfme as the f used ih equation (6) to describe
thg.dynam;c résponse. Thus .
. /{ ' afg/dt = é(—dS/é?) - kfd ,
(£ ) /at = s(-d0/At) - k(£-£_ )

A »

af/at = s(-d6/dt) - k(£=£_) + af__/dt

or, in terms of the measyrable qqutities-

Af/0¢

5 (S48/0F) -k (£07) * AE /0t
Fooo A e
total respomge to a changing

‘ ot
tself

(10)

. PERS

This equation éxpressés the
{ . ¢ :
temperaturé and includes the effect of ‘the .temperature i
L ] ’ “)
plus the rate of change of temperature.-

Id

— .

Note-that since fss

is by agfinitioﬁ.the frequency at a constant temperatufe,
&
there should be np chHang

A

“ .
e. of fss with time so that the. term

- <

- : - N - b ] .
Afss/At would be always. equal to zero. However,

in an att®mpt

.

o

)

W

ramp itself, the dynamic rgspénsé. Label the dynamic response

(9)

- b




- e

"
-

to sort out the action during. a temperature change the fact
that fS "1s dependent on temperature allows one to determine

S B
Af /A%, Then /,)
ss ‘ - _

L] A - A A )
Zf&fss/th x AS/At Afss/ t

[g¢]
‘D

which is not necessarily equal to zero.

© 1) D}namic regsponse with flat steady state
response . e

If the steddy state freguency was substantial and

essentially constant over the range of the temperature stim-

ulus Afsé/Aé = 0, so AfSS/At = 0 and equation (10) becomes

-

AE/BE = s(-89/8t) - k(f-£_) e QD) -

The effect o:f""fss in equation'(ll)‘was taken into account by -

noting the base level on which the dynamic response was built.

~ -

ii) Dynamic response with linear steady.state
rasponse : -

For preparations with a llnear steady §iate response.

P fes = a(e- eo) . > o (.1 ).
. Then . S af_ /dt = ade/dt o -
. ox, -, AEF/At = are/bt . )
and equation (lOfcéfcomes |
- Af/ﬂfe = (s-a) (- AB/AEY - K(£-£__) . o (1_1)

. S8 -

In the plot of Af. -fAt versus -Ae/At the slope of ,

init.
the line of pest fit is (s-a) ‘ratler tham. just s. Che value.

/( of the steady state sens;tiv1ty a'is: found in Table 1, part c,
-,

éejlhat the dynam;c sensxt1v1ty s can,be calculated The

- B - ar .




-

coefficient'k is found by determining the half time.of decay

to the new‘steady state.level as described above. .

»

iii) Dynamic response with peaked steady state
response

The peaked steady state curves were broken.into

- . R
"piece-wise” linear sections 'corresponding to the range of

the temperature ramp. The steady state sensitivity for that g\\

range was the slope of the line segment. Because of the peak

in the steady state response, both positive and negative'sens-

7

itivities occurred. Over each ramp range the cases with
e ' '
peaked steady state response were handled the same as the

cases with linear steady state response.
: X
. } \ LN
. . ,

c., General equation for all cases :

Equatien'(lzi was used to describe the dynamic

response of a'preparation with linear Steady state activity.

- In fact if can ge used as the general equatio for all cases,
\'; \ and is reproduced here for easy reference. ‘ S .
) M DE/BE = (s-a) (-08/Mt) = k(£-£__) (12)
. - o "“If there is no steady sta&e actiﬁity fss=0 and a=0

and equation (12) reduces to equatlon (4). 1If there is steady

Y

state act1v1ty, but 1t.1s flat‘ a=0 and equatlon (12) reduces

to equatlon (11) It has also'been shown thai equat;pn (12)

.

hoilds for ‘cases With peaked steady state act1v1ty where the

gtatic sensi lvity a is specific to the glven ramp range.

ach preparatlon was analyzed to extract the values

. - of1s~an9 k f.rom each series of runs. The results fron® thz.s =y

- .
~ . . 3




The organization of these results

tures is developed in the section

4, Factors Affecting the Patameters of the Dynamic

Response : <
. B Y
a. Temperature dependency in-the -parameters of the
equation . ) ) .

Any description of the respbﬁse Qf temperature

l -
. receptors runs into an intrinsic difficulty. * The stimulus s

a change. in temperatute, and one also wants to look at the
effect‘pf these stimuli at different temperatures. But the

parameters that are used to descrlbe:%%e regponse are 1n
- )
themselves dependent on temperaturea TQus the verw features

vy

Y

of the response to the sgimulus ar 1ntr1nsrcally affected by

the stimuius itself.* ) -

- . A

- Each set of dynamic respdrises at a given temperature . -
. = .

range produced a value for s, £hé dyquic sensitivity, aﬁg k,

the degay' coefficient. These have been treated as constants . o

in the. developmgnt of the general equation: But these par-

-

ameters are'temperature‘&ependent., Thus the general equation
) . I

L}
<

sheuld be'writt n ' ' - oo
» |Af/6t = s(8) (-AB/At) - k(e)(f-fss(e)) " (13)

. v, - ~
* Compare thré\véth a tactile spine on a cockroach leg,
where one might determine a se sitlvrty constant- between
frequency and dmount of mov nt at a given temperature and ¢
then wish to examine the effec¢t of temperature on is sensis
tivity. Then the stimulus variable, extent of movement pf
the. spine, is completely independent of tlke temperature being
-.varied from case to case as a parameter.

LN -}0
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Such a description is not amenable to a direct®analvtical

- : solution, and becomes a ratier compleﬁgaescription of the
'.reﬁ%onse. This &omplexity might easiiy obscure the basic .

s Jfeatures of the response. | A
The problem can be'essentially overcome if one can

apply a temperature change that re-smaIl compared to the

range-of-temperatare over whlch the stlmulus is to be applled
T ’ ¢
Then assume that the parameters are constant over the tempera-

L3

- "ture change of the stimulus~and look at how thdy cpaﬁge'as the
st}mﬁlus is started frém different base temperatures. In this

, . :
‘- research the ‘range ove%ywhlch the dynamic strmull were apglled.

-
~ - ——

Ve T was from 15°C to 33’6 and the stlmulus was a change of 10 C°)

,//Inisp\té of the relatively large srze of the strm—

\ ‘ ; -

\ .+ - which was’ redhcadfto 5 C° in the later experiments.
| .
| ulusf s and .k were assumed locally constant ovdr the range of '

-a given stimulus ‘and variatioﬁs sought between |the different

. -

. —/temperature ranges. To whrch temperature shouﬂd the value of

; ] ’é’and k be ascribed; the base temperature, ‘a mld temperature,
;;:;: C ornthedend teéperature—of the ramp? Slnce'the method of

~;”3 . analysxs for/frndlng s ;nvplved the ;nltlal Af/At it seemed

,/c I ) -

]

¢ :
natura} tO/ascrlbe tne value of s obtained to thHe base tempera-

[r . ' ture,of_a serles Qf runs. By contrast, the € entié} decay

« part of the response took p}ace while the tempe ature was

constant at the‘bottom of the ramp. Thas the kjobtained was

. . 1
' ‘ ascrlged.to the .end temperature of the r@mp s s. ‘

‘ !




% 4

b. Decay time versus ramp rate
. For a given preparation, the decay times of all
dynamic responses to stimuli.ending- at the same temperature

,'x_—‘ A
Lo S

el weré'a¢eraged to yield the mean values of 7 as shown ik

Table 2. The indiyidual values came *from runs with different

ramp rates. It wa$ lmportant to investigate the effect of ;
' . ° ) .
ramp rate on decay, timei) This *is shot%n in Figure 15. The

-~ . . ' [
actugl values 1 for three preparations are’ shown versus

ramp rate. For seven different preparations the valueg of <

were normaiized to .give a mean of 10. The mean and standard

.

* deviation of these normalized values at each ramp rate are
also shown in Figure 15, It seems clear that there is no
systematic,ﬁariation of decay time with ramp rate. Thus the

decay time 'is purely a property of thé-end temperature. ¢

. - c. Decay time versus temperature
A plot bf the decay times versus the temperatures
. !

- . . e L .
- at the .end of the ramp are shown in Figure 16. The'mean
decay time, t the standard deviation, are shown for each temp-

’ “

erature. The line of best €£it to these _means has been'drawn.‘
It Ls seen that, as témoerature 1ncreases, the decqy time
decreases. Thus the decay parameter‘ k =1/t increases with

- M 1)

J temperature. This decay parameter k is in some way related

A )

s to.the rbte.of the process that allows qhe activity to adapt =

. to th!_ new steady state' level. ) - - .

f 4
The term Olo is commonly uged to refer to the ‘change
in rate of a reaction for-a 10 C° change in temperatufe and is .

.
1

' B Lt -
N
R . ™ . . '™ \
¥ P .
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. = FIGURE 15

Decay Time ‘'versus PRamp Rate

Values of the decay times T, at different rdmp rates are shown

- for three separate series using‘different symbcls gndnsolid ,

lines. The data from seven sseries were normalized to produce

PR

the points for the broken line. Nermalization was .

accomplished b§ adjusting each value in a given series by th

-
Y

constant multiplier needed to produce a mean of 10 for that

serieﬁ. Then the normalized values for a given ramp rate

-

u ‘ -
from each series were averaged to give the m&®an and standard

deviati;h shown in the diagram. The mean in each’ case was
\ ° . ‘
] L]
within l'§¢andard deviation of 10 indicating that there was

Y

-no systemat:c departire from the overall mean'vélue at aﬁy

particular ramp rate.

*
\ ©

i
i
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‘ . * -
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- FIGURE 16 . et

Decay Time versus Temperature

The mean and standard deviation of the decay times are-
shown forJéach temperature. The line of best fit through
these means is shown. . _
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. L i e -
defined as the ratio of the reaction rate at one temperature -

to the rate at a temperatu{igio C° lower. Thus for the

-

decay process Q)5 = kgy10dKs = To/Ta41p.,
From the line of best fit, YL : ’

T500/T300 = 17.4/11.8 = 1.48

Thus,. in lumping the data from all pfepatatioﬁs together a

Q10 of\aﬁﬁroximately 1.5 is suggested. Figure‘lG also »
idcfﬁdes a®list of the ratios of decay time at‘10 C° differ-
encee for individual preparations. -The mean of theee ratios
is 1.69. Thus, in keepdng the data of each preparation
separated a'Qio of approximately 1.7 is ‘suggested. It seems
then that the decay process involved in a temperature receptor
tegpohse has- a Q,, between 1.5 and 1.7.

- v

. da. Dynamic EensitiVitg versus steady state sengitivfty -
' dSteady state sensitivity ranged from zero for fla't
response, to t0;2 Hz/C; for peaked. responses and on to

+0.8 Hz/C° for linear responses. It seemed worth checklng to
see 1f this steady state sens;t1v1ty had any effect on‘the

1
dynamic sensitivity. These~;\}ameters are plqtted against

each other in Figure 17.. No immediate pattern is appareht.

it appears that there 15'hore variation in the dynamic

sen51t1v1t1es of preparations with mimimal steady state

sensitivity, but this may well be due simply to the larger\

.sample. There may be some variation of sensitivity with

temperature, as shown by the different symbols used bht this

‘particular presentation of the gata does notgmake any

83
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' : o _ FIGURE 17 '

- 'Dynaniic Sensitivity versus Steady State Sentivity
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relation ebvious. ' .. .
_ . . ¢

e. Dynamic sensitivity versus'tempergtufe'

Dynamic sensitivity was plotfed versusAiemperaturi
in Figure 18. A distinction‘was made between the re;ults
from preparations with flat; peaked, or linear sfeady state. -
responsés. This is shown by different symbols of the isol-
ated points; dots for flat responses; triangles for peaked
responsés,'and x's for linear -responses. The open circles
_are the means of the dyhamic sensitivities at é%éh tempera-
ture. Because of the range in absolute sensitivity the vari-
ation of sensitivity with temperéﬁure could easily be masked.
To offset this the sensitivities‘qf each p{eparatioh were .
.normalized to a value of 4 at.35°C. The mean of these normal-
ized values.at'eaoh temperatqre were used to produce the opép
équares sﬁcgn in Figure 18. It is cleaf from.either method -

of arriving at a mean sensitivity that there is a temperature

depgnﬁency with a peak sensitivity around 30°C.

N




S-S « the mean of the normalized values at a given

L4

- ‘ . FIGURE 18

R K4 . ) . -
Dynamic Sensitivity versus Temperature
. : )
Y for preparations with flat steady state response

.

1
A for_ preparations with peaked steady state activity
x for prepargsiqpsfwith linear sééady state activity

o _th&Tmean of the values at a giveq temperature

.
”

- s

temperature -

1

* - - - . )

-

Normalization was accbmplishéd 5& scalingtthe sensitivity at

35°C to-4 Hz/C® in each‘preparatidh and then adjusting the -

values' at the ather temperatures by. the same scaling factor, *
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. CHAPTER V : - .

DISCUSSION .

", L ]
/// The findings of this research will be discussed in
the context of the current literature. Impications for the
. . : - 7 ] N .

analysis of temperatute receptor respgﬁses arising from the

mathematical model will be develq?ad.--

-

o
7

l. Some General Features
a. The identification of a temperature receptor

A necessary -tondition for a fibre to be classified
. 77

2

~

as a témperature f;SEe is' that it show respgnse to appqqpri-

‘ately placed temperature Stimuli. 211 the fibres'studied‘in
this :ésearch’EEEis%ied’this_conditioﬁ; ,ﬁgéever, such a -~
response is-not exclusive to‘temperature reé:ptors'és it is
now well documented that pé%tain mechanoreceptors also show a

response to temperature (Hensel and Zotterman, 1951d; Iggo,

1969, Hunt and McIntyre, 1960: Brown and Iégo,.i9§7£ Duclaux i‘
.and Kenshalo, 1972). The sensiéigity of, such receptors is
- Lo A ] (o

’

usﬁally selective} meaning that a stronger'temperatqre

stimulus is required to einte a mechanoreceptor to ®the QAme .

’ ’ ‘ ]
degree as a temperaturg\receptor. ) /.
. . . X‘ J
. One group of mechanoreceptors have shown a tempera-, -

'tpre-gensitivity in the same order as that of ‘temperature’

receptors. These are the touch .corpuscles described in the

o . ‘
.. s . . v ] i

; . S T T e
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hairy skin of the hind limb of the cat and e rabbit 71ass—

: "\
ified by’ Brown and Iggo (1967) as\Type I slowly adaptlng
’

~ mechanoreceptors and commonly referred to as SAI receptors'in
» . ‘ ’
- the literature. The histology, and mechanical performance of

the SAI receptors were studied in the cat and the monkey by

‘ -

Iggo and Muir (1969). The dlaiilbut;on of the SAI receptors
£ .
and their temperature sensitivity were s udied in the cat and

LY

the monkey by Duclaux and Kenshalo (1972). ¥In response to v

Ve

steady temperatures these receptors exhibited a non-adaptiné

activity with "a maximum frequency less than 10 Hz at 37°C.

- .
The response to dynamic temperature stimuli was that of a

- cold receptor with excitation on cooling and inhibition on
- warming. Peak frequencies up to 30 Hz were foond}ig résponse

to cooling ramps of 2 C% and 5 C°. ' The dynamic sensitivity
as measured by peak frequency:showed a temperature dependency

-

. X N4
with maximum dynamic sensitivity at 40°C. Thus the SAI

mechanoreceptors exhibited many of the characteristicg of a
— ' . . .
temperature receptor.

> *

But SAI mechanqreoeptors have not heen identified
| i‘ the rat. Further, the SAI receptors are associated with -
myelinated A, fibres. Iriuchiji..ma and Zotterman (1960) as
well as Ing (1969) concluded .that- the sensory nerves to the
scrotal/skln are\composed only of unmyellnated C flbres. ' e
Thus_the SAI type of mechanorecéptor does oot ;;pear to.be
present in the rat scrotal skin preparation.- One is left

‘c - . .

'with the mechanoreceptors leading to unmyelinated c fibres e

which have been known to require more severe stimuli (Iggo, .

.
~r



1960) . Slnce the responses observed in this research did not

-

[

.require severe stimuli it appears certain that the recorded

responses were from temperature receptors.

-

'b. The type of temperature reéceptor observed ¢

— L]

(' All responses observed were those of cold tempera-
ture~receptors as defined by anAincrease in firing in response

to rapid cooiing Warm dynamic stimuli were applied'regular-

- ..

ly, elther 1ndependently or as the warming ramp at the end -

of a normal-run. At no time was there evidence of an "on"

~

response to these warming.stimuli. ‘This,absence of warm

-
T

responses contrasts with the findings of Iggo (1969) who

reported a "relative abundance" of'warm receptors in the

‘skln of the rat and showed the warm response in sev-- -

L~
- -
o .‘s

_\‘3“

e et 2GRS I

‘e§§¥3§gztlgrn preparatlons and one single fibre preparation.,
Iggo obtalnedzétztffﬁies Lrom the'pudendal nerve approached - -
from the ventra$l surface é; the animal and 1solated in the
fatty tissue of the ‘perineal reglon. The fibres in this+ | .
research were obtained from the perlneal nerve exposed from
the dorsal surface of the rat and Separated in the fatty.t1s—
sue above the testis. These combined yesults raise the pos- /
sibilit& of specializatlon in the branches of perlpheral e

. sensory nerves that innervate the same peripheral region but .
Eﬁproach this region by d;rferent pathways. BeeaUSe of the
lmportance qﬁ temperaghre control of the scrotum in the
product;on of viable sperm it is ipteresting to speculate on

)

possible central projectxons from such gpecialized branches.
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One branch may be related directly to .the temperature regula-

tion of the scrotum while the other branch may be more

involved with general sensory processes. . -

-
P

/ . . -

Y

c. Utilization of multifibre responses ‘

Pul§e q&gnatu;es were ysed to idenrtify the number-
of active fibres in a. homogeneous multifibre prepafatiOn:
This number was used'toicélcqlate the performance of an |
"average"” single fibre of the multifibre érbup. This pro-
- cedure extended the range gf usable preparations. In using
the fibre dissection technique one often encouhters a gbod -
multifibre response, only to lose all the activity from the
preparation }n an attempt to obtain a‘siggle fibre. By use
of tﬁe above procedure the muléifibre résponse would be

.retained and the "average" single fibre compared directly

~
with other single fibres. -

2. The Steady State Response
a. Peaked responses

The peaked #teady state responses, as shown in Fig-
. . ' ) . "
ure 6 have been recognized and accepted by others as the stand-

ard steady stateﬂresionse of a cold temperature receptor. ' The

~

maximum frequ and temperature of maximum frequency varied.

between different fibrgs‘gn the: same prepargtion and thé'meani'
values;éﬁ6wed.sfg;gmatic.differénces'bethen specie§ and siles
of st%mulation;'ﬁﬁt'they all shbwed the same pattern. 1In
particular.Igéd (1969{ found four qpld recéptors in the rat

scrotal skin with maximum frequencies from 6 to 10 Hz at a

. e

.
- v

<y r

rd
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firm that the equipment and precedures were capaole of pro-

that shownsby the decay phase of tge-dynamic response which

~

temperature of 28°C.’ These results fit exactly with the _;

results shown in.Figure 6b, ¢ and listed in Table 1, a®d con-

. v
ducing results consistent with the research of others. s

The peaked steady state response curves shoﬁed a

[y

time dependént hysteresie effect, similar to that noted by

Henael, Iggo agd Watt (l96d).-3ppr0aching a given steaqy
state temperature fro™a higher or a lower temperafure yie].de'd'B
a different frequency even after a 2'minute adaptatlon time at
the given temperature. The hystgqesxs effect is tlme depend—
ent 1in ehar_thd difference can be‘reduced by alloW1ng longer
adaptation times. Iggo (1969).waited’§ m}nu ach temp-

)
erature before recording and no hysteresrs

s "< '
response curves. An adaptatlon tlme to ‘a new temperature

- . -

greater than' two Aznutes suggests ‘a dlfferent mechanism than -

hadfe decay time from 10 to 20 seconds. Some major ionic,

.

o

N . .
membrane, or .structural change’hith a long time constant must

B . . -
T . -

be operating.

‘ ’ . s " o I
b.’ Flat response and no responses

LAY

Three fibres had flat response curve with frequencies

i .
greater than 1 Hz"somewhere 1n the normal stimulus range but no

)
deflnrte pattern.(Seeﬂflgure 6a). The'f{ring in these fibré&s P

was highly 1rregular, but no more so than-the firing at low
frequenc1es by a fibre with peaked response. Thus it is not g

antlcypated ‘that the fibres. w1th flat response represent a
f
£




3¢

o .
. '

functienally separate group of fibres. -In fact, Eensel Iggo
and Witt -(1960) include among sharplv peaked respons%s bne

.

with a flat response of 4 Hz from 15° C to 30°C. A "peak” was
lmplled simply b) the fact that the frequency went to zero °
below lS°C and above 30°C and thus should rlse to a "peak™
somewhere in between. The sqggestlon béing pade in this

research is that when such irrégularity and low frequencies

’ . ' ' e Ll
are encountered it becomes unnecessary o distinguish a peak

' .
R f

and  that the rgsponses simply be labelled flat responses
. . 3 . . . . N
instead. v

Five fibres showed no resoonse, or frequencies less
L4

than 1 Hz, to steady state ‘stimuli from 15°® td 60° The .

author suggests that these fibres are associated.with the
—

a

samq.receptor type that produced the peaked response. On

application of a series of constant stimuli qhere is a pro-.

gréssion of p0551ble response'patterns. a peaked response,
an lrregular flat response, ‘no response at all.
It is to be emphaSLZed that all of the peaked flat '

2
and no response<%1ores showed a strong*tesponse t0'sudden_
» A _ .
cooling, The no response fibres Wwould not have been included
~ "j' ‘ - N f?
. :J (--l - . . 7
.a$ temperature receptors under the criterion suggested by

Hensel, Iggo and Witt (1960) as a steady discharge ¢t constant

° N .
temperature was one of the requirements. This requirement.was

relaxed in the definition of a cutaneous eptof with selec—
tave temperature sensitlvlty ngen by Hensel (1968b7Y. This p

'esearch supports the idea that a temperature receptor need’

‘ot always show a steady state response, that is, it may be

, - .
. r'n R R o, N

. ) .
¢ . .
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'

-completgly_adaptiné;\
. ] .

) Whatever the accepted cr}terlon £3r a Eemperature

Y T — '
receptor may, be,, the results bf the research on temperature

senSLtlve fibres in EPe scrotal sklﬁ of the rat 1nclude 5
out of.}7 prpperatiopS'tha; show strong respdnse to, cooling
guﬁ no eteady,s;aée reéponse.t This conclusioa'i; important
. : ) . . .
.In’the inEefpretaii%n of the work oa Hellon and Misra (1973}.
.;hey recorded.activity from neurons in the dofsal horn of the

«

4

. mwxt in response tgﬁteqperature Stimuli applied‘to the scrotal

skin. On the basis of the literatJre in general, and ‘in~—

[ . . .
particular the response of the primary afferent neurons from

the scrotal skin of the rat, (Igéo 1969), -Hellon and Misra

assumed that all temperature.rénepgors showed "a &ynamfc
x_' . ¢ . . "‘ . ) -
" response to step changes.of\témpératufeuwith'adaptation to a~
C‘ '. R .
static response with steady temperatuxes”. (Hellon and

¢

. . ¥ . .
Misra, 1973, pg 379). From theif'recorginqs in the dorsal

horn, they fouynd 14 out,pf 35 cold unlts with responsé to

°

dynamlc stlmull only. They lnterpreted this result as an
example of the prqcessing gking place in theﬂspinal.eord

from the primary neuroﬁfto the site of theirvrecording. The

‘results of thls research suggest much less processzng in the

dorsal horn cells than origlnally ant1c1pated ~

. - . . ’
- L] . e - 0

. A

c. Linear respohées I ~

L)

I} ’ .
/ A linear steady state response to tegpeeafg;é\ig,/'

the rat scrotal skin had-hot\beep reported in the literature

~ &'amined. In 'fact such a response has not/;;;hvr653rted‘forf'

+

iy .

,

‘
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—

Yy 5E.the standard primate or suh-primate preparations\\\The

.sample of the activity, Figure 8, and the response patterns,

v
. 4 - ) 2

.'-Figure 9,.illustrate fgur:featﬁ;es of the'steady state

‘response of these fibre§E (1) redular firing, (2)° repro-

ducible response over an extended.period of time, (3) maximum
. . .
steady state"frequency'at 20 Hz, (4) a high degree of linear-

ity over an extended stimulus rénge 'I'he combinatios of these %"

features descrlbes a -temperature receptor response which is
quantltatlvely aQ? qualj; atlvely different from the other : :£

- responses described ijfi this work or in the general.literature-
- b ' )
on temperature receptors. 'From anl engineering stand-point
- ~ b

these :reqeptors respond llk.éan ideal thermometer over the

range of 15°C to 40°C. They could well be labelled 'sPerm-

; ometer"™ receptors. = ° =

Y

The descriptive pargmeters qf this thermometer

LIRS
.

. . ) ) . L) A
response are the temperature for zero frequency, eo, and - the

slopg/cr;steadi'state sensitivigy, a, wih units of Hz/C°. <.

max shoufld qlse be specified to

JA maximim temperature, ¢

< indicate the upper kimit of the ;?3ear1ty\ Thus the 11near R

QSEady ;:;%e behaV1o$r of these thetmometer receptorsexs T

£=al6-0) 6 <0 <o, ® . o

— ‘ -

- - The parameters a and éo are obtained by regression
-} -’ . - . »

analysis and G max 1s. determined by the'limiti of the stimuBus

or by an obvious end of the linearity as Seen in the plot’ ‘of

™~ -—
the resppnse. The correlation coefficient r and the standard

error of the estimate 4;dicate the degree ‘of fit of the data

déscribed by © ) > . .

36
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 for the purpose of describing the steady state response by an :

' . | 37

rd

> to a straight line. -

‘The parameters for the sample of thermometer:fibres

fqund in this research are listed in Table 1, part "c". On
the basis ef this limited sample it appeafs that the therm-
ometer respoﬁse’wheh found is very consistent from one prepar-
ation to anqther. Such consistency. could form a valuable base
for comparative studies involving témperature ;erated behav-

iour in the rat.

]

d. General parameters of the steady state response

The graph 9f steady state . frequency versus tempera- \

ture is the basit definition of the function fssfe). However, [

eqaatioq 6ver a limited region, two parameters are required
in general. Over the regién of interest, a linear relation
between frequency and ;emperature_is;asﬁymed.tb hold. Then,
'the parameters are the steady state frequency at some abprqpﬂ

riate tempe;afure in the range, f (er) (Hz), and the slobe

ss

of the\lingéﬁ‘approximation for the region. This slope is
the sféady state sensitivity, a {Hz/CY). Thé frequency «at

any temperature, 6, in the region is given by

fss<e),=fssce}‘xa<e: 6.) e ae

- .-

Note that for the case of-fibres with a flat °

response. a=0 and,fss(e) is constéﬁt 6ver the range for which
- - . . ) :
any re'sponse exists. For fibres with a linear response,

¥

.choose § to be 8 , so that £ _(6.) = 0 and equation (2) . —

reduces to equation (l). In this case the two parameters are
- - ’ ) .

L]

N . . o
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essentially a and 60. For 3'hvenience in talking about the
general case hewever, the two parameters of the steady state

regponse will be referred to as a and fss. 1

L4

3. The Dynamic Response ~ »

’

Two parameters were necessary to describe the
response to a dynamic stimulus. These parameters were the

dynamic sensitivity, s (Hz/C°) and the decay constant, k

(secondfl) or its reciprdcal, the decay time, 71 (sgconas).

The;two parameters of the steady state response were also

needed to describe the base activity upon which the dynahkic

response was superimposed. A general equation describing the

dynémic resppnse in terms of these four parameters was devel-

oped:
Af/At = (s-a) (~A8/At) = K(f~f_) (12)

Factors affecting the dynamic sensitivity and decay constant

..

will be discussed. ' .

-_—

‘The ramp rate of the dynamic stimulus did not have
any effect on the decay phase of the dynamic réspoﬁse, (Fig-
ure 15). This was important to show so that other factors

affectiﬂé decay time could be examined withput interference
. -

-

from the ramp rate.

The decay time showéd a temperature dependéncy,
decréasiﬂg with higher témpérétures, (Figure 16). A similar .
result was suggested by iggg (1969) from samples of the
'responsefto.a dynamic stimulus at 0 to 2 seconds, B to 10

seconds, ljminute, and more than 4 minutes after the ptimulus.'

L7



N ~
He concluded that "adaptation" was most:rapid at or above
the ‘temperature of -maximum sensitivity, 29°C in his case.
fThis research clar{jies that result, showrng that the chay

time decreases with increasing temperature. “The Qp of the

&

decay process lies between 1.5 to 1.7. fhls‘vaIUe suggests

”

that the decay to the steady state level is most likely
. governed by a passxve physrco chemlcal process, such as dlf-

fusion. through a membrane, rather than an actlze biochemical
Y

reaction.

()

. The decay time shows a strong species and prepara-

tlon var%atlon. The cat tongue preoaration, (Hensel, 1953)
\ -
had temperature receptors showing a dynamlc‘response with

decay times from 0.3 to 2.2 seconds, whereas the receptors

b

in the scrotal skin of the. rat shov‘wed decay times from 10 to
2 secong. Reports'of the decay tiée‘of the dynamic ,
response for other.Preparations have not been fopnd.

The possibility of a relation between dyqamic sens-

_\'itivity and steady state sensitivity was investigated. These
paraﬁeters werelpldtted against each other in Figure 17. As
discussed eariien, fibres showing a peaked, flat or no steady
state responsé could be considered  to be the same fibre type, °
with the dlylslons slmply,belng separations of convenlence
anng a contlnuum of steady state response patterns. For
these fibres, steady state sensrtlvrt; ranged from zero feor
the flat and no response fibres to :0.2 Hz/C°‘fdr'the peaked
¢ibres. Such values are small compared ;6 the steady state

sensitivity of 0.8 Hz/C° for the thermometer fibres. The
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dynamic sensitivity for the fibres with peaked, f}ak or no
;teady state response range& from 1.1 to 8.7 Hz/C;: By con-
trast.the dynamjc sensitivit} for tgé thermometer fibrés
ranged from 1.6 to 2.3 Hz/C°. In fact, since the observed
response shows an effecgive dynamic sensitivity of (s-a),
for the thermometer fibres this effec}ive dynamic sensitiv-
ity is only 0.8 to 1.5 Hz/C®.

‘ It has been suggested already that the_fibres with‘
linear steady state response warrant being put into a separ-
ate group from other fib;es, and the term thermometer fibre
has been ;bplied to them. It seems possible that these

fibres also exhibit a differemt- dynamic response. The mean

of the dynamic sensitivities for the three runs with therm-

-~
‘ -

ometer fibres is Statistically different from the mean for

rd

u%hg other fibres at the 90% éodﬁidence level. This sta;istic
N ) is not strong, but it ceftéinly‘ieaves the possibility of a )

significant difference open, and i?vites f;ture research to

confirm or }eﬁect the pqssibility. If thé§e,thermometer

fibres do indeed show consistently low values fof dynamic

sensitivity with a small variation between preparations their

role as a tool for analytical study of temperatUre' related

behaviour would be even stronger. '

The value of dynamic sensitivity for each .rebara-

tion showed a temperature dependency, The graph of dynamic

: e . a )
sengitivity versus temperature is shown in Figure 18.
Accumulated results from all‘preparatidns, represented either.

as the me#ins of the raw data, or means of normalized data,

a t . )
.

Ll
L]




showed a peak dyn§mic sensitivity at-30°C. Note that the
fibres with peaked steady state responses showed maximum
freqﬁencies at tempe:atures in the range from 26° to §0°C.
Thus for ?empg;ature ;ensitive structures in t§§';crptal-skin‘
of the rat, maximum dynamic sensiti?ity and the peak‘of the -
steady état% activity, when it occurs, are at essentially, the
samé_temperature. ' Further this tempeQature is in the rangg:
of the neutral temperature for,fhe scrotal skin of the rat i;
a normal room~environment. 3

" This pattern in the temperature dependency of the
dynamic sensitivity has been repqrfed by othgrs.w As noted in
the historical review, Iggo (1969) showed this'pétt;:n for™
Eempérature receptogs-in the scrotél skin of the'rat, im the
lip of the dog, and ;n the glabrous skin of £he}monkey.

———

Kenshalo, Hensel, Graziadei and Fruhstorfer (1971) examined

4

> « receptors from the nasal region of the cat ds recorded from

3

the trigeminal nerve:~ They found the dyhamic sensitivity of
cold receptors, as measured 5y peak frequency iﬂ r?sponse-to
‘a ?ooling‘ramp, to exhibit a broad maximu&*centfed at 28°C
° which was the same temperature as the peak of steady state
activity.. Further, in studying- the tempg;afure_sensitivity' _
of the Type SAI ﬁécQanoreceptors, Duc;aux.and Kenshalo (1972),
foﬁ;d the méximﬁm.d§namiclsensitivity, (measured by peak
fréquency), at 40°C with the peak of the steady.state activ-
'ity at 37°C. Thus, a geperal feature of temperature sensi- . n
', ti§e receétorpfis Fhe,pcigtrence of a maximum Qynamic gsensi-

: - ' A
tivity at a temperature in the same range as the temperature

of the maximum steady state activity. . ' 25\ .

*,
*

' q<\.f; | ]
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4. The Complete Description of the Résponse of a Temperature

e

Receptor

All the information needed to describe the response
" of a teﬁperature receptor to steedy state and ramp stimuli
over its operating range can be'displeyed by meaqs of three

graphs. These graphs are: (1) the steady state frequency

versus temperature; (2) the dynamic sensitivity versus

temperature, and (3) the decay constant, (or decay time)

versus temperature. All three values can be plotted against.
the one common axis of temperature to produce a composite
graph. The first graph describes the steady state response

completely, and also provides the frequency at any tempera-

ture, fss' and the steady state sensitivity, a, needed in .

the equation of the dynamic response. Approprifte"values of
.S and k for the temperature range of the ramp stiﬁhius can.

" be found-from the second and third graphs. Then equation

(12) dhn be used to complete the descrlptlon of the dynamic

response of the receptor.

2 .

.. This ‘model for descr1b1n§ the response of a temper-

AP R
ature receptor has been developed from ana1y51s of the

>

responses of temperature receptors-ln the scrotal skin of the - .

rat. However, n}q:s propoaed that -this model is adequate for .

-

describing the/temperature sensitrve responses of other

)

preparations and be congjidered a generalized model of the

response of a temperature receptor. The QVerage curves of

o 1

many receptots from a giyen preparation w111 provide a clear

description of the response “that will allow comparison with- .

’
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othe{ preparations. ,

-

Appendix IT shows how the va{ues of s and k can beh\ '
P . obtained from the maximum frequency or from counting the ~ >~ °
F 3

impulses in the res;#}nses. ApZendix gII Suggfsts how data
collection could be automated to provlde ccmplete descrr\\ . .

/
tions Of the response of temperature receptors w1th reason-

)

able speed, effort, and accuracy. Apgendix IV Efoys calcul-
’ ' N i .

ations done on data from the work of Kenshalo, Hensel,
’ ’

Graziadei and.Fruhstorfer (1971). These calculatlons dem-
. onstrate that descrlblng the reiponse of a temperature
. receptor by the parameters of this research is srmpih?\and

‘

eliminates redundant data.

. e i o T -
N : SR A
_. 5 Temperature Receptor Mechanisms = g . . ‘7
Y "+ The equation developed in tﬁfs reSearch “to desoribe

L4

the dynamlc response of a temperature recéptor is totally

empiriéal. As sugh it predlcts the pattern of output that
. ‘s .
. , any gechanism muét be able to prodpce ‘but J.t,{‘does not.d.l.r—
-3 . ot - , . .\
ectly mely the processes that are lnvolved.

’

. A 91mple'look at the response of a temperaturen

1

. ,‘ ’ . Q. .. n‘ .- .,
receptor ralses many questiOns. ‘Usually one associates an ‘

. . ‘increase in temperature wath an increase id ‘reacti®n rdtes, . .

’

The steady state reSponse of the linear fibres flts “this pat- .
tern but what about the falling phase of a peaked response '
where increased temperature leads fo lower frequency? A more’

amazing result is seen Ln_the fact that a suddeg drop .in
. e ] Oy . - .

temperaturé ledds to an increase.ip activity, even thbugh'the"//

’
\ 4
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end steady state activity may be lower than the initial
level. 'The‘transien£ response is.in the\ opposite direction ’
fo the end result. ) .

Because temperétpre has an effect on all the
reactions o£ a system a; once, evgn a very simple~system can
elicit copplex behaviour. Thus it is instructive to consider

the simplast possible steady state system and see how far it

.can gogin eproducing the behaviour of a temperature receptor.

This has been done by A. C. Burtdh,’(personal'communication)

for the steady state activity with some promising results.

Solution of the system for a dynamic stimulus has not yet been
. ‘ X »

do . *

The temperature .dependencies of the dynamic sensitr.

. . 2 - . :
ivity and decay time ‘should be useful features for checking .
the perquﬁance of a given reaction model. It is hopedithat »

. H ’ . .
the empirical model of this research will skimulate and aid
T . . - -
+ furtBer work on temperature receptor mec"nisms.
—
a! (:_/ v
R
- -
* : - ’\J [
- \ . Ve S .
& . . )
™) i - -
. . - ,: . * : 7. N
“\ . ‘ ' o o :
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CHAPTER VI
SUMMARY AND CONCLUSIONS

-

A stimulus applied to% sensory system is said to
S; "natural™ if it is éonceivébiy present in the natural -
environment, "physiological" if it is.within thHe normal func-
tioning range of the animal, and "adequate" if the stﬁpulus
quality. is t_:he one for which the sense e;"gan is known to be
sensitive, FSomjen, 1972f. In this research, temperature‘
stimuli that wére~”natural"; "phyéiologicéi” énd "adequate"”
have been applied to the scrotal skin of the rat. Responses

.to these stimuli as sgen-in primary nerve fibres from tempef-
ature sensitive structures in the scrotal skin have been’ |,
observed, recorded, and analyzed. The results of the analy;

sis of 17 preparati®ns are to be summarized in this chapter,'

and conclusions will be drawn. - .

1. Points of Sumpary
* a. The stimulus and -the reéponse o

A steady state_stimulus‘Was any temperatyre between

P

15°C to 40°C held constant for at least %wo minutes before a

recording. Dynamic sEfTgii;ifzgiggg,xampféﬁéﬁées of tempera- -

turé with ramp rﬁéeg—of 0.25 to 2.0°C°/sec applied to produce
total temperature changes of 5 of 10 C°. The response to

' :
these temperatur% stimuli were action potentials recorded,

108
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from single fibre or multifibre preparations of the anterior

.

<. . .
Gand posterior scrotal nerves, which are primary afferent

nerve branches of the perineal nerve. The frequenc¢y of
: v

these action potentials was the measure of the response.

. - -

- - -

3 :
b.\ The type ©f receptor ° ..
B 1
On the basis of the size of the impulsés, the sens-

itivity ¢f~the respoﬁse, and indireéct evidence from the con-

clusiofis of research on other preparations, the responses
“were! those of. temperature receptors. All receptors showed
increased firing an cooling and thus are classified as cold

receptdks. " ' & ' <
‘ L 3

¢. The steady state respons

o

Five fibres wed no response or a frequency ,less

" than ‘1 Hz to steady temperatureé over the range of 15° to
- . . rd

40°C. Phree fibres showed responses that were essentially
flat frqp 15° to 30°C with frequencies from 1 Hz £6'5 Hz,
Aboﬁb 30°C;€hey showed no activity. Five fibres showed
peaked steady -state responses with maximum frequencies of

S to 10 Hz at temperatures, from i€° to 30°C. Fibres with

e
pggked responses‘*exhibited a time dependen® hysteresis .

. effect such that when measured 2 minutes after a change to a
given temperature the response was largef if the changé had

been from a higher temperatureXéwn, than if from a ldwer
’ »
temperature up to the new temperature. Although listed as

-~

three groups, the lines of division are arbitrary and these

.

-

106

<
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'Eah_be considered as -one ;ibre type with a steady state

-

response ranging in maéﬁitude from zero to the largest

peaked response.

- 4

Four fibres showed a steady state response that was

linear from 15° to 40°C. These fibres exhibited regqular

. - firing, reproducible response over long periods, and maximum

steady staEg)freqﬁencies up to 20 Hz. Recéptorg_ggbwing
.distinctive features have been. labelled ")hermometer“
receptors. . ’
The steady state response of any fibre is specified
c0m§1eteiy'by the éfaph of steady state frequency.4‘However,
over tﬁe whole range of response for flat and‘linear.
responées,.and over short ranges of linear épproximations‘for
) peakgﬁ respénses, ;hé steady state response can be specifiéd
by two pagxameters, fss‘(Hi) the steady state frequency at a

specific temperature, and a ‘(Hz/C°} the"fteady state sensitiv-

- R ' LY

ity.

d. ‘The dynamic response ’.
. . r/

A cooling ramp of temperature producéd an increase
\‘) ~

in £he frequency of impulses such that the.}ﬁitiél rate of
change of frequency was pfpportiéﬁgl to the négatiﬁé of the
temperaturg ramp raté. ‘ The qpnstant of proporﬁionality

s (Hz/C°) is. the dynamic sensitivity of the respon;e. Values .
of dygﬁmic éensitivity from 1.} to 8.7 Hz/C° were found for

* the rat scrotal skin preparation.

At the end of a ramp of temperature the frequency
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decayed to the new steady state level follqwihg an exponent-

iaivdecay. The decay is characterized by a decay constant k,
L .

@

second -, or the reciprocal value 1, seconds, called the
.. R :
hd decay time. Values from 8.8 to 25 seconds were found for the
decay times.
. ' e. An empirical equation of the dynami& response -
¢ The respohnse of the temperaturé receptors ‘in the

4 g .
scrotal skin of the rat to a ramp stimulus of temperature

N ' change cay be adequately described using the 4 parameters
mentioned above in the following equation: . '\= "
.o 0 df/dt = (s-a) (-de/dt) - k(£-f_]) 5 (15) "

N . .o ‘

a

.f. The temperature dependence of the dynamic response
. ) parameters '

?

L . . .
The decay time T decreased with increasing &emper—

’

‘ature, changing linearl§ from an average values of 21 seconds

at 15°C to 12.5 seconds 4t 30°C. This ‘change ip decay time

suggests. a decay process with Q10 of 1.5 to 1.7. The dynamic

4
-

gensitivity of temperature receptors is affected by the base

temperature from which the stimulus is applied. For tempera- ¢
o ’ ) K ¢ )

. N . .
ture receptors in the scrotal skin of the rat the maximum

dynamic sensitivity is at 30°C. .

-
)

g. The dynamic responsge of ﬁhe.thermometer fibres

The mean (:S.D.) of the effectiéé dynamic sensitiv-

| fties of the thermometer°recep€ors is 1,07 (t.38) 'Hz/C°, foxr

.

4

>
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n = 3. THE mean (:S.D.) Qf the effective dynamic sensitiv-

ities.of the rest of. the rece%tors is 3.85 (:2. 8))*Hz/c° for

. f. .

¢n = 13.. Thesé means are’ dlfferent at the 90% confldence
. level. Thus, thermometer receptors seem to have’ lower

£ . »
values of:dyﬁamiq\sensitivity-but a larger sample is re-
& -

-

- " quired td prove this,conclusion to a 'statistically sighl -

L cant level. . _ - . . ¢
. . | . i . : .
T h. | Temperature receotors as part of the temperature
. regulatlon system . -
— ] .‘-.“"The point made.immediategy above iﬁplies that

~ . - i
. fibres with. high steady state sensitivities (thermemeter
: Lo 1

>

fibres with a = 0.8‘H2/C’7 have low effective dynamic sensi-
. . (9 - N 3 L, \‘ \ ~ e

tivities (0.8 to 1.5 Hz/C°), whilg fibres with low steady
state sensitivities, (range from/:aﬁf/to 0.2_Hz/C5) show ,

more variable and bigher effective dynamic sensitivities
. -

‘kl,l to 8.7 Hz/C®°). - Thls separatlon of maximum sen51t1v- .

T ities shouié be user}_in the temperatﬁre regulation system.

> 1

‘A sxrgng s;gnal of temperature itself provides the accuracy

agd Stablllty of direct (propqrtional) control of the L A
-homeoStatic variable. A strong signal from the- rate of

‘change of temperature providea~the increased speed of

response that is a feature of deriwative control. Y
- e . . -
L]

o 2. Conclusions Y
‘ ~
The‘e are. "cold" receptors in the scrotal skln of -

*othe rat whmch exhlhit the well known peaked stgady state

Y
. R [ 4 . - N\
o L] i)
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\
N
N . - . - Ay
- - A \

response and a strong response to ragld cooling: A new set
]

K]
of receptors labelled.othermometer receptors show a hlghly

>

reproducsble linear steady -state reSpoﬁge from approxrmately

L4

15° to 40°C. The dynamic respanse of these thermometer

receptors is not as strong as for the other cold receptors. 4 -

. <

The response:of temperature*}eceptors to steady
state and ramp Stlmull over a broad range of temperatires‘
-can be adequately descrlbed by a composxbe graph and an
equatlon. The composxte graph shows, the steady state freg-
uency, the dynamlc sensitivity, and the decay time all versus

temperature. * The graph of Bteady state frequency ﬁescrlbes‘ii_;_\‘\
the steady,etate responée completely, and for any given ~

temperature the values of four parameters can be read from

the graph and imSerted in the gollowing.equation to describe

- v

the dynamic response. % A

o

a£/dt = (s%a) (-de/dt) —K(f-f_ )

. .o .
Thus the goal of finding a- quantitative description of the

! ‘.. " ) o > ’ . . i -
~~response-of # temper%ture receptor has been achieved.







e APPENDIX I

ANALYSIS OF PULSE SIGNATUPRES

The method of displaying and photographing a
& sample of pulses from a given preparation has been des;}ibed“
in the text and Aas been illustrated for prepdration 67 in
Figuré 5. .Eiguge 19 shows thg photographs used in determ-
ining.the number of active fibres in the rest.of the ﬁrep-
arat%ons. Features of the run corresponding‘to each

photograph and the estimate of the number of active. fibres

are liste® on the face-page of Figure 19.

- ¥
e 7

112




J ' FIGURE 19

. Analysis of Pulse Signatures

—

Trace Preparation Features of Number of Distinct
' the Run . Pulse 'Shapes
(A) 66 25°+15°C. at S 2
1 Cc°/sec.
(B) 7524 ss. 30°C 1
(C) 75a,b,c, 35°C~+25°C at .3
: 2°C/sec.
(D) 77-1 25°C+20°C at _ B
* l1°C/sec. -
. (E) - 78-1 30°C»25°C at 2
- . 2°C/sec.
” (F) 79-1° ss. 30°C 3
“(G) 81-3 35°C+30°C at 1

1°C/sec.
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: ‘APPENDIX IT

INTEGRATION OF' THE EQUATION FOR TﬁE DYNAMIC RESPONSE
Y

. " \
A general eéuation was developed to express the

dynamic response to a ramp_stimulus. For .the case with no

s . steaéy state activityX fhe equation is
- df/dt = s(-dg/dt) - kf ' (1)
PR . where: f is the frequency (Hz)
‘ N - ~ . 8 is the temperature (°C}.
: s is’ the dynamic sen51t1v—
ity (Hz/C®) -1

k is the decay constant (sec ") ¢
For the purpose of this research, where fréqueﬁgy was dis-
played eiéarly on Vigicérder fecords,_one could measure thé

%\initial rate of chan;e of frequéncy agsr;hé hecay time of the

: activity. From these features the pargmeters qf the response

Qer! caisulated. Although very_insﬁructive for leérning the

basic nature of the response., conducting the'énalysis of the

response from visPal records. has some disa&véntaéeg: (1) It
is expensive to disﬁ&ay all responéeé fully on the light sens-
itive Visicorder, paper. (2). Abstrécting the re;uired data

I ’ frpm'ihe visual record is time.consuﬁing and tedious.

(3 At lower levels of activity estimatiﬁg the ‘initia] rate

. . -

. . of change of frequency and the decay time is difficult and .

inaccurate. It'is anticipated that iqstrumentation‘to carry-

o* Throughout.Appendlx II and Appendix III the c¢ase with no

) steady state response will Be used. Generalization to the
) other cases requires only the addition of constant or linear
terms to the expressions.
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. :
out automated pulse counting could overcome some of these

’ . . .
disadvantages. To understand the relation between pulse

¢

counts and the estabiished'parameters'of the response,
equation (1) needs to be integrated twice. The'integrapion-_
of this equation‘ana comments -on some implicatiéns along thé;
way are the contents of this appendix.

It.is instructive to consider first a simplified" e

case in which there is no decay term.

df/dt = s{-d6/dt) B - (2)°

\ S L /
buring a cooling temperature ramp ¢

" where: eb is the base temperature
at the start of thé ramp

. - r is the positive number
_— /i> representing the ramp- rate
Then de/dt = -r .
and df/dt = sr ) (4)
. L/;f = SH/at
. v f - ' '
. fot stt + £ s ,
Y . where: ft is the\gréquency.at time t A
aftér the start of the ramp *
io is any initial frequency )
If £,=0 and t_ is the total, time'of the tramp,.then .
[ . < ) . . '
.- : - ¥ 9 . .‘ -‘,"“ L] '
3 . foax = SFt. _ ‘ (6)

-
~

A . . - - - - "
or since r x t = 468, the;total change- in temperature, ﬂ
. ! T . w . . .
-, fhax = 880 © . - L s

2
L)

e

Thus, in the simple model, the maximum freguency is e
Ty -
. * ] ) ' Al
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independent of ramp rate and is propgrtional only to the
total temperature change, aséﬁminé the sensitivity paraﬁéter
s to be constaft over the‘range of stimulus.-

‘e

Integrate eguation (5) over time to obtain the

> . . \ .
number of impulses to time t, ) -

ffdt —-/-srtdt +ff dt y '

_ 2
Nt = s.rt /2 + fot, _ ‘ (8)

If fo=0 and t. is the total time of the ramp, and since,
r.x tr = A0 then the total number of impulses during the
ramp is ' A

. Nr f‘sbetr/2 : . (9)

tor

* Thus, in this simple model, the tQt;l.number of

impulses produced during the application of the temperature
, ) =X ; o

~ ramp is proportional ‘to the total temperature change and the
* .

-4

" length of time of the ramp. If this.simple model is
L

- adopted, and one assumes the sensitivity parameter s to be

constant over the rahge of étimulus,'the value of s can be

obtained in one of two ways. Either detei@ine the maximum
frequency ‘at the enq of the ramp and'uge eguation (7) or

count the total number of impulses duriﬁg the ramp and'use

L

kquation {9). The definition of dynamic sensitivity of

Hensel, Iggo and Witt (1960) used the first of these -
methods. Note that thls simple model is va11d only if the

time constant T is very long compared to the time of the
P

ramp, tr': N . , .

” . * -

‘Consider .the-case with a decay process included

. ) . . .
\ . . .
1 B
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~ . e . ’ P
in the response. * The deflnltiognof r and t above andg, 'c:hg\t

‘., assumptlon that 4 —0 will be used throughout the developﬁ
: ‘ ¥
N . of ‘this case. Equatlon (1{ becomes
- ag/at = sr - k£ A ¢ 1)
. i Kt - (.
; Rearrange and muLtlp;y by e . 4 .

o . acgekt) - §re1f dt

S ./é(f =‘/;rektd€ . C -

On 1ntegrat1ng from t=0 + t ang thtlng £.=0 obtaln

0
bd ekt = sre /k - sr/k; -
- - . ’ ’ t : ‘ \“
o aoa kt __ - ?
divide by e and g¢ollect terms :
o f =Sz | (11)
- LI . N 1 .
.t v or ot = srt-e”HT) (12)
and at the end of the ramp - N .
N - - » . -t /T i. -
fax = srTll-e 'y ‘ ) (13}
€ 7' -

Integrate (12):from t=0 + t to obtain thé number of impulses

up to time t.

. N =1/f'tdt =‘fsr~rdt -./;fte-t/rdt

4 4

N, = srrt - srt? (1-e~ /T

N, = srtzlt/r-(l-e;t/&)] < (14)

'
and the total number of pulscs to the end -of the ramp 1s.
-t /T N
*n*“- srt’lt /1 =(l=e T )] (15)

S '_ It is AiT{jcult to visualize the &ffect of the decay progeas

- .~ on' tHe maxinum frequency or total numbe; of impulses by esimply

14okingiat eluation (13) or (1 To‘help vigualize the effect
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expand the exponential term as an infinite series -

'

—-t_/T o ‘
\-_ e r = 1= tr/T + (Et/r)2/2 - (tr/1)3/6 ..

K]

Then if tr << ? equation (13) reduces to (7) and egquation

(15) reduces to (9). b . -

If only tr < 1, and taking the first-significant
co;rective term fromethe series one obtains

frax = She (-t /2%) | (16)

and - N, = ospet,(l-t /30 /2 ooan

= .

where the br#cketed expressions show the first order correc-

"tions to equations (7) and (9). ‘It is seen that the ratio of

the ramp time to the decay time is important. Since the

decay time is fiked for a given fibre at a given temperafure

the amount -of the correction depends on the ramp time. Thus
. . . + . :
no simple correction can be applied to-all runs and one

should in fact use the complete analytic éxpressions, equa- '

*

tions (13) or (}5) in conducting the calculations for s.

“ To calculate s using either equations’(l3) or (15)

L4

_the decay comstant or decay time must be known. . gyring the *

- -

decay phase the frequency is described by the equatiom

‘L -kt ' . |
£=f e o ae

t . N ~.

Set t=0 at the start of the decay phase and integ-"

rate to time t, to give th, the number of-impulses in the

-

decay phase to time t. i .

P I (197
o~ - dt max o S

An altern thod.for finding k is by taking the

Lt
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natural logarithm of both sides of equation (18). Then

Inf = lnfmax - kt | : (20)
and k is found as the negative of the slope of the line of
. %
Inf versus ‘t.
(4
4 -
‘ . L 4 ~ .
14
a A




APPENDIX IIX

- IMPLICATIONS OF APPENDIX II FOR METHODES -
°  OF DATA COLLECTION IN FUTURE RESEARCH

3.

T

To complete the description of ‘the response of a
¢

temperature receptor the values of the steady state freq-

uency, dynamic sensitivity and decay time are needed through-

z

out the operating range of the;receptors. .CollectionW§f;such
-

data .on a mass ;cale by the techniques used in ghis reSearch
ﬁas seme serious disadvantages as discussgé,in Aépendix'll.
The analytical tools needed to'obtai%fché'dynamic sensitivity
and decay time without the use of total viséal records Qere
éeveloped in Appendix II. Some implications for the methods

of data collection are developed in this appendix.

¢

| The steady state frequency can be aobtained by any
-7 ' & )
standard pulse counting device with gn.adﬁﬁstable window to
¢ e
discriminate for the desired pulses.

Methods. to determine s and k 4hat require fnax

should be ay “ﬁ;d. The maximum frequency is énly'one poiﬂt

in the 6vé}a11‘dynamic response, and thus much of the rest

-
-

q;,tﬁetdata is ignored. Variability in pulse time intervals

means that error is maximized.if only a,short interval of the

whole response is studied.

e . To make maximum use of the data during the decay "

. i

phase of the dynamic response, the line of best fit -to the

\
~

i
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natural logarithm of the instantaneous frequency versus time -
should bé fouﬁq. the slope of this line is the .decay cons-
tant k. (Equation (20), Ap;eqdix II.) éecording pulse
times and tﬁen cérrying out éhe transforﬁations necessary Eg

| make the above talculations can bé handled by standard digitq}w
dataﬁkcquisition systems fvailablé today; Similarly to’maxim-

N

ize theéﬁata in the rising phase of the response, pulses

o
—

should be counted during the ramp stimulus, and thén equation
(15) of Appendix II can be used to galchléte s.
As -indicated at ﬁhe start of Appendix 11, the

"§£é;dy_state effects have been ignored 'in this @eveldpment.

The purpose has b;en simpiy to, show that the mathemétiéal

model api~its implications for a complete description, of

temperature receptor responses are amenable tb modern ﬁéss

o - .
: »-

data acquisition capabilities. . -
i N ‘y .

E) N . -

> ' A . . . “
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: . APPENDIX IV -
. CALCULATIONS ON THE DATA OF KENSHALO 1y
s ) ‘ . N
- ET AL, (1971) : o
h ] . * ) ) . . * N '
-
) In the work of Kenshalo, Hensel, Graziadei, and T .

Fruhs;orfer {1971) on_cold units from the nasal region of ‘the
' - —

cat Figure 11 shows the mean peak frequency of activity in 25
s . _
cold units in response to stimuli’of 0.5°, 1°, 2.5° and 5°C

all at a rate of 0.4 C°/sec. A separate curve‘of,meanlﬁéak‘
)
frequency was made for each stimulus magnitude -as a fuhction
N . . .
. of the adapted temperature before onsef of the ramp stimulus. .

If the model developed in EhiSAresgarch is valid, .the four
separate curves of mean peak frequency ‘for each stimulus -

. magnltude'should red;ce to a single curve of dynamlc sensitiv-

< 1ity. _The test of the model was to see if.the four wvalues of

dynamic sénsitivity.cbtaiped from the fmax'qﬁ eéch separate

-~

curve were the same. .- ’ .

-
-

To make the calculatlons of Fllt was necessary to

]

‘- modify equatlon-(lB) from Appendly II tq lnclude the steady

.
- a ‘ . .

, State effect.‘ K : . -
A . . - -t /1 .
Vo . fmax =‘fss,f.5FT41_? . ) . . (1) -~
and rearrange for.s:
- » - ¢ ' ‘tr/jr C e L
, B T ¢ S ss)/rrll-e )y T _ - (2)

The ramp rate was r = 0.4 C°/sec. For each stimulus
. . . \ / .

‘
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. " .-

magn:.tude,u',tr could be_calculated and fmax and fss read from
the graphs. Infofmation on decay‘time could only be guessed
at from looking at some records in the publication\ Severél

decay tlmes were trled,ﬁand the orie that led to the best fit .

J&as chosen. For 25°C the best decay time was 4 seconds, a

. value of s =‘20.lqand the deca

-

value consistent with the fact that myelinated fibres were

-*

inrvolved. At 25°C, for AS of 5, 2.5, 1.0, and 0.5 C® the
vakues of s obtained were 20.3, LQ.O, 20.2, and 21.0 respect-

ively. The mean and standard deviation of theése values is

20.1 + 0.8. This standard deviatign is'no larger than the

K}

standard deviations shown in £ the grag;. Thus, the

= 4 sec &s a complete

description of the'responsés p stimuli from an adapting

temperature of 25°C. It is suggested that such a descripi@@n
is simpler and more meaningful than the list of the “four peak
frequencies, as given® in the paper. ‘ ‘

- . 'Y

-‘4
® . °

4
*
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e APPENDIX I

ANALYSIS OF PULSE SIGNATURES

The method of displaying and photographing a

. C B - . “
L4 sample of pulses from a given preparation has been described”
4

in the text and has been illustrated for prepdration 67 in

Figurs 5. Eigu;e 19 shows thg photographs used in determ-
. . ining the number of active fibres in thé rest.of the prep-
arat%ons. Features of the run corresponding.to each

photograph and the estimate of the number of active. fibres

are liste® on the face-pége of Figure 19.
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