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Multiple sclerosis (MS) is the leading cause of neurological disabil-
ity in young adults, affecting some two million people worldwide.
Traditionally, MS has been considered a chronic, inflammatory
disorder of the central white matter in which ensuing demyelina-
tion results in physical disability [Frohman EM, Racke MK, Raine CS
(2006) N Engl J Med 354:942–955]. More recently, MS has become
increasingly viewed as a neurodegenerative disorder in which
neuronal loss, axonal injury, and atrophy of the CNS lead to
permanent neurological and clinical disability. Although axonal
pathology and loss in MS has been recognized for >100 years, very
little is known about the underlying molecular mechanisms. Pro-
gressive axonal loss in MS may stem from a cascade of ionic
imbalances initiated by inflammation, leading to mitochondrial
dysfunction and energetic deficits that result in mitochondrial and
cellular Ca2� overload. In a murine disease model, experimental
autoimmune encephalomyelitis (EAE) mice lacking cyclophilin D
(CyPD), a key regulator of the mitochondrial permeability transi-
tion pore (PTP), developed EAE, but unlike WT mice, they partially
recovered. Examination of the spinal cords of CyPD-knockout mice
revealed a striking preservation of axons, despite a similar extent
of inflammation. Furthermore, neurons prepared from CyPD-
knockout animals were resistant to reactive oxygen and nitrogen
species thought to mediate axonal damage in EAE and MS, and
brain mitochondria lacking CyPD sequestered substantially higher
levels of Ca2�. Our results directly implicate pathological activation
of the mitochondrial PTP in the axonal damage occurring during
MS and identify CyPD, as well as the PTP, as a potential target for
MS neuroprotective therapies.
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Multiple sclerosis (MS) is the leading cause of neurological
disability in young adults, affecting some 2 million people

worldwide. Traditionally, MS has been considered a chronic,
inflammatory disorder of the CNS in which ensuing demyelina-
tion results in physical disability (1). However, demyelination
itself produces clinical deficits that can remit because of remy-
elination and reorganization of the ion channel repertoire in
axons that restores action potential conduction along chronically
demyelinated axons (2, 3). More recently, MS has become
increasingly viewed as a neurodegenerative disorder in which
neuronal loss, axonal injury, and atrophy of the CNS occur
progressively from the start of the disease (4, 5). Permanent
neurological and clinical disability, especially in patients with
long disease duration, is thought to develop when a threshold of
axonal loss is reached and CNS compensatory responses are
exhausted (4, 6). Data from both humans and experimental
animal models of MS support the idea of a causal relationship
among inflammation, axonal loss, and permanent neurological
disability (6–8).

Although axonal degeneration is now recognized as critical to
permanent disability in MS, relatively little is known about the
underlying molecular mechanisms that are responsible for this

pathological process. Most current hypotheses invoke a complex
cascade of interrelated processes leading to mitochondrial dys-
function (4, 9, 10). For example, compounds generated in
response to inflammation (e.g., reactive oxygen and nitrogen
species) inhibit mitochondrial electron transport, resulting in
axonal energy deficits (11, 12). Recent reports have documented
impaired activity of several mitochondrial respiratory complexes
in MS plaques (10). This complex interplay between a variety of
molecular pathways has been proposed to ultimately result in
neuronal Ca2� overload and the activation of Ca2�-activated
proteolytic processes that produce axonal injury (13).

It is now well established that mitochondria play a pivotal role
in cell survival in large part because of their participation in the
dynamic regulation of cellular Ca2�; mitochondria accumulate
cytoplasmic Ca2� whenever the local cytoplasmic-free Ca2� rises
above a critical set point and then slowly release Ca2� when
normal cytoplasmic Ca2� levels are restored (14–16). Under
normal conditions, the accumulation of Ca2� into mitochondria
stimulates oxidative metabolism (14, 15). Consequently, mito-
chondria contain a variety of molecular complexes that mediate,
and precisely regulate, the uptake and release of Ca2�. Whereas
a number of cotransporters mediate Ca2� efflux from mitochon-
dria, Ca2� efflux is also driven by the activation of an incom-
pletely characterized complex of proteins called the permeability
transition pore (PTP) (17). In intact cells, transient activation of
the PTP is likely to mediate the fast release of Ca2� from the
mitochondrion under normal conditions (18–21). However,
overload of mitochondria with Ca2� as a consequence of patho-
logical stimuli results in inappropriate activation of the PTP,
resulting in dramatic alterations in mitochondrial function,
including decreased ATP production and increased generation
of reactive oxygen (22–24). Thus, the excess axonal Ca2� pos-
tulated to trigger the axonal injury observed in MS would be
predicted to lead to elevated levels of Ca2� within axonal
mitochondria, unregulated activation of the PTP, and conse-
quent mitochondrial dysfunction.

Although the question of which molecular components form
the PTP has remained controversial, extensive biochemical,
functional, and genetic data implicate a nuclearly encoded
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mitochondrial cyclophilin, cyclophilin D (CyPD), as a key reg-
ulator of the function of the PTP (25). Thus, genetic inactivation
of the murine Ppif gene encoding CyPD [CyPD-knockout
(CyPD-KO)], has demonstrated that the absence of CyPD
dramatically increased the threshold Ca2� load required to open
the PTP in mitochondria prepared from CyPD-KO liver (26–
29). Furthermore, despite the absence of CyPD, mitochondria
from CyPD-KO mice displayed basal-, ADP-, and uncoupler-
stimulated rates of respiration that were indistinguishable from
mitochondria prepared from WT mice, demonstrating that the
absence of CyPD does not affect energy conservation and ATP
synthesis (27). In addition, murine embryonic fibroblasts pre-
pared from CyPD-KO mice show an increased resistance to both
oxidative stress and elevated cytoplasmic Ca2� levels compared
with WT cells (27–29). By extension, whole-animal studies
demonstrated the striking resistance of CyPD-KO mice to
ischemic brain injury, which results in the generation of reactive
oxygen species and Ca2� overload (27). Consequently, given the
characteristics of cells and animals lacking CyPD, and their
resistance to pathological states resulting in Ca2� overload, we
assessed the response of mice missing CyPD (Ppif�/�) following
induction of experimental autoimmune encephalomyelitis
(EAE), a murine model of MS (30, 31).

Results
Mice Missing CyPD Recover Following Induction of EAE. Given the
differences observed in various inbred mouse lines on the
progression and magnitude of disease following induction of
EAE (31), we initially backcrossed CyPD-KO animals to
C57BL/6 mice eight times to place the CyPD-KO mutation in an
isogenic C57BL/6 background. To induce EAE, we immunized
isogenic WT C57BL/6 control and CyPD-KO mice with myelin
oligodendrocyte glycoprotein (MOG) 35-55 peptide following
standard protocols and initially assessed disease course in both
groups by daily observation of clinical progression (Fig. 1) (30).
Beginning 12 days after immunization, both WT and CyPD-KO
mice developed clinical EAE (manifested as limb weakness and
paralysis) of similar severity, although the CyPD-KO mice
tended to develop maximum paralysis earlier than the WT mice.
After developing EAE, the WT mice did not recover, as is typical
for MOG 35-55 peptide-induced EAE in C57BL/6 mice (31).
However, beginning on day 17 after immunization, the
CyPD-KO mice began to improve clinically. By the end of the
experiment, 39 days after immunization, the CyPD-KO mice
were significantly better, clinically, than the WT mice (mean
total EAE score of 68 versus 100, P � 0.04); similar clinical
outcomes were obtained in two subsequent experiments. Thus,
CyPD-KO mice initially develop EAE as do WT controls but,
unlike WT mice, partially recover.

Axons in CyPD-KO Mice Are Preserved Following EAE. Tissue damage
in EAE in WT C57BL/6 mice manifests as multifocal areas in the
white matter of the caudal spinal cord, with prominent axonal
damage consisting of degenerating axons and reduction in axonal
density. To assess axonal integrity following induction of EAE,
39 days after immunization, randomly selected WT and
CyPD-KO mice were perfused with glutaraldehyde and their
thoracic spinal cords processed for quantitative morphology. In
plastic-embedded toluidine blue-stained sections, we quantified
the percentage area of white matter in the thoracic spinal cord
containing axonal damage. In WT mice with EAE, a mean of
36.7% of the lateral/ventral white matter and 17.6% of the dorsal
white matter exhibited a mixture of pathological changes when
compared with naı̈ve controls, including axons undergoing Wal-
lerian-like degeneration, reduced nerve fiber density, and occa-
sional demyelinated axons (Fig. 2 A and B). However, CyPD-KO
mice with EAE showed significantly less axonal damage than
WT controls; a mean of 7.5% of lateral/ventral (80% reduction)
and 7.1% of dorsal (60% reduction) white matter in CyPD-KO
mice showed axonal injury (P � 0.002 and P � 0.001, respec-
tively) (Fig. 2 C and D). Higher-power views of areas of tissue
damage demonstrated extensive axonal degeneration and reduc-
tion in axonal density in WT mice with EAE (Fig. 2 E–G). At this
level, degenerating axons are present within lesions in CyPD-KO
mice, but to a much lower extent than observed in WT animals,
with the nerve fiber densities more like that of normal spinal
cord white matter (compare Fig. 2 E and G). These results
demonstrate that, compared with WT mice, axons in CyPD-KO
mice are protected from the damage resulting from the induction
of EAE. Moreover, even in areas of injury, CyPD-KO mice with
EAE had fewer degenerating axons and a more normal nerve
fiber density.

To further evaluate axonal protection in CyPD-KO mice
following the induction of EAE, we used immunohistochemical
methods to assess the levels of neurofilament phosphorylation
(NF-P). In normal axons, neurofilaments (NFs) are highly
phosphorylated; consequently, dephosphorylation of NFs has
been used to monitor axonal damage in MS and EAE (5, 32).
Again, 39 days following induction of EAE, fixed sections were
prepared from the thoracic spinal cords of a different set of
randomly selected WT and CyPD-KO animals and immuno-
stained with a mixture of antibodies specifically directed to
NF-P. Sections from WT mice with EAE showed a marked
reduction in staining for NF-P (Fig. 3 A–C). Comparable sec-
tions from CyPD-KO mice with EAE exhibited little reduction
in the level of NF-P, reflecting significant preservation of axonal
integrity (Fig. 3D). Quantification of these differences demon-
strated that the percentage area of the lateral/ventral and dorsal
thoracic spinal cord showing axonal damage, as assessed by NF-P
staining, was significantly reduced in CyPD-KO mice; the area
of damage in spinal cords from WT and CyPD-KO was 25% and
2.2% for the lateral/ventral regions and 15% and 3.65% for the
dorsal regions, respectively (Fig. 3E; P � 0.001 and P � 0.025).
These results support the conclusions generated from quantita-
tive morphological analysis and demonstrate significant axonal
preservation in CyPD-KO mice following induction of EAE.

EAE Generates Similar Levels of Inflammation in CyPD-KO Mice. The
development of EAE following immunization of C57BL/6 mice
with MOG 35-55 peptide requires the evolution of inflammatory
infiltrates composed principally of CD4� and CD8� T cells and
CD11b� macrophages/microglial cells within the spinal cord.
Consequently, it may be that the reduction in axonal damage and
improvement in clinical EAE observed in CyPD-KO mice could
reflect a difference in the immune response or extent of inflam-
mation within the spinal cord of CyPD-KO animals. To inves-
tigate this possibility, we assessed the peripheral immune re-
sponse to MOG 35-55 peptide and the inf lammation in

Fig. 1. CyPD-KO mice have a less severe EAE disease course than WT
(C57BL/6) mice. Mice were immunized with MOG 35-55 peptide as outlined in
Materials and Methods. Mice were monitored and scored daily by using a
nine-point system. The experiment was terminated after 39 days. Open circles
represent the mean daily EAE score for WT mice. Closed squares represent the
mean daily EAE score for CyPD-KO mice. Error bars indicate the SEM. Daily EAE
scores were compared between the WT and CyPD-KO groups and analyzed by
the Mann–Whitney U test. *, P � 0.05; ‡, P � 0.005. n � 10 in each group.
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CyPD-KO and WT mice. Fifteen days after immunization with
MOG 35-55 peptide (during acute EAE; Fig. 1), lymph nodes
from WT and CyPD-KO mice were removed and lymph node
cell cultures established. After 48 h, cells were pulsed with
[3H]thymidine and harvested 18 h later to assess proliferation.
There were no significant differences in proliferative responses
between WT and CyPD-KO lymph node cell cultures following
stimulation with MOG 35-55 peptide (Fig. 4A). In addition,
using immunofluorescence staining, we quantified the levels of
CD4, CD8, and CD11b cells in lumbar spinal cord sections from
WT and CyPD-KO naïve mice and those with EAE 15 days after
immunization with MOG 35-55 peptide (Fig. 4 B–I). As ex-
pected, there were significantly elevated levels of CD4, CD8, and
CD11b immunofluorescence in the both WT and CyPD-KO

animals with EAE, reflecting spinal cord infiltration with CD4�

and CD8� T cells and macrophages/microglial cells. As is typical
for EAE, there was considerably more staining with CD11b,
reflecting the predominance of macrophages/microglial cells in
the inflammatory infiltrates. Importantly, there was no statisti-
cally significant difference in CD4, CD8, or CD11b staining in
spinal cord sections prepared from WT and CyPD-KO mice with
EAE at either day 15 or 39 (Fig. 4 J–L). Thus, by two different
measures, the inflammatory response of WT and CyPD-KO
mice with EAE was comparable, suggesting that axonal protec-
tion observed in CyPD-KO mice is not primarily due to blunted
inflammatory reactions that might be associated with the elim-
ination of this protein. In this regard, it is worth noting that the
CyPD-KO mice tended to develop the same level of peak disease
earlier than WT mice (Fig. 1), suggesting a somewhat more
robust, rather than impaired, inflammatory response.

CyPD-KO Neurons Are Resistant to Reactive Oxygen and Nitrogen
Challenges and Brain Mitochondria from CyPD-KO Mice Accumulate
Higher Levels of Ca2�. Reactive oxygen and nitrogen generated
during inflammation are believed to be key mediators of the
mitochondrial dysfunction and ensuing axonal damage in EAE
and MS (11). Accordingly, we examined the relative sensitivity
of neurons prepared from CyPD-KO mice to reactive oxygen and
nitrogen. As shown in Fig. 5 A and B, cortical neurons prepared
from P0 CyPD-KO animals show a dramatically increased
resistance to agents leading to elevated reactive oxygen (H2O2)
and elevated reactive nitrogen [(Z)-1-[N-(2-aminoethyl)-N-(2-
ammonioethyl)amino]diazen-1-ium 1,2-dioate (DETA-NO)]
when compared with neurons prepared from WT animals. These
results are consistent with the idea that the axonal protection
observed in CyPD-KO mice with EAE is due to the inherent
resistance of mutant neurons to these inflammatory mediators

Fig. 2. Spinal cords of CyPD-KO mice show less damage following induction
of EAE than WT mice. Low-power (�30) view of thoracic spinal cord sections
from naı̈ve (A), WT (B), and CyPD-KO (C) mice 39 days after immunization with
MOG 35-55. Spinal cords are stained with toluidine blue, and the areas of
tissue damage in white matter are circled in red. (Arrows demarcate the areas
magnified and presented in E–G). (D) Morphometric analyses of the percent-
age of the area protected in EAE WT and CyPD-KO lateral and ventral and
dorsal spinal cord sections. Measurements were made of the damaged and
total (damaged and nondamaged) spinal cord columns (n � 4 in each group)
as detailed in Materials and Methods. *, P � 0.002. Higher power (�240) views
of thoracic spinal cord sections from naı̈ve (E), WT (F), and CyPD-KO (G) mice.
(E) Normal spinal cord white matter morphology. (F) Representative area of
tissue damage from WT mouse with EAE. (G) Representative area of tissue
damage from a CyPD-KO mouse with EAE. Compared with WT, relatively few
axons are undergoing Wallerian-like degeneration, and the axonal density is
more normal. Arrowheads indicate examples of fibers undergoing Wallerian-
like degeneration.

Fig. 3. Phosphorylated neurofilament staining of WT and CyPD-KO spinal
cords following induction of EAE. Paraffin-embedded thoracic spinal cord
sections were immunostained for phosphorylated NFs from WT naı̈ve (A),
CyPD-KO naı̈ve (B), WT (C), and CyPD-KO (D) mice 39 days after immunization
with MOG 35-55 peptide. Note the marked reduction in immunostaining in
the WT mouse spinal cord and relatively normal staining in the CyPD-KO
mouse spinal cord. (Scale bar: 50 �m.) (E) Dot plot representation of the mean
percentage area of damage in the white matter (naı̈ve mice not shown). From
these data, cumulative lesion area percentages were calculated for the lateral/
ventral and dorsal columns. *, P � 0.025.
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of axonal disruption. To elucidate the mechanisms that might
underlie the resistance of CyPD-KO axons and neurons to the
induction of EAE, we tested the intrinsic properties of the PTP
in brain mitochondria prepared from CyPD-KO mice. Specifi-
cally, we determined the threshold Ca2� required to open the
PTP in a population of brain mitochondria (Ca2� retention
capacity). This test assesses the ability of mitochondria to take
up Ca2� by measuring the disappearance of extramitochondrial
free Ca2� from the media after the addition of pulses of Ca2�

(e.g., ref. 26). As shown in Fig. 5C, the Ca2� retention capacity
of mitochondria prepared from brains of CyPD-KO mice was
significantly increased when compared with mitochondria pre-
pared from WT mouse brains and was similar to that observed
in WT mitochondria treated with cyclosporin A (CsA), an
inhibitor of the PTP that binds to CyPD (25, 26). In addition, the
retention capacity of CyPD-KO mitochondria was not altered by
the addition of CsA as expected because CyPD is the molecular
target of CsA (26–29) Thus, brain mitochondria lacking CyPD
are able to more effectively deal with Ca2� challenges than WT
brain mitochondria.

Discussion
Although axonal pathology and loss in MS has been recognized
for �100 years (33), very little is known about the underlying
molecular mechanisms. Recently, the role of axonal Ca2� over-
load and the ensuing mitochondrial dysfunction in the axonal
destruction accompanying MS has been the subject of much
speculation. However, little in the way of direct evidence has
implicated either of these processes in events leading to the
permanent disability associated with MS. If accurate, this hy-
pothesis would predict that identification of molecular targets
that would preserve mitochondrial function in the face of disease
challenges would be therapeutically useful in preventing the
axonal damage accompanying MS. Because the cause and patho-
genesis of MS in humans are only poorly understood, we

examined the consequences of a mutation eliminating expression
of mitochondrial CyPD in a mouse model of MS, EAE. In this
model, immunization with peptides found in myelin proteins
leads to disease that shares clinical and neuropathological
changes observed in human MS (34, 35). Although artificial
immunization may not necessarily reproduce all of the patho-
genic mechanisms operating in the human disease, the validity
of such models has been repeatedly confirmed; most impor-
tantly, the study of EAE has led to the development of three of
the currently available MS therapies (35, 36). In addition,
because different inbred mouse lines exhibit a variety of patho-
logical responses to immunization with myelin peptides (31), we
assessed consequences of the absence of CyPD on the progres-
sion of EAE in mice in which the CyPD-KO mutation has been
backcrossed into an isogenic C57BL/6 background. The results
presented here demonstrate that neurons missing CyPD, a key
regulator of the PTP, are resistant to agents thought to be the
mediators of axonal degeneration observed in both EAE and MS
and have mitochondria that are able to more effectively handle
elevated Ca2�. Consistent with this neuronal resistance, animals
missing CyPD are able to recover, clinically, following the
induction of EAE. A similar resistance to the development of
EAE has also been observed in mice missing osteopontin (37, 38)
and IL-17 (39). However, in these mutants, attenuated EAE has
been attributed to abnormal T cell responses and alterations in
cytokine production resulting from the lack of each protein.
Furthermore, the impact of the absence of each protein on
axonal integrity following induction of EAE was not assessed.
Here, axons in CyPD-KO animals have significantly reduced
axonal damage, despite levels of inflammation similar to that of
WT animals following induction of EAE.

Given the profound effect that Ca2� overload can have on
neuronal survival, our results support a model by which disrup-
tion of mitochondrial function by inflammatory agents associ-
ated with EAE and MS may directly lead to the neuronal cell

Fig. 4. CyPD-KO and WT mice with EAE have similar degrees of inflammation within the spinal cord. (A) Wild-type C57BL/6 and CyPD-KO mice were immunized
with MOG 35-55 (200 �g per mouse) in complete Freund’s adjuvant (400 �g of Mycobacterium tuberculosis per mouse) and were administered pertussis toxin
at 25 ng per mouse on day 0 and 66 ng per mouse on day 2 after immunization. Mice were killed during acute disease at day 17, and draining lymph nodes were
harvested for proliferation assays. Single cell suspensions of lymphocytes were treated with IL-2 and MOG 35-55 (25 �g/ml) or saline control. Cells were incubated
at 37°C and labeled with [3H]thymidine for the last 18 h of a 72-h culture period. *, P � 0.05. (B–I) Fifty-micrometer sections of the lumbar spinal cord were stained
with anti-CD4 (Upper) and anti-CD11b (Lower) at 15 days after immunization with MOG 35-55 peptide. (B and F), WT; (C and G), CyPD-KO; (D and H), naı̈ve WT;
and (E and I), naı̈ve CyPD-KO. Note that there is no difference in the CD4 and CD11b staining between CyPD-KO and WT spinal cord (n � 4 mice in each group).
(J–L) Quantification of inflammatory cell levels in spinal cord sections. Percentage area stained with anti-CD4 (J), anti-CD8 (K), and anti-CD11b (L). (Scale bar: 50
�m.) Dorsal, lateral, and ventral spinal cord (white matter) were photographed using the �40 objective on a laser scanning confocal microscope. All image
processing and analysis was done as outlined in Materials and Methods.

Forte et al. PNAS � May 1, 2007 � vol. 104 � no. 18 � 7561

M
ED

IC
A

L
SC

IE
N

CE
S



www.manaraa.com

death and the ensuing axonal damage that underlie the gener-
ation of permanent disability. In this context, our data show that
elimination of CyPD enhances the ability of mitochondria to
sequester Ca2� over time, thereby protecting mitochondria
against aberrantly high levels of cytoplasmic Ca2� in neurons and
axons that occurs in these diseases. Thus, our results provide
evidence of direct links between mitochondrial function, Ca2�

overload, and axonal destruction during EAE, and by extension,
MS. In addition, present therapeutic interventions for MS
depend exclusively on modulators of the immune/inflammatory
response during disease progression, which may only indirectly
be capable of modulating pathways leading to axonal destruction
(40, 41). Taken together, our findings suggest that inhibitors of
CyPD and the PTP may represent important new therapeutic
targets for the prevention of axonal degeneration in MS. CyPD,
as one molecular target in the PTP, can be inhibited by CsA.
Indeed, CsA has been shown to reduce tissue injury in EAE,
although differentiating its neuroprotective effects from its
immunosuppressive effects was not possible (42, 43). However,
the toxicity associated with long-term CsA use has prevented its
use as a treatment for MS (44). CsA derivatives that are not

immunosuppressive and are less toxic have been developed (45,
46). Based on our results, compounds that are able to inhibit the
PTP by inactivation of CyPD specifically, as well as other drugs
that modulate the PTP, would seem to warrant investigation as
neuroprotective therapies in MS.

Materials and Methods
Induction and Assessment of Active EAE. CyPD-KO mice were
generated and backcrossed eight times into the C57BL/6 back-
ground as described in Basso et al. (26). Isogenic CyPD-KO and
C57BL/6 (The Jackson Laboratory, Bar Harbor, ME) control
female mice were immunized with 200 �g of MOG 35-55 peptide
in complete Freund’s adjuvant containing 400 �g of Mycobacterium
tuberculosis per mouse by s.c. injection. Pertussis toxin was admin-
istered i.p. at day 0 (25 ng per mouse) and day 2 (66 ng per mouse)
after immunization. Mice were scored daily for EAE by using a
9-point scale (0, no paralysis; 1, limp tail with minimal hind limb
weakness; 2, mild hind limb weakness; 3, moderate hind limb
weakness; 4, moderately severe hind limb weakness; 5, severe hind
limb weakness; 6, complete hind limb paralysis; 7, hind limb
paralysis with mild forelimb weakness; 8, hind limb paralysis with
moderate forelimb weakness; and 9, hind paralysis with severe
forelimb weakness).

Quantitative Morphological Determination of Percentage of White
Matter Tissue Damage. Mice were deeply anesthetized with isoflu-
rane, heparinized, and perfused with 5% glutaraldehyde, and spinal
cords were dissected as previously described (47). Tissue samples
were postfixed with 1% osmium. Semithin sections (0.5 �m) were
stained with toluidine blue and photographed at �25 magnifica-
tion. Tissue sections were then analyzed blinded to treatment status.
The percentage of the spinal cord showing damage was determined
in the midthoracic cord. Photomontages (final magnification,
�100) of the entire spinal cord and areas containing damaged fibers
were measured by using a SummaSketch III (Summagraphics,
Fairfield, CT) digitizing tablet and BIOQUANT Classic 95 soft-
ware (R & M Biometrics, Nashville, TN). Measurements were
taken of the total area (damaged and nondamaged) and the
cumulative percentage area of lesions was calculated for dorsal and
ventral/lateral columns.

Immunohistochemical Studies. Mice were perfused with 4% para-
formaldehyde and 1- to 2-mm lengths of spinal cord were processed
for sectioning as previously described (43, 47). For phosphorylated
NF staining, spinal cord sections were blocked and stained with
anti-phosphorylated NF, SMI312 (Sternberger Monoclonals, Luth-
erville, MD). Following incubation in goat anti-mouse secondary
antibody and incubation in mouse peroxidase–antiperoxidase, im-
munoreactivity was visualized with 0.05% diaminobenzidine tetra-
hydrochloride/0.01% hydrogen peroxide, examined by light micros-
copy, and photographed and analyzed as described above.
Statistical significance was determined by using one-way ANOVA
followed by Newman–Keuls multiple comparisons tests (WINKS
4.62 professional edition; Texasoft, Dallas, TX); significance was
defined as P � 0.05.

For quantitative immunofluorescent analyses, three 50-�m sec-
tions from each lumbar spinal cord region were randomly selected
for antibody staining. In brief, the sections were permeabilized,
washed, blocked (0.5% fish skin gelatin/3% BSA) in PBS, and then
incubated with primary antibody at 4°C overnight. After incubation
in secondary antibody, sections were mounted in Prolong Gold
antifade and analyzed with an Olympus laser scanning confocal
microscope by using Fluoview software, version 3 (Olympus,
Melville, NY). Primary antibodies anti-CD4 and -CD8 (PharMin-
gen, San Diego, CA; 1:25 dilution) were used to identify T cells;
anti-Mac-1 (CD11b; Leinco Technologies, St. Louis, MO; 1:75
dilution) was used as a microglial/macrophage marker. Secondary
antibody Alexa Fluor 488 donkey anti-rat IgG (Invitrogen, Carls-

Fig. 5. CyPD-KO neurons are resistant to reactive oxygen and nitrogen, and
brain mitochondria lacking CyPD accumulate more Ca2�. Effects of H2O2 (A)
and (Z)-1-[N-(2-aminoethyl)-N-(2-ammonioethyl)amino]diazen-1-ium 1,2-
dioate (DETA-NO) (B) on the viability of cortical neurons prepared from WT
and CyPD-KO mice. P0 cortical neurons were prepared, treated, and viability
was determined as outlined in Materials and Methods by using the Biotium
assay kit for live/dead animal cells (Biotium). Data represent mean � SD. *, P �
0.01. Ca2� uptake by WT and CyPD-KO mitochondria. (C) Mitochondria were
prepared from WT and CyPD-KO (designated here as ‘‘KO’’) brains, and
calcium retention capacities were assayed as outlined in Materials and Meth-
ods. Experiments were started by the addition of 1 mg of mitochondrial
protein to 2 ml of standard reaction buffer in the presence of Ca2�. (Upper) WT
mitochondria. (Lower) CyPD-KO mitochondria. In each, black traces represent
untreated mitochondria and red traces represent mitochondria assayed in the
presence of 1.6 �M CsA. As shown, CyPD mitochondria take up roughly 2-fold
more Ca2� than WT mitochondria before the activation of the PTP, and
activation of the PTP in CyPD-KO mitochondria is not altered by CsA.
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bad, CA; 1:200 dilution) was used. To quantify immunofluores-
cence, dorsal, lateral, and ventral spinal cord sections were photo-
graphed (�40) on a laser scanning confocal microscope. Data
analyses were assessed from 24 raw images from four mice in each
group (MetaMorph software, v6.2; Molecular Devices, Sunnyvale,
CA). The average background fluorescence was determined from
several areas containing unlabeled regions of the spinal cord, from
naı̈ve spinal cords, and from sections incubated in secondary
antibody only. Data analyses were done in a blinded manner. The
percentage of threshold area was compared between different
groups. Statistical significance was calculated by using the nonpara-
metric Mann–Whitney U test.

Preparation, Treatment and Analysis of Neuronal Cultures. Cortical
neurons were obtained from dissected brains of newborn (P0) WT
and CyPD-KO animals by published protocols (48, 49). Briefly,
individual cells were dissociated by using trypsin in Hanks’s bal-
anced salt solution lacking Ca2� and Mg2� at 37°C and followed by
a wash in Hanks’s balanced salt solution containing trypsin inhib-
itor. Cells were then dissociated mechanically in Neurobasal A
medium by repeated passage through a pipette tip and washed twice
in serum-free neurobasal medium plus B27 supplement (Invitro-
gen). Cells were then mixed with an equal volume of trypan blue,
and the number of dye-excluding cells counted in a hemocytometer.
Viable cells were then plated on poly(D-lysine)-coated dishes or
coverslips at 1.1 � 105 cells per cm2 in serum-free neurobasal
medium plus B27 supplement. Cultures were routinely immunocy-
tochemically stained with antibodies specific for neurons (�-tubulin

III), astrocytes (glial fibrillary acidic protein), oligodendrocytes
(myelin basic protein), and microglia (BS-lectin1); this protocol has
routinely yielded cultures that are 90–95% neuronal. The neurons
were maintained for 4–6 days before experimental manipulation.
Before treatment with DETA-NO, the cultures were washed with
PBS, exposed to drug diluted in Neurobasal A plus B27 for 3 h,
rinsed with several volumes of PBS, followed by replacement with
culture media, and viability was assessed after 16 h. Cortical
neurons were treated with H2O2 in culture media, and viability
was assessed 16 h later. Neuronal viability was assessed by using
the Biotium assay kit for live/dead animal cells (Biotium,
Hayward, CA).

Assessment of Mitochondrial Ca2� Uptake. Mitochondria were pre-
pared from WT and CyPD-KO brains following Ficoll gradient
fractionation by using standard protocols (50). The Ca2� retention
capacity of mitochondria was assessed as outlined in ref. 30. In brief,
experiments were started by the addition of 1 mg of mitochondrial
protein to 2 ml of standard reaction buffer in the presence of the
low-affinity Ca2� indicator Calcium Green 5N. Fluorescence (ex-
tinction 506, emission 532) was followed as successive 2.5 �M pulses
of Ca2� were added at 1-min intervals.
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