JOURNAL OF NEUROTRAUMA 28:763-774 (May 2011)
© Mary Ann Liebert, Inc.
DOI: 10.1089/neu.2010.1635

Cyclosporin A Preserves Mitochondrial Function
after Traumatic Brain Injury in the Immature Rat and Piglet

Todd J. Kilbaugh] Sunita Bhandare? David H. Lorom? Manda Saraswati?*
Courtney L. Robertson and Susan S. Margulies®

Abstract

Cyclosporin A (CsA) has been shown to be neuroprotective in mature animal models of traumatic brain injury
(TBI), but its effects on immature animal models of TBI are unknown. In mature animal models, CsA inhibits the
opening of the mitochondrial permeability transition pore (MPTP), thereby maintaining mitochondrial ho-
meostasis following injury by inhibiting calcium influx and preserving mitochondrial membrane potential. The
aim of the present study was to evaluate CsA’s ability to preserve mitochondrial bioenergetic function following
TBI (as measured by mitochondrial respiration and cerebral microdialysis), in two immature models (focal and
diffuse), and in two different species (rat and piglet). Three groups were studied: injured + CsA, injured +saline
vehicle, and uninjured shams. In addition, we evaluated CsA’s effects on cerebral hemodynamics as measured
by a novel thermal diffusion probe. The results demonstrate that post-injury administration of CsA ameliorates
mitochondrial dysfunction, preserves cerebral blood flow (CBF), and limits neuropathology in immature ani-
mals 24 h post-TBI. Mitochondria were isolated 24 h after controlled cortical impact (CCI) in rats and rapid non-
impact rotational injury (RNR) in piglets, and CsA ameliorated cerebral bioenergetic crisis with preservation of
the respiratory control ratio (RCR) to sham levels. Results were more dramatic in RNR piglets than in CCI rats.
In piglets, CsA also preserved lactate pyruvate ratios (LPR), as measured by cerebral microdialysis and CBF at
sham levels 24 h after injury, in contrast to the significant alterations seen in injured piglets compared to shams
(p<0.01). The administration of CsA to piglets following RNR promoted a 42% decrease in injured brain
volume (p<0.01). We conclude that CsA exhibits significant neuroprotective activity in immature models
of focal and diffuse TBI, and has exciting translational potential as a therapeutic agent for neuroprotection
in children.
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Introduction been conducted, and nearly all trials have failed to show any

significant benefits of any specific therapy (Hutchison et al.,

VERY YEAR MORE THAN 200,000 cHILDREN in the United

States suffer traumatic brain injuries (TBI; Hoyert et al.,
2006). Although head injury is the leading cause of death and
disability in children, there are only general clinical manage-
ment guidelines, and no Class I evidence supporting any
standard therapy (Adelson et al., 2003; Hoyert et al., 2006).
Only a modest number of pediatric clinical trials for TBI have

2008; Josan and Sgouros, 2006; Patrick et al., 2006; Prabha-
karan et al., 2004; Turner, 2003). While much of the literature
has led to changes in general critical care principles and some
improvement in outcomes, neuroprotective interventions are
limited by the heterogeneity of TBI, with its distinct patho-
physiologies and mechanisms associated with contusions,
hemorrhages, ischemia, and diffuse axonal injury, which
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contributes to the persistent failure of multiple, large head
injury treatment trials in adults and children (Narayan et al.,
2002; Saatman et al., 2008).

In children, developing effective treatments for TBI is
complicated by the rapidly changing responses of the imma-
ture brain to each type of TBI during development from in-
fancy through childhood (Armstead and Kurth, 1994;
Durham and Duhaime 2007; Duhaime et al., 2000; Raghupathi
and Margulies, 2002). Therefore, evaluation of head injury
therapies for children must utilize immature animal models as
a translational pathway to human trials in children.

A growing body of literature suggests that mitochondria
play a key role in many pathological pathways in neurode-
generative disorders, focal/global ischemia, and trauma
(Fiskum, 2000; Lin and Beal, 2006; Robertson et al., 2006; Saito
et al., 2005). Mitochondrial respiratory stability and the bio-
energetic production of adenosine-5-triphosphate (ATP) is
vital to overall brain function, and an adequate supply may be
even more important for brain function in the developing and
injured brain. Following pediatric TBI, mitochondrial dys-
function appears to be involved in excitotoxicity, oxidative
stress, metabolic perturbations, and cell death (Bayir et al.,
2003, 2006; Nakai et al., 2004; Robertson et al., 2006). Un-
fortunately, there are only a very small number of studies of
immature models of TBI, and all are limited to small animals.
Importantly, adult TBI data are difficult to extrapolate to pe-
diatric models, because critical mitochondrial characteristics
are very different between young and adult animals, includ-
ing the number and density of complexes of the electron
transfer chain, antioxidant enzyme activity and content, and
lipid content (Bates et al., 1994; Del Maestro and McDonald,
1987). These unique features of the developing brain may
make it more vulnerable and/or resistant to cell death cas-
cades following TBI, thus requiring age-specific neuropro-
tective approaches (Polster et al., 2003; Robertson et al., 2009).

One potential mitochondrial-targeted neuroprotective
agent with promise is cyclosporin A (CsA). Dozens of pre-
clinical TBI and ischemia studies, primarily in adult rodent
models, have demonstrated CsA’s effectiveness and potential
as a neuroprotective agent, using immunohistochemistry,
isolated mitochondrial preparations, and behavioral tests
(Alessandri et al., 2002; Ferrand-Drake et al., 2003; Folber-
grova et al., 1997; Fukui et al., 2003; Hansson et al., 2003; Li
et al., 2000; Signoretti et al., 2004; Suehiro et al., 2003; Sullivan
et al., 2000b). In addition, in a TBI Phase I clinical trial in
adults, CsA routinely increased mean arterial pressure
(MAP), and satisfied a broad range of safety parameters
(Mazzeo et al., 2008). Further advantages of CsA include: it is
FDA-approved and off-patent, and therefore inexpensively
manufactured by several companies, and it has well-
described safety and dosing profiles. Currently there are 101
open clinical trials that use CsA in children for indications
other than brain injury. CsA given in non-immunosuppres-
sive dosages and without chronic administration, such as the
dosages used for TBI, may lead to minimal adverse immu-
nological concerns. To our knowledge, CsA has not been
tested in immature models of TBL

Informed by recent workshops of the TBI and stroke
scientific communities that examined why agents with pre-
clinical therapeutic efficacy have failed to translate into clin-
ical success, we used two species (rodent and pig) and two
different models of injury (focal and diffuse) to investigate the
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effectiveness of CsA after TBI in the immature brain (Fisher
et al., 2009; Margulies et al., 2009). We hypothesize that CsA
promotes neuro-metabolic preservation by stabilizing mito-
chondrial respiration and ATP production, increasing cere-
bral blood flow (CBF), and ultimately preventing secondary
cascades of cellular injury and neuronal tissue loss following
TBI in neonatal rats and piglets.

Methods
Controlled cortical impact injury in rats

The rat protocol was approved by the University of
Maryland, Baltimore, Animal Care and Use Committee. All
care and handling of rats were in compliance with the Na-
tional Institutes of Health (NIH) guidelines. Immature (9-10
days old) female Sprague-Dawley rats were anesthetized in
an acrylic glass chamber with 4% isoflurane. They were po-
sitioned in a nose-cone mask and anesthesia was maintained
with 2% inhaled isoflurane. A midline scalp incision and left
parietal craniotomy were performed. After a 30-min period of
stable brain and rectal temperatures (37+0.5°C), TBI was
performed using a controlled cortical impact (CCI) device, as
previously described (Robertson et al., 2007). Injury was
produced using a 3-mm metal impactor tip with a depth of
penetration of 1.5mm, a velocity of 55+0.3m/sec, and a
duration of deformation of 50 msec. Following injury, the
bone flap was replaced, the craniotomy sealed, and the scalp
incision closed with interrupted sutures. At the completion of
surgery, isoflurane was discontinued and the rats emerged
from anesthesia and were returned to their cages with their
littermates and mother. Three groups were studied: sham,
CCI, and CCI + CsA. Sham rats underwent identical surgeries,
with the exclusion of the CCI. At 15 min after injury CCI+CsA
rats were injected with CsA (20mg/kg IP) in 100 uL saline
vehicle. Sham and CCI rats received 100 uL. IP injection of
normal saline vehicle at the same time point. Dose selection in
the immature rat was based on published rodent neuro-injury
studies, Phase I and II clinical trials in human adults, and
published dosing guidelines for CsA. Specifically, CsA ad-
ministration was studied in an adult rodent model of focal
TBI, and a U-shaped dose-response curve was observed
(Alessandri et al., 2002; Mbye et al., 2009; Sullivan et al.,
2000a), such that the most beneficial dose was 20mg/kg/d
(Sullivan et al., 2000a). Allometric scaling of this optimal dose
(Reagan-Shaw et al., 2008) from the adult rat (K, of 6) to the
immature rat (K,, of 4) yields a dose of 30mg/kg/d. More
importantly, the only published post-trauma CsA treatment
study in an immature model of neuro-injury demonstrated
dramatic attenuation of hypoxic-ischemic brain injury at
20mg/kg/d (Hwang et al., 2010). We weighed this data from
an immature model more heavily than the scaled dose, and
therefore we used 20 mg/kg/d for our study.

At 24 h after CCI, rat forebrains were quickly removed and
placed on an acrylic brain matrix previously cooled in ice. The
impacted region, as well as peri-trauma (non-impacted) lat-
eral, hippocampal, and thalamic tissues inferior to the impact
site, were rapidly dissected as a single ipsilateral tissue sam-
ple for mitochondrial isolation using razor blades placed
vertically just in front of, behind, and horizontally below the
area of injury on the matrix. A similar sample was removed
for mitochondrial isolation from the contralateral hemisphere.
Both samples were placed in ice-cold mitochondrial isolation
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buffer (10mL). In order to obtain a sufficient quantity of rat
mitochondria, tissue samples from three rats were pooled to
create one mitochondrial preparation.

Rapid non-impact rotational injury in piglets

The piglet protocol was approved by the Institutional An-
imal Care and Use Committee at the University of Pennsyl-
vania. All care and handling of piglets were in compliance
with NIH guidelines. In order to model pediatric TBI, we used
our well-established porcine model of pediatric TBI (Raghu-
pathi and Margulies, 2002). This purely inertial (non-impact)
sagittal head rotation model creates diffuse axonal injury and
subarachnoid hemorrhage. RNR was performed on infant
piglets 3-5 days old. Similar to the rat, three groups were
studied: sham, RNR, and RNR +CsA (1n=3-5/group, a total of
38 piglets). Induction of anesthesia was instituted with isoflurane
(4%) via snout mask. Monitors were placed to record oxygen
saturation, heart rate, respiratory rate, and end-tidal CO,
(ETCO,; Surgivet v9240; Smiths Medical; Waukesha, WI). Bu-
prenorphine (0.02mg/kg IM) was administered for analgesia,
and a rectal thermometer was placed to measure core body
temperature. The animals were kept on a warming blanket to
maintain a constant core temperature throughout the experi-
ment (36.8°C and 38.5°C, normothermia for piglets). As soon as
the desired depth of surgical anesthesia was attained, charac-
terized by the absence of foot-withdrawal response to a mild toe
pinch, a 3.5-mm cuffed endotracheal tube was inserted via direct
laryngoscopy, and placement was confirmed by auscultation
and ETCO,. Isoflurane (3%) was administered for maintenance
of anesthesia, and the animals were allowed to breathe sponta-
neously. Oxygen saturation was maintained between 95% and
100% at all times with supplemental oxygen and ventilatory
support as needed to maintain ETCO, ~55mm Hg.

While maintained on isoflurane, the animal’s head was se-
cured to the inertial injury apparatus by a snout clamp (Eucker
et al., 2008; Friess et al., 2009; Ibrahim et al., 2010). Isoflurane
was withdrawn immediately prior to injury. Activation of the
inertial loading device rapidly rotates the head in the sagittal
plane through a 60- to 70-degree arc in 1040 milliseconds. After
injury, the animal’s head is released from the clamp, and ven-
tilatory support provided as needed for apnea and desaturation
(Raghupathi and Margulies, 2002; Raghupathi et al., 2004).
With return of airway-protective reflexes, eye opening, effective
spontaneous ventilation, and movement, the pigs were ex-
tubated and monitored in a post-anesthesia recovery unit.

The RNR + CsA group received a total of 40 mg/kg of CsA
divided into two intravenous doses: 20 mg/kg 5min post-
injury and 20mg/kg 12h post-injury, diluted in 10mL of
normal saline. The sham and RNR groups each received
10 mL of normal saline vehicle intravenously at the same time
points. Because there are no published dose-response data for
CsA in pigs following neuro-injury, we based our dose
selection for the 3- to 5-day-old piglet on adult rodent neuro-
injury CsA dose-response data (Sullivan et al., 2000a),
published pediatric dosage guidelines for CsA (del Mar Fer-
nandez De Gatta et al., 2002), and pharmacokinetic data for
CsA in pigs from non-TBI studies (Lie et al., 2010). First, the
optimal adult rodent dose of 20mg/kg/d (K, of 6) would
scale to 10mg/kg/d in the 3- to 5-day-old piglet (K., of 12)
using allometric scaling (Reagan-Shaw et al., 2008). Second,
CsA is administered clinically in doses between 5 and 21 mg/
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kg/d (del Mar Fernandez De Gatta et al., 2002; Ghafari et al.,
2007; Mazzeo et al., 2009) in humans (K, of 37), which scales
to 13-65mg/kg/d in the 3- to 5-day-old piglet (K, of 12;
Reagan-Shaw et al., 2008). It should be noted that children
have higher CsA systemic clearance than adults, requiring
significantly higher doses and more frequent administration
in a transplant cohort (del Mar Fernandez De Gatta et al.,
2002). Lastly, even unscaled therapeutic rodent CsA doses
(which are higher than scaled doses) failed to demonstrate
therapeutic efficacy in a porcine model of myocardial ische-
mia-reperfusion (Lie et al., 2010), and the authors speculated
that higher doses were required in porcine models, under-
scoring the challenge in scaling across species. In summary,
these findings about the important influence of age and spe-
cies led us to select a dose for the piglet that is higher than the
scaled adult rat dose of 10 mg/kg/d. We chose 40 mg/kg/d, a
dose still well within the range of published human dosage
guidelines allometrically scaled to piglets.

The animals were returned to the animal care unit after the
following criteria were met: vocalization (without squealing),
steady ambulation, no aggression or avoidance behavior, no
piloerection, and presence of proper feeding.

Tissue harvest was performed at 24 h. The animals were re-
anesthetized using the same protocol as stated above. While
under anesthesia, the apical portion of the cranium was re-
sected and the pig was euthanized with a lethal intracardiac
dose of sodium pentobarbital (150 mg/kg). The brain tissue
regions of interest for mitochondrial sampling were rapidly
dissected: left cortex, bilateral hippocampus, bilateral olfac-
tory bulbs, and bilateral cerebellum.

Mitochondrial isolation

Regions of tissue were placed immediately in ice-cold
MSH +isolation buffer (215mM mannitol, 75mM sucrose,
20mM HEPES, 0.01% bovine serum albumin, and 1mM
EGTA, pH adjusted to 7.3; Robertson et al., 2007). Mi-
tochondria were isolated as previously described (Starkov
and Fiskum, 2003; Starkov et al., 2002, 2004), with the fol-
lowing modifications. Tissue was briefly minced with sharp
scissors, the supernatant decanted, and the tissue re-
suspended in 30 mL of fresh ice-cold buffer. The tissue was
homogenized manually with six strokes of a chilled Dounce
Homogenizer pestle A, followed by six stokes of pestle B
(Kontes Glass Company, Vineland, NJ) The homogenized cell
lysates were then poured into chilled 50-mL centrifuge tubes
(Beckman Coulter, Brea, CA), and the volumes were brought
to 45mL and placed on ice. Whole cells and large organelles
were removed from the homogenates by spinning at 5000g for
5min in a Beckman Coulter Avanti JE centrifuge, using a
fixed-angle JA 25.50 rotor kept at 4°C. The supernatants were
reserved and placed on ice and the remaining pellets were
discarded. The supernatants were then brought to a volume of
45mL with fresh MSH +buffer and centrifuged at 12,000g for
10 min. The supernatants were discarded and the pellets re-
suspended in 10 mL of MSH +buffer, and 20 uL of 10% digi-
tonin (Sigma-Aldrich, St. Louis, MO) in DMSO was added.
Following a 1-min incubation, the suspensions were centri-
fuged at 10,000¢ for 10 min. The supernatant was discarded
and the mitochondrial pellet re-suspended in 10 mL MSH +
EGTA. This suspension was centrifuged at 10,000 for 10 min,
and the final pellet containing both synaptosomal and
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non-synaptosomal mitochondria was suspended in 400 uL
MSH +EGTA and placed on ice. Mitochondrial concentration
was estimated using the Bio-Rad DC Protein Assay Kit (Bio-
Rad, Hercules, CA). Samples of isolated mitochondria were
kept on ice for the mitochondrial respiration assay, and the
remainder was frozen for further analysis.

Mitochondrial respiration

Mitochondrial oxygen consumption was measured using a
Clark-type oxygen electrode (Hansatech Instruments, Nor-
folk, U.K.) in the presence of pyruvate and malate while at
37°CatapH of 7.0 in KCL medium (125 ymol/L KCl, 2 umol/
L KH,POy, 1 umol/L MgCL,, and 20 umol/L HEPES-KOH),
in the absence of defatted bovine serum albumin (BSA). The
chamber was supplemented with pyruvate (5mM), malate
(2.5mM), 1 umol/L EGTA, and 0.4 umol/L ADP, in a total
volume of 0.5mL. State 3 respiration was initiated by the
addition of mitochondria (0.5mg/mL; Fig. 1), and state 4
respiration was induced by the addition of the ATP synthe-
tase inhibitor oligomycin (2.5 ug/mL). State 4 respiration
measured in the presence of oligomycin is not equivalent to
the traditional state 4 respiration measured after all ADP has
been converted to ATP. However, for our measurements, we
wanted to eliminate the contribution of ATP cycling via hy-
drolysis by contaminating ATPases and resynthesis by mito-
chondrial ATP synthetase. Thus, the oligomycin-induced
state 4 rate of respiration reflects mitochondrial proton cycling
limited by passive proton leakiness of the inner membrane.
Mitochondrial respiratory energy coupling was evaluated by
determining the respiratory control ratio (RCR), calculated as
the ratio of the rate of ADP-stimulated state 3 respiration to
the state 4 rate in the presence of oligomycin. The mitochon-
drial respiration rates were calculated as nanomoles of oxy-
gen/min/mg of protein.

Piglet cerebral blood flow

Additional piglets (n=8 sham, 7=9 RNR, n=10 RNR+CsA)
were anesthetized at 24 h post-injury or sham operation as pre-
viously described, and a thermal diffusion probe (Bowman Per-
fusion Monitor; Hemedex, Cambridge MA) was inserted into the
right frontal subcortical white matter via a burr hole to a depth of
10mm and allowed to equilibrate. Thermal diffusion CBF mon-
itoring is a validated, quantitative method of continuous mea-
surement of CBF (Vajkoczy et al, 2000). All piglets were
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FIG.1. Typical oxygen utilization trace taken from isolated
mitochondria.
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maintained on isoflurane at a constant 2.5%, with similar ETCO,,
temperature, and arterial saturation. After equilibration, CBF
readings were taken over a 30-min period and allowed to plateau.

Piglet cerebral microdialysis

Because elevated lactate:pyruvate ratios are neurochemical
biomarkers of metabolic distress in the brain (Hillered et al.,
2006), in a subset of these additional CBF piglets (n=4 sham,
n=5 RNR, n=5 RNR+CsA), we obtained cerebral micro-
dialysis measurements. At 24 h post-injury or sham operation,
the piglets were anesthetized as described above, and a CMA
12 elite 4-mm microdialysis probe (CMA Microdialysis AB,
North Chelmsford, MA) was placed via a burr hole into the
left frontal subcortical white matter at a depth of 10 mm. After
30min of equilibration, two cerebral microdialysis samples
were collected over the next two 30 min intervals (flow rate
1 uL/min, using 0.9% NaCl as the dialysate). Immediately
after collection, the samples were stored at —70°C. Levels of
lactate and pyruvate were measured in the dialysate using a
CMA 600 microdialysis analyzer, and lactate:pyruvate ratios
were calculated from their respective values (lactate divided
by pyruvate; Vespa et al., 2005).

Piglet pathology and histology

All piglets assigned to microdialysis assessment were sac-
rificed for histology and immunohistochemistry. The brains
were fixed in situ by perfusion with a buffered solution of 10%
formalin (3.5L; Sigma-Aldrich; Friess et al., 2009). Formalin-
fixed piglet brains were examined by a neuropathologist
blinded to the animals’ group assignments. Macroscopic ex-
amination documented focal pathology such as subdural and
subarachnoid hemorrhages and surface contusions. In 3-mm-
thick serial coronal sections, the cerebrum and brainstem were
documented photographically. Following routine processing,
the tissue was embedded in paraffin, and two 6-mm-thick
sections were cut from every 3-mm-thick coronal block for
microscopic evaluation. The sections were stained with he-
matoxylin and eosin (H&E), or with immunohistochemical
markers for axonal injury (f-amyloid precursor protein, f-
APP; dilution 1:5000; Chemicron 22C11; Millipore, Billerica,
MA), and counterstained with Meyer’s hematoxylin.

Every field in every slide was examined at a scanning
power of 5-10x magnification. In addition, specific fields
were examined at 20—40 x magnification. Locations of axonal
injury, subarachnoid and parenchymal hemorrhage, and cell
death, were noted on digital photographs of the coronal sec-
tions. Assessment focused on the total volume of cellular in-
jury and white matter damage. H&E-stained sections were
examined to document hemorrhages, established infarcts
(changes in staining intensity), and ischemic neurons (cell
shrinkage and eosinophilia). Axonal injury was assessed from
p-APP immunohistochemistry to identify disruption of axo-
nal flow (Gentleman et al., 1995; Williams et al., 2001). Regions
of ischemic damage in the grey matter were defined as focal
tissue vacuolation due to localized edema, and neuronal is-
chemic cell changes, for which the damaged neurons have
shrunken nuclei and eosinophilic (pink-stained) cytoplasm.
The locations and extent of axonal and neuronal injury was
documented on the digital photographs for each animal. From
scaled digital photographs of each of the 3-mm-thick coronal
slices, the brain periphery was traced and brain area deter-
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mined (Image] software; NIH, Bethesda, MD), and then
summed to determine the total slice area. The periphery of
every region of axonal and neuronal damage was traced in
each slice using the same procedure to determine the total
injured slice area. Total and injured areas were then multi-
plied by section thickness to determine total and injured brain
volumes. Injured brain volume (Vinj), as a percentage of total
brain volume, was calculated by dividing the injured by the
total brain volume.

Statistical analysis

Outcomes across regions and groups were compared using
paired and unpaired Student’s t-tests, as appropriate, with
significance defined as p <0.05.

Results
RNR injury

Both the RNR and RNR +CsA groups had similar velocity
and acceleration (Table 1). In addition, loss of consciousness
following injury in piglets showed no significant difference in
unconscious time between the two injured groups (RNR:
10£2.8 versus RNR +CsA: 7+3.2min). Injured piglets (RNR
and RNR+CsA) had significantly longer unconscious times,
as measured by a return of pinch reflex, compared to sham
piglets (Table 1).

Mitochondrial bioenergetics

When measured 24 h post-injury, sham rat pups displayed
no interhemispheric difference (ipsilateral versus contralat-
eral) in state 3 respiration (ipsilateral=133+7, contralater-
al=144+11 nmol/min/mg), but significant differences were
seen in injured rat pups (ipsilateral CCI=114+4.3, contralat-
eral CCI=134+3, *p<0.01 nmol/min/mg; Fig. 2A). In the
CCI+CsA group, the state 3 respiratory rate was significantly
different between hemispheres (ipsilateral CCI+CsA =124+
9.8, contralateral CCI+CsA=140%15nmol/min/mg,
*p<0.05; Fig. 2A). State 4 respiration rates did not differ sig-
nificantly between hemispheres or with treatment (Fig. 2B).

Sham rat pups did not have significant interhemispheric
differences in RCR between hemispheres (ipsilater-
al=10.1£1.5, contralateral=9.1+0.7), but CCI rat pups
showed a significant 20% reduction in RCR in ipsilateral
hemispheres compared to contralateral hemispheres (ipsilat-
eral=9.4+0.7, contralateral=11.2+1; *p<0.01, Fig. 3A). Ad-
ministration of CsA (CCI+CsA) to rat pups preserved
mitochondrial bioenergetics, and abolished the hemispheric
RCR differences (Fig. 3A).
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In piglets, state 3 respiration in injured animals treated with
saline (RNR) displayed a significant reduction in all four brain
regions at 24h compared to sham piglets treated with saline
(sham; Fig. 4A, #p <0.01). Post-injury administration of CsA
(RNR+CsA) in piglets preserved state 3 respiration in the
cerebellum and cortex compared to injured piglets (RNR; bars
in Fig. 4A indicate p<0.05). State 4 respiration in piglets
showed no significant differences in all four brain regions
when comparing sham to RNR animals, similarly to rats.
However, unlike the rat data, injured piglets treated with CsA
had a significantly lower state 4 respiration in all four brain
regions compared to RNR +saline animals (#p <0.05; Fig. 4B).

RCR was significantly reduced, by over 50%, in all four
brain regions following RNR compared to sham piglets
(#p<0.01; Fig. 3B). Furthermore, piglets treated with CsA
(RNR+CsA) maintained cellular homeostasis with signifi-
cantly higher RCRs in all four brain regions compared to in-
jured piglets treated with saline (bars in Fig. 3B=p<0.01).
RCRs in RNR +CsA piglets were similar to sham levels.

Cerebral microdialysis

The lactate:pyruvate ratio (LPR) is a neurochemical bio-
marker of metabolic distress after brain injury. In several
clinical studies LPRs greater than 30 at 24h post-TBI have
been associated with poor outcomes in humans (Bellander
et al., 2004; Goodman et al., 1999; Hutchinson, 2005). LPRs
measured in RNR piglets at 24 h showed a significant increase
in LPRs compared to sham piglets (48.2+25.8 versus
20.4+7.6; #p<0.01, Fig. 5A). Piglets receiving CsA post-injury
(RNR +CsA) maintained LPRs similar to those of sham pig-
lets, and showed a significant reduction from RNR animals
(RNR: 48.2+25.8 versus RNR+CsA: 23.8+0.8; bars in Fig.
5A=p<0.01).

Cerebral blood flow

In the piglet, cerebral blood flow (CBF), as measured by
thermal diffusion and reported in mL/min/100g, was sig-
nificantly reduced (over 50% reduction) at 24 h, in RNR pig-
lets compared to sham piglets (49+5.2 versus 84+6.5mL/
min/100 g, #p <0.01; Fig. 5B) Piglets that were administered
CsA post-injury (RNR+CsA) had significantly higher CBF
compared to RNR piglets (74+3.0 versus 49+5.2mL/min/
100 g, bar=p <0.01; Fig. 5B), 94% of sham levels.

Histopathology

In the piglet, injured brain volume (Vinj) in RNR piglets was
significantly larger compared to sham animals (2.18+0.65%
versus 0.2+0.03%, #p<0.01; Fig. 6). Administration of CsA

TABLE 1. PIGLET AVERAGE SAGITTAL ANGULAR VELOCITY, ACCELERATION, LATENCY OF PINCH RESPONSE,
AND END-TmpaL CO,?

Group Velocity (rads/sec) Acceleration (rads/sec?) Latency of pinch response (min) End-tidal CO;, (mm Hg)
Sham 2+1.1 55.9+6.1
RNR 151+£2.2 54620+1703 10+2.8 54.616.1
RNR+CsA 151£2.3 51699+ 6108 7+3.2 58.3+6.6

“Groups+SD; p<0.01.

There was no statistically significant difference between loading conditions or unconscious times between injured groups. There was no
statistically significant difference between end-tidal CO, measurements between all groups measured at 24 h.
RNR, rapid non-impact rotational injury; CsA, cyclosporin A; SD, standard deviation.
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FIG. 2. State 3 respiration (adenosine diphosphate, ADP) and state 4 respiration (oligomycin) in rat pups at 24 hours after
controlled cortical impact (CCI). (A) There was no hemispheric difference in sham rats (ipsilateral versus contralateral). State
3 respiration was significantly reduced at 24 h in the ipsilateral hemisphere compared to the contralateral hemisphere in the
injury plus saline vehicle group (*p <0.01 for ipsilateral versus contralateral in CCI animals). In rats treated with cyclosporin
A (CsA; CCI+CsA), state 3 respiration was not preserved and was significantly lower compared to the contralateral
hemisphere (*p <0.05 for the ipsilateral versus the contralateral CCI+CsA). (B) State 4 respiration did not differ significantly

between hemispheres or with treatment.

significantly reduced Vinj, by 42% (RNR+CsA 1.43+0.12, bar
in Fig. 6=p<0.01).

Discussion

The present study is the first to demonstrate the potential
efficacy of CsA for TBI in the developing brain, using two
different mechanisms of TBI (CCI and RNR), and two differ-
ent species (rat and piglet). CsA was first developed as a
calcineurin inhibitor to inhibit T-cell activation for immuno-
suppressant therapy following solid organ transplant. How-
ever, recently CsA, a mitochondrial permeability transition
pore inhibitor, has also shown benefits as a neuroprotectant in
mature small animal models of focal and global ischemia, as
well as focal TBI (Domanska-Janik et al., 2004; Li et al., 2000;
Scheff and Sullivan, 1999; Shiga et al., 1992; Sullivan et al.,
1999, 2000a, 2000b; Uchino et al., 1998, 2002; Yoshimoto and
Siesjo, 1999). CsA’s effects on the immature brain following
TBI has not been studied; however, CsA has shown promise
in limited immature rodent models of focal ischemia (Leger
etal., 2010), and global hypoxia-ischemia (Hwang et al., 2010;
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Nakai et al., 2004; Setkowicz et al., 2004). Development of
potential neuroprotectants has been complicated by the het-
erogeneity of TBI in children, which includes processes such
as contusion, diffuse or focal axonal injury, hematomas, and
subarachnoid hemorrhage (Adams et al., 1982, 1983; Moppett,
2007; Saatman et al., 2008), which can initiate ischemia, ede-
ma, inflammation, and brain herniation (Brain Trauma
Foundation, 2007). Underlying these processes may be mito-
chondrial dysfunction, which leads to energy imbalance, ionic
imbalance, release of cytochrome C, pro-apoptotic events,
mitochondrial swelling, propagation of oxidative stress, and
reduced brain ATP levels (Sullivan, 2005). Subsequent cellular
and molecular responses progress over minutes, hours, and
days, to mediate progressive cellular damage (Margulies
et al., 2009; Marklund et al., 2006; Povlishock and Katz, 2005;
Raghupathi et al., 2004; Schouten, 2007; Werner and En-
gelhard, 2007), and lead to decreased CBF and mitochondrial
disturbances (Graham et al.,, 2000; Marklund et al., 2006;
Povlishock and Katz, 2005; Smith et al., 2003; Thompson et al.,
2005; Yi and Hazell, 2006). The first study to directly evaluate
mitochondrial function after TBI in the developing brain was

Piglet RNR respiratory control ratio (state 3:state 4)
OSham ®WRNR BRNR+CsA

Hippocampus Olfactory Cerebellum Cortex

FIG.3. Respiratory control ratio (RCR; state 3:state 4) in rats (controlled cortical impact, CCI), and piglets (rapid non-impact
rotational injury, RNR), 24 h after traumatic brain injury. (A) In rats, there was ~ 20% reduction in RCR in the ipsilateral
hemisphere of CCI rats (*p <0.01 ipsilateral versus contralateral in CCI animals). There were no hemispheric differences in
RCR in uninjured (sham) or treated (CCI+CsA) rats (p=not significant for ipsilateral versus contralateral). (B) In piglets,
RCRs were significantly lower, over 50%, in all four brain regions 24 h after RNR (#p <0.01 compared to shams). Post-injury
administration of CsA preserved the RCR of isolated mitochondria from all four brain regions (bars=p <0.01 compared to
RNR; CsA, cyclosporin A).
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FIG. 4. State 3 respiration (adenosine diphosphate, ADP) and state 4 respiration (oligomycin) in piglets 24 h after rapid non-
impact rotational injury (RNR). (A) State 3 respiration in RNR piglets displayed a significant reduction in all four brain
regions at 24 h (#p <0.01 compared to sham animals). RNR+CsA piglets had higher state 3 respiration, reaching significance
in cerebellum and cortex (bars=p <0.01 compared to RNR animals). (B) State 4 respiration was significantly lower in all four

brain regions in piglets treated with CsA (bars=p<0.01 compared to RNR animals; CsA, cyclosporin A).

published by Robertson and associates in 2007, and showed
evidence for very early (~ 4h) mitochondrial dysfunction
following CCI (Robertson et al., 2007). Mitochondrial func-
tional abnormalities included alterations in mitochondrial
respiration, a strong trend toward reduced H,O, production
in the presence of rotenone, and reduced activity of the met-
abolic enzyme pyruvate dehydrogenase complex (PDHC). In
addition, there was evidence for loss of mitochondrial cyto-
chrome C content by 4h after TBI. In a follow-up study by
Casey and colleagues, investigators used proton magnetic
resonance spectroscopy (‘H MRS) to evaluate the metabolic
profile of brain tissue at 4h, 24h, and 7 days in the same
immature rat CCI model (Casey et al., 2008). In this study the
authors concluded that metabolic alterations peaked at 24h
after TBI, with both persistent elevations in tissue lactate/
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creatine, and emerging reductions in the neuronal/mito-
chondrial marker N-acetyl-aspartate (NAA) at this time point.
Mitochondrial dysfunction in immature rodent models fol-
lowing CCI injury begins early and is persistent for at least
24 h (Casey et al., 2008; Robertson et al., 2007). Our results are
consistent with previously published data from a mature
mouse model of TBI by Singh and colleagues, that showed
significant cortical and hippocampal mitochondrial respira-
tory dysfunction at 24h following TBI, that persisted up to
72h (Singh et al., 2006). In fact, others have reported de-
creased mitochondrial function up to 14 days following TBI
(Xiong et al., 1997). Given the heterogeneity of pediatric TBI,
CsA’s ability to preserve mitochondrial function in two dif-
ferent species and models of immature TBI greatly strengthens
its potential for translation for use children suffering from TBI.
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FIG. 5. Minimally-invasive non-terminal metrics: cerebral microdialysis, lactate:pyruvate ratios; cerebral blood flow,
thermal diffusion. (A) Lactate:pyruvate ratios (LPRs) >30 as measured by cerebral microdialysis have been associated with
cerebral metabolic crisis and poor outcomes in humans. Rapid non-impact rotational injury (RNR) causes a markedly
significant increase in LPRs (#p<0.01 compared to sham animals). RNR+CsA piglets maintained LPRs similar to those of
sham piglets, well below the levels associated with metabolic crisis and poor clinical outcomes (RNR: 48.2+25.8 versus
RNR+CsA: 23.8%0.8; bar=p <0.01) (B) Cerebral blood flow (CBF) as measured by a thermal diffusion probe showed a
markedly significant reduction in CBF, by over 50%, 24h after RNR injury compared to sham piglets (49+5.2 versus
84+6.5mL/min/100 g; #p <0.01). Post-injury CsA (RNR +CsA) maintained CBF at a significantly higher level following RNR
injury (74+3.0 versus 49+5.2mL/min/100 g; bar=p <0.01; CsA, cyclosporin A).
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FIG. 6. Injured brain volume (Vinj) 24 hours after rapid non-

impact rotational injury (RNR). Vinj in RNR piglets was sig-
nificantly larger compared to sham animals (2.18%0.65%
versus 0.2+0.03%; #p <0.01). Administration of cyclosporin A
(CsA) resulted in a markedly significant reduction in Vinj, by
42%, compared to sham animals (RNR + CsA 1.43+0.12 versus
2.18+0.65%; bar=p <0.01). There was a 14% decrease in axo-
nal injury with the administration of CsA following RNR in
piglets, and an 83% decrease in infarct injury (data not shown).

Effects of CsA on mitochondrial bioenergetics
in immature animals

Guided by these studies, our data reveal significant mito-
chondrial dysfunction at 24 h after CCI and diffuse RNR in
immature rodent and piglet models of TBI, and preservation
of mitochondprial function with the post-injury administration
of CsA. State 3 respiration is a measure of the electron trans-
port chain’s (ETC) ability to utilize oxygen and phosphorylate
ADP, thus producing ATP for cellular homeostasis. Rat CCI
injury induced a 20% reduction in state 3 respiration 24 h post-
injury; piglets also displayed significantly reduced state 3
respiration in all four brain regions compared to sham ani-
mals, indicating a neuro-metabolic crisis and loss of ATP
production. Piglets that received CsA had a preservation of
ATP production, as measured by state 3 respiration. In diffuse
injury in piglets, state 3 preservation was seen in all four brain
regions, reaching significance in the cerebellum and cortex.

State 4 respiration represents the rate of proton leakage
back across the inner mitochondrial matrix, maintaining (in
healthy mitochondria) a proton gradient of the ETC, pre-
dominantly for synthesis of ATP (Nicholls and Budd, 2000).
Therefore, if the inner mitochondrial matrix is damaged, there
is an increase in oxygen utilization in isolated mitochondria,
indicating an uncoupling of ETC and ATP production. Pre-
vious studies in mature rodent models of CCI TBI and is-
chemia/reperfusion have found state 4 respiration increases
of ~ 20-50% (Gilmer et al., 2009; Sciamanna et al., 1992; Singh
et al., 2006) following brain injury. In the present study, rat
pups displayed no statistical changes in state 4; however,
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piglet state 4 respiration increased ~ 30% in all four brain
regions 24 h after RNR, and piglets that received CsA had a
significant decrease in state 4 respiration compared to injured-
only animals (p<0.01), indicating preserved mitochondrial
membrane potential and coupling of ETC to ATP production.

The mitochondrial respiratory control ratio (RCR; state
3:state 4) is a measure of how well the electron transport
system is coupled to ATP synthesis (hydrolysis of ADP + Pi),
an overall indicator of mitochondrial functional bioenergetics
and integrity (Mbye et al., 2009). A high RCR (5-10) indicates
fully-functioning organelles, while a low RCR (<5) indicates
that neurons have mitochondrial bioenergetic dysfunction
and difficulty maintaining cellular homeostasis, secondary to
an inability to produce ATP efficiently. Insufficient produc-
tion of ATP may lead to a cellular bioenergetic crisis and
further neuronal injury. In rat pups, there was an approxi-
mately 20% reduction in RCR in ipsilateral regions of CCI
compared to contralateral regions, which was not observed in
animals treated with CsA, demonstrating stabilization of
mitochondrial bioenergetics following CCI. Piglets with RNR
TBI exhibit an even more dramatic RCR response to CsA
administration (40 mg/kg) post-injury, with preservation of
mitochondrial respiration to sham levels in four regions of the
brain after a global reduction of RCR of approximately 50%
across the same four brain regions in saline-treated piglets.

Our novel mitochondrial bioenergetic data in immature,
developing brains supports results originally described in
mature animals at 24 h, and is the first study to describe bio-
energetic dysfunction in diffuse RNR injury in an immature
large-animal model of TBI. Our study suggests that mito-
chondrial dysfunction in piglets is a combination of ETC
component damage (state 3), and inner membrane damage
(state 4). CsA administration post-injury improves the overall
function of mitochondria and the ability to produce ATP in
both rats and piglets, which may be critical to maintain cel-
lular homeostasis in injured neurons.

CsA may have even greater potential for neuroprotection in
children with TBI. CsA’s mechanism of action primarily at-
tenuates mitochondrial dysfunction by stabilizing the mito-
chondrial permeability transition pore (mPTP) by binding to
cyclophilin D (CypD; Sullivan et al., 2000b). The mPTP is a
nonselective, high-conductance channel with multiple mac-
romolecular protein components that forms at sites where the
inner and outer membranes fuse (Alano et al., 2002). Neuro-
degeneration and brain injury leads to the induction of the
mPTP, which triggers a cascade of events. An increase in
mitochondrial membrane permeability abolishes the mito-
chondrial membrane gradient (Ay), resulting in the inability
to produce ATP, and thus an energy deficiency in an injured
cell. This may be even more important in immature animals,
in which there is an increase in CypD compared to mature
animals, making the developing brain particularly sensitive to
CsA (Eliseev et al., 2007).

Effects of CsA on brain neurochemistry as measured
by cerebral microdialysis

Cerebral microdialysis as a bedside monitor for alterations
in neurochemistry following TBI is continuing to mature as a
technique for improving outcomes following TBI (Hutch-
inson, 2005). Elevated lactate:pyruvate ratios (LPRs) may be a
marker of the cerebral metabolic crisis and mitochondrial
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dysfunction that limit neuronal recovery following TBI. In-
creased brain lactate levels may indicate a shift from aerobic
metabolism to anaerobic metabolism, and an LPR >25 in
adult trials has been associated with worse outcomes
(Goodman and Robertson, 2009; Goodman et al., 1999; Stahl
et al., 2001). In piglets at 24 h post-RNR TBI, LPR ratios were
significantly elevated compared to shams, with LPRs >30,
RNR + CsA animals had LPRs maintained at sham levels. Our
data show, for the first time, a correlation between mito-
chondrial dysfunction, as measured by isolated mitochon-
drial respiration, and metabolic crisis, as measured by
cerebral microdialysis, in the developing brain following TBI.
CsA not only preserves the mitochondrial bioenergetic state
following TBI in the developing brain, but it also improves
brain energy metabolism as measured by cerebral micro-
dialysis, a relevant (minimally-invasive) bedside clinical
monitoring technique.

Effects of CsA on cerebral blood flow

CsA-induced systemic hypertension is a frequently-cited
side effect of CsA in patients receiving CsA as an immuno-
suppressive agent (Nishiyama et al., 2003). In phase I adult
human TBI trials performed by Mazzeo and colleagues, CsA
resulted in significantly elevated mean arterial pressure and
higher resulting cerebral perfusion pressure compared to
placebo, which continued post-CsA infusion for the entire
5-day monitoring period (Mazzeo et al., 2008). Our novel data
in this large animal model for the first time show a real-time
effect of CsA on CBF. At 24 h post-injury, piglets that ambu-
lated, met criteria to return to the animal facility, and ate
without difficulty, had a significant decrease in CBF, more
than 50% from sham levels, which post-injury administration
of CsA nearly completely abolished, returning CBF to sham
levels. Clinically these findings may be extremely important,
especially in repetitive injury. Children who may have mild to
moderate injury, like our piglet model, and who clinically
appear normal to caretakers and clinicians, may be at in-
creased risk following a second insult, due to metabolic re-
serve (bioenergetic dysfunction) and metabolic delivery
(cerebral blood flow) (Friess et al., 2009). CsA may have
pleiotropic effects that reduce secondary brain injury by
complementing mitochondrial-targeted effects that improve
mitochondrial bioenergetics at the mPTP, with a significant
vasoactive effect that leads to higher cerebral perfusion
pressures (Mazzeo et al., 2008), maintenance of CBF, and
improved cerebral metabolic delivery. Conversely, it is con-
ceivable that a reduction in CBF after injury is a protective
mechanism to match reperfusion with the observed reduction
in cerebral bioenergetics. This minimally-invasive, non-
terminal measurement of CBF shows promise as a clinical tool
for the observation and guidance of therapeutic interventions
in children with diffuse TBL

Effects of CsA on piglet neuropathology

The administration of CsA to piglets following RNR pro-
moted a 42% decrease in injured (total injury, including axonal
injury and infarct) brain volume, composed of a 14% decrease
in axonal injury volume, and an 83% decrease in tissue volume
designated as infarct-injured. Pathologic sparing of the imma-
ture axon following rapid non-impact injury due to reductions
in Ca®*-induced cytoskeletal injury, and preservation of bio-
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energetic function and ATP production, provides a milieu for
neuronal healing and avoidance of secondary injury (Okonkwo
and Povlishock, 1999; Okonkwo et al., 1999). The neuropath-
ologic distribution of injury was consistent with bioenergetic
dysfunction seen in the cortex, hippocampus, and olfactory
lobes. However, despite significant bioenergetic dysfunction in
the cerebellum, as measured by mitochondrial respiration,
there was minimal pathologic injury.

Advantages of the model

With encouraging results from the small-animal rat model,
we were able to further investigate the strengths of CsA in a
large-animal model of diffuse injury that afforded a higher
degree of fidelity when examining different brain regions, as
well as when measuring cerebral microdialysis and CBF. In
addition, this study provides proof of concept that our large-
animal model of diffuse brain injury can provide the basis for
a high-fidelity translational model that is able to investigate
mitochondrial-targeted neuroprotective strategies from the
molecular level to clinically-relevant FDA-approved bedside
monitoring: cerebral microdialysis and thermal diffusion
CBF. Our results suggest a higher degree of bioenergetic
preservation in piglet RNR compared to rat CCI, illuminating
the question of whether there was a difference due to the
inciting pathology (focal versus diffuse), or species difference.
We are currently investigating CCI in piglets and the benefits
of CsA as a mitochondrial-targeted neuroprotectant.

Importantly, because there are no dose optimization data
for neuro-injury in the pig, and we were informed that higher
CsA doses were required for younger patients (del Mar Fer-
nandez De Gatta et al., 2002), and in pigs compared to rats (Lie
et al., 2010), we had to estimate a reasonable porcine dose.
However, using 40mg/kg/d of CsA in piglets and 20 mg/
kg/d in immature rats may be not be equivalent doses across
species, and may be responsible for our finding that immature
rats with focal brain injury had decreased mitochondrial
preservation compared to piglets with diffuse brain injury.

We propose that dose optimization studies are needed to
elucidate optimal dosing for immature rats and pigs, and for
focal and diffuse brain injuries. The optimal dose and phar-
macodynamics will likely vary with age, species, and mito-
chondrial development.

Conclusions

CsA has a documented track record of efficacy in adult
rodent focal neural injury models, and has an established
safety profile in children. This study shows, for the first time,
that CsA has exciting translational potential as a therapeutic
agent for neuroprotection in children. In two immature
models of TBI, and two different species, post-injury admin-
istration of CsA preserved mitochondrial bioenergetics and
significantly limited neuropathology. Minimally-invasive,
non-terminal metrics with potential for clinical translation
into pediatric neurocritical care also demonstrated preserva-
tion of CBF and amelioration of elevated LPRs.
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