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ABSTRACT

Temperature relationships were investigated in
several types of peripheral nerve in a variety of mammals
from interior Alaska. 'Excised caudal nerves from animals
with poorly insulated talls such as the muskrat and red
squirrel showed lower conductlon veloclty slopes and lower
action potential extinctlon temperatures than caudal nerves
from species with well insulated tails, Alaska muskrat
caudal nerves showed sisnificantly lower conduction velo-
cities than Loulsiana muskrat caudal nerves at temperatures
above 5°C,

Most tibial nerves showed a greater decrease 1in
function with decreasihg temperature when compared with
caudal nerves. Phrenic nerve function was effected by low
temperature to an even greater extent, Temperature relation-
ships of refréctory period and action potential duration in
variousnerves followed the general pattern seen for con=-
duction velocity.

Conduction at supercooled temperatures was seen in
the caudal nerves of five of eight species tested and was
most prominent in animals with poorly insulated tails.
Freezing of supercooled nerves, accompanied by srontaneous
rewarming, often occurred between -3° and ~-6°C, Marked
action potential changes were associated with spontaneous
rewarming. Nerves recovered from freezirg if artifically

rewarmed soon after disappearance of the actlon potential,

1ii
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II'TRODUCTION

Living tissue functions within a narrow temperature
region, the upper limits of which are determined by the dena-
turation temperatures of proteins or the inactivation of
critical enzymes, and the lower limits of which are deter-
mined by chemical inactivation or freezing. From the stand-
point of time reguired for a given process and the integration
of that process with overall body function, tissues operate
optimally at temperatures most commonly provided in the
living organism. In most mammals thisvoptimal tissue tem-
perature is maintained well above the freezing point by an
insulating fur covering and other behavioral or physiclogical
temperature~-regulating mechanisms.,

Jammals living in colder climates must have enough
insulation to maintain body warmth in the cold, but in
meeting this requirement they are faced with the problem of
eliminating excess heat when the weather is warmer or when
they are exercising strenuously. Some northern mammals
have met the heat loss problem by making use of bare regions,
usually located on or including theirbextremities, as heat
radiators. In order that these special regions of heat
transfer not allow an unnecessary or even dangerous amount
of heat loss whén the animal is in the cold, their temperature

must be kept as low as possible, thereby slowing the rate

i__l
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of heat transfer to the enviromment. Some examples of
lightly~insulated body surfaces from which low temperatures
have been measured (Irving and Krog, 1955) include the bare
foot pads of dogs and porcupines, the hooves and legs of
reindeer, and the bare tail of the muskrat {(Johansen, 1962);
Assuming that the temperature of such bare surfaces may also
rise to nearly the level of deep body temperature, a fluctua-
tion in tissue temperature of almost U0°C is possible,

The temperature fluctuations experienced by the
extremities of many northern mammals must involve the nerves
found in such regions., As a consequence of these changes in
nerve temperature, a number of questions arise: What are the
lowest temperatures af which mammalian nerves may function?
Are there differences in temperature-related nerve function
among various species of mammals living in a cold climate?
Do the various peripheral nerves of a given animal that are
exposed to different body temperature environments exhibilt
differences in temperature-related nerve function? Do
differences in temperature-related nerve function occur in
animals of the same species living in different climates?
And,-ultimately, how can messages which must be constant in
nature, i.e., such as appendage position, be transmitted
unchanged through nerves whoée funetional characteristics

change with temperature?
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With the exception of the last, least accessible
problem, this dissertation attempts to answer, at least in
part, the various questions noted above, To achieve this
end, the relationships between temperature and periphéral
nerve functions have been studied in a variety of Alaskan
mammals over the past three years. Animals from the varilety
of environments were used, including semiaquatic, terres-
trial, and arboreal forms. In addition, a group of muskrats
from southern Louisiana has been compared with muskrats
from interior Alaska with respect to temperature-related
nerve activity.

| In general, the methods used in aﬁalyzing nerve
function with respect to temperature made use of standard
electrophysiological recording techniques., As many elec-
trical characteristics of the nerve as could be convenienﬁly
measured were included in the experimental procedure, For
reasons that will be discussed in the METHODS section, all
studles were made on excised nerves. ‘

The rather extensive literature from earlier
studies, most of which concerns frogs or other poikilotherms,
is reviewed in the following section, Experimental tech;
niques common to the various studies reported are descrilbed
in the METHODS sectilion., To attempt to lessen the confusion-

that might arise from the various questions considered, results
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and discussion of different problems are considered under
separate subheadings. An attempt is made to integrate the
results of the various thesis findings in the section titled
GENERAL DISCUSSION AND CONCLUSIONS,

Reports concerning portions ofAthe work reported
herein have recently been published (Irving, 1964a, 1964b,

1965; Miller, 1965, and Miller and Irving, 1965).
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IS AN

PREVIOUS HHORK

Amphibis

The earliest studies concerned with the effects of
temperatﬁre on pveripheral nerve activity apparently date from
the veriod immediately following the demonstration of the
nerve action votential by du Bois-~Reymend in 1848, Afanasieff
(1865) attempted to resolve the conflicting temperature infor-
mation obtained on frox nerve by ven Eckhard, Harless, and
Scheleske (all cited in Afanasieff, 1865). Afanasieff's
remarkable excitability studies of frog scilatic nerve showed
that in a nerve-muscle prepafation cooling to =8°C did not
completely destroy excitability. Clonic muscle spasus
(which can best be attributed to freezing of the nerve) were
seen between a nerve temperature of -4 and -8°C, 4 marked
decrease in ﬁerve excitability.was noted following the
muscle spasms, and the presence of any nerve function at that
point seems very doubtful. The nerves recovered excitability
if they were rewarmed within one hour following occurrence
of the nuscle spasms.

Shortly befors the turn of the century, Gotch and
ilacdonaid (1896) noted that excitability of frog sciatic
nerve decreased with decreasing temperature. Stirling (1395)
noted in his physiology text that cold could abolish or

diminish excitability of frog nerve, but that it did not

-
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affect conductivity. This statement is not surprising vhen
cne considers the fact that all of the earlier studies of
nerve function, including those made during the early nart
cf this century, used muscle response 1ir a nerve-muscle
preparation as the measure of nerve activity,

Boycott (1902) conducted a careful series of
experiments on the effect of teuperature on frogz nerve,
using a sciatic zastrocnemius preparation to observe the
effects of localized (less than one centimeter) cooling of
the nerve, Thoursh apparently not awzre of Afanasieff's
earlier work, Boycott arrived at some of the same conclusions,
tie was able to definitely correlate the prcduction of muscle
tetanus during intense nerve cooling wlth sctual freezing
of the nerve., Contrary te Afanasieff, Boycott noted that,
followinz freezing, "DBoth excitability and conductivity are
as a rule nermanently lost in the cooled area." The freezing
tetanus usually oécurred in the regicn of -75C. No decrease
in muscle response was‘noted when a region of the muscle
nerve was cooled as long as the cooling was not allcwed to
proceed to the freezing pcint of the nerve. Boycott thus
assumed that conductivity ofAthe nerve was not effected by
cold., Conducticn velocity was not measured, however,

Several years later, Bilhler (1905), aware of

Afanasieff*s work but apvarently unaware of the studies of.
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Boycott, also studied the effect of (localized) low temperature
on conducpivity of frog sciatic nerves. The temperature at
which conductivity suddenly stopped or decreased, called the
“"eritical temperature," averaged -7°C. Blhler recognized the
fact that the critical temnerature corresponded to freezing
of the‘supercooled nerve., Recoverv of some nerves following
(apparent) freezing was observed.

The effect of teriperature on nerve excitability at
different stimulus durations was studied within a limited
temperature range (9° to 29°C) by Lapicrue (1907). ' Tt was.
found that at short stimulus durations excitability decreased
with decreasing temperature, but with lonz-lasting stimuli'
excitability at lower temperatures actually increased. Two
distinet antagonistic phenomena were postulated as contri-
buting to the excitation process.

Tait {1906, 1908a, 1908L) conducted a series of
experiments con the influence of temnerature on frog nerve
(sciatic). ilost of his observations confirmed previously
known facts. In common with most of the earlier studies
concerned with the effects of temperature on nerve function,
a serious drawback to his experimental technique was the fact
that only a very small section of nervé, that portion lying
on a constricted tube of 2mm diameter, was affected by

changing temperature. Talt noted recovery of many nerves
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following freezing, but the anparent recovery can be
exp;ained by the fact that such a small length of nerve was
frozen, that even if it were killed, an action potential
could "jump" the killed area.

The resting notential of frogz nerve was studied
with respect to temperature by Verzar (1911). He noted that
the ccoled portion of a2 nerve became electrically negative
(which could now be interpreted as a depolarization) with
respect to the remalning poftions and that the membrane
potential reached a maximum at 20°C.

The temperature coefficlent of the refractory
period of nerve (probably frog sciatic) was investigated by
Adrian (1914). A coefficient of about three was found for
both absolute and relative refractory periocds between 10°
and 20°C., There was some tendency Ior the temperature
coefficient to increase as temprerature decreased. Amberson
(1930) alsc studied¢ the effect of temperature upon the
absolute refrazctory meriod of frog nerve, He claimed more
accurate control ofbtemperature in his studies, His results
closely confirmed previous vzlues obtained by Adrian,

Bahrmans {1932) measurad the change in resistance
of frog scilatic with decreasing temperature. He found a
sudden resistance increase of three to flve times at -6°C,

the temperature at ithich nerve conducticn disapneared, His
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results thus tend to confirm the icdea that the freezing point
of supercooled froz nerves is near ;%°C.

In agreement with the findings of previous studies,
Schriever (1932) observed a lowered neobase at low temperatures
but found an increased chronaxie. In other words, at lower
‘temperatures and at a given excitation voltaze aboveé the
electrical threshold, the stimulus.current must flow for a
longer time in order to excite the nerve. rowever, the
minimal amount cf current needed to excite, regardless of
the lensith of time it flows, 1s less at lower temperatures,
It is difficult to reconcile these two seeningly opposite
changes.

An often-quoted naper concerning the effects df
temperature on peripheral nerve activity is that of Gasser
(1931). A major advantagze of this study over pnrevious nerve
studies lay in the use of the cathode ray oscilloscope and
other specialized technigues for nerve recording [developed
previously by Gasser and Erlanger (1922)]. The temperature
coefficients for eghduction velocity, spike potential, and
refractory period were not found to giffer éignificantly froii
previous studies made in the temperature range between 10°
and 30°C, However, Gasser did report a large increase in
all temperature coefficients at lower temnerature, i.e., 5°C.

He states that, "The durations of the rising and falling

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



10

phases of the soike of the action potentizl are affected to
the same extent by temperature chanze."

Utilizing recording techniques that allowed them
to study single, medullated frog nerve fibers, Schoepfle
and Lrlanger (1941) found, in contradiction to the work of
Gasser, that cold prolonged the descent of the spike uuch
more than the ascent and increased, rather than decreased,
the spilke height. The lowest temperature studled was
apparently 3°C.

A careful study of the occurrence of local cold
block in froz nerve was made by Boyd and Ets (1934). By .
varying their techniques of cooling they were able to freeze
short lengths (probably about.t'o millimeters) of frog nerves
eltner with or without supercooling. Preezing with super=-
ccoling was accomplished by coating the cooling rod and/or
nerve with Vaseline toc prevent the condensation of water
with its subsequent freezing and "seeding"” of the nerve to
freeze, Supercooled nerves froze at an average temperature
of =6°C, while the nerves protected from supercooling by a
speciai éééhnidue froze at approximately -1°C, ‘lany nerves
which had been frozen at -6°C recoveréd their function
when rewarmed 1f they were soaked for somé time in Ringers
solution. All nerves frozen at nigher temneratures recovered.,

Such nerves were, however, nore susceptible to future cold
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block (i.e., 1f warmed a-d thern recooled). Prior to the
work of Boyd and Ets, Garten and Sulze (1913) had reported
that 1n nerves of a tropical frog the cold-blocking teﬁpera—
ture was lower for a short stretch of nerve than for the
entire trunk. This finding was refuted by BDoyd and LEts as
being an artifact caused by changes taking pnlace most rapidly
near the cut ends of the nerve,

| Tasaki and Fujita (1948) conducted tenperature
studies on isolated single fibers of a toad (species not
given). The temperature coefficlent of the conduction rate
was constant at 1.8 over the tewperature range used (5° to
20°C). The spike duration showed a much larger coefficient
of 3 to 3.5, while the spike height had a very low téhperature
coefficient of 1.3. Although it was not mentioned, it is
apparent from their records that the falling phase of the
action potential was prolonged much more by low temperature
than was the risiny phase.

Tasaki (1949) later revorted that the rseobase is
not éffected by tewmperature but that the minimum quantity of
electricity needed to excite a nerve fiber 1is increased by
cold. The second vart of thilis statement appears to contradict
the first., However, the "minimum quantity"'apparently refers
to the second, or test, shock of a conditioning-test shock

pair, rather than to a simple stimulus voltage-duration test.
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The time course of the subthreshold shock 1s retarded by
cold. |
Further studies of thetoad single fiber prepara-
tion have been made by Shirakawa (1959). He found an even
larger Qg for»spike duration than had Tasaki and Fujita,
averaging 5.0. Average Q10 values for the rising phase and
falling phase of the spike were 3.1 and 5.5, respectively,
confirming the fact that cooling greatly prolongs the
falling phase. Resistance of the myelin sheath was much
reduced at lower femperature, and the negative after-potential
was also reversibly abolished by cooling.
In a series of papers Laget (1956a, 1956b) and
Laget and Guerin (1955) reported his observations on the
effect of temperature on peripheral nerve function in the frog.
Except for the introduction of a hazy term, "therﬁal hysteresis,"
as applied to the lag in changes in nerve function following tem-
perature changes, his studies merely confirmed previous findings.
Nasonov and Suzkal'skaia (1956) reported an
interesting comparison between summer and winter frogs with
respect to nerve excitability at different temperatures.
Nerves from summer frogs cooled from 20° to 5°C showed
a decreased threshold to long lasting impulées and an
increased threshold to short ones. HNerves from winter frogs

cooled over the same range showed a decreased threshold to
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both long and short stimuli. The failure to find an increased
threshold with short pulses in the cooled nerves of winter
frogs seems difficult to exnlain.

The effect of temperature and narcosis on frog
nerve (species not mentioned) has been the subject of a
recent study by Sjodin and :ullins (1958)., In contrast to
Lorente de Wo' (1947}, who found that maximun snike amplitude
occurred at about 10°C, Sjodin and *lullins obtained maximum
spike amplitudes at 35°C, with a rapid drop above thils
temperature and a slowly-accelerating drop below, As will
be mentioned later, considering spille amnlitude as an

1 to serious error due to the comn-

jon

absolute value may. lea
plexity of changes in spike configuration that can occur
with changing temperature. Surprisingly, Sjodin and

ulling found that their frcx sciatic nerves did not conduct
below 2°C, a temperature well above that reported by most

authors for action potential extinetion in fros nerve.

Other Poikilotherns

The effect of temperature uvon nerve functicn of
noikilotherms cther than frogs and toads has received little
attention, but a consicderable variation exists in the poikilo-
theruis thus far studied with resnect to the température at

" which nerves cease toc conduct in the cold.
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the duration of the rising phase, the respective Qlo values
between 10° and 20°C beinz 3.2 and 2.0. The pnositive phase
of the action potential attaired a maximum at approximately
25°C.

Reccording from single lobster motor axons with
external electrodes, Wright (1558) found that the action
potential remained nearly constant with mild cooling, but
telow 10°C the action potential decreased uw:arkedly. The
rheobase was slightly reduced for stimuli of lenger dura-
tion but increased for short stimuli. Chronaxie increased
with decreasing tempmerature, Conductlon velocity was reduced
by a factor of thres to four with a temperature reduction of
20°C,

In the case of the earthuvorm ziant axon, temperature
coefficients for conduction velocity and duration of rising
and falling phases were similar in sign and guantity to those
of other poikilothern nerves, Threshold values for stimu-
lating pulses shorter than 0,1 milliseconds were approxi-
mately doubled for a 10°C drop in temnerature but showed no

chanie for pulses longer than 0.6 milliseconds.

Mammalian Nerve Studies

A& common finding in previous temperature studies
of mammalian peripheral nerve has been that conduction 1is

blocked at much higher temneratures than is the case for
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poikilotherm nerves. It should be emphasized that most
mammalian nerve studies have utllized the readily avail-
able dog or cat, and that the use of these domesticated forms
may give a one-sided view of mammalian nerve function,
Perhaps the earliest reported study of the effect
of temperature on dog sciatic nerve was made by Grutzner
(1878), He found that motor fibers were blocked at 6°C,
while sensory fibers conducted to 1°C. The cardio-inhibitory
fibers of the dog vagus also underwent cold block between
2° and 6°C, The latter finding was confirmed by Howell, et.
al,.(1894), who also noted that the rabbit vagus underwent
cold block at temperatures as high as 15° to 20°C, Boycott
(1902) later stated that the cardioc-inhibitory fibers of the
rabbit vagus blocked at temperatures below 10°C. Boycott
also madé observations on the effect of cooling the ulnar
nerve in man, The actual nerve temperature was not measured;
Eut with the elbow in a -17°C bath for what apparently was
a short time, slight sensory impairment was noticed, and
marked sensory phenomena referable to the little finger and
back of the hand were obtained., —
The conditions of survival of execised mammalian
nerve trunks have been extensively sﬁudied by Forbes and Ray
(1923). They were not primarily interested in temperature

effects, but in the course of their studies they noted that
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sclatic nerve function in dogs, cats, and rabblts was
suspended below 8°C.

A further contribution to the knowledge of tempera-
ture effects on mammalian nerve was made by Gasser (1928).
In a consideration of the relation of .action potentlal shape
to conduction velocity he noted that the phrenic nerve of a
dog showed a marked drop in action potential amplitude during
cooling from 37° to 19°C. In addition it was found that the
product of the duration ofthe rising phase of the potential
wave and the conduction velocity is constant during a change
in temperature. o

The most extensive analysis to date on the effect
of temperature on mammalian peripheral nerve has been made
by Lundberg (1948). The sixth and seventh lumbar roots of
the caﬁ were used for A fiber studies, while the splenic
nerve'of the cow was used for work on C fibers. DBoth the
resting membrane potential and action potentilal wefe analyzed.
The resting A fiber membrane potential was found to be maxi-
mal at body temperature, and warming or cooling from body
temperature level resulted in depolarization of the membrane.
The point of thermal equilibrium or maximum membrane potential
of C fibers was between 20° and 30°C; higher temperatures

effected the potential much more than lower temperatures,
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Action potentials of A fibers could not be elicited
at temperatures below 7°C and disappeared in some nerves at
15°C, Splke helght was maximal at 30° to 35°C, The tem=
perat&re at which C fiber action potentials dlsappeared was
quite variable, ranging from 20° to =5°C. Iilaximum spike
height was developed between 5° and 10°C,

The effect of potassium on the thermal sensitivity
of A and C flbers was also studied by Lundberg. Excess
potassium was found to shift the temperature of maximum
resting potential upwards in both fiber types. Treatment
cf nerves with potassium-free Krebs solution lowered the
thermalvequilibrium point for the resting potential and
“lowered the temperaﬁure at which spilke height was maximal.
In the case of A fibers, the blocking temperature for con-
duction could be lowered to 0°C by soakling the nerve in
potassium=free solution.,

The differential effect of cold on nerve fibers of
different size and function has been the subject of several
other studies, mostly of the cat., Lundberg (1948) found
that in cooling the saphenous nerve the slower conducting
d~ elevation disappeared before the oK . Douglas and
Malcolm (1955) confirmed this, noting fu£pher that the
intermediate o~ and & components faizéd in that order

with cooling and before there was a significant change in
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the ¢©{ component. The nonmedullated or C fibers conducted
to a lower temperature than any médullated fibers,

The order of susceptibllity of vagal nerve fibers
to cooling appears to be the reverse of that found for other
nerves., Torrance and Whitteridge (1947) ahd Whitteridge
(1951) noted that the most cold sensitivé vagal flbers were
the stretch fibers, which conducted at the highest velocity.
Douglas and tialcolm failed to find any clear;cut differences
among various vagal fibers with respect to cold sensitivity.

The ability of hibernating mammals to survive
prolonged body temperatures just above the tissue freezing
point has led several investigators to look for special
nerve properties in such species. Attention was first
directed toward excitable tissue function in hibernating
mammals by Tait (1922), who found that a phrenic nerve-
diaphragm preparation of the hedgehog or woodchuck would
retain activity to "very low temperatures," appafently
near freezing., Nerve function in hibernators received no
further attention until 1948, when Chatfileld, et. al. (1948),
compared the'éffects of cooling on nerve conduction in the
golden hamster (a hibernator) and the rat. Hamster tibial
nerves conducted to an average temvperature of 3.4°C, while
rat tiblal nerves ceased conducting at 9°C. A further

comparison of nerve function in hibernating and non-hilbernating
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hamsters failed to disclose any differences in thermal
sensitivity of nerves from the two groups of animals. It
was, therefore, concluded that the ability of hamster nerves
to conduct at low temperature was a true species differ-
ence, rather than a more short-térm change in the nerve
which occurred when the animal was exposed to cold,

Kehl and vlorrison (1960) described differences
in the temperature coefficients of sciatic nerves from
hibernating thirteen-lined ground squirrels, as cbmpared
witﬁ‘nerves from animals of the same specles not in hiber-
nation, In general, hibernation seemed to be correlated
with a decreased temperature coefficlient of conduction
velocity and excitability. This change was accompanied
by a lowering of the temperature at which conduction veloc=-
ity and excitability reached theoretical zero.

Tait®s studies of the phrenic nerve-diaphragm
preparation were extended by South (1961) with a comparison
of hibernating and non-hibernating hamsters and laboratory

- 'rats. Diaphragm muscle strips were tested for excilta-
bility.and contraction characteristics both with direct
stimulation and by indirect stimulation via the phrenic
nerve.

Only two of ten rat pnhrenic nerves remained

excitable at 10°C, whereas all hamster.nerves conducted at
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5°C, the lowest temperature used. Nerves of hibernating
and non-hibernating hamsters did not differ with respect
to temperature-related excitability or conduction charac=-
teristics., Action potential amplitudes were reported
without mention of possible errors involved in their
interpretation.

Marked excitgéility differences were found
between diaphragm muscle strips of rats and hamsters.
The former were barely excitable‘at 5°C with direct stimu-
lation, while both hibernating and non-hibernating hamster
muscle strips were readily excitable using either direct
or phrenic nerve stimulation.

" The uninsulated metatarsal region of gulls
living in cold climates is known to reach internal tem-
peratures near 0°C (Irving and Krog, 1955). This fact
was used by Chatfield, et. al. (1953) to demonstrate adap-
tation to cold in the tibial nerve of the gull., The tilbial
nerves obtained ffom the metatarsal region of the leg of
cold-adapted gulls consistently conducted at lower tem-
peratures than the same nerves from gulls adapted tc heat.
Nerves from warm-adapted zulls showed intermediate properties.
In addition, nerves from the bare metatarsal leg regilon
of all three groups were able to conduct at lower tem-

peratures than were nerves from the feathered tibial region.
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The caudal nerve of the albino rat has been
réported to function at temperatures down to 0.3°C (Chatfield
and Lyman, 1954),__These authors found no alterations in
caudal nerve function in a group of rats exposed to con-
tinuous cold (5°C) for 7 to 30 days. More recently, Miller
and Irving (1963) reported that changes in rat caudal nerve
function do occur 1if the animals are exposed t outdoor
winter cold for a considerable 1engtﬁ of time (months)?_

In the'latﬁer case, conduction_velocity and excitability
were diminished at higher nerve temperatuess, and 1t
appeared that, rather than showing an increased capacity
to function in the cold followling exposure to winter cold,
the animals showed decreased ablility to function at warmer

temperatures.

Summary of Existing Literature

The majority of studies dealing with the effects
of temperature on nerve has been concerned with amphiblans.
It is generally agreed that excised frog nerves will con-
duct in a supercooled state and cease conducting when they
freeze at about ~6°C. Some evidence exists for temperature
adaptations in frog nerve, the nerves of both summer frogs
and frogs living 1n tropical regions showing cessation of
function at temperatures higher than nerves from winter

frogs or frogs from cooler regions. Information on

|
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temperature coefficients of conduction velocity 1s variable,
but conduction is slowed as temperature decreases, often
by a factor of two to three for each 10°C drop,

Excitability, especially to stimuli of short
duration, decreases with decreasing temperature, while
the refractory veriod increases in duration with a temp-
erature drop. Information rezarding changes in action
potential magnitude are conflicting and difficult to assess.

A small amount of work concerned with temperature
effects on other.pqikilotherm nerves indlcates gross
similarities with amphibian nerve, O0Oscillatory responses
in crustacean nerves are more difficult to elicit at low
temperatures.

YMammalian nerve fibers are reported to cease
conduction at temperatures higher than those reported
for poikilotherms, Except for one report of unmyelinated,
or C fibers,conducting to -5°C, mammalian nerve fibers,
including all A fibers, are reported to cease conducting
above 0°C, frequently failing at temperatures as high as
10° to 15°C, Temperature coefficients for the various
characteristics of nerve function apvear to parallel
closely the values reported for poikilotherm nerves.

Nerves of an obligate hibernator are reported

to change functional capability during hibernation,
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allowing the animal to survive and’ function at lower temp-
eratures than could be tolerated when not in hibernation.,
Similar changes in nerve function at lower temperatures
have been noted for caudal nerves of laboratory rats
exposed to winter cold. In contrast to the findings for
an obligate hibernator, hib;;;étion in facultative hiber-
nators (haster) is not correlated with chanzes in periph-
eral nerve excitability or conduction., o ianformation has
been found to exiét on temperature-related nerve activity
in wild, non-hibernating mammals, particularly those

living in cold reygions,
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METHODS i
General

The initial plan of study was simply to compare
function in nerves from peripheral regilons of several
mammals accustomed to living in the cold. Northern mammals
exhibit a wide range in the amount of--insulation of their
appendages and in the degree of temperature variation
which these appendages undergo. Of the various body
appendages, the tail seemed to offer the best possibility
for interspecific comparison of the effect of temperature
on nerve function.

The various Alaskan canines, includlng the red
fox and coyote, all have very dense underfur on the tail
with an ample covering of long (approximately 8 to 9 cm,)
guard hairs. Such tails are much less likely to undergo
marked temperature changes than, say, the hairless tail of
a nuskrat or beaver, especially considering the fact that
the latter two animals are frequently subjected to the
severe cooling effect of near freeging water. Other non-
aquatic mammals such as the arboreal red squlrrel have
‘rather lizghtly insulated tails that probably cannot be
efficiently maintained near internal body temperature and

that must, therefore, be allowed to cocol. Animals such as

25
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the mink and marten occupy a position intermediate between
the bare-tailed species and the heavily insulated forms.

Comparison of temperature effects on caudalb
nerves of various species was alded by the fact that the
tail is supplied by two pairs of nerves, dorsal and ventral,
that are anatomically quite distinet and consistent in
position from one species to the next. Because of theilr
larger size and the fact that they were more easily iden-
tified and handled, the ventral nerves were used for all
studles of caudal nerve function.

The ventral caudal nerves arise from the lower
region of the cord, with the initial contribution usually
from the first sacral cord segment, the largest contribu-
tion from the second sacral sezment, and additions from
the first caudal through the third caudal segments.
According to Chatfield and Lyman (1954), the caudal nerves
provide, at least in part, motor innervation to the tail
muscles, Judging from the relatively small muscle mass in
the tall 1tself and the rather large size of the nerves
even in thé\ﬁidtail region, the nerves must also have
important sénsory components.

Ventral caudal nerves of eight specles, including

the muskrat (Ondatra zibethica). heaver (Castor canadensis),

red fox (Vulpes fulva), red squirrel (Tamiasciurus
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hudsonicus), coyote (Canis latrans), mink (Mustela vison),

marten (Martes americana), and porcupine (Erethizon

dorsatum), have been examined. Only the first four speciles
were obtalned in sufficient numbers to aliow statistical
comparison of nerve properties,

Other than the tail, the appendage most subject
to cooling, at least from the standpoint of lack of insula-
tive covering, is the lower hind limb., Again, the legs
of semi-aquatic species such as the beaver and muskrat
areﬂprobably subject to more severe cocling than the legs
of most other species. The lower limbs of some of the
ungulates such as the caribou and moose might also be
expected to show marked temperature drops in cold air.
This has been'measured in the reindeer by vaing and Krog
(1955), who found skin and deep temperatures in the tibial
region to be as low as 9°C in =31°C air,

The tibial nerve was selected as the lower limb
nerve most suitable for temperature studies, and its
characteristics were examined in beaver, muskrat, red
fox, coyote, and porcupine. A single moose fibial nerve
was also obtained.

Later in the studies it was realized that a
veripheral nerve accustomed to constant, internal body

temperature would serve as a useful comparison to the more

|
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thermolabile caudal and tibial nerves. The phrenic nerve
seeired to offer by far the Lest comparison since it is
exposed to deeu body temperature in the thorax and is of

very homogeneous fiber composition. It arises mainly

28

from the level of the fourth cervical segment, with contri-

butioné from the third and fifth, and is largely motor
(Truex, 1959). Onrly the Leaver sohirenic nerve was examined,
For several reasons all of the nerves were
studied in vitro rather than in vivo. For one thing, in
vivo studies require use of an anesthetic for both
humane and practical reasons. The exact action on the
nervous system of most zeneral anesthetics is littlé
kncwn, and their deleterious effects on overall body
physiology is frequently great, especially in long term
anesthesia., Local anesthetics exert their effects on
peripheral nerve and are ruled out in studies of normal
nerve function. In addition, nerve dissection in a living
animal is slower and more difficult due to bleeding, and
greater care must be taken to avoid damage to larger blood
vessels. Cooling of nerves in vivo is also more difficult
and time consuniinz, and if good circulation is.maintained
near the nerve, as it should be for an in vivo study,
local temperature gradients may be a problem. In order

to obviate reflex responses, it is also necessary to

A3
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isgolate, or at least cut centfally, the nerve being studied.
FPinally, the great majority of neripheral nerve studies

nade to date has been on excised nerves, and practically

all of the studies concerned with the effects of temperature
on nerve have utilized in vitro preparations. In partic-
ular, the work of Forbes and Ray (1923) has provided

useful guide lines for estimating the viability of excised
nerves,

With the exception of the group of Louisiana
muskrats, all animals were obtained within a 150 mile
radius of Fairbanks, Alaska (65° North Ilatitude). ilost
were captured alive using collapsible wire "walk-in"'traps
of a size suited to the narticular animal. Several beaver
were obtained with snares. Except for a number of muskrats
classed as "indoor muskrats,” most animals used in the
studies were killed within one week following capture.

This procedure was followed in order to eliminate npossible

temperature acclimation or marked deterioration due to

captivity. All animals were active and appeared to be in

reasonably good health at the time they were killed. Only

adult animals (as judged by gross body weight and length)

were studied. Sex was not considered to be a significant
‘ factor in the studies, and members of both sexes are

usually represented. Animals in captivity were maintained

)
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on a variety of diets best suited to the needs of the
particular species. Several muskrats remeained in good
health for periods of up to two years on a diet of rat
chow (Purina) sﬁpplemented once or twice a week with

lettuce and carrots.

Experimental Procedure

Animals were killed with a sharp blow on the
head, or in the larger species, with a shot in the head
from a .22 caliber firearm, A few larger mammals were
shot in the field. HNerve removal was begun as soon as
possible, usually within a few minutes, and in no case
did more than one hour elapse before rewmoval was begun.

For removal of the caudal nerve a skin incision
was made just lateral to the ventral ﬁidline of the tail,
the skin then freed around most of the tail's circumference
and oinned out. The caudal nerves are deeply imbedded in
bundles of tendon, which_necéssitated removal of over-
lying and immediately-adjacent tendons. To prevent any
possibility of drying, as soon as a portion of the nerve
was exposed, it was moistened with Locke's solution, and
a gauze pad saturated with Locke's was placed over it. A
suitable length of nerve was dissected free using a

specially sharpened dental tool and micro-dissectinz
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sclssors, A glass hook was used to elevate the nerve
when necessary.

A suture of number 50 nylon thread was tied at
each end of the nerve, and the distance between these two
threads measured to the nearest millimeter. The nerve was
then cut several millimeters outside of each suture and
placed in fresh Locke's solution saturated with 95 per-
cent oxygen/5 percent carbon dioxide. After remaining in
this solution for a period of from five mihutes to several
hours, depending on whether or not another nerve was re-
moved from the same animal, the nerve was then transferred
to the nerve chamber. In no case did nerve removal require
more than three hours from time of death, and most were
removed within one and ohe-half hours. Removal without
damage'was difficult in the red squirrel due to the small
size of the nerve and its close attachment to the vertebrae
in the intervertebral regions.

For removal of tibial nerves a posterior-median
incision was made from the ankle joint to the knee, or to
well above the knee in small animals. Dissection was accom-
plished in much the same manner as for caudal nerves, except
that in larger animals the nerve waszplit so as toc obtain
a large branch or fiber bundle. A nine to eleven centimeter

length of nerve was usually obtained.
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Removal of the nhrenic nerve from beaver uas
accomplished by opening the thorax just lateral to the
sternua, retracting the ribs, and dissecting the nerve
free froa the pericardial sack and diaphrazm. About seven
to nine centimeters of nerve could be easily obtained.

| It was found that after the technique of nerve
removal was fairly well in hand, it was vossible to study
two different tines of nerve from the saue animal., In
such cases the second nerve was removed before measure-
ments were started on the first; and testing of both
nerves was usually complete within eight hours after
death. After nerve removal, the animals were welghed,
sexed, and gross neasurements of body and tail length
taken,

Two different nerve chambers were used in the
studies. The first, constructed of 1/8 inch nlexiglas,
is shown in Figure 1. It was used only fdr the initial
comnarison of Aiaska'and Louisiana muskrats. It was con-
structed only as & mcist chamber, provision not being made
for periodié flushing of the chamber with Locke's solution.
For this reascn a shallow layer (about two millimeters)
of Locke's was left in the bottom of the chamber to help
provide water vapor saturation of the chamber air. Temp-

erature changes of the chamber alr were made by changing
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Fig. 1. Immersible nerve chamber used in early studies, including
comparison of Alaska and Louisiana muskrats. R1 and R2: recording
electrodes; S: stimulating electrodes; Tc: thermocoupie.
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the temperature of a water bath in_which the chamber was
immersed, The jolnt between the base and 1lid of the
chamber was made watertight with chemically inert vacuum
wax., Temperatures below 0°C were obtained with a sodium
chloride-ice mixture, but control of chamber temperature
and cooling rate by this'méthod vas somewhat crude. The
chamber air temperature was measured with a single iron-
constantan therinocourle placed near the center of the nerve.

A second chamber was constructed for use in later
studies of uuskrats and all other animals., It was machined
from a solid aluminum block and had an aluninum cover with
double plexiglas viewport (Figure 2). bBoth the cover and
main chamber block were drilled out so that coolant
could be circulated through each to change the chamber
temperature. Eeat exchange between cocolant and block
proved to be efficient enough so that a éhamber air tempera=-
ture of =5°C could be maintained with a coolant temperature
(in theé reservoir of the cooling apparatusl) of =5,5°C.

Thne interior of the metal nerve chamber had a
plexiglas partition runninz lengthwise dividing it into

two separate chaiibers. ©Only one chamber was used, and it
P ’

1, Lauda Ultrakryostat, Lauda Instruments, Ine.,, Box 119,
estbury, New York, 11590,

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



‘uoissiwiad noyum payqiyosd uononpoadal Jayung “1aumo yBuAdoo sy Jo uoissiuuad yum paonpoiday

Fig. 2. Metal nerve chamber -with internal circulation for temperature
control. R: recording electrodes; S: stimulating electrodes; Tc:
thermocouples. G: gas inlet; BF: inlet for Locke's solution or
saline; P: viewport.
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was finally lined with a snecial rooi: temperature vulcanizing
silicone rubberl to insulate and nrotect the nerve and its
underlying electrodes frou the chamber walls, A small
plastic inlet tube at cne end of the chamber allowed Locke's
or other solutions to be introduced or removed from the
chamber, thus allowinz the nerves to be periodically
rinsed, A small tube at the other end was used to introduce
a mixture of 95 percent oxvien/5 percent carbon dioxide,
The gas mixture was saturated with vrater vapor by bubbling
it through two water-filled flasks. Each chamber had two
iron-constantan thermocouvles permanently placed so as to
be adjacent to the nerve. Temperatures were recorded in
analog form on a Leeds and iforthrup Speedomax Hz, or in
diéital form by a Datex recording system3. Thermocouples
were calibrated to an accuracy of + 0.2°C.

Both the plexiglas and metal nerve chamber were
provided with »latinum wire electrodes fqr stimulation and

recording. Two sets of recording electrodes in the former

1. General Electric RTV silicone rubber potting compound,
General Electric, Silicone Products Dent., Waterford,
New Ycrk.

2., Leeds and dorthrup Co., 1311 Renublican St., Seattle
9, Washington.

3. Datex Corporation, 1307 Sout:s "lyrtle Avenue, ‘lonrovia,
California.
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chamber precvided recording distances (from the nearest
stimulating electrode) of three and seven centimeters.,
Pive stimulating electrodes were present at one end of
the metal chamber, allowiny a cihwice of stimulus inter-
electrode distance. A separation of ones centimeter was
used for all experiments. The metal chamber contained 11
recording electrodes spaced at cne éentimeter intervals,
except for a one-half centilimeter interval between electrodes
three and four, and four and five, A total recording
distance of ten centimeters was thus available, if needed.
All electrqdes were bent in a V shape near the center to
provide a trough for the nerve and to allow better contact
between nerve and electrodes. Connections between the
electrodes and oscilloscone lesads were permanent in the
plexiglas chamber, while the metal chamber was provided
with Amphenol LiaC coaxialyconnectors.

Fizure 3 shows the complete experimental
system., Uerves were laid on the chamber electrodes and
stretched to their in vivo length. The threads attached
to each end of the nerve were vlaced in hooks projecting
out from each end of tl:e chamber, The proximzal, or larger,
end of the nerve was nlaced on the stimulating electrodes.,

. . . ir s 1
Stimuli were provided by a Grass “lodel S-4C stimulator

"

1. Grass Instrument Mn., 101 01ld Colony Ave,, Quincy, "ass.
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e chamber; TR:
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Fig. 3. Instrumentation used i
S: stimulator; SIU: stimulus isolation unit; NC: nerv

temperature recorder; CM: camera mou
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througzh a Grass SIU isolaticn unit. Nerve action poten-
tials were led to a Tektronix .odel 502 or 502A'1 dual bean
oscilloscope with differential ampniification. Internal
triggering of the oscillcscope sweep was initiated by

the rising portion of the stimunlus artifact. o pre-
amplification of the nerve potentials was necessary.
Photozgraphs of the oscilloscovne trace were made with a

2 with Polaroid back. kigh

Tektronix oscilloscope camera
contrast Polaroid roll film3.was used which gpave a two

tone transnarency.

Determination of Conduction Velocilty

For the purnose of determining conduction
veloclity with the mreatest degree of accuracy, it is often

advisable to record from tvo sets of recording electrodes

fta

at different distances fron the stimulating cathode,
This technique allcowus the determinaticn of an "absolute"
conducticn velccity, 1.e., ona does not have to take into

accour.t the length of tine the stimulating current has

flowed before an action potential is initiated, or the

oo

1. Tektronie, Inc., 238, S.W. 153rd St., Seattle, Yash.,

98166,
2. ilodel Cl2, see note 1.

3. Polaline Type 146-L.
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error introduced by the fact that initiation of action
potentials in myellnated nerves ccéurs at nodes of Ranvier,
which are usually spaced at intervals c¢f about 0,5 to 2

; millimeters (Ruch and Tulton, 1960). In practice, the
use of two or more sets of recording electrodes does not
circumvent the problein of the change in composition of
whole nerve trunks due to branching,

Some of the earlier experiments utilized the
recording circuit shown in Figure 4, in which electrodes
at two recording vpositions (Rl and R2) were led into
the separate oscilloscope amplifiers., Since monophasic
action potentials were desired, a common distal recording
lead (R3) was used under which the nerve had been crushed.
It was soon discovered that the action potential reccrded
from the proximal electrode (R1l) with the above circuit
was shifted slightly, but significantly, on the oscillo-
scope sweep. The shift was always to the left, resulting

in an apparent decrease in the length of time taken for
the action notential to move from the stimulus point to
Rl. This apparent decrease in conduction time caused
conduction velocity to be calculated as hizher than it
really was, The only reason apparent for the action
prtential zhift was a feedback phenomenon between the two

amplifiers, but professional electronics consultation
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failed to produce a simple solution to the problem, so
this recording method was abandoned.

The larzer part of the nerve recordings were
accomplisned with the use of three electrcdes, distal
electrode over killed nerve, as wmentioned above. Heowever,
dual team presentation of the action potentials was not
used, and two separzte recordinss from the two electrcde
vositions were made consecutively on cone beam of the
oscilloscope. i.itn this wmethcecd of recording, absolute
conduction velocitles could be calculated by determining
the difference in time talken by the initizal rise of the
action potential to reach the two r2cording =lectrodes
(in millisecconds) and ¢ividineg this value into the cdistance
between the elecirodes (in,ﬁillimaters). Conduction
velocity thus came out as millimeters per millisecond
(mm/msec), or the equivalent, more cemménly used exopres-
sion, meters per second ('i/sec).

Conduction velocities were also calculated using
the stimulus artifzct method, where conduction time between
the onset of the stimulus artifact and onset of the action
potential was determined from the oscilloscope trace, and
this value 4ivideu into the distance from étimulatin@
cathodetc recerdiny electrode, These conduction velocity

nalculations were made for both proximal (electrode
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nearest stimulating cathode) and distal (electrode furthest
from stimulatiny cathode) recoraing electrodes,

Averagze conduction veloclities calculated for
each animal frow the three methods fell, with a few
exceptions, within a ranse of ten percent. £~ number were
within a range‘of five percent. The rather close corre-
spondence of the three conduction velocity measureients
was somewhat surnrising in view of the unknoun excitation
time for each nerve, If the time recuired to inltiate an
action potential cccuples a significant pertion of the
conduction time, the true conduction velocity (or "abso=-
lute" conduction velocity) 2111 be hizher than tie
conduction velocity determinecd from the stimulus artifact
method., Following a similar line of reasoninz, conduction
velocities determined from action potential record-
ings made close to the stimulus electrodes will be lower
and will contain a sreater error than velocities deteriined
from more distant recordings. Conduction velocity calcula-

tion for some nerves followed this pattern, i.e., proximal
electrode recoruings gave lower conduction velocites

tran distal, while "absolute™ velocities were still
higher. &Such results were not consistent for even one

anianal, however, and many nerves showsd completely

opposite results,
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Thé most likely explanation for the inconsistent
conduction velocity calculations anpeared te lie in the
sﬁall marsin of error allowable in wmaking measurements
from the oscllloscone trace, particularly in deciding the
exact point at which an action potentizl bezan., Since con=-
duction velocities deteriined by one method were not
consistently different from values obtained by another
and since measurement errcrs in "absolute"” conduction
velocity calculaticns nad a greater effect on final results
(due to the short conduction distance available, usually
one to two centimeters), most of the conduction veloclty
results are based on stimulius artifact to distal recording

electrode measureiments.

bxecitability “leasuresents

Merve excitahility veas determined at four stimulus
durations: 5.2, 1.2, .17, and ,03 milliseconds, These
were calibrated values rerresentiny 5, 1, .1, and .01
milliseconds on the stimulater conircls, Determinations
made at 5.8 milliseconds vere sosetimes difficult due to
the stimulus artifact overlanning the action potential,
At lower temperatures, usually 5°C or below, excitability
of many aerves had decreased to the point where a very
high stimulus excitation voltape vias required at the ,01

millisecond stiuulus duration., If the voltage requirement
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exceeded 25 volts, the excitability for the .01 millisecond
stimulus duration was not determinec¢. The excitabllity

threshold was taken 2s the least stimulus voltage at

which an action potential was just visible with zn oscillo-

scope amplification of one millivolt rer centimeter, The
threshold measured was thus the threshold of the most
excitable (and most repidly conducting) fiberc,

Due to the fact that impedance‘can be a siznifi-
cant error factor in excitability measurements made with
a stimulator not having:; constant current stimulus
characteristics, tissue-stimulus electrode imnedance was
determined for several preparations. The method suggested
by the Grass Instrument Company (1963) for use with the
S-4C stimulator was found to be simple and reliable, It
consists of interposing a small resistance (10 ohms or
less) across the oscilloscone input and measuring the
voltaze drop while the nerve is being stimulated. Since
the wnltage outnut of the stimulator (without any load)
is known and the voltaze drop across the knouwn resistance
can be measured, the unknown resistance can be easily |
calculated.

Tissue electrode resistances irere invariably
higher than 2,500 commsy and since the output resistance
of the Grass stiaulator is 250 omms or less, the stinulus

output voltagres -ere considered e he reasonably accurate
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Refractory Periocd

toth absclute and reletive refractory perieds

vere determined., The eabsolute refractory period was
necessarily determined for rast fibers, while the relative
refractory perilod applied to the average fiber population.
£11 refractory periods were measured vith paired stimuli
of 0,2 milliseconds duration, a voltage of ten times
threshold, and a frequency of tuo per second or less.
Relestive refractory neriod values could not be determined

with as much accuracy 2as avsclute refractory neriods, 1In

some nerves, especially at lower jtemperatures, the second

]

stimulus of 2 test pair would not produce an action poten-
tial as large as tie one nroduced by the first stimulﬁs
even though the two stimull were separzted by as much as
one second. In such nerves, the relative refrzctory
period was taken as the time at which the action potential
no longer showed a noticeable increase in size with a
reasonable increase in stimulus interval., The absolute
refractory periocd was used as an index cf maximum impulse

frequency nossible in the fast nerve fibers.

Action Potential Characteristics

| The amplitude of compound action nctentials is
sommonly measured in nerve studies with the idea that it
will provide a useful measure of functionai capability.

#
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Although very sross chances in potential heizht have some
meaniny, the interpretation of amplitude changes 18 com-
plicated by & number of factors and has undoubtedly

been subject to much misinterpretation, Ritchie and
Straut (1956), by recording action notential amplitude in
nonmyelinated fibers at various distances and nlotting the
amplitude ratio at a iven distance for two different
temperatures, concluded that little or no change in abso-~
Jute spike heigihit occurred between 37°C znd 25°C even
though the recorded height was more than doubled, Their
conclusion was based on the idea that at zero and infinite
conduction distances the spike amnlitude will be determined
by a single fiber cr a group of synchronously discharging
fibers, and the amplitude ratios at two temperatures will
be 1.0. Following a similar line of reasoning, it is
apparent that a vnlof of aétion notential amplitudes méde
at two different recording distances for each of two

temperatures will tend to intersect at greater recording

47

distances, i.e., as infinite recording distance 1ls approached.

Since aztien gotentials were recorded from every nerve at

[

two distances at each temperature, nlots of similar nature
were made for nerves froun the various species studied.
Several such pliots confirmed the findings of Ritchie and

Straub, while several did not, It was decided not to
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include such plots as part of the dissertation material due
to their inconsistency and duec to the fact that only two

recording distances were used for most nerves.

Typical Recording Procedure for an Excised Nerve

The nerve was mounted in Locke's solution in the
nerve chamber at room temperature. Circulating fluid from
the Kryostat was allowed to flow through the chamber cool-
ing system at 25°C, and the temperature allowed to stabilize,
Locke's solution was then withdrawn and the chamber allowed
to stabilize for several more minutes before recording was
begun. The 95 percent oxygen/5 percent carbon dioxide mix-
ture was allowed to flow slowly into the chamber during
the equilibration period.

General condition of the nerve was checked at
several conduction distances and two distances selected
for "proximal" and "distal" recording. The action poten=
tial height, distance from onset of stimulus artifact to
initial action potential rise, and distance from onset of
stimulus artifact to‘action potential peak, were measured
at both proximal and distal recording electrodes. These
measurements were made using slightly supermaximal (for
full development of the initial, usually largest, action

potential peak) stimuli of 0.12 milliseconds duration.
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Thresholds were then determined for the various
stimulus durations starting with 5.8 milliseconds and
ending with 0.03 milliseconds. The voltage just necessary

to produce a full action potential at each stimulus dura-

; tion was also determined. Consecutilive exposuresof proximal

and distal action potentlals were then made, and the
photograph developed. Absolute and relative refractory

periocds were determined last. Temperature checks were

made intermittently during the recording procedure to be

sure that the chamber (and nerve) temperature had not

varied from the desired temperature by more than + 0.2°C,

i
{
¥
2
¢
L
i
H

Locke's solution was then syringed into the
chamber to cover the nerve, the cxyzen/carbon dioxide
mixture turned on, and the temperature of the circulating
fluid raised to give a chamber temperature of 35°C. The
same nrocedures vere then folleowed tTo obtain records at
35°C, 15°C, and usually at 5°C. If the nerve was still
conducting an action potential at 5°C, it was cooled
immedilately following the electrical recordings to a
temperature where conduction ceased. An action potential
was considered to be absent if not detectable at the
highest amplification available, 200 microvolts/centimeter
for the 502, and 100 mlcrovolts/centimeter for the 5024

oscilloscope,
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Cooling rates for chamber air varied between
2° ané 0.1°C/minute and were slowest when it could be
seen that tne actioun potential was nearly extinct or when
a known freezing voint for a supercooled nerve was
approached., As soon as the action notential disappeared,
the chauber temnerature was raised to 25°C at a rate of 1°
to 3°C/minute. In a few experiments with supercooled
nerves, cocoling was allowed to proceed below the freezing
point after the action potential had disappeared., After
the nerve had equilibrated at 25°C, the various electrical
characteristics were acain deteriiined zs 2 check for
deterioration that mizht have occurred during the experi=-
ment. An attempt was zlso made with some nerves to
determine the voint durins reverming at which an action

potential could amain bz conducted,
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RESULTS

s - TGenéral

The zross nhysical characteristics of the various
animal grougs stuéied are listed in Table 1. Judging from
body weipht and tail lenzth characteristics it is nprobable
that the Louisiana muskrats were a vounser group of
animals than the Alaska muskrats. This conclusion is
comrlicated by the fact that the race cf muskrats found
in Southern Lcuisiana 1s somewhat smaller than the moré
northern races, but it seems justifiied by the dispropor-
tionately low welghts of several of the Lcouisiana animals.

As wight be expected the beaver showed the
widest ranze in body size of any sroup. The two smallest
beaver studied, weighing 4.2 and 7.4 kilograms, were
animals of the year [using the size criteria of Hakals,
(1952)]. They had, therefore, not been exposed to winter
ccld., All of the remaining beaver were older than one

from the smallest heaver did not exhibit

i

year. ilerve:
any obvious functional differences from nerves of larger
animals, and their characteristics are included in the
results.

Tvio covotes and both p§rcupines rad been in
captivity for a considerable length of time (months)

before they were utilized for nerve studies,
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TABLE 1. General Characteristics of Animals Studied.
Sex Body Tail
Group No, & 21 Ueight(Kg) Length(cm)
Alaska Muskrats {11 5 4 .93y 23.1
(.800 to 1.090) (20 to 25)
La., Muskrats 12 2 3 744 20.8
(.575 to 1.001) {18 to 23.5)
Alaska Muskrats {13 9 I3 942 23.6
(outdoor) (.775 to 1.,0u40) | (22.5 to 24.5)
Alaska Muskrats 5 2 2 921 22.8
(indoor) (.730 to 1.180) (22 to 24.5)
beaver 12 7 y 13.16 31.7
(4,20 to 23,80) (18 to 39)
) Red-Squirrel s |5 oy 211 12.0
(.188 to .232) (9.2 to 13)
Red Fox 13 g L L.79 40.2
(3,00 tc 5.890) (35 to u6)
_ Coyote 3 l2 1 12.75 31.8
(10.080 to 15.70) (28 to 39)
iMarten 2 .990 16.3
(.,815 to 1.165) | (14,7 to 17.9)
Porcupine 2 2 11.70
Mink 1 1.0u40
Honssa 1 1 Est. 300
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The animals in which tailvtemperatures were
weasured during cold exposure fell into the vattern previ-
ously suggested (Table 2), The heavily furred coyote tail
showed a2 subcutaneous temperature near the tip that was
about 20°C higher than the tail tin of a2 red scguirrel
after similar exposure. The martern tail showed interuie-
diate temperature characteristics. Several attemnts have
been aade to measure tail temperatures in beaver in
various thermal envircnments. Steen znd Steen (1965)
recently published a snort comaunication on the therso-
regulatory impcrtance of the beaver's tall, Only one very
youny (2.3 kilogram) snimal vasg studied, but the results
showed that t2il temcerature could dror to 2°C with the

tail immersed in €°C water., In varm air and without cold

1]
]

[y

ne tail temnerature rose to 33°C.

¢

7,

water available,
Temperatures of L4° to 6°C nave been measured in
the tails of larger, free swimmina beaver in a near-freezing
bath (filler, unpublished observations).
Representative monophasic action potentials for

the different types of nerve studied in each species are

shown ip Figure 5a, 5b, and 5¢. Most cf the caudal nerve
compound action potentials show only one smooth, distinct
peak, indicating a single major fiber group. A fairly

distinet later peak, usually much smaller, could be seen
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TABLE 2, Subcutaneous Temperatures of Several Animals (°C) Following Cold Exposure.*®
Speci - Deep Tail Temps. Thigh Temps.
mer: Air | Exposure Body ' -
Species No. Temp., | Time(min) | Temp. | Base Mid Tip Upper Mid Lower
Marten B4-2 -15°cC 60 37.5 {28.0 12.5 34,0
Coyote 6u4-3 | -25°C 90 39,0 }33.5 28.5 28,0 38,5 33.5
Red Squirrel | 64-5 -30°cC 50 40,5 {13.0 7.0 40,5 20.5
Red Squirrel | 65-1 | -12°C 45 39,5 |17.5 13.0 38.0

%A1l temperatures measured

within 1 minute after death.
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Fig. 5a. Representative action potentials, caudal nerve, 25°C.
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Fig. 5b. Representative action potentials, tibial nerve, 25°C.
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in several tibial and phrenic nerves. The main action
potential veaks of the tibial nerves were nct infrequently
rounded, indicating the presence cf two or more fiter

zroups or a wider fiber distribution.

53

In several instances caudal nrerve action potentilals

showed partially dinhasic or even triphasic waveforms,

Diphasic potentials can be attributed to incomplete killing

of the nerve under the reference recording electrode and
in soue cases to noor srounding of the »nreparation, Tri-
nhasic waveforms are commonly encountered in volume
conductors and thelr preserce, usually slisgnt, was proba-
bly due to Locke's scluticon adherin: tc tinie nerve.
Diphasic and triphasic waveform alterations are not
believed to have introduced serious error intc action
potential amplitude deterc:inztions and could
affected cother ueasurementsz,

Stimulus artifacts occasionally caused some
oinor nroblemsz, rarticularly where recording distances
sere short (under two centimeters). Some were annarently
due to ~round loops caused by an imnerfectly insulated
nerve chamber; others may be attributed to lack of a zood
nerve ground.

In most nerves z2ction potential amplitude was

smaller at greater recording distances, as would be
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expected due to tilue dissociation of the aétion notential
coimponents and progressive dropning out of individual
fibers., oxcentions to the _eneral condition 4id occur, as
may be seen in muskrat 65-2; Table 3 anc¢ Figure 6, At
15°and 5°C action potential neiphnt vas greater at a
recording distance of six centimeters than at four centi-
eters, Such anomalies were probably due te variations

in electrode contact or to localized nerve injury,

The effect of alterations in recordins distance
on conduction velocity determinations was carefully
checked in tuwo animals (Table 4). Results indicate that
no consistent velocity changes occur with changes in
recording distance as long zas the distance 1s nmore than
three centimeters, The lower conduction velozity values
in muskrat 65=3 at two centimeters recording distance are
attributed to stimulus artifdcf influence on the early
portion of the uction potential, imaking the determination
of the exact pbint of initial acticn wotential rise

uncertain.

59

Cooling had no detrimental effect on the viability

of most nerves. As shown in Table &, noticeable decreases
in conduction velocity after coolin: followed by revarming
to 25°C cccurred only in the red cquirrel and mink., Some

decrease 13 tc be expected as a conseguence of the slow
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TABLE 3. Action Potential Height (mv) at Various Recording Distances

and Temperatures, Caudal Nerve.

Temperature (°C)

Animal Recording Distance (cm) 35° 25° 1s° 5° -5°
Muskrat 65-3 2 5.0 5.5 6.0 4,5

" i 4.6 5.0 5.3 3.9

" 6 4,5 5.0 6.0 U. 4

" 7 3.5 4,0 b.,8 3.8 1.5
Coyote 6B4-2 3 6.0

" 4 5.0

" 5 4,6

" -6 3.7

" 7 2,8
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TABLE 4. Conduction Velocities (M/sec) at Various Electrode Distances,
Caudal Nerve,

Nerve Temperature (°C)
Animal Recording Distance (cm) 350 250 150 50
Coyote 64-2 | 3.0 1 uo.0
" 4.0 huy,by
i 5.0. 41,7
" 6.0 40.0
" 7.0 40.0
‘ " 8.5 40.0
Muskrat 65-3 2.0 33.3 25.0 16.7 8.8
" 4.0 38.1 26.7 17.4 9.4
" 6.0 38.7 | 26.7 | 17.6 | 9.3
" 7.0 38.9 26.4 17.5 9.0

19
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All Groups, Pre- and Post-Cooling Compariscns, Caucal ierves, 25°C,

TABLE 5a,
Conduction Velocity (li/sec) Absclute Refractory Period (msec)

Group No. | Pre-Cooling Post-Coclins NC., Pre-Coolin, Post-Cooling
Alaska Muskrats 9 26.3 25.8 10 1.0 .9
La. Muskrats 12 30.7 32.0 12 1.0 1.0
Alaska Muskrats 9 25.5 25,9 10 .67 .69

(outdoor)
Beaver 6 31.9 30.1 7 .71 .70
Red Squirrel 6 26,0 21.9 9 .65 .30
Red Tox 13 37.2 34,9 13 .82 .92
Coyote 3 37.6 38.0 3 .67 .66
Harten 1 30.0 30.0 1 1.4 «65
Porcupine 2 27. 4 27,1 2 1.1 1.0
Mink 1 29.7 25.0 1 .60 .65
Moose

- All values are mean.
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TABLE S5b. All Groups, Pre- and Post-Cooling Comparisons, Tibial Nerves, 25°C,

Conduction Velocity (il/sec) Absolute Refractory Period (msec)
Group No. Pre-Cooling | Post-Cooling |[“io, Pre-Cooling Post-Cooling
Alaska liuskrats 6 26.9 23.4 8 73 .72
(outdoor)
Beaver 7 31.6 29.3 6 .75 .70
Red Fox 9 42,2 41.2 g 8 .7
Coyote 2 43,7 43,2 3 .68 1.23
Moose 1 16.2 16.2 1 2.1 2.0

All values are nean,
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deterioration with time that occurs in 211 excised nerves.,
The red squirrel and fox shew sizeable increases in
absolute refractory period, which may be taken as another
indication of deterioration following coolini; and rewarining.
The consistent changes in function seen in the red -squirrel
caudal nerve are best attributed to the fact that their
small size and close attacluient to intervertebral cartilage
makes them more prone to ninor damage during removal,

Such danage would be expected to speed up deteriorative
chanzes due either to time or low temperature.

Cooling and rewarminy of tibial nerves was
associated with &n inerease in absolute refractory pericd
only in the coyote., It is difficuit to find any corre=-
lation between loss of functicn in the coyote tikizl nerve
and morpholoplecal or physiolozical characteristics
unicue to that animal,

A typical example of a nerve that was little
af fected by cocling and rewarming, as evidenced by the
sinall change in action votential characteristics (measured
at 25°C) before and after cooling to -2°C, is seen in

Fizure 7A and J&.
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Fig. 7. Tibial nerve action potentials recorded at 25°C, before (A)
and after (B) cooling to -2°C.
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Temperature-Related Herve Funection in Scue Selected

Alaskan Marmals

Cne of the best indicators of tewmperature
related differences in different tynes cf nerves, i.e., in
caudal, tibial, and phrenic, as well as of differences
between the same type of nerve in different svecles is the
These

temperature at uhich nerve conduction ceased,

values are listed in Table 6. In 2 nunbter of tests

nerve conduction was found at tenperatures well below the

freezing noint of animal tissue, which is approximately
-0.6° to =0,5°C, This unexvecteu findinz held true for

the majority of caudal nerves studied, Some tibial nerves

also conducted at temperatures below freezinz, but excent

for the single oose tibial nerve, conduction not

viasg

present at the low {~4° tc -7°C) temneratures zt which it
was found in caudal nerves, It shoculd be ncfed that a

aumber of ths action cotentizl extinction temperatures

for caudal nerves actually rewresent the point at which

freezing cccurred
the nerve). Well
in some inatances

capability of the

e

f freezing could

{accompanied by snontanecug rewarming of
develoned action potentials were nresent

catin

e

Just vprior to Ireezing, ind

<

nerves to conduct at lower temperatures

have been vrevented,
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TABLE 6. ' Lowest Temperature at Which Action Potential

Was Present (°C).

No.

All values listed are mean,

(1.0 to 6.8)

Group Caudal No. Tibial
Alaska Muskrats 13 -4,4a 9 1.7 _
(outdoor) (-3.4% to =-5.4) (8,2 to -1.3)
Alaska Muskrats 5 -4, 68
(indoor) (1.2 to -6.7)
Beaver 9 -5.0P 7 -0.7
("3.8 'tO ‘506) (3.8 'tO -308)
Red Squirrel 8 -3.8¢C
(3.1 to -6.0)
Red Fox 13 3.1 9 3.6
(8.0 to "'113) (8.5 'tO 0.3)
Coyote 3 1.0 3 2,7
(4.2 to -1.5) (3,0 to 2.5)
Marten 2 -4,7
(-4.3 to =5,0)
Porcupine 2 2,5 1 4,3
(4.5 to0.5)
Mink 1 -5,1
Moose = 1 -5.0d
» Group No. Phrenic
Beaver 6 4,5

with range in parenthesis,

a) Nerves still conducting (action potential present)

in 3 cases,.

b) Nerves still conducting

in 5 cases.

(action potential present)

c) Nerves still conduction (action potential present)

in 5 cases.

d) Nerve still conducting.
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The manner in which action netentials disappeared
was variable., In some cases the action potential amplitude
at a tenperature only several dejzrees above the extinction
point was almost equal tc the maximal amplitude seen at
15° to 25°C. In other tests the amplitude would decrease
evenly from a temperature near 15°C tc the extinction
point., Scie action potentials showed a rapsid initial dron
at a teaperature of 10°C above the extinciion temperature
but retained a smnall action potential until final extinction.,
A thoroush study of the effect of coclinmg rate on action
potential extinction was not made, but the importance of

is well kncwn. Some

o

cooling rate in temperuture studie
effects of altered cocling ratz irere observed even within

the rather small ranze utilized,

consideraed ravid by cryobiolo, ical standards., The hiphest
cooling rates anproaches 2°C/minute, znd such rates

s = Al

resulted in the lowest actlon votential extinction tempera-

o

tures obtuained, Several nerves ceased conducting when held
at consiant or nearly constant low teunerature. One
muskrat nerve Iuiled after rewainlayg at ~2°C for .about ten
minutes.

After action potential extinction, duriny arti-

ficial rewarning the action notential did not usually
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reappear at eitherthe melting point or at the temperature
at which it first uisappeared, but usually reappeared at
a considerably higher temperature. This phenomenon will
be mentioned further in the section on Alaska-Louisiana
muskrat comparisons. N

Figure 8 is a multiple exposure of action poten-
’tials (muskrat caudal nerve) recorded at 10°C intervals
between 35° and 5°C showing the gross changes in conduc-
tion rate and waveform that occurred over the usual tem-
perature test range. These changes will be considered in

detail in the following paragrarhs.

Cbnduction velocitieés of‘various nerves at differ-
ent temperatures reflect both the fiber makéup}and extinction
temperatﬁre characteristics. Tables 7, 8, and 9 list caudal,
tibial, and phrénic nerve conduction velocities, respectively,
for each species at different temperatureé; These values
for caudal and tibial nerves are plotted for visual compari-
son in Figures 9, 10, and 11. -

In all cases, those nerves which conduct to the
lowest temperatures show lower conduction veloéity-temperature

slopes. This is explained in part by the fact that con-

duction velocity reaches zero at a lower temperature in

such nerves. The much steeper conduction velocity slopés

of the red fox and coyote nerves derive not only from
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TABLE 7.

Related to Temperature.

7

Caudal Nerve Conduction Velocity (M/sec) as

Temperature
Group Ho. 35° 25° 15° 5°
Muskrats 13 {34,9+41.0 |25,5+0.7 }16.,6+0,5 | 8.6+0.3
(outdoor) _ - - - -
Muskrats 5 |35,3+0.8 126.0+0.7 {16.4+0.6 | 7.4+0 4%
(indoor) - T - - -
Beaver 9 42,9+1.7 |31.6+1.3 | 19.6%0.8 10.0#+0.5
Red Squirrell 8 |35.8+1.4 |26.3+0.8 [15.5+0.9 | 8.0+0.7
Red Fox 13 | 54.0+1.4 |37,2+1.0 {20,9+0.62 | 3,6+0.5
Coyote 3 |54.2 37.6 22.8 5.3
Marten 2 Ly, 8 31.6 19.7 8.8
.Porcupine 2 39.0 27.4 12.0 1.5
Mink 1 |u1.5 29.7 20,4 9.6

Values are mean * standard error.
*Significantly different from outdoor muskrats, P< ,005,
a) Six animals h

b) Four animals

Q1p Values for Caudal Nerve Conduction Velocity

Temperature Interval
Group 59 to 15° | 15° to 25° | 25° to 35°
Muskrats 1.98 1.54 1.37
(outdoor)
Muskrats 2.21 1.58 1.36
(indoor) :
Beaver 1.96 1.61 1.36
Red Squirrel 1.84 1.70 1.36
Red Fox 6.36 1.78 1.45
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TABLE 8, Tibial Nerve Conduction Velocity (M/sec) as
Related to Temperature,

Temperature

Group No. 35° 25° 15° . 5°
Muskrats 9 | 35.8+1.4 | 26.5+0,9 |15.0+0,7 |u.4+0.5

(outdoor)
Beaver 7 | 44.6+2.6 | 31.6+2.4 | 20.0+1.4 |8,1+1.0
Red Fox 9 62.8i2.5 42.1%1.6 | 22.9+4,72 [4,9+42,1D
Coyote 3 62,8 4y, 0 24,8 7.0
Porcupine 1 47.2 28.3 17.7 3.4
HMoose . 1 39.6 28.3 16.2 7.6

Values are mean * standard error.
a) Three animals
b) Two animals

Q1g Values for Tibial Nerve Conduction -Velocity

Temperature Interval
Group 59 to 15°} 15° to 25° 25° to 35°
Huskrats 3.4 1.77 1.35
(outdoor)
Beaver 2.65 1.60 1.4
Red Fox 6.47 1,84 1.49
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TABLE 9. Phrenic Nerve Conduction Velocity (M/sec) as.
Related to Temperature,

Temperature
Group |[No. 35° 25° ~15° - 5o
Beaver | 6 18,8+1.2 }3.3+0.,9

49.6+1.6 [33,4+1,9

Values are mean + standard error.

Q1o Values for Phrenic Nerve Conduction Velocity

Group

Temperature Interval

50

to 1

50

15° to 25°

25° to 35°

Beaver

10.6

1.72

1.54
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higher action notential extinction temperatures but also
from the larier overall size of the comwncnent fibers. The
latter point is evidenced by the fact that both caudal and
tibial nerves of the red fox and coyote have conduction
velocities at 35°C of over 50 and 60 meters per second,
respectively. .Extrapolation of the conduction velocity
curves to zero vields temperature axis intersectibn values
that correspond closely uith actual action potential
extinction temperatures.

Differences between tibial and paudal.(or in the
case of the beaver between tibial, caudal,and phrenic) nerves
in the same animal point up the ability of the caudal
nerves to function at lower temperatures. This is true to
an even greater depree for these animals in which the
tails undergzo large temperature fluctuations. In all
cases the tibial nerves have steeper slopes than do caudal
nerves. In the beaver, the phrenic nerve shows a consid-
erably greater slope than the tibial (Figure 12), a feature
perhaps related to the constant high temperature of the
thoracic cavity.

Tacles 7, 8, and 9 also include mean Q19 values
for the various temperature test intervals between 5° and
35°C, As indicated by the straight line conduction

veloecity functions, 3 values for all nerves increase
H

10
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with decreasing temperatures. The increase is less in
those nerves which conduct at the lowest temperatures,
i.e., most of the caudal nerves., The fox caudal nerves,
which could not function at lower temperatures, shoved

very high values in the 5° to 159C temperature interval,

Y0
Similar values are shown by the fox tiblal nerve. The
highest Qlo values are sesen in the phrenic nerve in ?hg

5° to 15°C temperature range,

Excitability tests showed that only relatively
niinor varlations were present in various nerves with
respect to temperature relations of this characteristic
(Taebles 10 through 17). The usual strenzth-duration
characteristics are somewhat altered by lower temperatures
(Figures 13 and 14), both by the shifting upward of all
values and by a differential effect at longer stimulus
durations. As an example of the latter, the threshold
voltages for outdoor muskrat caudal nerves are the saume
at 35°C for stimulus duratiOns of 5.3 and 1,2 milliseconds,
They are also the same at 25°C for these stimulus dura-
tions. At 15°C, however, and to a greater extent at 5°cC,
thresh;id voltages increase markedly between Stimulus
durations of 5.8 and 1.2 milliseconds. As might be

expected, low temperature had a greater effect on stimuli

of short duration than those of longer duration., This is
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TABLE 10,

80

Caudal Nerve Excitability Threshold (Volts) as
Related to Temperature, 5.8 msec Stimulus Duration.

Values are mean or mean + standard error.

Temperature
Group No. 35° 25° 15° 5°
Muskrats 9 |.021+.005 |,055+.008 |,093+.019 |.105+,029
(outdoor)

" Beaver 7 {.042+,0086 .047+,006 |.102+.020 |.311+.041
Red Squirrel | 9 [.0731+.018 .osoi.01i 124,02 |.15%.02
Red Fox 11 |.0551+.014 | .060+.012 | .045+.066 |.132+.,038
Coyote 3 1.028 .059 | .080 «162
Marten 2 1.042 . 034 11 «10
Porcupine 2 1.21 $22 .26 o5

 Mink 1 {.056 . 045 .088 .08

a) Nine animals
) Q1o Values for Caudal Nerve Excitability
[ Temperature Interval
Group §° to 15° {15° to 25° } 25° to 35°
Muskrats 1.13 1.69 2,61
(outdoor)
Beaver 3.05 2.17 1.12
Red Squirrel 1.25 2,00 .82
Red Fox 2.89 .78 1.09
Coyote 2.02 1.36 2,11
Marten .91 3,24 .81
Porcupine 1,92 1.18 1.05 .
Mink .91 1.96 .80
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TABLE 11. Caudal Nerve Excitability Threshold (Volts) as
Related to Témperature, 1.2 msec Stimulus Duration.,

Temperature v
Group No. 35° 25° 15° 5°
Muskrats 11 | .020+,004 | ,060+.007 |,12+.02 .20+.03
(outdoor)
Muskrats 5 | .020+,004 | ,038+,006 |,08+.01 |.13+.03
(indoor)
Beaver 9 | .040+.004 | ,050+,006 |.15+.02 .36+.02

Red Squirrel g .070+,020 | .070+,014 |.24+,10 «21+.02

Red Fox 13 | .049+,011 | ,057+.010 |.056+,004 |.203+,05
Coyote 3 031 .060 .03 .26
Marten 2 | .ou2 .037 14 .16
Porcupine 2 .26 .22 .27 .66
Mink 1| .05 . 049 .11 .23

Values are mean or mean * standard error.
a) Eleven animals

Qo Values for Caudal Nerve Excitability

Temperature Interval
Group 5° to 15° {15° to 25° |25° to 35°
Muskrats 1.67 2,00 3.00
(outdoor)
Muskrats 1.62 2,10 1.90
(indoor)
Beaver 2,40 3.00 1.25
Red Squirrel .88 3.43 1.00
Red Fox 2,48 .98 1,16
Coyote 2,88 1.50 1.94
Marten 1.14 3.78 .88
Porcupine 2,44 1,23 | .85
Mink ©2.,09 2.24 .98
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TABLE 12,

Caudal Nerve Excitability Threshold (Volts) as

Related to Temperature, .17 msec Stimulus Duration.

Temperature
Group No, 35° 25° 15° 50
Muskrats 11 .087+,018 | ,22+,03 .38+.0u. +59+,05
(outdoor) - - - -
Muskrats 5 |.06+,01 J14+,03 | ,32+,02 | ,45+.06
(indoor)
Beaver 9 |.16+.02 |.23+.02 |[.35+.02 | .86+.10
Red Squirrel| 9 | .17+,04 .21+,03 |.38+.02 | .63+.,03
Red Fox 13 |.091#.01% |,17+,018 |.20+.016[ ,753+,019
Coyote 3 |.10 .18 .29 1.0
Marten 2 |.17 17 40 .68
Porcupine 2 .39 43 .61 2.6
Mink 1 |.20 .23 4L .76

Values are mean or mean * standard error.

a)

Eleven animals

Q¢ Values for Caudal HWérve Excitability

82

Temperature Interval

Group 5° to 15°} 15° to 25° | 25° to 35°
Muskrats 1.55 1.73 2.53
(outdoor)
Muskrats l.41 2,28 2.33
(indoor)
Beaver 2,26 1.65 1.4y
Red Squirrel 1,66 1.81 1.24
Red Fox 3.75 1.18 1.87
Coyote 3.45 1.18 1.80
Marten 1,70 2,35 1,00
Porcupine 4,26 1.42 1.10
Mink 1.73 1.91 1.15
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TABLE 13, Caudal Nerve Excitability Threshold (Volts) as
Related to Temperature, .03 msec Stimulus Duration,

Temperature
Group No. 35° 25° 15° 59
Muskrats 11 .37+,04 .65+,05}11,7+,29 | 3.0+0,2
~ (outdoor) - - T -
Muskrats 5 «26+,03 .50+,07 | 0.9+,05 2,6+0,2
(indoor) - - - -
Beaver 9. «52+,04 ;67i.06 1.7+.20 4.240,2
Red Squirrel 9 .53+.07 .65+,05 y1.2+,18 3.1+.16
Red Fox 13 | .32+.04 | .uCk.08 | LC5+.04| 3.0+,56
_ _Coyote 3 .39 61 1.3 3.5
Marten 2 .43 .35 1.63 3.7
Porcupine 2 1.3 1.6 2.6 3,9
Mink 1 .Si .78 2,2 3.8

Values are mean or mean i standard error.
a) Eleven animals

Qi1p Values for Caudal Nerve Excitability

Temperatufe Interval

Group 59 to 15° | 15° to 25° | 25° to 35°
Muskrats 1.76 2.62 1.76

(outdoor) '
Muskrats 2.88 1.80 l.§2

(indoor)
Beaver 2.47 2.54 1,29
Red Sgquirrel 2.58 1.84 1.23
Red Fox 4.62 l.41 l.ub
Coyote 2.69 2,13 1.56
Marten 2.27 4,65 .81
Porcupine 1.50 1.62 1.23
Mink 1.73 1.82 1.53
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TABLE 14. Tibial Nerve Excitability Threshold (Volts) as
Related to Temperature, 5.8 msec Stimulus Duration.

8l

Temperature
Group No, 35° 25° 15° 5¢°
Muskrat 7 «14+,03 «13+.03 «17+.03 \22+,04
Beaver 5 | .39+.,07 .36%.06 .38+,06 .463+,07
Red Fox 7 | .052+.008 | ,105#,031 |.,085+,025 |.1ub+ 03y
Coyote 3 ] .032 .085 .057 .33
Porcupine 1 .066 W15 .20 -——
Moose 1 .15 .19 <43 30

Values are mean + standard error.
a) Three animals
b) Six animals

Q10 Values for Tibial Herve Excitability

Temperature Interval

Group 5% to 15° | 15° to 25° | 25° to 35°
Muskrat 1.29 1.31 .93
Beaver 1.21 1.06 .92
Red Fox l.6§; .81 2,02
Coyote 5.78 .67 2,66
Porcupine -— 1.33 2,27
Moose 7.0 2,26 1.27
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TABLE 15,
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Tibial Nerve Excitability Threshold (Volts) as
Related to Temperature, 1<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>