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Abstract

The pathophysiology of spinal cord injury (SCI) is character-
ized by the initial, primary injury followed by secondary injury
processes in which oxidative stress is a critical component.
Secondary injury processes not only exacerbate pathology at
the site of primary injury, but also result in spreading of injuries
to the adjacent, otherwise healthy tissue. The lipid peroxida-
tion byproduct acrolein has been implicated as one potential
mediator of secondary injury. To further and rigorously eluci-
date the role of acrolein in secondary injury, a unique ex vivo
model is utilized to isolate the detrimental effects of
mechanical injury from toxins such as acrolein that are pro-
duced endogenously following SCI. We demonstrate that
(i) acrolein—Lys adducts are capable of diffusing from com-

Following traumatic spinal cord injury (SCI), the initial,
primary insult is only a portion of the total pathology.
Mechanical injury sets into play a number of secondary
injury processes that occur not only at the site of the initial
primary injury, but also result in spreading of the injury to
adjacent, otherwise uninjured tissues in the hours, days, and
weeks following the initial insult. Therefore, inhibition of
secondary injury processes may be one of the most important
means of therapeutic intervention to prevent further degen-
eration of damaged tissue, preserve healthy tissue, and thus
promote functional recovery. In vivo, secondary injury
mechanisms are mediated by a number of factors, including
ischemia—reperfusion injury, inflammation, glutamate excito-
toxicity, elevation of intracellular calcium, activation of
proteases and caspases, and oxidative stress (Braughler and
Hall 1989; Hall 1996; Lucas et al. 2002; Kumar et al. 2004;
Park et al. 2004). Mechanisms of oxidative stress include
production of free radicals, depletion of glutathione by
reactive aldehydes, and lipid peroxidation. In particular,
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pressed tissue to adjacent, otherwise uninjured tissue;
(i) secondary injury by itself produces significant membrane
damage and increased superoxide production; and (iii) these
injuries are significantly attenuated by the acrolein scavenger
hydralazine. Furthermore, hydralazine treatment results in
significantly less membrane damage 2 h following compres-
sion injury, but not immediately after. These findings support
our hypothesis that, following SCI, acrolein is increased
to pathologic concentrations, contributes significantly to
secondary injury, and thus represents a novel target for
scavenging to promote improved recovery.

Keywords: acrolein, aldehyde, hydralazine, lipid peroxida-
tion, oxidative, spinal cord.
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oxidative stress is well established to play a significant role in
the pathophysiology of SCI and is a hallmark of secondary
injury (Braughler and Hall 1989; Hall 1996; Kumar ef al.
2004). However, conventional strategies targeting free rad-
icals have largely failed to yield any effective treatment.
Thus, a novel target for alleviating oxidative stress is highly
warranted.

Acrolein is a highly reactive o,B-unsaturated aldehyde
that is produced as a byproduct of both peroxidation
of polyunsaturated fatty acids in cell membranes (Witz
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1989; Esterbauer ef al. 1991; Uchida 1999; O’Brien et al.
2005) and intracellular enzymatic oxidation of polyamine
metabolites (Esterbauer ef al. 1991; Seiler 2000). Acrolein
is also capable of stimulating the generation of free radicals
and subsequent lipid peroxidation, and its formation may
thus be thought of as a bioamplification step (Adams and
Klaidman 1993). In addition, acrolein readily forms conju-
gates with glutathione that are subsequently excreted,
resulting in glutathione depletion and thus further impairing
the endogenous antioxidant system (Witz 1989; Esterbauer
et al. 1991; Ghilarducci and Tjeerdema 1995; Uchida 1999;
Kehrer and Biswal 2000). Previous studies suggest that the
reaction of acrolein with glutathione may represent bioac-
tivation rather than detoxification, because the reaction
product, GS-propionaldehyde, reacted with xanthine oxidase
to produce superoxide more readily than did free acrolein
(Adams and Klaidman 1993). Acrolein also reacts with
proteins to form toxic adducts (Burcham et al. 2004;
Kaminskas et al. 2004a; Burcham and Pyke 2006). Previous
studies have demonstrated that acrolein is significantly
increased following SCI ex vivo and in vivo (Luo et al.
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2005a; Hamann et al. 2008) and is highly toxic to spinal
cord tissue (Lovell ef al. 2001; Shi et al. 2002; Peasley and
Shi 2003; Luo and Shi 2004, 2005; Luo et al. 2005a,b). Luo
et al. (2005a) detected increases in acrolein following SCI
in vivo that began as early as 4 h and persisted for at least
7 days after injury, and acrolein may remain increased for
even longer. In addition, it is half-life (hours to days)
(Ghilarducci and Tjeerdema 1995) is significantly longer
than the transient free radicals, which makes it a potentially
better target for therapeutic intervention than free radicals.
Previous studies have demonstrated that the antihyperten-
sive drug hydralazine is capable of binding to and
neutralizing acrolein (Fig. 1) (Burcham et al. 2000, 2002;
Kaminskas ef al. 2004a,b) and acrolein—protein adducts
(Burcham et al. 2004; Kaminskas et al. 2004a,b; Burcham
and Pyke 2006). Furthermore, hydralazine significantly
attenuated acrolein-mediated cell death in cultured hepato-
cytes (Burcham et al. 2000, 2004), in mice in vivo
(Kaminskas et al. 2004b), and in PC12 cells (Liu-Snyder
et al. 2006), as well as acrolein- and compression-induced
injuries in spinal cord ex vivo (Hamann et al. 2008).
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Fig. 1 Chemistry of reaction of hydralazine and acrolein. This illustrates the chemistry of reaction of hydralazine with free acrolein (a) and protein-
adducted acrolein (b). This figure is reproduced with permission from the original manuscript (Kaminskas et al. 2004b).
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However, because of the limitations of previous experi-
mental settings, it is still not clear whether endogenously
generated acrolein reaches physiologically relevant concen-
trations. As a result, the relative contribution of acrolein to
the pathophysiology of SCI has yet to be established. To
address this issue, we developed a unique model to isolate
the endogenous secondary injury processes from mechanical
injury, and thus elucidate their relative contribution to the
pathophysiology of SCI. This model allows us to evaluate
the ability of endogenously generated compounds such as
acrolein to damage the adjacent, otherwise healthy tissue.
Therapeutic benefits of the acrolein scavenger hydralazine
were also evaluated following injury. We have also presented
evidence that endogenously generated compounds such as
acrolein play a role in exacerbating tissue damage at the site
of primary injury. This data strongly suggest that acrolein is
one of the key factors in the secondary injury mechanisms,
and thus represents a novel target for scavenging to promote
functional recovery following traumatic SCL

Experimental procedures

Isolation of spinal cord

The experimental protocols have been reviewed and approved by
the Purdue University Animal Care and Use Committee. Guinea
pigs were housed and handled in accordance with Purdue University
Animal Care and Use Committee guidelines. All efforts were made
to minimize the number of animals used and their discomfort.
Guinea pigs were sedated with an ip. or im. injection of
acepromazine (0.6 mg/kg). Anesthesia was induced by i.m injection
of ketamine (60 mg/kg) and xylazine (10 mg/kg). Once animals
were very deeply anesthetized (assessed by pinching the toe and/or
abdominal musculature), they were perfused transcardially with
approximately 500 mL of cold, oxygenated Kreb’s solution (con-
centration in mmol/L: 124 NaCl, 2 KCl, 1.24 KH,POy, 1.3 MgSO,,
1.2 CaCl,, 10 glucose, 26 NaHCOs, and 10 ascorbic acid), prepared
fresh daily. The vertebral column was then rapidly removed and a
complete dorsal laminectomy was performed along the length of the
vertebral column, exposing the spinal cord. The spinal cord was
carefully removed and divided into 1 cm segments for each
experiment. Modified Kreb’s solution (same as above with ascorbic
acid omitted and warmed to 37°C) was used for preparing all other
solutions unless otherwise specified. Control spinal cord segments
were incubated in modified Kreb’s solution only. All chemicals were
purchased from Sigma-Aldrich (St Louis, MO, USA) unless
otherwise specified.

Isolating secondary injury from mechanical injury

In this model, a segment of spinal cord was compressed approx-
imately 95% with forceps and then incubated in 2 mL of modified
Kreb’s solution (with or without hydralazine added). A compressed
and an uncompressed cord were incubated together in the same
solution to allow toxic compounds that are produced as a result of
compression injury to diffuse to the uncompressed cord (Fig. 2a).
Thus, in the uncompressed cord, there is no mechanical injury, and
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the only injury is the result of endogenous toxins that are released
into solution from the compressed cord. The uncompressed cord
was used for analysis unless otherwise specified. For controls,
identical segments of spinal cord were incubated in the same volume
of modified Kreb’s solution (with or without hydralazine added) for
the same length of time. Thus, there were four different treatment
groups: control (modified Kreb’s solution), hydralazine (modified
Kreb’s solution with hydralazine added at a concentration of
500 pmol/L 15 min after the start of incubation), secondary injury
(modified Kreb’s solution), and secondary injury plus hydralazine
(modified Kreb’s solution with hydralazine added at a concentration
of 500 pmol/L 15 min after the start of incubation).

Lactate dehydrogenase release

Membrane damage was assessed by lactate dehydrogenase (LDH;
140 kDa) release. LDH is an intracellular enzyme that is normally
present at low concentrations in the extracellular fluid and is only
released from cells whose membranes have been injured. LDH
release from spinal cord was measured similarly to previously
described techniques (Luo ef al. 2002; Luo and Shi 2004).
Segments were incubated for 3 h at 37°C in each treatment group.
The compressed cords were then removed, samples rinsed three
times, and then incubated in fresh solution for one additional hour at
37°C in modified Kreb’s solution to allow LDH to leak out of any
membrane breaches that were produced in each of the treatment
groups. A small volume (200 pL) of the solution bathing the
segments was then removed, and levels of LDH released were
assayed using the TOX-7 kit (Sigma-Aldrich).

Superoxide production

Superoxide production was detected by dihydroethidium (Invitro-
gen, Carlsbad, CA, USA) (Bindokas et al. 1996; Tarpey et al.
2004). Segments of spinal cord were incubated for 4 h at 37°C in
each treatment group. After 4 h, spinal cord segments were
incubated in 10 pmol/L dihydroethidium (prepared fresh daily in
modified Kreb’s from 5 mmol/L stock in dimethylsulfoxide) for
30 min. Spinal cord segments were then fixed for 2 h in 4%
p-formaldehyde in phosphate buffer (PB), prepared fresh daily.
Segments were then embedded in Tissue-Tek OCT compound
(VWR, Batavia, IL, USA), frozen in liquid nitrogen, and stored at
—80°C for up to 1 week. Sections were cut at 50 pm on a cryostat
and coverslipped with Immu-Mount (Thermo Electron, Waltham,
MA, USA). Sections were visualized by epi-fluorescence on an
Olympus BX61 microscope with a standard rhodamine cube
(excitation filter: BP545 and emission filter: LP590; Olympus,
Center Valley, PA, USA), fluorescence intensity of gray matter
quantified using Image J (NIH, Bethesda, MD, USA), and averaged
for five sections randomly selected from the center of each spinal
cord segment.

Detection of acrolein-Lys adducts by immunohistochemistry

Acrolein—Lys adducts were detected by immunohistochemistry,
similarly to previously described methods (Calingasan ez al. 1999;
Luo et al. 2005a; Shen et al. 2005; Hamann et al. 2008). Briefly,
spinal cord segments were incubated for 4 h at 37°C in each
treatment group. Segments of spinal cord were then fixed for 18 h in
4% p-formaldehyde in PB, prepared fresh daily. Segments were
cryoprotected in 10% sucrose (in PB) for 18 h, followed by 20%
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Fig. 2 Injury models. (a) In the unique
model of secondary injury, this illustrates
the methods that were used to isolate sec-
ondary injury from mechanical injury. In this
model, endogenous toxins diffuse from the
compressed form, forming a “conditioned
media,” in which an otherwise uninjured
spinal cord segment is being bathed. (b) In
the compression injury model, this illus- (b)
trates the compression rod that was used to
induce compression injury in isolated spinal
cord. The ventral side of the spinal cord was
on top, and the spinal cord was compressed
70% (i.e. to 30% its original diameter) at
rate of 5 mm/s.

sucrose (in PB) for 24 h. Segments were then embedded in Tissue-
Tek OCT compound (VWR), frozen in liquid nitrogen, and stored at
—80°C for up to 1 month. Sections were cut at 15 pm on a cryostat,
mounted on gelatin-coated slides, and then post-fixed in a 50/50
(v/v) solution of methanol/acetone at —20°C for 15 min. Sections
were permeabilized in 0.3% Triton X-100 (in phosphate-buffered
saline; PBS) for 30 min. Antigen retrieval was performed in citrate
buffer (10 mM trisodium citrate and 0.05% Tween 20, pH 6.0)
heated to 95°C for 20 min. Citrate buffer was then allowed to cool
for 10 min at 25°C. Endogenous peroxidase activity was quenched
for 5 min in 3% hydrogen peroxide (in PBS). Sections were blocked
in 5% goat serum (in PBS) for 1 h and transferred to 1 : 250
polyclonal rabbit anti-acrolein (in PBS with 2% goat serum and
0.1% sodium azide) (Novus Biologicals, Littleton, CO, USA) for
18 h. Slides were then incubated for 2 h in 1 : 400 biotinylated goat
anti-rabbit 1gG (in PBS) (Vector Laboratories, Burlingame, CA,
USA) followed by 2 h in 1 : 5000 peroxidase-labeled streptavidin
(Kirkegaard and Perry Laboratories, Gaithersburg, MD, USA).
Sections were transferred to 0.024% diaminobenzidine and 0.006%
hydrogen peroxide (in 0.05 M Tris—HCI, pH 7.6) for approximately
12 min. The reaction was stopped by transferring slides to 0.05 M
Tris—HCI. Slides were dehydrated in a graded series of ethanol
followed by xylene and then coverslipped with DPX mountant.
Sections were visualized on an Olympus BX61 microscope. Density
of staining was quantified using Image J (NIH) and averaged for

© 2008 The Authors
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three sections randomly selected from the center of each spinal cord
segment. Measurements are expressed as percentage control
values + SD. For negative controls, anti-acrolein antibody was
omitted (data not shown).

Detection of acrolein-Lysine adducts by immunoblotting

Acrolein—Lys adducts in the solution bathing tissue was measured
using a Bio-Dot SF Microfiltration Apparatus (Bio-Rad, Hercules,
CA, USA), similarly to previously described methods (Li et al.
2004; Luo et al. 2005a; Shao et al. 2006). Briefly, the solution
bathing tissue was collected, and the following anti-proteases were
added: 2 mmol/L pefabloc, 15 pumol/L pepstatin A, 20 pg/mL
aprotinin, and 25 pg/mL leupeptin. The solution was then centri-
fuged to pellet any large pieces of tissue and the supernatant stored
at —80°C. This supernatant (200 pL) was transferred to a nitrocel-
lulose membrane. The membrane was blocked for 1 h in blocking
buffer (0.2% casein and 0.1% Tween 20 in PBS). The membrane
was then transferred to 1 : 1000 polyclonal rabbit anti-acrolein (in
blocking buffer with 2% goat serum and 0.025% sodium azide)
(Novus Biologicals) for 18 h at 4°C. The membrane was washed in
blocking buffer and then transferred to 1 : 10 000 alkaline phos-
phatase conjugated goat anti-rabbit IgG. The membrane was washed
in blocking buffer followed by 0.1% Tween 20 in Tris-buffered
saline. The membrane was then exposed to Bio-Rad Immuno-Star
Substrate (Bio-Rad) and visualized by chemiluminescence. Density
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Fig. 3 Membrane permeability to LDH following secondary injury.
Membrane permeability was assessed by release of LDH (140 kDa),
an intracellular enzyme that leaks out of damaged cells. Spinal cord
segments were incubated for 3 h in each of the treatment groups. The
compressed cords were removed and the remaining segments rinsed
and placed in fresh medium. After one additional hour, samples were
taken from the medium bathing spinal cord and assayed for LDH using
the TOX-7 kit. Results are expressed as % control values + SD
(n = 6). Secondary injury significantly increased permeability to LDH,
an effect that was attenuated by hydralazine. One-way repeated
measures ANovAa and post hoc Newman—-Keul's test were used for
statistical analysis; *p < 0.05.

of bands was evaluated using Image J (NIH) and is expressed as
percentage control values + SD.

Typically in immunoblots, the total protein of samples is
quantified, and a known quantity of total protein is then loaded
into the wells. This model is unique however, and as such it is not
necessary or meaningful to quantify the total protein in the samples.
In this model, the actual concentration of acrolein-modified protein
in the fluid bathing the tissue is meaningful, because that is the
concentration of acrolein-modified protein to which the tissue is
exposed. Thus, the total protein in the fluid is irrelevant.

Compression injury

In addition to the secondary injury model, the effects of mechanical
injury were also evaluated (Fig. 2b). One centimeter segments were
isolated as described and incubated in Kreb’s solution for at least 1 h
to allow for recovery of injury resulting from tissue isolation (Shi
and Blight 1996; Shi and Pryor 2000). Compression injury was
produced by 70% strain at a constant rate of 5 mm/s with the ventral
side of the spinal cord on top. Applied force and vertical
displacement were simultaneously measured to ensure a uniform,
standardized, and repeatable injury.

Exclusion of tetramethyl rhodamine dextran

Membrane permeability was measured by exclusion of the
hydrophilic dye tetramethyl rhodamine dextran (TMR, 10 kDa)
(Invitrogen). Briefly, segments of spinal cord were incubated for
2 h at 37°C in one of the following groups: control (modified
Kreb’s solution), hydralazine (modified Kreb’s solution with

© 2008 The Authors
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Fig. 4 Superoxide production following secondary injury. Superoxide
production was detected by increased fluorescence following staining
with dihydroethidium (HE). Representative images are shown for
(a) control, (b) 500 uM hydralazine (HZ), (c) secondary injury, or
(d) secondary injury plus 500 uM hydralazine. Note the increased
fluorescence intensity following secondary injury (c). This effect is
most obvious in the gray matter and is reduced by treatment with
hydralazine (b and d). Subpial fluorescence can probably be attributed
to glial cells as well as artifactual oxidation of HE. (e) Fluorescence
was quantified using Image J (NIH) and is expressed as percent
control values + SD (n = 6). One-way ANovA and post hoc Newman—
Keul's test were used for statistical analysis; *p < 0.05 and **p < 0.001
(compared with control).

hydralazine added at a concentration of 500 pmol/L 15 min after
the start of incubation), compression (modified Kreb’s solution),
and compression plus hydralazine (modified Kreb’s solution with
hydralazine added at a concentration of 500 pmol/L 15 min after
the start of incubation). At the end of 2 h, spinal cord segments
were transferred to 0.01% lysine fixable TMR and incubated for
15 min. Spinal cord segments were then fixed in 4% p-formalde-
hyde in PB, prepared fresh daily, for 2 h. Segments were then
embedded in Tissue-Tek OCT compound (VWR), frozen in liquid
nitrogen, and stored at —80°C for up to 1 month. Sections were cut
at 50 um on a cryostat and coverslipped with Immu-Mount
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(Thermo Electron). Sections were visualized by epi-fluorescence on
an Olympus BX61 microscope with a standard rhodamine cube
(excitation filter: BP545 and emission filter: LP590; Olympus),
gray matter fluorescence quantified using Image J (NIH), and
averaged for five sections randomly selected from the center of
each spinal cord segment.

Statistical analysis

Unless otherwise specified, one-way anova and post hoc Newman—
Keul’s test were used for statistical analyses (INstaT, GraphPad
Software, La Jolla, CA, USA). Normal distribution was tested by the
Kolmogorov—Smirnov Test, and equality of variances was tested by
the method of Bartlett (INSTAT). Results are expressed as mean + SD;
p < 0.05 was considered statistically significant.

Results

In the secondary injury model described in the methods
(Fig. 2a), incubation with the compressed cord resulted in
significant membrane damage and increased superoxide
production in spinal cord that did not receive mechanical
injury (i.e. the only injury was from incubation with toxic
compounds that were produced by the compressed cord).
Specifically, LDH release was increased from 100 + 24.8%
to 157.2 £ 55.3% of controls (p < 0.05) as a result of
secondary injury (Fig. 3). Treatment with the acrolein
scavenger hydralazine decreased LDH release in injured

© 2008 The Authors
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cords to 102.6 + 35.2% of controls (p < 0.05 compared with
injury only) (Fig. 3). Hydralazine treatment did not have a
significant effect on uninjured spinal cord (108.1 + 47.3% of
controls, p > 0.05) (Fig. 3). Similarly, following secondary
injury, superoxide production was increased from 100 +
24.9% to 137.2 +25.5% of controls (p < 0.05) (Fig. 4).
Hydralazine treatment significantly decreased superoxide
production in both uninjured (53.0 + 12.5% of controls,
p < 0.001) and injured (47.8 + 13.6% of controls, p <0.001)
spinal cord (Fig. 4).

To demonstrate an increase in acrolein—Lys adducts
following secondary injury, immunohistochemistry was
performed in the tissue that did not receive mechanical
injury, but was incubated with compressed tissue (Fig. 5).
Histological examination revealed diffuse staining of tissue
for acrolein—Lys adducts, especially in the white matter.
Specifically, secondary injury increased immunostaining for
acrolein—Lys adducts from 100.0 = 19.4% to 127.6 + 17.8%
of controls (p < 0.05). Hydralazine treatment in injured cords
resulted in anti-acrolein immunostaining of 95.9 + 26.2% of
controls (p < 0.05 compared with injury only). Hydralazine
did not have a significant effect in uninjured tissue
(103.5 £ 17.4% of controls, p > 0.05).

We also evaluated the concentration of acrolein—Lys
adducts in the medium bathing the tissue (Fig. 6), the only
route by which acrolein could have diffused from com-
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Fig. 6 Immunoblotting for acrolein-Lys adducts. Acrolein-Lys ad-
ducts were detected in the Kreb’s solution bathing tissue using a Bio-
Dot SF Microfiltration Apparatus. A representative blot is shown (a).
Relative densities were quantified using Image J (NIH) and expressed
as % control values + SD (n=8) (b). Acrolein—Lys adducts were
significantly increased in Kreb’s solution following compression injury,
an effect that tended to be reduced by hydralazine treatment. One-way
repeated measures anova and post hoc Newman—Keul's test were
used for statistical analysis; *p < 0.05.

pressed tissue to uncompressed tissue in this model. As
expected, acrolein—Lys adducts were also significantly
increased in the solution bathing the tissue. Specifically,
relative density of bands from compressed tissue was 564.1%
of controls (p < 0.05). Hydralazine treatment tended to
decrease acrolein—Lys adducts in compressed cords (399.6%
controls), an effect that did not reach statistical significance
(p > 0.05, compared with compression only).

Compression resulted in a significant increase in mem-
brane permeability to TMR 2 h after injury (Fig. 7).
Specifically, fluorescence intensity increased from 100.0 £
37.1% to 166.2 + 53.8% of controls (p < 0.001). Hydral-
azine treatment in compressed spinal cord significantly
reduced fluorescence intensity to 129.2 + 41.0% of controls
(p < 0.05 compared with compression only) 2 h following
compression. Fluorescence intensity of uninjured spinal cord
was also reduced to 67.9 + 28.0% of controls following 2 h
in hydralazine (p < 0.05). However, immediately after injury,
hydralazine treatment had no effect on permeability to TMR
in compressed or uncompressed cords (p > 0.05), which
suggests hydralazine does not lessen the membrane damage
as a result of primary injury nor directly interfere with dye

© 2008 The Authors

uptake. This is consistent with our hypothesis that hydral-
azine acts to protect against acrolein-mediated secondary
membrane damage.

Discussion

It is well established that the overall pathophysiology of
SCI consists of the initial primary insult, which is
characterized by mechanical injury, as well as a number
of secondary injuries, which are largely mediated by
biochemical mechanisms and oxidative stress. The obser-
vation that the spinal cord continues to degenerate
following the initial insult, and that the lesion spreads to
adjacent, otherwise uninjured tissue, supports the hypoth-
esis that secondary injury contributes significantly to the
pathophysiology of SCI. However, the mechanisms and
lesions of primary and secondary injury are difficult to
distinguish both spatially and temporally, and it is thus
difficult to assess their relative contributions to the total
pathology. In attempts to overcome this problem many
studies focus on characterizing a particular mechanism of
secondary injury and then evaluating its effect on healthy
and injured tissues. However, one inherent limitation of
models that introduce exogenous secondary injury mecha-
nisms is the degree of relevance of the “artificial”
secondary injury to the endogenous injury.

The current model is unique, however, in that it isolates
endogenous secondary injury mechanisms from the
primary injury and demonstrates that secondary injury
alone can create significant pathology that is distinct from
the effects of mechanical injury. This model also provides
evidence that endogenously generated acrolein is capable
of diffusing to and injuring the otherwise healthy tissue.
This is based on the findings that (i) acrolein—Lys adducts
are significantly increased in mechanically injured tissue
(Luo et al. 2005a; Hamann et al. 2008); (ii) acrolein—Lys
adducts are significantly increased in the solution that baths
the traumatized tissue, as well as uncompressed tissue that
is bathed in the same solution (Figs 5 and 6); and (iii)
acrolein generated in this model can create additional
damage in the nearby healthy tissues (Figs 3 and 4) as
well as the mechanically injured tissue (Fig. 7). Based on
the diffuse staining of tissue for acrolein—Lys adducts
(Fig. 5) as well as the increase in acrolein—Lys adducts in
the medium (Fig. 6), we also propose that acrolein
generated as a result of primary injury is capable of
diffusing through the extracellular fluid, a plausible avenue
for acrolein to damage the adjacent healthy tissue in vivo.
This provides an explanation for previous findings that,
following SCI in vivo, acrolein was increased not only at
the injury site, but in the adjacent tissue as well (Luo et al.
2005a).

One key evidence in demonstrating that acrolein contrib-
utes significantly to secondary injury is that treatment with

Journal Compilation © 2008 International Society for Neurochemistry, J. Neurochem. (2008) 107, 712-721



Fig. 7 Permeability to TMR following com-
pression injury. Membrane integrity follow-
ing compression was assessed using
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the acrolein scavenger hydralazine significantly attenuates
secondary injury (Figs 3 and 4). This correlates well with our
findings that the acrolein scavenger hydralazine prevents
increases in acrolein—protein adducts following secondary
injury (Figs 5 and 6). We previously demonstrated that
hydralazine was not an efficient scavenger of superoxide at
the concentrations used in this study and had no direct effect
on recovery of membrane potential following transection
(Hamann ez al. 2008). Thus, its mechanism of protection
against compression-mediated superoxide production and
membrane damage is likely through its acrolein scavenging
activity.

Our data have also provided evidence that, in addition to
damaging the adjacent healthy tissue, endogenous toxins
such as acrolein begin to accumulate and reach concentra-
tions which exacerbate the pathology at the site of the
initial, primary injury. For example, we have shown that
hydralazine-mediated protection against compression-
induced membrane damage was evident at 2 h after injury,
but not immediately after (Fig. 7). This is consistent with
previous studies that found hydralazine treatment resulted in
improved membrane integrity at 2 and 3 h following
compression; but not 1 h after injury (Hamann et al.
2008). Based on this data, we suggest that the increase in
membrane permeability at less than 2 h after ex vivo injury
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can be largely attributed to the effects of the primary
mechanical injury, while after 2 h, secondary injury pro-
cesses are probably producing additional damage. Thus, the
proposed mechanism by which hydralazine protects com-
pressed spinal cord is by targeting secondary injury
processes and preventing acrolein-mediated injury. The
available evidence also supports the hypothesis that hydral-
azine does not act to directly repair the primary, mechanical
injury, for example by resealing damaged membranes.
Previous studies have found that damaged neuronal mem-
branes are capable of being repaired by endogenous
mechanisms (Xie and Barrett 1991; Shi and Blight 1996;
Eddleman et al. 1997; Shi and Pryor 2000, 2002; Shi and
Whitebone 2006). Therefore, preventing oxidative stress and
secondary degeneration likely creates a more favorable
environment to allow these endogenous repair mechanisms
to occur.

As detailed in the introduction, there are a number of
secondary injury mechanisms following SCI, and it is most
likely that other endogenous toxins, in addition to acrolein,
are produced in this model. It fact, the combination of
endogenous toxins produced may be significantly more
toxic than any of those compounds by themselves. Other
compounds that may contribute to the pathology in this
model include reactive oxygen species, reactive nitrogen
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species, and other reactive aldehydes including malondial-
dehyde and 4-hydroxynonenal. It is important to consider
that many of these compounds, such as the hydroxyl and
peroxynitrate radical, are extremely short lived and highly
reactive, and thus unlikely to avoid reacting with other
compounds and diffuse to the uncompressed tissue (Sayre
et al. 2008). This possibility is more likely with less
reactive compounds such as superoxide, hydrogen perox-
ide, and reactive aldehydes (Hall and Braughler 1989;
Sayre et al. 2008). Among the reactive aldehydes, acrolein
has been found to be far more reactive than malondial-
dehyde or 4-hydroxynonenal with biomolecules including
proteins and glutathione. Acrolein’s half-life, on the order
of hours to days (Ghilarducci and Tjeerdema 1995), is also
much longer than free radicals, which makes it a better
candidate to be able to diffuse away from the injury site to
damage adjacent tissue. It is for these reasons that
aldehydes and acrolein in particular may have the potential
to be more detrimental than free radicals, and this study
focused on acrolein scavenging.

It is important to point out some limitations for use of
hydralazine in vivo. Specifically, hydralazine is a vasodilator,
which would be an undesirable effect following SCI, where
the subject would likely be in neurogenic shock. In addition,
it is unlikely to reach therapeutic concentrations in vivo
(Hamann et al. 2008). A previous study by Wood et al.
(2006) provided evidence that phenelzine protected again
ischemia—reperfusion brain injury in gerbils in vivo and was
probably an acrolein scavenger. Phenelzine is not a vasodi-
lator, can be safely administered at higher doses than
hydralazine, and thus has greater potential for use following
SCI in vivo. Our lab is also currently working to design a
safer and more effective scavenger that does not have the
vasodilatory effects of hydralazine. Hydralazine was selected
for these studies because the nature of reaction with acrolein
and acrolein-modified protein is efficient and well charac-
terized (Burcham et al. 2000, 2002, 2004; Kaminskas et al.
2004a,b; Burcham and Pyke 2006) (Fig. 1). In spite of
hydralazine’s limitations for in vivo use, these studies provide
valuable proof-of-principle that acrolein scavenging may be a
novel means to attenuate oxidative stress and thus promote
improved recovery following SCI. In addition, the findings
that hydralazine completely prevented the membrane damage
and superoxide production induced by this secondary injury
model suggests that acrolein plays a pivotal role in triggering
secondary injury. In summary, this study supports the
hypothesis that acrolein is increased to pathologic concen-
trations following compression-mediated injuries, and there-
fore constitutes a key factor in secondary injury mechanisms.
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