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Abstract

Locomotor performance and skeletal muscle contraction are critical for animals and are susceptible to changes in the exter-
nal thermal environment, especially for ectotherms. Phrynocephalus erythrurus, which is endemic to the Qinghai—Tibetan
plateau, is known for living at the highest elevation among all reptiles in the world (4500-5300 m). In this study, which
compares P. erythrurus with the lowland Phrynocephalus przewalskii, we evaluated the locomotor performance at different
body temperatures, the effects of temperature and oxygen partial pressure (PO,) on the contractile properties of iliofibularis
(IF) muscle in vitro, ATPase activity of IF muscle at different temperatures, and the fiber types of IF muscle. Lowland P.
przewalskii runs significantly faster than highland P. erythrurus at all test body temperatures. Almost all contractile proper-
ties of the IF muscle of P. przewalskii were better than that of P. erythrurus under all test temperatures and PO,. However,
P. erythrurus could achieve both optimal isometric (e.g., dP,/df) and optimal isotonic (e.g., V,,,,) contraction at a lower
temperature compared with P. przewalskii. Multi-factor analysis further revealed that temperature has a significant effect
on the contractile properties of IF muscle for both species. Although the proportion of fibers types and ATPase activities of
IF muscle have no significant interspecies difference, the changing pattern of ATPase activities with temperature is consist-
ent with certain contractile properties and locomotor performance. The interspecies differences in locomotor ability and
contractile properties of skeletal muscle in high- and low-altitude lizards may be the results of long-term adaptation to the
local environment.
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Abbreviations 1/2 RT Time of half relaxation from peak twitch
IF muscle Iliofibularis muscle tension
P, Maximal twitch tension P, Tetanic tension
TPT Time-to-peak twitch tension dP/dt Maximum rate of rise in tetanic tension
Pim Maximal power output
Vinax Maximal velocity of shortening
Communicated by P. Withers. PO, Oxygen partial pressure

Zhiyi Niu and Mei Li contributed equally.

549 Xiaolong Tang Introduction
tangxl@lzu.edu.cn

04 Qiang Chen Locomotion is vital for routine activities such as feeding
chenq@lzu.edu.cn (Miles et al. 2007), social interaction, predator avoidance

(Christian and Tracy 1981; Calsbeek and Cox 2010) and

Department of Animal and Biomedical Sciences, School survival (Gilbert and Miles 2017). Ambient temperature

of Life Science, Lanzhou University, No. 222 Tianshui South

Road. Lanzhou 730000. Gansu. China can markedly influence the locomotor ability of ectotherms.
The high-altitude population of Qinghai toad-headed liz-

2 School of Stomatologymatology, Lanzhou University, & pop .. Qing .
No. 199 Donggang West Road, Lanzhou 730000, Gansu, ards (PhrynOCe‘phaluS Vlangalll) had lower thermal sensi-
China tivity and weaker locomotor ability than the low population

@ Springer


http://orcid.org/0000-0003-4446-1805
http://crossmark.crossref.org/dialog/?doi=10.1007/s00360-021-01391-9&domain=pdf

908

Journal of Comparative Physiology B (2021) 191:907-916

(Wu et al. 2018). In addition, the optimal temperatures for
initial sprinting by Liolaemus ruibali, Phymaturus extrili-
dus and Liolaemus parvus from different elevations were
significantly different (Alés et al. 2018).

Locomotion of vertebrates relies on the contraction of skel-
etal muscles, whose performance is intimately associated with
temperature which affects the properties of isometric and iso-
tonic contraction of skeletal muscle (Marsh and Bennett 1985;
Swoap et al. 1993). A study of the desert iguana (Dipsosaurus
dorsalis) showed that the influences of temperature on con-
tractile properties of fast-twitch glycolytic (FG) muscle were
greater than on whole organism’s sprint performance (Marsh
and Bennett 1985). Studies on the effects of temperature on
muscle contractile properties of lizards also revealed that iso-
metric maximal twitch tension (P,) and tetanic tensions (P,)
were constant at all test temperatures, whereas time-to-peak
twitch tension (TPT) increased and the maximum rate of rise in
tetanic tension (dP,/df) decreased with the descending tempera-
ture (Putnam and Bennett 1982; Bennett 1985; Marsh and Ben-
nett 1986). These phenomena may be attributed to the reduced
myosin ATPase activity and cytosolic Ca®* concentration
(Godt and Lindley 1982; Swoap et al. 1993; Ranatunga 2018).
The relation between temperature and isotonic contraction of
muscle was also studied. The maximum power output (P/m) of
iliofibularis muscle (IF muscle) in D. dorsalis increased with
temperature, from 20 W kg™! at 15 °C to 154 W kg™! at 42 °C
(Swoap et al. 1993). A similar result was also found for the
lizard Trapelus pallida (Herrel et al. 2007).

Hypoxia can alter the locomotive and respiratory muscles
function in the rat (El-Khoury et al. 2003; Machiels et al.
2010; El-Khoury et al. 2012). The diaphragm muscle of rats
was impaired following exposure to chronic hypoxia due to
profound oxidative stress (Lewis et al. 2016). However, dia-
phragm muscle of mice exposed to chronic hypoxia showed
increased tolerance of severe acute hypoxic stress in vitro
(Lewis et al. 2015). In contrast, after rats were exposed to
chronic hypobaric hypoxia for 6 weeks, the limb muscle
showed an increased twitch force (El-Khoury et al. 2012).
Hypoxia can not only indirectly affect muscle contraction
characteristics of hypoxic acclimatized animals but also
directly affect the isolated muscles. The isotonic contrac-
tile properties of diaphragm muscle in rats significantly
decreased under hypoxia; but the isometric force was hardly
affected (Machiels et al. 2010). The P, of hamster diaphragm
muscle under hypoxia in vitro was significantly lower than
that under normoxia (Esau 1989). To date, in vitro the study
on the effects of hypoxia on the contractile properties of
isolated skeletal muscle of reptiles has not been found.

Skeletal muscles are composed of three types of muscle
fibers classified on the basis of the isoforms of the contrac-
tile protein myosin heavy chain (Ishihara et al. 2000; Chaillou
2018). Slow-twitch oxidative (SO or Type I) fibers are slow
in force generation and very resistant to fatigue (Bonine et al.
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2001; Burke 2011). Fast-twitch glycolytic (FG or Type 1IB)
fibers are rapid contraction and fatigue rapidly (Burke 2011;
Yan et al. 2011), while fast-twitch oxidative glycolytic (FOG or
Type ITIA) fibers exhibit intermediate properties. The pectoralis
major muscles of bar-headed goose contain a larger proportion
of oxidative fibers (Type I) compared with low-altitude geese
(Scott et al. 2009). Studies on deer mice also showed that the
proportion of Type I fibers in gastrocnemius muscle was higher
in the high-altitude population than low-altitude counterparts
(Lui et al. 2015; Scott et al. 2015). However, a high proportion
(>80%) of Type II was found in the IF muscle of Phrynoso-
matid lizards (Bonine et al. 2001, 2005).

The red-tailed toad-head lizard Phrynocephalus erythru-
rus (Lacertilia: Agamidae), which is endemic to the Tibetan
plateau, is famous as the highest elevation reptile in the world
(mostly 4500-5300 m above sea level) (Jin and Liu 2010;
Li et al. 2017). The locomotion and skeletal muscle perfor-
mance of P. erythrurus under different temperatures and/or
hypoxia have not been studied yet. Here, we test the following
hypotheses related to locomotor performance in the whole
organism and contractile function of IF muscle in vitro for
two Phrynocephalus lizards: (1) locomotor performance of
P. erythrurus should be similar to the high-elevation Qinghai
toad-headed lizards. (2) Compared to P. przewalskii, contrac-
tion performance of IF muscle of P. erythrurus should be
better under low temperature and hypoxia. (3) The skeletal
muscle of P. erythrurus should possess a higher proportion of
Type II fibers compared with P. przewalskii. (4) The ATPase
activities of IF muscle of P. erythrurus at low temperatures
should be higher than that of P. przewalskii. Verifying these
four hypotheses will help us to further understand the adap-
tation of high-altitude reptile to its special environment and
the potential underlying mechanisms.

Materials and methods
Animals and samples

Thirty adult males of P. erythrurus and P. przewalskii were
captured in August and September 2018, in Tanggula town of
Qinghai province (34°13'N, 92°13'E, 4543 m asl) and Jingtai
(37°18'N, 104°06'E, 1627 m asl) of Gansu province, respec-
tively. Climatic data (1981 to 2010) for the two sampling sites
(Table 1) were provided by the Chinese Climatic Data Cen-
tre (http://data.cma.cn). The mean temperature in Tanggula for
August and September was lower than in Jingtai. The atmos-
pheric pressure in Tanggula is only 58% of sea level and 70% of
Jingtai. All the lizards were brought to the laboratory at Lanzhou
University and raised with meal-worms and water. All experi-
ments were finished within 30 days of the collection. The rel-
evant morphological data of the two species are listed in Table 2.
This study was carried out under the approval of the Ethics
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Table 1 Climat.ic daFa for Meteorological =~ Mean temperature ~ Highest mean tem- Lowest mean tem-  Atmospheric

E)a;%%gla and Jingtai from 1981 parameter °O) perature (°C) perature (°C) pressure (hPa)
Location Tanggula Jingtai Tanggula Jingtai Tanggula Jingtai Tanggula Jingtai
Annual values -3.8 9.1 4.6 15.8 -10.8 35 584.8 836.7
January —16.1 -6.1 -64 0.7 —243 —-11.3 5799 839.5
February —132 -23 -4.1 4.6 -21.8 -7.7 579.1 837.5
March -8.2 39 0.6 10.6 —16.6 —-1.6 581.0 836.2
April -3.6 11.0 5.1 17.9 —11.5 4.8 5839 835.4
May 14 16.4 9.4 23.1 -5.6 9.9 5858 834.5
June 54 20.4 12.7 27.0 -0.3 14.1 586.6 831.9
July 8.0 22.3 14.8 29.0 24 164 587.7 831.1
August 7.5 20.7 144 27.4 2.0 15.1 588.8 833.6
September 4.0 15.9 11.2 224 -1.3 10.7 588.8 837.6
October -34 9.2 4.7 16.0 -9.6 4.0 587.7 840.9
November -114 1.7 -1.6 8.6 —19.1 -33 5857 841.5
December -155 -44 =53 2.3 -94 -94 583.0 841.1

Committee of Animal Experiments at Lanzhou University and
based on principles from the China Council on Animal Care.

Locomotor performance

The locomotor performance experiments were performed
after one-week acclimation to the laboratory environment.
Eight ambient temperatures (21, 24, 27, 30, 33, 36, 39 and
42 °C) were used to measure the locomotor performance
of the two Phrynocephalus lizards (18 individuals for
each species). The bottom and two walls of the raceway
(Iength x width X height: 2 m X 4.5 cmX 12 cm) were made
of wood and plexiglass, respectively. All lizards were trained
to adapt to the raceway before each formal experiment, that
is, we let each lizard run 2-3 times on the racetrack. For
the formal experiment, the lizards were firstly put into a
biochemical incubator set at the test temperature and accli-
mated for 2 h. The room temperature was adjusted to the
corresponding test temperature. The body temperature of
each lizard was measured through the cloaca using a model
925-1 channel thermometer (Testo, UK). Then, lizards were
directly transferred from the incubator to the starting area of
the raceway and induced to run by touching the tail with a
paintbrush. The experimental lizards were given a 24 h rest

Table 2 Morphological characteristics of P. erythrurus and P. przewalskii

between test temperatures, and each lizard ran two times at
each test temperature with a minimum of 1 h rest between
trials. All the running trials were video recorded using a
Canon A610 digital camera (Canon, Japan) fixed vertically
above the raceway. The videos were manually analyzed
frame-by-frame using Corel Video Studio 2020 software
(Corel, www.ulead.com) to determine the time it took for
lizards to run over a distance of 25 cm. The fastest running
speed over 25 cm is regarded as the sprint speed.

Muscle contractile properties experiments

Contractile properties of IF muscle were measured using
the protocol described by Putnam and Bennett (1982).
Briefly, the lizard was sacrificed by decapitation and the
IF muscles were isolated from both legs (Bergmann and
Hare-Drubka 2015). During the operation, a Ringer solu-
tion (145 mM NaCl, 4 mM KCl, 20 mM imidazole, 2.5 mM
CaCl, , 11 mM glucose at pH 7.2 ~7.4; Marsh and Bennett
1986) was continuously dropped on the muscle to prevent
it from drying out.

All the contractile properties were recorded with a BL-
420F biological function experimental system (Chengdu
Techman, China) and stimulated by two parallel platinum

Body mass (g) Snout-vent length (cm) Hind limb length (cm)  Body length (cm) IF mass (g)
P. erythrurus (n=20) 6.08+0.16 (4.06-7.30) 5.02+0.05 (4.30-5.40) 4.10+0.06 (3.50-4.50) 10.74+0.11 (9.80- 0.008 +0.0002
11.50) (0.005-0.01)
P. przewalskii (n=13)  5.99+0.23 (4.50-7.23) 5.17+0.04 (4.90-5.50) 4.76+0.09 (4.20-5.30) 13.03+0.25 (11.20- 0.008 +0.0003
14.50) (0.004-0.01)
p 0.744 0.063 <0.001 <0.001 0.873

Data are presented as mean + SE. The values in parentheses represent the minimum and maximum values. p <0.05 was significantly different
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electrodes with 15 mm spacing. The ilium of the IF muscle
was attached to a glass rod by a ring and the fibula was
connected to the transducer (isometric measurements: JH-2,
Beijing Aviation Medical Institute, China; isotonic meas-
urements: DZ100, Beijing Xinhang Xingye Electronics Co.,
Ltd. China) via a thin surgical suture. The glass rod was then
fixed in a bath containing Ringer solution saturated with
95% O, and 5% CO,. The temperature of the Ringer solu-
tion in the bathtub was controlled by a constant temperature
water bath (HH-2, GuoHua, Changzhou, China). To ensure
supramaximal stimulation, the muscle was stimulated with
a voltage that is 1.25 times the voltage required for maximal
activation (~5-15 V).

To reduce the muscle damage and fatigue caused by high
temperature, we carried out experiments as much as possible
at 25, 15, 10 °C on one IF muscle and at 35, 40, 45 °C on
the other from the same lizard. The IF muscle of lizard was
placed in 25 °C Ringer solution to equilibrate for 15 min,
after which the length of the muscle was adjusted to achieve
the P, and maintained until the experiment was completed.
Isometric twitch contraction, tetanic contraction and isotonic
contraction were sequentially tested. The interval between
every test was at least one minute to ensure that the muscle
has enough time to recover. Then, the temperature was set to
15 °C and 10 °C and equilibrated for 5 min, respectively. The
Ringer solution was replaced at each temperature. The other
IF muscle was equilibrated for 10 min in 35 °C Ringer solu-
tion followed by the measurement of the contractile proper-
ties. Then, the contractile properties were measured at 40 °C
and 45 °C after 5 min equilibrium in turn. The length of the
muscle was measured with a vernier caliper after all tests
were completed. Lastly, the muscles were weighed with an
electronic balance after the bones at both ends were removed
and the extra solution was blotted. The left or right IF mus-
cle was randomly used at different sets of temperatures.

The experimental methods and procedures in hypoxia
groups were similar to temperature groups, except that
the PO, of Ringer solution were 15, 40 and 100 Torr, and
the experimental temperature was 25 °C. Different PO, of
Ringer solution were achieved by continuously pumping the
mixture of nitrogen and air into the bath by manually con-
trolling the flow rate of nitrogen or air. The PO, was moni-
tored by an oxygen electrode (Rank Brothers Ltd, England,
accuracy: 1 Torr). The contractile properties of each sample
were tested at three PO, after 10 min equilibration in the
corresponding PO,.

Muscle fibers types classification and Biochemical
analyses

The dissected IF muscle used for the classification of mus-

cle fibers types was slightly stretched relative to its nor-
mal length, then dipped in isopentane pre-cooled by liquid
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nitrogen for 10 s, and finally frozen in liquid nitrogen. Serial
sections of 10 pm were cut in a cryostat at — 20 °C and
mounted on glass slides freshly coated with 0.1% poly-L-
lysine. Sections to be stained for ATPase were processed on
the same day. Staining methods followed Lind and Kernell
(1991). The proportion of each muscle fibers type was cal-
culated by Image J.

The IF muscle used for the assays of ATPase activity
was immediately frozen in liquid nitrogen and then stored at
— 80 °C. When tested, muscle samples were homogenized
in nine volumes of ice-cold normal saline. Homogenate was
centrifuged at 2500 rpm min~! for 10 min, and the super-
natant was then diluted to 2% to immediately undertake the
biochemical analyses. ATPase (Ca*t-Mg>*-ATPase, EC
3.6.3.8; Nat-K*-ATPase, EC 3.6.3.9) activity was assayed
by measuring the increase of phosphate concentration at
660 nm using a commercial ATPase assay kit (Nanjing
Jiancheng Ltd. Co., Nanjing, China). Absorbances were
determined with a spectrophotometer (UV2000, Unico
Instrument Co., Ltd., Shanghai, China). The activities of two
kinds of ATPase were measured at 10, 25, 35 40 and 45 °C.
ATPase activity was expressed as pmol Pi per milligram of
protein per hour (pmolPi mgprot™' h™).

Data collection and analysis

The maximal twitch tension (P,), time-to-peak twitch tension
(TPT), time of half relaxation from peak twitch tension (1/2
RT), tetanic tension (P,), maximum rate of rise in tetanic
tension (dP,/df) and maximal velocity of shortening (V,,,,)
were all directly obtained from BL-420F system. The force
applied to muscles in isotonic contraction is constant. Power
(P) was equal to the constant force multiplied by V.. and
normalized by the mass of the IF muscle i.e. P/m (Marsh
and Bennett 1985; Josephson 1993). Moreover, P, P,, dP/
dr and V_,, were normalized by the cross-sectional area of
the muscle. The cross-sectional area was calculated by the
mass of the muscle divided by the product of the length of
the muscle and 1.056 g/cm® (El-Khoury et al. 2012).

Data analyses were performed using SPSS version 24.0
(SPSS, Inc., Chicago, Illinois, USA). All the data were tested
for homogeneity of variance. Then, one-way analysis of vari-
ance (ANOVA) was used to determine the significance of
all parameters between two species of lizards. The post hoc
Bonferroni test was used for analyzing the significance of all
contraction parameters in different temperature/PO, of the
same species. Differences in muscle contractile properties
were analyzed using multi-factor analysis of variance with
temperature * species or oxygen partial pressure * species as
the fixed factors. In addition, we used univariate analysis
of general linear model to evaluate the effect of hind limb
length on sprint speed with temperature as a fixed factor and
hind limb length as a covariate. The values were presented as
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mean =+ standard error (SE). The graphs were made with Ori-
gin 2018 (OriginLab Corporation, USA). The significance
level was p <0.05.

Results

Lizard sprint speed at different body temperatures
The body temperature of lizards was not exactly equal to the
experiment temperature, so the temperature shown in results

refers to the body temperature of lizards. The sprint speed
at different body temperatures (Fig. 1) shows that overall
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Fig.1 Sprint speed (mean+SE) at different body temperatures
and the number of individuals used in each test. Black symbols for
P. przewalskii; open symbols for P. erythrurus. Uppercase letters
indicate the significance of differences for sprint speeds of P. prze-
walskii at different temperatures. Lowercase letters indicate the sig-
nificance of differences for sprint speeds of P. erythrurus between
different temperatures. No significant intraspecies differences are
indicated once there are same letters between any two conditions (p
> 0.05). Sprint speeds are significantly different between the two spe-
cies under each test temperature (p <0.001)

P. przewalskii ran significantly faster than P. erythrurus at
each body temperature (p <0.001 for each temperature).
In both species, sprint speed continuously increased when
body temperature rose from 21 °C to 30 °C, then kept stable
when temperature increased to 36 °C. It is worth noting
that the hind limb length of P. przewalskii is significantly
larger than that of P. erythrurus (Table 2). Moreover, the
results of univariate analysis showed that hind limb length
has a significant effect on sprint speed of these two species
(p<0.001).

Effect of temperature and hypoxia on the contractile
properties

We first used multi-factor analysis of variance to investigate
the effects of temperature and oxygen partial pressure on the
contraction characteristics of IF muscle for the two Phryno-
cephalus lizards (Tables 3, 4).

Temperature shows significant effects on all contractile
properties, and species has a significant effect on P, TPT,
dP./dt and V., but only TPT is significantly affected by
both temperature and species (Table 3). The TPT and 1/2
RT of the two species decreased with the increase of tem-
perature; the figures showing the changes of P, P, dP./
dt, V..« and P/m with temperature are inverted bell curve
(Fig. 2). P, and P, showed little change over a broad tem-
perature range (as much as 40 °C) for both species. The
Vinax and P/m of isotonic contraction showed similar ther-
mal dependence. Surprisingly, V,,,. of P. erythrurus tends
to be stable from 25 °C to 40 °C, while P. przewalskii con-
tinuously increased. As for the interspecies comparisons,
the contraction performances of P. przewalskil (except for
1/2 RT) are better than P. erythrurus although significant
differences were only found in some properties at certain
temperatures (Fig. 2).

PO, had no significant effect on any contractile properties
for P. erythrurus (Table 4 and Fig. 3). For P. przewalskii,
a significant difference was observed only between 40 and
15 Torr (p= 0.009) for the 1/2 RT. P,, TPT, P, V., and

P/m for P. przewalskii were significantly higher than for P.

Table 3 Summary of multi-

. . Species Temperature Species * temperature

factor analysis of variance

for contractile properties in F F p F p

temperature experiments, with

temperature and species as P, 10.4 0.002 10.9 <0.001 1.63 0.163

covariates TPT 9.45 0.003 200 <0.001 2.39 0.046
1/2 RT 0.38 0.540 122 <0.001 0.0840 0.995
P, 1.24 0.270 16.7 <0.001 0.344 0.885
dpP /dt 4.75 0.033 7.84 <0.001 1.44 0.223
Vinax 30.5 < 0.001 18.9 <0.001 2.19 0.064
Plm 11.8 0.001 23.0 <0.001 1.93 0.100

p <0.05 was significantly different
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Table4 Summary of multi-

. 8 Species PO, Species * PO,
factor analysis of variance for
contractile properties in oxygen F F p F P
partial pressure experiments,
with oxygen partial pressure and P, 67.3 <0.001 0.339 0.714 0.422 0.658
species as covariates TPT 13.1 0.001 0.419 0.660 0.714 0.495
172 RT 1.89 0.177 4.36 0.019 0.666 0.519
P, 20.5 <0.001 0.732 0.487 0.393 0.677
dpP /dt 2.12 0.155 0.350 0.707 0.397 0.675
Vinax 117 <0.001 1.29 0.289 0.859 0.432
Pim 95.2 <0.001 0.614 0.546 1.15 0.326
P <0.05 was considered statistically significant
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Fig.2 The thermal dependence of contraction parameters in P. eryth-
rurus and P. przewalskii. A maximal twitch tension, P; B time-to-
peak twitch tension, TPT; C time of half relaxation from peak twitch
tension, 1/2 RT; D tetanic contraction, P; E maximum rate of rise
in tetanic tension, dP /d¢; F maximal power output, P/m; G maximal
velocity of shortening, V, ... Values are presented as mean + SE.
Uppercase letters indicate the significance of differences for sprint

erythrurus at all test PO, (p= 0.001, p= 0.021, p<0.001,
p<0.001, p<0.001, respectively), while there was no sig-
nificant difference in 1/2 RT and dP/d¢ between the two
species (p=0.096, p = 0.269, respectively).
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Temperature (°C)

speeds of P. przewalskii at different temperatures. Lowercase letters
indicate the significance of differences for sprint speeds of P. erythru-
rus between different temperatures. No significant intraspecies differ-
ences are indicated once there are same letters between any two con-
ditions (p > 0.05). Significant interspecies differences are indicated
by asterisks (*p <0.05; *¥p <0.01)

Muscle fibers types and ATPase activity

A representative section ATPase stained section to identify
the types of fibers in IF muscle in both species is shown in
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Fig.3 The influences of hypoxia on the contraction parameters in P.
erythrurus and P. przewalskii. A Maximal twitch tension, P; B time-
to-peak twitch tension, TPT; C time of half relaxation from peak
twitch tension, 1/2 RT; D tetanic contraction, P,; E maximum rate of
rise in tetanic tension, dP /dz; F maximal power output, P/m; G maxi-
mal velocity of shortening, V,,.. Values are presented as mean + SE.
Uppercase letters indicate the significance of differences for sprint

Fig. 4. Because Type IIB and Type ITA were not well recog-
nized in sections, they were combined and counted as Type
II. There was no significant difference in the proportion of
two types of fibers between species (Table 5).

Temperature had a significant effect on the ATPase activ-
ity for both species, and the changing pattern of ATPase
activity was similar to dP/dz. It increased from 10 °C to
35 °C and decreased from 35 °C to 45 °C (Fig. 2 and Fig. 5).
The Na*—K*—ATPase activity of P. erythrurus was signifi-
cantly higher than that of P. przewalskii at 40 °C (p <0.001).
Ca**-Mg**—ATPase activity of P. erythrurus is significantly
lower at 35 °C but significantly higher at 40 °C and 45 °C
compared with P. przewalskii (p= 0.002, p = 0.002, p =
0.014, respectively).

. -
40 100
PO, (Torr)

speeds of P. przewalskii at different oxygen partial pressure, and no
significant intraspecies differences are indicated once there are same
letters between any two conditions (p > 0.05). Contraction parameters
of P. erythrurus have no significant differences with the three differ-
ent oxygen partial pressure. Significant interspecies differences are
indicated by asterisks (¥*p <0.05; **p <0.01; ***p <0.001)

Discussion
Thermal effects on locomotor performance

Locomotor performance showed a significant thermal
dependence for both P. erythrurus and P. przewalskii, as
reported for other lizard species (Crowley, 1985; Du et al.,
2007; Lin et al., 2008; Bonino et al., 2015; Zamora-Camacho
et al., 2015). We used body temperature rather than ambi-
ent temperature in our analysis of thermal dependence of
locomotion. Our results indicated that P. przewalskii always
ran significantly faster than P. erythrurus at all body tem-
peratures. One possible explanation is that the hind limb of
P. przewalskii was significantly longer than for P. erythru-
rus. In general, after accounting for the effect of body size,
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250 um

Fig.4 Serial sections from iliofibularis muscle, stained for myofibril-
lar ATPase. The dark fibers represent Type I, intermediate fibers of
Type 1IB, and lightly stained fibers of Type IIA. The red arrows indi-
cate examples of air bubbles. Bar=250 pm

Table 5 Proportions for Type I and Type II fibers for IF muscle of P.
erythrurus and P. przewalskii

P. erythrurus P. przewalskii p
Type I (%) 15.79+0.91 21.93+3.64 0.108
Type II (%) 84.22+0091 78.07 +3.64 0.108

animals with longer hind limbs sprinted faster (Losos 1990;
Winchell et al. 2018). This may affect the distance through
which the animals accelerated. Sprint speed of urban Anolis

A 9 —_ ek
B = 10°C
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8 B == 35°C
B 40°C
74 . 45°C

w N
1 1

E
1
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P. przewalskii P. erythrurus

Fig.5 The thermal dependence of Ca**-Mg**—ATPase (A) and
Na*-K™-ATPase (B) in P. erythrurus and P. przewalskii. Data are
presented as mean + SE with n=6-8 per individual. Uppercase and
lowercase letters indicate a statistical intraspecific difference, no sig-

@ Springer

was greater than their forest counterparts, and the urban liz-
ards had longer hind-limbs (Winchell et al. 2018). Another
reason is that the phenomenon may be most related to their
habitats and genetic difference. Compared to P. przewalskii,
P. erythrurus living at high-altitude may be less affected by
predators, and it is not necessary to run fast. Further, a slower
sprint speed is beneficial for saving energy under hypoxia.

Effects of temperature and hypoxia on contractile
properties

No uniform pattern of thermal dependence underlies all
these parameters of isometric contraction of IF muscle. Our
results showed that P, and P, were temperature independ-
ent from 10 °C to 40 °C for both species. This aligns with
results obtained from studies for other lizards (Putnam and
Bennett 1982; Marsh and Bennett 1985). This enables the
lizards to evade predators and forage at low temperatures.
At temperatures above 40 °C, the decrease of P, and P sug-
gested that IF muscle was subjected to irreversible heat dam-
age. The rates of force generation and relaxation (TPT and
1/2 RT) increased with higher temperature for both species.
This pattern is also observed for other lizards (Marsh and
Bennett 1985; Swoap et al. 1993). The mechanism could be
attributed to that myofibrillar ATPase activity and the rate
of calcium dissociation from parvalbumin increased with
rising temperature (Barany 1967; Stein et al. 1982; Brenner
and Eisenberg 1986; Hou et al. 1992). The results of ATPase
activity in present study were consistent with the rates of
force generation and relaxation. The dP/dt was strongly
temperature dependent for both species.

Bs.

¢ =z 10°C
= 25°C

[N} w N
1 1 1

Na'K"-ATPase activity
(umolPi mgprot! h'')

—_
1

P. przewalskii P. erythrurus

nificant intraspecies differences are indicated once there are same let-
ters between any two conditions (p > 0.05). Significant interspecies
differences are indicated by asterisks (*p<0.05; **p < 0.01; ***p
< 0.001)
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The changing patterns of V., and P/m with temperature
for both species agreed with previous studies (Hill 1938;
Gleeson and Johnston 1987; Rome et al. 1990). V.. of P.
erythrurus remains stable, while P. przewalskii continues to
rise from 25 °C to 40 °C. This indicated that skeletal mus-
cles of P. erythrurus could achieve fast isotonic contraction
at relatively low temperatures. In the summer, individuals
of both species were observed to begin running at around 8
o’clock in the morning; however, at 8:00, the body tempera-
ture of P. erythrurus is about 25 °C, while P. przewalskii is
about 35 °C (unpublished data). The P/m of P. przewalskii
was significantly higher than that of P. erythrurus at 35 °C
and 40 °C. Muscle with higher V,,, most likely produces
more power than muscle with lower V_,, (Hill 1938; James
2013; Lieber and Fridén 2015). In addition, the V,,, of P.
przewalskii was higher than for P. erythrurus at certain test
temperatures. Similar results were also found in the hypoxic
experiment and for locomotor performance. This may be due
to a larger proportion of Type IIB fibers in P. przewalskii
compared with P. erythrurus.

The influence of hypoxia on the contractile properties of
isolated skeletal muscle has not been reported in reptiles.
Our results showed that there was no significant effect on
contraction parameters caused by hypoxia except for 1/2
RT in the two species of lizard (Fig. 3 and Table 5). It was
reported that PO, in skeletal muscles was only approxi-
mately 3 Torr (Richardson et al. 1995). So, 15 Torr in
hypoxia treatment used in our experiment may be not low
enough to cause significant changes. Also, the oxygen con-
sumption rate of IF muscle at 25 °C may be relatively low so
that the diffusion of O, can match the requirement, resulting
in an adequate supply of O, in the IF muscle at 25 °C even
at a PO, of 15 Torr.

Muscle fibers types

Muscles comprised of mainly Type IIB fibers contract
quickly, but also fatigue quickly, while muscles composed of
primarily Type I fibers have high endurance but slow speed.
Type IIA fibers combine speed and endurance (Brooks et al.
1996; Saltin and Gollnick 1983). In the present study, the
Type 11 fibers are predominant in the IF muscle of the two
species. This may be the characteristic of IF muscle itself.
There was no significant difference in muscle fibers types
between the two species. In addition, Phrynocephalus liz-
ards run intermittently according to our observations in the
field, and in our locomotor experiments, which might indi-
cate that the proportion of Type IIB fibers is higher than that
of Type IIA fibers in the IF muscle of both species.

In summary, our results showed that the locomotor per-
formance of P. przewalskii was significantly better than
that of P. erythrurus at all body temperatures, reflecting the
better contractile properties of P. przewalskii IF muscle at

different temperatures and PO,. Temperature has a signifi-
cant effect on the contractile properties of IF muscle for the
two species. P. erythrurus achieved both optimal isometric
(dP/d¢) and optimal isotonic (V,,,,) contractile properties at
a lower temperature compared to P. przewalskii, which prob-
ably results from the long-term adaption to the cold envi-
ronment of high altitudes. Although the proportion of fibers
types and ATPase activities of IF muscle have no significant
interspecies difference, the changing trend of ATPase activi-
ties with temperature is congruous with certain contractile
properties and locomotor performance. These findings may
provide new insights into the adaptative mechanisms of
locomotor performance in P. erythrurus endmic to Tibetan
plateau. However, in-depth studies are needed to further
investigate the mechanism of locomotor performance in the
terms of the calcium pathway and muscle contraction related
genes.
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