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central nervous system residents, mast cells contain many cytokines
and are localized primarily near large blood vessels in the dienceph-
alon and within the leptomeninges, making them candidates for
immune to neural “cross talk.” Using mast cell-deficient Kit"-st/W-sh
mice, we assessed the role of these cells in the thermoregulatory component
of the immune response to lipopolysaccharide (LPS). KitVsWW=sh and
wild-type (WT) mice differed in several respects in response to
injection of a high dose of LPS (1 mg/kg ip). Core temperature (T.)
of WT mice decreased by ~3°C, whereas KitWs"W-s" mice did not
become hypothermic but instead exhibited pronounced low-frequency
T. oscillations around their baseline temperature. In addition, Kit™-svW-sh
mice had lower levels of whole brain TNF-a but no differences in
IL-1B, IL-6, IFN-y, or histamine compared with WT mice following
injection of the high dose of LPS, consistent with the role of TNF-a
in sepsis. KitV-s"W-sh mice had increased resistance to LPS, and some
survived a dose of LPS that was lethal in littermate controls. In
contrast, KitWW-sh and WT mice were similar in other aspects,
namely, in the hyperthermia following injection of TNF-a (1.5 pg
icv), reduced nighttime T. and locomotor activity (to 1 mg/kg LPS),
response to a low dose of LPS (10 wg/kg ip), and response to
subcutaneous turpentine injection. These results indicate that mast
cells play a role in the regulation of thermoregulatory responses and
survival following sepsis induction and suggest a brain site of action.

tumor necrosis factor-a; interleukins; interferon-vy; histamine; mast
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MAST CELLS ARE IMPLICATED in the mediation of sepsis in a cecal
ligation puncture model in mice (7, 24). Sepsis is characterized
by an extreme bacterial infection leading to overstimulation of
the immune system, which ultimately causes vasoconstriction
leading to organ failure (2, 31). The response includes many
effector systems, particularly those controlling energy ho-
meostasis. In fact, the thermoregulatory response is a compo-
nent of immune reactivity (33), and hypothermia is a reliable
predictor of septic lethality (41).

Injection of gram-negative bacterial lipopolysaccharide (LPS) is
commonly used to induce immune responses, which at high
doses results in a septic response. LPS binds LPS-binding
protein (LPB), forming a LPS-LPB complex. This complex
then binds to Toll-like receptors (TLR) and complement (C')
receptors on cells of the innate immune system (5, 22). NF-
kB-dependent transcription is subsequently upregulated, in-
creasing production of cytokines and other immune effectors,
including C’-mediated lysis for pathogen clearance (2). Unlike

the hyperthermia induced by low doses of LPS, the mechanisms
and physiological role of the hypothermia resulting from LPS-
induced sepsis remain unclear (19). This hypothermic response to
LPS, however, is dependent on ambient temperature (3). A dose
of LPS that causes hypothermia at room temperature (~21°C)
elicits fever when injected in animals housed within their thermo-
neutral zone (~31°C for C57BL/6 mice) (34). The decline in core
body temperature (T.) that occurs at room temperature, known as
anapyrexia, is a regulated response involving the establishment of
a new, lower set point in T, (4) rather than an uncontrolled loss of
body heat due to decreased metabolic heat production or hypo-
tension or organ failure. Overproduction of cytokines [such as
tumor necrosis factor (TNF)-a, interleukins (IL), and interferons
(IFN), among many others], contribute to sepsis-induced lethality
(31). In addition, the reduction in T, further stimulates NF-kB-
dependent cytokine production, thereby increasing the severity of
sepsis (8).

Mast cells are part of the innate immune system and have
long been implicated in allergy and local inflammation (27). It
has been shown more recently that mast cells also have a
critical and protective role in the initiation of an immune
response to pathogens (reviewed in Ref. 21). In response to
bacterial infection, mast cells increase the recruitment of neu-
trophils and aid in bacterial clearance (23). In mounting a host
response against LPS, mast cells bind the LPS-LPB complex to
their surface TLR-4 (39). Upon activation, mast cells synthe-
size and release mediators including amines, cytokines, and
lipid-derived factors, many of which are implicated in the
thermoregulatory response to LPS (20, 30, 37).

Mast cells are found at host-environment interfaces and in
many vascularized tissues in the body (27). They also are
resident in the brain and are localized to the diencephalon,
hippocampus, and surrounding leptomeninges (14, 17, 37, 38).
Specifically, many mast cells are found on the brain side of
blood vessels adjacent to astrocytic and neuronal processes
(15). Electrophysiological evidence suggests that mast cell
mediators can influence neuron firing (16).

A link has been made between brain mast cells and the
thermoregulatory response to LPS. Blocking the degranulation
of brain mast cells with intracerebroventricular administration
of disodium cromoglycate (cromolyn, a mast cell stabilizer)
reduces the hyperthermia to a low dose of LPS in the rat (28).
Because cromolyn also affects eosinophils and neutrophils and
disrupts the signaling and chemotaxis of other immune cells
(29), we sought to clarify the involvement of brain mast cells
in the response to LPS-induced sepsis and to further investigate
the underlying mechanisms.
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In the present study we have used mast cell-deficient Kit™-shW-sh
“sash” mice, which serve as a powerful model for the study of
mast cell function in vivo (42). KitWMW=h mice carry an
inversion mutation upstream of the promoter region reducing
c-kit receptor function (6, 18). The reduction in c-kit expres-
sion on stem cells in the bone marrow inhibits the myeloid
progenitor from differentiating into mast cell precursors. This
results in a mast cell deficiency but no other known disruptions
in the development of hematopoietic stem cell derivatives (12).
In addition, c-kit receptor mRNA and protein expression are
normal in other tissues, including brain, liver, thymus, and
primordial germ cells (6, 12). Thus the Kit™VV-h mouse
permits investigation of the role of mast cells in thermoregu-
latory responses to endotoxemia. We compared T, activity,
cytokine profiles, and lethality responses of KitV-sVW-sh and
wild-type or littermate control mice to systemic and localized
injection of three doses of LPS and turpentine.

METHODS
Animals and Housing

Homozygous male mast cell-deficient Kit™ MW= mice, C57BL/
Ka-Thy1.1-CD45.1 (Ly5.2) (Jackson Laboratory, Bar Harbor, ME)
were bred to establish a colony at the Columbia University Animal
Facility. For experiments 1 and 2, wild-type (WT) C57BL/6 mice
(Charles River Breeding Facility, Charles River, MA) served as
controls. For experiments 3-5, heterozygous and WT littermates of
KitW-s"W-sh mice served as controls.

All mice were housed individually from 10 wk of age in a 12:12-h
light-dark cycle. Ambient temperature was 21 = 0.5°C during the
experiment. Purina rodent chow (5001) and water were available ad
libitum. All husbandry procedures and experimental methods were
reviewed and approved by the Columbia University Institutional
Animal Care and Use Committee.

Transponder Implantation

Transponders (models ER-4000 or XM-FH; MiniMitter, Bend,
OR) measuring T. and gross motor activity were implanted surgically
according to the manufacturer’s directions. For implantation, mice
were anesthetized with a ketamine (100 mg/kg)-xylazine (13 mg/kg)
mixture administered by intraperitoneal (i.p.) injection. Bupreneph-
rine (0.1 mg/kg) was also given intraperitoneally as an analgesic. The
peritoneal cavity was opened and the transponder positioned within
the cavity. The body wall was sutured closed, and the skin was
autoclipped. Animals were monitored and allowed to recover for 1 wk
before the start of the experiments.

Temperature and Activity Measurements

Activity and T. data were collected every 2 min from each mouse.
Activity and T. data collected over the 3 days before experimental
manipulations established baseline responses for within-animal com-
parisons. All mice were habituated to the handling and injection
process with an intraperitoneal injection of pyrogen-free saline (PES)
at 2 h after lights on. Activity was measured as an index of sickness
behavior. Furthermore, because activity itself raises body temperature,
this measure provided assessment of thermal effects that are not
activity dependent. Data were collected continuously starting from the
preinjection baseline through 6 days following injection.

Intracerebroventricular Cannulations

For examination of the response to TNF-a, animals were allowed
to recover from transponder implantation for 1 wk and then anesthe-
tized and implanted stereotaxically (David Kopf Instruments, Tu-
junga, CA) with chronic indwelling cannulas (Plastics One, Roanoke,
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VA). The tip of the cannula was positioned 0.2 mm dorsal to the right
lateral ventricle (coordinates: AP, 0.5 mm from bregma; ML, 1.2 mm;
DV, 2.5 mm from skull). Screws (McMaster Carr, Princeton, NJ) were
anchored to the skull, and dental cement (Jet Brand Acrylics; Lang
Dental, Wheeling, IL) was used to secure the guide cannula to the
skull. Animals were allowed to recover for 1 wk following cannula-
tion.

Injections of TNF-a (1.5 pg/2 pl; Sigma Aldrich, St. Louis, MO)
were made with a 10-pl Hamilton (Reno, NV) syringe attached to
polyethylene-50 tubing. The injector cannula was 0.2 mm longer than
the guide cannula. Cannula placement was verified following the
experiment by injection of india ink.

Assays

Trunk blood was collected in K,EDTA tubes (BD, Franklin Lakes,
NJ). Whole blood was spun at 3,000 g for 15 min, and plasma was
collected into centrifuge tubes and stored at —80°C until processed.
The brains were rapidly removed from the crania following decapi-
tation and placed on ice for dissection. For assay of TNF-a, the
cerebellum and cortex were removed. For all other assays, whole
brains were used. The tissue was weighed, put in a solution of
phosphate buffer with complete mini protease inhibitor tablets (Roche
Diagnostics), homogenized using an electronic pestle, and then cen-
trifuged at 7,500 g for 20 min at 4°C. The supernatant was stored at
—80°C until processed.

TNF-q, interleukin (IL)-1B, IL-6, interferon (IFN)-y, and hista-
mine levels in plasma and central nervous system homogenates were
analyzed using commercially available ELISA kits according to the
manufacturer’s directions (Ready-SET-Go ELISA; eBioscience, San
Diego, CA for cytokines; Cayman Chemicals, Ann Arbor, MI for
histamine). Plates were read on a Dynex spectrophotometer. Dynex
Revelation software (v4.06) was used to fit optical densities to the
curve generated by the standards provided by the manufacturer.
Samples were diluted so that they fell within the linear portion of the
standard curve. Brain cytokine and histamine levels are reported per
gram of brain weight.

Experimental Design

Experiment 1: Systemic immune response. To assess systemic
responses, LPS was administered intraperitoneally at two doses. WT
(n = 7) and KitV*MW=h (5 = 9) mice weighing 26.0 = 0.4 and
26.6 = 0.6 g, respectively, each received one intraperitoneal injection
of PFS and 1 mg/kg LPS from Escherichia coli 0111:B4 (lot no.
104K4109; Sigma Aldrich) in a PFS vehicle in counterbalanced
fashion. Injections were given 2 h after lights on. Three days inter-
vened between the injections. A second group of WT (n = 9) and
KitWV-sMW-=sh (5 = 10) mice weighing 23.2 * 0.6 and 20.9 * 0.3 g,
respectively, were similarly injected with PFS and 10 pg/kg LPS.

Experiment 2: Local immune challenge. After an interval of 2 wk,
animals that had been given a low dose of LPS in experiment 1 were
tested to assess their ability to respond systemically to a local immune
challenge. Mice of each genotype, WT (n = 6) and KitW-sVW-sh (5 =
6), were given a subcutaneous injection of 0.15 ml of turpentine in the
right posterior thigh. WT (n = 3) and KitVWW=h (n = 4) mice
received an injection of the equivalent volume of saline. Activity and
T. were measured for 6 days following injection.

Experiment 3: LPS effects on cytokines and histamine. To evaluate
the levels of TNF-a, IL-1B, IL-6, IFN-y, and histamine, Kit"-st/W-sh
mice and littermate controls were injected with LPS (1 mg/kg) or
saline 2 h after lights on. Two hours following injection, mice were
rapidly decapitated and trunk blood and brains were collected for
cytokine and histamine assays. For TNF-a assays, 4 Kit"V-=MWV-sh mjce
and 5 littermate controls were used; for IL-1(, IL-6, and IFN-y
assays, 13 KitV="W-sh mice and 13 littermate controls were used; and
for histamine assays, 9 KitV=*MWV-=h mice and 8 littermate controls
were used.
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