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SUMMARY
Hematopoietic responses to environmental factors are not fully characterized. Polycythemia has been reported during exposure
to low temperatures in ectothermic animals. The relationship between the causes of polycythemia and erythropoiesis during low
temperature exposure is not fully understood. In this study, we exposed C57BL/6 mice to 5°C and monitored the blood cell counts
and erythropoiesis. The hematocrit level increased from 45.6 to 52.2% after 14days. Likewise, the hemoglobin concentration,
initially 15.1gdl−1, rose to 16.0gdl−1. The reticulocyte production index significantly increased from 4 to 8% after 7days. We
examined the anatomy and cell composition of the spleens of the mice. On day5, the spleens were ~6mgg−1 of body mass, which
was twofold greater than the spleens on day0. Flow cytometry showed fourfold more proerythroblasts on day5, compared with
day0. Additionally, the number of late-stage mature erythroblasts increased on day14. Erythropoietin mRNA levels increased in
the kidneys, and hypoxia-inducible genes were enhanced in the kidney. Our findings indicated that low ambient temperature is a
novel erythropoietic stress, which induces polycythemia by enhanced erythropoiesis.
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INTRODUCTION

The ability to adapt to environmental stress is essential for survival.
Temperature is a known environmental stress, and many studies
have shown a wide range of physiological responses to changes in
temperature. Ectothermic animals (reptiles, amphibians and fish)
do not have the ability to thermoregulate, and decreases in body
temperature occur passively when the animals are in a low
temperature environment (Salt, 1949). Endothermic animals (birds
and mammals) have mechanisms to keep the body temperature
constant, independent of the environmental temperature over a
certain range. Upon the initial exposure to low temperature,
endothermic animals exhibit peripheral vasoconstriction aimed at
reducing heat loss. Active thermogenesis occurs by means of
periodic shivering if heat dissipation exceeds metabolic heat
generation (Gordon, 1990). During prolonged exposure to low
temperature, non-shivering thermogenesis is enhanced. Additional
metabolic heat generation is accompanied by increased oxygen
consumption (Gordon, 1990).
There have been several reports of anemia induced by low
temperature exposure in ectothermic animals, including leotard frogs
(Rana pipiens), European frogs (Rana esculenta) and zebrafish
(Danio rerio) (Cline and Waldmann, 1962; Sinha, 1983; Kulkeaw
et al., 2010). We also determined the anemia induced by low
temperature exposure in the African clawed frog, Xenopus laevis
(Maekawa et al., 2012). We observed enhanced hepatic destruction
of erythrocytes immediately after exposure to low temperature.
Despite enhanced erythropoiesis in response to low temperature,
newly produced erythrocytes were confined to the liver (i.e.
erythropoietic organ), so that erythrocyte counts remained low
during the cold period. Hematopoietic responses to environmental

temperature have also been reported in endothermic animals.
Tavassoli et al. showed that hematopoiesis capability was retained
in the tail vertebrae of newborn rats by transposing the tail into the
warmer environment of the abdomen (Tavassoli et al., 1979). In
rats and chickens acclimated to low temperature, an increase in the
number of erythrocytes was observed (Deveci et al., 2001; Bláhová
et al., 2007). The mechanisms remain unknown, however.
Erythrocytes are responsible for transporting oxygen to tissue and
are essential for the survival of almost all vertebrate animals.
Therefore, the mechanisms of erythropoiesis responding to low
environmental temperature are one of the vital keys to understanding
animal diversity.
Peripheral erythrocyte counts are tightly regulated to respond to
tissue oxygen tension. The glycohormone erythropoietin (EPO) is
a principal regulator of erythropoiesis (Krantz, 2000). In mammals,
EPO is produced in the fetal liver and the adult kidney, and primarily
stimulates the proliferation of erythrocyte progenitor cells in the
bone marrow (Zanjani et al., 1977; Dame et al., 1998). Epo gene
transcription is markedly induced in response to hypoxia. Hypoxiainducible factors (HIFs) are required for Epo transcriptional
activation in response to hypoxia (Wang and Semenza, 1995;
Scortegagna et al., 2005). Erythrocytes differentiate from multipotential hematopoietic stem cells through a series of intermediates.
The first committed erythrocyte precursors are the burst-forming
unit erythrocytes (BFU-E), which differentiate into colony-forming
unit erythrocytes (CFU-E) and subsequently into proerythroblasts.
These late erythrocyte progenitor cells, which are responsive to EPO,
proliferate and differentiate further through the basophilic,
polychromatic and orthochromatic erythroblast stages. The nucleus
shrinks and is finally shed as the cells become reticulocytes before
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becoming mature erythrocytes (Gregory and Eaves, 1977; Gregory
and Eaves, 1978; Sawada et al., 1987; Broudy et al., 1991). During
erythroblast differentiation, the cells lose the expression of
transferrin receptor (CD71) and gain the expression of erythroid
specific Ter119 antigen, associated with murine glycophorin A (Kina
et al., 2000; Lok and Ponka, 2000). Therefore, these cell surface
makers can be used to flow cytometric identification of different
erythroblast stages in murine hematopoietic tissue (Socolovsky et
al., 2001). In mammals, erythrocytes are produced predominantly
in the bone marrow. In addition, splenic erythropoiesis has been
well described in rodents. During erythropoietic stress, the spleen
is the primary organ of erythropoiesis (Hara and Ogawa, 1976; Kam
et al., 1999).
The objective of our study was to investigate whether
polycythemia induced by low temperature exposure caused
enhanced erythropoiesis in ectothermic animal. In the current study,
we induced polycythemia by low temperature exposure in mice,
and investigated the erythropoiesis under thermogenic conditions.
MATERIALS AND METHODS
Animals

C57BL/6J male mice (6–7weeks old) were purchased from CLEA
Japan (Tokyo, Japan). It was previously described that the body
temperature of C57BL/6J mice was kept constant at low temperature
exposure (Guerra et al., 1998). Three mice were housed in each plastic
cage and maintained in a light- (12h:12h light:dark) and temperaturecontrolled (22°C) conventional culture room. They had free access
to laboratory pelleted mouse food (Oriental Yeast, Tokyo, Japan) and
water. For low temperature studies, plastic cages containing three mice
were maintained in an incubator (Bio Multi Incubator, NK System,
Osaka, Japan) at 5°C. All experiments were conducted according to
the Regulations for Animal Experimentation at Waseda University.
Blood cell analysis

Peripheral blood (20–30μl) was obtained from the orbit. Blood
samples were anti-coagulated with EDTA-2Na (Dojindo Laboratories,
Kumamoto, Japan) for cell counts and cytological analysis.
Hematological parameters were assessed using an automated
hematological analyzer Sysmex F-820 (Sysmex, Kobe, Japan).
Reticulocytes were detected by staining with thiazole orange (SigmaAldrich, St Louis, MO, USA). A stock solution (1mgml−1) of the
dye in methanol was prepared (stored at –20°C). A 1:10,000 dilution
of the stock solution in Dulbecco’s modified phosphate-buffered saline
(DPBS) containing 2mmoll–1 EDTA-2Na was prepared. One
microliter of whole blood was mixed with 0.2ml of the diluted dye
solution and incubated for 30min at room temperature. The samples
were analyzed using flow cytometry (Cytomics FC500 MPL flow
cytometry system, Beckman Coulter, Fullerton, CA, USA) to
determine the percentage of reticulocytes. The reticulocyte production
index (RPI) was calculated as: [reticulocyte count (%) × mouse
hematocrit (%)]/45 (%) (standard value of mouse hematocrit).
CFU-E colony forming assay

Erythrocytes of bone marrow and spleen were lysed with red blood
cell lysing buffer (Sigma-Aldrich). Nucleated cells were cultured
in a mixture containing 0.9% methylcellulose (Shin-Etsu Kagaku,
Tokyo, Japan), 1% BSA (Wako, Osaka, Japan) after deionized
treatment using Bio-Rex MSZ 501(D) Resin (Bio-Rad, Hercules,
CA, USA), α-medium (Gibco, Invitrogen, Tokyo, Japan), 20% fetal
bovine serum (Sigma-Aldrich), 1×10−4moll–1 mercaptoethanol,
1Uml−1 human recombinant erythropoietin (Epoetin alfa; Kyowa
Hakko Kirin, Tokyo, Japan). Plates were incubated at 37°C in an

incubator containing 5% CO2 in air. CFU-E colony formation was
monitored at 60h.
Histology and immunohistochemistry

Mice were quickly killed by cervical dislocation, and the spleens
were collected. Spleen pieces were fixed for 24h at 4°C in 10%
formalin in DPBS, dehydrated using a graded series of ethanol,
embedded in Paraplast (Kendall-Tyco Healthcare, Mansfield, MA,
USA) and sectioned at a thickness of 5μm at room temperature.
The sections were stained with hematoxylin and eosin (HE). For
immunohistochemistry, non-specific antibody binding was blocked
by incubating the slides in 5% normal goat serum (NGS) in
15mmoll−1 Tris-HCl, 0.15moll −1 NaCl, pH7.5 (Tris-buffered
saline, TBS), for 60min at room temperature. The sections were
subsequently incubated with biotin-conjugated anti-Ter119 solution
(BD Pharmingen, CA, USA; diluted 1:500) in TBS containing 0.5%
NGS overnight at 4°C. After antibody incubation, sections were
washed three times with TBS for 5min. The sections were later
incubated for 60min with horseradish peroxidase-conjugated
streptavidin (Bio-Rad), and the color was developed with
diaminobenzidine for 5–10min. The preparations were examined
by light microscopy (model BX51; Olympus, Tokyo, Japan).
Flow cytometric analysis

The analysis of the erythroblast population subsets was performed
as previously described (Socolovsky et al., 2001). Freshly isolated
spleen or bone marrow cells were strained through a 40μm strainer
in the presence of DPBS containing 2% fetal calf serum and
2mmoll −1 EDTA-2Na. Cells were immunostained for 20min at
4°C in the presence of 1μgml−1 biotin-conjugated anti-Ter119 (BD
Pharmingen), and 1μgml−1 fluorescein isothiocyanate-conjugated
rat anti-mouse CD71 (Biolegend, CA, USA) followed by avidinallophycocyanin (BD Pharmingen). The cells were analyzed using
a Cytomics FC500 MPL flow cytometry system (Beckman
Coulter).
Real-time reverse transcription polymerase chain reaction

RNA was isolated from the kidneys using TRIzol (Invitrogen,
Carlsbad, CA, USA) according to the manufacturer’s instructions.
Total RNA (1μg) was reverse transcribed into cDNA using ReverTra
Ace (Toyobo, Osaka, Japan). Quantification PCR was carried out with
the SYBR Green system using StepOnePlus (Applied Biosystems,
Foster City, CA, USA). The target amounts were normalized to the
Hprt1 gene. The mean threshold cycle was used to determine the
relative expression levels. The primers used for the real-time RTPCR study were designed using Primer3 software (Rozen and
Skaletsky, 2000). The sequences of the primers were as follows:
Hypoxanthine guanine phosphoribosyl transferase 1-forward, 5′TGCTGCTTTTACTCTCCTTGCTAC-3′; Hypoxanthine guanine
phosphoribosyl transferase 1-reverse, 5′-TCTTCCACCTCCATTCTTTTCC-3′; Erythropoietin-forward, 5′-TGTTGTTGGATATGCCCTTG-3′; Erythropoietin-reverse, 5′-GCGCTCATCTTAGGCTTTGT-3′; Hypoxia-inducible factor-1α-forward, 5′-CAGAATGGAACGGAGCAAAAG-3′; Hypoxia-inducible factor-1reverse, 5′-GCTGTGGTAATCCACTCTCATCC-3′; Glucose
transporter type 1-forward, 5′-ACATGGAACCACCGCTACG-3′;
Glucose transporter type 1-reverse, 5′-AGTTCCGCCTGCCAAAG3′; Lactate dehydrogenase A-forward, 5′-AATGAAGGACTTGGCGGATG-3′; Lactate dehydrogenase A-reverse, 5′-GAT GTT
CAC GTT TCG CTG GA-3′; Phosphoglycerate kinase 1-forward,
5′-GGAAGCGGGTCGTGATGA-3′; Phosphoglycerate kinase 1reverse, 5′-GCC TTG ATC CTT TGG TTG TTT G-3′; Vascular
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endothelial growth factor-forward, 5′-GTACCCCGACGAGATAGAGT-3′; and Vascular endothelial growth factor-reverse, 5′ATGATCTGCATGGTGATGTTG-3′.
Statistics

Error bars represent the standard error of the mean (s.e.m.) in all
figures. Comparisons between two groups were performed using
Student’s t-test. Values of P<0.05 were considered to be statistically
significant.
RESULTS
Polycythemia is induced by low environmental temperature in
mice
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and the mean corpuscular hemoglobin content (MCH) were
significantly increased on days14 and 42 (Table1). In contrast, the
mean corpuscular hemoglobin concentration was significantly
decreased on days14 and 42 compared with day0. These results
indicate that the number of peripheral erythrocytes increased after
day14 in mice exposed to low temperature. Furthermore, the high
values for the RPI and the MCV suggest that the rate of erythrocyte
production was enhanced.
Splenomegaly with increased erythroid cells after exposure to
low temperature

We examined whether erythropoiesis enhanced at an early stage of
low temperature exposure. The enlargement of the spleen was
observed after 5days of exposure to low temperature (5.9mgg−1
body mass on day5 compared with 3.1mgg−1 body mass on day0),
and the spleen subsequently returned to the normal size (Fig.2A,F).
Around the same time, body mass of mice decreased (Fig.2E). The
data indicated that the decrease in body mass was not a direct cause
of the increase in spleen mass. Indeed, the spleens of mice exposed
to low temperature exhibited massive splenomegaly (Fig.2A).
Immunohistochemical analysis using a glycophorin-A-associated
antibody for Ter119, a marker of erythroid cells (Kina et al., 2000),
indicated that the number of erythroid cells increased in the red pulp
on day5 (Fig.2B). Flow cytometric analysis showed that the spleens
of mice on day5 contained 38% more Ter119-positive cells (66%
of total) than day0 spleens (28% of total) (Fig.2C,G). Thereafter,
the number of Ter119-positive cells in the spleen declined to normal.
These results indicate that the splenomegaly induced by exposure
to low temperature was caused by an increased number of erythroid
cells.
Fig.1. Blood cell parameters during low
temperature (5°C) exposure in C57BL/6J
mice. Mice were exposed to 5°C for
56days, and blood samples were collected
once per week: (A) hematocrit (Hct); (B)
hemoglobin (Hb); (C) reticulocyte
production index (RPI); (D) leukocyte
counts; (E) platelet counts. Values
represent the means ± s.e.m. of six mice.
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Mice were exposed to a 5°C environment for 56days (Fig.1). The
blood hematocrit levels (Hct) gradually increased from 45.6 to 52.2%
by day14 and remained high at day28 (Fig.1A). Thereafter, the
Hct increased to 59.0% from days35 to 42. The blood hemoglobin
levels (Hb) also increased from 15.1 to 16.0gdl−1 by day14 and to
17.5gdl−1 by day49 (Fig.1B). Additionally, RPI increased from 3.4
to 9.0% at day7 and gradually declined from day14 to day28
(Fig.1C). Thereafter, a moderate increase of RPI was observed by
day42. Although it is possible that the increase in the RPI was caused
by the continuous blood collection, we also observed an increase
in the RPI in mice that were exposed to low temperature but did
not undergo blood collection before the experimental day (Fig.2D).
The leukocyte counts decreased after day7 (1.02×1010 to
0.85×1010cellsl−1) and gradually increased and returned to normal
thereafter (Fig.1E). The platelet counts gradually decreased from
1.08×1012 to 0.95×1012cellsl−1 by day14 and later returned to
normal (Fig.1F). The mean corpuscular erythrocyte volume (MCV)
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Fig.2. Splenomegaly and increase in
splenic erythroid cells in mice after
exposure to low temperature. (A)Photos
of spleens from mice on days0 and 5 of
exposure to low temperature. (B)HEstained splenic sections (upper) and
Ter119-stained (brown) splenic sections
(bottom; blue is counterstaining with
hematoxylin). Original magnification is
×40 for all panels. The scale bar
represents 200μm. (C)Representative
flow cytometric quantification of Ter119positive splenocytes from mice on days0
and 5. (D–G) The graphs show RPI (D),
body mass (E), spleen mass (F) and the
percentage of Ter119-positive cells
among the total splenocytes (G) of mice
after low temperature exposure. Values
represent the means ± s.e.m. of three
mice per time point (*P<0.05 compared
with day0).

1

Enhanced erythropoiesis after exposure to low temperature

Next, we used flow cytometry to determine which erythropoietic
organ, the spleen or the bone marrow, exhibited increased expansion
of erythroblasts. Erythroblast maturation proceeds from the
proerythroblast stage (CD71 high, Ter119 mid) to the basophilic
erythroblast stage (CD71 high, Ter119 high) to the chromatophilic
erythroblast stage (CD71 mid, Ter119 high) to the orthochromatic
erythroblast stage (CD71 low, Ter119 high) (Fig.3A). Mice were
killed on days0, 1, 3, 5, 7, 10 and 14 of exposure to low temperature,
and the erythroblasts were analyzed by flow cytometry (Fig.3B).
The proportion of proerythroblasts in the spleen increased greatly
by day5 of exposure to low temperature (36% on day5 compared
with 3.8% on day0). When corrected for spleen size, this change
reflects a 4.5-fold increase in the splenic proerythroblast mass on
day5 compared with day0. Thereafter, the percentage of
proerythroblasts decreased to normal by day14. The number of
basophilic erythroblasts was higher than baseline on day5 and day7
and subsequently returned to normal on day10 and day14.
Meanwhile, the number of late-stage mature erythroblasts

3

5
Days

14

(chromatophilic and orthochromatic erythroblasts) decreased on
day7 and later increased on days10 and 14. Analysis of the bone
marrow indicated that the number of proerythroblasts moderately
increased after low temperature exposure and thereafter remained
at a high level for 14days. We examined the number of earlier
erythrocyte progenitor CFU-E by using in vitro colony-forming
assay (Fig.3C). CFU-Es were increased in the spleen on day3 after
exposure to low temperature. In the bone marrow, the number of
CFU-Es was increased on day3 and then maintained at a high value
until day7, compared with day0. These results showed that splenic
erythropoiesis was transiently enhanced after exposure to low
temperature. The number of proerythroblasts and CFU-Es in the
bone marrow was moderately increased and remained high during
low temperature exposure.
Increased renal Epo mRNA expression after exposure to low
temperature

We investigated whether the level of Epo mRNA expression in the
kidney was increased after exposure to low temperature by RT-PCR.

Table1. Hematological parameters at low temperature
Group

RBC (×1012l−1)

Hb (gdl−1)

Hct (%)

MCV (fl)

MCH (pg)

MCHC (gdl−1)

Day 0
Day 14
Day 42

9.76±0.51
9.90±0.69
10.7±0.19*

15.1±0.3
16.0±0.9*
17.0±0.7*

45.6±2.7
52.2±3.5**
59.0±0.6**

46.8±3.1
52.9±3.2*
54.3±2.9*

15.5±0.7
16.2±0.5*
16.4±0.6*

33.3±1.6
30.7±1.5*
30.3±2.7*

Values represent the means ± s.e.m. of six mice per time point. RBC, erythrocytes; Hb, hemoglobin; Hct, hematocrit; MCV, mean cell volume; MCH, mean
corpuscular hemoglobin; MCHC, mean corpuscular hemoglobin concentration. *P<0.05 compared with day0; **P<0.01 compared with day0.
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A
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I

Fig.3. Erythrocyte progenitor counts in the
spleen and bone marrow. (A)Flow
cytometric analysis of Ter119 and CD71
expression in splenic and bone marrow
(BM) cells on days0 and 5 after exposure
to low temperature. I, proerythroblasts
(CD71 high, Ter119 mid); II, basophilic
erythroblasts (CD71 high, Ter119 high); III,
chromatophilic erythroblasts (CD71 mid,
Ter119 high); IV, orthochromatic
erythroblasts (CD71 low, Ter119 high).
(B)Percentage of each type of erythroblast
in the spleen and BM. Values represent the
means ± s.e.m. of three mice per time
point. (C)Colony-forming unit-erythroid
(CFU-E) colony-forming assay in the spleen
and BM. The numbers of CFU-Es represent
the means ± s.e.m. of three mice per time
point.
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The Epo mRNA levels in the kidney were elevated at day1 after
exposure to low temperature. Thereafter, Epo mRNA levels decreased
at days2 and 3. At day4, Epo mRNA levels significantly increased
21-fold compared with day0 (Fig.4A). The transcription of Epo
mRNA is tightly regulated by hypoxia-inducible factors. Hypoxiainducible factor-1 (HIF-1) controls the expression of a number of
hypoxia-related genes, including Epo, under low-oxygen conditions.
Hif-1a mRNA levels increased in the kidney after exposure to low
temperature, especially at day4 (2.6-fold compared with day0)
(Fig.4B). In contrast, the Hif-2a mRNA levels did not increase after
exposure to low temperature (data not shown). Finally, we analyzed
the mRNA expression of the HIF-1 target genes Glut1, Pgk1, Ldha

and Vegf in the kidney. The mRNAs of all of these genes increased
in the kidney on day4 after exposure to low temperature (Fig.4C).
These results suggest that erythropoiesis was enhanced, explaining
the high level of Epo mRNA expression in the kidney. The cause of
the enhanced expression of Epo mRNA and of the mRNAs of other
hypoxia-related genes in the kidney appeared to involve Hif-1a mRNA
accumulation in the kidney. In addition, the level of oxygen tension
in the kidney was decreased after low temperature exposure.
DISCUSSION

The elevation of the erythrocyte counts is induced by low
temperature exposure in rats and birds (Deveci et al., 2001; Bláhová
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Fig.4. Real-time PCR analysis of Epo and hypoxia-related gene mRNA
expression in the kidney. (A)Epo mRNA levels were determined in the
kidney after exposure to low temperature. Values represent the
mean±s.e.m. (N=3, *P<0.05 compared with day0). (B)Hif-1a mRNA levels
were determined in the kidney after exposure to low temperature. Values
represent means ± s.e.m. (N=3, *P<0.05 compared with day0). (C)mRNA
levels of the HIF-1 target genes Glut1, Ldha, Pgk1 and Vegf were
determined in the kidney on day0 (Ctrl) and day4 (LT) after exposure to
low temperature. Values represent means ± s.e.m. (N=3). P-values
compared with day0: Glut1, P=0.15; Ldha, P=0.04; Pgk1, P=0.05; Vegf,
P=0.10.

et al., 2007). In mice in this study, elevated erythrocyte counts
probably effected to increase oxygen supply to peripheral tissues
for heat production in endothermic animals (Fig.1, Table1). In
hypoxic mice, increased tissue oxygen supply is accomplished by
decreasing the affinity of hemoglobin for oxygen (right-shifted
oxygen dissociation curve) (Penney and Thomas, 1975). As tissue
CO2 tension increased by high metabolic rate during low temperature
exposure, tissue oxygen supply could be increased by lower affinity
of hemoglobin for oxygen in tissues.
In this study, we described significantly enhanced erythropoiesis
induced by exposure to low temperature in mice. These findings
indicate a fundamental role for erythropoiesis in responding to low
environmental temperature. Under conditions of erythropoietic
stress, such as hypoxia and acute hemolytic anemia caused by

phenylhydrazine, the number of splenic erythroid cells increases
with splenomegaly (Hara and Ogawa, 1976; Kam et al., 1999). It
has been reported that enhanced splenic erythropoiesis after
erythropoietic stress is essential for the initial increments in
erythrocyte counts. In splenectomized mice, an increase of peripheral
erythrocyte counts delayed in response to chronic hypoxia, compared
with normal mice (Markoe et al., 1973). Low temperature exposure
increased the proportions of splenic proerythroblasts by ~10-fold
by day5. The proportions of splenic CFU-Es also increased by day3
after low temperature exposure. Meanwhile, the number of
proerythroblasts and CFU-Es in the bone marrow was moderately
elevated compared with the proportions of splenic proerythroblasts
and CFU-Es and remained high during the low temperature exposure
period (Fig.3). These data suggest that the spleen was an immediate
source of new erythrocytes after low temperature exposure. A
moderate and constant high number of erythroblasts in the bone
marrow might contribute to sustaining the elevated erythrocyte
counts during low temperature exposure.
The principal factor regulating erythropoiesis is EPO (Krantz,
2000). Our data showed that Epo mRNA expression in the kidney
was enhanced from day1 after low temperature exposure (Fig.4).
In mice treated with EPO, the number of CFU-Es increases in the
spleen and bone marrow (Hara and Ogawa, 1977). Therefore, it is
suggested that the numbers of erythroid progenitors in the spleen
and bone marrow increased in response to elevated circulating EPO
level caused by enhanced renal EPO expression. The regulation of
erythropoiesis and the red blood cell mass rely on the modulation
of Epo gene expression in response to tissue oxygen tension
(Fandrey and Bunn, 1993). The transcription factor HIF proteins
mediate the hypoxia-induced transcription of oxygen-regulated
genes, including Epo (Wang and Semenza, 1995). HIF-1 target genes
are oxygen sensitive, partly because HIF-1α is rapidly degraded in
normoxia but stable in hypoxia to promote transcriptions of the target
genes (Bunn et al., 1998). We found that the expressions of Hif-1a
and HIF-1 target genes were enhanced in the kidney at day4 after
exposed to low temperature (Fig.4B,C). Although we did not
determine HIF-1a protein level, our results suggested that elevated
expression of HIF-1 target genes after low temperature exposure is
induced by activation of HIF-1α protein. It is also suggested that
enhanced Hif-1a gene expression and stabilization of HIF-1α
protein is caused by lower renal oxygen tension. Lower oxygen
tension would be caused by the high oxygen consumption necessary
to produce heat during low temperature exposure. We did not detect
enhanced expression of Epo mRNA or of the mRNAs of oxygenregulated genes in the liver during low temperature exposure (data
not shown). In rats exposed to low environmental temperature,
hepatic blood flow increased, whereas renal blood flow did not
change (Adán et al., 1994). It has been reported that the skin is a
primary co-ordinator of the systemic hypoxic response and
modulates cutaneous blood flow to regulate renal and hepatic EPO
synthesis in mice (Boutin et al., 2008). In our model, it is suggested
that hypoxia and the enhancement of Epo gene expression in the
liver did not occur because of the increase in hepatic blood flow.
Although Hif1-a mRNA levels did not increased at day1 after
exposure to low temperature, renal Epo mRNA levels moderately
increased at day1 (Fig.4A,B). Thyroid hormone (TH) plays an
important role in the control of thermogenesis. During exposure to
low ambient temperature, an increase of serum TH level and
subsequent enhancement of heat production were reported
previously (Rand et al., 1952; Kassenaar et al., 1956; Kassenaar et
al., 1959; Gregerman, 1963; Silva, 2006). Additionally, it has been
reported that TH enhances hypoxic-induced Epo expression in vitro
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(Fandrey et al., 1994). In connection with hematopoiesis, earlier
studies demonstrated that TH stimulates the proliferation and
differentiation of erythrocyte progenitors in vivo and in vitro (Golde
et al., 1977; Dainiak et al., 1978). From these reports and our results,
it would appear that TH triggers renal Epo gene expression after
low temperature exposure, and erythropoiesis is subsequently
enhanced by EPO.
In the ectothermic animal, crucian carp (Carassius carassius),
hypoxia-induced HIF activity increases during low temperature
exposure (Rissanen et al., 2006). Conversely, hypoxia-induced HIF1α protein activity is suppressed in mice during hypothermic
conditions (Tanaka et al., 2010). In view of these facts, the
mechanism of HIF activation might be different from mice under
the thermogenic conditions in the current study. Although the
physiological responses to low environmental temperature display
a diversity of mechanism among ectothermic, endothermic and
hypothermic animals, it is suggested that HIF plays an important
role in adaptation to low environmental temperature.
In the rat model, the cause of polycythemia was previously
suggested to be a decreased rate of erythrocyte destruction, rather
than increased erythropoiesis in rats exposed to 5°C for 8weeks,
based on the lower reticulocyte counts (Deveci et al., 2001).
Although erythropoiesis was not examined in rats in the acute phase
after low temperature exposure, we hypothesized that the initially
increased erythrocyte counts in rats after exposure to low
temperature are induced by enhanced erythropoiesis. In our study,
the reticulocyte counts were not lower on day56 after low
temperature exposure in mice compared with day0 (Fig.1C).
Therefore, high erythrocyte counts in rats are maintained by a lower
rate of erythrocyte destruction, unlike in mice. Several studies have
demonstrated that anemia can be induced by low temperature
exposure in ectothermic animals. We also used Xenopus laevis in
a model of hypothermia and investigated the causes of anemia
induced by low temperature exposure (Maekawa et al., 2012). We
found that hypothermic anemia is associated with hepatic erythrocyte
destruction and that prolonged anemia during low temperature
exposure is concomitant with newly produced erythrocytes being
confined to the liver in Xenopus laevis. This erythropoietic
mechanism is different from that observed in the mouse model used
in this study. Therefore, erythropoietic systems differ with respect
to function between ectothermic and endothermic animals after low
temperature exposure, and these systems may be critical for
vertebrates to adapt to low temperature environments.
In conclusion, the present study demonstrated that the peripheral
erythrocyte counts increased in mice during exposure to low
temperature. Furthermore, provisional splenomegaly with increased
erythrocyte progenitors is caused by enhanced Epo gene expression.
These results indicated that low ambient temperature is a novel cause
of erythropoietic stress.
LIST OF SYMBOLS AND ABBREVIATIONS
CFU-E
EPO
Hb
Hct
HIF
MCH
MCHC
MCV
RPI

colony-forming unit-erythroid
erythropoietin
hemoglobin
hematocrit
hypoxia-inducible factor
mean corpuscular hemoglobin content
mean corpuscular hemoglobin concentration
mean corpuscular erythrocyte volume
reticulocyte production index

ACKNOWLEDGEMENTS
The authors would like to thank Dr Y. Yamamoto for constructive advice.

907

FUNDING
This work was supported in part by Waseda University (Tokyo, Japan) grants for
special research projects. Part of this study was performed as a component of a
Private University ʻHigh-Tech Research Centerʼ project supported by the
Japanese Ministry of Education, Culture, Sports, Science and Technology. A part
of this study was performed as MEXT-Supported Program for the Strategic
Research Foundation at Private Universities (2008–2012).

REFERENCES
Adán, C., Ardévol, A., Remesar, X., Alemany, M. and Fernández-López, J. A.
(1994). Effect of cold-exposure on rat organ blood flows. Arch. Int. Physiol. Biochim.
Biophys. 102, 55-59.
Blahová, J., Dobšíková, R., Straková, E. and Suchý, P. (2007). Effect of low
environmental temperature on performance and blood system in broiler chickens
(Gallus domesticus). Acta Vet. 76, S17-S23.
Boutin, A. T., Weidemann, A., Fu, Z., Mesropian, L., Gradin, K., Jamora, C.,
Wiesener, M., Eckardt, K. U., Koch, C. J., Ellies, L. G. et al. (2008). Epidermal
sensing of oxygen is essential for systemic hypoxic response. Cell 133, 223-234.
Broudy, V. C., Lin, N., Brice, M., Nakamoto, B. and Papayannopoulou, T. (1991).
Erythropoietin receptor characteristics on primary human erythroid cells. Blood 77,
2583-2590.
Bunn, H. F., Gu, J., Huang, L. E., Park, J. W. and Zhu, H. (1998). Erythropoietin: a
model system for studying oxygen-dependent gene regulation. J. Exp. Biol. 201,
1197-1201.
Cline, M. J. and Waldmann, T. A. (1962). Effect of temperature on erythropoiesis and
red cell survival in the frog. Am. J. Physiol. 203, 401-403.
Dainiak, N., Hoffman, R., Maffei, L. A. and Forget, B. G. (1978). Potentiation of
human erythropoiesis in vitro by thyroid hormone. Nature 272, 260-262.
Dame, C., Fahnenstich, H., Freitag, P., Hofmann, D., Abdul-Nour, T., Bartmann, P.
and Fandrey, J. (1998). Erythropoietin mRNA expression in human fetal and
neonatal tissue. Blood 92, 3218-3225.
Deveci, D., Stone, P. C. and Egginton, S. (2001). Differential effect of cold
acclimation on blood composition in rats and hamsters. J. Comp. Physiol. B 171,
135-143.
Fandrey, J. and Bunn, H. F. (1993). In vivo and in vitro regulation of erythropoietin
mRNA: measurement by competitive polymerase chain reaction. Blood 81, 617-623.
Fandrey, J., Pagel, H., Frede, S., Wolff, M. and Jelkmann, W. (1994). Thyroid
hormones enhance hypoxia-induced erythropoietin production in vitro. Exp. Hematol.
22, 272-277.
Golde, D. W., Bersch, N., Chopra, I. J. and Cline, M. J. (1977). Thyroid hormones
stimulate erythropoiesis in vitro. Br. J. Haematol. 37, 173-177.
Gordon, C. J. (1990). Thermal biology of the laboratory rat. Physiol. Behav. 47, 963991.
Gregerman, R. I. (1963). Estimation of thyroxine secretion rate in the rat by the
radioactive thyroxine turnover technique: influences of age, sex and exposure to
cold. Endocrinology 72, 382-392.
Gregory, C. J. and Eaves, A. C. (1977). Human marrow cells capable of
erythropoietic differentiation in vitro: definition of three erythroid colony responses.
Blood 49, 855-864.
Gregory, C. J. and Eaves, A. C. (1978). Three stages of erythropoietic progenitor cell
differentiation distinguished by a number of physical and biologic properties. Blood
51, 527-537.
Guerra, C., Koza, R. A., Walsh, K., Kurtz, D. M., Wood, P. A. and Kozak, L. P.
(1998). Abnormal non-shivering thermogenesis in mice with inherited defects of fatty
acid oxidation. J. Clin. Invest. 102, 1724-1731.
Hara, H. and Ogawa, M. (1976). Erthropoietic precursors in mice with
phenylhydrazine-induced anemia. Am. J. Hematol. 1, 453-458.
Hara, H. and Ogawa, M. (1977). Erythropoietic precursors in mice under erythropoietic
stimulation and suppression. Exp. Hematol. 5, 141-148.
Kam, H. Y., Ou, L. C., Thron, C. D., Smith, R. P. and Leiter, J. C. (1999). Role of
the spleen in the exaggerated polycythemic response to hypoxia in chronic mountain
sickness in rats. J. Appl. Physiol. 87, 1901-1908.
Kassenaar, A. A., Lameyer, L. D. and Querido, A. (1956). The effect of
environmental temperature on the blood protein bound iodine content of thyroxine
maintained thyroidectomized rats. Acta Endocrinol. 21, 37-40.
Kassenaar, A. A., Lameyer, L. D. and Querido, A. (1959). Studies on the peripheral
disappearance of thyroid hormone. VI. The effect of environmental temperature on
the distribution of 131-I in thyroidectomized, 1-thyroxine maintained rats after the
injection of 131-I-labeled 1-thyroxine. Acta Endocrinol. 32, 575-578.
Kina, T., Ikuta, K., Takayama, E., Wada, K., Majumdar, A. S., Weissman, I. L. and
Katsura, Y. (2000). The monoclonal antibody TER-119 recognizes a molecule
associated with glycophorin A and specifically marks the late stages of murine
erythroid lineage. Br. J. Haematol. 109, 280-287.
Krantz, S. (2000). Erythropoietin. Blood 77, 419-434.
Kulkeaw, K., Ishitani, T., Kanemaru, T., Fucharoen, S. and Sugiyama, D. (2010).
Cold exposure down-regulates zebrafish hematopoiesis. Biochem. Biophys. Res.
Commun. 394, 859-864.
Lok, C. N. and Ponka, P. (2000). Identification of an erythroid active element in the
transferrin receptor gene. J. Biol. Chem. 275, 24185-24190.
Maekawa, S., Iemura, H., Kuramochi, Y., Nogawa-Kosaka, N., Nishikawa, H., Okui,
T., Aizawa, Y. and Kato, T. (2012). Hepatic confinement of newly produced
erythrocytes caused by low-temperature exposure in Xenopus laevis. J. Exp. Biol.
215, 3087-3095.
Markoe, A. M., OKunewick, J. P. and Schiffer, L. M. (1973). Kinetic analysis of
splenic erythropoiesis in mice under prolonged hypoxic stress. Exp. Hematol. 1, 340349.
Penney, D. and Thomas, M. (1975). Hematological alterations and response to acute
hypobaric stress. J. Appl. Physiol. 39, 1034-1037.

THE JOURNAL OF EXPERIMENTAL BIOLOGY

908

The Journal of Experimental Biology 216 (5)

Rand, C. G., Riggs, D. S. and Talbot, N. B. (1952). The influence of environmental
temperature on the metabolism of the thyroid hormone in the rat. Endocrinology 51,
562-569.
Rissanen, E., Tranberg, H. K., Sollid, J., Nilsson, G. E. and Nikinmaa, M. (2006).
Temperature regulates hypoxia-inducible factor-1 (HIF-1) in a poikilothermic
vertebrate, crucian carp (Carassius carassius). J. Exp. Biol. 209, 994-1003.
Rozen, S. and Skaletsky, H. (2000). Primer3 on the WWW for general users and for
biologist programmers. Methods Mol. Biol. 132, 365-386.
Salt, R. W. (1949). Cold and cold-blooded animals. Can. J. Comp. Med. Vet. Sci. 13,
177-181.
Sawada, K., Krantz, S. B., Kans, J. S., Dessypris, E. N., Sawyer, S., Glick, A. D.
and Civin, C. I. (1987). Purification of human erythroid colony-forming units and
demonstration of specific binding of erythropoietin. J. Clin. Invest. 80, 357-366.
Scortegagna, M., Ding, K., Zhang, Q., Oktay, Y., Bennett, M. J., Bennett, M.,
Shelton, J. M., Richardson, J. A., Moe, O. and Garcia, J. A. (2005). HIF-2alpha
regulates murine hematopoietic development in an erythropoietin-dependent manner.
Blood 105, 3133-3140.

Silva, J. E. (2006). Thermogenic mechanisms and their hormonal regulation. Physiol.
Rev. 86, 435-464.
Sinha, R. C. (1983). Haematological studies on the prewintering and wintering frog,
Rana esculenta. Comp. Biochem. Physiol. 74A, 311-314.
Socolovsky, M., Nam, H., Fleming, M. D., Haase, V. H., Brugnara, C. and Lodish,
H. F. (2001). Ineffective erythropoiesis in Stat5a–/–5b–/– mice due to decreased
survival of early erythroblasts. Blood 98, 3261-3273.
Tanaka, T., Wakamatsu, T., Daijo, H., Oda, S., Kai, S., Adachi, T., Kizaka-Kondoh,
S., Fukuda, K. and Hirota, K. (2010). Persisting mild hypothermia suppresses
hypoxia-inducible factor-1alpha protein synthesis and hypoxia-inducible factor-1mediated gene expression. Am. J. Physiol. 298, R661-R671.
Tavassoli, M., Watson, L. R. and Khademi, R. (1979). Retention of hemopoiesis in
tail vertebrae of newborn rats. Cell Tissue Res. 200, 215-222.
Wang, G. L. and Semenza, G. L. (1995). Purification and characterization of hypoxiainducible factor 1. J. Biol. Chem. 270, 1230-1237.
Zanjani, E. D., Poster, J., Burlington, H., Mann, L. I. and Wasserman, L. R. (1977).
Liver as the primary site of erythropoietin formation in the fetus. J. Lab. Clin. Med.
89, 640-644.

THE JOURNAL OF EXPERIMENTAL BIOLOGY

