
Tissue inhibitor of metalloproteinases-3 facilitates
Fas-mediated neuronal cell death following mild
ischemia
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Tissue inhibitor of metalloproteinase-3 (TIMP-3) is a natural inhibitor of metalloproteinases involved in matrix degradation and
ectodomain shedding of many cell-surface proteins, including death receptors and/or their ligands. In the present study, we
examined the role of TIMP-3 in Fas-mediated neuronal cell death following cerebral ischemia, using both gene deletion and
pharmacological approaches. In culture, exposure of primary cortical neurons to 2 h of oxygen–glucose deprivation (OGD)
resulted in delayed neuronal cell death that was dependent on activation of the death receptor, Fas. Cortical cultures derived
from timp-3�/� mice displayed partial resistance against OGD-induced neuronal cell death and also displayed increased
shedding of Fas ligand (FasL) into the culture media, compared to wild-type control cultures. Both the increased neuroprotection
and increased FasL shedding in timp-3�/� cultures were reversed by addition of exogenous metalloproteinase inhibitors,
recombinant TIMP-3 or GM6001. In vivo, timp-3�/� mice showed marked resistance to a brief (30min) middle cerebral artery
occlusion (MCAO), but were not protected against more severe lesions induced by 90min of MCAO. These studies demonstrate
that TIMP-3 facilitates Fas-mediated neuronal cell death following OGD and plays a pro-apoptotic role in mild cerebral ischemia.
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Fas (APO-1/CD95) is a member of the tumor necrosis factor
receptor (TNFR) superfamily of cell-surface death receptors
that triggers caspase-dependent apoptosis in many cell
types.1 Receptor activation following binding of the cognate
ligand, Fas ligand (FasL), results in assembly of an
intracellular death-inducing signaling complex (DISC), activa-
tion of caspase 8 and transduction of an apoptotic cascade.
Although Fas signaling is historically recognized for its role
in immune modulation, Fas and FasL are also expressed in
the adult mammalian nervous system and are thought to
contribute to cell death in CNS trauma,2 neurodegenerative
disease,3 multiple sclerosis4 and ischemia.5–9 Following focal
cerebral ischemia in rodents, Fas gene expression is
upregulated as a downstream response to JunN-terminal
kinase-3 (JNK-3) (stress-activated protein kinase) activation.10

Since inhibition of Fas signaling is neuroprotective in both
in vivo and in vitro rodent models of cerebral ischemia,5,11 Fas
activation is considered a key trigger of delayed neuronal
death following stroke.

Fas receptor signaling is modulated at several levels. For
example, production of decoy receptors blunt extracellular
ligand binding,12 and the production of intracellular proteins
can interfere with caspase activation and apoptotic signaling
cascades.13 In addition, proteolytic shedding of FasL ecto-
domain from the cell surface by metalloproteinase activity
strongly influences cell sensitivity to Fas-mediated death.14,15

In non-neuronal cells, proteolytic shedding of the FasL
ectodomain from the cell surface leads to enhanced or
diminished death-promoting activity depending on cell
type.14,16,17 However, the role of proteolytic shedding of FasL
in cerebral ischemia has not previously been investigated.

Tissue inhibitor of metalloproteinase-3 (TIMP-3) is a
secreted protein with natural inhibitory activity against
metalloproteinases involved in matrix degradation and
shedding of many cell-surface proteins, including cell-surface
death receptors and/or their ligands.18 TIMP-3 inhibits the
activity of members of the matrix metalloproteinase (MMP), a
disintegrin and metalloproteinase (ADAM), and ADAM with
thrombospondin domain (ADAM-TS) families.18 Unlike the
other TIMP family members (TIMP-1, -2, -4), TIMP-3 is tightly
bound to proteoglycans, suggesting that TIMP-3 activity is
confined mainly to the cell surface.19 TIMP-3 has been shown
to play a role in the regulation of receptor-mediated cell death
in various cell types through inhibition of metalloproteinase
activity and stabilization of cell-surface death receptors.20–25

Within the CNS, TIMP-3 is transiently expressed in
embryonic cerebral cortex during the period of naturally
occurring programmed cell death26 and is upregulated and
colocalized with Fas in penumbral cortical neurons under-
going apoptosis following ischemia in the adult.9 In culture,
TIMP-3 is constitutively expressed by embryonic cortical
neurons25,27 and is necessary for Fas-mediated apoptosis
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induced by the chemotherapeutic drug, doxorubicin.25 Here,
we report that TIMP-3 also acts to facilitate Fas-mediated
neuronal cell death following ischemia. We compared
neuronal cell death in cortical cultures established from wild-
type versus timp-3�/� mice following exposure to oxygen–
glucose deprivation (OGD) in vitro and following mild focal
cerebral ischemia in vivo. Our results demonstrate that TIMP-
3 facilitates Fas-mediated neuronal apoptosis following OGD
in culture and serves a proapoptotic function following mild
focal cerebral ischemia in vivo.

Results

OGD generates nuclear condensation, caspase-3
activation and neuronal apoptosis in cultured cortical
neurons. To investigate the convergent roles of TIMP-3 and
death receptor signaling in neuronal injury following
ischemia, we utilized a common in vitro model of OGD.
Previous work has demonstrated that 2 h of OGD leads to
delayed apoptotic neuronal death in murine cortical cultures,
associated with activation of both caspases 8 and 3,28 and
that neuronal apoptosis in response to OGD is dependent on
death receptor activation.5

To characterize the time course of the OGD response, we
exposed wild-type cortical cultures to 2 h of OGD or control
conditions and assessed neuronal survival at 12, 24 or 48 h
following return to normoxic conditions. OGD treatment
resulted in 60% neuronal cell loss by 24 h, as assessed by
NeuN immunoreactivity (Figure 1d), with no further cell loss at
48 h. Concomitant with the decline in NeuN-positive cells,
OGD stimulated an increase in nuclear condensation,
appearance of activated caspase 3 immunoreactivity (Figure
1a–c) and an approximate 60% increase in apoptosis, as
determined by a cell death oligonucleosome enzyme-linked
immunosorbent assay (ELISA) (Figure 1e). Consistent with
apoptotic cell death, OGD-treated cultures did not release
lactate dehydrogenase (LDH) (data not shown), indicating
that caspase activation, nuclear condensation and histone-
associated DNA fragments were released into the cytoplasm
without the loss of plasma membrane integrity.

OGD-induced neuronal apoptosis is dependent upon
Fas activation. To determine whether the Fas death
receptor pathway contributes to neuronal death under our
experimental OGD conditions, we first asked whether Fas
and/or FasL are expressed by cortical neurons in culture.
Figure 2a depicts dual immunolabeling for Fas and the
neuron-specific marker, microtubule-associated protein-2
(MAP-2). As illustrated in the merged images, cortical
neurons uniformly express both Fas and FasL in culture.
These data are consistent with previous reports
demonstrating that Fas2,6,25,27 and FasL2,25,27 are
constitutively expressed by cultured rodent cortical
neurons, and that expression of these death receptors and
their ligands alone is not sufficient to induce neuronal death.

To determine whether Fas activation is required for OGD-
induced neuronal cell death, as previously demonstrated for
doxorubicin-induced cell death,25 we incubated wild-type
neuronal cultures with a function-blocking anti-FasL antibody

or with an Fc fragment of human IgG1 fused to the ectodomain
of Fas (Fas-Fc), during and after exposure to OGD. These
inhibitors act as decoy receptors to block the interaction of
endogenous FasL with its receptor. As shown in Figure 2c,
neither inhibitor affected neuronal survival under control
normoxic conditions. However, both anti-FasL and Fas-Fc
provided marked neuroprotection against 2 h OGD, as
assessed at 24 h, whereas incubation with control IgG or
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Figure 1 OGD generates nuclear condensation, caspase-3 activation and
neuronal apoptosis in cultured wild-type cortical neurons. Primary cortical neuron
cultures established from timp-3þ /þ mice were exposed to either 2 h of control
conditions or 2 h of OGD followed by return to normal culture conditions for 12, 24 or
48 h. Control cultures (left panels) or OGD cultures (right panels) labeled with NeuN
antibody (a), DAPI nuclear dye (b) and activated caspase-3 immunofluorescence
(c). (d) Time course of neuronal death following 2 h of OGD. (e) The degree of
apoptosis generated by 2 h OGD followed by return to normal culture conditions for
24 h as assessed by Cell Death ELISA (n¼ 6, from two separate experiments,
*Po0.001, OGD versus control conditions)
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IgG-Fc had no significant effect (Figure 2d). These observa-
tions indicate that OGD-induced death is dependent upon
Fas–FasL interaction in our experimental paradigm.

Cultured timp-3�/� cortical neurons display increased
resistance to OGD. We previously demonstrated that rat
cortical neurons constitutively express TIMP-3 mRNA and
functional protein in culture,25 and have previously reported
TIMP-3 mRNA expression by mouse cortical neurons in
culture.27 Figure 3a demonstrates dual immunofluorescence
labeling of wild-type cortical cultures for TIMP-3 and for the
neuron-specific marker, NeuN. Merged images indicate that
TIMP-3 is somatodendritically expressed. Western blot
analyses on cortical culture cell lysates demonstrate TIMP-
3 immunoreactive bands at approximately 50 and 21 kDa

(Figure 3b). The calculated molecular weight of TIMP-3 is
21.6 kDa, and the 50-kDa band is likely to represent a TIMP-
3 dimer. This antibody did not recognize recombinant TIMP
(rTIMP)-1, 2 or 4 on western blots (data not shown).

To test whether TIMP-3 is required for Fas-mediated
neuronal cell death following OGD, we established cortical
cultures from wild-type timp-3þ /þ or knockout timp-3�/�

embryos. Neuronal survival was similar in both genotypes
under basal culture conditions as assessed at 8 days in vitro
(124 60875649 versus 102 46874691 neurons in wild-type
versus knockout cultures, respectively, mean7S.E.M.,
P¼ 0.338), with 1–2% contamination with GFAPþ astrocytes
(2.0970.683 versus 1.870.62% GFAPþ cells in wild-type
versus knockout cultures). Timp-3�/� cultures showed greater
neuronal survival compared to the wild-type controls at both
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Figure 2 Fas and FasL are expressed by cortical neurons in culture, and OGD-induced neuronal apoptosis is dependent on Fas receptor activation. The cellular
localization of Fas (a) and FasL (b) in unstimulated primary cortical cultures was assessed by immunofluorescence staining and colocalization with the neuronal marker, MAP-
2. Primary cortical neuron cultures established from wild-type mice were incubated in the presence or absence of Fas-Fc (10 mg/ml) or anti-FasL (20mg/ml) under normoxic
control conditions (c) and during 2 h of OGD (d). Cultures were continuously exposed to both inhibitors for 24 h after return to normoxia, followed by immunofluorescence
staining for NeuN and assessment of neuronal survival. The number of NeuN-positive cells was determined for each treatment group and data were normalized to control
normoxic conditions (n¼ 6 cultures per group, *Po0.001 compared to normoxic conditions, #Po0.01 compared to OGD plus IgG or OGD plus IgG-Fc)

TIMP-3 facilitates neuronal death
M Wetzel et al

145

Cell Death and Differentiation



24 and 48 h following 2 h exposure to OGD (Figure 3c). OGD
treatment resulted in an approximate 53% neuron loss at 24 h
in timp-3þ /þ cultures, compared to 31% loss in timp-3�/�

cultures. This was also confirmed by a cell death ELISA,
indicating 20% less apoptosis in timp-3�/� cultures compared
to wild-type controls at 24 h following OGD (Figure 3d).

rTIMP-3 and metalloproteinase inhibitors restore OGD
sensitivity in timp-3�/� cultures. To ask whether the
survival effects of TIMP-3 gene deletion are related to
metalloproteinase disinhibition, we attempted to restore
sensitivity of timp-3�/� neurons to OGD by phenotypic
rescue with exogenous rTIMP-3 or with GM6001, a
synthetic metalloproteinase inhibitor. As shown in
Figure 4a, neither rTIMP-3 (1.25 mg/ml) nor GM6001
(25mM) had any effect on neuronal survival in either strain
under normoxic conditions, indicating that metalloproteinase
inhibition per se is not neurotoxic. Neither rTIMP-3 nor
GM6001 affected the sensitivity of timp-3þ /þ cultures to
OGD (Figure 4b). In contrast, both rTIMP-3 and GM6001
markedly increased OGD sensitivity in timp-3�/� cultures
(Figure 4b). These data suggest that the proapoptotic activity
of TIMP-3 under conditions of OGD is mediated through
metalloproteinase inhibition and that timp-3�/� cultures show
increased sensitivity to metalloproteinase inhibition under
OGD conditions.

Timp-3�/� neurons display enhanced proteolytic
shedding of FasL in response to OGD. To determine
whether the proapoptotic activity of TIMP-3 is related to

stabilization of cell-surface FasL, we compared the levels of
FasL released into the conditioned media by timp-3þ /þ

versus timp-3�/� cultures at 24 h after OGD. Under normoxic
conditions, both timp-3þ /þ and timp-3�/� cultures released
very low to non-detectable levels of FasL into the conditioned
media (0–4.3 pg/ml; Figure 5a). At 24 h following OGD,
however, both timp-3þ /þ and timp-3�/� cultures displayed
increased shedding of FasL into the conditioned media, with
timp-3�/� cultures releasing nearly three-fold more FasL into
the media compared with that of timp-3þ /þ cultures
(21.0779.52 versus 62.6376.80 pg/ml, timp-3þ /þ versus
timp-3�/� conditioned medium, respectively; Figure 5b). The
increased release of FasL into the culture medium in timp-3�/�

cultures was blocked by exposure to the metalloproteinase
inhibitor, GM6001, during and after OGD (Figure 5b),
indicating that the increased FasL in the culture media was
due to increased shedding rather than due to increased
production of FasL. Thus, TIMP-3 gene deletion results in
increased proteolytic activity at the cell surface in response to
OGD, manifest by increased release of FasL into the culture
media.

Previous studies have demonstrated that membrane-
bound, but not soluble FasL, is neurotoxic for rat cortical
neurons in culture.2,25 Similarly, we found that soluble FasL
was not toxic to murine cortical neurons following 24 h
incubation with 5–50 ng/ml sFasL (Figure 5c). To determine
whether increased proteolytic activity is neuroprotective
against OGD, we incubated timp-3þ /þ neuronal cultures with
the active catalytic subunit of MMP-3 during and after the
termination of OGD. MMP-3 alone was mildly neurotoxic
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Figure 3 Cultured timp-3�/� cortical neurons display increased resistance to OGD. The cellular localization of TIMP-3 in unstimulated wild-type primary cortical cultures
was assessed by immunofluorescence staining and colocalization with the neuronal marker, NeuN (a), and by western blot analysis (b). (c) Primary cortical neuron cultures
derived from timp-3þ /þ (WT: filled bars) and timp-3�/� (KO: open bars) mice were exposed to 2 h of OGD followed by return to normal culture conditions for 24 h and
assessment of neuronal survival by quantifying the number of NeuN-positive cells. Data are expressed as % neuronal survival normalized to control normoxic condition for
each phenotype (n¼ 6 from two separate experiments, *significantly different from timp-3þ /þ WT cultures, Po0.001). (d) Cell death ELISA at 24 h post-OGD (n¼ 6 from
two separate experiments, *Po0.01 timp-3�/� versus timp-3þ /þ )
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under control normoxic conditions; however, incubation with
active MMP-3 during and after OGD revealed a neuroprotec-
tive effect, such that MMP-3 increased neuronal survival by
approximately 32% (Figure 5d). These results are consistent
with previous studies demonstrating a neuroprotective action
of MMP-3 against Fas-mediated neuronal cell death.25

Timp-3�/� mice display increased resistance to mild
focal ischemia in vivo. Fas regulates cell death induced by
focal ischemia in rodents5,29 and is coexpressed with TIMP-3
in apoptotic neurons.9 To test whether TIMP-3 displays
proapoptotic activity in vivo, we compared the sensitivity of
wild-type and timp-3�/� mice to mild focal ischemia induced
by transient occlusion of the middle cerebral artery (MCAO).
For initial experiments, we utilized a model of mild cerebral
ischemia in which delayed caspase-dependent apoptotic
neuronal death predominates.30 Mice received 30 min of
MCAO using the monofilament procedure, which resulted in
a reduction of regional cerebral blood flow (rCBF) to
approximately 20% of baseline in both strains (2576.5
versus 2371.9%, timp-3�/� versus wild type, respectively),
with a return to approximately 60% of normal, at 30 min
following filament removal as assessed using laser Doppler

flowmetry (Figure 6b). Cerebral vasculature was visualized
by India Ink perfusion and was similar in both timp-3�/� and
wild-type mice (n¼ 5 mice per strain) with patent Circle of
Willis in both strains (Figure 6a). Physiological parameters
were also similar between genotypes before, during and after
MCAO and remained within normal limits in both strains
(Table 1).

Ten mice from each genotype (timp-3þ /þ or timp-3�/�)
were subjected to 30 min of transient MCAO and killed after
3 days of reperfusion. Neurodegeneration was assessed
using computer-assisted morphometric analysis of histologi-
cal sections. Terminal deoxynucleotidyl transferase-mediated
dUTP–biotin nick end-labeling (TUNEL)-positive cells corre-
sponded with Fluoro-Jade staining in both strains (Figure
7a–d). Only five of the ten mice of each genotype met our
selection criteria of displaying a lesion at 3 days, despite rCBF
reductions to approximately 20% baseline in all animals. This
suggests that both genotypes required equivalent ischemic
thresholds to induce cell death following brief transient
MCAO. In the mice that demonstrated infarct (n¼ 5 per
genotype), both average lesion area per histological section
and overall infarct volume were markedly reduced in timp-3�/�

compared to timp-3þ /þ mice (Figure 7e and f). However,
when the duration of MCAO was increased to 90 min, larger
lesions occurred and no differences in striatal lesion volume
could be discerned between the two strains (mean lesion
volume of 74.0737.7 versus 100.1747.8 mm3 in timp-3þ /þ

versus timp-3�/� mice, mean7S.E.M., P¼ 0.68, n¼ 6 mice
per strain). Collectively, these data suggest that timp-3�/�

mice display increased resistance to mild transient focal
ischemia, but are not protected against more severe lesions
where necrotic death mechanisms are likely to predominate.

Discussion

Our studies indicate that TIMP-3 modulates death receptor-
mediated apoptosis of cortical neurons exposed to OGD in
culture and modulates neuronal sensitivity to ischemia
following mild, but not severe, in vivo MCAO. Exposure of
cortical neurons to 2 h OGD results in a delayed apoptotic
response that is dependent upon death receptor signaling and
partially impaired in timp-3�/� cultures. The proapoptotic
activity of TIMP-3 appears to be mediated through metallo-
proteinase inhibition, since resistance to OGD is reversed in
timp-3�/� cultures by incubation with exogenous rTIMP-3 or
the metalloproteinase inhibitor, GM6001. Disinhibition of
metalloproteinase activity results in heightened shedding of
the death ligand, FasL, in timp-3�/� cultures exposed to OGD,
implicating FasL stabilization as one potential mechanism
through which TIMP-3 promotes apoptosis in neurons.
Finally, timp-3�/� mice display marked resistance to delayed
neuronal cell death in a mild MCAO model of stroke. Taken
together, these observations indicate that TIMP-3 is proa-
poptotic in neuronal ischemia, and that its effects are likely
mediated through metalloproteinase inhibition and stabiliza-
tion of cell-surface death receptors.

TIMP-3 is known to promote apoptosis in normal and
malignant cells through increased death receptor signaling.20–23

TIMP-3 overexpression sensitizes colon carcinoma cells to
TNF-a-induced apoptosis via increased TNF receptor number
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Figure 4 Restoration of OGD sensitivity in timp-3�/� cultures by metallopro-
teinase inhibitors. Primary cortical cultures established from timp-3þ /þ and
timp-3�/� mice were exposed to 2 h normoxia (a) or 2 h OGD (b) in the presence or
absence of rTIMP-3 (1.25mg/ml) or GM6001 (25 mM), followed by return to normal
culture conditions for 24 h in the continued presence of the inhibitors. The number of
NeuN-immunopositive cells was determined for each treatment group. Data are
expressed as % neuronal survival as normalized to control normoxic conditions
(n¼ 6 from two separate experiments; *Po0.001, OGD timp-3þ /þ versus
normoxia timp-3þ /þ ; #Po0.01 OGD timp-3�/� versus OGD timp-3þ /þ ;
$Po0.01 OGD timp-3�/� plus inhibitor versus OGD timp-3�/� without inhibitor)
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on the cell surface.23 In vascular smooth muscle cells, TIMP-3
expression leads to apoptosis dependent on functional Fas-
associated death domain and is inhibited by introduction of a
dominant-negative FADD mutant.22 Exposure of melanoma
cell lines to TIMP-3 (but not TIMP-1, -2 or -4) results in
stabilization of three distinct death receptors, TNFR1, Fas and
TRAILR1, and sensitizes these cells to apoptosis induced by
their respective ligands both in vivo and in vitro.20 Over-
expression of TIMP-3 in lung cancer cells results in apoptosis
and increased p53, FasL, TNFR1 and TNFR2.31 The
proapoptotic activity of TIMP-3 is dependent on metallopro-
teinase inhibition and has been mapped to the metalloprotei-
nase inhibitory N-terminal domain of the protein.20,32

Similarly, our studies suggest that TIMP-3 may promote
neuronal apoptosis through stabilization of FasL following
OGD in culture. In support of this, we found that TIMP-3 gene
deletion results in the attenuation of receptor-mediated death,
and that this phenotype is reversed by exogenous rTIMP-3 or
by the broad-spectrum metalloproteinase inhibitor, GM6001.
Also, we observed a marked increase in FasL release into the
conditioned medium in timp-3�/� cultures exposed to OGD
conditions, also reversed by the broad-spectrum metallopro-
teinase inhibitor, GM6001. It is well known that ectodomain
shedding of FasL occurs through metalloproteinase activity at
the cell surface,14,16,24 and that conversion of transmembrane
FasL to the soluble form may diminish or enhance its death-
promoting activity, depending on context.14,16,17,24,33 Similarly,
we found that addition of soluble FasL was not toxic to our
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exposed to 2 h normoxia (a) or OGD (b) in the presence or absence of GM6001 (25 mM), followed by return to normoxic conditions in the continued presence of GM6001 for
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cultures, despite constitutive Fas and TIMP-3 expression.
Previous reports have demonstrated that overexpression
of transmembrane FasL,2 but not soluble Fas,2,25 is quite
effective at killing embryonic cortical neurons in culture. Thus,
increased release of FasL from the cell surface could underlie
the partial resistance to receptor-mediated death induced by
OGD.

Our observations also suggest that TIMP-3 plays a
proapoptotic role following cerebral ischemia in vivo. For
these studies, we utilized a murine model of mild stroke,
involving a brief 30 min transient MCAO, a model in which
caspase-dependent delayed apoptotic death predominates.30

Under these conditions, the proapoptotic action of TIMP-3
was revealed, since timp-3�/� mice displayed reduced lesion
size at 3 days. However, a more prolonged ischemic interval
of 90 min masked these differences in susceptibility, which
may be related to the fact that neuronal death following severe
MCAO episodes is less susceptible to caspase inhibition and
is likely to rely more on excitotoxic and necrotic mechan-
isms.30 Although the proapoptotic mechanisms of TIMP-3 in
vivo have yet to be fully elucidated, the notion that TIMP-3 acts
through stabilization of FasL is consistent with our in vitro
findings and with previous work demonstrating TIMP-3 and

FasL coexpression in TUNELþ neurons within the penumbral
region following MCAO.9

Our results do not exclude the role of other death receptors
in ischemia and their regulation by TIMP-3. Of particular
importance, TIMP-3 is a potent inhibitor of TACE (TNF-a-
converting enzyme), which is a member of the ADAM gene
family of metalloproteinases that cleaves TNF-a from the cell
surface. Release of TNF-a from the cell surface by TACE can
extend TNF effects from juxtacrine to paracrine, resulting in
various biological effects dependent on cell and tissue
context.34 Disinhibition of TACE has recently been shown to
underlie enhanced inflammatory reactions in timp-3�/� mice
subjected to a variety of physiological insults that target the
vasculature,35 liver36 and systemic immune responses.37 In
the CNS, TACE has been purported to play a neuroprotective
role and to mediate ischemic tolerance after a preconditioning
ischemic stimulus.38 It will be particularly important to
ascertain TIMP-3 regulation of TACE in cerebral ischemia in
future studies.

Recent studies on metalloproteinases in stroke indicate
multiple roles, including regulation of blood brain barrier,
proapoptotic and prosurvival functions (for review, see
Cunningham et al.39). Metalloproteinase inhibitors have been

Table 1 Comparison of physiological parameters in timp-3+/+ versus timp-3�/� mice

Before occlusion During occlusion After occlusion

timp-3+/+ timp-3�/� timp-3+/+ timp-3�/� timp-3+/+ timp-3�/�

Core temperature (1C) 37.2970.1 37.370.13 37.2270.06 37.1870.06 37.0370.09 37.2270.06
MABP (mmHg) 88.3378.151 83.571.323 105.5711.77 112.678.8 88.67531 96.2575.45
PO2 (mmHg) 365.2722.9 389.5711.16 333.8747.48 356.7750.58
PCO2 (mmHg) 26.7771.69 23.4271.46 29.173.251 34.374.69
pH 7.47770.02 7.51470.02 7.46470.04 7.24370.01
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Figure 7 Lesion size in timp-3þ /þ versus timp-3�/� at 3 days of reperfusion following 30 min transient MCAO. Timp-3þ /þ and timp-3�/� mice were subjected to 30 min
transient MCAO followed by 3 days of reperfusion. Coronal sections were stained for degenerating neurons using Fluoro-Jade (a, b) or stained for apoptotic nuclei using
TUNEL (c, d). Infarct volume in timp-3þ /þ versus timp-3�/� mice as assessed by morphometric analysis of Fluoro-Jade-stained histological sections, (e) n¼ 5 mice per
strain, Po0.001. (f) Average lesion area per histological section in rostrocaudal direction in timp-3þ /þ versus timp-3�/� mice
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purported to provide therapeutic benefit based on studies in
rodents, due to the ability of these pharmacological inhibitors
to reduce blood brain barrier damage at early times following
stroke. Our studies provide a novel link between metallopro-
teinase activity and neuronal susceptibility to extrinsic death
signals following OGD in the CNS and may have implications
for the therapeutic treatment of stroke.

Materials and Methods
Primary cortical neuronal cultures. This study was approved by the
University of New Mexico Animal Care and Use Committee and conformed to the
NIH Guidelines for use of animals in research. Timed pregnant female mice were
killed by halothane overdose and the embryos removed by cesarean section.
Primary neuronal cultures were established from cerebral cortices of C57BL/6 timp-
3þ /þ and C57BL/6 timp-3�/�40 embryos at gestation day 15, using enzymatic
dissociation with trypsin as previously described.27 For immunocytochemistry,
4.8� 105 dissociated cells were plated on poly-L-lysine-coated coverslips (0.1 mg/
ml; Sigma, St Louis, MO, USA) in 24-well plates. For biochemical procedures,
2.28� 106 cells were plated on precoated poly-L-lysine six-well plates (BD
Biosciences, San Diego, CA, USA). The cultures were maintained under serum-free
conditions in neurobasal medium (Invitrogen Corp., Carlsbad, CA, USA),
supplemented with B-27 supplement (2%; Invitrogen Corp.), glutamine (0.5 mM;
Sigma), glutamate (25 mM; Sigma), penicillin (100 U/ml) and streptomycin (100 mg/
ml; Invitrogen Corp.). At 4 days in vitro (DIV), half of the medium was removed and
replaced with fresh medium without glutamate, as indicated by the manufacturer.
The cultures were maintained in a humidified incubator at 371C with 5% CO2. At 7
DIV, cultures were used for experimentation. The cultures were incubated with the
following compounds: recombinant human TIMP-3 (1.25mg/ml; generous gift from
Dr. Gillian Murphy, Cambridge University), GM6001 (25 mM; Chemicon, Temecula,
CA, USA), mouse Fas-Fc (5–20mg/ml; R&D Systems Inc., Minneapolis, MN, USA),
trimerized s-FasL (5–50 ng/ml; R&D Systems Inc.) or active catalytic domain of
MMP-3 (10 or 100mg/ml; Calbiochem).

Oxygen–glucose deprivation. Primary cortical neuronal cultures were
placed in an anaerobic chamber (Coy Laboratories, Grass Lake, MI, USA)
containing a gas mixture of 5% CO2, 5% H2 and 85% N2 (o0.2% O2). Normal
culture media were replaced with deoxygenated, glucose-free Earle’s balanced salt
solution, and the cultures were maintained under glucose-free anaerobic conditions
at 371C for 2 h. OGD was terminated by returning the cultures to normoxic
conditions and neurobasal medium supplemented with 2% B-27 supplement,
0.5 mM glutamine, 100 U/ml penicillin and 100mg/ml streptomycin. As a control,
sister cultures were placed in Earle’s balanced salt solution containing 25 mM
glucose (Invitrogen Corp.) for 2 h at 371C under normoxic conditions and then
returned under normoxic conditions to neurobasal medium supplemented with
2% B-27 supplement, 0.5 mM glutamine, 100 U/ml penicillin and 100mg/ml
streptomycin.

Immunohistochemistry. Cortical cultures were fixed with 4%
paraformaldehyde in 0.1 M sodium phosphate buffer and rinsed. The following
antibodies were used at the indicated dilutions: rabbit polyclonal activated caspase-
3 (1 : 100; Trevigen, Gaithersburg, MD, USA), mouse monoclonal anti-NeuN
(1 : 100; Chemicon), polyclonal rabbit anti-TIMP-3 (1 : 1000; Chemicon),
monoclonal mouse anti-MAP-2 (1 : 500; Sigma), polyclonal rabbit anti-FasL
(1 : 500; Santa Cruz Biotechnology) and polyclonal rabbit anti-Fas (1 : 500; Santa
Cruz Biotechnology). Immunofluorescence was visualized using either FITC- or
CY3-conjugated secondary antibodies (1 : 250; Jackson ImmunoResearch
Laboratories, West Grove, PA, USA). Cell nuclei were labeled with DAPI nuclear
dye (300 nM). Quantitative analysis was performed by counting five random fields,
blinded to the investigator, with a � 40 objective per coverslip using an upright
Olympus microscope equipped with epifluorescence.

Western blotting. Total protein was separated by 15% SDS-PAGE and
transferred to nitrocellulose immunoblotting membrane. The membranes were
blocked with 190 BSA incubated with TIMP-3 primary antibody (1 : 500; Sigma) and
immunoreactive bands were detected using donkey anti-rabbit secondary antibody
conjugated to horseradish peroxidase (1 : 20 000; Jackson ImmunoResearch

Laboratories). The femtoLucent chemiluminescencet (Chemicon) protocol was
used to detect immunoreactive bands according to the manufacturer.

Cell death ELISA. To detect and quantify histone-associated DNA fragments
(mono- and oligonucleosomes) generated early in apoptosis and released into the
cytoplasm, a photometric enzyme-linked immunoassay kit was used (Roche Applied
Science, Mannheim, Germany). This assay detects apoptotic but not necrotic cell
death. Cells or tissues were homogenized and the cytoplasmic fraction was isolated
by the following centrifugations. The cell lysates were first spun at 750� g for
10 min, the supernatants were collected and spun at 10 000� g for 20 min, and
finally the supernatants were again collected and spun 100 000� g for 1 h at 4C.
The final supernatant contained the cytoplasmic fraction. The ELISA was performed
according to the manufacturer’s instructions.

LDH assay. To detect the early loss of membrane integrity typical of necrosis,
LDH was measured in conditioned media and total lysates of cortical cultures
exposed to OGD for 2 h, using the Cytotox 96R Non-Radioactive Cytotoxicity Assay
(Promega Corporation, Madison, WI, USA) according to the manufacturer’s
protocol. Bovine heart LDH equaling 10 000 lysed L929 fibroblast cells was used as
a positive control.

FasL ELISA. To detect FasL present in cell culture conditioned medium,
Quantikines M mouse FasL immunoassay was used (R&D Systems Inc.). Cell
culture medium was collected and concentrated 20-fold using Centricon YM-10
concentrators (Millipore Corp., Billerica, MA, USA). The FasL immunoassay was
performed as indicated by the manufacturer’s protocol.

Transient MCAO. Adult male timp-3þ /þ and timp-3�/� mice were housed
under a 12 h light:12 h dark cycle with food and water available ad libitum. Mice (20–
25 g) were anesthetized with 4.0% halothane for induction of anesthesia and
maintained on 1.0% halothane in 1 l O2 using a Fluotec 3 vaporizer (Ohio Medical
Products, Madison, WI, USA). Body temperature was maintained at 371C by a
heating pad. The right common carotid artery was exposed through a midline
incision. The external carotid artery was ligated with 6-0 silk suture. A 2-cm length of
6-0 rounded tip nylon suture was advanced from the common carotid through the
internal carotid up to the level of the anterior cerebral artery. The suture was inserted
10–11 mm from the bifurcation of common carotid to occlude the middle cerebral
artery. After 30 min of MCAO, the suture was slowly withdrawn to allow for
reperfusion. Laser doppler (Moore Instruments Limited, Devon, UK) flowmetry was
used monitor rCBF at 10 min before, 5 min during and 30 min after MCAO. All mice
were subjected to behavioral tests prior to MCAO, during occlusion at 20 min and
30 min after the onset of reperfusion as described. Only mice that obtained a score
X2, as assessed by an observer blinded to surgical treatment, were used for
experimentation. Mean arterial blood pressure was monitored in a subset of mice of
each genotype 15 min before MCAO, during occlusion and 15 min after reperfusion
using a blood pressure monitor system (Harvard Apparatus, Holliston, MA, USA).
Blood was taken from the left femoral artery 15 min before MCAO and after
perfusion. PO2, PCO2 and pH were quantified using Phox Basic blood gas analyzer
(Nova Biomedical, Waltham, MA, USA). Temperature was continuously measured
by rectal thermometer (Fisher, Pittsburgh, PA, USA).

Cerebral vasculature. To determine the patency of the Circle of Willis, normal
adult male timp-3þ /þ and timp-3�/� mice (n¼ 5 each genotype) were
anesthetized with pentobarbital (100 mg/ml) and transcardially perfused with
100 ml of 10 U/ml heparin in PBS followed by India Ink in an equal volume of 20%
gelatin in H2O. The brain was removed, fixed in 4% paraformaldehyde for 24 h and
the cerebral vasculature was observed with a dissecting microscope.

Fluoro-Jade staining and TUNEL. At 3 days following MCAO and
reperfusion, mice were killed with sodium pentobarbital and immediately
transcardially perfused with 2% paraformaldehyde containing 0.075 M lysine and
0.01 M sodium periodate. Brains were removed and cryoprotected in 30% sucrose
in phosphate buffer and cryosectioned in the coronal plane at 16 mm thickness.
Three consecutive sections were positioned per slide and the sets were stored at
�801C until use. For each analysis, every 10th slide was taken throughout the
rostrocaudal extent of the brain, dehydrated, incubated with 0.06% potassium
permanganate, rinsed in dH2O and transferred to 0.001% Fluoro-Jade (Histo-Chem
Inc., Jefferson, AR, USA) in 0.1% acetic acid for 30 min with gentle agitation on ice.
The sections were rinsed and coverslipped using Prolong AntiFadet mounting
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media (Molecular Probes, Eugene, OR, USA). The average lesion area was
quantified across all sections positive for Fluoro-Jade staining using Stereo
Investigator software (Microbrightfield Inc, Williston, VT, USA). Lesion volume was
determined by multiplying the average lesion area by thickness of the entire lesion.
A separate histological set was used for TUNEL labeling, performed using
NeuroTACSt II kit (Trevigen) according to the manufacturer’s protocol.

Statistics. Data are expressed as means7S.E.M. Significant differences
between means were determined using analysis of variance with Tukey multiple
comparisons post hoc analysis by Prism software (Graphpad Software, San Diego,
CA, USA).
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