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Hypothermia and Pharmacological Regimens
that Prevent Overexpression and Overactivity
of the Extracellular Calcium-Sensing Receptor
Protect Neurons against Traumatic Brain Injury

Jong Youl Kim,1,2 Nuri Kim,2 Midori A. Yenari,2 and Wenhan Chang1

Abstract

Traumatic brain injury (TBI) leads to acute functional deficit in the brain. Molecular events underlying TBI remain

unclear. In mouse brains, we found controlled cortical impact (CCI) injury induced overexpression of the extracellular

calcium-sensing receptor (CaSR), which is known to stimulate neuronal activity and accumulation of intracellular Ca2 +

and concurrent down-regulation of type B or metabotropic GABA receptor 1 (GABA-B-R1), a prominent inhibitory

pathway in the brain. These changes in protein expression preceded and were closely associated with the loss of brain

tissue, as indicated by the increased size of cortical cavity at impact sites, and the development of motor deficit, as

indicated by the increased frequency of right-biased swing and turn in the CCI mice. Mild hypothermia, an established

practice of neuroprotection for brain ischemia, partially but significantly blunted all of the above effects of CCI. Ad-

ministration of CaSR antagonist NPS89636 mimicked hypothermia to reduce loss of brain tissue and motor functions in

the CCI mice. These data together support the concept that CaSR overexpression and overactivity play a causal role in

potentiating TBI potentially by stimulating excitatory neuronal responses and by interfering with inhibitory GABA-B-R

signaling and that the CaSR could be a novel target for neuroprotection against TBI.

Key words: calcilytics; calcium-sensing receptor; CaSR; controlled cortical impact; extracellular calcium-sensing receptor;

hypothermia, neuroprotection; traumatic brain injury; type B GABA receptor

Introduction

Traumatic brain injury (TBI) is a leading cause of death and

long-term morbidity throughout the world. Therapies for

neuroprotection at the early phase of injury are limited. Induced

mild hypothermia is a potential regimen to improve neurological

outcome after TBI in preclinical animal models.1 Understanding

the mechanisms that render the neuroprotective effect of hypo-

thermia will help in identifying more specific neuroprotective tar-

gets in developing therapies for the disease.

Excitotoxicity and subsequent Ca2 + overload in the cytoplasm

of the affected neurons are thought to be responsible for neuronal

death after TBI,2–4 but the mechanism(s) underlying the initial cell

membrane depolarization and aberrant Ca2 + mobilization remains

unclear. It has been proposed that excess glutamate secretion,

overactivity of ionotropic glutamate receptors/channels, and volt-

age-sensitive Ca2 + channel increased levels of reactive oxygen

species,4 and the loss of signaling through the inhibitory trans-

mitter c-aminobutyric acid (GABA) contribute to the neuronal

hyperactivity and eventually death. We recently showed that

neuronal death is closely associated with concurrent reduction in

the expression of type B or metabotropic GABA receptors (GABA-

B-Rs) and increases in the expression of the extracellular Ca2 + -

sensing receptor (CaSR) in neurons in culture5 and in a transient

global ischemia (TGI) mouse model.6

CaSR and GABA-B-Rs (R1 and R2) are close members of the

family C of the G-protein coupled receptor (GPCR) superfamily,7

but they have distinct signaling properties. The CaSR was originally

discovered in parathyroid cells (PTCs) where it senses minute

changes in extracellular [Ca2 + ] ([Ca2 + ]e). In PTCs and other cell

systems, activation of CaSR induces excitatory signaling responses,

including activation of phospholipase C (PLC), Ca2 + releases from

intracellular stores, and enhancement of membrane Ca2 + influx,

leading to intracellular Ca2 + accumulation.7 These contrast to the

inhibitory nature of GABA-B-R1/R2 signaling in the central nervous

system. The CaSR is widely expressed and co-localized with GABA-

B-R1 and R2 in brain regions involved in memory, cognition, motor

reflexes, thirst, growth, and energy homeostasis.8
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Most studies investigating the functional roles of neuronal CaSR

were performed in vitro. In culture, activation of CaSR by high

[Ca2 + ]e promotes axonal and dendritic growth of neurons from the

supra cervical ganglion.9 Raising [Ca2 + ]e promotes chemotaxis

and pulsatile release of GnRH in neuronal cell lines.10,11 Activation

of CaSR by high [Ca2 + ]e enhances neuronal excitability in neurons

in the subfornical organ.12 In cultured hippocampal neurons, the

CaSR activates non-selective cation channels and Ca2 + -dependent

K channels and depolarizes their membrane potentials.13–15 These

observations support a role for the CaSR in maintaining intracel-

lular [Ca2 + ], ion permeability and secretory responses in neurons.

We have shown that GABA-B-R1 forms heteromeric complexes

with the CaSR in neurons.5 Blocking GABA-B-R1 expression in

hippocampal neurons in vivo or in culture increases CaSR ex-

pression and promotes cell death,5 while knocking out CaSR genes

increases GABA-B-R1 expression in the same population of neu-

rons,16 indicating mutual regulation of these two signaling mole-

cules. Based on these observations, we hypothesize that increased

CaSR expression promotes cell death by activating excitatory

signaling responses and by down-regulating GABA-B-R1 expres-

sion and signaling and leads to damage in neurons subjected to

ischemia and TBI. In support of this concept, we showed previ-

ously that the ischemia-induced CaSR overexpression and down-

regulation of GABA-B-R1 in the injured hippocampal neurons

were reduced by a hypothermia treatment.6

In the current study, we tested whether alterations in CaSR and

GABA-B-R1 expression are associated with TBI-induced brain

injury and motor deficits and whether these injury responses are

reduced by therapeutic hypothermia or treatment with CaSR an-

tagonist. Our data suggest that CaSR overexpression and perhaps

its overactivity contribute to brain injury after TBI and that this

receptor is a potential therapeutic target for the disease.

Methods

Three-months-old male C57/B6 mice (25–30g) (Simonson La-
boratories) were housed and underwent surgery described in the
protocol approved by the local Institutional Animal Care and Use
Committee (IACUC) in accordance with NIH guidelines.

Controlled cortical impact (CCI)

CCI was performed according to a previously established pro-
tocol.17,18 Briefly, mice were anesthetized with isoflurane (5% for
induction and 2% for maintenance via a nosecone) in a mixture of
medical air:oxygen (3:1). Rectal temperatures were monitored
throughout the procedure. For induction of CCI, anesthetized mice
were fixed in a stereotaxic frame and a midline scalp incision was
made, followed by a circular craniotomy (5 mm in diameter) in the
left parietal plate immediately posterior to the bregma. The dura
was not disrupted. CCI was performed with an automated impactor
(Pinpoint Precision Cortical impactor, Hatteras Instruments, Cary,
NC) with a tip size of 3 mm (in diameter) at 1.5 m/sec velocity to
generate 2 mm penetration with a 100 msec dwell time.17 The ex-
cised cranial bone was replaced immediately, and the incision was
then closed with suture.

Hypothermia regimen and treatment
of CaSR antagonist

Injured mice were subjected to normothermia (CCI:37�C) or
mild hypothermia (CCI:33�C) for 3 h, immediately after the CCI.
Sham-operated mice were also subjected to normothermia
(sham:37�C) or mild hypothermia (sham:33�C) as control.6,19 Mild
hypothermia (33�C) was induced by applying 70% ethanol to the

animal’s torso, fanning, and placement on a cooling blanket. Core
body temperature (monitored by a rectal probe) reached 33�C
within 10 min and maintained for 3 h. We have previously estab-
lished that a 33�C body temperature corresponds to a brain tem-
perature of & 30�C.20 The hypothermic mice were rewarmed on a
heated blanket to 37�C within 30 minutes. Body temperatures in
normothermic mice were maintained at 37�C for the same period,
and their anesthesia was discontinued approximately 3 h later to
account for the duration of cooling in the hypothermic groups.

Mice were recovered for 3 days before their brains were col-
lected for immunohistochemical analyses or for a 14-day period
during which neurobehavioral tests were performed at days 1, 3,
and 7 post-injury. Cortical cavity volumes in the injured mice were
measured at day 14 post-injury. Among 60 experimental mice, we
observed 2 deaths (1 in the normothermic CCI group and 1 in the
hypothermic CCI group).

The CaSR antagonist, NPS-89636 (NPS), was kindly provided
by Dr. Edward Nemeth (MetisMedica, Toronto, Canada). This
compound blocks CaSR-mediated signaling responses and cellular
activities in human embryonic kidney (HEK)-293 cells transfected
with the receptor cDNA and in osteoblasts that express the receptor
endogenously.21–23 For drug treatment, NPS was applied topically
at the site of injury immediately after CCI (1 lg in 10 lL phosphate-
buffered saline, PBS), before closing the craniotomy, followed by
daily doses of NPS via an intraperitoneal route (1 mg/kg body
weight) for 3 days in mice for assessing CaSR and GABA-B-R1
expression in their brains and for 14 days in mice subjected to
behavioral tests and measurement of brain lesion size.

Analyses of brain samples

For immunohistochemical detection of CaSR and GABA-B-
R1, brain samples were prepared and analyzed 3 days after the
surgery with or without hypothermia and/or NPS treatment (n = 3
mice/group) as described previously.6 Briefly, mice were an-
esthetized and transcardially perfused with saline and then para-
formaldehyde (PFA, 4%). Brains were dissected, post-fixed in 4%
PFA, incubated in 20% sucrose at 4�C for 48 h, frozen, and
cryosectioned (10 lm in thickness). Brain sections were incu-
bated sequentially with 0.1% hydrogen peroxidase (3 min), a
blocking buffer (0.5% Triton X-100, 0.1% BSA, 1.5% normal
horse serum in PBS) for 30 min, and custom-made rabbit anti-
CaSR (1:100) or guinea pig anti-GABA-B-R1 (1:1000) antibodies
overnight at 4�C.5,6 Immunoreactivity was amplified and detected
with biotinylated anti-rabbit immunoglobulin G (IgG) (1:200;
Vector Laboratories, CA) or anti-guinea pig IgG (1: 500; Sigma,
MO), peroxidase-conjugated avidin (ABC Elite, Vector Labora-
tories, CA) and diaminobenzidine substrate. Sections were
counterstained with hematoxylin (Sigma, MO).

To measure the size of the lesion, brain samples were collected
14 days after surgery with or without hypothermia and/or NPS
treatment (n = 9 mice/group) and cut into 50-lm serial sections
spanning the site of injury (*2 mm, beginning near bregma).
Sections were stained with hematoxylin and eosin (H&E). A total
number (nt) of 30–35 sections were collected from each brain and
divided into continuous groups (6 or 7 groups depending on the size
of the lesion) with five serial sections per group. The first and
second sections from each group of five (a total of 12–14 repre-
sentative sections, ns), which were evenly distributed across the
cavity, were chosen for analyses. Images of H&E-stained brain
sections were taken by a Zeiss Axio Imager and analyzed using
NIH Image J (v. 1.45) to estimate the cavity volume (in lm3). We
measured the cavity area from digital images of the representative
sections and multiplied it by the thickness to approximate the cavity
volume in each section (As · 50 lm = Vs). The averaged volumes
(SVs/ns) from the representative sections were then multiplied by
the total number of sections (nt) from each brain to estimate the
total cavity volumes.
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Behavior tests

For the swing test, mice were suspended vertically by the tail
with their heads lifted 3 inches above the test bench. Swings were
recorded when mice moved their heads >10 degrees away from the
vertical axis.24 A total of 20 swings were counted in each trial, and
frequency of right-biased swing was calculated for each animal.

The corner test was performed as previously described by our
group.25 Two sheets of cardboard measuring 20 · 30 cm were
placed in the animal’s home cage and positioned to create a
30-degree corner with a 0.5–1 cm gap, which permitted light to
shine through. Mice were placed between the boards and encour-
aged to enter the corner. Once the animals approached the corner,
their vibrissae were stimulated by the cardboard, causing the ani-
mals to rear forward and turn away from the corner. The direction
of turn was recorded. Turns made by mice that did not firmly press
their faces into the corner opening were not counted. Each animal
was tested 20 times, and the frequency of turn toward the ipsilateral
injured hemisphere (right) was calculated.

Statistical analysis

Statistics were performed by Student t test for measurements of
cortical lesion size and by one-way analysis of variance with Holm-
Sidak post hoc test for behavioral tests (Systat Software, Inc., CA).
A p value < 0.05 was signed for > 95% confidence interval between
groups. All data were expressed as mean – standard error.

Results

Hypothermia reduced the size of cortical
lesion following TBI

To study the neuroprotective effect of hypothermia against TBI,

we compared the degree of injury in mouse brains subjected to CCI

with or without a 3-h hypothermia treatment. After a 14-day re-

covery period, the size of cortical brain lesion in H&E-stained

sections was quantified as detailed in Methods. As shown in Figure

1, at normal body temperature, CCI caused significant losses of

neuron and tissue (both grey and white matter), as indicated by an

increase in cortical cavity volume at the impact site (Fig. 1a,1b;

CCI:37�C). Lowering the core body temperature from 37�C to

33�C significantly reduced the impact of CCI on the brain lesion

size as indicated by a smaller cortical cavity volume (Fig. 1a,1b,

CCI:37�C vs. CCI:33�C).

Hypothermia facilitates the recovery of motor functions
in mice subjected to TBI

To determine whether the neuroprotective effects of hypothermia

reduce the loss of motor function in the mice subjected to CCI, we

performed tail-suspended swing and corner-turn tests on the mice

with or without CCI and/or hypothermia treatment. In normothermic

CCI-treated animals, we observe significant increases ( p < 0.05) in

the frequency of right-bias swing (Fig. 2a, CCI:37�C vs. sham:37�C)

and corner turn (Fig. 2b, CCI:37�C vs. sham:37�C) vs. control ani-

mals at days 1, 3, and 7 post-injury. While hypothermia did not alter

these motor functions in sham-control mice (Fig. 2a,2b, sham:33�C

vs. sham:37�C), it significantly reduced the ability of CCI to cause

the right-bias swings (Fig. 2a, CCI:33�C vs. CCI:37�C) and corner

turns (Fig. 2b, CCI:33�C vs. CCI:37�C) at days 3 and 7 post-injury.

The effects of hypothermia were partial, however, becuse the fre-

quencies of right-bias swing (Fig. 2a, CCI:33�C vs. sham:33�C) and

corner turn (Fig. 2b, CCI:33�C vs. sham:33�C) remain significantly

( p < 0.05) higher in the hypothermic CCI vs. sham mice.

Hypothermia blunted the effects of TBI on CaSR
overexpression and GABA-B-R1 down-regulation

Our previous observations, which closely associated neuronal

death with increased CaSR and decreased GABA-B-R1 expression

in mice subjected to TGI, prompted us to determine whether changes

in CaSR and GABA-B-R1 expression precede and contribute to

brain injury in the CCI mice. In sham controls, we detected CaSR

expression at modest levels in the cell membrane of cortical neurons

(Fig. 3a, Sham:37�C) and robust GABA-B-R1 expression in the

same cell populations (Fig. 3b, Sham:37�C). In brain samples ob-

tained from normothermic CCI mice at day 3 post-injury, we ob-

served profound increases in CaSR expression in cortical neurons at

the impact site with substantial amount of receptor protein localized

intracellularly (Fig. 3a, Sham:37�C vs. CCI:37�C). In contrast, CCI

at 37�C caused a decrease in GABA-B-R1 expression in the injured

neurons (Fig. 3b, Sham:37�C vs CCI:37�C).

FIG. 1. Effects of hypothermia on the development of cortical lesion in controlled cortical impact (CCI) mice. (a) Left panels show
representative hematoxylin & eosin (H&E)-stained sections obtained from the center of the brain legion in C57B6 mice subjected to
CCI at the normothermic (CCI:37�C, n = 9 mice) or hypothermic (CCI:33�C, n = 9 mice) condition for 3 h, followed by 14-day recovery.
Right panels show delineation of cortical lesion area (white area) from the corresponding images on the left by using the NIH Image J
software. Bar = 100 lm (b). The volume of brain lesion in CCI mice was quantified using a series of H&E stained sections spanning the
entire cortical cavity as described in Methods. Statistical analysis showed a significant reduction in the averaged lesion volume in
hypothermic vs. normothermic CCI groups. #p < 0.05.
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While the hypothermic regimen had little impact on the CaSR

and GABA-B-R1 expression in cortical neurons in sham-control

mice (Fig. 3a,3b, Sham:37�C vs. Sham:33�C), it significantly

blunted the ability of CCI to up-regulate CaSR and down-regulate

GABA-B-R1 expression in the neurons at the impact site (Fig. 3a

and 3b, CCI:37�C vs CCI:33�C). In fact, GABA-B-R1 expression

was increased by CCI under the hypothermic condition. The data

suggest that the CCI-induced CaSR overexpression and GABA-B-

R1 down-regulation may play a role in causing brain injury and

motor deficit.

CaSR antagonists suppressed the effects of CCI
on cortical lesion and motor deficit

To determine whether CaSR overactivity from the over-

expression of the receptor contributes to the CCI-induced neuro-

trauma, we tested the effects of CaSR antagonist NPS on the ability

of CCI to induce tissue damage and motor deficit. NPS89636 is

known to suppress the ability of CaSR to activate PLC and release

Ca2 + from intracellular stores in native cells or HEK-293 cells

transfected with the receptor cDNA.21–23 In normothermic CCI-

treated mice, NPS treatment significantly reduced the size of the

lesion, compared with that in the vehicle (dimethyl sulfoxide

[DMSO])-treated mice at day 3 post-injury (Fig. 4a,4b, CCI:DMSO

vs CCI:NPS). Consistent with this neuroprotective effect, NPS

administration improved motor functions in the CCI-treated mice

as indicated by a significant reduction in the frequency of right-

biased swing and corner turn when compared with DMSO controls

at day 3 and 7 post-injury (Fig. 5a,5b, CCI:DMSO vs. CCI:NPS).

The compound has no significant effect on the motor functions in

sham mice (Fig. 5a,5b, sham:DMSO vs. sham:NPS). The effects of

NPS were also partial, because the frequencies of CCI-induced

right-bias swing and corner turn remain significantly ( p < 0.05)

higher in the NPS-treated mice (Fig. 4a,4b, CCI:NPS vs.

sham:NPS). Overall, the degree of neuroprotection by NPS is

comparable to that conferred by hypothermia.

Discussion

Studies on the early molecular events leading to brain injury are

essential in developing effective therapies for neuroprotection

against TBI. One approach for such investigations is to delineate

mechanisms rendering the effects of the already known neuropro-

tective regimens, such as hypothermia.6,26,27 In this study, we

confirmed the neuroprotective action of hypothermia in TBI by

demonstrating its ability to reduce brain lesion size and to facilitate

the recovery of motor function in an established CCI injury model.

We further showed that CCI-induced CaSR overexpression and

concurrent down-regulation of GABA-B-R1 occurred before ap-

parent neurodegeneration and that these effects were partially

averted by hypothermia, suggesting that alterations in CaSR and

GABA-B-R1 expression may be a part of brain injury response

after TBI.

The CCI-induced CaSR overexpression is anticipated to pro-

mote neuronal hyperactivity based on the ability of this receptor to

stimulate excitatory signaling responses and to accumulate intra-

cellular Ca2 + . In addition, the reduced inhibitory GABA tone be-

cause of the decreased GABA-B-R1 expression could further

exacerbate these neurodegenerative responses in the affected cells.

In supporting a role for the CaSR overexpression/overactivity in

promoting injury response to TBI, we showed that the CaSR-

specific antagonist, NPS89636, was protective to an extent similar

to that of therapeutic hypothermia. This protective effect is likely

because of direct inhibition of the CaSR in the affected neurons, but

not the ability of NPS89636 to transiently increase serum PTH level

(from inhibition of CaSR in the parathyroid gland) and produce

hypercalcemia, because the latter systemic effects will activate

CaSR and are anticipated to counteract the inhibitory actions of the

compound on the injured neurons. Whether these systemic effects

(increasing serum PTH and Ca2 + levels) actually reduce the ef-

fectiveness of the compound in neuroprotection remains to be

confirmed. Nevertheless, our data suggest that the CaSR could be a

potential therapeutic target for neuroprotection, despite more se-

lective CaSR antagonists that produce less calcemic effects may be

needed to optimize the protection.

It remains unclear how TBI caused CaSR overexpression in the

affected neurons in the first place. Our previous work showed that

brain ischemia induced by transient occlusion of bilateral carotid

arteries causes a robust increase in CaSR overexpression, sug-

gesting that disrupted blood–brain barrier and blood flow and

the eventually local ischemic stress may contribute to CaSR

FIG. 2. Effects of hypothermia on motor functions in controlled
cortical impact (CCI) mice. (a) Swing and (b) corner tests were
performed on mice subjected to CCI with 3 h of normothermia
(CCI:37�C; n = 6 mice) or hypothermia (CCI:33�C; n = 6 mice)
and on mice subjected to sham procedures with 3 h of normo-
thermia (sham:37�C; n = 3 mice) or hypothermia (sham:33�C;
n = 3 mice). The tests were performed at days 1, 3, and 7 post-
injury. The frequency of right-biased swing and corner turn was
calculated after 20 trials for each test on each animal. #p < 0.01,
CCI:37�C vs. sham:37�C; *p < 0.01, CCI:37�C vs. CCI:33�C;
%p < 0.01, CCI:33�C vs. sham:33�C.
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overexpression in TBI. Alternatively, physical insults to neurons

and/or local inflammatory responses could also be a factor. Further

investigations are needed to distinguish these possibilities.

Concurrent changes in CaSR and GABA-B-R1 expression

suggest a close interplay between these two receptors in response to

injury. Although detailed mechanisms underlying the mutual reg-

ulation of CaSR and GABA-B-R1 remain to be defined, our pre-

vious work suggests that physical interactions between these two

receptor proteins can impact their trafficking and stability. CaSR,

GABA-B-R1, and GABA-B-R2 are close members of the family C

GPCR and have strong structural homologies.7 These three re-

ceptors can form heteromeric complexes in neurons expressing the

receptors endogenously and in HEK-293 cells transfected with the

receptor cDNAs.5 Co-expression of the GABA-B-R1 suppressed

the CaSR expression and blunted its ability to activate PLC in the

HEK-293 cells, suggesting that the GABA-B-R1 is a negative

regulator of CaSR expression.5 This notion is further supported by

the observation that knocking out the GABA-B-R1 gene in mouse

FIG. 3. Effects of controlled cortical impact (CCI) and hypothermia on the expression of calcium-sensing receptor (CaSR) and
GABA-B-R1 protein in neurons at impact sites. Immunohistological detection of (a) CaSR and (b) GABA-B-R1 in cortical neurons in
mice subjected to CCI with hypothermia (CCI:33�C, n = 3 mice) or normothermia (CCI:37�C, n = 3 mice) vs. sham control mice with
hypothermia (sham:33�C, n = 3 mice) or normothermia (CCI:37�C, n = 3 mice). Black boxes contain images of higher-power view at
corresponding brain regions. Brown diamino benzidine stain depicts immunoreactivity in the brain sections counterstained with
hematoxylin. Bar = 50 lm.

FIG. 4. Effects of calcium-sensing receptor (CaSR) antagonist (NPS89636) on cortical lesion in controlled cortical impact (CCI)
mice. (a) Left panels show hematoxylin and eosin (H&E) staining of representative brain sections obtained from the center of the brain
legion in mice subjected to CCI under normothermic condition with administration of NPS89636 (CCI:NPS; n = 9 mice) or dimethyl
sulfoxide (DMSO) (CCI:DMSO; n = 9 mice) after 14 days of recovery. Right panels show delineation of cortical lesion area (white area)
from the corresponding images on their left using the NIH Image J software. Bar = 100 lm (b). The volume of the entire cortical cavity
in CCI mice was quantified as described in Methods. Statistical analysis showed a significant reduction in the averaged lesion volume in
NPS vs. DMSO groups. #p < 0.05.
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brains in vivo and in cultured hippocampal neurons increased the

CaSR expression.5 On the other hand, we found that conditional

knockout of the CaSR genes in hippocampal neurons averted

down-regulation of GABA-B-R1 in response to TGI (article in

preparation), suggesting that CaSR is a negative regulator of

GABA-B-R1 expression. These data suggest that interactions be-

tween CaSR and GABA-B-R1 destabilize these protein complexes.

On the other hand, in HEK-293 cells transfected with different

combinations of receptor cDNA, we found that co-expression of

GABA-B-R2 stabilizes the total and cell-surface expression of

CaSR or GABA-B-R1 and that the CaSR tends to compete with

GABA-B-R1 for binding to GABA-B-R2.5 It appears that changes

in the stoichiometry of these three receptors may determine their

overall and perhaps cell-surface expression and functionality

through the formation of distinct protein complexes. We hypoth-

esize that in neurons subjected to TBI or ischemia injury, the CaSR

overexpression could have increased excitatory responses in the

affected neurons not only by increasing CaSR/CaSR homomeric

complexes but also by interfering with formation of GABA-B-R1/

R2 heterodimers that are required for protein stability and GABA

signaling.

The role of CaSR or GABA-B-Rs in brain injury that we ob-

served in our animal model needs further validation in human

subjects. Some clinical studies, however, suggest that those path-

ways may be relevant. Brain biopsies from patients with temporal

lobe epilepsy, from trauma, anoxic injury, and other causes, show

reduced GABA-B-R1 expression in the hippocampal formation.28

Previous studies on brain injury models have shown that increasing

GABA-ergic tone through agonists acting on GABA-A receptors

can limit the extent of brain injury.29 Clomethiazole, a compound

thought to act on the GABA-A receptor, was studied at the pre-

clinical level and shown to be neuroprotective in brain ischemia

models.30–32 Clinical studies suggested a beneficial effect in a

subgroup of stroke patients,33 but follow-up studies failed to

demonstrate a therapeutic effect.34 Here, our studies point to

additional therapeutic targets, namely CaSR, whose inhibition

could potentially enhance neuroprotection against TBI and perhaps

other forms of brain injury. Antagonists (calcilytics) of the CaSR

have been developed to treat CaSR-mediated bone diseases,35 so

these compounds are readily available for future trials in other

clinically relevant TBI animal models and ultimately in patients

with TBI.
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