J. Thermal Biology. 1977. Vol. 2, pp. 101 to 105. Pergamon Press. Printed in Great Britain

THERMAL SENSITIVITY AND ACTIVATION ENERGY
OF INTRINSIC INTESTINAL MOTILITY IN
SMALL VERTEBRATES

EuGENE H. STUDIER, ANN L. STUDIER, ANTHONY J. ESSY AND
RICHARD W. DAPSON
Department of Biology, The University of Michigan-Flint, Flint, Michigan 48503, U.S.A.

(Received 9 November 1976; accepted 21 February 1977)

Abstract—1. In vitro thermal sensitivity (t.s.) of mammalian small intestine is significantly greater than
ts. of the gut of ectothermic vertebrates. In vitro contraction frequency (c.f.) of endothermic gut is
an order of magnitude greater than ectothermic gut at equivalent temperatures.

2. Gut contraction ts. is generally consistent within a given order of mammals and differs between
orders. Differences in gut contraction t.s. found in the ectothermic vertebrates do not relate to taxo-
nomic grouping.

3. An inverse relationship exists between gut c.f. and body weight in ectotherms and also probably
in mammals. This relationship is seen within an individual species rather than among species.

4. Secondary intrinsic contractions occur regularly in gut of ectotherms and much less frequently
in mammalian gut. In ectothermic vertebrates, these thermally sensitive gut contractions are often
at higher frequency than major contractions at high gut temperatures but cease at the same minimum
temperatures.

5. Unlike all other species tested, fish (bullheads, I. nebulosus) gut contractions were not rhythmic
although they were thermally sensitive.

6. Activation energies for thermally sensitive gut contractions in mammals are consistent with most
values ranging from 14.5-18.5 Kcal/M while activation energies for secondary contractions were much
more variable with a range of 4.4-29.0 Kcal/M.

7. In laboratory mice, cf. and c. amplitude are unaffected by pH in any biologically significant
manner. Additionally, t.s. of neonatal (4-24 days old) lab mice are indicative of endotherms and are

only slightly lower than adult levels 4 days after birth.

INTRODUCTION

ALTHOUGH a direct relationship between intrinsic gut
contraction frequency and gut temperature has been
demonstrated in the older literature (Puestow, 1932;
Ambache, 1947; Milton & Smith, 1956), our recent
paper (Studier et al., 1976) appears to be the first
study which attempts to accurately quantify this rela-
tionship and examine some of the factors related to
gut thermal sensitivity (change in contraction fre-
quency/°C). This paper reports the relationship of
temperature to intrinsic gut contraction frequency
in a variety of small mammals and ectothermic
vertebrates.

The mechanism of control of intrinsic intestinal
contractions in mammals has been studied by several
investigators (Daniel & Chapman 1963, Baker 1969;
Mills & Taylor, 1971; El-Sharkawy & Daniel, 1975
a, b, ¢). Determination of the temperature dependence
of contraction frequency rate allows for the calcula-
tion of Arrhenius equations for this relationship and,
therefore, the determination of the energy of acti-
vation for the process. Since the energy of activation
for the whole process likely represents the energy of
activation for the controlling reaction (Kumamoto et
al., 1971; Prosser, 1973) values presented here should
ultimately agree with the findings of other investiga-
tors who are concerned with the elucidation of the
molecular level of control of intrinsic intestinal con-
tractions.
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Since temperature flux affects the pH of solutions,
we have investigated the combined action of tempera-
ture and pH on intrinsic intestinal motility and con-
traction amplitude in laboratory mice. Additionally.
since newborn in many small mammals are ectother-
mic (Lagerspetz, 1962; Hissa, 1968; McManus, 1971;
Maxwell and Morton, 1975), with endothermy devel-
oping progressively throughout early neonatal life, we
have studied the effect of neonatal age on the thermal
sensitivity of gut contraction frequency and amplitude
in laboratory mice.

MATERIAL AND METHODS .

Animals studied were all captured alive. Adults of
both sexes were used whenever possible. Mammals
were studied as soon as possible after capture (usually
within 24 hr of the time of capture). Studies were con-
ducted at the Biology Department, University of
Michigan-Flint, Flint, Michigan, and at the Depart-
ment of Biological Sciences, University of Nevada,
Las Vagas, Nevada. Mammals trapped in the vicinity
of Las Vegas and studied there included Ammosper-
mophilus leucurus, Perognathus longimembris, P. for-
mosus, Dipodomys merriami, Neotoma lepida, Pero-
myscus eremicus and P. crinitus. Mammals trapped
in the vicinity of Flint and studied there included
Blarina brevicauda, Myotis lucifugus, Eptesicus fuscus,
Peromyscus leucopus and Zapus hudsonicus. All of
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these species were captured and studied in the months
of May through July. Data were also gathered on
laboratory populations of Meriones unguiculatus at
Flint. Additionally, two species of bats were airmailed
to Flint for study during January and February.
These were Tadarida brasiliensis from central Califor-
nia and Myotis californicus from southern Nevada.
Previously published data (Studier et al., 1976) on
Mus musculus and Eptesicus fuscus (winter) have also
been re-analyzed for inclusion here.

Ectothermic vertebrates studied were all captured
in May through July in the vicinity of Flint and stud-
ied there. A few of the individuals were held in the
laboratory for periods up to 5 days before study.
Species included Ambystoma tigrinum, Rana pipiens,
R. clamitans, R. sylvatica, Bufo americanus, Thamno-
phis butleri, Chelydra serpentina and Ictalurus nebu-
losus.

Studies were performed as previously described
(Studier et al., 1976) except that intestinal segments
of the ectothermic vertebrates were suspended in their
appropriate saline solution (Hoar & Hickman, 1967)
and the rate of temperature change for studying
ectothermic gut segments was slowed. In recording
contractions for I. nebulosus, recordings were made
at 30, 25, 20 and 15°C for periods of at least 30 min.
In all other cases, contraction frequencies were deter-
mined at 2°C intervals from 37°C to a lower tempera-
ture at which contractions ceased.

Known age neonatal mice (Mus musculus) of both
sexes were obtained from a colony maintained by our
Biology Department at ages of 4, 8, 12, 16, 20 and
24 days old. Three or four neonates in each age cate-
gory were studied. The relationship of gut contraction
frequency and amplitude of contractions in relation

EUGENE H. STUDIER, ANN L. STUDIER, ANTHONY J. Essy aAND RICHARD W. DapsoN

to temperature was determined by our previously de-
scribed method (Studier et al., 1976).

The combined actions of temperature and pH on
intestinal motility were studied on adult mice of both
sexes as described by Studier et al. (1976) with the
following exceptions. The bathing solution in the
muscle warmer was a Krebs—phosphate (Ringer) solu-
tion in which the ratio of phosphate salts was
adjusted to vary the pH (Hoar & Hickman, 1967).
A temperature range of 37°-27°C was used with five
different phosphate buffer ratios yielding pH ranges
of 6.89-6.93, 7.09-7.16, 7.16-7.23, 7.26-7.36, 7.25-741.
Contraction frequency and amplitude were recorded
at 37° while noting the exact pH of the bathing solu-
tion. Temperature of the bathing solution was then
quickly lowered and contraction frequency, amplitude
and pH was recorded at 2°C intervals to a minimum
bathing solution temperature of 27°C.

Linear, polynomial and multiple regression ana-
lyses were performed on the resultant data with Dual
IBM 360/67 Processes. Additional statistical metho-
dology followed Zar (1974), and included analysis of
covariance and the Newman-Keuls test for multiple
comparisons of slopes of contraction frequency on
temperature. Arrhenius equations were generated by
regressing the natural logarithm of contraction fre-
quency on the reciprocal of temperature expressed in
the Kelvin scale.

RESULTS AND DISCUSSION

Table 1 shows the results of the analysis of intrinsic
gut contraction frequency on gut temperature for
mammals. All regression equations are of the form:

y = a+ bx?

Table 1. Results of regression analysis of intrinsic intestinal contraction frequency as a function of
gut temperature in mammals for non-transformed data (regression statistics) and after appropriate
transformation for generating Arrhenius equations (Arrhenius statistics)

Regression statistics Fr Arrhenius statistics
@
n o wt b a r? df F 37°C b a r i F E,
O. Insectivora
B. brevicauda 2 184 00373 —149 0973 1,20 7180 496 -—76100 285 0951 120 36720 151
O. Chiroptera
T. brasiliensis 9 108 00181 0.20 0975 1,130 50360 250 —8340.0 303 0952 1,130 2570.0 16.5
M. lucifugus 7 7.1 00176 1.08 0985 1,73 48380 25.1 —73100 269 0970 1,73 2291.0 145
M. californicus 5 4.2 00181 —0.70 0949 1,103 1901.0 24.1 —62600 234 0965 195 2533.0 131
E. fuscus (summer) 6 127 00178 0.58 0976 1,100 4083.0 249 —85100 309 0923 1,96 1137.0. 168
E. fuscus (winter) 10 189 0.0160 —0.64 0960 1,242 5807.0 21.3 —8810.0 31.6 0920 1232 26540 174
O. Rodentia
A. leucurus 4 875 00163 —0.8! 0914 1,57 603.0 215 —7980.0 28.7 0865 1,57 362.0 156
P. longimembris 1 86 0028t —030 0996 19 21320 382 —-6600 25.2 0989 19 6930 13.2
P. formosus 5 182 0.0327 —3.24 0993 1,53 82880 415 -—92700 33.8 0959 1,50 11700 183
D. merriami 6 348 00268 —4.73 0964 142 29700 320 —92600 335 0931 1,104 13820 183
N. lepida 2 64.1 0.0248 -595 0946 1,20 3500 280 —103900 37.0 0913 120 2070 206
P. eremicus 3 190 00329 —5.13 0963 1,27 6940 399 —94700 344 0952 1,26 5090 187
P. leucopus 6 152 00238 —0.67 0960 1,79 18920 319 —88500 322 0944 1,79 12960 17.5
P. crinitus 6 13.5 0.0263 —2.41 0952 1,124 24500 33.6 —89100 324 0956 1,119 2580.0 17.6
M. unguiculatus 6 69.2 00217 —4.81 0.894 1,129 10380 249 —86700 31.2 0784 1,114 4120 172
Z. hudsonicus 1 75 00236 —-0.15 0921 1,10 1170 322 —86800 31.7 0901 1,10 91.0 17.2
M. musculus 9 250 0.0239 —695 0962 1,139 35370 38.1 120800 429 0846 1,130 709.0 239

In each case, ‘b’ is the regression coefficient and ‘@’ is the regression intercept. Also shown are
the energies of activation (E, in Kcal/M); the contraction frequency at 37°C (Fr @ 37°C in contrac-
tion cycles/min); the number of individuals used; and the average weights of individuals for each
species studied. All regressions were significant (P < 0.001).
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Table 2. Results of regression analysis, of primary (1° contractions) and secondary (2° contractions)
intrinsic intestinal contraction frequency as a function of gut temperature in some ectothermic

vertebrates
Regression statistics Fr Arrhenius statistics
@
n o wt b a r F 37°C b a rr df F E,
C. Amphibia (1° contractions)
A. tigrinum 1 9.1 0.00164 0.0164 0.957 1,15 387.0 226 —73200 245 0969 1,15 4620 14.5
R. pipiens 6 99 000115 0.0604 0.844 1,75 4060 163 —7060.0 233 0857 1,75 4470 140
R. sylvatica 3 7.7 000179 0.0984 0.849 1,27 151.0 255 —6950.0 234 0920127 3060 138
R. clamitans 11 24.6 000115 0329 0.614 1,213 338.0 190 —6670.0 229 0.584 1,212 4260 13.2
B. americanus 13 1.3 000153 —0.104 0.775 1,148 5100 199 —81500 269 0.853 1,147 8500 16.1
C. Reptilia (1° contractions)
T. butleri 2 540 0.000846 —0993 0736 1,18 503 106 —75600 244 0866 1,18 1150 150
C. serpentina 1 10200 0.000962 0.274 0.899 1,14 1250 1.59 —58300 194 0886 1,14 1090 11.6
C. Amphibia (2° contractions)
A. tigrinum 1 9.1 0.000656 0.285 04951,10 9.8 1.18 —55700 182 0.582 1,10 140 11.0
R. pipiens 6 99 0.00234 1020 0487 1,67 63.7 422 -53100 187 0657 1,67 1280 105
R. sylvatica 3 7.7 000197 0614 0539 142 492 336 —49800 17.3 0657 142 803 99
R. clamitans 1t 24,6 0.00261 0.387 0.391 1,161 103.0 396 —22200 8.2 0.668 1,152 2130 44
B. americanus 13 11.3 0.00285 0.867 0.578 1,114 197.0 477 -5600.0 19.7 0.707 1,143 3440 11.1
C. Reptilia (2° contractions)
T. butleri 2 540 000209 -0.611 0799 1,11 438 225 -—116500 385 0904 1,11 103.0 230
C. Osteichthyes
I. nebulosus
“(Mjr) 4 0.00155 0.176 0447 1,12 97 230 —2880.0 102 0505112 122 57
. nebulosus
(all) 4 0.00600 —0.424 0968 1,11 331.0 7.79 —147000 50.5 0800 1,11 439 290

The bottom grouping shows results of these analyses for major and total contraction frequency as
a function of temperature in the brown bullhead, I. nebulosus. For further explanation of symbols
see the heading for Table 1. All regressions are significant (P < 0.025).

where y = intrinsic gut contraction frequency and
x = gut temperature in °C. The slope of this relation-
ship (b) is hereafter referred to as gut thermal sensi-
tivity (t.s.). Also shown in Table | are the Arrhenius
equations relating the thermal dependence of gut con-
tractions. These equations are all of the form:

Iny=a+ b/x

where y = intrinsic gut contraction frequency and
x = gut temperature in °K. The slope of this relation-
ship (b) is the energy of activation (E,) divided by
the gas constant (R = 1.98 cal/mole).

Table 2 gives regression analysis of intrinsic gut
contraction frequency as a function of gut tempera-
ture as well as Arrhenius equations for ectotherms.
Ectothermic gut contractions were of two types.
These were rhythmic major contractions comparable
to those observed in mammals and designated pri-
mary contractions with superimposed rhythmic minor
contractions designated secondary contractions.
These secondary contractions occurred in essentially
all contraction recordings from ectotherms but only
rarely and not in sufficient numbers for analysis from
mammalian gut.

Gut contractions from bullheads (I. nebulosus) were
arrhythmic. Analysis was, therefore, performed on
major contractions and on total contractions as
shown in Table 2. Both major and total contractions
are thermally sensitive although total contraction fre-
quency is much more predictable and better explained
by gut temperature flux than by major contractions,
based on values for the coefficient of determination

(r?).

Table 3. Results of multiple range analysis of thermal sen-
sitivities of mammalian gut contraction frequencies

b T@GF=0

B. brevicauda 0.0373 6.3
P. eremicus 0.0329 12.5
M. musculus 0.0329 170
P. formosus 0.0327 10.0
P. longimembris 0.0281 33
D. merriami 0.0268 133
P. crinitus 0.0263 9.6
N. lepida 0.0248 15.5
P. leucopus 0.0238 5.3
Z. hudsonicus 0.0236 25
M. unguiculatus 0.0217 149
T. brasiliensis 0.0181 ~0

M. californicus 0.0181 6.2
E. fuscus (summer) 00178 ~0

M. lucifugus 0.0176 ~0

A. leucurus 0.0163 7.0
E. fuscus (winter) 0.0160 6.3

Thermal sensitivities (b) which are significantly different
from the others (P < 0.05) are separated by a gap. Species
between which there are no significant differences are listed
without a gap. Also given are the calculated temperature
at which contractions cease for each species (T @ F = 0).
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Mammals collectively had significantly higher ther-
mal sensitivities than ectotherms (P < 0.005). The
observation that mammalian gut contraction at 37°C
is 10 times greater than ectothermic frequency at that
temperature (Tables 1 and 2) is not surprising since
the metabolic rate of endotherms is approximately
an order of magnitude greater than the metabolic rate
of ectotherms at that temperature (Bartholomew,
1972). Since gut contractions of mammals cease at
gut temperatures equal to or higher than gut tempera-
tures at which ectothermic intestinal segments cease
contractions, t.s. of mammalian gut must be higher
than that of ectothermic gut.

Definite differences in t.s. of gut segments occur
between the various species of mammals tested (Table
3). With the single exception of the one sciurid
rodent (A. leucurus) tested, gut ts. group nicely by
mammalian order. The insectivore, Blarina, showed
the highest t.s.; rodents showed t.s. in a middle range;
and bats exhibit the least ts. In our earlier paper
(Studier et al., 1976), we stated that the gut of a hiber-
nator (Eptesicus) exhibited less thermal sensitivity and
continued to contract at lower gut temperature than
the intestine of a homeotherm (Mus). It now appears
that the differences observed in that study do not rep-
resent physiological adaptations related to the differ-
ing thermal characteristics of these species, but rep-
resent divergent evolution between the mammalian
orders. Data presented in Tables 1 and 3 indicate
that both ts. and the temperature at which contrac-
tions cease do not relate to the occurrence of torpor,
aestivation or hibernation in the various species.

No relationship seems to exist between passage
time through the gut and intrinsic c.f. of the initial
gut segment. Bats are well known to exhibit very
rapid passage time (Cranbrook, 1965; Klite, 1965;
Luckens et al., 1971; Buchler, 1975) but show low
c.f. at 37°C (Table 1). Contrariwise, the shrew Blarina
also exhibits a rapid food passage time (Platt, 1974)
and shows the most rapid cf. at 37°C (Table 1).

There also appears to be no relationship between
intrinsic gut c.f. and general food habits. Both bats
and shrews are carnivores and exhibit the slowest and
most rapid cf. at 37°C while herbivorous rodents
show intermediate c.f. at 37°C (Table 1).

In addition to the features just mentioned which
have no effect on ts., a lack of effect of pH and
neonatal age has been demonstrated for laboratory
mice. Although newborn lab mice are ectothermic,
their gut t.s. is always in the endothermic range. Gut
t.s. at day 4 is significantly less than in adults; how-
ever, the day 4 ts. remains in the range for endo-
therms. The relationship of c.f. to gut temperature
and surrounding pH is:

CF. = 2.13 (temp.) + 6.37 (pH) — 834.

Although there is a direct statistically significant rela-
tionship of pH to cf., the effect is biologically insig-
nificant within limits of tolerable pH change.

Within ectotherms, secondary contractions gener-
ally showed higher thermal sensitivity than primary
contractions (P < 0.005), and both showed significant
heterogeneity among species (0.05 > P > 0.025 and
P < 0.005 for secondary and primary, respectively).
However, multiple range tests failed to elucidate logi-
cal groupings of species, such as was found in mam-
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mals, and the rank order varied from primary to
secondary contractions. No explanation can be
offered at this time for different thermal sensitivities
within ectotherms.

As stated in our previous paper (Studier et al.,
1976), there appears to be a general inverse relation-
ship between c.f. and body weight in mammals. Based
on the previous discussion, this relationship would
probably be best seen by analyzing individuals within
a limited taxonomic group. The only species studied
which included a reasonably large weight range
(6.2-619g) was the ectotherm R. clamitans. The
regression equation for the relationship of contraction
frequency (CF in cycles/minute) to body weight (BW
in g) at 37°C for this species is:

CF = 2.44 (40.18 SE) — 0.0258 (+0.0057 SE)BW

This is a significant relationship (F = 20.1; 1 & 9 df;
P = 0.0015) of reasonable predictability (r* = 0.691).

The ts. of the gut of E. fuscus is significantly greater
in summer-captured individuals than in winter-cap-
tured bats (Table 2), resulting in slightly lowered cf.
at 37°C in winter-tested individuals (Table 1). This
slight change may reflect seasonal acclimatization in
these bats.

With few exceptions. the energy of activation (E,)
for primary contractions is similar for all vertebrates
tested (Tables 1 and 2). Studies of enzyme E,s have
shown differences between homeotherms, hibernators
and ectotherms (South 1958, 1960; Vroman & Brown
1963, Hochachka & Somero, 1971 ; Olsson. 1975). The
E, of the bullheads differs markedly from that for
other vertebrates. This is of further interest since in-
testinal contractions in bullheads are not rhythmic.
The molecular or cellular mechanism for control of
intrinsic intestinal contractions would, therefore, seem
to be an evolutionarily conservative process in which
adaptation has been minimal or negligible in higher
vertebrates.

There are no obvious temperature “breaks” in the
Arrhenius plots indicating the existence of a single
controlling “master reaction” or controlling process
for the system (Kumamoto et al, 1971). Thus, the
rhythmic contractions of vertebrate intestine probably
do not involve a temperature-induced phase change
or changes in E, of enzymes as had been suggested
for control of rhythmic heart beat rate in homeo-
therms (McMurchie et al., 1973).

Studies of the mechanism of control of intrinsic in-
testinal contractions at the cellular or molecular level
center primarily on the determination of membrane
electrical activity with particular reference to “slow
waves” or the “basic electrical rhythm” (Daniel &
Chapman, 1963; Baker, 1969; Mills & Tayior, 1971).
These control potentials set the intrinsic c.f. in the
initial gut segment (Daniel, 1973). In their studies of
the electrical activity of small intestine smooth muscle
in rabbits, El-Sharkawy & Daniel (1975a) present
data on the thermal dependence of the depolarization,
plateau, repolarization, etc. phases of the slow waves
of two basic configurations (unnotched and notched).
The E, for intrinsic intestinal contractions in rabbits
(17.7 Kcal/M, calculated from their data) falis easily
within the range of E_s reported here for primary con-
tractions in other mammals (Table 1). In both un-
notched and notched slow waves, El-Sharkawy and
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& Daniel (1975q) show that the most thermally sensi-
tive portions of the slow waves are the major repolari-

zation {E, = 18.6-18.8 Kcal/M) and the plateau phase
immediately preceding it (E, 17.2 — 18.7 Kcal'M)
with all other components yielding E;s of

17.2 Kcal/M or less. The probable controlling mech-
anism for setting contraction rate or rhythm, then,
is the duration of the plateau phase and/or the rate
of the major repolarization of the slow waves.
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