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Abstract

There are currently no effective therapeutic agents for traumatic brain injury (TBI), but drug treatments for TBI can be

developed by validation of new drug targets and demonstration that compounds directed to such targets are efficacious in

TBI animal models using a clinically relevant route of drug administration. The cysteine protease, cathepsin B, has been

implicated in mediating TBI, but it has not been validated by gene knockout (KO) studies. Therefore, this investigation

evaluated mice with deletion of the cathepsin B gene receiving controlled cortical impact TBI trauma. Results indicated

that KO of the cathepsin B gene resulted in amelioration of TBI, shown by significant improvement in motor dysfunction,

reduced brain lesion volume, greater neuronal density in brain, and lack of increased proapoptotic Bax levels. Notably,

oral administration of the small-molecule cysteine protease inhibitor, E64d, immediately after TBI resulted in recovery of

TBI-mediated motor dysfunction and reduced the increase in cathepsin B activity induced by TBI. E64d outcomes were as

effective as cathepsin B gene deletion for improving TBI. E64d treatment was effective even when administered 8 h after

injury, indicating a clinically plausible time period for acute therapeutic intervention. These data demonstrate that a

cysteine protease inhibitor can be orally efficacious in a TBI animal model when administered at a clinically relevant time

point post-trauma, and that E64d-mediated improvement of TBI is primarily the result of inhibition of cathepsin B

activity. These results validate cathepsin B as a new TBI therapeutic target.
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Introduction

Traumatic brain injury (TBI) is defined as ‘‘an alteration in

brain function, or other evidence of brain pathology, caused by

an external force.’’1 TBI is a major health concern with at least 1.7

million Americans injured each year2 and with young people being

the largest patient group3 and military combat casualties adding to

those numbers.4 Although much is known about the cellular and

molecular mechanisms of TBI,5–8 that knowledge has not, as yet,

resulted in a pharmacological therapeutic that improves out-

come.9,10 However, a therapeutic may be developed by identifying

a molecular target that affects outcome and demonstrating that a

compound that affects the target is efficacious in a TBI animal

model using protocols that can translate into the clinic.

The cysteine protease, cathepsin B, has been suggested to be

such a target because TBI causes a substantial increase in brain

cathepsin B protein levels and activity, which correlates with

neuronal cell death and behavioral dysfunction.11,12 However, di-

rect validation of the functional role of cathepsin B by gene

knockout (KO) studies is lacking; such validation is essential for

consideration of cathepsin B as a TBI drug target. Further, parallel

comparisons of cathepsin B gene KO and protease inhibitor treat-

ment are necessary for understanding the relative importance of

inhibiting cathepsin B versus other proteases in improving out-

comes because of the potential for off-target effects by the inhibi-

tors. For these reasons, this study examined the effects of cathepsin

B gene KO and chemical inhibition of cathepsin B by E64d (by oral

administration) on improving TBI in an animal model.

Cathepsin B KO mice are healthy and generally indistinguish-

able from wild-type (WT) mice.13 Here, we show, for the first time,

that deleting the cathepsin B gene results in substantial improve-

ment in TBI neuromotor dysfunction and brain pathology in an
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open-skull controlled cortical impact (CCI) TBI mouse model.

E64d (aka EST, loxistatin, and L-trans-epoxysuccinyl[OEt]-Leu-

3methylbutlamide) is a potent small-molecule inhibitor of papain-

like cathepsin cysteine proteases and calcium-activated neutral

proteases, which includes cathepsin B and calpain-1.14 For the first

time, we demonstrate efficacy of post-trauma E64d treatment, by

oral administration, of WT mice in a time frame that has the po-

tential for clinical translation. Further, E64d was administered to

cathepsin B KO mice to evaluate the relative importance of in-

hibiting cathepsin B versus other cysteine proteases in improving

outcomes in TBI. The data validate cathepsin B as an important TBI

therapeutic target, demonstrate proof of principle that E64d has

clinical utility for TBI treatment, and indicate that E64d amelio-

rates TBI primarily by inhibiting cathepsin B activity.

Methods

Animals

Cathepsin B–deficient (KO) mice were obtained from Professor
Christoph Peters at the Albert Ludwig University (Freiburg, Ger-
many), and C57BL/6 mice were obtained from The Jackson La-
boratory (Bar Harbor, ME). All mice were maintained on a C57BL/
6 background. Polymerase chain reaction analysis was utilized to
determine the genotype of animals, as previously described.15 All
experimental mice were male. Mice were 15–18 weeks of age for
these studies and weighed between 20 and 27 g. During experi-
mentation, the animal was placed onto a heated pad and core body
temperature was monitored and maintained at 38 – 0.2�C. Mice
were given free access to food and water before and during the
experiment. Animal studies were conducted according to regula-
tions by the National Institutes of Health and as approved by the
institutional animal care and use committee at the Medical Uni-
versity of South Carolina (Charleston, SC) and Ralph H. Johnson
VA Medical Center (Charleston, SC).

TBI injury

The CCI mouse model was used to deliver a controlled, con-
sistent injury to all animals. The procedure requires surgical re-
moval and replacement of a portion of the skullcap so as to be able
to directly injure the brain. Adult mice were anesthetized with
ketamine (90 mg/kg) and xylazine (10 mg/kg) administered by in-
traperitoneal injection of 0.02 mL of solution per gram of body
weight. Degree of anesthesia was assessed by testing corneal re-
flexes and toe-pinch reflexes. During anesthesia, mice were placed
in a stereotaxic frame, with the head positioned in the horizontal
plane and the nose bar set at - 5. Using sterile procedures (site was
shaved and cleaned with Wescodyne before surgical manipulation),
the head was positioned in the horizontal plane with the nose bar set
at zero. After a mid-line incision exposing the skull, a 3-mm cra-
niotomy was made on the right side of the brain lateral to the
sagittal suture and centered between lambda and bregma. The skull
at the craniotomy site was removed without disrupting the under-
lying dura. The exposed cortex was injured using a CCI device
(Precision Systems and Instrumentation, Fairfax Station, VA)
armed with a 2-mm tip. The CCI device was set at a velocity of
3.5 m/sec and to a depth of 2 mm. After injury, a small, round cover
glass was placed on the skull to cover the injury site (EMS no.
72296-05, 5 mm diameter, #1.5 thickness; Electron Microscopy
Sciences, Hatfield, PA). The glass was not glued down, and within a
few hours, the glass was covered by matrix that prevented move-
ment. The cover glass was autoclaved before use. This helped
prevent tearing and sticking of the scalp to the injury site. The cover
glass did not affect swelling. The skin was then stapled together,
and the animals were placed on a heating pad to recover. Total
surgical time was less than 45 min. The survival rate for this pro-

cedure was approximately 88%. Animals were returned to their
home cages after recovery from anesthesia and monitored daily for
any signs of discomfort or other abnormal behavior, and none were
observed.

E64d

E64d was manufactured by American Life Science Pharma-
ceuticals (San Diego, CA) using methods developed and modified
from those previously described.16 Purity was determined to be
99% by reverse-phase high-pressure liquid chromatography, which
was confirmed with a qualified standard. The identity of the com-
pound was confirmed by proton nuclear magnetic resonance,
melting point, elemental analysis, and liquid chromatography/mass
spectroscopy (data not shown). It is noted that E64d can also be
obtained from commercial sources (e.g., Calbiochem, San Diego,
CA).

E64d formulation and oral administration

E64d was formulated at the indicated doses in saline with 1.5%
Me2SO (Sigma-Aldrich, St. Louis, MO), and controls received
carrier solution (saline with 1.5% Me2SO). A single oral dose of
E64d (100 lL) was administered by gavage to animals at different
times after TBI. For the initial studies, the dose of the compound
was 10 mg/kg immediately after trauma (5–10 min). For dose-
response studies, doses were from 0 to 20 mg/kg immediately after
trauma. For time-course studies, 10 mg/kg was used and treatment
was given at 0–24 h after TBI. Our previous dose-response studies
found that a dose of 10 mg/kg of E64d given orally by gavage to
guinea pigs for 1 week maximally reduced brain cathepsin B ac-
tivity by 90%, as assayed upon completion of that dose regimen.17

Thus, there was a reasonable expectation that a single oral ad-
ministration of that dose would effectively reduce brain cathepsin B
in the TBI mouse model, and therefore that dose was used for time-
course studies of brain cathepsin B inhibition, behavior, initial
brain lesion volume, and initial neuronal cell density. Upon com-
pletion of these experiments, dose-response studies using a single
oral administration (given 30 min after the time of TBI) were
conducted to evaluate effect of lower and higher E64d doses on
brain lesion volume and neuronal cell density.

Cathepsin B activity assay

Brain cathepsin B activity was measured 2 h after dosing with
E64d (10 mg/kg) or vehicle immediately after trauma (within 5–
10 min) using a fluorometric assay kit, as described by the manu-
facturer (ab65300; Abcam, Cambridge, MA). The 2-h time point
was selected for analysis because that is approximately the time of
maximum serum-drug concentration after oral administration of
E64d,18 and therefore analysis at that time point would likely show
maximal inhibition. Briefly, tissues were washed twice in ice-cold
phosphate-buffered saline and then homogenized in extraction
buffer, as described by the manufacturer. After 10-min incubation
on ice, the extract was centrifuged at 10,000g for 5 min and 50 lL of
supernatant was mixed with an equal volume of 2 · reaction buffer
and 2 lL of substrate in a 96-well microplate. Plates were kept in
the dark at 37�C for 1 h, and fluorescence was recorded using a
FLUOstar Optima plate reader (BMG LABTECH GmbH, Orten-
berg, Germany). Protein concentration was determined by the bi-
cinchoninic acid assay method (Bio-Rad, Hercules, CA). Cathepsin
B activity was measured in triplicate and was expressed as fluo-
rescent units/mg of protein. For determination of enzyme activity,
we isolated the region of trauma for analysis.

Cathepsin B and Bax western blot analyses

Brain cathepsin B, Bax, and actin (control) protein levels were
determined 24 h after sham operation or TBI, because cathepsin B
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and Bax protein levels are known to be significantly increased at
that time post-TBI.11 Animals were treated with vehicle or E64d
(10 mg/kg) immediately after TBI. Relative levels of cathepsin B,
Bax, and actin in the supernatant fraction from the brain extract
were determined by western blot (polyclonal antibodies: Cathepsin
B, sc-13985; Bax, sc-526; b-actin, sc-130657; Santa Cruz Bio-
technology, Santa Cruz, CA), as described previously.15 Relative
intensities of western blot bands were assessed by densitometry in
triplicate for each sample. Densitometric analysis was done using
IQTL software (GE Life Sciences, Piscataway, NJ). For protein
studies, the entire lesional area was harvested for western blot
analysis. In control or sham animals, a similar region was har-
vested.

Rotarod assay

An automated rotarod (San Diego Instruments, San Diego, CA)
was used to assess the effects on vestibulomotor function of ca-
thepsin B KO and E64d therapeutic intervention (10 mg/kg) given
immediately after trauma (5–10 min).19 On the day preceding in-
jury, mice underwent two consecutive conditioning trials at a set
rotational speed (16 revolutions per min) for 60 sec, followed by
three additional trials with accelerating rotational speeds. The av-
erage time to fall from the rotating cylinder in the latter three trials
was recorded as baseline latency. After injury, mice underwent
consecutive daily testing with three trials of accelerating rotational
speed (intertrial interval of 15 min). Average latency to fall from
the rod was recorded. Mice unable to grasp the rotating rod were
given a latency of 0 sec. The experimenter was blinded as to the
groups of animals.

Brain lesion volume analysis

Histological analysis occurred on the last day of the behavioral
assay (day 7 post-TBI mice) to allow correlation of behavior with
pathology. Mice were anesthetized and transcardially perfused with
saline and 10% buffered formalin phosphate solution containing
4% paraformaldehyde (PFA). Brains were removed, postfixed in
PFA for 24 h, and protected in 30% sucrose. Frozen brain sections
(30 lm) were cut on a cryostat and mounted onto glass slides. Every
fourth section was processed for immunohistochemical analysis
beginning from a random start point. Thirty-micron sections were
stained with hematoxylin and eosin (H&E), dehydrated, and
mounted for analysis. Lesion volume in each section was deter-
mined with a computer-assisted image analysis system, consisting
of a Power Macintosh computer (Apple Inc., Cupertino, CA)
equipped with a QuickCapture frame grabber card, Hitachi CCD
camera (Hitachi Kokusai Electric Inc., Tokyo, Japan) mounted on
an Olympus microscope (Olympus, Tokyo, Japan), and camera
stand. Images were captured and total area of damage was deter-
mined over sections using National Institutes of Health (NIH)
Image Analysis Software (v. 1.55; NIH, Bethesda, MD) conducted
by a single operator blinded to treatment status for analyses of all
measurements.

Neuronal cell density determination

Cell counting was conducted using a Nikon Eclipse E800 light
microscope (Nikon Imaging Japan Inc., Tokyo, Japan) interfaced
with the StereoInvestigator software package (MicroBrightField,
Williston, VT). Neuronal density was calculated as the number of
stained neurons per volume of hippocampus determined using the
optical fractionator method, as previously described.20,21 Before
counting, all slides were coded to avoid bias. As determined by
StereoInvestigator, three sections (40 lm) spaced eight sections
apart along the hippocampal formation were selected by systematic
random sampling. On each section, the hippocampal area was de-
lineated. Only cells within the counting frame or overlapping the
right or superior border of the counting frame, and for which nuclei

came into focus while focusing down through the dissector height,
were counted. Tissue generated and H&E labeled for the brain
lesion volume analysis was used for the neuronal cell-density de-
termination.

Statistic analysis

Experiments consisted of 10 mice in each group. Statistical
analyses and data graphing were conducted utilizing computer
software designed for scientific data analysis (GraphPad Prism 4;
GraphPad Software Inc., La Jolla, CA). Quantitative data were
displayed as the mean with standard error of the mean and differ-
ences among means determined by one-way analysis of variance

FIG. 1. TBI increases brain cathepsin B activity, which is
eliminated by cathepsin B gene KO and is reduced by oral E64d
administration. Brain cathepsin B activities were determined 2 h
after sham operation and TBI trauma, expressed as fluorescent
units per mg protein. (A) Brain cathepsin B activities for sham and
TBI conditions in WT and cathepsin B KO animals are shown.
Mean cathepsin B activities differ among groups, with TBI WT
mice having a higher brain cathepsin B activity than all other
groups (*) and sham KO and TBI KO mice having a lower brain
cathepsin B activity than sham WT mice (#). (B) Brain cathepsin
B activities of TBI WT and cathepsin B KO mice treated orally
with either E64d (10 mg/kg) or Veh immediately after TBI trauma
(5–10 min) are shown. Mean cathepsin B activities differ among
groups, with E64d TBI WT, vehicle-treated TBI KO, and E64d-
treated KO mice having lower brain cathepsin B activities than
TBI WT vehicle-treated mice ( + ) (N = 10 animals/group; signif-
icant differences, p < 0.05, Bonferroni’s multiple comparison test).
TBI, traumatic brain injury; KO, knockout; WT, wild type; Veh,
vehicle.
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( p < 0.0001) and either a Bonferroni’s or Dunnett’s multiple
comparison test for the data of Figures 1 through 6 and of Figures 7
and 8, respectively ( p < 0.05).

Results

Brain cathepsin B activity

The mouse CCI model of TBI was evaluated for brain cathepsin

B activity 2 h after trauma in cathepsin B KO and WT mice.

Traumatized WT mice had a brain cathepsin B activity of

164.2 – 9.5 fluorescence units (FUs; per mg protein), which was a

significant 64% higher than the 100.1 – 5.5 FUs of sham WT mice

(Fig. 1A). Cathepsin B gene deletion reduced brain cathepsin B

activities to background levels with TBI KO and sham KO mice

having 0.0 and 3.6 – 0.6 FUs, respectively, which were a significant

100% lower than TBI WT and sham WT levels.

To assess the effects of E64d, brain cathepsin B activity was

measured in TBI WT and KO mice 2 h after E64d (10 mg/g, orally)

or vehicle administration, which occurred immediately after trau-

ma (5–10 min; Fig. 1B). E64d TBI WT mice had a brain cathepsin

FIG. 2. TBI increases brain cathepsin B protein levels, which is eliminated by cathepsin B gene KO and is not affected by E64d
treatment. Brain cathepsin B protein levels were determined 24 h after sham operation or TBI trauma. (A) Quantitative analysis of brain
cathepsin B protein levels of sham and TBI conditions in WT and cathepsin B KO mice are shown. TBI WT mice had higher mean
cathepsin B levels than all other groups (*), and sham KO and TBI KO mice had lower cathepsin B levels than sham WT mice (#). (B)
An exemplary Western blot of brain cathepsin B protein levels of sham and TBI conditions in WT and KO mice is shown. (C)
Quantitative comparisons of brain cathepsin B protein levels of the TBI condition in WT and KO mice treated with vehicle or E64d
(10 mg/kg) immediately after trauma. TBI KO mice treated with either vehicle or E64d had lower levels than TBI WT mice treated with
either vehicle or E64d ( + ). (D) An exemplary Western blot of brain cathepsin B levels of the TBI condition in WT and KO mice, treated
with vehicle or E64d (N = 10 animals/group; significant differences, p < 0.05, Bonferroni’s multiple comparison test). TBI, traumatic
brain injury; KO, knockout; WT, wild type; Veh, vehicle.
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B activity of 20.7 – 3.6 FUs, which was a significant 88% lower

than the 162.4 – 7.3 FUs of vehicle-treated TBI WT mice. E64d-

and vehicle-treated TBI KO mice had 5.8 – 1.2 and 9.2 – 1.9 FUs,

respectively, which were a significant 95% lower than vehicle

treated TBI WT mice, but not different from each other or TBI KO

mice.

Brain cathepsin B protein level

Cathepsin B protein levels were determined 24 h after TBI

trauma (Fig. 2). TBI WT mice had brain cathepsin B levels of

387.8 – 48.7 relative units (RUs), which was a significant 380%

higher level, as compared to the 102.3 – 3.8 RUs for sham WT mice

(Fig. 2A). As shown by exemplary western blots, cathepsin B KO

resulted in the absence of cathepsin B protein in TBI or sham

animals (Fig. 2B).

WT mice treated immediately after trauma with E64d (10 mg/

kg) or vehicle had brain cathepsin B protein levels of 367.9 – 41.8

and 389 – 26.9 RUs, respectively, which were not significantly

different from each other (Fig. 2C). Cathepsin B protein was absent

in cathepsin B KO mice (with E64d or vehicle treatment), illus-

trated by exemplary western blots (Fig. 2D).

Neurological motor function

Neuromotor function of mice after TBI was determined using

the rotarod assay by measuring the length of time animals were able

to stay on a rotating rod before falling off (latency to fall time); a

shorter time reflected poorer neuromotor function. Latency times to

fall were measured just before trauma on day 0 (before injury) and

on days 1, 3, and 7 after injury (Fig. 3). At day 0, all groups had

equivalent latency to fall times with the mean value for all groups

being 277.5 – 1.5 sec, showing that all groups began the experiment

having the same ability (Fig. 3A). Sham WT and sham KO mice

had equivalent latency times within and between all days, with the

mean for both groups on all days being 276.2 – 1.4 sec, which

demonstrates that deletion of the cathepsin B gene did not affect

performance and that the ability of nontraumatized WT and KO

sham controls remained constant throughout the experiment (Fig.

3A).

The neuromotor function of TBI WT and KO mice are shown in

Figure 3A. On day 1 post-trauma, WT and KO mice had latency

times of 102.1 – 8.6 and 185.2 – 9.7 sec, respectively, which were

63 and 33% shorter times, respectively, than sham controls with the

TBI WT mice, having a significant 30% shorter time than the TBI

KO mice. Thus, whereas both TBI groups had poorer neuromotor

function, relative to controls, TBI WT mice had significantly poorer

performance than the TBI KO mice. On day 3 post-TBI, WT and

KO mice latency times were 132.3 – 11.0 and 225.6 – 4.3 sec, re-

spectively, which were 56 and 18% shorter times, respectively, than

sham controls, with TBI WT mice having a 38% shorter time than

TBI KO animals. Again, both groups performed significantly worse

than controls, with TBI WT mice performing worse than TBI KO

FIG. 3. TBI causes severe neuromotor dysfunction, which is im-
proved by cathepsin B gene KO and by oral E64d treatment. Neuro-
motor dysfunction was assessed at different time points during the
week after TBI trauma using the rotarod assay by measuring latency to
fall time, with a shorter time reflecting a greater dysfunction. (A)
Latency to fall times for sham and TBI conditions in WT and ca-
thepsin B KO mice are shown. At day 0 (pretrauma), there was no
difference in performance among groups. At all days post-trauma,
there was no difference between sham WT and sham KO mice. In
contrast, there were significant differences in latency to fall times
among groups on days 1, 3, and 7 post-trauma. TBI WT mice had
shorter times than for sham WT mice (*) on days 1, 3, and 7 post-
trauma, showing that TBI caused significant impairment and a failure
to recover within the measured time period. TBI KO mice had shorter
times than sham KO mice on days 1 and 3 post-trauma (^), but by day
7, TBI KO mice regained the function of the sham animals and thus
had recovered within the measured time period. Importantly, cathepsin
B KO mice had longer times than TBI WT mice on days 1, 3, and 7
post-trauma (#), showing that cathepsin B gene KO reduced the se-
verity of motor dysfunction on all days post-trauma. (B) Latency to fall
times for TBI WT mice treated with E64 (10 mg/kg) or Veh imme-
diately after trauma are shown. E64d treatment of TBI WT mice
resulted in significantly improved motor performances on all days
post-trauma, compared to Veh-treated animals ( + ). TBI WT Veh-
treated and TBI WT mice (from panel A) had equivalent perfor-
mances. (C) Latency to fall times for TBI KO mice treated with E64d
(10 mg/kg) or Veh immediately after trauma are shown. E64d treat-
ment of TBI KO mice resulted in longer latency time on day 1, relative
to Veh treatment ( · ), but on days 3 and 7, there was no significant
difference in times for E64d- and Veh-treated animals. No significant
difference was observed in mean performances on all days between
TBI KO Veh-treated mice and TBI KO mice (from panel A) or be-
tween the TBI KO E64d-treated and TBI WT E64d-treated mice (from
panel B) (N = 10 animals/group; significant differences, p < 0.05,
Bonferroni’s multiple comparison test). TBI, traumatic brain injury;
KO, knockout; WT, wild type; Veh, vehicle.

‰
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mice. By day 7, latency times for TBI WT and TBI KO mice were

170.2 – 14.2 and 257.7 – 3.8 sec, respectively, with TBI WT mice

having a 38% shorter time than control, whereas TBI KO mice had

an equivalent time to that of the control. Thus, the performance of

TBI WT and TBI KO mice were poorer and the same, respectively,

as the sham control. In summary, TBI KO mice suffered less im-

pairment and recovered faster than TBI WT mice.

Neuromotor performance of TBI WT mice treated with E64d

(10 mg/kg) or vehicle immediately after TBI trauma (5–10 min) is

shown in Figure 3B. In brief, E64d-treated TBI WT animals had

significantly less neuromotor dysfunction and recovered faster than

did vehicle-treated TBI WT mice. Specifically, on day 1, latency

times were 109.8 – 10.2 and 219.6 – 8.2 sec for TBI WT vehicle and

E64d mice, respectively, with TBI WT vehicle-treated mice having

a significant 50% shorter time than that of the E64d-treated ani-

mals. Latency times on day 3 for TBI WT vehicle- and E64d-

treated mice were 142.7 – 10.8 and 249.2 – 6.0 sec, respectively,

with vehicle treatment resulting in a 43% shorter time than that of

E64d treatment and, on day 7, TBI WT vehicle- and E64d-treated

mice had latency times of 179.5 – 11.2 and 267.3 – 5.1 sec, re-

spectively, with vehicle-treated animals having a 33% shorter time

than E64d-treated animals. Thus, E64d treatment significantly

improved performance on all days post-trauma.

Motor performance was also evaluated for vehicle- and E64d-

treated TBI KO mice using the methods described above (Fig. 3C).

In general, E64d treatment caused no improvement in rotarod

FIG. 4. Brain lesion caused by TBI is reduced by cathepsin B gene KO and by oral E64d treatment. Animals tested in the rotarod
assay were sacrificed at day 7 post-TBI and their were brains analyzed by quantitative histology to determine brain lesion volume at the
impact site. (A) Quantitative brain lesion volumes for sham and TBI conditions in WT and KO mice are shown. TBI WT mice had a
significantly larger lesion volume than sham WT, sham KO, and TBI KO mice (*), which had a larger volume than either sham groups
(#). (B) Quantitative brain lesion volumes for the TBI condition in WT and KO mice treated with vehicle or E64d are shown. E64d-
treated TBI WT, Veh-treated TBI KO, and E64d-treated TBI KO mice had significantly lower lesion volumes than Veh-treated TBI WT
mice ( + ). There was no difference in volumes between Veh-treated or untreated TBI WT mice or between E64d- and Veh-treated TBI
KO mice and untreated TBI KO mice (A). (C–J) Exemplary brain micrographs from each group are shown. Note the absence of brain
tissue in the upper-left quadrant of (E) and (G), which are from TBI WT and TBI WT vehicle-treated animals, respectively (arrow; full
picture width, 10 mm; N = 10 animals/group; significant differences, p < 0.05, Bonferroni’s multiple comparison test). TBI, traumatic
brain injury; KO, knockout; WT, wild type; Veh, vehicle. Color image is available online at www.liebertpub.com/neu
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performance, relative to vehicle, in these animals, except on day 1 post-

trauma, when vehicle- and E64d-treated KO animals had latency times

of 197.0 – 6.5 and 239.6 – 8.6 sec, respectively, which showed that

vehicle-treated animals had a significant 17% shorter time than E64d-

treated TBI KO animals. On day 3, vehicle- and E64d-treated TBI KO

mice had latency times of 244.8 – 5.4 and 269.5 – 5.7 sec, respectively,

which were not statistically different. Similarly, on day 7, there was no

difference between vehicle and E64d TBI KO mice latency times,

which were 273.1 – 4.7 and 266.5 – 6.0 sec, respectively.

Importantly, these data show that deleting the cathepsin B gene

or administering E64d significantly reduced the severity of neu-

romotor dysfunction resulting from TBI (at 1 and 3 days post-TBI),

with nearly full recovery of motor function at 7 days after TBI

trauma. Results also show that at day 1 post-trauma, E64d treatment

of TBI KO mice caused a slight improvement in motor perfor-

mance, relative to TBI vehicle-treated KO mice.

Brain lesion volume

Animals tested in the rotarod assay described above were sac-

rificed on the seventh day post-trauma, and their brains were

histopathologically evaluated for brain lesion volume with

FIG. 5. TBI-mediated reduction of hippocampal neuronal densities in WT mice is restored by cathepsin B gene KO and by oral E64d
treatment. Brains of animals analyzed in the rotarod assay were also evaluated at day 7 post-TBI for neuronal cell densities in the CA3
region of the hippocampus by quantitative histological methods. (A) Quantitative neuronal cell densities for sham and TBI conditions in
WT and KO mice are shown. TBI WT mice had significantly less neuronal cell density than all other groups (*). (B) Quantitative
neuronal cell densities for the TBI condition of WT and KO mice treated with E64d or Veh treatment are shown. E64d-treated WT and
KO mice and vehicle-treated KO mice had increased neuronal cell densities, compared to Veh-treated TBI WT mice (#). E64d- and
vehicle-treated TBI KO mice and E64d-treated WT mice had the same densities as the untreated TBI KO and sham KO and WT mice
(A). (C–J) Exemplary micrographs of the hippocampal region from each group are shown. Dark spots within micrographs are neurons,
which are aggregated together to form the dark band of the CA3 layer (arrow). Note that the density of the layer is much less in the TBI
WT micrograph than in the TBI KO micrograph (E and F) and is much less in the TBI WT Veh vs. TBI WT E64d micrographs (I and H)
(full picture width, 0.1 mm; N = 10 animals/group; significant differences, p < 0.05, Bonferroni’s multiple comparison test). TBI,
traumatic brain injury; KO, knockout; WT, wild type; Veh, vehicle. Color image is available online at www.liebertpub.com/neu
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quantitation (Fig. 4). Brain lesions were absent in sham WT and

sham KO mice, but TBI WT and TBI KO mice had lesion volumes

of 14.5 – 1.3 and 5.4 – 0.7 cubic millimeters (mm3), respectively

(Fig. 4A). Importantly, TBI KO mice had lesion volumes that were

approximately one third that of TBI WT mice. These data indicate

that the increased cathepsin B activity in TBI WT mice (from Fig.

1) resulted in substantial brain tissue loss at the cortical impact site,

because eliminating that activity by deleting the cathepsin B gene

greatly reduced that loss.

In the TBI condition, brain lesion volumes of WT mice treated

with E64d or vehicle were 6.1 – 0.7 and 13.9 – 1.1 mm3, respec-

tively (Fig. 4B). Notably, E64d-treated WT mice had less than half

the lesion of vehicle-treated WT mice, indicating that E64d pro-

vided protection from TBI lesion. The E64d reduced brain lesion

volume correlated with the reduced brain cathepsin B activity

caused by E64d treatment post-trauma (data of Fig. 1). Treatment

of TBI KO mice with E64d or vehicle resulted in lesion volumes of

3.9 – 0.7 and 5.4 – 0.9 mm3, respectively, which were not signifi-

cantly different from each other or from the lesion volume of un-

treated KO animals. These results showed that reduction in brain

lesion volume occurring with E64d treatment was primarily the

result of inhibition of cathepsin B activity.

FIG. 6. TBI-induced elevation of Bax levels in brains is reduced by cathepsin B KO and E64d treatment. Brains of animals used to
measure cathepsin B protein levels (Fig. 2) were also used to measure proapoptotic Bax protein levels by quantitative densitometry of
western blots. (A) Brain Bax levels of sham and TBI conditions in WT and KO mice are shown. Mean levels were different among the
groups, with TBI WT mice having increased Bax levels relative to all other groups (*). (B) An exemplary western blot of brain Bax
protein levels from sham and TBI conditions in WT and KO mice is shown. (C) Brain Bax levels are shown for the TBI condition in WT
and KO mice treated with E64d (10 mg/kg) or Veh immediately after trauma. Mean levels in TBI WT Veh-treated mice were higher
level than all other groups (#), indicating that E64d and cathepsin B KO reduced the TBI-induced increase in Bax levels. E64d TBI WT
mice had higher levels than either treatment of the KO mice ( + ). (E64d- or Veh-treated TBI KO mice had the same densities as
untreated sham and TBI KO mice and sham WT mice [A].) (D) An exemplary western blot is shown of the TBI condition in WT and
KO mice, with E64d or Veh treatment (N = 10 animals/group; significant differences, p < 0.05, Bonferroni’s multiple comparison test).
TBI, traumatic brain injury; KO, knockout; WT, wild type; Veh, vehicle.
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Exemplary histopathological brain micrographs from each of the

animal groups tested are shown in Figure 4C–J. Of note is the large

cortical brain area missing in the upper-left quadrant of TBI WT

and TBI vehicle-treated WT mouse brain sections (Fig. 4E and 4G,

respectively), demonstrating that the TBI impact caused severe

brain lesions. In contrast, micrographs from TBI KO mice and TBI

E64d-treated WT mice show relatively intact cortical brain tissue

with minimal lesion in the corresponding upper-left quadrant (Fig.

4F and 4H).

Hippocampal neuronal cell density

Mouse brains from animals tested in the rotarod assays described

above were evaluated for neuronal cell densities in the CA3 region

of the hippocampus by quantitative histopathology image analysis

(Fig. 5). It has previously been shown that the hippocampus is

particularly vulnerable to TBI and that this may contribute to

subsequent cognitive impairment.22,23 Therefore, we used the CA3

region as a marker for neuronal cell loss correlated to behavioral

changes. The prelesional cortex was not chosen because of the

massive damage and difficulty in counting the cells.

Neuronal cell densities from sham WT, sham KO, and TBI KO

mice were not significantly different from each other, with mean

values of 609,797 – 10,648, 586,744 – 12,457, and 540,444 – 25,831

counts/mm3, respectively (Fig. 5A). In contrast, TBI WT mice had a

neuronal cell density of 246,968 – 36,759 counts/mm3, which was a

significant 60% lower than sham WT cell density (Fig. 5A). Thus,

these data show that cathepsin B gene KO protects against neuronal

loss induced by TBI because eliminating the increased cathepsin B

activity caused by TBI (data of Fig. 1) prevented that loss.

In the TBI condition, E64d or vehicle treatment of WT mice

resulted in neuronal cell densities of 495,143 – 21,667 and

239,906 – 23,507 counts/ mm3, respectively, which showed that

E64d treatment resulted in a significant 50% increase in density,

relative to vehicle-treated animals (Fig. 5B). Densities for E64d-

treated WT mice and TBI KO mice (vehicle) were not statistically

different. These data and that of Figure 1 show that the beneficial

effect of E64d on increasing neuronal cell density correlates with

the inhibition of cathepsin B activity.

TBI KO mice treated with E64d or vehicle had neuronal den-

sities of 583,669 – 15,498 and 474,713 – 29,178 counts/ mm3, re-

spectively, with E64d- and vehicle-treated KO animals having

significantly higher cell densities than vehicle-treated TBI WT

mice (Fig. 5B). There was no difference between densities of E64d-

treated KO mice and untreated KO mice or E64d-treated WT mice.

Exemplary micrographs of the CA3 hippocampus from the ex-

perimental groups are shown in Figure 5C–J. Note within the mi-

crographs the dark bands (arrows), which are composed of CA3

neurons, and that the bands are less dense in TBI WT and TBI

vehicle-treated WT mice (Fig. 5E and 5G, respectively) than in TBI

KO and TBI E64d-treated WT mice (Fig. 5F and 5H, respectively).

Bax protein levels

Brains of animals evaluated for cathepsin B activity and protein

levels (Fig. 2) were also evaluated for proapoptotic Bax protein

24 h after trauma (Fig. 6). Western blot data showed that sham WT,

sham KO, and TBI KO mice had equivalent Bax levels of

98.5 – 6.2, 139.2 – 9.9, and 113.0 – 12.6 RUs, respectively, whereas

TBI WT mice had Bax expression levels that were a significant 10-

fold greater than that, at 1175 – 87.5 RUs (Fig. 6A). Importantly,

KO of the cathepsin B gene blocked TBI induction of Bax protein

(Fig. 6B). These findings and that of Figure 1 indicate that the

increased Bax expression caused by TBI is mediated by cathepsin B

activity, because TBI induction of Bax was blocked by cathepsin B

gene KO.

E64d and vehicle treatment of TBI WT mice resulted in Bax

levels of 410 – 31.1 and 1172 – 72.2 RUs, respectively, showing

that E64d treatment reduced Bax levels by a significant 65%, rel-

ative to vehicle treatment (Fig. 6C). In TBI KO mice, E64d and

vehicle treatment resulted in Bax levels of 84.8 – 8.5 and

122.0 – 9.3 RUs, respectively, which were approximately 90% less

than the Bax level of vehicle-treated TBI WT mice and approxi-

mately 75% less than the level of E64d treated TBI WT mice. Thus,

E64d significantly reduced TBI-induced elevation of Bax levels in

WT mice.

Time course of E64d effect on brain lesion volume
and neuronal cell density

Effects of a single oral E64d dose (10 mg/kg) given at progres-

sively longer times after TBI were evaluated. Treated and untreated

animals were sacrificed 7 days postinjury and compared. Our pre-

vious dose-response studies found that an oral 10-mg/kg E64d dose

given by gavage to guinea pigs for 1 week maximally reduced brain

cathepsin B activity by 90%, as assayed upon completion of the

dose regimen.17 Thus, a 10-mg/kg E64d dose was selected because

there was a reasonable expectation that a single administration of

that dose may reduce brain cathepsin B in the TBI model.

The effect on brain lesion volume of progressively delaying

E64d treatment post-trauma is shown in Figure 7A. A delay in

dosing generally resulted in increased lesion volumes. Significant

reductions in lesion volume occurred in animals treated with E64d

up to 8 h post-trauma, compared to the no-treatment (NT) TBI

animals, with the dosing at 8 h after trauma resulting in a brain

lesion volume of 9.9 – 1.5 mm3, which was a significant 40% lower

than the 17.1 – 1.3 mm3 volume of NT TBI mice.

The effect on neuronal cell densities as a function of time after

TBI injury of E64d administration is shown in Figure 7B. Neuronal

cell densities were significantly increased with E64d treatment,

relative to the NT TBI group, for administration up to 8 h post-

trauma, with administration of a dose at 8 h resulting in a density of

280,096 – 16,595 counts/ mm3, which was a significant 35% higher

than the 207,811 – 11,483 counts/ mm3 of NT TBI animals.

E64d dose response for brain lesion volume
and neuronal cell density

The dose-response relationship and minimum effective single

oral E64d dose was determined for brain lesion volume and CA3

hippocampal neuronal cell density. E64d was administered to WT

mice 0.5 h after injury, and animals were sacrificed 7 days later.

This protocol was selected because a maximum effect was obtained

with this regimen in the time-course studies. A dose range of 0–

20 mg/kg was studied because it encompassed doses that maxi-

mally inhibited brain cathepsin B activity, because a single oral 10-

mg/kg E64d dose resulted in a 90% reduction in brain cathepsin B

activity (Fig. 1B). Thus, the selected dose range predicted that a

dose-response effect would be observed.

The decreasing lesion volumes as a function of increasing doses

of E64d (oral administration) after trauma to WT mice are shown in

Figure 8A(i) and 8A(ii). The relationship of increasing E64d doses

providing decreased lesion volumes can be fitted to a two-phase

exponential decay curve (Fig. 8A(i)). The curve has a sharp

downward slope for doses between 0 and approximately 5 mg/kg

body weight, followed by a more-gradual reduction for doses
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between 5 and 20 mg/kg, which produced significant reductions in

brain lesion, relative to no treatment. These data indicated a min-

imal effective dose for this paradigm of approximately 5 mg/kg.

Figure 8A(ii) is a logarithmic plot of the E64d dose versus lesion

volume and shows that the data fit a decreasing sigmoidal curve.

The increasing neuronal cell densities resulting from increasing

doses of E64d administered after trauma to WT mice is shown in

Figure 8B(i) and 8B(ii). Figure 8B(i) shows a two-phase increasing

exponential relationship, and that the minimum effective dose was

approximately 1 mg/kg. The logarithmic dose response for an oral

E64d dose to neuronal cell density is displayed in Figure 8B(ii) and

shows an increasing sigmoidal relationship.

Discussion

The major new finding of this study is that deleting the cathepsin

B gene alleviates the behavioral dysfunction and pathology of TBI,

thus validating cathepsin B as a target for TBI drug development.

Data showed that KO of the cathepsin B gene resulted in significant

improvement in neuromotor dysfunction induced by TBI in the CCI

mouse model at days 1 and 3 postinjury. By 7 days postinjury,

cathepsin B KO mice showed full recovery of motor function, but

WT mice still showed neuromotor dysfunction. Cathepsin B gene

deletion prevented the TBI-induced increase in cathepsin B activity

that participates in neuromotor dysfunction. Increased cathepsin B

activity was also a significant cause of brain pathology, illustrated

by comparison of WT and cathepsin B KO mice, showing that

traumatized WT mice had three times the brain lesion volume and

less than half the CA3 hippocampal cell density, compared to TBI

cathepsin B KO animals. These cathepsin B KO animal studies

unambiguously illustrate the central role of cathepsin B in the

neuromuscular dysfunction and brain pathology of TBI.

Notably, oral treatment of TBI WT mice with the cysteine

protease inhibitor, E64d, post-trauma produced substantially the

same outcomes as deleting the cathepsin B gene for improving

neuromotor dysfunction and brain pathology post-trauma. This

result is all the more impressive given that only a single E64d dose

was administered. Moreover, treatment affected outcomes when

E64d was administered up to 8 h after trauma, which is within the

time frame for clinical intervention.9 These data establish proof of

principle that cysteine protease inhibitors have TBI therapeutic

potential and provide strong motivation to develop therapeutic

methods of using cysteine protease inhibitors to treat TBI.

Based on previous work, it was not at all obvious that a cathepsin

B inhibitor treatment, which could translate into the clinic, would

be efficacious in a TBI animal model. The closest previous studies

showed that prophylactic intracerebroventricular (i.c.v.) infusion of

E64d or CA074Me, which is a compound that also inhibits ca-

thepsin B, to CCI TBI mice is efficacious.11,12 Neither prophylactic

nor i.c.v. administration is a practical method for treating TBI.

Moreover, because the cathepsin B inhibitors were administered

directly to the brain, the compounds did not have to penetrate the

blood–brain barrier and thus it was not clear, from those studies,

whether a sufficient amount of E64c, which is the systemically

active form of E64d, would reach the brain to be effective. As it

turned out, oral administration of E64d was very effective at re-

ducing brain cathepsin B (up to 90%), whereas i.c.v. administration

of cathepsin B inhibitors resulted in substantially less brain ca-

thepsin B inhibition (less than 20% inhibition). That is likely a

result of the systemic dosing (by the oral route) causing the drug to

penetrate cells throughout the brain, whereas i.c.v. drug distribution

is limited by diffusion to cells at the surface of the ventricles.24

Another significant problem in developing a practical TBI treat-

ment is in finding a cathepsin B inhibitor capable of sufficient brain

cell penetration for effective target engagement. For example, in-

travenous (i.v.) administration of CA074, which is a selective ca-

thepsin B inhibitor, in a spinal trauma model did not inhibit

cathepsin B activity in the damaged tissue, likely because its

charged nature did not allow it to penetrate into cells.24 An inability

FIG. 7. Effectiveness of a single oral E64d dose is inversely
proportional to the time of administration after TBI trauma and is
effective up to 8 h post-trauma at reducing brain lesion volume
and increasing brain neuronal cell density. Effects of administer-
ing a single oral E64d dose (10 mg/kg) to WT mice at various
times after trauma on brain lesion volume and CA3 hippocampal
neuronal cell density are shown. Experimental animals and those
that received no treatment (NT) were sacrificed 7 days post-
trauma and compared. (A) Brain lesion volumes for groups re-
ceiving E64d at increasing times after trauma and for the NT
group are shown. Lesion volume was significantly reduced for all
groups receiving E64d up to 8 h post-trauma, relative to that of the
NT group (#). (B) Neuronal cell densities for groups receiving
E64d at increasing times after trauma and for the NT group are
shown. Density was significantly increased for all groups receiv-
ing E64d up to 8 h post-trauma, relative to that of the NT group (#)
(N = 10 animals/group; significant differences, p < 0.05, Dunnett’s
multiple comparison test). WT, wild type.
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to reach the target proteases inside cells may also have been the

case for the cathepsin B and calpain inhibitor, MDL28170, because

i.v. administration of that compound to a TBI animal model did not

inhibit endogenous brain calpain activity.25 Thus, the demonstra-

tion of E64d efficacy, when used in a clinically relevant manner, in

a TBI model is a significant new result.

E64d is particularly well suited for clinical advancement be-

cause of its earlier safe use in humans. Originally developed in the

1980s for treatment of muscular dystrophy, E64d (also known as

EST and Loxistatin) completed phase III trials, but did not advance

as a drug because of insufficient efficacy for treating muscular

dystrophy.26 Nonetheless, clinical data show that E64d could be

safely administered to adult volunteers and pediatric pa-

tients.18,27,28 E64d has a very wide toxic-therapeutic window,29–34

no mutagenic effect,35 and wide dose window for any reproductive

effects36–39 as well as good oral bioavailability.18,40–42 In those

studies, an oral E64d dose of approximately 5 mg/kg was chroni-

cally administered to pediatric patients and the toxicity data suggest

that higher oral doses may be tolerated, especially on a short-term

basis. The single oral E64d doses of 1–10 mg/kg, shown here to

improve behavior and pathology in mice, are within a dose range

that can likely be safely administered to TBI patients. Thus, E64d,

or an E64d derivative, has good potential for clinical advancement

as a TBI therapeutic.

FIG. 8. Oral E64d dose-response effects on brain lesion volume and neuronal cell density. Effects of a single oral E64d dose given to
WT mice 0.5 h after trauma on brain lesion volume and CA3 hippocampal neuronal cell density were determined. (A) (i) Brain lesion
volume versus the E64d dose is plotted on a linear-linear scale and fitted to a decreasing biphasic exponential curve. A steep reduction in
brain lesion volume occurred for 0- to 5-mg/kg doses, followed by a gradual reduction for 5- to 20-mg/kg doses. Doses at or above 5 mg/
kg resulted in significant reductions in brain lesion volumes, relative to no dose (#). (A) (ii) Brain lesion volume versus the E64d dose is
plotted on a linear-logarithmic scale and fitted to a decreasing sigmoidal curve. (B) (i) Neuronal density versus E64d dose is plotted on a
linear-linear scale and fitted to an increasing biphasic exponential scale. A steep increase in neuronal cell density occurred for 0- to 5-
mg/kg doses, followed by a gradual reduction for 5- to 20-mg/kg doses is shown. Doses at or above 1 mg/kg resulted in significant
increase in neuronal cell densities, relative to no dose (#). (B) (ii) Neuronal cell density versus the E64d dose is plotted on a linear-
logarithmic scale and fitted to an increasing sigmoidal curve (N = 10 animals/group; significant differences, p < 0.05, Dunnett’s multiple
comparison test). WT, wild type.
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An interesting aspect of this study is the comparison of cathepsin

B KO mice with or without E64d treatment. E64d treatment of TBI

WT mice had essentially the same beneficial outcomes as E64d

treatment of cathepsin B KO mice, showing that effects of E64d are

primarily the result of inhibition of cathepsin B. To the best of our

knowledge, this is the first evaluation of a protease inhibitor in an

animal model lacking the protease gene targeted by the inhibitor,

after inducing TBI. This strategy assessed the relative importance

of E64d inhibition of the protease of interest, compared with other

proteases, in improving TBI. E64d inhibits papain-like cathepsin

cysteine proteases and calcium-activated neutral proteases14 and

thus can have multiple protease targets. The similar effects ob-

served in E64d, cathepsin B KO, and E64d-cathepsin B KO mice

indicate that E64d likely improves TBI outcomes through inhibit-

ing cathepsin B.

However, an exception was on day 1 post-trauma, when E64d

treatment of cathepsin B KO mice resulted in a modest 20%

shorter latency to fall time than occurred for cathepsin B KO

mice in the rotarod assay. These data suggest that E64d may have

some off-target effects during early post-trauma. A likely off-

target candidate may be inhibition of the calpains, which are

known TBI drug targets,43 because calpain-1 KO studies have

validated as such.44 Brain calpain activity spikes within 24 h of

trauma,45–47 and E64d administration has been shown to reduce

calpain activity and provide neuroprotection after trauma.48,49

Thus, whereas the cathepsin B KO studies here show that E64d

acts primarily by inhibition of cathepsin B, some additional

benefits may occur in TBI treatment through E64d inhibition of

other proteases, especially calpains.

A further benefit of inhibiting cathepsin B and calpain is that

these proteases regulate matrix metallopeptidase-9 (MMP-9),

which participates in TBI dysfunction.50 The role of MMP-9 in TBI

is shown by MMP-9 gene KO studies, which results in improved

motor function and reduced brain lesion volumes.50 Increased ca-

thepsin B and calpain up-regulate MMP-9,51 and thus E64d treat-

ment may also improve TBI outcomes through cathepsin B and

calpain inhibition reducing MMP-9 activity, as occurs with E64d

treatment in an ischemic animal model.52

Under normal conditions, cathepsin B is sequestered in lyso-

somes at mM concentrations and is not found in the cytosol.

Though cathepsin B has maximum activity in the acidic environ-

ment of lysosomes, it can function with more modest activity in the

neutral pH environment of the cytoplasm; to prevent that cyto-

plasmic activity, cytoplasmic stefins (also known as cystatins) in-

hibit cytoplasmic cathepsin B activity under normal conditions.53

However, upon injury, lysosomal membranes can be compromised

or ruptured and large amounts of cathepsin B can be released into

the cystosol, which can overwhelm the cystatin control and cause

necrotic and apoptotic cell death.54 Ischemic injury has long been

known to cause lysosomal cathepsin B leakage and brain neuronal

cell death.55 Also, recent data show that TBI also causes lysosomal

membrane permeability and cathepsin B leakage into the cytoplasm

of brain neuronal cells.56 Moreover, cathepsin B leakage from ly-

sosomes to the cytoplasm has been shown to occur in an in vitro

neuronal cell system, which models TBI injury.57 Thus, TBI-

induced lysosomal leakage of cathepsin B into the cytoplasm may

be a key event in causing neuronal cell death.

Earlier inhibitor studies suggested that inhibiting cathepsin B

may reduce necrotic cell death after TBI.11,12 This study provides

direct evidence that cathepsin B KO animals have reduced brain

lesion volume after TBI and thus validates cathepsin B as a key

factor in causing TBI necrotic cell death.

Previous studies also suggested that inhibiting cathepsin B may

reduce apoptotic cell death in TBI, because administration of

cysteine protease inhibitors to TBI animals improved brain neu-

ronal cell survival and reversed the TBI-induced reduction in an-

tiapoptotic B-cell lymphoma 2 levels and reversed the increase in

proapoptotic Bax levels, Bid cleavage, cytochrome c levels, and

caspase3 activation.11,12 TBI KO mice of this study had no brain

Bax expression and an insignificant loss of hippocampal neuronal

cell density, and thus these data directly demonstrate that cathepsin

B is essential for increases in proapoptotic cell death protein Bax

and neuronal cell death resulting from TBI. The data are consistent

with previous data showing that deleting the cathepsin B gene also

reduced brain neuronal apoptotic cell death in a myoclonus epi-

leptic mouse model.58 In addition, E64d treatment of WT mice

resulted in reduced levels of brain Bax levels and increased neu-

ronal cell density post-trauma, which confirms the findings of

previous cathepsin B TBI-inhibitor studies.11,12 Thus, inhibiting

brain cathepsin B is an important means for reducing proapoptotic

Bax levels and improving neuronal cell survival after TBI.

Tumor necrosis factor alpha (TNF-a) is an apoptotic cell death

ligand that is increased by TBI.59–61 Hepatocytes from cathepsin B

KO mice or fibrosarcoma cells treated with cathepsin B inhibitors

resist TNF-a-induced apoptotic death because cathepsin B lyso-

somal leakage into the cytoplasm is required for that death pathway

to occur.62,63 Moreover, cathepsin B–deficient macrophages pro-

duce less TNF-a in response to lipopolysaccharide activation.64

Thus, reducing the elevated cathepsin B activity after TBI may

result in neuroprotection, in part, by preventing TNF-a-induced

apoptosis.

Interestingly, cathepsin B is not critical for the essential apo-

ptosis that occurs in development because cathepsin B–deficient

mice develop normally.13 That is thought to be because the closely

related protease, cathepsin L, likely provides that function in de-

velopment and that hypothesis is supported by the fact that ca-

thepsin B and cathepsin L double KO mice exhibit selective

neuronal vulnerability and fail to develop normally.65 On the other

hand, cathepsin L does not seem to be able to provide the patho-

logical function of cathepsin B, because cathepsin L did not do so in

the cathepsin B KO mice.

E64d treatment does not cause neuronal pathology, even though

it inhibits both cathepsin B and cathepsin L, probably because E64d

only partially attenuates the activities of these two proteases and

thus does not eliminate their functions. Moreover, E64d spares

essential lysosomal protease activity because E64c, which is the

biologically active form of E64d, concentrates in the cytoplasm and

not in lysosomes.66 Because cell death results from cathepsin B

leakage into the cytoplasm, the concentration of E64c in the cy-

toplasm makes E64d a uniquely well-suited compound for reducing

cell death.

TBI patients are at increased risk of developing Alzheimer’s

disease (AD),67 and TBI often induces AD-like amyloid-b (Ab)

plaque shortly after injury and elevates Ab in injured brain neurons

long after the trauma has occurred.68,69 Our previous work in

transgenic AD mice showed that deleting the cathepsin B gene or

treating them with E64d (oral administration) causes major re-

ductions in brain Ab, brain amyloid plaque, and improves memory

deficits.15,17,70,71 Thus, treating TBI patients with a cathepsin B

inhibitor may also reduce the subsequent long-term risk of AD.

In summary, gene KO studies here establish that cathepsin B is

an important new TBI drug target. The demonstration that a clin-

ically viable protocol using E64d is efficacious in TBI animal

models enables the development of E64d for TBI treatment.
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Initiation of E64d treatment at *8 h after TBI is clinically feasible

to improve TBI brain damage. This study illustrates that E64d

produces beneficial outcomes in TBI primarily through inhibiting

cathepsin B.
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