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Abstract
Body temperature affects outcomes of tissue injury. We hypothesized that online body core

temperature recording and selective interventions help to standardize peri-interventional

temperature control and the reliability of outcomes in experimental renal ischemia reperfu-

sion injury (IRI). We recorded core temperature in up to seven mice in parallel using a

Thermes USB recorder and ret-3-iso rectal probes with three different protocols. Setup A:

Heating pad during ischemia time; Setup B: Heating pad from incision to wound closure;

Setup C: A ventilated heating chamber before surgery and during ischemia time with surger-

ies performed on a heating pad. Temperature profile recording displayed significant

declines upon installing anesthesia. The profile of the baseline experimental setup A

revealed that <1% of the temperature readings were within the target range of 36.5 to

38.5°C. Setup B and C increased the target range readings to 34.6 ± 28.0% and 99.3 ±

1.5%, respectively. Setup C significantly increased S3 tubular necrosis, neutrophil influx,

and mRNA expression of kidney injury markers. In addition, using setup C different ische-

mia times generated a linear correlation with acute tubular necrosis parameters at a low var-

iability, which further correlated with the degree of kidney atrophy 5 weeks after surgery.

Changing temperature control setup A to C was equivalent to 10 minutes more ischemia

time. We conclude that body temperature drops quickly in mice upon initiating anesthesia.

Immediate heat supply, e.g. in a ventilated heating chamber, and online core temperature

monitoring can help to standardize and optimize experimental outcomes.

Introduction
Cooling reduces the cardinal signs of inflammation, i.e. dolor, calor, rubor and tumor, because
temperature affects tissue perfusion, oxidative metabolism, and cytokine release. In this context
cooling reduces the biological processes of ischemic tissue injury, which provides the rationale
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for donor hypothermia before kidney transplantation [1], for cooling organs during transport
for transplantation [2], and for inducing hypothermia in patients after cardiac arrest [3]. This
implies that body temperature is an important determinant for experimental ischemia reperfu-
sion injury (IRI), a widely used method to study the pathomechanisms of acute post-ischemic
injury of numerous organs including the kidney [4–6]. Especially mice are susceptible to hypo-
thermia during experimental surgery due to their high surface area-to-mass ratio and a sup-
pression of thermoregulatory mechanisms during anesthesia [7–9]. Insufficient body core
temperature control during experimental IRI significantly affects the severity of the injury, i.e.
lower temperatures cause less damage [5, 10]. In addition, peri-operative hypothermia is asso-
ciated with post-operative shivering [11], coagulopathy [12], impaired wound healing, and
prolonged anesthetic drug effects [13].

To assure reliable results at low variability any experimental IRI setup must assure a body
core temperature in a physiological target range [14, 15]. For this purpose auto-regulated heat-
ing plates, heating pads or heating by infrared light are frequently used. Target range body core
temperature is rarely validated in each animal throughout the different phases of anesthesia,
which explains why duration of ischemia time and corresponding post-ischemic tissue-injury
(e.g. serum creatinine) may not be reproducible among different laboratories [16–18].

We hypothesized that an online body core temperature monitoring device would be helpful
to validate and improve temperature control in our IRI protocol. We speculated that standard
temperature control strategies might be insufficient and report here how online body core tem-
perature monitoring can help to stepwise optimize experimental IRI in a reliable and validated
manner.

Materials and Methods

Animal experiments
All experimental procedures were carried out according to the German Animal Care and Ethics
legislation and were approved by the local governmental authorities, i.e. the Ethical Committee
of the “Regierung von Oberbayern”, permit no. (AZ) 55.2-1-54-2532-63-12. Male wild type
C57BL/6N mice were purchased from Charles River, Germany. Animals were 6-8 weeks old at
the time of experimentation. All mice were housed in groups of five in filter top polypropylene
cages in a standard temperature- and humidity-controlled environment with a 12 hours light-
dark rhythm and unlimited access to food and water. Cages, nestlets, food, and water were ster-
ilized by autoclaving before use.

Ischemia reperfusion injury
Mice were anesthetized with a three compound mixture containing 0.5 mg/kg medetomidine,
5 mg/kg midazolam and 0.05 mg/kg fentanyl to achieve analgesia, amnesia and hypnosis prior
to sham surgery or unilateral renal pedicle clamping with a micro aneurysm clamp (Medicon,
Germany) via a flank incision. Ischemia times applied in this study were 15, 25, 35 and 45 min-
utes, following reperfusion. Online rectal temperature recording (ORTR) was installed for
every mouse after the onset of complete anesthesia. For incision/ clamping and suturing mice
were placed on a platform according to the protocol as shown in Fig 1A. After renal pedicle
clamping and after clamp removal the successful reperfusion was assessed by color change
from pale (ischemia) to the original color [19]. After clamping the kidney was placed back
inside the abdomen, with only the clamps handle remaining outside the body. Sham-operated
mice were handled in the same manner, except for clamping. After clamp removal wounds
were closed using absorbable sutures for peritoneal and cutaneous layer (Ethicon, Belgium).
For adjustment of fluid losses, 200 µl of saline were administered into the peritoneal cavity
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Fig 1. Stepwise optimization of temperature control during experimental IRI.Male C57BL/6N mice, 6–8 weeks of age, underwent unilateral IRI under
different temperature control settings. (A) Setup A provides minor heat supply during anesthesia and ischemia time. Setup B extends the former setting by
providing heat also during incision/ clamping and suturing via a heating plate. Setup C further replaces the temperature supply elements in the phases of
anesthesia and ischemia by an egg breeding device. (B) For each of the setups described in (A) rectal temperature was recorded (ORTR) for each individual
mouse, that underwent IRI; the data are presented as mean values (black line) and mean ± SD (blue lines). The temperature target range (Tt) is visualized by
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before wound closure. Anesthesia was antagonized using 2.5 mg/kg atipamezole, 0.5 mg/kg flu-
mazenil and 1.2 mg/kg naloxone. 0.05 mg/kg Buprenorphin was injected subcutaneously for
pain control. The experiments ended after 24 hours and 5 weeks of reperfusion time, respec-
tively, when the animals were sacrificed by cervical dislocation and kidneys were collected.
Post-ischemic and contralateral kidneys were removed, decapsulated, and divided, with one
part being stored in 4% buffered formalin, and one part being frozen in RNAlater (Ambion,
Germany).

Heat supply
The respective devices for heat supply during surgery were selected and used in the different
phases of the IRI procedure, i.e.: pre-surgical initiation of anesthesia (I), incision and clamping
(II), ischemia time (III), suturing (IV) and wake-up phase (V, Fig 1A). In setup A the mice
were placed under a infrared lemp during initiation of anesthesia, no heat was supplied during
incision, clamping and suturing, but during ischemia time heat was supplied via a heating
plate. In setup B additional heat supply was added during incision/ clamping and suturing via a
heating plate (Kleintier-OP-Tisch M12511, Medax GmbH, Germany). In setup C heat supply
was additionally provided using an egg breeding device (Octagon 20 Advance, Brinsea prod-
ucts Ltd., UK) during initiation of anesthesia and during ischemia time. For the wake-up phase
mice were placed under a infrared lamp in all setups. In setup A and B/C the temperature of
the heating plate used in phase III and phases II to IV, respectively, was set to 42°C. The sham-
operated mice underwent heat supply in setup C. In setup C the final heat supply settings for
C57BL/6N male mice with 6–8 weeks of age were set as follows: breeding device phase I
37.0°C, heating plate phase II and IV 42°C, breeding device phase III 39.0°C. Fig 1A shows the
setups as described above. ORTR was conducted using Thermes USB temperature data acquisi-
tion system and ret-3-iso type T thermocouple probes (Physitemp Instruments Inc., USA).

RNA extraction, reverse transcription and qRT-PCR
Pure Link RNAMini Kit (Ambion, Germany) was used to extract total RNA from renal tissue
stored in RNAlater, according to the manufacturer’s instructions. cDNA was synthesized from
2 µg of total RNA by reverse transcription polymerase chain reaction (PCR) using Superscript
II reverse transcriptase (Thermo Fisher, Germany), 5x first-strand buffer (Thermo Fisher Ger-
many), DTT (Invitrogen, Germany), dNTPs (GE Healthcare, Germany), linear acrylamid
(Ambion, Germany), hexanucleotide (Roche, Germany) and RNasin (Promega, Germany).
After initial denaturation at 65°C for 10 minutes, reverse transcription was performed at 42°C
for 90 minutes using a Mastercycler pro (Eppendorf, Germany).

Quantitative real-time PCR (qRT-PCR) from cDNA was performed using Syber Green
(Applied Biosystems, USA), Taq DNA polymerase (New England Biolabs, USA), BioStab PCR
optimizer (Bitop, Germany), dNTPs (GE Healthcare, Germany), MgCl2 (Fermentas, Ger-
many), and target gene-specific primers (Table 1). The reactions were performed using a Light
Cycler 480 (Roche, Germany). 18s rRNA was used as a reference transcript for relative quanti-
fication, hence qRT-PCR data for genes of interest are normalized to 18s. Controls consisting
of ddH2O were negative for targets and reference genes. Each amplification step included an
initiation phase at 95°C, annealing phase at 60°C and amplification phase at 72°C, and was

two red lines (upper and lower limit). (C) ORTR derived body core temperature (Tc) within the margins of Tt [%] calculated from the data presented in (B), with
setup A, B and C giving values of 0.7 ± 1.1%, 34.6 ± 28.0% and 99.3 ± 1.5%, respectively. (D) Mean Tc [°C] (including phase I until phase IV) was calculated
from the data presented in (B) with setup A, B and C giving values of 34.3 ± 0.8°C, 36.3 ± 0.7°C, 37.8 ± 0.1°C. Data are expressed as mean ± SEM derived
from n� 5.

doi:10.1371/journal.pone.0149489.g001
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repeated for 40 cycles. Primers were designed to be cDNA specific and to target most CCDS
approved transcripts. All samples that did not exceed background fluorescence (crossing
point/ quantification cycle) of 35 cycles during the amplification reaction were considered not
detectable. The melting curve profiles were analyzed for every sample to detect unspecific prod-
ucts and primer dimers. In part, products were visualized on agarose gels.

Histological evaluation
Post-ischemic and contralateral kidneys stored in 4% buffered formalin were embedded in par-
affin and 2–4 µm sections were prepared for periodic acid–Schiff (PAS) staining and immunos-
taining, which was performed as described elsewhere [20]. Post-ischemic tubular injury was
scored by assessing the percentage of tubules in the outer stripe of outer medulla (OSOM) that
displayed cell necrosis in a semi-quantitative manner. For each kidney 15 high power fields
(100x) were analyzed. All assessments were performed by a blinded observer. Neutrophils were
detected by immunostaining using rat anti-mouse Ly-6B.2 (Serotec, UK). Low power field
(50x) images were taken and the amount of Ly-6B.2 positive events was measured using Image
J [21] and normalized to whole kidney section area. Renal fibrosis was visualized by Masson’s
trichrome staining.

Statistical analysis
Shaprio-Wilk test for normal distribution, Grubbs’ test for outliers and Levene’s test for
homoscedasticy were applied prior to any further analysis. Normally distributed and homo-
scedastic data were further analyzed using one-way ANOVA and subsequent Tukeys HSD
test. In case of heteroscedasticy we applied a Games-Howell test. When distributions deviated
from normality we used the Kruskal-Wallis test and the Nemenyi post-hoc test. As far as only
two groups were compared (contralateral and ischemic kidney), Student’s t-test was used for
normally distributed data. A p-value less than 0.05 indicated statistical significance (shown as
n.s. = not significant, � p<0.05, �� p<0.01 and ��� p<0.001). Differences compared to the con-
trol group (i.e. sham-operated mice or contralateral kidney) are displayed with asteriks (�),
whereas differences between treatment groups (i.e. different setups or ischemia times) are dis-
played with hash (#). Data preparation, evaluation and statistical analysis were performed
using R Statistics [22].

Table 1. Primer pairs used in this study.

Target Accession no Forward primer Reverse primer efficiency

18s NM 013693.3 GCAATTATTCCCCATGAACG AGGGCCTCACTAAACCATCC 1.89

Cxcl-2 NM 009140.2 CGGTCAAAAAGTTTGCCTTG TCCAGGTCAGTTAGCCTTGC 1.98

Il-6 NM 013541.1 TGATGCACTTGCAGAAAACA ACCAGAGGAAATTTTCAATAGGC 1.97

Kim-1 NM 031168.1 TCAGCTCGGGAATGCACAA TGGTTGCCTTCCGTGTCTCT 1.96

Mcp-1 NM 001166632.1 CCTGCTGTTCACAGTTGCC ATTGGGATCATCTTGCTGGT 2.01

Ngal NM 011333.3 AATGTCACCTCCATCCTGGT ATTTCCCAGAGTGAACTGGC 2.03

Tnfα NM 008491.1 ATGGGCTACAGGCTTGTCACTC CTCTTCTGCCTGCTGCACTTTG 2.25

18s: 18s ribosomal RNA, Cxcl-2: chemokine-ligand-2, Il-6: Interleukin-6, Kim-1: Kidney injury molecule-1, Mcp-1: monocyte chemoattractant protein-1,

Ngal: neutrophile gelatinase-associated lipocalin, Tnfα: tumor necrosis factor.

doi:10.1371/journal.pone.0149489.t001
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Results

Heating during ischemia time alone does not control core body
temperature
As core body temperature is a critical determinant of post-ischemic tissue injury we established
the use of an online rectal temperature recording (ORTR) device to monitor body core temper-
ature profiles during experimental IRI of the kidney using different protocols. The baseline
protocol (setup A) is demonstrated in Fig 1A. With this setup all mice showed a significant
drop in the core temperature immediately upon anesthesia as well as during the 2–3 minute
surgical phase when the clamp has been placed (Fig 1B). During the ischemia time the mice
were placed on a heating pad, which gradually increased the core temperature but hardly ever
reached the target range of 36.5 to 38.5°C (Fig 1B). This was also the case after clamp removal
and wound closure, which was as well associated with a decline of the body core temperature
(Fig 1B). During the entire anesthesia only 0.7 ± 1.1% of all temperature recordings met the tar-
get range with an average body temperature of 34.4 ± 1.3°C (Fig 1C and 1D). The data indi-
cated that using heating pad during ischemia time alone is not sufficient to control body core
temperature during experimental kidney IR.

Heating from beginning to end of surgery only partially improves core
body temperature control
To improve temperature control we extended external heating also during the phase of surgical
interventions. Extended use of infrared light has been proven not to be suitable, since the col-
ored light can dampen the vision during surgery. Therefore, we decided to carry out setup B,
where the incision and placement of the clamp on the renal pedicle as well as the removal of
the clamp and the wound closure were performed on the heating pad (Fig 1A). These modifica-
tions prevented the drop in body core temperature during both procedures compared to setup
A (Fig 1B). For setup B, 34.6 ± 28.0% of the temperature recordings were within the target
range between 36.5 and 38.5°C (Fig 1B and 1C). However, inter-individual variance was not
reduced by setup B as illustrated by an average body temperature of 36.3 ± 1.0°C (Fig 1D).
However, a significant drop of body temperature was still noted before surgery immediately
after installing the anesthesia, which recovered only slowly (Fig 1B). Together, extending the
use of heating pad to the surgical procedures partially improved the control of body core tem-
perature within the target range.

Pre-operative use of a ventilated heating chamber optimizes body
temperature profiles
To avoid a drop in body temperature during the phase of anesthesia induction we considered a
heating chamber, which would allow the animal to move until losing consciousness. The Octa-
gon 20 Advance (Brinsea Products Ltd.) is a ventilated egg breeding device built to keep a uni-
form distribution of air at a constant temperature (variability< 0.5°C, Fig 2A and 2B). In setup
C mice were placed into the first chamber immediately after injection of the anesthetics (phase
I) and in a second chamber immediately after replacing the clamped renal pedicle inside the
abdomen (phase III, Fig 1A). Each chamber has a capacity for up to seven anesthetized mice,
hence, a single trained person can perform the entire interventional procedure in a serial man-
ner, with up to seven mice kept simultaneously in the chamber during ischemia time (Fig 2D),
and with each mouse being under online temperature monitoring (Fig 2C). Using setup C the
initial drop in body core temperature could be prevented resulting in 99.3 ± 1.5% of all temper-
ature recordings that were within the target range (Fig 1B and 1C) and in a stable body core
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Fig 2. A ventilated heating chamber optimizes body temperature profiles and facilitates the surgery’s work-flow. Schematic representation and
temperature profile of the Octagon 20 Advance heating chamber (A and B): The Octagon 20 Advance (A) consists of a solid bottom (yellow) and a
transparent upper part, which allows visual control during phase I and II of surgery. The electrical temperature control (black) and the heating element (red)
are mounted on top of the chamber. The generated heat is distributed by a small ventilator. (B) The Octagon 20 Advance was set to 37.0°C and continuous
temperature recording were conducted for 1 hour at 7 positions inside the breeding device. Temperatures recorded over time and space are plotted on the x-
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temperature of 37.7 ± 0.1°C (Fig 1D). With this setup it is possible to sequentially process up to
seven mice within 75 minutes at an ischemia time of 35 minutes each and to maintain each
mouse within the target range of body temperature (Figs 1B/C and 2C/D). The data have
shown that using a ventilated heating chamber, a heating pad, and online body core tempera-
ture monitoring can optimize temperature control during experimental kidney IRI.

Temperature control during experimental ischemia-reperfusion affects
kidney injury
How does validated body core temperature control affect post-ischemic kidney injury? To
address this question we analyzed kidney injury after 24 hours of reperfusion by standard his-
tology, immunostaining, and qRT-PCR. With setup A 60% of the tubules of the S3 segment
were necrotic (Fig 3A). While temperature control with setup B had no significant effect on
tubule injury, setup C significantly increased the percentage of necrotic S3 segment tubules as
compared to setup A (Fig 3A). This was consistent with an increased mRNA expression of the
kidney injury markers KIM-1 and NGAL (Fig 4A and 4B). In line with this finding the pro-
inflammatory and neutrophil-recruiting chemokine CXCL2 as well as the pro-inflammatory
cytokine IL-6 were greatly increased in setup C (Fig 4C/D). Accordingly, the numbers of
recruited neutrophils increased significantly under the conditions of setup C (Fig 3B). It is of
note that with none of the setups thermal injury to the fur, muscle or kidney as it may occur
with the use of a heating pad could be observed. Taken together, a better control of body core
temperature during experimental IR is associated with more severe kidney injury.

Heating chamber-based optimized temperature control allows precise
induction of kidney injury
A better temperature control might be useful for inducing different degrees of renal IRI in a
more precise manner. To prove this concept we subjected mice to either 15, 25, 35 or 45 min-
utes of ischemia time and 24 hours of reperfusion using setup C. Scoring necrotic lesions of the
S3 segment in PAS-stained kidney sections displayed a linear increase of tubule necrosis with
ischemia time at a consistently low variability (Fig 5A). This result was associated with a linear
increase in neutrophil infiltrates around the injured tubules (Fig 5B). We further investigated
mRNA expression profiles of injury markers and inflammatory markers by qRT-PCR (Fig 6).
The levels of all investigated parameters increased with higher ischemia time, albeit not always
at lower variabilities.

Kidney atrophy after experimental kidney ischemia-reperfusion injury
Nephrons that do not regenerate after injury undergo atrophy and are replaced by extracellular
matrix, i.e. interstitial fibrosis. The number of irreversibly lost nephrons determines the long-
term outcome of an AKI episode, which often implies CKD and presents morphologically as
kidney atrophy. After unilateral IRI the atrophy of the post-ischemic kidney is associated with

and y-axis, respectively. The black dot represents the overall mean value, the horizontal error bar the standard deviation over time and the vertical error bar
the standard deviation over space. The heat-map in the background displays the distribution pattern of recorded temperature values in time and space. Setup
C allows parallel surgery in up to 7 mice (C and D): Panel (C) displays a complete, representative set of ORTR generated raw data from 7 mice, where the
green arrows indicate the insertion of the probe into the mouse (start of phase I) and where red arrows indicate the end of surgery (end of phase IV). Panel
(D) illustrates the work-flow for the 7 parallel surgeries shown in (C). During phase III (ischemia time) of mouse no. 1 a single trained person is able to
complete phase II for mice no. 2–7. Anesthetizing 2–3 mice simultaneously in phase I assured a sufficient scope of action for maintaining a constant work-
flow, as sequence of surgery can be adapted to the individual body core temperature of every single mouse, which was standardized to be 37.5°C before
staring phase II. Therefore, durations of phase I vary. In this specific example phase IV of mouse no. 6 was prolonged by issues during wound closure, which
lead to the discontinuity of the steady sequence in surgery work-flow.

doi:10.1371/journal.pone.0149489.g002
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hypertrophy of the contralateral kidney, which renders the delta (Δ) kidney weight as a very
sensitive parameter of AKI-related nephron loss, kidney atrophy, and CKD [23]. Here we stud-
ied the impact of ischemia time using the temperature control protocol of setup C on AKI-
related nephron loss. We used 45 minutes of unilateral ischemia with setup A as a reference
point. Upon severe unilateral AKI the injured kidney underwent atrophy and the contralateral
kidney increased in weight and size (Fig 7A and 7B). In sham-operated mice Δ kidney weight
was negligible. Δ kidney weight increased significantly only after 35 minutes of ischemia, which
indicated that lower ischemia times are associated with sufficient regeneration of the AKI-
related cell loss (Fig 7C). There was no significant difference in Δ kidney weight after 35 min-
utes of ischemia with setup C and 45 minutes with setup A. Accordingly, 45 minutes of ische-
mia with setup C resulted in a significantly higher Δ kidney weight as compared to the same
ischemia time with setup A (Fig 7C). Visualizing the degree of fibrotic tissue using Masson’s
trichrome staining reflected these results (Fig 7D). Together, the optimized temperature con-
trol of setup C is equivalent to 10 minutes more of ischemia time in inducing IRI of the kidney.

Fig 3. Optimization of temperature control affects tubular necrosis and neutrophil infiltration.Male C57BL/6Nmice, 6–8 weeks of age, underwent
unilateral ischemia for 45 minutes and subsequent reperfusion for 24 hours using setup A, B and C, respectively. (A) Representative PAS-stained pictures of
sham-operated and ischemic kidney sections are shown in 100-fold magnification. The necrotic area of the S3 segment [%] is presented as mean ± SEM,
derived from n = 5. (B) Representative Ly-6B.2-stained pictures of sham-operated and ischemic kidney sections are shown in 20-fold magnification. Ly-
6B.2-positive events are assessed from 50-fold magnified images and normalized to the entire kidney section area, expressed as mean ± SEM, derived from
n = 5.

doi:10.1371/journal.pone.0149489.g003
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Discussion
We had hypothesized that online body core temperature monitoring of mice during surgical
interventions can help validating temperature control. Our study confirmed this hypothesis
and also shows that online body core temperature monitoring can help to optimize tempera-
ture control. Maintaining body core temperature at the physiological range reduces inter-indi-
vidual variability of acute tubular necrosis following renal IRI.

Surgical procedures bear different reasons for temperature loss, which is a problem in tem-
perature-sensitive procedures, like in IRI. While anesthesia compromises internal thermoregu-
lation in general, the surgical wound and all surgical procedures (skin alcohol disinfection, wet
gauze coverage of the exposed kidney, etc.) further enhance the temperature loss [24, 25]. With
the initiation of anesthesia C57BL/6N mice with 8 weeks of age face a body core temperature
reduction rate of up to 0.5°C/min (Fig 1B, setup A). Hence, it is important to take corrective
action from the very first moment the body core temperature of the experimental animal starts
to reduce during IRI. Our improved protocol setup C) allows for the animal to reach surgical
anesthesia with efficient but mild heat supply being operative, starting from the initiation of
anesthesia by i.p. injection.

Fig 4. Optimization of temperature control affects mRNA expression levels of pro-inflammatory and
kidney injury markers.Male C57BL/6N mice, 6–8 weeks of age, underwent unilateral ischemia for 45
minutes and subsequent reperfusion for 24 hours using setup A, B and C, respectively. mRNA expression
levels were assessed by reverse transcription and subsequent qRT-PCR for (A) Kim-1, (B) Ngal, (C) Cxcl-2
and (D) Il-6. Data are calculated as target gene expression normalized to the housekeeping gene 18s and
presented as mean ± SEM, derived from n� 5.

doi:10.1371/journal.pone.0149489.g004
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Aside from controlling body temperature, maintaining good surgical conditions requires
good accessibility and visibility, which—in setup C—is given during phase II and IV by using a
flat heating pad illuminated by a source of bright, white light, and during phase I and III by
using transparent an easy-to-use breeding chambers.

There are clearly other well established methods to control experimental animal body core
temperature in the different phases of surgery. Most widely used are rectal temperature-con-
trolled heating blanket systems, which automatically adapt the blanket’s temperature until the
rodent’s rectal temperature reaches a predefined range. These systems are extremely easy-to-
use but they are problematic for two important reasons:

First, heat is only supplied from the backside resulting in a temperature gradient toward the
site of surgery [26]. This temperature gradient at different parts of the animal’s body is a major

Fig 5. Heating chamber-based optimization of temperature control enables precise modulation of
tubular injury and neutrophil infiltration at different ischemia times.Male C57BL/6N mice, 6–8 weeks of
age, underwent sham surgery or unilateral ischemia for 15, 25, 35 or 45 minutes and subsequent reperfusion
for 24 hours using setup C. (A) Representative PAS-stained pictures of sham-operated and ischemic kidney
sections are shown at 100-fold magnification. The necrotic area of the S3 segment [%] is presented as
mean ± SEM, derived from n = 5. (B) Representative Ly-6B.2-stained pictures of sham-operated and
ischemic kidney sections are shown at 20-fold magnification. Ly-6B.2-positive events are assessed from
50-fold magnified images and normalized to whole kidney section area, expressed as mean ± SEM, derived
from n = 5.

doi:10.1371/journal.pone.0149489.g005
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Fig 6. Heating chamber-based optimization of temperature control enables precise modulation of kidney injury and inflammatory marker
expression by changing ischemia time.Male C57BL/6N mice, 6–8 weeks of age, underwent sham surgery or unilateral ischemia for 15, 25, 35 or 45
minutes ischemia and subsequent reperfusion for 24 hours using setup C. mRNA expression levels were assessed by reverse transcription and subsequent
qRT-PCR for (A) Kim-1, (B) Ngal, (C) TNFα, (D) Il-6, (E)MCP-1 and (F) Cxcl-2. Data are calculated as target gene expression normalized to the
housekeeping gene 18s and presented as mean ± SEM, derived from n� 5.

doi:10.1371/journal.pone.0149489.g006

Temperature Control in Ischemic AKI

PLOS ONE | DOI:10.1371/journal.pone.0149489 February 18, 2016 12 / 16



limitation using these systems at least in kidney research considering the kidney’s position at
the flanks of the body. Therefore, direct application of heat to the fur as for example with heat
pads or circulating hot-water blankets may be preferred to limit peri-surgical heat loss [9]. By
using ventilated breeding devices, which are built to create and maintain a predefined micro-

Fig 7. Optimizing temperature control enhances kidney atrophy after IRI.Male C57BL/6N mice, 6–8 weeks of age, underwent unilateral ischemia for 15,
25, 35 or 45 minutes ischemia and subsequent reperfusion for 5 weeks using setup A and/ or C. (A) Kidney weight [mg] is given as mean ± SEM, asteriks
above CO kidneys refer to differences compared to sham-operated mice, derived from n� 5. (B) Images of contra-lateral and ischemic kidneys are taken
frommice that underwent IR surgery in setup C. (C) Δ kidney weight [mg] calculated from the data shown in (A) is expressed as mean ± SEM, derived from
n� 5. (D) Pictures of Masson’s trichrome stained kidney sections correspond to the data shown in (C).

doi:10.1371/journal.pone.0149489.g007
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climate, heat supply is omni-directional which minimizes the chances of persisting tempera-
ture gradients.

Second, auto-regulated heat supply systems do not establish a stable micro-climate but cor-
rect a decline in body temperature with an increase in heat supply. In cases of severe tempera-
ture loss during IRI surgery, e.g. by midline laparotomy of several cm that is still used in some
labs in contrast to a preferable 0.5–1cm flank incision, these systems are capable of increasing
their temperature beyond physiologically appropriate levels, which very likely leads to hyper-
thermia and thermally induced necroses [26]. We observed, that mice, that are placed on a
heating plate for a long time, may suffer from eye problems post-surgery, which can range
from dryness to blindness, even when protecting the eyes with Bepanthene creme. In contrary,
our improved protocol (setup C) delivers heat in a mild manner and within the physiological
range during pre-operative care and ischemia time, and minimizes the use of a heating plate to
the inevitable phases of incision/ clamping and sewing, whose duration in total does not exceed
8min per mouse in the hands of our trained surgeons. Conclusively, we did not observe any
sign of necrosis, neither by hyperthermia nor by surgical stress, in any part of the kidney of
sham operated mice (Figs 3–7). Hence, we believe, that our protocol addresses needs of animal
wellfare in surgical models as well as the need for reduction of variance in the complex model
of IRI.

It needs to be mentioned here, that our approach might precisely fit the needs of experimen-
tal IRI in kidney, but may be less appropriate for other kinds of surgical models or interven-
tions, e.g. in vivo imaging. Still, we found the egg breeding device to be very efficient and handy
in pre-operative heat supply before surgical anesthesia was reached and we expanded it’s use to
all kinds of surgical interventions.

Nevertheless, every form of surgery—to a certain extent—needs to address body core tem-
perature control as a variable. In this study we found online body core temperature monitoring
to be essential for troubleshooting and protocol establishment. The high accuracy and the
graphical interface of the Daisylab temperature record system used in this study allows for
early recognition of trend-like deviations from the pre-defined temperature target range for
every single animal (Fig 2C). Although this setting optimizes temperature control the body
core temperature of few animals might escape from the target temperature range based on dif-
ferent susceptibilities to the narcotic drugs, different body weight/ body surface ratios or ovar-
ian cycles in female mice [8, 15]. In these cases, online monitoring allows for controlling the
effectiveness of manual interventions for every single mouse.

Beyond establishing new surgical protocols or the use of a different mouse line, sex or age in
an already established surgrey, online body core temperature monitoring should be mandatory,
as it serves as a tool of quality control and validation, which enables the experimentator to
prove the widely used statement, that the experimental animals were kept at 37.5°C throughout
the whole surgical procedure. We believe, that a more rigid body core temperature recording
during experimental IRI will greatly contribute to increase reproducibility in post-ischemic
injury among different laboratories [16–18].

Additionally, the use of two breeding devices and a heating plate as outlined in setup C, allows
the surgeon to process up to seven mice sequentially (Fig 2C/D). Obviously, this kind
of performance is only meaningful for well established temperature protocols, i.e. adapted for the
mouse strain, sex and age. Nonetheless, the options to monitor and access every mouse singularly
are not hindered, in case manual intervention is needed to control body core temperature due to
unforeseen differences in susceptibility to the narcotic drug mixture. However, concomitant han-
dling of seven mice with rectal probes requires attention not to cause colorectal injury.

Optimizing body core temperature control from setup A to C resulted in an improvement
of inter-individual variability of tubular necrosis after renal IRI, which may allow to reduce the
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number of animals per group, and a mean increase of more than 3°C in body core temperature.
Increasing body temperature results in more tubular damage as well as an increase in the
induction of kidney injury markers [27]. Vice versa, hypothermia is long known to increase
kidney tolerance to ischemia [28], which is currently used to limit organ damage in transplan-
tation. Recently, Niemann et al. reported a reduced rate of delayed graft function in human
kidney allograft recipients upon mild donor hypothermia [1]. This suggests, that in organ
transplantation organ injury already starts before explantation.

Together, we conclude that online body core temperature recording can help to validate
temperature control and helps to modify the experimental procedures for standardized tem-
perature control and surgical outcomes. Based on our data we propose that online body core
temperature should be monitored in each individual animal undergoing surgery.

Acknowledgments
This work was supported by the Deutsche Forschungsgemeinschaft (AN372/11-2 and AN372/
23-1). The funders had no role in study design, data collection and analysis, decision to publish,
or preparation of the manuscript.

Author Contributions
Conceived and designed the experiments: HJA JAM. Performed the experiments: JAM HS.
Analyzed the data: JAM HS. Contributed reagents/materials/analysis tools: HJA. Wrote the
paper: JAM HS AH HJA. Revision: JAM HJA.

References
1. Niemann CU, Feiner J, Swain S, Bunting S, FriedmanM, Crutchfield M, et al. Therapeutic Hypothermia

in Deceased Organ Donors and Kidney-Graft Function. New England Journal of Medicine. 2015 jul;
373(5):405–414. Available from: http://www.nejm.org/doi/abs/10.1056/NEJMoa1501969. doi: 10.1056/
NEJMoa1501969 PMID: 26222557

2. Calne RY, Pegg DE, Pryse-Davies J, Brown FL. Renal Preservation by Ice-cooling. British medical jour-
nal. 1963; 2(5358):640–644,651–655. doi: 10.1136/bmj.2.5358.640-a

3. Moler FW, Silverstein FS, Holubkov R, Slomine BS, Christensen JR, Nadkarni VM, et al. Therapeutic
Hypothermia after Out-of-Hospital Cardiac Arrest in Children. New England Journal of Medicine. 2015;
372(20):150425103032003. Available from: http://www.nejm.org/doi/abs/10.1056/NEJMoa1411480.
doi: 10.1056/NEJMoa1411480

4. Osias MB, Siegel NJ, Chaudry IH, Lytton B, Baue aE. Postichemic renal failure: accelerated recovery
with adenosine triphosphate-magnesium chloride infusion. Archives of surgery. 1977; 112(6):729–731.
doi: 10.1001/archsurg.1977.01370060061010 PMID: 860922

5. Delbridge MS, Shrestha BM, Raftery aT, El Nahas aM, Haylor JL. The Effect of Body Temperature in a
Rat Model of Renal Ischemia-Reperfusion Injury. Transplantation Proceedings. 2007; 39(10):2983–
2985. doi: 10.1016/j.transproceed.2007.04.028 PMID: 18089305

6. Wei Q, Dong Z. Mouse model of ischemic acute kidney injury: Technical notes and tricks. AJP: Renal
Physiology. 2012 dec; 303(11):F1487–94. Available from: http://www.ncbi.nlm.nih.gov/pubmed/
22993069.

7. Harkness J, Wagner J. The biology and medicine of rabbits and rodents. 4th ed. Williams andWilkins;
1995.

8. Robert F, Hoyt J, Hawkins J, Clair M, Kennett M. Mouse physiology. In: Fox J, Barthold S, Davisson M,
Newcomer C, Quimby F, Smith A, editors. The mouse in biomedical research: normative biology, hus-
bandry, and models. 2nd ed. London: Elsevier; 2007. p. 23–90.

9. Taylor DK. Study of two devices used to maintain normothermia in rats and mice during general anes-
thesia. Journal of the American Association for Laboratory Animal Science: JAALAS. 2007; 46(5):37–
41. PMID: 17877326

10. Zager Ra, Gmur DJ, Bredl CR, Eng MJ. Degree and time sequence of hypothermic protection against
experimental ischemic acute renal failure. Circulation research. 1989; 65(5):1263–1269. doi: 10.1161/
01.RES.65.5.1263 PMID: 2805243

Temperature Control in Ischemic AKI

PLOS ONE | DOI:10.1371/journal.pone.0149489 February 18, 2016 15 / 16

http://www.nejm.org/doi/abs/10.1056/NEJMoa1501969
http://dx.doi.org/10.1056/NEJMoa1501969
http://dx.doi.org/10.1056/NEJMoa1501969
http://www.ncbi.nlm.nih.gov/pubmed/26222557
http://dx.doi.org/10.1136/bmj.2.5358.640-a
http://www.nejm.org/doi/abs/10.1056/NEJMoa1411480
http://dx.doi.org/10.1056/NEJMoa1411480
http://dx.doi.org/10.1001/archsurg.1977.01370060061010
http://www.ncbi.nlm.nih.gov/pubmed/860922
http://dx.doi.org/10.1016/j.transproceed.2007.04.028
http://www.ncbi.nlm.nih.gov/pubmed/18089305
http://www.ncbi.nlm.nih.gov/pubmed/22993069
http://www.ncbi.nlm.nih.gov/pubmed/22993069
http://www.ncbi.nlm.nih.gov/pubmed/17877326
http://dx.doi.org/10.1161/01.RES.65.5.1263
http://dx.doi.org/10.1161/01.RES.65.5.1263
http://www.ncbi.nlm.nih.gov/pubmed/2805243


11. Just B, Delva E, Camus Y, Lienhart a. Oxygen uptake during recovery following naloxone. Relationship
with intraoperative heat loss. Anesthesiology. 1992; 76(1):60–64. PMID: 1729937

12. Valeri CR, Feingold H, Cassidy G, Ragno G, Khuri S, Altschule MD. Hypothermia-induced reversible
platelet dysfunction. Annals of surgery. 1987; 205(2):175–181. PMID: 3813688

13. Heier T, Caldwell JE, Sessler DI, Miller RD. Mild intraoperative hypothermia increases duration of
action and spontaneous recovery of vecuronium blockade during nitrous oxide-isoflurane anesthesia in
humans. Anesthesiology. 1991; 74(5):815–819. PMID: 1673591

14. Flecknell Pa, ScienceDirect (Online service). Laboratory animal anaesthesia a practical introduction for
research workers and technicians. 2nd ed. London; San Diego: Academic Press; 1996. Available
from: http://encompass.library.cornell.edu/cgi-bin/checkIP.cgi?access=gateway_standard&url=http://
www.sciencedirect.com/science/book/9780122603617.

15. Sanchez-Alavez M, Alboni S, Conti B. Sex- and age-specific differences in core body temperature of
C57Bl/6 mice. Age. 2011; 33(1):89–99. doi: 10.1007/s11357-010-9164-6 PMID: 20635153

16. Haq M, Norman J, Saba SR, Ramirez G, Rabb H. Role of IL-1 in renal ischemic reperfusion injury. Jour-
nal of the American Society of Nephrology: JASN. 1998; 9(4):614–619. PMID: 9555664

17. Lech M, Römmele C, Gröbmayr R, Eka Susanti H, Kulkarni OP, Wang S, et al. Endogenous and exoge-
nous pentraxin-3 limits postischemic acute and chronic kidney injury. Kidney international. 2013 apr; 83
(4):647–61. Available from: http://www.ncbi.nlm.nih.gov/pubmed/23325083. doi: 10.1038/ki.2012.463
PMID: 23325083

18. Kim HJ, Park SJ, Koo S, Cha HJ, Lee JS, Kwon B, et al. Inhibition of kidney ischemia-reperfusion injury
through local infusion of a TLR2 blocker. Journal of Immunological Methods. 2014; 407:146–150. Avail-
able from: http://dx.doi.org/10.1016/j.jim.2014.03.014. PMID: 24681240

19. Yamada K, Miwa T, Liu J, Nangaku M, SongWC. Critical protection from renal ischemia reperfusion
injury by CD55 and CD59. Journal of immunology (Baltimore, Md: 1950). 2004; 172(6):3869–3875. doi:
10.4049/jimmunol.172.6.3869

20. Vielhauer V, Anders HJ, Mack M, Cihak J, Strutz F, Stangassinger M, et al. Obstructive nephropathy in
the mouse: progressive fibrosis correlates with tubulointerstitial chemokine expression and accumula-
tion of CC chemokine receptor 2- and 5-positive leukocytes. Journal of the American Society of
Nephrology: JASN. 2001; 12(6):1173–1187. PMID: 11373340

21. Schneider Ca, RasbandWS, Eliceiri KW. NIH Image to ImageJ: 25 years of image analysis. Nature
Methods. 2012; 9(7):671–675. PMID: 22930834

22. R Core Team. R: A Language and Environment for Statistical Computing. R Foundation for Statistical
Computing; 2015.

23. Lech M, Grobmayr R, Ryu M, Lorenz G, Hartter I, Mulay SR, et al. Macrophage Phenotype Controls
Long-Term AKI Outcomes–Kidney Regeneration versus Atrophy. Journal of the American Society of
Nephrology. 2014; 25(2):292–304. Available from: http://www.jasn.org/cgi/doi/10.1681/ASN.
2013020152. doi: 10.1681/ASN.2013020152 PMID: 24309188

24. Caro AC, Hankenson FC, Marx JO. Comparison of thermoregulatory devices used during anesthesia
of C57BL/6 mice and correlations between body temperature and physiologic parameters. J Am Assoc
Lab Anim Sci. 2013; 52(5):577–83. Available from: http://www.ncbi.nlm.nih.gov/pubmed/24041214.
PMID: 24041214

25. Devey L, Festing MFW,Wigmore SJ. Effect of temperature control upon a mouse model of partial
hepatic ischaemia/reperfusion injury. Laboratory animals. 2008; 42(1):12–18. doi: 10.1258/la.2007.
06009e PMID: 18348762

26. Roehl aB, Teubner a, Funcke S, Goetzenich a, Rossaint R, Tolba R, et al. Accidental renal injury by an
external heating device during surgery in rats. Laboratory animals. 2011; 45(1):45–49. doi: 10.1258/la.
2010.010076 PMID: 21183530

27. Ponticelli CE. The impact of cold ischemia time on renal transplant outcome. Kidney International.
2015; 87(2):272–275. Available from: http://www.nature.com/doifinder/10.1038/ki.2014.359. doi: 10.
1038/ki.2014.359 PMID: 25635719

28. Mitchell RM, Woodruff MF. The effects of local hypothermia in increasing tolerance of the kidney to
ischemia. Transplantation bulletin. 1957; 4(1):15–17. PMID: 13422599

Temperature Control in Ischemic AKI

PLOS ONE | DOI:10.1371/journal.pone.0149489 February 18, 2016 16 / 16

http://www.ncbi.nlm.nih.gov/pubmed/1729937
http://www.ncbi.nlm.nih.gov/pubmed/3813688
http://www.ncbi.nlm.nih.gov/pubmed/1673591
http://encompass.library.cornell.edu/cgi-bin/checkIP.cgi?access�=�gateway_standard&url�=�http://www.sciencedirect.com/science/book/9780122603617
http://encompass.library.cornell.edu/cgi-bin/checkIP.cgi?access�=�gateway_standard&url�=�http://www.sciencedirect.com/science/book/9780122603617
http://dx.doi.org/10.1007/s11357-010-9164-6
http://www.ncbi.nlm.nih.gov/pubmed/20635153
http://www.ncbi.nlm.nih.gov/pubmed/9555664
http://www.ncbi.nlm.nih.gov/pubmed/23325083
http://dx.doi.org/10.1038/ki.2012.463
http://www.ncbi.nlm.nih.gov/pubmed/23325083
http://dx.doi.org/10.1016/j.jim.2014.03.014
http://www.ncbi.nlm.nih.gov/pubmed/24681240
http://dx.doi.org/10.4049/jimmunol.172.6.3869
http://www.ncbi.nlm.nih.gov/pubmed/11373340
http://www.ncbi.nlm.nih.gov/pubmed/22930834
http://www.jasn.org/cgi/doi/10.1681/ASN.2013020152
http://www.jasn.org/cgi/doi/10.1681/ASN.2013020152
http://dx.doi.org/10.1681/ASN.2013020152
http://www.ncbi.nlm.nih.gov/pubmed/24309188
http://www.ncbi.nlm.nih.gov/pubmed/24041214
http://www.ncbi.nlm.nih.gov/pubmed/24041214
http://dx.doi.org/10.1258/la.2007.06009e
http://dx.doi.org/10.1258/la.2007.06009e
http://www.ncbi.nlm.nih.gov/pubmed/18348762
http://dx.doi.org/10.1258/la.2010.010076
http://dx.doi.org/10.1258/la.2010.010076
http://www.ncbi.nlm.nih.gov/pubmed/21183530
http://www.nature.com/doifinder/10.1038/ki.2014.359
http://dx.doi.org/10.1038/ki.2014.359
http://dx.doi.org/10.1038/ki.2014.359
http://www.ncbi.nlm.nih.gov/pubmed/25635719
http://www.ncbi.nlm.nih.gov/pubmed/13422599

