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The recent public awareness of the incidence and possible long-term consequences of traumatic brain injury only heightens the

need to develop effective approaches for treating this neurological disease. In this report, we identify a new therapeutic target

for traumatic brain injury by studying the role of astrocytes, rather than neurons, after neurotrauma. We use in vivo multiphoton

imaging and show that mechanical forces during trauma trigger intercellular calcium waves throughout the astrocytes, and these

waves are mediated by purinergic signalling. Subsequent in vitro screening shows that astrocyte signalling through the ‘mech-

anical penumbra’ affects the activity of neural circuits distant from the injury epicentre, and a reduction in the intercellular

calcium waves within astrocytes restores neural activity after injury. In turn, the targeting of different purinergic receptor

populations leads to a reduction in hippocampal cell death in mechanically injured organotypic slice cultures. Finally, the

most promising therapeutic candidate from our in vitro screen (MRS 2179, a P2Y1 receptor antagonist) also improves histolo-

gical and cognitive outcomes in a preclinical model of traumatic brain injury. This work shows the potential of studying

astrocyte signalling after trauma to yield new and effective therapeutic targets for treating traumatic brain injury.
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Abbreviations: BAPTA-AM = 1,2-Bis(2-aminophenoxy)ethane-N,N,N0,N0-tetraacetic acid tetrakis(acetoxymethyl ester);
PPADS = pyridoxalphosphate-6-azophenyl-20,40-disulphonic acid

Introduction
Traumatic brain injury affects nearly 10 million people worldwide

each year and will become the third highest cause of death and

disability in the world population by 2020 (Peden et al., 2004).

The public awareness of traumatic brain injury is increasing, as it is

known as the ‘signature injury’ from the Iraq and Afghanistan

conflicts (Corrigan et al., 2010; Risdall and Menon, 2011) and
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may be a risk factor for neurodegenerative disease later in life

(Van Den Heuvel et al., 2007). Despite the clear need for treat-

ments to improve outcome and reduce the long-term effects of

traumatic brain injury, 424 clinical trials have not yielded an ef-

fective universal treatment for traumatically brain-injured patients

(Maas et al., 2010).

Studying astrocytes, rather than neurons, after a traumatic

brain injury can reveal alternative therapeutic targets. Although

a key function of astroglia is to remove and recycle glutamate

from the synaptic cleft (Nedergaard et al., 2003), studies in the

past two decades have revealed that astrocytes also release neuro-

transmitters, such as glutamate (Parpura et al., 1994) and ATP

(Newman, 2001). The glial release of neurotransmitters is signifi-

cant because neuroglial communication influences neuronal activ-

ity (Fellin et al., 2004), plasticity of neuronal circuits (Gordon

et al., 2009), as well as neuronal survival (Ding et al., 2007).

The vesicular release of neurotransmitters, such as glutamate, is

triggered by intracellular elevations in calcium (Parpura et al.,

1994).

The intercellular propagation of calcium waves throughout the

astrocyte network can be mediated by diffusion of intracellular

inositol 1,4,5-trisphosphate (IP3) through gap junctions between

neighbouring astrocytes (Venance et al., 1997), paracrine stimu-

lation of purinergic receptors by glial release of ATP (Guthrie

et al., 1999) or a combination of these mechanisms (Charles,

1998). Mechanical trauma stimulates calcium influx and release

from intracellular stores (Rzigalinski et al., 1998) that triggers

ATP release from astrocytes in vitro, which activates P2X2 and

P2Y1 receptors (Neary et al., 2003). Indeed, mechanical stimula-

tion of even a single astrocyte will elicit an intercellular wave

among a much larger astrocyte population (Charles et al., 1991;

Venance et al., 1997). Hence, these waves are a mechanism to

communicate a local chemical or physical stimulus into regions

well beyond the initial activation zone.

The Cornu Ammonis 3 (CA3) subregion of the hippocampus is

particularly susceptible to degeneration in preclinical animal

models of neurotrauma, even though this region lies deeper in

the brain, beneath the epicentre of mechanical impact (Smith

et al., 1995). The cause of preferential post-traumatic cell death

in CA3 remains uncertain, but it may be attributed to differences

in the mechanical compliance of CA3 (Elkin et al., 2007) or

reduced hyperpolarization that leads to increased excitotoxicity

(Deng and Xu, 2011). Interestingly, approximately half of the syn-

apses in the hippocampal CA1 region are ensheathed by astro-

cytes (Ventura and Harris, 1999), thereby suggesting that

mechanotransmission in astrocytes could play a prominent role

in extending the penumbra of post-traumatic cell death after trau-

matic brain injury.

In this study, we examine the signalling initiated through the

astrocyte network after neurotrauma. We target one major con-

sequence of mechanotransmission through the astrocyte syncyt-

ium—the broad activation of purinergic signalling throughout the

brain—to identify a new therapeutic direction that improves cog-

nitive outcome and reduces neuronal loss after traumatic brain

injury.

Materials and methods

Dissociated cultures
All animal procedures were approved by our institution’s animal care

and use committee. Primary-astrocyte cultures were isolated from Day

18 Sprague-Dawley embryos. Pregnant rats were euthanized by CO2

inhalation followed by cervical dislocation. Embryos were removed by

caesarian section, and cortices were isolated in sterile ice-cold Hank’s

balanced salt solution (Invitrogen) supplemented with 1 M of HEPES.

Cortices were incubated in trypsin (0.3 mg/ml) and DNase I

(0.2 mg/ml, Amersham Biosciences) at 37�C for 20 min. Trypsin and

DNase were removed and enzymatic activity was inhibited by adding

soybean trypsin inhibitor (0.5 mg/ml, Gibco). Cells were mechanically

dissociated, then centrifuged for 5 min at 100g and resuspended in

Dulbecco’s modified Eagle’s medium (Cambrex) with 5% foetal

bovine serum (Hyclone). Cells were filtered sequentially through 60

mm and then 28 mm Nitex meshes (Cross Wire Cloth and

Manufacturing Co.). Cells were plated on poly-L-lysine (Sigma) treated

T75 tissue culture flasks (Fisher Scientific) at a concentration of

1 � 105 cells/ml. Cells were incubated at 37�C with 5% CO2 and

were fed twice weekly.

To develop pure astrocyte cultures, cells at 13 days in vitro were

placed on an orbital shaker at 250 rpm overnight at 37�C, 5% CO2 to

remove the loosely adherent neuronal layer. Flasks were rinsed with

saline solution before adding 4 ml of trypsin/EDTA (0.25%, Invitrogen)

for 2–3 min at 37�C, and the cell layer was mechanically dislodged

from the flask surface. Dulbecco’s modified Eagle’s medium + 5%

foetal bovine serum was added to inhibit enzymatic activity. The

cells were centrifuged for 5 min at 1000g and were resuspended in

Dulbecco’s modified Eagle’s medium + 5% foetal bovine serum. The

cell suspension was diluted to 1 � 105 cells/ml and was replated onto

poly-L-lysine-treated silicone-based elastic membranes (cured Sylgard�

186:Sylgard� 184 at a 7:4 ratio, Dow Corning). Media were changed

at 24 h and then at every 3–4 days until its use at 13–14 days in vitro,

at which point the cultures had reached confluence. Cultures were

495% astrocytes as determined by immunochemistry for glial fibrillary

acidic protein (astrocytes), Type-3 b-tubulin (neurons) and CNPase

(oligodendrocytes) counterstained with Hoechst 33342 (20mg/ml,

Invitrogen).

To develop mixed cultures of neurons and glia, cells were directly

plated after isolation onto either glass bottom dishes (MatTek

Corporation, P35G-1.5-14-C) or the poly-L-lysine-treated elastomeric

membranes. Cells were allowed to adhere for 24 h, and media were

replaced every 4 days until testing at 14–18 days in vitro. At this time

of testing, immunohistochemistry showed �20% astrocytes and 80%

neurons in the culture, indicated by positive staining for glial fibrillary

acidic protein and neurofilament, respectively.

Organotypic hippocampal slice cultures
Brains were aseptically removed from 6- to 8-day-old CD�IGS

(Sprague-Dawley) rat pups (Charles River Laboratories Inc.), trans-

ferred to ice-cold Gey’s salt solution (Sigma-Aldrich) supplemented

with 6.5% glucose. The hippocampus was dissected from each brain

hemisphere and sectioned coronally (350 -mm sections) on a Mcllwain

Tissue Chopper (Brinkman Instruments). The hippocampal slices were

carefully separated, and 1–3 slices were plated onto elastic silicone

membranes that had been pretreated overnight with poly-L-lysine
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(20 mg/ml) and laminin (50mg/ml). Cultures were kept in a humidified

incubator at 37�C and 5% CO2 on a rocker (0.5 Hz, Elmeco

Engineering) for 9–10 days in vitro, with media changes occurring

every 2–3 days.

In BAPTA-AM loaded cultures (100 mM, Molecular Probes),

BAPTA-AM was loaded at room temperature for 40 min. Cultures

were then rinsed twice with warm medium and incubated at 37�C

and 5% CO2 for 20 min before injury. All cultures were stretched

once (see later in the text) and returned to the incubator until

imaging.

Cell stretch injury
Our mechanical injury device applies a rapid (20 ms) transient deform-

ation to a 2 � 18 mm rectangular region of the cell culture surface

(Fig. 2A). Cells in the penumbra of the stretched region experience

no mechanical deformation (Lusardi et al., 2004). Deformations of 5,

15 and 25% strain were used to simulate mild, moderate and severe

injuries, respectively, below the threshold for damage to the blood–

brain barrier (Shreiber et al., 1999). In the study of post-traumatic

administration of the P2Y1 antagonist MRS 2179, organotypic hippo-

campal cultures were stretched on a comparable biaxial stretch-injury

device (Cater et al., 2006).

In dissociated cultures, cell viability after stretch was determined by

incubating cells in propidium iodide (5 mg/ml, Molecular Probes) and

Hoechst 33342 for 15 min before fixing with 4% paraformaldehyde. In

hippocampal slice cultures, cells were loaded with propidium iodide

15–20 min before injury. Slices were removed from the incubator at

the designated time after injury and were imaged on a confocal micro-

scope. Propidium iodide labelling was analysed using MetaMorph soft-

ware (Universal Imaging). For each hippocampal slice, a single image

was chosen for analysis at a distance of 20mm above the Sylgard�

membrane surface.

Glutamate excitotoxicity
Mixed cultures of neurons and glia were subjected to 100 mM of

glutamate at 14 days in vitro, resulting in excitotoxic cell death as

evidenced by a loss of cells labelled with the neuronal marker

MAP-2.

In vitro calcium imaging
Imaging of intercellular calcium waves astrocytes was done using the

ratiometric calcium dye Fura-2-AM (5 mM, Invitrogen). Cells were

incubated for 50 min in the dark at room temperature, rinsed with

saline and incubated for an additional 10 min. Cells were imaged on

a TE300 inverted microscope equipped with our cell stretching device.

Fura-2 was excited with a 340 and 380 nm filter wheel, and images

were acquired every 3 s with a Hamamatsu Orca ERG camera using

MetaFluor imaging software (Molecular Devices). Cells were con-

sidered to be responding if the peak Fura-2 ratio after stretch was

50% higher than the mean baseline value. Cells in the penumbra

were imaged by viewing through a fused silica plate that did not

interfere with either the excitation or emission spectra of the Fura-2

indicator. The distance that calcium waves propagated into the pen-

umbra was determined by measuring the distance from the edge of

the stretched region to the farthest responding cell in the field of view

within 1 min after stretching.

Measurements of intracellular calcium changes in neurons, used as

an indicator of electrical activity, were accomplished using the

calcium-sensitive fluorescent dye Fluo-4. Thirty minutes before sched-

uled observation, neurons were loaded with Fluo-4-AM (Invitrogen,

1 mM) at room temperature. Immediately before imaging, neuronal

cultures were rinsed in buffered saline solution (CSS; 126 mM NaCl,

5.4 mM KCl, 1 mM MgCl2, 1.8 mM CaCl2, 10 mM HEPES, 25 mM glu-

cose, pH 7.4) and were placed on a Nikon TE2000-U microscope,

equipped with a Yokogawa spinning disk confocal unit (CSU-10B,

Solamere Technologies), Coolsnap HQ2 CCD camera (Roper

Scientific) and operated with MetaMorph 7.6.5.0 software

(Molecular Devices). Calcium activity from 100 to 200 neurons in

the field of view was recorded at 20 Hz for 5 min, using a 488-nm

excitation laser (BlueSky Research, FTEC2) and Nikon � 10/0.45 Plan

Apo objective. After acquiring the necessary image set, N-methyl-D-

aspartate (100 mM) was added to the cultures to discriminate between

neurons and astrocytes in the mixed culture. We confirmed the

detection of different cell types in the culture using this N-methyl-D-

aspartate stimulation method by using independent immunocytochem-

istry with cell-specific markers (astrocytes: glial fibrillary acidic protein;

neurons: neurofilament 68kDa (NF-68)). Post-processing of images

used custom-designed routines developed in MATLAB (The

MathWorks Inc.) to detect peak transients for individually selected

cells in the field of view, to assemble raster plots of activity in the

neuronal layer and to measure changes in intracellular calcium within

astrocytes of the mechanical penumbra.

Luciferin–luciferase assay
Extracellular ATP was detected using the luciferin–luciferase reaction.

Astrocytes were incubated in 0.5 ml of saline containing 140 mg/ml fire-

fly luciferase (L-1759, Sigma) and 100 mg D-luciferin sodium salt

(L-6882, Sigma). Luminescence measured with a �40 objective at-

tached to an upright microscope equipped with a photon counting

intensified charge-coupled device (CCD) camera (C2400-35). Photon

counts were streamed to disk at a frequency of 30 Hz and were inte-

grated after acquisition. Values reported are integrated counts per 3 s,

normalized to the average baseline values for the 15 s before injury.

In vivo imaging calcium waves from
cortical impacts
Mice (C57Bl6, Jackson) were prepared for in vivo imaging as previ-

ously described (Tian et al., 2006). Briefly, mice were anaesthetized

with an intraperitoneal injection of 1.5 g/kg urethane. A 2.3-mm cra-

niotomy was produced on the left hemisphere, midway between

bregma and lambda. The dura was gently removed, being careful

not to damage the underlying cortex. A head plate containing a

window for the exposed cortex was cemented to the skull with

VetbondTM. The exposed cortex was incubated with 0.65 mM of

Fluo-4-AM (Invitrogen) diluted in 20% pluronic in dimethyl sulphoxide

with artificial CSF for 1.5 h. Fluo-4 was rinsed with artificial CSF and

was incubated for an additional 30 min to allow for de-esterification.

The cortex was coverslipped, and 1.5% low temperature agarose was

injected between the coverslip and the cortex to minimize motion

artefact during in vivo imaging. The cortex was continuously irrigated

with artificial CSF to prevent drying. This loading protocol preferen-

tially labels astrocytes with Fluo-4 up to a depth of �150mm beneath

the surface of the cortex (Tian et al., 2006). Mice were mounted in an
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Figure 1 Mechanical impact to mouse cortex triggers astrocyte calcium waves in vivo that are mediated by purinergic signalling.

(A) Calcium activity in cortical astrocytes detected by two-photon in vivo imaging of Fluo-4 calcium indicator. Selective loading of Fluo-4

with the astrocyte specific indicator SR101 (B–D). Mechanical impact triggered calcium waves in astroglia (E and H). The extent of

post-traumatic calcium waves, measured by the per cent area of increased Fluo-4 fluorescence, was attenuated by degrading ATP with

apyrase (F, H and I), but was not changed by blocking gap junctions (G, H and I). Error bars denote standard error of the mean (SEM) from

three (non-impact) to five (impact) animals per group. FFA = flufenamic acid.

68 | Brain 2013: 136; 65–80 A. M. Choo et al.



in vivo two-photon imaging system (Prairie Technologies), and images

were acquired at 3 s intervals using a �40 water-immersion infra-red

objective with 820 nm excitation wavelength. Cortical impacts

(200 mm) were delivered using a custom-built impactor, with a tip

diameter of 200 mm (Fig. 1A).

Drug infusions and controlled cortical
impact brain injuries
Eighty mice (C57Bl6, Jackson) were used for the in vivo study on

treating brain injury with the purinergic antagonist MRS 2179 or arti-

ficial CSF vehicle control. The mice were divided into the following

groups with the euthanasia time-point in days indicated in parenth-

eses: eight naı̈ve, 11 artificial CSF infusion control mice (n = 5 Day 3,

n = 6 Day 7), 10 MRS 2179 infusion control mice (n = 4 Day 3, n = 6

Day 7), 24 injured and treated with artificial CSF infusion (n = 11 Day

3, n = 13 Day 7) and 27 injured and treated with MRS 2179 (n = 12

Day 3, n = 15 Day 7). Three days before controlled cortical impact

brain injuries, mice were anaesthetized with 60 mg/kg sodium pento-

barbital and an Alzet micro-osmotic mini-pump (DURECT Corporation)

containing 1 mM of MRS 2179 or artificial CSF vehicle control was

implanted into a dorsal subcutaneous pocket. The treatment solution

was infused into the right ventricle through a 3.0 mm, 30 gauge can-

nula (Alzet Brain Infusion Kit 3, DURECT Corporation) that was stereo-

taxically positioned (Kopf Instruments) at 0.9 mm rostral to bregma

and 0.6 mm lateral to the sagittal suture. A 0.8-mm burr (Meisinger)

was used to drill an opening in the skull, and the cannula was lowered

and cemented into place.

On the day of injury, mice were anaesthetized with 60 mg/kg of

sodium pentobarbital and were placed in a stereotaxic frame. A 4-mm

craniotomy was produced on the left hemisphere, midway between

bregma and lambda. Moderate controlled cortical impact brain injuries

were produced with a pneumatic impactor at a speed of 2.4 m/s to a

cortical impact depth of 1.1 mm. The cranial exposure was sutured

close, and the animals were placed in a warmed cage to recover

from anaesthesia.

Morris water maze
At 3 or 7 days post-injury, the spatial learning of the mice was tested

in the Morris water maze (Smith et al., 1995). In this test, the mice

swim in opaque water searching for an escape platform. Visual cues

on the walls of the water maze enable the mice to learn the position

of the escape platform over eight repeated trials. The mean escape

latency for the last four trials was used as a measure of the learning

ability of the mouse.

Euthanasia and histology
Mice were anaesthetized with an overdose of sodium pentobarbital.

Animals were transcardially perfused with 20 ml of ice-cold phosphate

buffered saline (PBS) (pH 7.4) and then 40 ml of freshly hydrolysed

ice-cold 4% paraformaldehyde. Brains were harvested, post-fixed

overnight in 4% paraformaldehyde at 4�C and then cryoprotected in

24% sucrose. Tissue was mounted in Tissue-Tek� and was frozen in

isopentane cooled with dry ice. Tissue was cryosectioned at 20 mm.

Exhaustive sections were evenly distributed over five replicate series,

with a spacing of 200mm between sections within a series.

Histological sections were imaged on a Leica DM4000 microscope.

Lesion volumes were calculated using Cavaleri’s method (Howard and

Reed, 1998) from 10 sections stained with haematoxylin and eosin.

Figure 2 Mechanical stretch triggers intercellular calcium waves

and ATP release in astrocytes in vitro. (A) Schematic of stretch

chamber where astrocytes grown on silicone elastic membranes

(green grid) were stretched by a pulse of air pressure that de-

flects the membrane (2 � 18 mm2) through a slit in the cham-

ber’s base. The mechanical penumbra is the region adjacent to

the stretched region. (B) Fura-2-AM imaging revealed mech-

anically induced intercellular calcium waves propagate from the

injury epicentre outward (C). Colorimetric scale bar represents

Fura-2 ratio (340/380 nm). (D) A significantly greater proportion

of astrocytes in the penumbra showed increases in intracellular

calcium (450% above baseline) than astrocytes directly in the

stretched region (P50.05). (E) Imaging of luciferin–luciferase

showed mechanical stretching induced ATP release within the

first minute. This increase in intracellular calcium was signifi-

cantly attenuated by BAPTA-AM, indicating that the ATP release

was mediated by intracellular calcium. Error bars denote SEM

from 4 to 33 stretch injuries per group. Scale bars = 50 mm.
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Stereology in CA3
Cell loss in the CA3 subregion of the hippocampus was revealed by

Cresyl violet staining and was quantified using stereology with optical

disectors (Howard and Reed, 1998) similar to methods previously

described (Baldwin et al., 1997; Oliveira-da-Silva et al., 2010). The

optical disector enables total cell counts in a 3D volume to be esti-

mated from pairs of images. Images were acquired using a �40 0.85

numerical aperture (NA) objective lens with a Leica DFC500 camera

equipped with pixel shifting technology that triples the acquired image

resolution. The resultant lateral resolution was 0.1 mm per pixel with a

depth of field of 0.36 mm. The microscope’s z-position was tracked

with a Heidenhain 0.05 -mm-resolution length gauge (MT 1271,

Heidenhain) that enabled determination of the total tissue section

thickness as well as positioning the 3 -mm optical disector within the

middle of the tissue section. Disector images were acquired from serial

sections registered to bregma, �1.4, �1.6, �1.8, �2.0 and �2.2

(Franklin and Paxinos, 1996). The CA3 subregion was manually traced,

and 30 � 30mm2 unbiased stereological counting frames on a

60 � 60 mm2 grid were randomly placed on CA3 (Fig. 6A). Standard

stereology counting procedures for the optical disector were used

(Howard and Reed, 1998). Nucleoli—identified by dense Nissl stain-

ing—were enumerated if they appeared within the counting frame of

the reference section (Fig. 6B) and were absent from the look-up

section. Nucleoli that appeared in both the reference and look-up

sections (Fig. 6B and C) were not counted, nor were nucleoli that

touched the forbidden lines of the counting frame (Fig. 6B). The

number of cells enumerated within the counting frames was scaled

by the area fraction sampled by the grid of frames and then scaled

again by the volume fraction (disector thickness/tissue section thick-

ness) to determine the total number of cells in the 3D volume. Section

selection and quantitative analysis were conducted blind with counts

performed on side-by-side disector counting frames rendered in

custom software written in MATLAB.

Animals were excluded if a complete set of serial sections was not

available at the prescribed coronal coordinates (because of imperfect

cryosectioning), which resulted in the following group sizes for the

stereological analysis: six naı̈ve, eight artificial CSF infusion control

mice, nine MRS 2179 infusion control mice, 17 injured and treated

with artificial CSF infusion and 21 injured and treated with MRS 2179.

Statistical analysis
Data are reported as mean � standard error and analysed by ANOVA

followed by post hoc analysis using Student Newman-Keuls or Tukey’s

Honestly significant difference test for unequal group numbers. Fura-2

data were transformed using a log transform to establish homogeneity

of variance. For stereological analysis, the baseline effect of cannula

implantation was determined by comparing pump infusion control

mice with naı̈ve animals using one-way ANOVA (naı̈ve, artificial CSF

and MRS 2179) in each hemisphere. Infusion control mice were also

analysed with two-way (time and treatment) repeated-measures

ANOVA to assess the effect of artificial CSF and MRS 2179 on the

contralateral side versus the uninjured lesion side. The efficacy of

treating controlled cortical impact injuries with artificial CSF and

MRS 2179 was analysed with three-way ANOVA (time: Day 3, Day

7; injury: pump infusion control mice, controlled cortical impact; treat-

ment: artificial CSF, MRS 2179) in the penumbra region and the

region adjacent to the lesion in both hemispheres. There was consist-

ently no effect of time post-injury. As such, the data were pooled

across days. Data were considered significant at P5 0.05.

Results

Mechanotransmission through the
astrocyte network is mediated by
purinergic signalling
We first measured the immediate response of in vivo astrocytes to

neurotrauma, hypothesizing that mechanical injury initiates astro-

cyte signalling into regions distant from the initial impact site. We

focused on the immediate changes in cytosolic calcium within in-

dividual astrocytes, given the role of calcium signalling in astroglial

release of neurotransmitters (Haydon and Carmignoto, 2006).

Micromechanical impact, or ‘microTBI’, of the exposed cortex to

a depth of 150–200mm clearly triggered intercellular calcium

waves in cortical astrocytes (Fig. 1A–E). The addition of apyrase

to degrade ATP significantly attenuated the intercellular wave ap-

pearing after microTBI (Fig. 1F, H and I). In contrast, the addition

of flufenamic acid to block gap junctions did not attenuate mech-

anically triggered calcium waves (Fig. 1G–I). These results illustrate

that mechanical trauma to astrocytes in vivo triggers ATP-

mediated calcium waves, which transmit the impact outward,

beyond the initial epicentre of mechanical trauma.

After learning that astrocyte intercellular waves after in vivo

microTBI were mediated by ATP, we used an in vitro model of

neurotrauma (Fig. 2A–C) to compare graded severities of trauma,

to detect the release of ATP in response to calcium waves

(Newman, 2001) and to identify the prominent mechanisms reg-

ulating the propagation of intercellular calcium waves. Across a

spectrum of mechanical injury levels, a calcium wave proportional

to the magnitude of stretch-injury propagated outward into the

penumbra of the mechanical injury epicentre (Fig. 2D).

Remarkably, the calcium transient caused by stretch was enhanced

in the mechanical penumbra compared with the zone of primary-

mechanical injury, with a significantly higher fraction of astrocytes

responding in the penumbra after 15 and 25% stretch injury levels

(Fig. 2D). Coincident with the progression of this intercellular

wave through the astrocytes, we measured the release of ATP

into the mechanical penumbra by using a luciferin–luciferase

assay. Extracellular ATP levels increased over the course of 1 min

after injury before recovering to baseline during the subsequent

10 min (Fig. 2E). Pretreatment of the cells with BAPTA-AM

(100 mM) to chelate intracellular calcium prevented the propaga-

tion of the calcium waves into the penumbra of the stretched

region and reduced the release of ATP into the extracellular en-

vironment (Fig. 2E).

We examined the relative role of mechanisms that mediate the

propagation of intercellular waves through astrocytes after mech-

anical injury. At the lowest injury level tested (5% peak stretch),

broad spectrum antagonism of P2 purinergic receptors with sura-

min (100 mM), pyridoxalphosphate-6-azophenyl-20,40-disulphonic

acid (10 mM PPADS) or degradation of extracellular ATP with

the enzyme apyrase (20 U/ml) attenuated the propagation of cal-

cium waves both adjacent (75mm) to and remote (375 mm) from

the area of mechanical injury (Fig. 3A–C). At moderate injury

levels (15% strain), it was necessary to block gap junctions with
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flufenamic acid (30mM) in addition to P2 purinergic signalling

(10 mM of PPADS) to abolish calcium wave propagation (Fig. 3D

and E; P5 0.001 total calcium response in presence of flufenamic

acid + PPADS compared with untreated stretch injuries). At the

highest level of stretch tested (25%), antagonism of P2 receptors

continued to attenuate the majority of the calcium wave propa-

gation to the remote region (Fig. 3F and G), but a cocktail of

purinergic antagonists, gap junction blockers and antagonists to

metabotropic glutamate receptors [100 mM of LY367385

mGluR1 antagonist and 50 mM of 2-methyl-6-(phenylethynyl)-

pyridine mGluR5 antagonist] was necessary to block the signalling

entirely.

Astrocyte calcium waves in the
penumbra can influence the activity
of injured neuronal networks
We next tested whether intercellular calcium waves within astro-

cytes of the mechanical penumbra influence the activity of neur-

onal networks. In uninjured mixed neuronal-glial cultures,

functional multi-neuronal calcium imaging (Yuste et al., 1992;

Christie et al., 1995; Jayaraman and Laurent, 2007) revealed

spontaneous activity among neuron clusters (Fig. 4A–E), an activ-

ity pattern we confirmed with neuronal-glial cultures grown on

microelectrode arrays (Supplementary Fig. 1). After mechanical

injury, astrocyte intercellular calcium waves appeared in the mech-

anical penumbra (Fig. 4F), and both the spontaneous synchronous

frequency and degree of synchronization decreased significantly in

the mechanical penumbra with the onset of the intercellular wave

(P50.01; Fig. 4G versus Fig. 4H, L and M). Similar to pure astro-

cyte cultures, mixed cultures pretreated with either BAPTA-AM,

PPADS or apyrase blocked the calcium wave from appearing in

astrocytes within the mechanical penumbra (Fig. 4I) and main-

tained post-traumatic neuronal activity at a level similar to

pre-injury values (Fig. 4J versus Fig. 4K, L and M; for both metrics:

P4 0.2 when treated with BAPTA-AM; P40.1 when treated

with PPADS + apyrase).

Astrocyte calcium signalling and
purinergic receptor activation contribute
to cell death in the hippocampal CA3
subregion after traumatic injury
With this conspicuous role of astrocytes in mechanotransmission

after trauma in vivo as well as in vitro, we sought to determine

whether these calcium waves and their influence on neuronal ac-

tivity ultimately mediated post-traumatic neuronal survival.

Intracellular calcium waves can trigger the release of gliotransmit-

ters (Parpura et al., 1994), and these gliotransmitters can stimulate

neuronal N-methyl-D-aspartate receptors (Fellin et al., 2004), pur-

inergic receptors on neurons (Pascual et al., 2005), and contribute

to the cell death and dysfunction after injury. Mechanical injury to

cultured organotypic hippocampal slices (Supplementary Fig. 2)

produced a significant and selective increase in cell death within

the CA3 subregion of the slice culture (P50.001; compared with

Figure 3 Purinergic signalling is a consistent mechanism of

calcium-wave propagation at different injury severities. At the

mildest level of mechanical trauma (5% peak stretch), propa-

gation of calcium waves into the penumbra (A) was arrested

from reaching the remote region (375 mm) by ATP degradation

with apyrase or purinergic antagonism with PPADS but not by

gap junction blockade (flufenamic acid and �-glycyrrhetinic acid)

(A–C). At a more severe stretch (15% peak), P2 antagonism

attenuated calcium waves in distant regions of the culture

(375 mm from injury), and the combined inhibition of gap junc-

tions with P2 receptors nearly abolished calcium waves in this

remote region (D and E). At our most severe level of mechanical

injury (25% peak stretch), purinergic antagonism reduced cal-

cium waves in a region remote from the mechanically injured

astrocytes (F and G), and a combined inhibition of purinergic

receptors, gap junctions and metabotropic glutamate receptors

completely blocked a calcium transient in the remote region (G).

Error bars denote SEM from 8 to 24 stretch injuries per group.
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uninjured control cultures), as indicated by propidium iodide

uptake at 24 h after injury (Fig. 5A). The increase in cell death

after injury was significantly reduced by chelating calcium within

astrocytes using a protocol (Liu et al., 2004) to preferentially load

BAPTA-AM into astrocytes (Fig. 5B; selective loading shown in

Supplementary Fig. 3). Elevations in intracellular calcium within

astrocytes could trigger release of glutamate and activate extra-

synaptic N-methyl-D-aspartate receptors on neurons, leading to

cell death (Hardingham et al., 2002). In support of this possible

mechanism, broad spectrum blockade of N-methyl-D-aspartate re-

ceptors with D-2-Amino-5-phosphonopentanoic acid (50 mM APV)

significantly reduced cell death in CA3 after mechanical injury

(P5 0.05 compared with untreated injuries; Fig. 5B).

Given the poor clinical success with N-methyl-D-aspartate recep-

tor antagonists for treating traumatic brain injury (Ikonomidou and

Turski, 2002), we focused on an alternative therapeutic pathway

Figure 4 The activity of in vitro neuronal networks in the mechanical penumbra is influenced by intercellular waves in astrocytes and

purinergic signalling. Mixed cultures of neurons and glia exhibited calcium oscillations detected with Fluo-4 imaging (A–C). (D) Normalized

fluorescence traces show spontaneous calcium activity in the neurons numbered in A–C. (E) Fluorescence peaks (red lines in D) are

converted into a binary raster to analyse network activity. Calcium oscillations correspond to electrical activity (Supplementary Fig. 1).

Mechanical injury triggered a calcium transient in astrocytes of the mechanical penumbra within 30 s of injury (F). Spontaneous activity in

neurons located in the mechanical penumbra decreased after injury (G before injury versus H–recording period beginning 80 s after injury

when calcium wave has passed through). Pretreating mixed cultures with BAPTA-AM or a combination of PPADS and apyrase blocked the

calcium wave from propagating into the mechanical penumbra (I) and reduced post-traumatic changes in neural activity patterns (J versus

K). Both spontaneous burst events and the synchronized activity were decreased in the penumbra after injury, and these changes were

blocked with PPADS + apyrase or BAPTA-AM treatment (L and M). Scale bars: A–C = 25 mm. Error bars in L and M = SEM from

n = 4/group.
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suggested by our collective data, that is, targeting the purinergic

receptor population that could be activated in both astrocyte and

neuronal networks. In untreated cultures, injury increased the level

of propidium iodide labelling in CA3 by 5.6- � 1.4-fold relative to

uninjured organotypic hippocampal slices (Fig. 5B). Digesting

extracellular ATP with apyrase significantly reduced propidium

iodide labelling (P50.05 versus untreated cultures; n = 7) to

0.4- � 0.3-fold relative to apyrase treatment without injury. The

neuroprotective action of apyrase, however, is not specific, as the

breakdown of ATP into the inhibitory transmitter adenosine may

Figure 5 Purinergic antagonism is neuroprotective in stretch-injured hippocampal slices and excitotoxic insult. Organotypic slice cultures

of the hippocampus were mechanically injured and evaluated for cell death using propidium iodide (PI) labelling 24 h after injury.

Cell death was significantly increased in the CA3 subregion at the higher levels of mechanical injury (A; n = 21–28/group). Blocking

astrocyte calcium signalling with BAPTA-AM reduced cell death in CA3, as did the broad-spectrum N-Methyl-D-aspartate receptor

antagonist, (2R)-amino-5-phosphonovaleric acid (APV) (B; n = 7–22/group). The role of ATP in mediating the cell death after mechanical

injury was significant, as apyrase treatment reduced cell death to a level similar to uninjured cultures. Antagonism of P2 receptors with

PPADS, and specific antagonism of P2Y1 receptors with MRS 2179 showed equal efficacy in protecting against cell death in CA3 when

applied before stretch-injury (B). Administration of MRS 2179 (30 mM) immediately after stretch to organotypic hippocampal slices

(vehicle group 7.5 � 3.6% stretch, n = 40; treated group 11.8 � 4.6%, n = 44) was also neuroprotective (C–E). Application of 100mM

glutamate to mixed cultures of neurons and glia at 14 days in vitro results in excitotoxic cell death as evidenced by a loss of cells labelled

with the neuronal marker MAP-2 (F; n = 3/group). Application of 50 mM MRS 2179 after glutamate stimulation protects neurons from

excitotoxic cell death at 24 h. Data are presented as mean � SEM. DG = dentate gyrus.
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Figure 6 Antagonism of P2Y1 receptors improves hippocampal sparing after controlled cortical impact brain injury. Stereological un-

biased counting frames (30 � 30 mm2) arranged in a grid pattern (60 � 60 mm2) were randomly overlaid on the CA3 subregion of the

hippocampus to count nucleoli stained with Cresyl violet (A; scale bar = 50 mm). The optical disector method (B and C; disector separ-

ation = 3 mm, scale bars = 10 mm) was used to determine the number of nucleoli (dense Nissl staining) in 3D. With unbiased counting

frames, the objects of interest may touch the green acceptance lines (B and C) but are not counted if they touch the red forbidden lines

(double arrowhead in B). Additionally, in the disector method, nucleoli are counted if they lay within the counting frame of the reference

section (arrows B) without appearing in the look-up section (C). Nucleoli appearing in both optical sections (arrowheads B and C) are not
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also provide neuroprotection by reducing excitatory release of syn-

aptic glutamate through adenosine receptors (de Mendonca et al.,

2000). A more specific treatment with PPADS (10 mM,

Sigma-Aldrich), a non-selective P2 receptor antagonist with no

effect on adenosine receptors, significantly reduced cell death

after mechanical injury at 24 h (Fig. 5B; P50.01; n = 24).

To determine a more specific mechanism of neuroprotection, we

antagonized the metabotropic P2Y1 receptor, known to trigger

astrocytic glutamate release (Domercq et al., 2006), stimulate pro-

liferation and gliotic responses (Franke et al., 2001) and increase

inhibitory network tone among hippocampal neurons (Bowser and

Khakh, 2004). Pretreatment of slice cultures with the specific P2Y1

receptor antagonist MRS 2179 (10mM; n = 12) significantly

reduced cell death in CA3 as evidenced by propidium iodide label-

ling of only 2.0- � 0.7-fold compared with the 5.6-fold increase

observed in untreated slice cultures (P50.05; Fig. 5B).

Importantly, the reduction in cell death that was achieved with

MRS 2179 was similar to that achieved with broad-spectrum

N-methyl-D-aspartate receptor antagonist and broad-spectrum P2

receptor antagonist (Fig. 5B).

The effect of P2Y1 on neuroprotection was sustained, showing

a significant reduction in cell death up to 96 h when treatment

was applied after hippocampal injury (Fig. 5C and D). Finally, MRS

2179 treatment also protected against glutamate-induced toxicity

in mixed cultures of neurons and glia, suggesting that this ap-

proach could be an effective strategy to protect against both

the mechanical and neurochemical sequelae encountered in trau-

matic brain injury (Fig. 5F). Hence, these data indicate that in the

CA3 subregion of the hippocampus, P2Y1 receptors represent a

viable therapeutic target to reduce post-traumatic cell death after

mechanical injury and glutamate toxicity in vitro.

Antagonism of P2Y1 receptors with
MRS 2179 reduces loss of hippocampal
neurons in the lesion penumbra and
reduces cognitive deficits after
controlled cortical impact brain injury
in mice
With a specific purinergic receptor target established, we tested

whether blockade of purinergic receptors during mechanical

trauma in vivo could be neuroprotective. We used the controlled

cortical impact model of traumatic brain injury and implanted

micro-osmotic pumps into mice to deliver the P2Y1 antagonist

MRS 2179 (1 mM) or artificial CSF vehicle control into the lateral

ventricle 3 days before traumatic brain injury. We focused specif-

ically on the CA3 subregion of the hippocampus, which we pre-

viously analysed in hippocampal slices, because this region is

particularly susceptible to cell death after traumatic brain injury

(Smith et al., 1995).

Qualitatively, the CA3 pyramidal cell layer appeared grossly

intact in control animals that received implantation of the

micro-osmotic pump and cannula without controlled cortical

impact (Fig. 6D–G). In stark contrast, controlled cortical impact

resulted in visible loss of CA3 pyramidal cells in the injured hemi-

sphere (Fig. 6H–K).

Quantitatively, stereological counts of Cresyl violet-stained

nucleoli revealed that control animals that received pump

implantation alone exhibited a statistically significant reduction in

CA3 nucleoli counts compared with naı̈ve animals (Fig. 6L;

P50.001, naı̈ve versus artificial CSF and naı̈ve versus MRS

2129 in all post hoc comparisons in both the uninjured lesion

Figure 6 Continued
counted. An estimate of the total counts in the volume is determined by scaling the counts made within the counting frames by the area

fraction covered by these frames and the volume fraction sampled by the optical disector (disector thickness/measured tissue thickness).

Implantation of the intraventricular cannula to deliver artificial CSF (aCSF) or MRS 2179 produced some loss in Cresyl violet staining for

neurons in the CA3 pyramidal layer of uninjured animals, although CA3 appeared grossly intact (D and E; scale bars = 200mm). Colour

threshold images in F and G qualitatively illustrate slight loss of Cresyl violet staining between artificial CSF and MRS 2179 treated animals

at 7 days because of the infusion alone without cortical impact. After controlled cortical impact (CCI), the CA3 subregion exhibits

widespread loss of Cresyl violet staining (H and I; scale bars = 200mm), further illustrated by colour threshold (J and K). In uninjured

animals (artificial CSF n = 4 Day 3, n = 4 Day 7; MRS 2179 n = 4 Day 3, n = 5 Day 7), implantation of the cannula to infuse artificial CSF or

MRS 2179 significantly reduced stereological counts of Cresyl violet-stained nucleoli in CA3 compared with completely untreated naı̈ve

control mice (n = 6 naı̈ve, *P50.001 for all post hoc comparisons between naı̈ve and the corresponding region in infusion pump control

mice). Overall, the contralateral hemisphere where the cannula was implanted exhibited a greater loss in nucleoli counts compared with

the uninjured lesion side (†P = 0.004). In these infusion control mice, there was no significant difference between days (P = 0.951) or

infusion with artificial CSF versus MRS 2179 (P = 0.441). After controlled cortical impact, animals treated with artificial CSF (n = 17)

exhibited a significant reduction in counts compared with artificial CSF infusion control mice in the lesion penumbra between bregma

�1.4 and �1.6 mm (M; *P = 0.033). In contrast, in animals treated with MRS 2179 (n = 21), no additional nucleoli loss was observed in

the penumbra (P = 0.929 MRS 2179 infusion control mice versus controlled cortical impact treated with MRS 2179, M). In the contra-

lateral hemisphere, there was no statistically significant difference overall between groups (N). Note that counts are comparable within a

given region in M and N, but the penumbra and region adjacent or contralateral to the lesion are not comparable with each other because

the volume of tissue sampled and the geometry of the hippocampus are both different. Insets in M and N highlight regions shown on bar

graphs along with the controlled cortical impact epicentre denoted by arrowheads (illustration is not to scale). (O) Lesion volumes in the

cortex were not significantly different between animals treated with MRS 2179 and those treated with artificial CSF vehicle control.

Lesion = lesion side in controlled cortical impact mice; Contra = contralateral side to controlled cortical impact lesion; Ctrl = pump infusion

control mice without injury. Data are presented as mean � SEM.
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side and contralateral side where the cannula was implanted).

In these pump infusion control mice, two-way repeated-measures

(lesion and contralateral in same animal) ANOVA comparing the

effects of time (Day 3, Day 7) and type of treatment infused

(artificial CSF, MRS 2179) showed no overall difference between

Day 3 and Day 7 (P = 0.951) or difference between artificial CSF

infusion and MRS 2179 infusion (P = 0.441). The analysis detected

a statistically significant reduction in overall nucleoli counts on the

contralateral side where the cannula was implanted compared

with the uninjured control lesion side (Fig. 6L; P = 0.004, overall

Figure 7 Antagonism of P2Y1 receptors reduced post-traumatic learning deficits after controlled cortical impact brain injury. Escape

latency from Morris water maze indicates spatial learning ability of mice where a longer escape time is indicative of learning deficits

(compare A and B; dotted contours indicate swim path, colour indicates speed). (C) Bar graphs show escape latency after controlled

cortical impact (*P = 0.019). (D) Average swim speed showed a significant improvement with MRS 2179 treatment compared with

artificial CSF (aCSF) infusion (*P = 0.015). (E) Peak swim speed was not different among treatment groups (artificial CSF, MRS 2179) at

any time point after injury. Data are presented as mean � SEM from n = 8 naı̈ve; n = 11 artificial CSF uninjured; n = 10 MRS uninjured;

n = 11 artificial CSF Day 3 controlled cortical impact; n = 13 artificial CSF Day 7 controlled cortical impact; n = 12 MRS Day 3 controlled

cortical impact; n = 15 MRS Day 7 controlled cortical impact. D3 = Day 3; D7 = Day 7.
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lesion side versus contralateral side). In summary, these control

animals revealed that implantation of the osmotic mini-pump

reduced CA3 nucleoli counts in both hemispheres, the hemisphere

where the cannula was implanted exhibited a greater loss of

nucleoli counts and the extent of this loss was similar between

artificial CSF and MRS 2179 infusion.

After controlled cortical impact, we investigated whether neu-

roprotection differed between regions near the injury epicentre

compared with more remote regions, similar to our observations

on calcium wave propagation in vitro (Figs 2 and 3). We sepa-

rated our CA3 nucleoli counts into two regions. We designated

the counts from bregma �1.4 to �1.6 mm as the penumbra

region, and the counts from bregma �1.8 to �2.2 mm as the

region adjacent to the lesion epicentre (at bregma �2.0 mm).

There was no effect of time post-injury for all regions

(P40.136 at lesion and penumbra in both hemispheres), and

the data were pooled across days. In the lesion penumbra, a

two-way ANOVA comparing treatment (artificial CSF, MRS

2179) and injury (infusion pump control mice, controlled cortical

impact) detected a statistically significant interaction between

treatment and injury (P = 0.045). Post hoc comparisons showed

that controlled cortical impact resulted in significant cell loss in

the penumbra of artificial CSF-treated animals (Fig. 6M;

P = 0.033, 410 � 59 nucleoli counts in artificial CSF infusion con-

trol mice versus 216 � 40 counts in artificial CSF-treated con-

trolled cortical impact). In contrast, no additional cell loss was

detected in the lesion penumbra of animals treated with MRS

2179 (Fig. 6M; P = 0.929, 294 � 55 nucleoli counts in MRS

2179 infusion control mice versus 300 � 36 counts in controlled

cortical impact treated with MRS 2179). Adjacent to the lesion,

between bregma �1.8 and �2.2 mm, a similar pattern of counts

was observed; however, this interaction between treatment and

injury was no longer statistically significant (Fig. 6M; P = 0.321).

In the contralateral hemisphere, we found no differences be-

tween artificial CSF and MRS 2179 treatment in the penumbra

region (P = 0.390 artificial CSF versus MRS 2179; Fig. 6N).

Contralateral to the lesion epicentre, there was no main effect

of treatment (Fig. 6N; P = 0.759), although a slight trend

(P = 0.097) in the interaction between treatment and injury re-

flects the observation that there were slightly fewer nucleoli

counts with chronic MRS 2179 infusion compared with infusion

in the presence of controlled cortical impact (Fig. 6N).

Additional histological analysis of the lesion volume in the brain

showed no significant difference between animals treated with

MRS 2179 and vehicle control at either 3 or 7 days post-trauma

(Fig. 6O).

The neuroprotective efficacy of P2Y1 antagonism was also evi-

dent in the cognitive performance of these animals. The escape

latency from the Morris water maze was used to assess the spatial

learning ability of the mice (Fig. 7A and B). In uninjured control

animals, infusion of artificial CSF or MRS 2179 did not produce

significant learning deficits compared with naı̈ve mice (Fig. 7C). In

contrast, following injury, the escape latency from the water maze

revealed that antagonism of P2Y1 receptors significantly improved

post-traumatic spatial learning compared with vehicle treatment

(Fig. 7C; P = 0.019 artificial CSF versus MRS 2179, P = 0.204

Day 3 versus Day 7, non-significant interaction). Subsequent

analysis of swim speeds among the treatment groups showed

that animals treated with MRS 2179 exhibited a higher average

swim speed (Fig. 7D). The peak swim speed, however, was similar

between animals treated with MRS 2179 and vehicle control

(Fig. 7E), thereby suggesting overall motor impairments were simi-

lar. Hence, the improvement in escape latency and average swim

speed after purinergic antagonism may be attributed to improved

cognitive function.

Discussion
We studied the process of mechanotransmission in astrocytes to

understand whether there were broad signals transmitted through

the brain during and after trauma that could influence neuronal

survival and cognitive deficits after traumatic brain injury. We

found mechanical injury causes the release of ATP from astroglia

and initiates widespread intercellular calcium waves through astro-

cytes in vitro as well as in vivo. Increases in astrocyte intracellular

calcium influence neural activity in regions remote from the mech-

anical injury epicentre, and selectively attenuating intracellular cal-

cium elevation within astrocytes reduces cell death in the CA3

region of organotypic slice cultures exposed to traumatic mechan-

ical injury. The broad importance of purinergic signalling was also

evident after in vivo traumatic brain injury, as P2Y1 purinergic

receptor antagonism reduced post-traumatic cognitive deficits in

mice. Together, these results show that mechanically triggered

signalling through astrocytes significantly contributes to the patho-

biology of traumatic brain injury. Consequently, targeting recep-

tors on astrocytes and neurons that are activated by

gliotransmitters provides a new therapeutic target for treating

traumatic brain injury.

Traumatic brain injury is a complex and evolving disease, and

some treatments have progressed recently to human clinical trials

(Maas et al., 2010). Remarkably, however, few studies have tar-

geted gliocentric mechanisms to develop new interventions for

traumatic brain injury. Although our approach focuses on the

events triggered in astrocytes during and after injury, we expect

that the broad manipulation of purinergic signalling will affect

both neuronal and glial networks in the recovering brain.

Presynaptically, ATP inhibits the release of glutamate

(Mendoza-Fernandez et al., 2000), although high doses of ATP

will facilitate glutamate release through P2X receptor activation

(Rodrigues et al., 2005). The likely rapid enzymatic breakdown

of ATP into adenosine also suggests a potential role for the acti-

vation of adenosine receptors, which will inhibit presynaptic re-

lease through a reduction in presynaptic calcium currents (Wu

and Saggau, 1994). Even with a more targeted inhibition of

P2Y1 receptors, the improvement in functional outcome may be

targeted to both neuronal and glial receptors. Inhibiting P2Y1 re-

ceptors on astrocytes can limit vesicular glutamate release from

astrocytes (Domercq et al., 2006), reducing the activation

of extrasynaptic N-methyl-D-aspartate receptors on neurons

(Bezzi et al., 2004; Jourdain et al., 2007), and therefore, suppress

signalling of a pathway commonly associated with neuronal death

through the mitochondria (Hardingham et al., 2002; Starkov

et al., 2004). Our data at least partly support this potential
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protective mechanism, as the neuroprotection afforded by puriner-

gic antagonism was similar to broad-spectrum N-methyl-D-aspar-

tate receptor antagonism.

Purinergic (P2Y1) receptors are also found at neuronal synapses

(Rodrigues et al., 2005; Tonazzini et al., 2007). Activation of P2Y1

receptors on hippocampal interneurons increases synaptic inhib-

ition (Bowser and Khakh, 2004; Kawamura et al., 2004).

Additionally, activation of presynaptic P2Y1 receptors will inhibit

presynaptic glutamate release in hippocampal neurons

(Mendoza-Fernandez et al., 2000). Therefore, blocking neuronal

P2Y1 receptors leads to a general reduction in the inhibitory tone

of the hippocampal circuitry, providing an enhancement of synap-

tic signalling through the excitatory networks. Neuroprotection

through reduced synaptic inhibition initially seems counterintuitive.

Evidence in the literature, however, suggests that modest synaptic

stimulation triggers pro-survival pathways and antioxidant signal-

ling (Hardingham and Bading, 2002, 2010). Therefore, it seems

possible that the neuroprotection provided by P2Y1 antagonists

has two components: the reduction in the release of glutamate

from astrocytes, and the restoration of pro-survival synaptic

signalling.

It remains unclear, however, what the optimal level of synaptic

signalling is that supports neuronal survival without triggering

deleterious excitotoxic pathways. Interestingly, we noticed a

slight reduction in nucleoli counts in MRS 2179 infusion control

mice compared with artificial CSF infusion control mice (Fig. 6L).

Conversely, we observed a slight increase in cell counts in the

contralateral hemisphere after controlled cortical impact

(Fig. 6N). Although these differences were not detected as statis-

tically significantly, we propose that by modulating the level of

synaptic activity, MRS 2179 could be deleterious in a healthy

brain by overstimulating synapses. In the injured brain, this

enhanced activity may compensate for the lost pro-survival signal-

ling of disrupted synaptic connections. Hence, purinergic receptor

antagonists may provide different mechanisms of neuroprotection

through neurons and glia, but these mechanisms seem to work

together to improve outcome after traumatic mechanical injury.

We focused on the hippocampus because some of these syn-

apses are ensheathed by glia, and consequently, we hypothesized

that the interruption of glial mechanotransmission during injury

might be beneficial. We cannot rule out, however, that other

brain regions could be affected by purinergic antagonism. We

did not observe obvious histological differences in the thalamus

or striatum. In our controlled cortical impact model at a moderate

severity, these areas do not exhibit the same stark loss of cells as

in the CA3 pyramidal cell layer, but subtler changes, such as com-

pensatory alterations in receptor expression, may have been

present.

The neuroprotective effects of purinergic antagonism in the

hippocampus did not seem to extend to the haemorrhagic lesion

in the cortex. A recent study in a rat thoracic spinal cord injury

model also did not find a neuroprotective effect of purinergic an-

tagonism at the lesion epicentre (Rodriguez-Zayas et al., 2012).

Instead, purinergic antagonism seemed to reduce the astrogliotic

response that normally acts to contain lesion growth (Myer et al.,

2006). Our data suggest that purinergic antagonism may have

clearer neuroprotective effects in the penumbra of the injury

(Figs 2, 3 and 6) rather than at the lesion epicentre where overt

cellular disruption—exacerbated by haemorrhage—and the need

for local astrogliosis may supersede any protection afforded by

interrupting long-distance glial mechanotransmission. We attribute

the cognitive improvements observed to hippocampal sparing. In

contrast, functional improvements in thoracic spinal cord injury are

dominated by sparing of ascending and descending long axonal

tracts rather than rostrocaudal sparing in the grey matter (Hedel

and Curt, 2006). Any neuroprotection afforded by purinergic an-

tagonism of glial and synaptic receptors in the penumbra of the

thoracic spinal cord lesion could be difficult to detect if these white

matter tracts are already compromised at the lesion epicentre. It

would be important in the future to determine the relevant

volume of the injury penumbra, and correspondingly, which struc-

tures might be most amenable to neuroprotection by purinergic

antagonism. An interesting observation from our in vitro studies is

that purinergic antagonism may be beneficial over a broader spec-

trum of injury severities (Fig. 3); hence, it may be a more robust

therapeutic avenue.

Pre-administration of MRS 2179 enabled us to assess the max-

imal effect of P2Y1 inhibition, but pre-administration of purinergic

antagonist is not a clinically viable neuroprotection strategy.

A consideration for future studies is the delivery method, which

is complicated by the cardiovascular effects of P2Y1 antagonism if

the drug is delivered systemically (Kunapuli et al., 2003). For this

reason, we chose direct pharmacological administration through

the intraventricular infusion pump. A disadvantage of our current

delivery method is the thinning of the CA3 layer that occurs in

vehicle-control mice, which indicates chronic implantation of the

cannula has some adverse effects, and that treatment efficacy

after controlled cortical impact should be interpreted relative to

this baseline. Interestingly, we observed a trend in the statistical

interaction between MRS 2179 infusion with and without injury

contralateral to the lesion epicentre (Fig. 6N). The trend suggests

that purinergic antagonism is beneficial in the presence of con-

trolled cortical impact, whereas chronic MRS 2179 administration

in uninjured tissue tends to reduce nucleoli counts. Hence,

post-injury administration of MRS 2179 may have fewer side ef-

fects than the chronic antagonism modelled here. Defining the

therapeutic window as well as the dosing regimen for this ap-

proach would be a key next step. A recent study found MRS

2179 reduced infarct volume when administered as late as 24 h

after cerebral ischaemia (Kuboyama et al., 2011). Although is-

chaemia mechanisms differ from the astrocyte mechanotransmis-

sion, we analysed here, encouragingly, we also observed that

post-injury treatment of organotypic slices with MRS 2179

blocked cell death (Fig. 5C–E), thereby raising the possibility that

a P2Y1-based approach has translational utility.

The results presented here add to the complex role of astrocytes

in neurotrauma. Although post-traumatic reactive astrogliosis

forms a physical and biochemical barrier that inhibits axonal re-

generation (Yiu and He, 2006), the early traumatic response of

astroglia is thought to be neuroprotective, as astrocyte ablation

worsens traumatic brain injury (Faulkner et al., 2004; Myer

et al., 2006). Here, we report that during the primary-mechanical

trauma, mechanotransmission through astrocytes may play a lead-

ing role in mediating neuronal fate and impairment after traumatic
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brain injury. As such, this work could highlight an important thera-

peutic direction for improving outcome after traumatic brain

injury.
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