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   Study Design.     Immunohistochemical assessment of apoptotic 
markers in human cases of compressive myelopathy due to 
neoplastic compression. 
   Objective.   To characterize the role of apoptosis in neoplastic 
compressive myelopathy in human postmortem tissue with 
extramedullary tumor involvement. 
   Summary of Background Data.   Neoplasms, whether primary 
or metastatic, may lead to compression of the spinal cord and 
development of a compressive myelopathy syndrome. Apoptotic 
processes of cell death are thought to contribute to cell death 
in chronic compressive myelopathy because of degenerative 
spondylosis, but this has not previously been described in neoplastic 
compression. 
   Methods.   Six postmortem cases of human neoplastic compressive 
myelopathy were assessed for apoptosis using a panel of 
immunohistochemical markers including Fas, B-cell lymphoma 2 
(Bcl-2), caspase-3 and 9, DNA-dependent protein kinase catalytic 
subunit (DNA-PKcs), poly (ADP-ribose) polymerase (PARP), 
apoptosis-inducing factor (AIF), and terminal deoxynucleotide 
transferase dUTP Nick End Labeling (TUNEL). 
   Results.   Apoptosis was maximal at the site of tumor compression. 
Glial cells, predominantly oligodendrocytes, were immunopositive 
for DNA-PKcs, PARP, AIF, and TUNEL. Axons were immunopositive 
for caspase 3, DNA-PKcs, and AIF. Neurons were immunopositive 
for DNA-PKcs, PARP, AIF, and TUNEL. 
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     Compressive myelopathy denotes spinal cord injury 
secondary to compressive forces of varying  etiol-
ogy (including intervertebral disc protrusion, chronic 

spondylosis, neoplasia, and vertebral fracture and sublux-
ation). The compressive forces may be of varying magnitude 
and duration and may act either continuously or intermit-
tently, leading to a spectrum of parenchymal damage of dif-
fering severity. 

 Spinal vertebrae are a common site for metastasis in sys-
temic neoplasia often resulting in eventual spinal cord com-
pression (SCC). 1  ,  2  Almost any systemic tumor can metastasize 
to the spinal column, and extradural (epidural) compression 
(EDC) has been reported as a complication of every major 
type of systemic neoplasm, the frequency of occurrence 
related to the incidence of the given tumor in the general 
population, and its propensity for bony spinal involvement. 
Prostate, breast, and lung cancers are responsible for 15% 
to 20% of patients with EDC, with lymphoma, myeloma, 
and renal neoplasms, accounting for a further 5% to 10% of 
patients. Ninety percent of patients with prostate cancer have 
vertebral metastases at autopsy, 74% with breast cancer, 45% 
with lung cancer, 29% with lymphoma or kidney cancer, 
and 25% with gastrointestinal cancer. Although most cases 
of EDC develop in patients previously diagnosed with a pri-
mary tumor elsewhere, 8% to 34% have spinal involvement 
as the initial clinical presentation. In patients with terminal 
cancer, 2% to 5% develop EDC in the fi nal 2 years of life, the 
nature of the primary tumor and degree of neurological defi cit 
being the most important factors determining survival times. 

   Conclusion.   The current study demonstrates that apoptosis plays 
a role in human neoplastic compressive myelopathy. Necrosis 
dominates the severe end of the spectrum of compression. The 
prominent oligodendroglial involvement is suggestive that apoptosis 
may be important in the ongoing remodeling of white matter due to 
sustained compression. 
    Key words:   apoptosis  ,   neoplastic  ,   compressive myelopathy  , 
  axonal injury  . 
  Level of Evidence: 4  
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Clinical signs include pain and defi cits in motor, sensory, and 
autonomic function. 3–7  

 SCC secondary to EDC may be due to vertebral collapse 
with posterior extension leading to compression of the ante-
rior aspect of the cord and tumor extension into the extradu-
ral space. 3–6  SCC occurs in the thoracic region in 60% to 80% 
of cases (predominantly due to its natural kyphosis and larger 
intrathecal cross-sectional area), lumbosacral region in 15% 
to 30% of cases, and cervical region in less than 10% of cases. 
Up to 50% of patients have multiple sites of compression. 3–6  

 In SCC, 2 principal modes of cell death are recognized, 
namely, necrosis and apoptosis, but the contribution of the 
latter to the resulting myelopathy is incompletely under-
stood. The few studies that have been conducted have 
largely addressed the molecular pathways determining the 
survival and progression of spinal neoplasms and the associ-
ated infl ammatory response rather than on the spinal cord. 
Necrosis and apoptosis represent the 2 extremes of a spec-
trum of cell death and there is a continuum between these 
extremes, with many injurious insults producing both types. 8  ,  9  
Moreover, the mechanisms of apoptosis are varied, with mul-
tiple intrinsic and extrinsic pathways involved in this active, 
energy-requiring process of programmed cell death. 10–12  

 In the present study, archival cases of human metastatic 
neoplasia-induced SCC were examined in an attempt to deter-
mine the role of apoptosis in the development of the resulting 
myelopathy.   

 MATERIALS AND METHODS 
 Six cases of archival human neoplastic SCC were obtained 
from the South Australian Brain Bank (Adelaide, Australia). 
All 6 cases had extradural compression. The tumor type 
varied in each case, but all were metastatic, and the clinical 
course ranged from 25 days to 5 years. The duration of the 
cord compression was defi ned as the time of onset of clinical 
signs suggestive of SCC to death. Details of these cases (age, 
tumor type, levels of cord compression, and clinical presenta-
tion and duration) are shown in  Table 1 .   

 Immunohistological Assessment 
 Spinal cords were immersion-fi xed in 40% formalin for a 
minimum of 10 days and examined according to standard 
neuropathological protocol. Individual cord segments were 

cut transversely, and the segmental level was determined by 
counting the segments above and below the ventral nerve root 
at T2, a landmark selected because of the marked anatomical 
disparity between T1 and T2 nerve roots. After macroscopic 
examination, cord segments were processed to paraffi n wax, 
5- μ m sections cut and stained with hematoxylin and eosin 
(H&E). Duplicate sections were stained with Weil’s stain for 
myelin and immunohistochemically with antibodies to amy-
loid precursor protein (APP) and a range of markers of apop-
tosis ( Table 2 ). APP is normally transported by fast axoplas-
mic transport and disruption to this movement leads to its 
aggregation in amount detectable by light microscopy. It is the 
most sensitive early marker of axonal injury.  

 With regard to the identity of immunoreactive cells in these 
spinal cords, neurons, astrocytes, and oligodendrocytes were 
determined on the basis of well-described morphological and 
immunohistochemical characteristics. Oligodendrocytes in 
H&E-stained, immersion-fi xed human neural tissue are small 
cells with prominent, dark, rounded nuclei and a clear cyto-
plasm (a “fried egg” artifact appearance). These cells stain 
negatively with glial fi brillary acidic protein (GFAP). How-
ever, our experience with some of the immunocytochemical 
oligodendroglial markers suitable for human tissue ( e.g. , 
Olig-2, P25, MOG, MOSP, MBP) is that they stain subsets of 
oligodendroglia and may cross-react with astrocytes. Astro-
cytes were distinguished from oligodendrocytes on H&E 
staining by their larger, vesicular nuclei and lack of cytoplas-
mic staining. Reactive fi brous astrocytes show a spectrum of 
increased cytoplasmic staining with radiating processes from 
the cell body and positive GFAP immunoreactivity. Anterior 
horn cells were identifi ed by their location, size, pyramidal 
shape, and large nuclei with prominent nucleoli. Axonal 
swellings (spheroids) were identifi ed immunohistochemically 
by APP immunopositivity, these spheroids not being labeled 
by MAP-2 (a dendritic marker). 

 A panel of immunohistochemical markers of apoptosis 
( Table 2 ) was selected to evaluate the contribution of this 
mode of cell death to the observed myelopathy in these cases. 
Tissue from human lymphoma cases was used as a positive 
control for caspase-3 and -9, DNA-PKcs, poly (ADP-ribose) 
polymerase (PARP), Bcl-2, fi rst apoptosis signal (Fas), and 
terminal deoxynucleotide transferase dUTP Nick End Label-
ing (TUNEL). Human corpus callosum from traumatic brain 

Copyright © 2015 Wolters Kluwer Health, Inc. Unauthorized reproduction of this article is prohibited.

 TABLE 1.    Neoplastic Compressive Myelopathy Clinical Data  

Case Age, yr Sex Type
Vertebral 

Level
Spinal Cord

Segment
Clinical

Duration Clinical Defi cit

1 50 Male Small cell carcinoma lung T2–T4 T2–T5 25 d Paraplegia

2 75 Female Fibrous histiocytoma L2 S1 Conus medullaris 1 mo Paraplegia

3 79 Male Adenocarcinoma, extramedullary C3 C2–C5 6 wk Quadriparesis R  >  L

4 59 Male Osteogenic sarcoma T11 L2–L3 6 wk Paraplegia

5 24 Male Ewing sarcoma C5–C6 C4–C6 2 mo Quadriparesis

6 72 Male Prostate carcinoma C2–C7 C2–C8 3 mo Incomplete quadriplegia
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injury cases was used as a positive control for APP, whereas 
lesion-free human spinal cord served as a negative control. 

 All sections underwent a similar immunohistochemical 
procedure, with all antibodies incubated at room temperature 
and phosphate buffered saline washes applied between each 
antibody. Briefl y, sections were de-waxed, dehydrated, and 
placed in methanol with 30% hydrogen peroxide. Specifi ed 
microwave antigen retrieval was performed as required and 
sections incubated for 45 minutes in 3% normal horse serum. 
Primary antibody was added overnight before specifi c bio-
tinylated secondary antibody (Vector, 1:250) was added for 
30 minutes. Tertiary streptavidin peroxidase conjugate (SPC; 
Pierce, 1:1000) was added for 1 hour and the immunocom-
plex visualized using 3,3’diaminobenzidine (DAB; Sigma) as a 
chromogen in the peroxidase reaction. Generated slides were 
scanned at high resolution using a Hamamatsu Nanozoomer 
and viewed using the associated proprietary viewing software 
(NDP.view v1.1.27, Hamamatsu).  

 Apoptotic Markers 
 To detect apoptotic activation along multiple stages in both 
intrinsic and extrinsic pathways, a broad panel of classical 
apoptotic markers was used, including caspase-9, caspase-3, 
bcl-2, Fas, PARP, DNA-PKcs, and apoptosis-inducing factor 
(AIF).    

 First Apoptosis Signal 
 Fas/APO-1/CD95 (36 kDa) is a member of the tumor necrosis 
factor receptor family of transmembrane receptors. The Fas 
molecule is an important mediator of apoptotic cell death as 
well as being involved in infl ammation. Signaling by receptors 
from the tumor necrosis factor family in response to external 
triggers contributes to a wide range of molecular processes, 
including apoptosis and infl ammation. This family comprises 

at least 32 receptors and of those, Fas is primarily involved 
in programmed cell death. 13  It has now been well established 
that Fas-mediated apoptosis may occur after compressive 
spinal cord injury, 14  with Fas defi ciency resulting in reduced 
oligodendroglia cell death and improved behavioral and his-
tological outcome. 15  ,  16    

 B-Cell Lymphoma 2 
 The B-cell lymphoma 2 (Bcl-2) family is key protective regula-
tor of the mitochondrial pathway of apoptosis. Bcl-2 is located 
within the outer mitochondrial membrane, endoplasmic retic-
ulum, and nuclear envelope. In mammalian cells, they have 
been shown to act upstream of caspases and assist in determin-
ing the release of proapoptotic molecules such as cytochrome-c 
from the mitochondria. 17  Bcl-2 confers a protective effect on 
the cell by inhibiting pathways of apoptosis and its expression 
is increased under apoptotic conditions. 18  SCC has been shown 
to induce Bcl-2 immunoreactivity within axons, which intensi-
fi ed with increased compression severity. 19    

 Caspase-3 and 9 
 Caspases are a family of cysteine proteases that act as central 
mediators to the process of apoptotic cell death for intrinsic, 
mitochondrial, and extrinsic pathways. They bind to aspartyl 
residues resulting in cleavage  via  oligomerization of specifi c 
proteins. Caspase-3, in its active form, is a cysteine-aspartic 
acid protease recognized as a major effector molecule of mor-
phological changes in apoptosis. 20  The caspase-3 gene encodes 
a proenzyme that undergoes processing by initiator caspases 
at Asp28 and Asp175 to form 2 dimerized subunits that form 
active caspase-3, which binds to caspase-8 during apoptosis. 
It is thought that the translocation of caspase-3 from cyto-
plasm to the nucleus represents a key morphological change 
during apoptosis and that this is an active process. 21–23  

Copyright © 2015 Wolters Kluwer Health, Inc. Unauthorized reproduction of this article is prohibited.

 TABLE 2.    Antibodies Used to Detect Apoptosis After Neoplastic Compressive Myelopathy  
Antibody Clone/Catalogue Dilution Antigen Retrieval Specifi city Source

Bcl-2 124 (MM) 1/150 Citrate Human Bcl-2 protein DAKO, United States

Fas NCL-Fas-310 (MM) 1/1000 EDTA Human Fas (CD 95) Novocastrian, United 
Kingdom

Caspase-3 3015-100 (RP) 1/500 EDTA Human P17 fragment active 
Caspase-3 Bio Vision, United States

Caspase-9 3149-100 (RP) 1/1000 EDTA Cleaved caspase-9 protein
37 kDa Bio Vision, United States

DNA-PKcs AHP318 (RP) 1/10,000 TRS Human DNA-PKcs Serotec,  United Kingdom

PARP A6.4.12 (MM) 1/1000 Citrate Human poly (ADP-ribose) 
polymerase 116 kDa Serotec,  United Kingdom

AIF c-terminus AB16501 1/1000 Citrate 517-537a.a. of apoptosis-
inducing factor molecule

Chemicon International, 
United States

TUNEL S7101 Kit Kit 3’-OH terminus single and 
double strand DNA Intergen, United States

 MM indicates mouse monoclonal; EDTA, ethylenediaminetetraacetic acid; RP, rat polyclonal; TRS, target retrieval solution; TUNEL, terminal deoxynucleotide 
transferase dUTP Nick End Labeling. 
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 Cysteine aspartyl protease precursor, caspase-9 was chosen 
as a key immunological marker of the intrinsic apoptotic path-
way 24  and subsequently leads to the activation of caspase-7 
and -3, the latter thought to be the key executioner caspase 
for cell death. 11  Caspase-9 is itself resultant from activation 
of cytochrome-c and apoptotic peptidase activating factor 
(Apaf-1) within the apoptosome. 25  Pathways both preceding 
and superseding the activation of caspase-9 are regulated by 
a process of phosphorylation multiple sites, which can affect 
the activation of caspase-3. 26–28    

 DNA-Dependent Protein Kinase Catalytic Subunit 
 The effi cient and adequate repair of DNA strand breaks is cru-
cial for the integrity of the cellular genome. DNA-dependent 
protein kinase (DNA-PK) is involved in the repair of double-
stranded DNA breaks in mammalian cells. The DNA-PK mole-
cule contains a heterodimeric DNA-binding subunit (Ku70/80) 
and a catalytic subunit of 465 kDa known as DNA-PKcs. 29  ,  30  
DNA-PKcs is a serine/threonine protein kinase activated  via  
the Ku heterodimer, where DNA fragmentation exists. DNA-
PKcs is inactive on its own and relies on the Ku component to 
trigger the kinase activity. DNA-PKcs is preferentially degraded 
after exposure to apoptotic agents, accompanied by reduced 
DNA-PK activity. 31  In a model of spinal cord ischemia, DNA-
PKcs was found to decline during reperfusion, 32  indicating that 
ischemic injury overwhelms DNA repair processes, enabling 
apoptotic processes to develop.   

 Poly (ADP-Ribose) Polymerase 
 PARP are a family of nuclear proteins found in eukaryotic 
cells. The functions of PARP include the formation of mitotic 
spindles, 33  centromere and centrosomal function, telomere 
function  via  the action of Tankyrase, movement of endo-
somes, DNA strand break detection and repair, 34  ,  35  and cell 
death along the spectrum of both apoptosis and necrosis. 36  ,  37  
PARP contributes to cell death by its activation in both the 
caspase-dependent and, more recently, caspase-independent 
pathways of apoptosis. Mild genotoxic stressors may facili-
tate DNA repair and cell survival; however, severe cytotoxic 
stimuli result in a rapid increase in PARP and failure to main-
tain the genomic structure. 38  ,  39    

 Apoptosis-Inducing Factor 
 A pathway of cell death usually independent of caspase-
activation was identifi ed involving activation of a key mol-
ecule known as apoptosis-inducing factor (AIF). AIF is a fl a-
voprotein 57 kDa in length, encoded by a nuclear gene on the 
X chromosome. AIF is released during apoptosis and trans-
ported from the mitochondrial intermembrane space  via  the 
cytosol to the nucleus, where it causes large-scale DNA frag-
mentation of approximately 50 kilobase pairs and secondary 
chromatin condensation. Positive charges on the surface of 
the AIF molecule allow it to interact with DNA, with prefer-
ential binding to single-stranded rather than double-stranded 
DNA. 40  AIF has been found to play a signifi cant role in the 
PARP-mediated pathway of cell death, primarily  via  the activ-
ity of PARP-1. 41    

 Terminal Deoxynucleotide Transferase dUTP Nick 
End Labeling 
 TUNEL (Intergen, ApopTag S7101) staining was used as a 
biochemical marker of apoptotic DNA fragmentation. The 
TUNEL technique enzymatically labels the free DNA 3´-OH 
ends of specifi c DNA strand breaks that are characteristic, 
although not pathognomonic, of apoptosis. TUNEL may 
detect early-stage apoptosis prior to the condensation of 
chromatin. 42     

 RESULTS  

 Morphological Features of Human Neoplastic 
Compressive Myelopathy 
 The macroscopic appearance of the spinal cord from each 
case is described in  Table 3 . All cases showed EDC and 2 cases 
(cases 2 and 3) in addition showed intradural extramedullary 
malignant infi ltration. The Ewing sarcoma (case 5) involving 
the upper cervical vertebrae resolved with treatment, and no 
macroscopic tumor was found at postmortem, although there 
was clear evidence of compression deformity and white mat-
ter damage C4–C6.  

 Microscopically, in H&E-stained sections, SCC was char-
acterized by cystic necrosis, preferentially involving central 
regions of gray and white matter. Necrosis was attended by 
phagocytic macrophages. There were numerous axonal swell-
ings (spheroids) in all cases, being especially widespread in 
cases with loss of anterior horn cells and central chromatoly-
sis of neurons. There was marked myelin loss at the site of 
maximal compression and patchy loss in adjacent segments. 
All 7 cases showed APP immunoreactivity ( Figure 1 ) not only 
in axonal profi les of predominantly enlarged diameter but 
also in normal diameter axons indicative of axonal injury.    

 Immunoreactivity of Apoptotic Markers 
 Assessment of immunopositivity of apoptotic markers within 
each case is shown in  Table 4 . Positive immunoreactivity was 
found within glial, axonal, and neuronal regions as demon-
strated in  Figure 2 .    

 Fas and Bcl-2 Immunoreactivity 
 Fas immunoreactivity was not present at any level of spinal 
cord in any cases of neoplastic compressive myelopathy. Only 
minimal Bcl-2 immunoreactivity was observed within oligo-
dendrocytes of only 1 case.   

 Caspase-3 and 9 
 Immunopositivity to caspase-3 and 9 was seen exclusively 
in axons. Caspase-3 demonstrated greater immunoreactiv-
ity with 4 positive cases, whereas caspase-9 was equivocally 
observed in only 1 case. Caspase-3 axonal immunoreactivity 
was seen frequently at the site of compression and was great-
est in regions of APP axonal immunoreactivity.   

 DNA-PKcs 
 DNA-PKcs immunoreactivity was predominantly present 
within oligodendrocytes and axons, with minimal neuronal 

Copyright © 2015 Wolters Kluwer Health, Inc. Unauthorized reproduction of this article is prohibited.
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positive staining ( Figure 2 ). Oligodendrocytes demonstrated 
nuclear-specifi c immunoreactivity and were frequently 
found within the subpial region. Axonal immunopositivity 
was found within the most severely damaged regions of the 
white matter.   

 Poly (ADP-Ribose) Polymerase 
 PARP immunoreactivity was observed consistently in oligo-
dendroglial nuclei of all cases, with neuronal staining observed 
in more than half of the cases ( Figure 2 ).   

 Apoptosis-Inducing Factor 
 AIF immunopositivity was observed in oligodendrocytes, 
astrocytes, and neurons in all cases assessed, whereas axonal 
immunoreactivity was observed in 4 of 6 cases ( Figure 2 ). AIF 
immunoreactivity was observed in the cytoplasm of cells, con-
gruent with staining using an antibody against a mitochon-
drial protein.    

 Terminal Deoxynucleotide Transferase dUTP Nick 
End Labeling 
 TUNEL immunoreactivity was present exclusively in oligo-
dendrocytes and neurons ( Figure 2 ), maximal at the site of 
compression and margins around areas of necrosis. No posi-
tive axonal immunoreactivity was observed.    

 DISCUSSION 
 The results of this study demonstrated that apoptosis plays 
an important role in the pathogenesis of SCC produced by 
metastatic neoplasms. Apoptosis of glia, particularly oligo-
dendrocytes, and, to a more limited extent, neurons, occurred 
maximally at the site of compression but also often in con-
tiguous segments above and below this site. Apoptotic mark-
ers showing the most robust immunopositivity were PARP 
together with positive TUNEL biochemistry, whereas cas-
pase-3 immunoreactivity was confi ned to axons in 3 cases, 
and Bcl-2 and Fas immunopositivity was rare or not detected. 

 Figure 1.    Amyloid precursor protein immunoreactivity within the compressed ( A  and  B ) and adjacent spinal cord segments ( C  and  D ) is evident 
with both enlarged and normal diameter axons observed at higher magnifi cation ( B  and  D ). Scale bar A and C  =  2 mm, B and D  =  200  μ m.  

Copyright © 2015 Wolters Kluwer Health, Inc. Unauthorized reproduction of this article is prohibited.

 TABLE 3.    Macroscopic and Microscopic Pathology  
Case Vertebral Column Metastases Spinal Cord

1 T2, T3, T4 (paraspinal extension)
Extradural compression T2–T5.  Maximal at T3 with almost complete necrosis of 

gray and white matter and numerous foamy macrophages. Axonal swellings, 
partial loss of AHCs and vacuolation neuropil in T2, T,4 and T5 segments

2 T12, C7, T2, T7, T4, T12, L2

Extra- and intradural compression lower spinal cord and cauda equina by 
circumferential plaque of hard, gray-white tumor. Necrosis (maximal S1 segment) 
with numerous foamy macrophages. Axonal swellings, partial loss of AHCs and 
neuropil vacuolation adjacent spinal cord segments

3 C3

Extra and intradural compression by tumor compressing and displacing C2–C5 
segments to opposite side of dural sheath. White matter vacuolation and 
numerous axonal swellings maximal side of compression.  Partial loss AHCs, 
central chromatolysis

4 T11 (large paraspinal extension)
Extradural compression with L2–L3 posterolateral white matter damage with 

numerous axonal swellings, AHC “acute ischemic cell change,” central
chromatolysis, vacuolation of neuropil

5 Cervical vertebrae (radiological) PM—no 
residual tumor postradiotherapy

Extradural compression C4–C6 maximal C5 lateral white matter with cystic ne-
crosis, numerous macrophages, axonal swellings, vacuolation neuropil, loss of 
AHCs

6 C4–C7 Extradural compression C3–C8 maximal C8 with cystic change in lateral white 
matter, partial loss of AHCs C3–C8, central chromatolysis C4, C5, C7

 AHCs indicates anterior horn cells; PM, post mortem. 
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The contribution of AIF was diffi cult to ascertain as immu-
nopositivity was always cytoplasmic, with no nuclear trans-
location evident. Axonal injury in the form of APP-positive 
profi les was widely distributed in all cases, not only at the site 
of compression but also above and below this site, suggesting 
that axonal damage with disruption to axonal transport con-
tributes to the pathology of SCC. 

 In the only previous human studies of apoptosis in 
chronic SCC, Yamaura  et al  43  found TUNEL-positive glia 

of oligodendroglial lineage in a single case caused by ossifi -
cation of the posterior longitudinal ligament, whereas Yu 
 et  al  44  observed FAS-mediated apoptosis of neurons and 
oligodendrocytes in 8 patients with SCC produced by cer-
vical spondylotic myelopathy. In rodents models of SCC, Li 
 et al  45  found TUNEL and FAS-positive, but not Bcl-2 immu-
noreactive, glia with a morphology compatible with oligo-
dendroglia, whereas Casha  et al  46  also noted TUNEL and 
FAS-positive oligodendrocytes. Liang  et al  47  found neuronal 

  Figure 2.    Immunoreactivity of apoptotic markers with-
in oligodendrocytes  (A–E) , axons  (F–H),  and neurons 
 (I–L) . A range of apoptotic markers were found to 
be immunopositive within oligodendrocytes, includ-
ing Bcl-2  (A) , DNA-PKcs  (B) , PARP  (C) , AIF  (D) , and 
TUNEL  (E) . Axonal immunoreactivity was observed 
after caspase-3  (F) , DNA-PKcs  (G) , and AIF  (H) . 
Neurons were faintly immunopositive for DNA-PKcs 
 (I) , whereas PARP  (J)  staining was prominent within 
many neuronal nucleoli. AIF  (K)  immunoreactivity 
was observed within the cytoplasm only of neurons 
whereas nuclei were immunoreactive after TUNEL  (L)  
staining. All scale bars  =  50  μ m.  

Copyright © 2015 Wolters Kluwer Health, Inc. Unauthorized reproduction of this article is prohibited.

 TABLE 4.    Results of Apoptotic Marker Immunoreactivity Within Cellular-Specifi c Regions  
Case 1 2 3 4 5 6

Fas … … … … … …

Bcl-2 … … … … … Oligos

Caspase-3
Oligos

Oligos Oligos Axons
Oligos

…
Axons Axons

Caspase-9 … … … … … …

TUNEL Oligos

Oligos Oligos Oligos Oligos Oligos

Neurons
Neurons

Neurons Neurons Neurons
Axons

PARP Oligos
Oligos Oligos Oligos

Oligos Oligos
Neurons Neurons Neurons

AIF

Oligos Oligos Oligos Oligos Oligos Neurons

Neurons Neurons Neurons Astrocytes Astrocytes Oligos

Axons Axons Axons
Neurons Neurons

Astrocytes
Axons Axons

DNA-PKcs Axons Oligos
Oligos Oligos Oligos

Oligos
Axons Axons Axons

 TUNEL indicates terminal deoxynucleotide transferase dUTP Nick End Labeling; PARP, poly (ADP-ribose) polymerase; AIF, apoptosis-inducing factor. 
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caspase-12 immunoreactivity in their model, and Takenouchi 
 et al  48  observed upregulation of caspase-3 in neurons and glia. 
Uchinda  et al  49  found evidence of apoptosis in neurons and 
oligodendroglia and Yamaura  et al  43  TUNEL positivity in the 
latter. 

 Because the spinal cord lies within a confi ned space in the 
vertebral canal, it has been suggested that mechanical com-
pression might locally compromise the vascular supply, lead-
ing to ischaemia-hypoxia, and constitute a contributing factor 
to the pathophysiology of chronic compressive myelopathy. 50  
SCC probably results from a combination of pressure applied 
to the neural parenchyma and blood vessels of supply. 4  ,  51  

 Previous studies 51  have shown that myelin seems to be espe-
cially susceptible to mechanical pressure. Swelling of myelin 
sheaths leading to spongy degeneration of the white matter is 
an early pathological change, followed by necrosis and cavita-
tion, particularly in the center of the cord, and degeneration 
of ascending and descending fi ber tracts. In segments above 
the site of compression, fi ber loss occurs in posterior col-
umns, spinothalamic and spinocerebellar tracts while, below 
the compression site, corticospinal tracts degenerate. In more 
chronic cases, the cavitating lesion is replaced by glial scarring 
of gray and white matter, with some axons being preserved. 51  

 Although the contribution of apoptosis to the pathology 
of SCC has not hitherto received much attention, the results 
of the present study suggest that this form of cell death con-
tributes to the fi nal expression of spinal cord injury and neu-
rological dysfunction. A better understanding of the role of 
apoptosis in SCC may lead to the development of more care-
fully targeted therapeutic intervention strategies, particularly 
if some of the events comprising this process of cell death, and 
the cascade of secondary events that follow SCC, are poten-
tially reversible.           v
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tive for caspase-3, DNA-PKcs, and AIF, whereas 
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   The prominent oligodendroglial involvement is 
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