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Abstract
Long term functional impairments due to spinal cord injury (SCI) in the rat result from secondary
apoptotic death regulated, in part, by SCI-induced decreases in protein levels of the anti-apoptotic
protein Bcl-xL. We have shown that exogenous administration of Bcl-xL spares neurons 24h after
SCI. However, long term effects of chronic application of Bcl-xL have not been characterized. To
counteract SCI-induced decreases in Bcl-xL and resulting apoptosis, we used the TAT protein
transduction domain fused to the Bcl-xL protein (Tat-Bcl-xL), or its anti-apoptotic domain BH4
(Tat-BH4). We used intrathecal delivery of Tat-Bcl-xL, or Tat-BH4, into injured spinal cords for
24h or 7 days, and apoptosis, neuronal death and locomotor recovery were assessed up to 2
months after injury. Both, Tat-Bcl-xL and Tat-BH4, significantly decreased SCI-induced apoptosis
in thoracic segments containing the site of injury (T10) at 24h or 7 days after SCI. However, the 7
day delivery of Tat-Bcl-xL, or Tat-BH4, also induced a significant impairment of locomotor
recovery that lasted beyond the drug delivery time. We found that the 7 day administration of Tat-
Bcl-xL, or Tat-BH4, significantly increased non-apoptotic neuronal loss and robustly augmented
microglia/macrophage activation. These results indicate that the anti-apoptotic treatment targeting
Bcl-xL shifts neuronal apoptosis to necrosis, increases the inflammatory response and impairs
locomotor recovery. Our results suggest that a combinatorial treatment consisting of anti-apoptotic
and anti-inflammatory agents may be necessary to achieve tissue preservation and significant
improvement in functional recovery after SCI.
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INTRODUCTION
Mechanical trauma to the spinal cord triggers events resulting in the death of neurons and
glia over several weeks after the initial injury (Liu et al., 1997;Ahn et al., 2006). In the early
acute phase, there is a cascade of excitatory amino-acid-induced Ca2+ entry and energy
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failure, nitric oxide (NO) production, oxidative stress and membrane breakdown that lead to
early necrosis (Park et al., 2004;Bao and Liu, 2004;Bao et al., 2006), which is followed by
apoptosis of neurons and glia (Beattie et al., 2000;Lu et al., 2000;Park et al., 2004).
Neuronal apoptosis begins as early as 4h near the site of impact and persists for the first 24h
after trauma, while neuronal and oligodendroglial apoptosis lasts for a couple of weeks in
areas away from the injury site (Liu et al., 1997;Shuman et al., 1997;Casha et al., 2001).
Since the functional outcome after spinal cord injury (SCI) is in part dependent on the extent
of secondary cell death, it has been suggested that the prevention of delayed apoptosis after
SCI is likely to have a beneficial effect by reducing the extent of tissue damage (Schwab et
al., 2006). With the belief that the final steps of apoptosis are highly conserved and likely to
be mediated by a related set of caspases; inhibitors of caspases have been used to prevent
SCI-induced apoptosis with different levels of success (Barut et al., 2005;Knoblach et al.,
2005;Colak et al., 2005). However, apoptosis is known to be triggered through different
pathways, caspase-dependent and caspase-independent, both impinging on mitochondrial
function (Yuan et al., 2003). For example, the release of mitochondrial cytochrome c is
indispensable for the activation of caspases (Hengartner, 2000); while the release of
mitochondrial apoptosis-inducing factor (AIF) leads to DNA fragmentation in a caspase-
independent fashion (Yakovlev and Faden, 2004). Main regulators of apoptosis via
mitochondria are members of the Bcl-2 family of proteins. The Bcl-2 family of proteins,
containing pro-apoptotic (Bax, Bad, Bid) and anti-apoptotic (Bcl-2, Bcl-xL) members, is
central to the regulation of both caspase-dependent and caspase-independent apoptosis, by
modulating mitochondrial outer membrane permeability (Tsujimoto, 2003;Sharpe et al.,
2004). Among the Bcl-2 family, Bcl-xL is the principal anti-apoptotic member in the
postnatal and adult central nervous system (Gonzalez-Garcia et al., 1994;Gonzalez-Garcia et
al., 1995;Alonso et al., 1997;Parsadanian et al., 1998); where it is highly expressed in
neurons and oligodendrocytes in the rat spinal cord (Qiu et al., 2001;Nesic-Taylor et al.,
2005).

Manipulation of the levels of Bcl-2 proteins could provide new treatment paradigms that
prevent apoptosis associated with SCI. Conditional Bcl-xL overexpression protects postnatal
and adult neurons from traumatic hypoxia (Matsuoka et al., 2002;Wen et al., 2002), and
metabolic injury (Xu et al., 1999;Shinoura et al., 2000). Furthermore, exogenous Bcl-xL has
been shown to be highly effective in protecting against cell injury in response to ischemia
(Cao et al., 2002), oxidative stress (Cherbonnel-Lasserre and Dosanjh, 1997), hypoglycemia
(Panickar et al., 2005), neurotrophin deprivation (Vander Heiden et al., 1999) and
excitotoxicity (Matsuoka et al., 2002). We have found that Bcl-xL levels are significantly
reduced after SCI and that the short-term administration of Bcl-xL-fusion protein to the
injured spinal cord significantly increases neuronal survival within 24h after spinal injury
(Nesic-Taylor et al., 2005). However, the long-term effects of such anti-apoptotic therapy
have not been assessed in a rat model of SCI.

In a previous study (Nesic-Taylor et al., 2005), we used a Bcl-xL fusion protein, a construct
in which Bcl-xL was fused into a 254 amino acid nontoxic derivative (lethal factor, LFn) of
anthrax toxin to render the Bcl-xL cell permeable (Liu et al., 2001). The transduction of
LFn-Bcl-xL requires the binding of the LFn domain to another anthrax toxin component,
protective antigen (PA)(Liu et al., 2001), which binds to an unidentified cell surface receptor
and mediates the transport of the Bcl-xL fusion protein into the cell (Friedlander, 1986). In
the present study, we chose Tat-mediated delivery of Bcl-xL because it offered several
important advantages over the anthrax-toxin delivery system (Yin et al., 2006). First, Tat-
mediated protein transduction in the CNS does not require co-administration of helper
proteins. The Tat sequence is only 11 amino acid residues long, which does not substantially
increase the size of the fusion protein and thus, is less likely to interfere with the activity of
the transduced protein (Cao et al., 2002). Tat-Bcl-xL has been shown to rapidly transduce
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into mammalian cells (Nagahara et al., 1998) via an endocytosis-mediated, but receptor-
independent mechanism (Potocky et al., 2003;Wadia et al., 2004;Kaplan et al., 2005). In
addition, the ability of the TAT peptide to bind to ubiquitous targets such as heparan sulfate,
chondroitin sulfate, or even phospholipid heads in the lipid bilayer (Wadia and Dowdy,
2005) allows for consistent transduction into multiple cell types (Schwarze et al., 1999). The
anti-apoptotic BH4 domain of Bcl-xL has also been fused to the Tat–peptide (Sugioka et al.,
2003) , providing an additional tool to asses the anti-apoptotic activity of Bcl-xL. Thus, Tat-
Bcl-xL is a useful tool to evaluate the long-term effects of exogenously administered Bcl-xL
into the injured rat spinal cords. In the present work, we found that administration of
exogenous Bcl-xL (Tat-Bcl-xL) and its anti-apoptotic domain BH4 (Tat-BH4-Bcl-xL) into
the injured spinal cord decreased apoptotic cell death 24h and 7 days after SCI. However,
long-term administration (7 days) of exogenous Bcl-xL impaired locomotor recovery and
increased neuronal losses to a greater extent than SCI alone. Furthermore, long-term
administration of Tat-Bcl-xL significantly increased microglial/macrophage levels in injured
spinal cords compared to vehicle-treated SCI rats, suggesting that there is an enhanced
inflammatory reaction induced by the Tat-Bcl-xL treatment perhaps resulting from increased
survival of activated microglia and macrophages. Taken together, these results would
suggest that delayed effects of anti-apoptotic therapy may be pro-inflammatory and
detrimental over time, although the initial effects 24h after SCI could be beneficial.

METHODS
Expression and purification of Tat-Bcl-xL fusion protein and Tat-BH4 peptide

The P-Tat-HA-Bcl-xL expression vector (a generous gift from Dr. R.Pastori, Miami, FL,
with permission of Dr. S.F. Dowdy, St Louis, MO) was generated by cloning the coding
region of human Bcl-xL in frame with the TAT peptide into the pTAT-HA bacterial
expression vector (Klein et al., 2004). The vector pTAT-HA has an N-terminal 6-histidine
leader followed by the 11-amino-acid TAT-protein transduction domain, a hemaglutinin
(HA) tag and a polylinker (Nagahara et al., 1998). To produce the fusion protein, the
plasmid was transformed into E. coli BL21 competent cells (Novagen, Madison, WI) and
incubated overnight on Carbenicillin (100ug/ml, Invitrogen, La Jolla, CA)-selective LB
plates. A single colony was inoculated in LB selective medium and protein expression was
induced by incubation with IPTG (1mM final concentration, Roche Applied Science,
Germany) for 1h. Bacteria were lysed by sonication and denatured in 8M urea. The
supernatant was subjected to metal affinity chromatography using a Ni-NTA column
(Quiagen, Valencia, CA). Salt was removed by gel filtration and protein identity was
confirmed by western blotting using antibodies against Bcl-xL and the HA-tag as described
below. This procedure was performed by the protein expression and purification core facility
at University of Texas Medical Branch (UTMB). The Tat-BH4 peptide HIV-TAT48–57-β-
Ala-Bcl-xL BH44–23 (Calbiochem, La Jolla, CA) containing the conserved N-terminal
homology domain (BH4) of Bcl-xL (amino acids 4 – 23) is linked to a 10-amino acid HIV-
TAT48–57 sequence with a β-alanine residue as a spacer. Tat-Bcl-xL and Tat-BH4 were
dissolved in saline (vehicle) and filtrated throughout a 0.2 um sterile filter.

Spinal Cord Injury
Weight-matched Sprague Dawley male rats (175–200g, 200–225g) were obtained from
Harlan Laboratories (Indianapolis, IN) and housed at UTMB Animal Care facilities until
surgery-weight was reached (225–240g). All rats were anesthetized with 35 mg/kg
pentobarbital (Nembutal Sodium, Abbott Laboratories, Chicago, IL) intraperitoneally, and
subjected to laminectomy over spinal segments T10 and T13-L1. A moderate spinal
contusion injury over the spinal segment T10 was performed with the Infinite Horizon spinal
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cord impactor (single impact, 150 Kdynes producing a 0.8mm displacement) as described
previously (Nesic-Taylor et al., 2005).

Avoiding damage to the spinal cord, the dura was raised with an extrafine forceps and cut
with fine scissors. Sterilized polyethylene tubing (32G/PE-60; Rethaco, LLC, Allison Park,
PA) was inserted into the intrathecal space through the punctured dura at T13-L1 and
extended so that the tip of the catheter was directly beneath the T11 vertebrae. The catheter
was connected to a primed mini-osmotic pump (Alzet, Durect Co. CA) that was placed in a
subcutaneous pocket made over the sacral vertebrae caudal to the incision. The catheter was
secured by suture and superglue to both the L1-L2 vertebral junction and the fascia over the
paravertebral muscles at the incision margin, the wound was closed by suturing muscle and
fascia and the skin closed with surgical staples. Following injury, animals were injected
subcutaneously with 5mL of 0.9% sterile saline and placed on a heating pad to maintain
body temperature. Animals received prophylactic antibiotic (Baytril, 2.7mg/Kg twice a day
for 5 days), analgesic (Buprenorphin, 0.1mg/Kg twice a day for 3 days) and saline (5ml,
daily for 5 days) to prevent dehydration. Bladders were voided manually twice a day until
normal function returned. Sham-treated animals were exposed to the same procedure
without the contusion injury. All procedures complied with the recommendations in the NIH
Guide for the Care and Use of Laboratory Animals and were approved by the UTMB
Animal Care and Use Committee.

Intrathecal delivery of drugs in the rat spinal cord
Tat-Bcl-xL has been shown to cross the blood brain barrier when delivered intravenously
(Kilic et al., 2002) or intraperitoneally (Cao et al., 2002;Yin et al., 2006). However, in order
to reach an optimal concentration of Tat-Bcl-xL in the brain, those studies used a dose which
was not feasible for the size and number of the adult rats used in our SCI-model. Thus, we
use intrathecal delivery of Tat-Bcl-xL, Tat-BH4 or vehicle as summarized in Table 1. The
specific doses and delivery rate of either drug or vehicle into the spinal cord were achieved
by connecting the external catheter (PE-60) to miniosmotic pumps (Alzet, Durect Co. CA)
1003D (for 24h delivery) or 1007 days (for 7 days delivery). To prime the pumps, the
interior container was filled with either Tat-Bcl-xL, Tat-BH4 or saline and incubated
overnight at 37°C. Animals surviving for 60 days were anesthetized and the catheter was
retrieved from the spinal cord by day 7. Post-surgical antibiotic and pain relievers were
administered as previously described.

Protein extraction and subcellular fractionation
For protein extractions, rats were intracardially perfused with PBS and a 1cm segment
centered at tissue epicenter (T10, site of injury) was removed and immediately frozen in
liquid nitrogen. The tissue was homogenized in ice-cold Buffer M (250 mM sucrose, 20 mM
Hepes, 1 mM EDTA,1 mM EGTA, 1 mM dithiotheitol, 1 mM PMSF, pH 7.4, protease
inhibitor cocktail and phosphatase inhibitor cocktail 2 (Sigma, Saint Louis, MO) using a
Dounce homogenizer. To obtain different subcellular fractions the homogenate was
centrifuged three times at 800 × g for 20 min (Eppendorf 5810R centrifuge) to collect nuclei
and cell debris (pellet). The supernatant was set aside and the pellets collected at each step
were pooled and washed two times with 500 µl of Buffer M to separate the nuclei from
complete cells and cytosolic proteins. Nuclear pellets were mixed in a vortex plate at 1,400
rpm, 4°C for 20 min in 70µl of nuclear extraction buffer (10 mM Hepes, 10 mM KCl, 0.1
mM EDTA, 0.1 mM EGTA, 1 mM DTT, 0.5 mM PMSF, 2 µg/mL antipain, 2 µg/mL
chymostatin, 2 µg/mL pepstatin, 2 µg/mL leupeptin). After centrifuging at 10,000 × g for 10
minutes, the nuclear proteins contained in the supernatant were aliquoted and the pellet
discarded. The supernatant containing cytosolic proteins and organelles other than nuclei
was centrifuged at 100.000 × g for 1h. The resultant pellet, containing mitochondria and
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Endoplasmic reticulum (ER), was resuspended in 100µl of mitochondrial extraction Buffer
(Active Motif CN40015, Carlsbad CA). All procedures were performed at 4°C. Protein
concentrations were calculated with the BioRad Protein Assay following the recommended
protocol of the manufacturer (BioRad, Hercules, CA).

Western Blotting
Protein extracts were boiled for 5 min in Laemmli buffer (100 mM Tris, pH 6.8, 250 mM 2-
mercaptoethanol, 4% SDS, 0.01% bromophenol blue, 20% glycerol). Equal amounts of
protein (40 µg) were separated by using 10%–15% SDS-polyacrylamide gel electrophoresis
and electrotransferred overnight (4°C, 25 volts) onto a Immobilon-P® membrane (Millipore,
Billerica, MA). Membranes were then blocked in 5% nonfat milk in PBS and then probed
with different antibodies. Endogenous Bcl-xL was detected using a rabbit polyclonal anti-
Bcl-xL (1:2000, Cell signaling, Danvers, MA) while exogenous Tat-Bcl-xL was detected by
using a rabbit polyclonal anti- HA-tag (1:4000, Abcam, Cambridge, MA) diluted in 1%
Blocking buffer for 1h at room temperature. After washing, membranes were incubated with
secondary anti rabbit IgG conjugated with HRP (Bio Rad, Hercules, CA) for 1h.
Visualization of the proteins was accomplished using an enhanced chemiluminescence
detection kit (ECL, Amershan Biosciences, UK). The relative amount of immunoreactive
protein in each band was determined by scanning densitometric analysis of the X-ray films.
Autoradiographs were scanned (canonScan 4200F) and densitometry was performed with
AlphaEasy v5.5 Software. Density readings were normalized against control samples on the
same-blot. When membranes were reprobed, the bound antibodies were incubated in
stripping buffer (Pearce, Rockford, IL) for 15 min, followed by two washes in TBS for 20
minutes.

Measurement of apoptotic cell death by ELISA
Levels of apoptotic cell death 24h and 7 days after spinal cord injury were examined by
commercially available sandwich technique ELISA kit (Roche Applied Science, Germany).
The assay measures the amount of oligonuclesomes released to the cytosol, an event that
occurs during apoptotic cell death, but not during necrotic processes. Briefly, 80 µg of
cytosolic extract from spinal cords were added to ELISA microplates covered with an anti-
histone antibody. Complexes formed by the antibody and histones present in cytosolic
oligonucleosomes were detected by a second peroxidase-conjugated antibody against DNA.
Oxidized peroxidase enzymatic products in the microplate wells were read at 405 nm
absorbance in a MRX Microplate Reader (Dynex Technologies, INC).

Spinal cord processing for histological analysis
Rats were intracardially perfused with 300ml of 0.1M PBS, followed by 500 mL of 4%
paraformaldehyde in 0.1 M phosphate buffer. The spinal cords were removed and postfixed
in 4% paraformaldehyde for 2 h at 4°C, then rinsed and cryoprotected in 30% sucrose in
phosphate buffer for 48 h at 4°C. Spinal cords were cut in 1.5cm segments centered at the
lesion site and equivalent segments of different experimental groups were embedded in a
single block in OCT (Optima Cutting Temperature) medium (Fisher Scientific, Suwannee,
GA). Transverse serial sections (10µm) through the complete segment were mounted on
glass-slides and frozen at –20°C.

Immunofluorescence staining
Slides were rinsed three times in Tris-phosphate-buffer 0.3 % Triton-X (TBST), pH 7.4, for
10 min and then blocked with 5% normal goat serum, 1% BSA (Sigma, St. Louis, MO) TBS
for 30 min at room temperature (RT). The sections were incubated overnight with IgG
primary antibodies diluted in TBST 1% BSA, 1% normal goat serum as indicated. Mouse

Cittelly et al. Page 5

Exp Neurol. Author manuscript; available in PMC 2011 July 4.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



monoclonal antibody recognizing neurons (NeuN, 1:5000, Chemicon, Temecula, CA), was
used in combination with rabbit polyclonal anti HA-tag against exogenous Tat-Bcl-xL
(1:1000, Abcam, CA). After rinsing three times in TBS for 10 min, the slides were incubated
with secondary anti-rabbit IgG AlexaFluor 568 and anti-mouse IgG AlexaFluor 488
(1:1000, Molecular Probes, Eugene, OR) diluted in TBST for 1h. Sections were
coverslipped using mounting medium with DAPI (Vector Laboratories, Burlingame, CA).
Negative controls omitting the primary antibodies were performed each time. Imaging was
performed using laser scanning confocal microscopy (Nikon Eclipse 800 with Roper
CoolSnap FQ monochrome digital camera, Nikon DXM1200 color digital camera and Laser
sharp 2000 software).

Microglia and macrophage immunohistochemistry
Frozen sections were dried for 2h at room temperature followed by 2h at 37C. After rinsing
with 0.2M PB for 1 min, sections were blocked with 4% horse serum (HS) in 0.1M PBS for
1h at room temperature. Mouse monoclonal antibody against OX-42 (1:400; Serotec) diluted
in 0.1M PBS 1% HS was incubated overnight at 4C in humidified chambers. After rinsing,
sections were incubated overnight with biotinylated secondary antibody (rat-preabsorbed,
1:400 in 0.1M PBS; Vector Laboratories, Burlingame, CA). After rinsing, endogenous
peroxidase acitivity was quenched by incubating with 6% H202/methanol for 15 min. The
reaction was visualized with Elite ABC-reagent for 1h (Vector Laboratories, Burlingame,
CA) followed by DAB substrate (Vector Laboratories, Burlingame, CA). Sections were
dehydrated in ascending alcohols, cleared in xylene and mounted in synthetic resine
(Permount).

Quantitative analysis of immunohistochemistry
Neuronal survival was evaluated by counting Neu N staining cells at the dorsal and ventral
horn 4mm rostral to the lesion epicenter. Total number of NeuN/DAPI staining cells at the
dorsal and ventral horn in a 20X field of two sections spaced by 200µm were counted and
averaged per animal.

Microglia/macrophage density analysis was performed by measuring the proportional area
of immunoreactive cells relative to the total sample area as reported by Popovich et al
(2006). The immunoreactivity expressed in a defined area has been shown to be an accurate
measurement for changes in number and size of labeled microglia in the rat spinal cord, and
a reliable marker for microglial/macrophage activation (Popovich et al., 1997). Briefly,
images of three consecutive sections at the lesion epicenter or 4mm rostral to the epicenter
were stained with OX-42 and analyzed using the Image Pro-Express analysis system. At the
lesion epicenter, the intensity of OX-42 staining over a 6.25mm2 area (containing all the
cross section of the cord) was measured for three consecutive sections per animal. At the
rostral sections, intensity of OX-42 staining in a 6.25mm2 area (total OX-42 labeling) or a
0.0625mm2 area was measured at the dorsal horn, ventral horn and lateral funiculus in 3
consecutive sections per animal. The final “area of staining” for each animal, represents the
average of values obtained for the 3 consecutive sections at each given area.

White matter sparing analysis
Luxol-fast blue staining was used to distinguish spared myelin from gray matter and
lesioned tissue. Serial sections cut over the rostrocaudal extent of the lesion were incubated
with 0.1% Luxol for 30 min at 70°C; then differentiated with lithium carbonate and 70%
ethanol. After counterstaining with hematoxilin-eosin, slides were dehydrated in increasing
alcohols and coversliped in permount mounting medium. The injury epicenter was defined
as the site with the least amount of spared white matter. White matter sparing was defined as
tissue showing normal myelin appearance and density (lacking cysts, degeneration). The
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average area of spared myelin was calculated from images of three Luxol-fast blue stained
sections containing the lesion epicenter. Images were digitized with an Olympus BX-41
microscope and area calculation was obtained by using an Image analysis system (Image
Pro-Express Version 4.0. Media Cybernetics, Silvers spring, CA). To eliminate fixation–
dependent artifacts in spinal cord cross-sectional area, spared myelin at the impact site was
expressed relative to the area of white matter measured 1 cm rostral to the site of injury
(Olby and Blakemore, 1996;Popovich et al., 1997).

Behavioral assessment
The locomotor function of SCI rats was measured using the BBB open field locomotor
scale, a 21 point ordinal scale that assign scores for right and left hindlimb performance
based in well defined behavioral categories (Basso et al., 1995).) The BBB scale can be
analyzed using parametric statistics over a portion of the scale (scores 1–14), when a
transformation that pools scores 2–4 and 14–21 is applied in a post-hoc fashion (Scheff et
al., 2002;Ferguson et al., 2004). Since the application of such a transformation improves the
statistical power of the BBB measurements in the lower part of the scale, corresponding to
animals with moderate injuries (Ferguson et al., 2004), we used the transformed BBB scale
to measure the effects of Tat-Bcl-xL and Tat-BH4 treatment in the locomotor recovery in
SCI-treated rats. BBB locomotor testing was performed daily for the first 14 days after
injury and once every two weeks thereafter for 6 weeks. Rats were tested pre-operatively
and trained to locomote in an open field. All the animals were coded, and behavioral
analyses were performed for an investigator blinded with respect to the treatment groups.
The BBB scores for right and left hindlimb per animal were transformed using the above
mentioned algorithm (available at http://graulab.tamu.edu/ BBBtransformation.html)
(Ferguson et al., 2004) and then averaged to obtain a Combined BBB score. The means of
combined BBB scores were tallied by groups and plotted as functions of time after injury.

Statistical analysis
Western blot densitometric values, immunohistochemical and morphometric data were
evaluated by using one one-way ANOVA, followed by Tukey’s post- hoc analysis. Changes
in BBB scores over time were analyzed using repeated-measures two-ways ANOVA
(groups and time after injury as the two factors), with Bonferoni post-hoc corrections.
Results were considered statistically significant at P<0.05. All data points represent group
mean ± SEM.

RESULTS
1. Intrathecal administration of Tat-Bcl-xL increases total Bcl-xL levels in injured spinal
cords

To examine the ability of intrathecally delivered Tat-Bcl-xL to transduce cells located in
deep layers in the spinal cord, we delivered 10ug of Tat-Bcl-xL (1µl/hr, over 24h) or vehicle
into the intrathecal space of contused-spinal cord rats, and measured the levels of exogenous
Tat-Bcl-xL by immunohistochemistry and Western blot assays. Immunofluorescence
labeling using an antibody against the hemaglutinin (HA) -tag present in the fusion protein,
showed Tat-Bcl-xL to be throughout white and gray matter (Fig. 1 A) in transverse spinal
cord sections located 3mm rostral to the lesion epicenter (T10), 24h after trauma.

We have shown that SCI induces decreases in Bcl-xL levels in cytosol and mitochondria that
correlate with apoptotic cell death of neurons occurring 24 h after trauma (Nesic-Taylor et
al., 2005). To determine if the delivery of exogenous Tat-Bcl-xL counteracts SCI-induced
decreases in Bcl-xL, we performed Western blot analysis of Bcl-xL levels in cytosolic and
microsomal extracts (containing mitochondria and endoplasmic reticulum) of 1 cm long
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spinal cord segments that contained the site of injury T10 (Fig. 1 B). We analyzed spinal
cords from three groups of rats: sham-treated (sham) rats that received vehicle for 24h, SCI-
treated (SCI) rats that received vehicle, and SCI-treated rats also treated with Tat-Bcl-xL. As
expected, SCI induced decreases in Bcl-xL protein levels, while Tat-Bcl-xL treatment
restored Bcl-xL levels in SCI-treated rats to levels compared to those of sham-treated rats, in
both cytosolic and microsomal fractions (Fig. 1 B).

2. Anti-apoptotic effects of Tat-Bcl-xL
A) 24h after SCI—To examine the antiapoptotic activity of Tat-Bcl-xL, we measured the
levels of oligonucleosomes in the cytosol of uninjured and injured spinal cords, using an
Elisa cell death assay. A total of 10µg of Tat-Bcl-xL, or vehicle, was intrathecally delivered
over 24h after SCI (1µl/hr, 24µl). The presence of cytosolic oligonucleosomes was tested in
protein extracts of thoracic spinal cords segments (1 cm long) containing the site of injury
(T10). Vehicle-treated injured spinal cords showed significant increases in cytosolic
oligonucleosomes when compared to sham rats treated with vehicle (Fig. 2), in agreement
with our earlier reports (Nesic et al., 2001;Qiu et al., 2001;Nesic-Taylor et al., 2005) that
showed that significant apoptotic cell death occurs during the first 24 h after injury. As
expected, Tat-Bcl-xL treatment significantly decreased levels of cytosolic oligonucleosomes,
confirming the anti-apoptotic effectiveness of Tat- Bcl-xL.

B) Seven days after SCI—To assess the effects of longer lasting administration of Tat-
Bcl-xL to counteract late SCI-induced Bcl-xL decreases, we intrathecally delivered 35ug of
Tat-Bcl-xL at a rate of 0.5ul/hr for 7 days (5ug/day). Cytosolic fractions were extracted from
the 1 cm-spinal cord segments containing the epicenter of the lesion (T10). In agreement
with our previous results (Fig. 1), Tat-Bcl-xL administration significantly increased
cytosolic levels of Bcl-xL at 7 days (1.67±0.32 fold increase in comparison with SCI-vehicle
treated cords, p<0.05; n=7 per group). As shown in Fig. 3, cytosolic oligonucleosomal levels
were significantly reduced after Tat-Bcl-xL treatment.

C) Tat-Bcl-xL vs. Tat-BH4—We have shown that SCI induces phosphorylation of
endogenous Bcl-xL, and thus possibly inactivates anti-apoptotic effects of Bcl-xL
(unpublished results). Therefore, we hypothesized that some fraction of the exogenous Tat-
Bcl-xL may also undergo phosphorylation and thus prevent its full anti-apoptotic effect. To
assess whether phosphorylation diminishes the anti-apoptotic effect of Tat-Bcl-xL, we used
a Tat-BH4 peptide, a construct that contains only the BH4 (Bcl-2 homology 4) antiapoptotic
domain of Bcl-xL; and measured its ability to prevent apoptosis in the injured spinal cords.
A total of 35ug of Tat-BH4 was intrathecally delivered at a rate of 0.5ul/hr (5ug/day) for 7
days and cytosolic fractions extracted as previously described (see Fig. 2). As shown in Fig.
3, Tat-BH4 induced decreases in cytosolic oligonucleosomes levels to a similar extent to the
Tat-Bcl-xL treatment. This result would suggest that significant phosphorylation of Tat-Bcl-
xL is unlikely, and that the full anti-apoptotic effect of the exogenously applied Bcl-xL was
achieved.

3. Effect of Tat-Bcl-xL and Tat-BH4 on locomotor recovery
It is known that treatments that significantly spare spinal cord tissue after SCI also improve
locomotor recovery (Pearse et al., 2004;Colak et al., 2005;Yates et al., 2006). To evaluate
whether antiapoptotic activity of Tat-Bcl-xL and Tat-BH4 had an effect on hindlimb
locomotor recovery after SCI, we intrathecally administered Tat-BH4 or Tat-Bcl-xL (5ug/
day) to injured spinal-cords for 7 days after SCI. Locomotor function was measured daily
for 14 days, and then biweekly for 60 days. Vehicle-treated sham rats did not show
significant impairments in locomotor function at any time. Consistent with published
reports, an injury induced with 150 Kdynes impact force caused complete paralysis of the

Cittelly et al. Page 8

Exp Neurol. Author manuscript; available in PMC 2011 July 4.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



hind limbs in the first days after SCI that partially improved over time, as reflected in the
increased BBB scores over a two month period (Fig. 4). However, locomotor recovery of
SCI-rats treated with either Tat-Bcl-xL or Tat-BH4 did not improve, but rather worsened in
comparison to vehicle-treated SCI rats. As shown in Fig. 4, BBB scores were significantly
lower from day four to day nine (P<0.05) in both Tat-Bcl-xL and Tat-BH4 treated animals.

4. Effect of Tat-Bcl-xL and Tat-BH4 on microglia/macrophage activation
To test the hypothesis that both Tat-Bcl-xL and Tat-BH4 induced increased inflammatory
responses and additional tissue damage/worsening of functional recovery, we measured the
density of microglia/macrophages 4 mm rostral to the lesion epicenter (the same region
where we counted the number of neurons), by measuring the proportional area of cells
expressing OX-42, corresponding to the area of tissue occupied by immunohistochemically-
stained cellular profiles within a defined target area (Popovich et al., 1997). As shown in
Fig. 5 A , B (left panel), SCI rats treated with either Tat-Bcl-xL or Tat-BH4 showed a robust
and significant increase in the total intensity of OX-42 staining in a 6.25 mm2 area
(containing all the cross section of the cord) in comparison to vehicle-treated injured spinal
cords, indicating an increased inflammatory reaction in Tat-Bcl-xL and Tat-BH4 treated SCI
rats. Furthermore, consistent with the spatial and temporal profile of microglial/macrophage
activation/infiltration after rat SCI (Popovich et al, 1997), an increased OX-42
immunolabeling in a 0.0625 mm2 area at the dorsal horn, ventral horn and lateral funiculus
was observed rostral to the lesion epicenter 7 days after injury (Fig. 5 A). However, OX-42
immunolabeling was significantly higher in Tat-Bcl-xL and Tat-BH4 treated SCI rats.
Intense OX-42 labeling in gray matter was observed surrounding neurons in the damaged
spinal cords. In treated cords, OX-42 labeling stained hypertrophic cell bodies with short
pseudopodic processes or round cells presenting morphology of activated microglia/
macrophages (Fig. 5 B, right panel).

5. Effect of Tat-Bcl-xL on neuronal loss
To evaluate whether increased microglial activation in Tat-Bcl-xL-or Tat-BH4 -treated SCI
rats, affected neuronal loss, we counted the number of neurons labeled with the neuronal
specific marker, NeuN in sections located 4 mm rostral to the lesion epicenter. As shown in
Fig. 5C, the number of neurons was significantly lower in the Tat-Bcl-xL- and Tat-BH4-
treated SCI rats, compared to the vehicle-treated-SCI rats. This result suggests that while
anti-apoptotic treatment protected neurons from apoptotic cell death, it did not prevent them
from dying, likely due to necrosis. Thus, it is possible that long term exposure to Tat-Bcl-xL
or Tat-BH4 shifted neuronal death from apoptosis to necrosis, and thus amplified neuronal
death due to necrosis-induced inflammatory reactions.

6. Effect of Tat-Bcl-xL and Tat-BH4 on white matter sparing
Given that Tat-Bcl-xL and Tat-BH4 increased inflammation/microglial activation and
neuronal loss, we further evaluated whether Tat-Bcl-xL and Tat-BH4 also affected white
matter sparring at the lesion epicenter, as described in methods. As shown in Table 2,
neither Tat-Bcl-xL nor Tat-BH4 treatment had a significant effect on the amount of spared
white matter when compared to vehicle-treated spinal cords, at both 7 and 60 days post-
injury; suggesting that Tat-Bcl-xL and Tat-BH4-induced worsening of the locomotor
function does not result from more extensive white matter damage.
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DISCUSION
Anti-apoptotic Tat-Bcl-xL and Tat-BH4 impaired functional recovery after SCI

Using intrathecal delivery, we demonstrated that Tat-Bcl-xL restored Bcl-xL levels in both
cytosolic and microsomal fractions of SCI rats during the 24h or 7 days delivery period, thus
confirming that our chosen dose and delivery method of Tat-Bcl-xL were effective. To
confirm that the anti-apoptotic effect of Tat-Bcl-xL was due to its role in preserving
mitochondrial permeability, we used Tat-BH4 peptide. Bcl-2 and Bcl-xL possesses four
conserved Bcl-2 homology (BH) domains, designated BH1 through BH4 (Aritomi et al.,
1997;Petros et al., 2004). The BH4 domain of Bcl-xL is essential for the prevention of
apoptotic mitochondrial changes (Shimizu et al., 2000;Sugioka et al., 2003). Our results
showed that both the Tat-Bcl-xL and Tat-BH4 treatment significantly decreased levels of
cytosolic oligonucleosomes to a similar extent, thus confirming that anti-apoptotic effects of
Tat-Bcl-xL in injured spinal cords was solely due to its known protective role in
mitochondria. We also used the BH4 construct because Tat-BH4 is not susceptible to
phosphorylation or cleavage, two processes capable of reducing the anti-apoptotic effects of
Bcl-xL (Kharbanda et al., 2000;Brichese et al., 2002;Simizu et al., 2004;Tamura et al.,
2004). Bcl-xL possesses an unstructured loop between BH3 and BH4 that contains
recognition sites for phosphorylation and caspase-mediated cleavage, mechanisms that
appear to regulate the function of Bcl-xL after different insults in multiple cell lines (Fujita
et al., 1998;Ojala et al., 2000;Figueroa, Jr. et al., 2003). We have also shown that SCI
induces phosphorylation of endogenous Bcl-xL and thus possibly inactivates its anti-
apoptotic effect (Cittelly et al., 2005). Therefore, it was possible that a fraction of the
exogenous Tat-Bcl-xL undergoes phosphorylation in injured spinal cords, and thus prevents
its full anti-apoptotic effect. Our results showed that both Tat-Bcl-xL and Tat-BH4 treatment
significantly decreased levels of cytosolic oligonucleosomes to the same extent, suggesting
that phosporylation of Tat-Bcl-xL did not occur and that the Tat-Bcl-xL treatment increased
local levels of functional Bcl-xL. Thus, the full anti-apoptotic effect of the exogenous Bcl-xL
was achieved.

In agreement with other reports (Dietz et al., 2002;Kilic et al., 2002;Hotchkiss et al., 2006),
Tat-Bcl-xL significantly reduced total apoptotic death at 24h and 7 days after SCI, thus
suggesting that the recovery of functions may be improved in Tat-Bcl-xL or Tat-BH4-treated
SCI rats. This expectation was also based on reports on other anti-apoptotic treatments that
target Bcl-2 and Bcl-xL and showed beneficial effects on functional recovery after CNS
trauma (Cao et al., 2002;Yin et al., 2006). Surprisingly, the recovery of locomotor function
of SCI-rats treated with Tat-Bcl-xL or Tat-BH4 did not improve during the first 14 days, but
rather worsened in comparison to vehicle-treated SCI rats. After day 14, SCI rats in all
groups reached BBB scores above 14, which can not be analyzed with the transformation
applied (Ferguson et al., 2004). To the best of our knowledge, this is the first report showing
negative effects of long-term anti-apoptotic treatments after SCI.

Tat-Bcl-xL and Tat-BH4 increased neuronal loss and microglial activation without affecting
white matter sparing

We have shown that there are significant early decreases in Bcl-xL expression in neurons
after SCI (Cittelly et al, in press) and that Bcl-xL administration increases motoneuron
survival 24h after injury (Nesic-Taylor et al, 2005). Therefore, we expected that the long
term effect of Tat-Bcl-xL administration should protect more effectively neurons thus further
increasing their survival. However, we found that the 7 day administration of Tat-Bcl-xL
resulted in additional neuronal losses and did not enhance neuronal sparing. Since both Tat-
Bcl-xL and Tat-BH4 treatments decreased SCI-induced apoptotic levels at 7 days (Fig. 2),
additional neuronal losses are likely due to necrotic cell death, which is directly linked to
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increased inflammation. It has been shown that necrotic neuronal death in excitotoxic
models of SCI results from increased microglial activation in gray matter (Gomes-Leal et
al., 2004). Thus, it is possible that the anti-apoptotic activity of Tat-Bcl-xL and Tat-BH4
shifted neuronal death from apoptosis to necrosis, and possibly amplified neuronal death due
necrosis-induced inflammatory reactions. Consistent with this hypothesis we found
increases in neuronal death in Tat-Bcl-xL- (30%) and Tat-BH4- (48%) treated injured spinal
cords compared to vehicle-treated injured spinal cords. Although, double label
immunohistochemical analysis of cell type and expression levels of necrotic or apoptotic
markers (e.g. TUNEL staining) would be required to confirm our hypothesis, we do have
evidence that supports it. In our recent report (Cittelly et al., in press) we showed Bcl-xL
expression in neurons and oligodendrocytes, but not other glial cells, in uninjured spinal
cords. Furthermore, SCI induced decreases in Bcl-xL expression in neurons, but not in
oligodendrocytes. Interestingly, activated microglia/macrophages showed robust expression
of Bcl-xL in injured spinal cords. Therefore, it is likely that exogenous administration of
Tat-Bcl-xL primarily affects neurons and microglia/macrophage population, consistent with
our hypothesis.

Necrosis initiates inflammatory responses via activation of microglia and macrophages,
which then release soluble factors, including nitric oxide, free radicals, proteolytic enzymes,
arachidonic acid metabolites, tumor necrosis factor, interleukin-1, cyclooxygenase-2 and
prostaglandins (Schnell et al., 1999;Popovich et al., 2002;Beattie, 2004;Ahn et al., 2006). A
large body of evidence suggests that all these inflammatory agents released by microglia can
stimulate neuronal death (Beattie, 2004;Skaper et al., 2006;Gibbons and Dragunow, 2006),
and in turn, promote further microglial activation (Gomes-Leal et al., 2004). As shown in
Fig 5A, an enhanced labeling of OX-42 in rounded cells and hypertrophic cells with thin
processes, is indicative of activated macrophages and microglia in perineuronal spaces
surrounding neurons throughout gray matter in the Tat-Bcl-xL- and Tat-BH4-treated SCI
rats, compared to vehicle-treated SCI rats. This supports our hypothesis that both anti-
apoptotic agents triggered a positive feedback loop involving neuronal necrosis and
microglial activation.

Alternatively, it is also possible that Tat-Bcl-xL and Tat-BH4 treatments directly affected
microglial/macrophage survival in injured spinal cords. We have found that activated
microglia/macrophages robustly expressed Bcl-xL 7 days after SCI (Cittelly et al., in press),
and it is known that SCI-induced microglial activation peaks at 7 days after SCI when
microglia undergo apoptotic cell death (Popovich et al., 1997). Thus, it is possible that Tat-
Bcl-xL and Tat-BH4 decreased microglial/macrophage apoptosis, and increased microglial
presence after injury, which may have increased inflammation and thus decreased neuronal
survival in the sub-chronic phase after SCI

Decreased neuronal numbers in Tat-Bcl-xL and Tat-BH4-treated SCI rats may reflect
increased inflammation, and not be a direct cause for the deterioration of locomotor
recovery reported here. Given that locomotor recovery mainly depends on the preservation
of myelin and axons in white matter, we performed analysis of white matter sparing (WMS)
at the lesion epicenter. Our results showed that neither Tat-Bcl-xL nor Tat-BH4 treatment
had a significant effect on WMS compared to vehicle-treatment, both at 7 and 60 days post-
injury (Table 2). Although we cannot rule out the possibility that Tat-Bcl-xL or Tat-BH4
treatment affected survival of oligodendrocytes, our results showing unaffected WMS
suggest that these treatments did not affect oligodendrocyte function in preserving
myelination and axonal survival after SCI, and thus is indirect evidence that the Tat-Bcl-xL
treatment did not significantly affect oligodendrocyte populations in injured spinal cords.
However, cell- specific analysis of the glial populations dying by apoptosis vs. necrosis
before and after treatment should be performed.
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Since the white matter damage was not affected by the Tat-Bcl-xL treatments, the alternative
explanation for Tat-Bcl-xL- or Tat-BH4-inducud worsening of locomotor recovery may be
the increased production of scar tissue, consistent with the increased inflammation, observed
here. There are numerous reports of increased production of scar tissue directly related to
locomotor impairment in SCI-treated rats (Silver and Miller, 2004;Klapka et al., 2005). For
example, Schwab’s group showed that creatine-treated SCI rats showed significant
improvement in locomotor recovery (BBB scores) although WMS was not affected, but the
scar tissue was significantly reduced (Hausmann et al., 2002), suggesting that treatment that
modulates locomotor recovery after SCI may affect scar formation, but it does not have to
affect white matter damage. The effect of Tat-Bcl-xL or Tat-BH4 on the formation of scar
tissue in injured spinal cords remains to be determined.

Our results may cast doubt on therapeutic strategies relying on anti-apoptotic targeting using
Bcl-2 proteins. However, we believe that the successful outcome of anti-apoptotic strategies
depends on the severity and type of initial injury. In contrast to the model of neonatal
hypoxia or ischemia in which Tat-Bcl-xL treatment has been shown to be beneficial (Cao et
al., 2002;Yin et al., 2006), SCI is accompanied by massive vasculature disruption and
hemorrhage that markedly amplify the inflammatory response triggered by the initial injury
(Zhang and Guth, 1997;Popovich et al., 1999). As shown in numerous reports, inflammatory
reactions after SCI significantly extend the initial damage (Popovich et al., 1999;Beattie,
2004;Norenberg et al., 2004). Furthermore, anti-inflammatory agents are, among all tested
treatment strategies, the most effective in sparing gray and white matter and improving
recovery after SCI (Gonzalez et al., 2003;Beattie, 2004;Jones et al., 2005). Apoptosis
triggered by a severe CNS injury, and thus followed by robust inflammatory reactions, may
help to block a vicious cycle involving necrosis and inflammation, and, as a result, may limit
more extensive damage. We therefore propose that the outcomes of anti-apoptotic
treatments will depend on the balance between necrosis –inflammation-apoptosis, which is
directly related to the extent of injury-induced inflammatory reactions.

Consistent with this hypothesis, previous work has shown that anti-apoptotic treatments
targeting caspase inhibition are beneficial; because they decreased not only apoptosis, but
also inflammation (Li et al., 2000; Knoblach et al., 2005). For example, caspase inhibitors
modulate production of cytokines, key regulators of inflammation (Friedlander et al.,
1996;Li et al., 2000;Barut et al., 2005;Nhan et al., 2006). Taken together, our results would
suggest that only a combinatorial treatment consisting of anti-apoptotic and anti-
inflammatory agents may be necessary to achieve tissue preservation and significant
improvement in functional recovery after SCI. To the best of our knowledge this is the only
study that reports deleterious effects of long-term anti-apoptotic treatments of CNS injury.
Further studies are necessary to identify mechanisms underlying damaging effects of chronic
anti-apoptotic Bcl-xL or any other anti-apoptotic treatments in SCI. Those studies will reveal
cell-specific effects of anti-apoptotic treatments, and delineate a time window during which
different cells respond to these treatments, which should help in designing more effective
anti-apoptotic treatments.
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Fig. 1. Protein transduction of Tat-Bcl-xL in the injured spinal cord 24h after trauma
A. Immunofluorescence staining of a transverse section of spinal cord 3mm rostral to the
lesion epicenter, 24h after injury, using an antibody against HA-tag. The HA
immunoreactivity was strong in gray and white matter in Tat-Bcl-xL-treated, but not vehicle-
treated spinal cords. Scale bar: 50 µm. B. Quantitation of cytosolic and microsomal Bcl-xL
levels based on western blot analyses. We used an antibody against a sequence surrounding
Asp61 in the loop region of Bcl-xL that recognized both endogenous Bcl-xL and Tat-Bcl-xL.
Total Bcl-xL levels at cytosolic and microsomal fractions increased in Tat-Bcl-xL-treated
animals to levels comparable to those of sham-treated cords. Bcl-xL expression values were
normalized to sham values and presented as mean ± SD. n=4/5 per group as indicated in
Table 1. * p<0.05 compared to sham-vehicle group; † p<0.05 compared to the injury-vehicle
treated group; Two way ANOVA with Tukey’s post-hoc correction).
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Fig. 2. Tat-Bcl-xL decreased apoptosis 24h after injury
A. The release of oligonucleosomes to the cytosol during the first 24h after trauma was
evaluated in cytoplasmic extracts from spinal cords isolated from three groups of rats: (a)
sham-and vehicle treated (n=4); (b) SCI+vehicle (n=5); or (c) SCI+Tat-Bcl-xL (n=5). In all
measurements we used 1cm-long thoracic segments containing the site of injury, T10.
Apoptotic cell death was significantly reduced in Tat-Bcl-xL treated rats in comparison to
vehicle-treated rats. Data represent mean ± SD. * p<0.05 compared to sham-vehicle group; †
p<0.05 compared to the injury-vehicle treated group; Two way ANOVA with Tukey’s post-
hoc correction).
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Fig. 3. Tat-Bcl-xL and Tat-BH4 decreased apoptosis 7 days after injury
Elisa assays were use to measure the levels of oligonucleosomes in the cytosol 7 days after
SCI in cords isolated from four groups of rats: (a) sham-and vehicle treated (n=7); (b) SCI
+vehicle (n=5); or (c) SCI+Tat-Bcl-xL (n=5); and (d) SCI+Tat-BH4 (n=5). In all
measurements we used 1cm-long thoracic segments containing the site of injury, T10. Both
Tat-Bcl-xL and Tat-BH4 treatment significantly decreased apoptosis compared to vehicle-
treated animals. Data represent mean ± SD. * p<0.05 compared to sham-vehicle group; †
p<0.05 compared to the injury-vehicle treated group; Two way ANOVA with Tukey’s post-
hoc correction).
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Fig. 4. Impaired locomotor recovery in Tat-Bcl-xL and Tat-BH4-treated rats
Transformed BBB scores for left and right hindlimb per animal were averaged and analyzed
as combined score. Plotted data represent the mean ±SEM per time point of combined BBB
score of Tat-Bcl-xL (n=8); Tat-BH4 (n=9) and vehicle treated (n=9) injured rats. Rats treated
with either Tat-Bcl-xL or Tat-BH4 showed decreased locomotor recovery during the first 10
days after injury in comparison to vehicle treated animals. (*) p<0.05 compared to vehicle –
treated group. Transformed data were analyzed using Two-ways Repeated measures
ANOVA with Bonferoni post-hoc corrections).
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Fig. 5. Neuronal and microglial/macrophage densities after Tat-Bcl-xL and Tat-BH4 treatment
A. Semi-quantitative analysis of OX-42 staining 4mm rostral to lesion epicenter in Tat-Bcl-
xL- (n=3); Tat-BH4- (n=3) and vehicle-treated rats (n=3) 7 days after SCI. Data represent
the proportional area of OX-42 staining in a 6.25mm2 region (total OX-42 labeling) or a
0.0625mm2 region at the dorsal horn, ventral horn and lateral funiculus. (See methods for
details of quantification methods). B. Representative example of OX-42 staining of
microglia and macrophages 4mm rostral to the lesion epicenter, 7 days after injury. Left
panel: cross sectional OX-42 staining showing increased microglial/macrophage activation
in Tat-Bcl-xL- and Tat-BH4- treated injured spinal cords in comparison to vehicle-treated
injured spinal cords. Scale bar: 350µm Right panel: high magnification of the area marked
in the left panel as squares, shows intense labeling of OX-42 in long processes and round
cell bodies surrounding gray matter cells, likely neurons, in Tat-Bcl-xL- and Tat-BH4-
treated injured spinal cords, and a moderate OX-42 labeling in vehicle-treated injured spinal
cords. C. Quantitative analysis of NeuN-labeled cells in the dorsal and ventral horn.
Neurons were counted 4mm rostral to the lesion epicenter in sections of Tat-Bcl-xL(n=3),
Tat-BH4 (n=3) and vehicle-treated rats (n=3) 7 days after SCI. The number of Neu-N-
positive cells was significantly lower in the Tat-Bcl-xL- and Tat-BH4-treated injured spinal
cords in cord (*p<0.05). Sections are adjacent to those used for OX-42 analysis.
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