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ABSTRACT—Regulatory guidelines mandate housing for laboratory mice at temperatures below their thermoneutral zone,

creating chronic cold stress. However, increases in housing temperature could alter immune responses. We hypothesized

housing mice at temperatures within their thermoneutral zone would improve sepsis survival and alter immune responses.

Male C57BL/6 mice were housed at 228C or 308C after cecal ligation and puncture (CLP) for 10 days. Survival of mice

housed at 308C (78%) after CLP was significantly increased compared with mice housed at 228C (40%). Experimental

groups were repeated with mice euthanized at 0, 12, 24, and 48 h post-surgery to examine select immune parameters.

Raising housing temperature minimally altered systemic, peritoneal, or splenic cell counts. However, IL-6 levels in plasma

and peritoneal lavage fluid were significantly lower at 12 h post-surgery in mice housed at 308C compared with 228C.

Bacterial colony counts from peritoneal lavage fluid were significantly lower in mice housed at 308C and in vivo studies

suggested this was the result of increased phagocytosis by neutrophils. As previously demonstrated, adoptive transfer of

fibrocytes significantly increased sepsis survival compared with saline at 228C. However, there was no additive effect when

adoptive transfer was performed at 308C. Overall, the results demonstrated that thermoneutral housing improves survival

after CLP by increasing local phagocytic activity and technical revisions may be necessary to standardize the severity of the

model across different housing temperatures. These findings stress the pronounced impact housing temperature has on the

CLP model and the importance of reporting housing temperature.
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INTRODUCTION

In recent years, the clinical relevance of mouse models of

sepsis has been heavily scrutinized due to repeated translational

failures following promising preclinical studies. The most

frequently used model, cecal ligation and puncture (CLP),

has been discussed extensively and the need to improve the

clinical relevance of that model has been emphasized (1–3).

Several recommendations have been made to more closely

align the CLP model with human sepsis including attention

to subject-related variables (age, strain, sex); provision of

supportive measures (fluids, antibiotics); and modeling with

comorbid conditions (4). Standardization of the technical

aspects and functional parameters of the CLP model has also

been advocated to enhance experimental reproducibility and

model standards have been adopted successfully in other fields

of study (5). However, there may be even greater impediments

to translation from mouse models due to the underlying physi-

ologic stress induced by routine research conditions such as the

ambient temperature in animal housing areas.
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The ideal temperature for housing laboratory mice has been

greatly debated. Current recommendations range from 208C to

268C (6), and rodent vivaria typically are maintained at 208C to

238C for the comfort of humans wearing personal protective

equipment (7). However, this range falls below the established

thermoneutral zone (TNZ) of mice, 268C to 348C (6, 8) which

can have a major impact on murine thermoregulation. Within

the TNZ, mice can maintain stable core body temperatures by

simply changing behaviors (activity level, nesting, huddling)

and adjusting peripheral blood vessel diameters (9). Housed in

thermoneutral conditions, mice display mean energy expendi-

ture rates 1.8 times higher than basal metabolism, which

resembles the human situation (10). At cooler temperatures,

mice must use metabolic heat production to maintain core body

temperatures (8, 9), and exhibit increased energy expenditure

rates up to 3.1 times basal metabolism (10) along with signifi-

cant cardiovascular compensation in terms of increased blood

pressure and heart rate (11). Therefore, mice live in a state of

chronic cold stress at current housing temperatures, which

triggers adaptive glucocorticoid production and sympathetic

nervous system activation, resulting in secondary, immunosup-

pressive effects (12). These findings imply current housing

temperatures influence the development of numerous mouse

models of human disease and any proposed measures to relieve

cold stress could impact those models.

Several studies have shown the housing temperature of mice

influences experimental phenotypes (13), model development

(12), and translation of study results (12–15). In particular,

temperature-related alteration of immune responses has direct

effects on mouse models of cancer (16), graft-versus-host-disease

(17), LPS-induced inflammation (18, 19), and infectious disease
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(20, 21). In each case, increased housing temperature heightened

immune responses and caused major changes in the mouse

models. In some cases, the changes caused by thermoneutrality

resulted in what was considered to be a better model of the human

condition (10, 22). Sepsis models involve similar immune

responses to the aforementioned studies, suggesting that they

might also be affected by warmer housing environments.

Overall, reviews of the controversies surrounding housing

temperature emphasize the importance of conducting prelimi-

nary experiments at warmer temperatures to see how the

difference affects experimental outcomes (15, 23). While it

has been shown that short-term, perioperative warming

decreases sepsis mortality after CLP (24), the effect of chronic

housing at thermoneutral temperatures remains to be ascer-

tained. Therefore, the purpose of our study was to investigate

the effects of housing temperature on a CLP model of sepsis.

We hypothesized housing mice at temperatures within their

thermoneutral zone would improve sepsis survival and alter

immune responses. To test this, survival and select immune

parameters were compared between mice housed at standard

(228C) and thermoneutral (308C) temperatures after CLP. In

addition, we repeated our previously reported preclinical study

(25) to examine the effects of housing temperature on outcomes

after the adoptive transfer of cultured fibrocytes.
MATERIALS AND METHODS

Ethical statement

This study followed the guidelines of the Institutional Animal Care and Use
Committee (IACUC) of the University of Michigan, which approved all of the
animal procedures and animal care methods presented here. The IACUC is in
full compliance with the eighth edition of the Guide for the Care and Use of
Laboratory Animals (6).

Animals

Male (6 wk–8 wk) C57BL/6J mice (The Jackson Laboratory, Bar Harbor,
Maine) were used in all the experiments. Mice were housed on approximately
300 mL of a 50:50 blend of 1/4-in. and 1/8-in. irradiated corncob bedding
(Anderson’s Bed-O’Cobs, Frontier Distributing, Maumee, Ohio) with 6 g of
brown crinkle paper encased in a white tea bag material (EnviroPak, Shepherd
Specialty Papers, Watertown, Tenn). Prior to experimental use, mice were
acclimated for at least 5 days in ventilated microisolation cages in a tempera-
ture-controlled room kept at 22.28C� 1.18C and relative humidity of
60%� 10%. After CLP, mice were housed three to five per cage in static
microisolation cages in specialized climate chambers (TSE ActiMot2 303021
series) set to 228C or 308C. Relative humidity was set to 60%. Housing was in a
SPF barrier facility with a 12-h dark/light cycle. Mice were SPF for viruses,
bacteria, and parasites including mouse hepatitis virus, minute virus of mice,
mouse parvovirus, enzootic diarrhea of infant mice virus, ectromelia virus,
Sendai virus, pneumonia virus of mice, Theiler murine encephalomyelitis virus,
reovirus, lymphocytic choriomeningitis virus, mouse adenovirus, polyomavi-
rus, Mycoplasma pulmonis, and pinworms. Mouse norovirus, Helicobacter
spp., and other bacterial pathogens are not tested routinely at our institution.
Mice had ad libitum access to food (Laboratory Rodent Diet 5001, PMI Lab
Diet, St. Louis, Mo) and water.

Survival studies

Under isoflurane anesthesia (Vetone, Boise, Idaho), CLP was performed
with ligation of 50% of the cecum and two punctures with a 26-gauge needle
using previously described methods (26). At induction, mice received 1 mL
saline and 0.05 mg/kg buprenorphine SQ. Additional analgesia (0.05 mg/kg
buprenorphine in 0.1 mL saline) was given SQ every 12 for 48 h. The abdominal
musculature was closed with silk sutures followed by closure of the skin with
tissue glue. Mice recovered while receiving heat support before being placed
back into their home cage. Postoperatively, mice were randomized to housing at
either 228C or 308C (n¼ 18–20 per group) in climate controlled chambers (TSE
ActiMot2 303021 series) for up to 10 days. Loss of righting reflex was used as a
humane endpoint. The experimental reproducibility was assured by performing
CLP in six small independent trials and then combining the results for this study.

Endpoint studies

The CLP studies were repeated and mice were euthanized at 12, 24, and 48 h
(n¼ 7–10 per temperature group/time point) for evaluation of immune param-
eters. For core body temperature measurements, electronic ID transponders
(IPTT-30; BioMedic Data systems, Inc, Seaford, Del) were inserted into the
peritoneum of mice (n¼ 5/temperature group) prior to abdominal closure after
CLP. Temperature readings were obtained with the corresponding handheld
reader 24 h after return to housing. A group of unmanipulated mice (n¼ 10)
were euthanized after initial acclimation to provide reference values. At specific
time points, mice were deeply anesthetized with isoflurane, and approximately
500 mL blood was collected from the retroorbital sinus into 1.5-mL tubes
containing 50 mL of 160 mM EDTA. Mice then were euthanized by cervical
dislocation and bilateral pneumothorax. Peritoneal lavage fluid was collected
by injecting 10 mL Hanks Balanced Salt Solution (Invitrogen, Grand Island,
NY) containing 1:100 heparin sodium (5,000 USP U/mL; Abraxis, Schaum-
berg, Ill) into the abdomen and retrieving fluid.

Cell counts—A 50-mL aliquot of blood was used for automated CBC
analysis (Hemavet, Drew Scientific, Miami, Fla). The remainder of the blood
was centrifuged (2,000� g, 5 min) and the plasma stored at �208C for later
cytokine analysis. The peritoneal lavage fluid was centrifuged (600� g, 5 min),
and the supernatant saved at �208C for later cytokine analysis. The cell pellet
was resuspended in 200 mL RPMI 1640 (Invitrogen) containing 0.1% heat-
inactivated fetal bovine serum (Invitrogen). Cells were counted after RBC lysis
(Zap-O-globin II (Beckman Coulter, Indianapolis, Ind)) using a hemocytometer
(Hausser Scientific, Horsham, Pa). Experimental groups were known to the
operator during initial cell counts but evaluation of differentials was blinded.
Slides were loaded with 1� 105 cells, centrifuged (109� g, 5 min), and stained
with Diff-Quick (Baxter, Detroit, Mich). Differentials (300 cells) were counted
under light microscopy.

Cytokine measurements—Cytokines were measured in plasma (1:10 dilu-
tion) and peritoneal lavage fluid (1:2 dilution) using sandwich ELISA kits for
IL-6, IL-10, IL-1b, and TNF-a (Mouse Uncoated ELISA Kits, ThermoFisher
Scientific, Waltham, Mass), according to manufacturer’s instructions. Absor-
bance was read at 450 nm on a plate reader (Biotek, Winooski, Vt).

T cell counts and intracellular cytokines—The spleens of mice were
harvested at 0, 12, 24, and 48 h after CLP. Spleens were macerated, combined
with 5 mL saline, and passed through 100 mM filters. Samples were centrifuged
at 2,000 rpm for 5 min and red blood cells lysed (Red Blood Cell Lysis Buffer,
eBiosciences, San Diego, Calif). Cells were centrifuged (2,000 rpm, 5 min),
resuspended in 200 mL of 1� PBS, and counted using a hemocytometer
(Hausser Scientific). Trypan blue (Invitrogen, Carlbad, Calif) was used to
demonstrate viability of greater than or equal to 95% in suspensions. After total
splenic cell counts, cells were resuspended in PBS with 0.1% sodium azide and
1.0% bovine calf serum (HyClone, Logan, Utah) at 1.0 � 107 cells/mL. Cells
were then incubated with FcgII/III reagent to block Tc receptors (BD Bio-
sciences; 0.5 ug/100 uL aliquot, 5–10 min, 48C). The cells were stained with the
appropriate antibodies against surface antigens (2.5 mg/mL, 30 min, 48C):
PerCP-Cy5.5 antimouse CD3e (BD Biosciences); V450 antimouse CD4 (ebio-
sciences), pacific orange antimouse CD8a (Invitrogen), APC Cy7x antimouse
CD69 (BD Biosciences) and their appropriate isotype controls. For intracellular
cytokines, cells were stained with BV 786 antimouse IFN-g (BD Biosciences)
and FITC antimouse IL-4 (BD Biosciences) using an established protocol (BD
Cytofix/Cytoperm Kit, BD Biosciences). For all flow cytometry, fluorescence
was measured utilizing a BD LSR II flow cytometer (BD Biosciences) with a
488 nm excitation laser with peak emission ranging from 515 nm to 545 nm.
Compensation was performed in all experiments utilizing Winlist 6.0 software
(Topsham, Maine).

Bacterial colony counts—Aseptic samples (blood, spleen, peritoneal lavage
fluid) were collected from the animals euthanized 24 h after CLP. The samples
were serially diluted and plated on TSAw/ 5% sheep blood agar (ThermoFisher
Scientific). Colonies were counted after 24 h at 378C when dilutions yielded 30
to 300 colonies.

Phagocytosis study

Mice were housed in 228C or 308C housing after CLP. Ten hours after
surgery, heat-killed (708C for 15 min) E coli (1 � 108 CFUs in 200 mL saline)
labeled with Sytox Blue (ThermoFisher Scientific), a DNA-specific fluorescent
dye, per manufacturer’s instructions were administered IP. Two hours later, the
animals were euthanized and peritoneal lavage samples and spleens were
collected for total cell counts and flow cytometry as described above.
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Neutrophils were identified using Anti-Mouse Ly-6G APC (Affymetrix, San
Diego, Calif). Macrophages were identified with anti-mouse F4/80 PE (Affy-
metrix). Appropriate negative controls were used (Armenian Hamster IgG
Isotype Control, APC; Armenian Hamster IgG Isotype Control, PE). For each
cell type, the percentage of cells expressing fluorescent bacteria and the mean
fluorescence intensity of individual cells were quantified using flow cytometry.

Fibrocyte adoptive transfer study

Fibrocytes were obtained from primary culture of male C57BL/6J mouse
lungs as described in past studies (27). Minced lungs were suspended in
fibrocyte culture media (DMEM, 10% FBS, 1% L-glutamine, and 1% antibi-
otic/antimycotic; Invitrogen) with media changes every 3 to 4 days for 2 weeks
(378C, 5% CO2), until cultures were approximately 80% congruent. Adherent
cells were incubated with trypsinþ EDTA in a CO2 incubator and then scraped,
centrifuged, and washed with PBS. Positive separation of CD45þ cells was
achieved using antibody coupled magnetic beads per the manufacturer’s
instructions (Miltenyi, Bergisch Gladbach, Germany). The fibrocytes were
then counted on a hemocytometer (Hausser Scientific) and their viability
confirmed with trypan blue (Invitrogen). The cells were resuspended at
1�106/200 mL sterile saline and injected into the tail vein of mice at the time
of CLP. Controls received an equal volume of saline IV. The mice were
randomized to either 228C or 308C housing for up to 10 days.

Statistics

All analyses were performed by using Prism (GraphPad, LaJolla, Calif). For
the survival study, Kaplan–Meier survival curves were calculated for each
group, and differences between groups were measured by using log-rank tests.
The Shapiro–Wilk test was used to assess normality (alpha¼ 0.05). Treatment
group means and standard errors were calculated for each parameter of interest.
For major comparisons between two groups, Student t tests were used, except
for core body temperature, which was evaluated by Mann–Whitney U. A P
value of <0.05 was considered significant.
RESULTS

Thermoneutral housing enhances sepsis survival

When mice were housed at either 228C or 308C (n¼ 18–20/

group, six independent experiments), the majority of deaths

occurred between the first and fourth day post-CLP in the 228C
group (Fig. 1A). The 228C group had a survival rate of 40%

while the 308C group had a significantly increased (P< 0.05)

survival of 78%, demonstrating thermoneutral housing has an

effect on the outcome of sepsis in this model.

Thermoneutral housing influences core body
temperature.

Core body temperatures were evaluated using electronic

transponders. The body temperature of mice housed at 308C
FIG. 1. Thermoneutral housing enhances survival after CLP and influence
then were randomized to housing conditions in temperature-controlled chambers a
n¼20 for 228C group; n¼19 for 308C group. B, Core body temperatures were eva
ligation and puncture.
was significantly greater (P< 0.05) than the body temperature

of mice housed at 228C at 24 h after CLP (Fig. 1B).

Thermoneutral housing alters few markers of
inflammation.

To examine potential mechanisms for the improved survival,

select markers of inflammation were assessed at acute time

points (12, 24, and 48 h after CLP) selected because they

precede the time points associated with the majority of deaths

in the survival studies.

Complete blood counts— Compared with reference values,

septic mice had lower mean total white blood cell counts,

particularly monocytes and lymphocytes. However, there were

no significant differences in total WBC, monocyte, neutrophil,

or lymphocyte counts between the housing temperature groups

(Fig. 2, A–D) and cell counts showed similar temporal fluc-

tuations between groups.

Peritoneal cell counts— In comparison with reference val-

ues, the cell counts rose over the first 24 h. However, there were

no significant differences between housing temperature groups

at any time point (Fig. 3, A–C).

Plasma cytokines—None of the cytokines were detected in

the plasma of the reference animals. The mean plasma IL-6

level of the 228C group was significantly higher than the 308C
group at 12 h post-CLP (Fig. 4A). The plasma IL-1b levels

(Fig. 4B) and IL-10 levels (Fig. 4C) were not significantly

different between the temperature groups at any time point. The

plasma TNF-a values were near or below detection limits

(<9.0 pg/mL) for the assay at all of the time points in both

temperature groups.

Peritoneal cytokines— None of the cytokines were detected

in the peritoneal lavage fluid from the reference animals. Like

the plasma IL-6, the mean peritoneal IL-6 level of the 228C
group was significantly increased (P< 0.05) in comparison

with the 308C group at 12 h post-CLP (Fig. 4D). The peritoneal

IL-1b and IL-10 levels were also not different between groups

(Fig. 4E and F, respectively). The peritoneal TNF-a levels were

near or below detection limits (<9.0 pg/mL) for the assay at all-

time points.

Splenic T cell assessments—In comparison with reference

values, splenic CD4þ and CD8þ T cells declined in the septic
s core body temperatures. Male, C57BL/6 mice underwent CLP surgery and
t either 228C or 308C. A, Animals were monitored for survival for up to 10 days.
luated at 24 h post-CLP (n¼5 mice per group). *¼<0.05. CLP indicates cecal



FIG. 2. Thermoneutral housing alters few systemic cell counts. After CLP and housing at 228C or 308C, mice were sacrificed at 12, 24, or 48 h post-CLP.
An unmanipulated group provided reference values (n¼10). Retroorbital blood was collected for cell counts and differentials including (A) total WBCs, (B)
monocytes, (C) neutrophils, and (D) lymphocytes. Data are reported as mean � SEM. CLP indicates cecal ligation and puncture.

FIG. 3. Thermoneutral housing alters few local cell counts. After CLP and housing at 228C or 308C, mice were sacrificed at 12, 24, or 48 h post-CLP. An
unmanipulated group provided reference values (n¼10). Cell counts and differentials were determined in the peritoneal lavage fluid. Graphs depict (A) total cell
counts, (B) macrophages, and (C) neutrophils. Data are reported as mean � SEM. CLP indicates cecal ligation and puncture.

FIG. 4. Thermoneutral housing decreases IL-6 levels. After CLP and housing at 228C or 308C, mice were sacrificed at 12, 24, or 48 h post-CLP. An
unmanipulated group provided reference values (n¼10). Blood and peritoneal lavage fluid were analyzed for cytokine levels with ELISAs. Graphs depict plasma
levels of (A) IL-6, (B) IL-1b, (C) IL-10 and peritoneal lavage fluid levels of (D) IL-6, (E) IL-1b, and (F) IL-10. PLF indicates peritoneal lavage fluid. Data are reported
as mean � SEM. ND indicates not detected, levels lower than assay limits. *¼P<0.05. CLP indicates cecal ligation and puncture.
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FIG. 5. Thermoneutral housing does not alter splenic T cell counts. After CLP and housing at 228C or 308C, mice were sacrificed at 12, 24, or 48 h post-
CLP. An unmanipulated group provided reference values (n¼10). Splenic T-cell populations were analyzed using flow cytometry. Graphs depict (A) total CD4þ
cells, (B) activated CD4þ cells, (C) intracellular IFN-] expression in CD4þ cells, (D) IL-4 expression in CD4þ cells, (E) total CD8þ cells, (F) activated CD8þ cells,
(G) IFN-] expression in CD8þ cells, and (H) IL-4 expression in CD8þ cells. Data are reported as mean � SEM. CLP indicates cecal ligation and puncture.
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animals while expression of CD69, a marker of activation, and

intracellular cytokines increased over the first 12 h. However,

splenic counts of both CD4þ and CD8þ T cells had no signifi-

cant differences between housing temperature groups (Fig. 5, A

and E, respectively). Likewise, the expression of CD69 was not

different between groups for either cell type (Fig. 5, B and F,

respectively). The numbers of CD4þ and CD8þT cells express-

ing intracellular IFN-] and IL-4 were not significantly different

between housing temperature groups (Fig. 5C, D, G, H).

Thermoneutral housing reduces bacterial burden

At 24 h post-CLP, the mean colony counts derived from

peritoneal lavage fluid (Fig. 6A) were significantly (P< 0.05)

lower in the 308C group as compared with the 228C group.

Compared with the peritoneal compartment, spleen (Fig. 6B)

and blood (Fig. 6C) had no differences between the groups.
FIG. 6. Thermoneutral housing lowers local bacterial burden. After CLP
serial dilution and culture on blood agar plates. After 24 h of incubation at 378C, the
(C) blood. Data are reported as mean � SEM. *¼P<0.05 as compared with
experiments. CLP indicates cecal ligation and puncture.
Thermoneutral housing enhances the phagocytic activity
of leukocytes

To explain differences in peritoneal bacterial load, the

phagocytic activity of peritoneal cells was examined at an

early time point. At 12 h post-surgery, a significantly higher

(P< 0.05) percentage (Fig. 7A) and absolute number (Fig. 7B)

of peritoneal neutrophils displayed phagocytosis of fluores-

cently labeled E coli in mice housed at 308C compared with

mice housed at 228C. The mean fluorescence intensity

between groups was also significantly higher (P< 0.05) in

neutrophils from mice housed at 308C as compared with 228C
(Fig. 7C). Although the number of macrophages demonstrat-

ing phagocytosis was not different (Fig. 7, A and B), the mean

fluorescence intensity approached significance (P¼ 0.056) in

macrophages from mice housed at 308C (Fig. 7D) compared

with 228C.
and housing at 228C or 308C, samples were harvested aseptically at 24 h for
colony forming units were recorded from (A) peritoneal cavity, (B) spleen, and

saline 228C group. n¼10 mice (228C), n¼6 mice (308C), two independent



FIG. 7. Thermoneutral housing potentiates neutrophil phagocytosis. Mice underwent CLP and housing at 228C or 308C. Ten hours later, heat-killed
Sytox blue labeled E coli were administered IP. Twelve hours after surgery, the peritoneal phagocyte cell populations (Ly-6Gþ neutrophils and F4/80þ
macrophages) were quantified and presence of intracellular bacteria determined with flow cytometry. Graphs indicate results at either 228C or 308C for (A) mean
percentage of each cell type demonstrating phagocytosis, (B) mean number of each cell type demonstrating phagocytosis, and (C) the mean fluorescence
intensity of each cell type. n¼5 mice/group. Data reported as mean � SEM. *¼P<0.05. M?¼macrophage. D, Representative histogram comparing E coli
uptake by neutrophils (Ly-6Gþ) from mice housed at either 228C (sold gray line) or 308C (dotted black line). Black filled area represents fluorescence by control
cells unexposed to E coli. CLP indicates cecal ligation and puncture.
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Thermoneutral housing does not significantly enhance
adoptive transfer

Previously, we have shown improved outcomes when IV

adoptive transfer of fibrocytes is performed at the time of CLP.

A repeat of this experiment at standard housing temperatures

showed similar findings. The fibrocyte adoptive transfer group

had an improved survival rate of 74% compared with the saline

group (40%) housed at 228C (Fig. 8A). However, when mice

were housed at 308C, the survival rate of the adoptive transfer

group (80%) was not significantly different from the saline

group (70%) (Fig. 8B). The major impact of the raised housing

temperature appeared to be on the saline group and not the

adoptive transfer group.
DISCUSSION

The studies presented here demonstrate that thermoneutral

housing at 308C resulted in improved survival as compared

with standard housing at 228C. Several recent reviews have

described similar impact of thermoneutral housing on survival

in other mouse models of human disease (12, 15, 22, 23),

including those used in metabolism, cancer, and infectious

disease research. For instance, housing at thermoneutrality

resulted in slower tumor growth and reduced metastasis in

mouse cancer models compared with housing at standard
temperatures, due to enhanced antitumor immune responses

(23, 28). Warmer housing environments have also been

reported to have a favorable impact on survival in a number

of infection models (29–31). Overall, the results of our CLP

studies suggest that technical modifications would be required

to produce CLP models yielding similar levels of lethality if

current housing recommendations are changed. Of note, the

mice in our studies were group housed and had access to nesting

material to replicate the routine experimental conditions used in

our laboratory. These are factors that may vary between

laboratories and do influence the ability of mice to thermoreg-

ulate (32). Therefore, initiatives to standardize CLP models

across multiple laboratories would be highly dependent upon

standardization of housing temperatures and other related

housing factors.

To further characterize temperature-related immune

responses after CLP, we examined a number of select local

and systemic parameters, including cell counts and cytokines.

Here, the finding of lower IL-6 levels in the blood and

peritoneal lavage fluid at 12 h post-CLP in mice housed at

thermoneutral temperatures compared with 228C was consis-

tent with our survival outcomes and the known role of IL-6 as a

mediator and biomarker negatively correlated with survival

after CLP (33–35). Immediate postoperative warming at 358C
for 1 h followed by housing at standard temperatures has also



FIG. 8. Thermoneutral housing does not alter survival after fibrocyte adoptive transfer. At the time of CLP, saline alone or 1 � 106 fibrocytes were
transferred IV. Mice were then randomized to housing conditions in temperature-controlled chambers at either (A) 228C or (B) 308C. Animals were monitored for
survival for up to 10 days. *¼P<0.05. CLP indicates cecal ligation and puncture.
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been shown to significantly lower plasma IL-6 concentrations

and improve survival (60% vs. 42%, respectively) after CLP

(33). However, all of the mice in our study received immediate

postoperative heat support prior to randomized housing and still

demonstrated a shift in survival after CLP (78% vs. 40%,

respectively), suggesting impact occurred after the immediate

recovery period.

Other than IL-6, we saw few temperature-associated differ-

ences in cytokine levels, intracellular T cell cytokines, or

immune cell counts, at either local or systemic sites. In contrast,

thermoneutral housing conditions have been associated with

suppression or delay of systemic cytokine levels (TNF-a and

IFN-]) in a murine model of Klebsiella pneumoniae peritonitis

(30) and enhanced T-cell cytokine production in mice vacci-

nated with Francisella tularensis (20) and in tumor-bearing

mice (28). Other studies have shown increases of peripheral

blood neutrophil counts in response to brief, postoperative

warming after CLP (33) and increased local levels of neutro-

phils and macrophages after the induction of sterile peritonitis

in thermoneutral housing temperatures (36). The differences

seen between our study and other reports could be due to

inherent characteristics of the models, timing of observations or

the parameters selected. It is also noteworthy that, even in the

228C group, core body temperatures at 24 h were not as low

(<328C) as we have previously documented after CLP in singly

housed mice (37). The group housing used in this study and the

introduction of nesting materials can affect thermoregulation

(32, 38) and therefore, may have impacted our findings in

comparison with other studies. In addition, the mice in our

study were not raised in or acclimated to thermoneutral temper-

atures prior to experimentation which could have additional

impact. Therefore, comprehensive comparisons between stud-

ies can be difficult and are highly dependent upon complete

reporting of environmental factors that may affect murine

thermoregulation.

In our study, thermoneutral housing temperatures were asso-

ciated with lower bacterial loads in the peritoneum 24 h after

CLP, while loads within the blood and spleen were similar

between the housing temperatures. These findings are
comparable to those seen after intraperitoneal inoculation of

Klebsiella pneumoniae that showed mice housed at 35.58C had

lower peritoneal bacterial counts but similar spleen and blood

bacterial counts at 24 h when compared with mice housed at

238C (30). That study ruled out any effects of housing temper-

ature on bacterial proliferation, and the differences in bacterial

loads were attributed to alterations in unidentified host defense

mechanisms (30). Our study results suggest that enhanced

activity by local phagocytes is one mechanism for the effects

of thermoneutral housing. These results are in keeping with

multiple preclinical sepsis studies that have found increased

survival associated with increased phagocytic activity of leu-

kocytes (39–41), and studies that have shown enhanced phago-

cytosis at warmer temperatures mediated through a number of

extra- and intracellular pathways (42–44). Phagocytosis, an

energy-dependent process, can vary with temperature due to

changes in opsonization, attachment, receptor-mediated

uptake, and ingestion (44). Activation of mitochondrial

enzymes may also lead to enhanced phagocytosis (43),

although temperatures above 398C may cause impairment in

the function of enzymes responsible for pseudopod movement

(42). Of note, many of these studies investigated phagocytosis

by macrophages while our studies found increased housing

temperatures primarily enhanced phagocytosis by neutrophils.

Thermoneutral housing improved the outcome of our control

CLP model but did not add to the impact of adoptive transfer

studies. Repeatedly, we have shown a survival benefit from the

adoptive transfer of fibrocytes in the CLP model (25, 45). This

benefit is due, at least in part, to a reduction in bacterial load

and increased phagocytic activity (45). In the current study, we

once again demonstrated a significant difference from adoptive

transfer in standard housing conditions; however, this differ-

ence was lost in thermoneutral housing. Since both the adoptive

transfer and thermoneutral housing appear to lower bacterial

load by enhancing phagocytosis, the effects of housing tem-

perature may have maximized bacterial clearance and negated

the significance of the cell therapy. Therefore, further evalua-

tion of the adoptive transfer in a CLP model with greater

severity would be warranted. This raises important questions
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as to which housing condition would best replicate the

responses in a clinical patient and whether metabolic alterations

caused by housing temperature would impact the efficacy of

therapies tested in preclinical studies. There have been reports

that temperature-associated changes have produced models that

better recapitulate the human disease response. This is evident

in allogenic hematopoietic cell transplantation where the major,

clinical complications of graft versus host disease and lethality

will manifest in mouse models when housed at thermoneutral

temperatures but not at standard housing temperatures. Like-

wise, when housed at 318C, mice may develop the hyperther-

mia seen in humans (19) after administration of endotoxin. Yet,

at standard housing temperatures, mice develop paradoxical

hypothermia in response to endotoxin (19). In cases of clinical

sepsis, the majority of patients are hyperthermic (46), and

recent reports suggest these patients are at a lower risk of

mortality than septic patients with hypothermia (46, 47).

Therefore, the inherent cold stress of standard housing may

result in murine CLP models representative of the more

severely affected clinical cohort. In our study, mean core body

temperature was higher in the mice housed at 308C as compared

with 228C at the 24 h time point and further, continuous

temperature monitoring could determine whether transient

hyperthermia develops. This suggests that comprehensive pre-

clinical testing of sepsis therapeutics in mice might benefit

from studies at a range of housing temperatures, an approach

that has already been advocated in cancer research due to

similar temperature dependency (23).

Overall, a broad change to thermoneutral housing of mice

could present some challenges to ongoing sepsis studies employ-

ing the CLP model. The metabolic changes associated with relief

of cold stress might necessitate modifications to re-establish the

severity of some CLP models and/or, depending upon the

underlying mechanisms, might require re-evaluation of inter-

ventions. With regard to implementation, regulation of thermo-

neutral housing at the room level would create an uncomfortable

working environment for personnel, while cage level regulation

would increase the labor and expense associated with husbandry

(7, 48). On the other hand, further study could reveal advantages

to a murine CLP model that more closely replicates the metabolic

and immunologic responses of humans and yields a better

translational link with clinical sepsis studies.

In conclusion, this study demonstrates that thermoneutral

housing improves the survival outcome of the CLP model and

reduces bacterial load by enhancing phagocytosis. These

results reinforce the importance of reporting housing tempera-

ture and related factors such as housing density, nesting mate-

rials, and relative humidity to improve reproducibility of

animal models. They also highlight that the effects of cold

stress must be considered when interpreting the results of

current mouse studies. Therefore, housing temperature, a very

basic variable, may have further, serious implications for

preclinical models and the treatment of septic patients in

intensive care settings.
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