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FIGURE3. , depolarization does not evoke a Rh123 fluorescence elevation. A, two-photon images of Alexa 594 (left column) and Rh123 fluorescence

(right columns, three different treatments) at time points before (Pre) and after the start of injection of the indicated solutions. B, left axis, percent change in
Rh123 fluorescence from the base line recorded before injection (dF/F,) within 30-70 um from the pial surface. Each animal was normalized to a record where
a control NaCl-containing solution was injected. Right axis, normalized Alexa 594 fluorescence averaged across all injections, which serves as an injection tracer.
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FIGURE 4. CsA inhibition selectively blocks m depolarization during transient global ischemia.
A, Rh123 fluorescence percent change from the base line recorded before ischemia (df/F,) and in the presence
and absence of 10 um CsA (control, n = 11 ischemic trials, and CsA, n = six; p < 0.0001 two-way ANOVA). Each
data point was averaged over 50 s. B, group data comparing the maximal dF/F, percent in Rh123 fluorescence
during ischemia (control, n = 14 ischemic trials, and CsA, n = six; **, p = 0.001 by two-way t test). FK-506
treatment (50 um) had no effect compared with the control (FK-506, n = five ischemic trials; p = 0.74). CsA
treatment was significantly different compared with FK-506 (¥, p = 0.016). C, example DCfiltered EEG recording
(bottom; 10-Hz low pass) of Awp depolarization during ischemia in an animal treated with CsA. D, group data
comparing the latency measured from the start of ischemia to when Ay, depolarization reached the maximal
rate of depolarization. CsA or FK-506 application did not significantly change the latency of Ays, depolarization
(control, n = 13 ischemic trials, and CsA, n = 12 (p = 0.16); FK-506 n = 11 ischemic trials (p = 0.83)). occ,
occlusion. E, group data comparing the total amplitude of Ays, depolarization. CsA application slightly reduced
the amplitude of the Ay, depolarization (control, n = 11 ischemic trials, and CsA, n = 10; p = 0.08 by two-
sample t test), whereas FK-506 treatment did not (n = 11 ischemic trials; p = 0.20).

4B). Note that in Fig. 44, only animals that survived >5 min

that does not affect the mPTP (26),
failed to affect the elevation of
Rh123 fluorescence during stroke
(FK-506, n = five ischemic trials;
p = 0.74) (Fig. 4B). CsA inhibition of
Ay, collapse was selective, as ische-
mia-induced Ay, depolarization
still occurred with similar latency
from occlusion (control, n = 15
ischemic trials,and CsA,n = 12;p =
0.16) (Fig. 4, C and D). CsA treat-
ment caused a small but non-signif-
icant reduction (~15%) in the total
Ay, depolarization amplitude (con-
trol, # = 11 ischemic trials, and CsA,
= 10; p = 0.08), an effect not
observed with FK-506 (n = 11
ischemic trials; p = 0.20) (Fig. 4E).
Role of Mitochondrial Depolar-
ization in Dendritic Blebbing during
Transient Global Ischemia—We
assessed the effect of CsA-induced
blockade of Ays,, collapse on den-
dritic structural damage by examin-
ing the dendritic tufts of layer V
neurons using im vivo imaging.
Within minutes of ischemic induc-
tion, apical dendrites were found to
rapidly swell and bleb (20) and were
quantified as described previously
(2). Dendrites blebbed during occlu-
sion at the time of Ay, depolariza-

after ischemia were plotted and compared by ANOVA. CsA- tion and recovered during reperfusion (control, n = four ani-
treated animals did show a small initial Rh123 fluorescence mals; p = 0.006 by one-way ANOVA) (Fig. 5, A and B). Animals
increase (12 = 9% peak increase, n = six ischemic trials) (Fig. treated with locally applied CsA (n = four animals; p = 0.092)
4B). It is conceivable that the effect of CsA was due to cal- showed no significant reduction in dendritic blebbing com-
cineurin inhibition. However, FK-506, a calcineurin inhibitor —pared with controls (# = four animals) during ischemia or
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(33). These discrepancies may be
explained by variation between ex-
perimental conditions for mito-
chondrial isolation, different condi-
tions for in vivo versus in vitro
experiments, as well as regional
or subcellular heterogeneity of mi-
tochondria within the brain. We
report that Ay, collapse occurs
within minutes of stroke onset in
vivo and is mediated by the activa-
tion of a CsA-sensitive mechanism,

——Control

FIGURE 5. CsA blockade of mitochondrial depolarization during ischemia does not affect dendritic bleb-
bing. A, projection images (4 wm) from a mouse with GFP-labeled dendrites and treated with CsA. B, group
data comparing dendritic blebbing in CsA-treated, FK-506-treated, and control mice. Dendritic blebs were
quantified before occlusion (pre), immediately before the reperfusion onset (occ), and at time points after
reperfusion onset. By assessing non-drug-treated controls, changes in blebbed dendrite percentages during/
after stroke were significantly different from before stroke (control, n = four animals; *, p < 0.05 by one-way
ANOVA). No significant difference in dendritic blebbing in CsA-treated (n = four animals; p = 0.092 by two-way
ANOVA) or FK-506-treated (n = four animals; p = 0.462 by two-way ANOVA) animals was observed compared

with controls during stroke.

within 2 h of reperfusion (Fig. 5, A and B). FK-506, a related
molecule that does not affect Ais,, collapse, was also without
effect on ischemic changes to dendritic morphology (n = four
animals; p = 0.462) (Fig. 5B).

DISCUSSION

Mitochondrial Depolarization Is Associated with Stroke
Onset and Is Reversible—Ay,, collapse has been suggested to
play a significant role in excitotoxic ion overload (5, 7, 14) and
ischemia/reperfusion damage (6, 8, 9, 16, 17). Here, we used
Rh123 to monitor Ay, in both neurons and glia, which undergo
rapid swelling during ischemia in vivo (27). During ischemia in
vivo, Ay, collapse occurred with a similar rapid time course as
cytoplasmic Ca®>* elevation (2), supporting in vitro findings
that suggest that the two events are closely related (5, 7, 13, 14).
In vitro studies suggest that the activation of the CsA-sensitive
mPTP is associated with delayed Ca®" deregulation and cell
death (5, 6, 14, 28). Here, we have shown that in vivo CsA-
sensitive Ay, collapse is reversible. Furthermore, contrary to
the prediction that the mPTP would open during reperfusion
(because of elevation of reactive oxygen species or Ca>") (9, 11,
16,17), our experiments demonstrate that Ays,, recovers during
reperfusion. Perhaps, only brief mPTP opening is sufficient to
trigger later cell death.

Mechanisms of Mitochondrial Depolarization and mPTP
Involvement—Studies from non-neuronal cells suggest that,
during ischemia or ion imbalance, mitochondria depolarize,
swell, and release cytochrome c through CsA-sensitive Ca>" -
induced mPTP activation (11), with brain mitochondria shar-
ing similar mechanisms (5, 7, 14, 17, 29). However, others have
demonstrated that brain mitochondria are relatively resis-
tant to mitochondrial permeability transition evoked by Ca**
overload (30, 31). Some studies have reported that the brain
mPTP is relatively CsA-insensitive (31, 32), making the role
of CsA-sensitive mPTP activation in ischemic injury unclear
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which suggests mPTP involvement
(supplemental Fig. 5).

In vitro and brain slice studies
suggest that there are two main
events behind Ay, depolarization
during excitotoxicity. The initial
component of Ay, depolarization
is reported to involve mitochondrial
Zn*" uptake (34), mitochondrial
Ca?* overload, and depletion of mi-
tochondrial respiratory substrates
and is reversible (5), whereas the later component of Ay, col-
lapse occurring after ~20 min in vitro is associated with mPTP
activation (5). Evidence suggests that intracellular Ca*" eleva-
tion triggers mPTP opening via binding to cyclophilin D in a
CsA-sensitive manner (8, 35). However, alternative CsA-insen-
sitive mechanisms could also promote mPTP opening during
ischemia, such as reactive oxygen species release, Ay, depolar-
ization, adenine nucleotide depletion, and pH changes (35-37),
making it difficult for a single in vitro model to mimic in vivo
stroke parameters.

Rh123 Signals Primarily Reflect As,,—There are concerns
that the elevation of Rh123 fluorescence during ischemia could
in part reflect Ay, depolarization (38). We argue that the ische-
mic CsA-sensitive Rh123 fluorescence signal observed pre-
dominately reflects Ays,,,. It has been previously reported that
CsA can potentially have nonspecific effects aside from mPTP
inhibition (11). However, we showed that, during ischemia,
CsA selectively inhibited the ischemia-induced Rh123 fluores-
cence elevation but not ischemic Ay, depolarization. This sug-
gests that Rh123 fluorescence elevation largely reflects Ay,
depolarization, which was abolished by CsA and therefore does
not reflect Ay, depolarization. We investigated this concern by
directly examining the effects of local Ays, depolarization on
Rh123 signals under non-ischemic conditions using an in vivo
pressure injection technique. In the absence of added extracel-
lular Ca*", injection of KCI (140.4 mm) was expected to induce
atransient Ay, depolarization near the pipette opening close to
0 mV, and yet no Rh123 signals were observed (Fig. 3, A and B).
This suggests that Rh123 fluorescence elevation observed dur-
ing stroke is reflective of Ay, depolarization, not Ays, depolar-
ization, and that the two events are dissociable.

As expected during KCl pressure injection in the presence of
extracellular Ca®", a small but variable Rh123 fluorescence
increase was seen in solutions containing added extracellular
Ca®" but was not observed in the solution lacking added extra-
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cellular Ca*>* (Fig. 3B). This result was consistent with KCI-
induced injection leading to a brief Ay, depolarization, rela-
tively small Ca®" influx, and a partial Ays,, depolarization that
resulted in a small Rh123 fluorescence elevation. This Rh123
elevation was much smaller than that observed during ischemia
(by a factor of 4) likely because, during ischemia, a sustained
period of ionic imbalance results in a much greater influx
of Ca>", which subsequently triggers a much larger Ay,
depolarization.

Ay, Depolarization in CsA-treated Animals Induced by Low
Oxygen Levels—It is surprising that CsA treatment can block
most of the ischemia-induced A, depolarization. During
ischemia, in CsA-treated animals, inhibition of cellular respira-
tion induced by low oxygen levels should induce a small Ay,
depolarization. Indeed, we did see a small but variable initial
Rh123 fluorescence elevation in the CsA-treated animals (Fig.
4, A and B). However, it is conceivable that Ais,, depolarization
induced by this mechanism could be larger at later time points
of ischemia (when the full effects of energy failure are felt), but
it does not occur within 6.5 min of global ischemia. It is also
possible that, during ischemia, this initial Ay, depolarization-
induced signal may be masked by small changes in base-line
fluorescence that we have previously observed using other
probes such as GFP and that were attributed to ischemia reduc-
ing the efficiency of imaging (2).

Mitochondrial Depolarization and Dendritic Structural
Damage Are Mechanistically Separable—Some studies suggest
that CsA is neuroprotective in ischemia models (16, 17). How-
ever, because of nonspecific effects of CsA such as calcineurin
inhibition (11), it is not clear if the effects are due to mPTP. Our
findings indicate that CsA treatment does not result in a mea-
surable reduction in structural damage to dendrites within 2 h
after stroke. Indeed, most research on the neuroprotective
effects of CsA examined animals at time points days after stroke
that may reflect slower apoptotic processes (16, 17). Combined
with previous literature (5, 26), our current findings suggest
that mPTP inhibition during stroke does not reduce structural
damage during occlusion or shortly after reperfusion. However,
mPTP opening during ischemia may trigger delayed mecha-
nisms for cell death (supplemental Fig. 5) (17, 28, 39). Interest-
ingly, we have used a focal ischemia model to demonstrate that
neurons within the peri-infract zone with beaded dendrites
show features of both necrotic and apoptotic cell death path-
ways by staining for markers of cleaved spectrin and activated
caspase (40).

Recent in vivo evidence using FK-506 suggested that cal-
cineurin-induced actin depolymerization is the chief mecha-
nism of dendritic blebbing observed after kainate-induced sei-
zures (41). However, using two calcineurin inhibitors (FK-506
and CSA), we did not observe a significant reduction in den-
dritic structural damage. Conceivably, calcineurin inhibition
may selectively affect other aspects of seizure-induced damage.

In summary, combined with previous research, our results
indicate that reversible changes in mitochondrial function and
synaptic structure and function occur during the first minutes
of transient ischemia in vivo (2). With prompt reperfusion, den-
dritic structural abnormalities can exhibit significant recovery
(2, 42). However, it is conceivable that, during this time, mito-
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chondrially mediated signals that lead to cell death are initiated,
making it important for future neuroprotective treatments to
be geared toward both management of acute ion and water
imbalances that lead to deranged structure (13, 27, 42, 43) and
blocking apoptotic events (39, 44). Importantly, these studies
confirm that tools such as CsA that block the brain mPTP in
vitro (45) also have activity in vivo and suggest that these events
within the first minutes of stroke onset may be a trigger for later
cell death.
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