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Abstract10

Background:Small mammals have limited glucose use and limited glycogen accumulation during11
hypothermia. Huddling is a highly evolved cooperative behavioral strategy in social mammals,12
allowing adaptation to environmental cooling. As yet, however, is not clear whether this behavior13
affects the utilization of glycogen in cold environments. Here, we studied the effect of huddling on14
myocardial glycogen content in Brandt’s voles (Lasiopodomys brandtii) under a mild cold15
environment (15 °C).16
Results:Results showed that (1) Compared to the control (22 °C) group (CON), the number of17
glycogenosomes more than tripled in the cool separated group (CS) in both males and females;18
whereas the number of glycogenosomes increased in females but was maintained in males in the19
cool huddling group (CH). (2) The ratio of glycogen synthetase phosphorylation showed a similar20
trend as the change in glycogenosome number in the three treatment groups in both males and21
females. (3) Protein expression of glycogen phosphorylase remained stable in males in the three22
treatment groups but increased in CS group females compared with the CON group.23
Conclusion:These results indicate that huddling in voles alleviated the increase in myocardial24
glycogen content caused by the increase of glycogen synthesis under cool environments.25
Keywords: huddling, low temperature, heart, glycogenosomes, glycogen synthetase, glycogen26
phosphorylase27

Introduction28

Low temperature is a stress stimulus for mammals, especially for small mammals as their energy29
requirements are high due to the large surface area to volume ratio. Moreover, when30
environmental stressors persist for prolonged periods, small animal tissues and organs are more31
vulnerable to the impact of external environmental temperature [1]. Altered carbohydrate32
metabolism during hypothermia in mammals is accompanied by abnormalities in glucose33
metabolism [2-4]. For example, in rats [5, 6] and rabbits [7], metabolism of both endogenously34
and exogenously administered glucose is substantially reduced during hypothermia. Hypothermia35
can lead to a slowed heart rate, decreased blood flow output, and decreased myocardial36
contraction and relaxation function [8-11]. As above, the cardiac muscle of small mammals is37
more susceptible to low external temperatures. In rats, for example, exposure to only 4 h of cold38
temperature (15 °C) can lead to an increase in myocardial glycogen content [12], suggesting that39
the effects of hypothermia on cardiac muscle may involve the balance between glycogen synthesis40
and degradation.41

Glycogen synthase (GS), a key enzyme for synthesis, polymerizes UDP-glucose to form glycogen42
granules, with phosphorylated GS (P-GS) being its active state [13-15]. Glycogen phosphorylase43
(GYPL) is a rate-limiting enzyme that breaks down glycogen granules to glucose [16, 17].44
Research on hibernating Daurian ground squirrels (Spermophilus dauricus) has shown that the45
increase in glycogen content in skeletal muscle in winter is mainly due to the maintenance of46
P-GS and decrease in GYPL protein expression [15]. Thus, studies on the above factors could help47
reveal the mechanism related to changes in myocardial glycogen content under cool environments.48

Huddling is a social thermoregulatory behavior, defined as the active aggregation of nestled49
animals. It is a cooperative group behavior, permitting individuals involved in social50
thermoregulation to minimize heat loss and thereby lower energy expenditure, possibly allowing51



reallocation of saved energy to other functions [1, 18]. It is commonly exhibited in small52
mammals and birds to reduce heat and energy loss under cold environments [19-22]. Research has53
shown that many mammals, such as degu (Octodon degus), Damaraland mole-rat (Cryptomys54
damarensis), and Natal mole-rat (C. hottentotus natalensis), huddle when the ambient temperature55
is lower than 15–20 °C, with an energy saving of up to 30% [23, 24]. Research on Eastern pygmy56
possums (Cercartetus nanus) has shown that huddling in mild low temperatures (14 °C) can57
reduce energy consumption by up to 50% [25]. The benefits of huddling in energy conservation58
[23, 26], local environmental heating [27], and survival [28] have also been studied in several59
species. Overall, huddling individuals exhibit increased survival, lower food intake, decreased60
body mass loss, increased growth rate, and/or more constant body temperature, and reduced61
metabolic rate [1]. To date, previous studies have primarily focused on morphological and62
physiological changes in animal bodies under various temperatures. However, no studies have63
reported on changes in myocardial glycogen in mammals under different temperatures.64

Brandt’s voles (Lasiopodomys brandtii) are small non-hibernating herbivorous rodents widely65
distributed in the Inner Mongolian grasslands of Northern China, dry steppe zone of Mongolia,66
and southeast Baikal region of Russia. They are highly socialized animals that huddle in winter as67
an adaptation to their harsh habitats [20]. Studies have shown that mild cooling can significantly68
change the level of oxidative stress in the cardiac muscle of Brandt’s voles [29]. Furthermore,69
their metabolic rate and thermogenic capacity decrease but activity increases compared with70
separated individuals under low temperatures, suggesting that huddling is a good strategy for71
small mammals to cope with cold environments [19]. Glycogen is one of the most important72
energy supply substances in muscles. However, the role of myocardial glycogen in adaptive73
huddling has not yet been reported. Therefore, we hypothesized that a cool environment could74
cause an increase in myocardial glycogen content in Brandt’s voles. We also hypothesized that75
huddling could effectively alleviate this change. To test these hypotheses, we observed the76
ultrastructure of cardiac muscle in huddling and individual (separated) Brandt’s voles under mild77
temperature differences (normal: 22 °C; cool: 15 °C) in autumn. We also determined the protein78
expression levels of glycogen synthesis and degradation-related signals. We further explored the79
molecular mechanism related to the effects of a mild cold environment and huddling on changes80
in myocardial glycogen content.81

Materials and Methods82

Ethics statement83

All procedures followed the Laboratory Animal Guidelines for the Ethical Review of Animal84

Welfare (GB/T 35892-2018) and were approved by the Animal Care and Use Committee of Qufu85

Normal University (Permit Number: dwsc 2019012).86

Animals and groups87

In early September 2019, Brandt’s voles were captured by live trapping from an enclosure at the88
Inner Mongolia Grassland Animal Ecology Research Station (60 × 80 m), located in the Maodeng89
Pasture (44°11′N, 116°27′E; 1 100 m in elevation) of Xilinhot, Inner Mongolia, China. Voles were90
acclimated under laboratory conditions for two weeks. They were housed individually in cages (2891
× 18 × 12 cm) at an ambient temperature of 22 ± 2 °C and relative humidity of 55% ± 5% under a92



12 h:12 h light⁄dark cycle (light on from 06:00 to 18:00). Food (standard rabbit chow, Pengyue93
Experimental Animal Breeding Co., Ltd., China) and water were provided ad libitum and wood94
shavings were used as bedding.95

Based on body weight and degree of wear on the upper molars, a total of 24 male (28–50 g,96
average 38 g) and 24 female adult voles (27–54 g, average 33 g) were randomly divided into three97
groups, respectively. Voles in the control groups (CON) of each sex were housed individually in98
cages at an ambient temperature of 22 ± 2 °C, but with a changed light regime to a short day99
pattern (8 h:16 h light⁄dark cycle; light on from 08:00 to 16:00). Two groups of each sex were100
transferred to a cool cabinet under different grouping conditions (huddling and separated). Voles101
in the cool separated groups (CS) were housed individually in cages, whereas voles in the cool102
huddling groups (CH) were housed together in a cage (two males and two females). Group size103
(four voles in each cage) ensured most animals remained inactive in a huddle (Sukhchuluun et al.,104
2018). The temperature in the cabinet was set to 15 °C and the light regime was as same as the105
CON group. Animal treatment started in late September and lasted eight weeks.106

Sample preparation107

All animals were anaesthetized with 50 mg kg-1 sodium pentobarbital between 08:00 and 11:00 on108
the last day of the experimental period [19, 30]. After the rapid removal of cardiac muscle,109
portions of the ventricles were immediately cut off and fixed in glutaraldehyde. The rest of the110
cardiac muscle was frozen in liquid nitrogen and stored at -80 °C. Specimens were fixed in 1%111
osmium tetroxide in the same buffer, dehydrated with a graded series of ethanol, and embedded in112
epoxy resin. After surgical intervention, the animals were sacrificed with an overdose injection of113
sodium pentobarbital. All procedures were carried out in accordance with the approved guidelines.114

Transmission electron microscopy (TEM)115

The cardiac muscle samples were cut into blocks and immersed in 3%116
glutaraldehyde-paraformaldehyde. The blocks were then dehydrated in a graded series of ethanol117
and embedded in epoxy resin, with TEM then performed as described previously [31]. A semithin118
section was applied to tissue samples, and after methylene blue staining [32], sections were119
adjusted under the microscope and sliced with an ultramicrotome (LKB-NOVA, USA). The120
ultrathin sections were double stained with Reynolds’ lead citrate and ethanolic uranyl acetate [33]121
and then examined via TEM (Hitachi, HT7800, Japan). Images were processed with NIH122
Image-Pro Plus 6.0. Images were analyzed using the measurement tools provided by the software.123
Glycogenosome densities were determined within a defined region (4 μm2 area) at a minimum of124
three locations within an image taken at 25 000× magnification.125

Western blotting126

Total protein was extracted from the tissues and solubilized in sample buffer (100 mM Tris, pH127
6.8, 5% 2-β-mercaptoethanol, 5% glycerol, 4% SDS, and bromophenol blue), with the extracts of128
cardiac protein then resolved via SDS-PAGE (10% Laemmli gel with an129
acrylamide/bisacrylamide ratio of 29:1 and 98% 2,2,2-trichloroethanol (Aladdin, JI522028,130
China)). To study protein expression in different tissues, we used total protein content as a131
reference. After electrophoresis, the gel was irradiated on the UV platform of the electrophoresis132
gel imaging analysis system (Bio-Rad, California, USA) for 5 min, after which the signal was133



collected. As described previously [34, 35], the original image captured with no gain was stored.134
After that, the fluorescence intensity of each lane (after removal of background fluorescence135
intensity) was determined with Image-Pro Plus 6.0, which as an internal reference, to correct the136
fluorescence intensity of the target protein. The proteins were then electrically transferred to137
polyvinylidene fluoride (PVDF) membranes (0.45-μm pore size) using a Bio-Rad wet transfer138
apparatus. The blotted membranes were blocked with 5% skimmed milk powder in Tris-buffered139
saline (TBS; 150 mM NaCl, 50 mM Tris-HCl, pH 7.5) and incubated with rabbit anti-glycogen140
phosphorylase (1:1 000, #ab198268, Abcam, Cambridge, UK), rabbit anti-glycogen synthase141
(1:1 000, #3886, Cell Signaling Technology CST, Danvers, MA, USA), and rabbit anti-phospho142
glycogen synthase (1:1 000, #3891, CST) in TBS containing 0.1% BSA at 4 °C overnight. The143
membranes were then incubated with IRDye 800 CW goat anti-rabbit secondary antibodies144
(1:5 000, #31460, Thermo Fisher Scientific, Rockford, IL, USA) for 90 min at room temperature145
and visualized with an Odyssey scanner (Bio-Rad, CA, USA). Quantification of blots was146
performed using NIH Image-Pro Plus 6.0.147

Statistical analyses148

The normality of data and homogeneity of variance were tested by Shapiro-Wilk and Levene tests,149
respectively. All data exhibited normal distribution and homogeneous variance. Double-factor150
variance analysis (two-way analysis of variance (ANOVA)) was used to compare differences151
between treatment and sex. Results were significant at P < 0.05. Data are expressed as mean ±152
standard deviation (Mean ± SD). All statistical analyses were conducted using SPSS 19.0.153

Results154

Ultrastructural changes in number of glycogenosomes155

The glycogenosome clusters were observed, with each glycogenosome showing a diameter of ~30156
nm. Most glycogenosomes were distributed between the muscle filaments, with a small number157
distributed around the mitochondria (Fig. 1).158

INSERT FIGURE 1 HERE159

Figure 2a shows the distribution of glycogenosomes at low magnification. In the CS group, the160
number of glycogenosomes was more than triple that in the CON and CH groups (P < 0.05). In161
addition, the number was significantly higher (P < 0.05) in females than in males (Fig. 2b).162

INSERT FIGURE 2 HERE163

Changes in protein expression of glycogen synthesis-related proteins164

The GS and P-GS concentrations were detected by western blot analysis, as shown in Fig. 3.165
Representative polyacrylamide gels of total protein are shown in Fig. 3b.166

The relative protein expression levels of GS and P-GS showed the different trends among the167
three treatment groups. Specifically, the protein expression levels of GS in the CS groups were168
lower than the levels in the CH and CON groups, whereas protein expression levels of P-GS in the169
CH and CS groups were higher than levels in the CON group (P < 0.05). Levels of GS and P-GS170
were also higher (P < 0.05) in females than in males (Fig. 3c and d).171



The P-GS to GS ratio is one of the most direct indicators of glycogen synthesis. Here, the ratio172
showed the trends among the three treatment groups as CON < CH < CS (P < 0.05). The ratio was173
also higher (P < 0.05) in females than in males (Fig. 3e).174

INSERT FIGURE 3 HERE175

Changes in protein expression of glycogen decomposition-related proteins176

The content of GYPL was detected by western blot analysis, as shown in Fig. 4. Representative177
polyacrylamide gels of total protein are shown in Fig. 4b.178

The relative protein expression of GYPL showed a slight change among the three treatment179
groups. Specifically, levels were higher in CS group females than in CON group females (Fig. 4c).180

INSERT FIGURE 4 HERE181

Discussion182

We studied the effects of cool environment on the number of cardiac glycogenosomes in huddling183
Brandt’s voles, as well as the mechanism related to the regulation of glycogenosome number. An184
obvious increase in the number of myocardial glycogenosomes was observed in both CS males185
and females. In addition, this number remained stable in males but increased in females in the CH186
groups compared with that in the CON groups. The P-GS to GS ratio was highest in the CS group187
in both males and females. GYPL protein expression only showed a slight change among the three188
treatment groups.189

One of the most important findings of this study is the ultrastructural observation of a significant190
increase in the number of cardiac glycogenosomes in the CS group. Changes in myocardial191
glycogen in mammals during long-term cool environment exposure have not been reported192
previously, although our results are consistent with those of myocardium under short-term193
hypothermia and skeletal muscle under long-term hypothermia, as the major types of muscle194
fibers in ventricles are similar to those in soleus muscle [36]. Research on rats has shown that195
glycogen content in the myocardium is significantly increased after only 4 h of exposure to 15 °C196
[12]. Furthermore, Daurian ground squirrels experience an increase in glycogen concentrations in197
in soleus muscle after two months of low temperature exposure in winter [15]. Excessive glycogen198
accumulation in the heart can lead to degenerative changes such as arrhythmia, cardiac199
hypertrophy, and hypotonia [37]. In this study, glycogen content in the myocardium of the CS200
group was significantly higher than that of the CON group. This indicates that hypothermia may201
cause significant degenerative damage to the myocardium of small mammals and may involve202
disrupting the balance between glycogen synthesis and decomposition. As the active state of GS,203
P-GS is an important indicator of glycogen synthesis [38]. Furthermore, GYPL is a rate-limiting204
enzyme that breaks down glycogen granules to glucose [16, 17]. In males, the protein expression205
of GYPL in the CS group was maintained at the same level as observed in the CON group,206
whereas the phosphorylation ratio of GS was significantly increased, suggesting that high207
glycogen synthesis may be one of the main reasons for the increase in glycogen content. In208
females, the protein expression of GYPL and the phosphorylation ratio of GS increased209
significantly in the CS group, but the increment between the two groups was significantly210
different compared with the CON group. This indicated that the increase in glycogen synthesis211



was higher than that of glycogen decomposition, which may be the reason why glycogen content212
increased at this time. In general, the increase in glycogen synthesis may be a key factor for the213
increase in myocardial glycogen content observed in the CS group in both male and female voles.214

Surprisingly, compared with the CON group, the myocardial glycogen content and215
phosphorylation rate of GS in CH male voles remained unchanged. Compared with the CON216
group, the protein expression levels of GYPL also remained unchanged in the hearts of both male217
and female voles in the CH group, indicating that maintenance of glycogen synthesis and218
decomposition may have led to maintenance of glycogen content in the CH group. This suggests219
that the effect of low temperature on glycogen synthesis can be significantly alleviated by220
huddling behavior. In addition, the myocardial glycogen content and phosphorylation rate of GS in221
CH female voles was significantly higher than that in the CON group, although the degree of222
increase was much lower than that found in the CS group. This suggests that huddling behavior223
partially alleviated the effect of low temperature on glycogen synthesis in female voles. In general,224
huddling behavior completely or partially alleviated the increase in glycogen content caused by225
the increase in glycogen synthesis in the myocardium of voles following cold environment226
exposure. Normal glycogen metabolism is the basis of exercise in mammals [39, 40]. Earlier227
studies on Brandt’s voles showed that activity is higher in huddling groups than separated groups228
under cool environments [19]. Thus, we speculated that the results that the level of glycogen229
metabolism in the myocardium of CH group was closer to the level of CON group than that of CS230
group might be one of the reasons.231

Interestingly, the biggest difference between the sexes was in myocardial glycogen content and232
phosphorylation rate of GS, which increased in CH females but remained unchanged in CH males233
compared to the CON groups. This may be because the average weight of males selected in this234
study was larger than that of females. Higher body weight may mean more fat and substance235
storage and therefore possible higher tolerance to lower temperatures.236

In summary, we explored the regulatory mechanism related to the balance between glycogen237
synthesis and degradation on the number in myocardial glycogenosomes of huddling and238
separated Brandt’s voles under cool environments. Results showed that a cool environment led to239
an increase in myocardial glycogen content in voles, which could be alleviated by huddling240
behavior, and may be a good consequence of the collective overwintering behavior of socialized241
animals. An increase in glycogen synthesis is a common mechanism for changes in myocardial242
glycogen level. The differences in glycogen content and related mechanism between the sexes243
mainly existed in the CH group, which could be impacted by differences in sample size between244
the two groups. In general, huddling behavior in voles alleviated the increase in myocardial245
glycogen content caused by the increase in glycogen synthesis.246
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Legend of figures268

Fig. 1 Ultrastructural distribution of myocardial glycogenosomes in Brandt’s voles.269

Arrow indicates glycogenosome. Z-zone (Z) and muscle filaments (see asterisk) are well arranged.270
Scale bar = 0.5 μm.271

Fig. 2 Changes in number of myocardial glycogenosomes in Brandt’s voles.272

(a) Myocardial glycogenosomes in three treatment groups. Arrow indicates glycogenosome. Scale273
bar = 1 μm. (b) Bar graph depicting changes in number of glycogenosomes. Values are mean ±274
SD. Six figures were analyzed in each sample; eight samples were analyzed in each group. CON,275
control group; CH, cool huddling group; CS, cool separated group. Different letters identify276
statistically significant differences among temperature treatment groups (P < 0.05). *, P < 0.05277
significant differences between males and females.278

Fig. 3 Changes in protein expression levels of glycogen synthesis-related factors in cardiac279
muscle of Brandt’s voles.280

(a) Representative immunoblots of GS and P-GS in cardiac muscle. (b) Representative281
polyacrylamide gel of total protein. (c) Relative protein expression of GS. (d) Relative protein282
expression of P-GS. (e) Ratio of P-GS to GS. Values are mean ± SD. n = 8. CON, control group;283
CH, cool huddling group; CS, cool separated group. Different letters identify statistically284
significant differences among temperature treatment groups (P < 0.05). *, P < 0.05 significant285
differences between males and females.286



Fig. 4 Changes in protein expression levels of glycogen degradation-related factors in287
cardiac muscle of Brandt’s voles.288

(a) Representative immunoblots of GYPL in cardiac muscle. (b) Representative polyacrylamide289
gel of total protein. (c) Relative protein expression of GYPL. Values are mean ± SD. n = 8. CON,290
control group; CH, cool huddling group; CS, cool separated group. Different letters identify291
statistically significant differences among temperature treatment groups (P < 0.05).292

293
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Figures

Figure 1

Ultrastructural distribution of myocardial glycogenosomes in Brandt’s voles. Arrow indicates
glycogenosome. Z-zone (Z) and muscle �laments (see asterisk) are well arranged. Scale bar = 0.5 μm.



Figure 2

Changes in number of myocardial glycogenosomes in Brandt’s voles. (a) Myocardial glycogenosomes in
three treatment groups. Arrow indicates glycogenosome. Scale bar = 1 μm. (b) Bar graph depicting
changes in number of glycogenosomes. Values are mean ± SD. Six �gures were analyzed in each sample;
eight samples were analyzed in each group. CON, control group; CH, cool huddling group; CS, cool



separated group. Different letters identify statistically signi�cant differences among temperature
treatment groups (P < 0.05). *, P < 0.05 signi�cant differences between males and females.

Figure 3

Changes in protein expression levels of glycogen synthesis-related factors in cardiac (a) Representative
immunoblots of GS and P-GS in cardiac muscle. (b) Representative polyacrylamide gel of total protein.
(c) Relative protein expression of GS. (d) Relative protein expression of P-GS. (e) Ratio of P-GS to GS.
Values are mean ± SD. n = 8. CON, control group; CH, cool huddling group; CS, cool separated group.
Different letters identify statistically signi�cant differences among temperature treatment groups (P <
0.05). *, P < 0.05 signi�cant differences between males and females.



Figure 4

Changes in protein expression levels of glycogen degradation-287 related factors in cardiac muscle of
Brandt’s voles. (a) Representative immunoblots of GYPL in cardiac muscle. (b) Representative
polyacrylamide gel of total protein. (c) Relative protein expression of GYPL. Values are mean ± SD. n = 8.
CON, control group; CH, cool huddling group; CS, cool separated group. Different letters identify
statistically signi�cant differences among temperature treatment groups (P < 0.05).
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