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Abstract

The role of zinc ion in cytotoxicity following ischemic stroke, prolonged status epilepticus, and
traumatic brain injury remains controversial, but likely is the result of mitochondrial dysfunction.
We describe an excitation ratiometric fluorescence biosensor based on human carbonic anhydrase
II variants expressed in the mitochondrial matrix, permitting free zinc levels to be quantitatively
imaged therein. We observed an average mitochondrial matrix free zinc concentration of 0.2 pM
in the PC12 rat pheochromacytoma cell culture line. Cytoplasmic and mitochondrial free zinc
levels were imaged in a cellular oxygen glucose deprivation (OGD) model of ischemia/
reperfusion. We observed a significant increase in mitochondrial zinc 1 hr following 3 hr OGD, at
a time point when cytosolic zinc levels were depressed. Following the increase, mitochondrial zinc
levels returned to physiological levels, while cytosolic zinc increased gradually over a 24 hr time
period in viable cells. The increase in intramitochondrial zinc observed during reoxygenation after
OGD may contribute to bioenergetic dysfunction and cell death that occurs with both in vitro and
in vivo models of reperfusion.
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INTRODUCTION

Ischemia is the result of cessation of perfusion and the root cause of all stroke cases, mostly
originating from blockage of an intra-cranial artery by a blood clot [1]. While a significant
cause of death, stroke causes disability more often than morbidity: a third of all stroke
survivors are functionally dependent a year afterwards and stroke ranks as the second most
frequent cause of dementia, a prominent cause of depression, and the number one cause of
epilepsy in the elderly. Despite the introduction of tissue plasminogen activator and other
therapies and interventions which have reduced stroke incidence in some areas [2], effective
treatment for many strokes (or even rapid diagnosis and localization of the insult) still
remains to be developed.
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Several studies of ischemia have indicated that zinc ion plays a role in subsequent neuronal
death [3,4] (reviewed in [1,5], Thompson (in the press)). Even nanomolar zinc levels were
observed early on to be toxic to neurons in culture [6], and in some systems elevated zinc
induces apoptosis[7,8] [9], whereas other investigators have found that apoptosis induced by
addition of zinc chelators can sometimes be rescued by zinc addition [10] [11,12].
Furthermore, several investigators have observed substantial increases in extracellular and
intracellular free zinc concentrations following ischemia and ischemic-like events [13–17]
and degenerating neurons have been reported to exhibit an increase in intracellular zinc
[18,19,8,20]. Some have proposed that this increase is due to uptake from extracellular
sources (notably presynaptic vesicles of a subset of glutamatergic neurons) whereas others
believe that the zinc is released from intracellular sources. Another widely observed
consequence of ischemia/reperfusion injury is an increase in mitochondrial dysfunction.
Ischemic insults result in increased reactive oxygen species (ROS) production, decreased
ATP production, activation of mitochondrial permeability transition (MPT), and activation
of pro-apoptotic signals [21]; [22,23] [24] [25]. These severe consequences suggest that the
integrity of mitochondrial function may well determine overall cellular viability following
ischemia/reperfusion. Zinc ions in the sub-micromolar range can directly inhibit key
mitochondrial enzymes necessary for energy production such as lipoate-linked
dehydrogenases, leading to an increase of ROS production and mitochondrial dysfunction;
in addition, zinc ion is a potent inhibitor (Ki ≈ nanomolar) of enzymes such as glutathione
reductase and thioredoxin reductase, which are key to detoxification of reactive oxygen
species [26] [27,28]. Therefore, it would not be surprising if mitochondrial free zinc is under
tight control and kept at low concentrations. Consequently, any increase in mitochondrial
free zinc, following ischemia/reperfusion, could play a substantial role in the increase in
ROS production, decrease in ATP production, and overall mitochondrial dysfunction
associated with ischemia/reperfusion injury.

Previously, we described an excitation ratiometric fluorescence biosensor for zinc ion based
on human carbonic anhdrase II that exhibits very high affinity and selectivity, and may be
inserted into or expressed in cells [29–32] [33]. The excitation ratiometric feature avoids
common artifacts which compromise accuracy when using simple intensity-based
fluorescent indicators in cells, due to variations in cell thickness or loading, washout, or
photobleaching, while being usable in ordinary fluorescence microscopes. Moreover, the
long emission wavelength of the biosensor (~ 617 nm in this example) avoids the need to
correct for autofluorescence of the cells or media. We have demonstrated that the selectivity,
sensitivity, and response speed of the biosensor can all be improved by subtle mutagenesis
of the protein [34–36]. Our Förster resonance energy transfer (FRET) based system thus
allows for free zinc measurements at picomolar levels [30] in live resting cells at
physiological levels [37]. “Free zinc” (or labile zinc) in the cell includes dissolved zinc ion
species bound with weak, rapidly exchangeable ligands such as water or chloride ion [38]; in
cells, most zinc ion is tightly bound by proteins, peptides and amino acids [39] [40,41], and
is essentially undetected by most indicators, including our biosensor.

The zinc biosensor can be readily inserted into cells via a TAT protein transduction domain
[37], but to study mitochondrial zinc we devised an expressible CA II-fluorescent protein
fusion which may be targeted to the organelle using the mitochondrial localization sequence
of subunit 8 of cytochrome oxidase (Complex IV) in the electron transport chain. We
demonstrate that the probe localizes in the mitochondrial matrix, where we can image the
free zinc concentration with picomolar affinity. While others have described fluorescent
indicators that respond to zinc and localize in the mitochondrion [42] [43], as well as
expressible [44] and ratiometric indicators [45], our biosensor has sufficient sensitivity and
selectivity to measure mitochondrial matrix zinc at resting levels. The biosensor was
calibrated in situ in isolated mitochondria and its matrix location confirmed. Several lines of
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evidence described above suggest that under ischemic conditions free zinc levels are
elevated and contribute to cellular damage; we have now quantitatively imaged free zinc
levels in an in vitro ischemia/reperfusion model following the insult. PC-12 cells were
subjected to an oxygen glucose deprivation (OGD) model of ischemia [46] which resulted in
approximately 50% cell death 24 hr after the end of OGD and their cytoplasmic and
mitochondrial free zinc levels were imaged as a function of time following the insult.

METHODS

Reagents and Materials

The pDsRed2-Mito vector was obtained from Clontech (Mountain View, CA).
Lipofectamine 2000, OPTI-MEM media, Neurobasal-A media, B-27 supplement and
MitoTracker Green FM were purchased from Invitrogen (Carlsbad, CA). Digitonin was
from Sigma-Aldrich (St. Louis, MO). Goat anti-Mouse IgG DylightTM 405 Conjugated was
from Pierce Biotechnology (Rockford, IL). Mouse anti-TOM20 antibody was from BD
Bioscience (San Jose, CA). Rabbit anti-COX IV monoclonal antibody (Alexa Fluor 488
Conjugated) was from Cell Signaling Technology (Danvers, MA). FCCP (carbonyl cyanide
4-(trifluoromethoxy)phenylhydrazone) was from Enzo Life Sciences (Plymouth Meeting,
PA). PC12 cells were obtained from ATCC (Manassas, VA). FluoroDish 35 mm glass
bottomed tissue culture dishes were from WPI Inc. (Sarasota, FL). All other chemicals and
reagents were obtained from common commercial sources.

Construction, Expression, and Labeling of TAT-H36C-CA Cytoplasmic Sensor

This sensor was chosen to measure cytoplasmic zinc concentrations because it exhibits
almost 20-fold weaker zinc affinity (KD =70 pM) than the wild type [37], extending upward
the dynamic range of zinc concentration which it can measure accurately. The construction
and fluorescent labeling of the TAT conjugated H36C variant of carbonic anhydrase were as
previously described [37]. There was no further modification of the probe in this study.

Construction of the CA-DsRed Mitochondrial Sensor

The gene for human carbonic anhydrase II (CA) was amplified using PCR with the
following primers: sense primer, 5′-
CCGCGCGCCAAAGATCCATTCGTTGATGGCCCATCACTGGGGGTACGGC-3′,
containing a BssHII site, and antisense primer, 5′-
CATCGGAATCCCCACCTTTGAAGGAAGCTTTG-3′. This CA gene was cloned into the
BssHII and blunted BamHI sites of the pDsRed2-Mito vector. The pDsRed2-Mito/CA
vector contains the CA gene in frame with an upstream mitochondrial localization signal
sequence (from subunit VIII of human cytochrome c oxidase) and a downstream DsRed2
gene. The insert and the expression vector were sequenced to ensure no deleterious
mutations had occurred.

Cell Culture

PC12 cells were cultured in Neurobasal-A media minus Phenol Red, supplemented with 2%
B-27 supplement, 0.5 mM L-Glutamine, and 1% Penicillin-Streptomycin. Prior to
experiments PC12 cells were re-plated on 35 mm glass bottomed culture dishes (World
Precision) to allow for better imaging.

Cellular Transfection

PC12 cells were transfected according to the Lipofectamine 2000 manufacturer’s protocol
(Invitrogen), using 10 μg of DNA per 35 mm culture dish. Cells were transfected for 24 hrs
and were used for imaging following another 24 hr period.
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Mitochondria Isolation

Approximately 7.2 × 108 transfected cells were removed from T-75 flasks by trypsinization
and quickly resuspended in 10 ml of Dulbecco’s phosphate buffered saline (DPBS)
containing 5 mg of trypsin inhibitor (0.5 mg/ml). The cells were further diluted by again
adding 10 ml of DPBS and centrifuged at 800g for 5 minutes. The supernatant was removed
and cells were resuspended in ice-cold MS buffer (225 mM mannitol, 75 mM sucrose, 5 mM
HEPES, 1 mg/ml fatty acid free BSA, pH 7.4) containing 1 mM EGTA and centrifuged at
1,000g for 5 minutes. The supernatant was again aspirated and cells were resuspended in
ice-cold MS buffer + EGTA. The cellular membrane was then disrupted by the addition of
14.4 μl digitonin from a 10% stock solution to the cells, while stirring for 30 seconds.
Additional MS buffer and EGTA were then added to the cells to dilute out the digitonin and
the cells were centrifuged at 4,000g for 3 minutes at 4°C. The supernatant was aspirated and
the loose pellet was poured into a Dounce homogenizer. The pellet was homogenized in MS
buffer + EGTA, then centrifuged at 2000g for 5 minutes at 4°C. After centrifugation the top
layer of the supernatant was collected and centrifuged at 14,000g for 10 minutes at 4°C. The
resulting brown mitochondrial pellet was collected and resuspended in MS buffer +EGTA
and centrifuged again at 14,000g for 10 minutes at 4°C. The supernatant was then aspirated
and the mitochondrial pellet was resuspended in a single drop of MS buffer without EGTA.

Sensor Calibration in Isolated Mitochondria

Approximately 0.45 ng of isolated mitochondria were plated in a 35 mm glass bottomed dish
and incubated at 37°C, 5% CO2 for 20 minutes. The mitochondria were then incubated with
250 μl each of a series of artificial cerebrospinal fluid (ACSF) zinc buffers pH 7.4, having
concentrations of free zinc calculated by MINEQL (Environmental Research Software,
Hallowell, ME), for 40 min at 37°C, 5% CO2. After 40 minutes of incubation 1 μM of
dapoxyl sulfonamide was added to the mitochondria, which were then allowed to incubate
for an additional 20 minutes at 37°C, 5% CO2, prior to imaging.

Sensor Co-localization with Mitochondria

To establish co-location of the sensor with the mitochondrion, cells expressing the sensor
were also stained with a mitochondrion-specific fluorophore, Mitotracker Green. PC12 cells
were transfected as described above, and a fraction was plated on 35 mm glass bottomed
dishes while the other fraction underwent mitochondrial isolation also as described above.
Transfected PC12 cells were incubated with 0.02 μM Mitotracker® Green FM (Invitrogen)
for 30 min at 37°C, 5% CO2, and then washed and imaged using a Nikon Eclipse TE-300
epifluorescence microscope (see below) at excitation and emission wavelengths of 540 nm
and 617 nm, respectively (DsRed2 fluorescence), and also with 490 nm excitation and 516
nm emission (Mitotracker® fluorescence). Images were then merged in IPLab software
(Scanalytics, Inc.) to determine co-localization.

Sensor Localization Within Mitochondria

The sensor position with respect to the mitochondrial outer membrane and inner membrane
was established by fluorescence colocalization using fluorescent antibodies that recognize
proteins specific to the compartments. Isolated mitochondria were split into two groups: one
group underwent inner mitochondrial membrane isolation while the other was left untreated.
The inner mitochondrial membrane was isolated by dilution with equal parts of a 2%
digitonin stock in 0.25 M sucrose solution, which effectively solubilizes the cholesterol-
containing outer membrane without solubilizing the cholesterol-poor inner membrane. The
resulting inner membrane vesicles (mitoplasts) were stirred gently on ice for 15 min, and
then further diluted with 3 volumes of 0.25 M sucrose. The mitochondria were then
centrifuged for 10 min at 9500g. The supernatant was removed and saved, and the pellet
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containing the matrix confined by the inner membrane was resuspended in the sucrose
solution and centrifuged for 10 min at 9500g. Again, the supernatant was removed and
combined with the prior fraction, and the pellet was resuspended in a small amount of
sucrose solution. Intact mitochondria and inner membrane fractions were each plated on a
35 mm glass bottomed dish, and then incubated at 37°C, 5% CO2 for 30 min. 2 μl of Goat
Anti Mouse IgG conjugated with DylightTM 405 and 2 ul of Mouse Anti-TOM20 antibody
specific for the outer membrane protein TOM20 were diluted in 1 ml of MS Buffer and 1 ml
of 0.25 M sucrose. 10 μl of Alexa Fluor 488-conjugated rabbit mAb specific for the COX
IV protein of the mitochondrial inner membrane was diluted in 1 ml of MS Buffer and 1 ml
of 0.25 M sucrose. An aliquot of 200 ul of each antibody solution was added to both the
isolated mitochondria and inner mitochondrial membrane fractions, which were then
incubated for 30 min at 37°C, 5% CO2. Images were taken at corresponding wavelengths for
DsRed2, Dylight 405, and Alexa Fluor 488 and merged as above to determine co-
localization.

To determine if the sensor was localized within the mitochondrial matrix, the pH sensitivity
of the sensor was utilized: addition of the proton ionophore/uncoupler carbonylcyanide-p-
trifluoromethoxyphenylhydrazone (FCCP) to respiring mitochondria results in a rapid
decline in mitochondrial matrix pH which correspondingly reduces the zinc-binding affinity
of the sensor [47]. Thus, if the sensor exhibits an abrupt drop in ratio following FCCP
treatment, it most likely resides in the matrix since the pH of the intermembrane space or the
extramitochondrial milieu is unaffected by respiratory uncoupling. Transfected PC12 cells
were also incubated for 5 min with 1 μM Dapoxyl sulfonamide at 37°C, 5% CO2 before 0.5
μM FCCP dissolved in DMSO was added. Cells were incubated for an additional 15 min
and then imaged at Excitation 365 nm/Emission 617 nm and Excitation 540 nm/Emission
617 nm. A ratio of Ex365nm/Ex540nm was calculated using IPlab software (Scanalytics
Inc.) to determine the effect of FCCP on zinc binding.

Hypoxia and hypoglycemia study

As a model of ischemia and reperfusion, cultured PC-12 cells were subjected to oxygen and
glucose deprivation, followed by incubation in 95%/5% air/CO2 [46]. For mitochondrial
OGD imaging, PC12 cells were transfected as described above. Two days prior to the
experiments a zinc- and glucose-free artificial cerebrospinal fluid (ACSF), pH 7.4 (0.142 M
NaCl, 0.005 M KCl, 0.001 M MgCl2•6H2O, 0.002 M CaCl2•4H2O, 0.01 M HEPES, and 50
μM Bicine) was deoxygenated in an Anaerobic System (Forma Scientific, Model #1025) in
85% N2, 10% H2, 5% CO2 with approximately one ppb oxygen. On the day of the
experiment PC-12 cells plated on 35 mm glass bottomed culture dishes were placed in the
anaerobic chamber and Neurobasal-A medium was replaced with the deoxygenated zinc-
and glucose-free ACSF [48]. The cells were then incubated in the chamber for 3 hours.
Following the incubation, the cells were washed three times, supplemented Neurobasal-A
media (containing glucose) was added back to the cells, and they were then incubated for 24
hours at 37°C, 95% air, 5% CO2.

Cell staining

For intracellular imaging, cells were stained by immersion in a zinc-free isotonic medium
[49] containing 1 μM Alexa Fluor 594-labeled apo-TAT-H36C-CA and 1 μM Dapoxyl
sulfonamide (dissolved in DMSO) and imaged as described previously by Bozym, et al,.
[37]. For mitochondrial imaging of transfected cells only 1 μM dapoxyl sulfonamide was
added to the cells, which were then incubated for 25 min at 37°C in 5% CO2. Cells were
imaged without washing, in the presence of 1 μM Dapoxyl sulfonamide. Cytosolic zinc
images were performed in the presence of Trypan blue staining to ensure that only viable
cells were imaged.
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Cell imaging

Cells were photographed using a Nikon Eclipse TE300 epifluorescence microscope with a
D540/25X or a D360/40X excitation filter, 570DCXRU dichroic and D630-30M barrier
filter (all Omega), through a Nikon Plan Fluor 100x oil/1.3 NA objective with a Cooke
Sensicam QE cooled CCD camera. Images were captured using IPLab software
(Scanalytics, Inc.). To determine the fluorescence ratio for cells, the images for each
excitation ratio were divided and a ratio image was created. Pixels corresponding to the
sensor emission (with green excitation) were selected by IPLab software based on relative
intensity. The same pixels were then selected in the ratio image to calculate the mean ratio
for each image.

RESULTS AND DISCUSSION

Mitochondria Probe Calibration and Localization

Calibration of the sensor under conditions as similar to the living cell as possible is
important to obtain accurate results. While in situ calibration is frequently done in cells for
calcium indicators, it has been demonstrated in several cell lines that free zinc ion
concentrations above or below a narrow concentration band are toxic [9], and thus such a
calibration would be difficult. In view of the widespread use of isolated mitochondria for
studying their function, calibrating the sensors in isolated mitochondria was thus most
appropriate for this purpose. A plot of the calibration curve of the sensor in unenergized
isolated mitochondria in zinc-buffered saline reveals an apparent Kd of 0.15 ± 0.05 pM
(Figure 1). This is lower than the Kd of wtCA-DsRed2 in pH 7.4 zinc-saline buffers (17 pM)
and substantially lower than the Kd reported previously [37] for the TAT tagged H36C-
AF594-CA probe used for imaging intracellular zinc. The lower Kd is attributable to the
high solute levels in the mitochondrion and correspondingly low water activity, which
would shift the zinc ion dissociation equilibrium towards the bound rather than the
(hydrated) free ion. The exact values of the ratios can vary with the quantum yield of the
bound Dapoxyl sulfonamide, which in turn may vary with the altered conditions inside the
mitochondrion. The dynamic range of the mitochondrial sensor, wherein the zinc level can
be measured with reasonable accuracy, extends roughly from 0.02 pM to 2 pM.

We also confirmed that the expressible mitochondria sensor was correctly targeted, by
incubating transfected PC12 cells with Mitotracker Green FM, a dye that selectively
localizes to the mitochondria. Merged images of both DsRed2 (red fluorescence) and
Mitotracker emission (green fluorescence) reveal their co-localization in the mitochondria
by yellow color (Figure 2A). While the co-localization with Mitotracker indicates that the
CA-DsRed2 sensor is expressed on or in the mitochondria of transfected cells, standard
fluorescence microscopy has insufficient resolution to determine whether the sensor is
located within the matrix, the intermembrane space, or bound to the inner or outer
membranes To determine where it is expressed, isolated intact mitochondria and isolated
mitochondria with the outer membrane removed by digitonin treatment were probed with
fluorescent-labeled antibodies specific for proteins present on the inner (COX IV, a
cytochrome oxidase subunit) and outer (Tom20, translocase of outer mitochondrial
membrane 20) mitochondrial membranes. Incubations with the TOM20 and COX IV
antibodies reveal that the CA-DsRed2 probe is being expressed in the inner membrane or
matrix of the mitochondria in transfected cells (Figure 2B), since the DsRed2 fluorescence
of the sensor colocalized with the fluorescence of the anti-TOM20 antibody in the absence
(but not the presence) of digitonin treatment, and with the fluorescence of the anti-COX IV
antibody following digitonin treatment and centrifugation. To test if the sensor is expressed
on the matrix side of the inner mitochondrial membrane as expected, rather than the outer
surface of the inner membrane, we observed the effect of FCCP on the reported ratio. By
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acting as a proton ionophore which uncouples oxidative phosphorylation from ATP
synthesis by creating a “proton leak” back into the matrix, FCCP causes a rapid drop in
intra-mitochondrial pH shortly after administration. The drop in pH will cause a decrease in
the sensor zinc affinity [47], which will be observed as a decrease in the fluorescence ratio.
The observed significant (p ≤ 0.05) decrease in ratio of excitation 365 nm/excitation 540 nm
in cells incubated with 0.5 μM FCCP for 15 min (0.48 ± 0.22), as compared with control
cells (0.63 ± 0.11) indicates the sensor is imaging mitochondrial matrix zinc. This is
unsurprising since the targeting sequence used comes from subunit VIII of cytochrome c
oxidase, a matrix protein.

Intracellular and Intra-mitochondrial Zinc Imaging

Previously we had reported imaging intracellular zinc in PC12 cells under physiological
conditions using a ratiometric indicator. From the images it was determined that the average
intracellular concentration of labile zinc was around 10 pM, which is somewhat less than
reported by other laboratories [41] [50–52] (summarized in Haase and Rink’s excellent
review [53]) Specifically, these investigators measured levels between 0.17 and 1 nanomolar
free zinc in various cell types (including PC-12 cells) using the fluorescent indicator
FluoZin-3. We note that FluoZin-3 is not ratiometric and exhibits a KD of 15 nM [42],
which makes accurate determination of subnanomolar levels in cells by microscopy
challenging. Other workers obtained results in the subnanomolar range with Fura-2 [54,55]
and nanomolar range with Mag-Fura-5 [56], but potential competition from endogenous Ca
and Mg, respectively, complicates interpretation when using these indicators [57]. Merkx’s
group points out [58] that 10 pM is near the bottom of the dynamic range with that CA-
based sensor and thus the measurement cannot be very precise; while this critique is correct,
it is equally clear from this earlier measurement that the free zinc concentration in the
cytoplasm of these cells is not 170 pM since this concentration should nearly saturate the
wild-type CA-based cytoplasmic sensor and this is not observed using either the TAT-
tagged Alexa Fluor 594-labeled wild type apo CA or E117A CA in eukaryotic PC-12 cells,
Chinese hamster ovary cells [37], nor retinal pigmented epithelial ARPE-19 cells (McCranor
and Thompson, in preparation), nor the expressible DsRed2-apoCA (wild type) (Bozym and
Thompson, unpublished results). Most recently, Qin, et al., [59] measured free zinc
concentrations in the Golgi and endoplasmic reticulum compartments of HeLa cells using a
targeted expressible sensor and found significantly lower levels (0.6 and 0.9 pM,
respectively) in these organelles. Wang, et al., [33] find somewhat higher (20–30 pM)
resting levels in E. coli using a similar CA-based sensor, and the level varies with
extracellular zinc concentration. It does not seem unreasonable that different cell types under
varying conditions may in fact have different free zinc concentrations. In this study we
imaged intra-mitochondrial zinc using our expressible Mito-CA-DsRed2 sensor to determine
the concentration of mitochondrial labile zinc. The sensor reports that, in the mitochondria
of PC12 cells under physiological conditions, the average concentration of labile zinc is
around 0.15 pM (Figure 3 upper left).

This number does not necessarily indicate that there is less total zinc in the mitochondrion,
rather, it more likely indicates that the matrix contains substantial concentrations of zinc
ligands which strongly buffer the free zinc. Note that there is quite substantial variability
apparent within even individual cells; it is unclear whether this represents variability in the
free zinc concentration, the population of zinc ligands, or both.

Zinc Imaging following OGD

In order to mimic the effects of ischemia/reperfusion injury in vitro, an OGD model was
employed. PC12 cells were subjected to 3 hours of OGD to model ischemia, followed by an
additional incubation period (1 hr, 2 hr, 14 hr, or 24 hr) under normal conditions (37°C, 95%
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air, 5% CO2) to model reperfusion. An incubation of 24 hr after 3 hr OGD resulted in
approximately 50% dead cells as judged by Live/Dead cell staining [46] ( data not shown).
Zinc images with the TAT-H36C-CA probe reveal a significant increase in cytoplasmic free
zinc 24 hrs after OGD (>100 pM) as compared to control cells (10 pM) (Figure 4, 5).
Interestingly, this increase is gradual and follows a period of significantly decreased
cytosolic zinc at 1 hr after OGD (0.9 pM) (Figure 4). Again, the cells show increased
variability in cytoplasmic zinc levels following OGD as well as (in some cases) reduced
nuclear free zinc (Figure 4, bottom right). At the same time cytosolic zinc is depressed,
mitochondrial matrix zinc levels show a substantial increase ( to >10 pM) over control levels
(0.2 pM) in the first hour after OGD cessation (Figure 3, 5); the actual level is not measured
very precisely since it is near the top of the sensor dynamic range. However, the surge in
mitochondrial free zinc is short lived and by 2 hrs after OGD it was back down around
physiological levels. At later time points, 14 hr and 24 hrs after OGD, there a slight increase
in mitochondrial zinc is observed, but these increases are not significant and may be due to
increased prevalence of non-viable cells.

Discussion

We have developed an expressible ratiometric carbonic anhydrase-based fluorescent
indicator system that allows us to quantitatively image free zinc ion in the cytoplasm and
specifically in the mitochondrion. We found that the cytoplasmic biosensor gave similar
results to those we had previously obtained in other cell types [37]. Using this approach we
found that the average mitochondrial labile zinc in PC12 cells is in the range of 0.15 pM.
This is less than the levels observed in the cytosol, but perhaps unsurprising considering the
deleterious effects free zinc can have on mitochondrial function [4] [27,28]. We used the
biosensors to quantitatively image the changes in intracellular and intra-mitochondrial zinc
concentrations in undifferentiated PC12 cells subjected to oxygen + glucose deprivation as a
model of ischemia/reperfusion. In both cases the increase in labile zinc was substantial,
although at different time points in the study. Over the long term cytosolic zinc is increased
in viable cells following OGD, but during the short term (1 hr after OGD) cytosolic zinc
levels are depressed. At one hour mitochondrial matrix zinc levels are increased
substantially (>10 pM), although this measurement is near the top of our dynamic range.
The increase is brief, however, and matrix zinc levels are back nearly at physiological levels
by 2 hrs after OGD.

What is the origin of the zinc changes observed in the cytoplasm and mitochondria? In
neuronal models of excitotoxicity, zinc ion can enter cells from the extracellular space
through NMDA receptors or AMPA/kainite channels [60,61]; in this case, while there is
higher external free zinc in the medium (≈ 5 nanomolar), there is no glutamate or glutamate
analog agonist present to open such channels, so it seems unlikely the cytoplasmic changes
occur as a result of zinc movement across the plasma membrane. Zinc can be released from
intracellular ligands by at least two mechanisms which are likely to occur during ischemia
and reperfusion. The first is oxidation of sulfur ligands on molecules like glutathione,
cysteine, and proteins like metallothionein and zinc fingers that bind zinc using cysteine side
chains, particularly oxidation of thiols to form disulfides. Oxidation of glutathione during
ischemia has been observed (reviewed in [62] ) and helps quench reactive oxygen species
that are present. The second is release of zinc from histidinyl imidazole ligands by
protonation due to acidosis of the tissue. The acidosis arises from lactate production from
pyruvate under anaerobic conditions; the brain pH declines as low as 6.0 in models of global
ischemia [63], which protonates histidine residues, reducing their affinity for zinc ions.
However, in our model of adherent PC-12 cells (essentially a monolayer) in excess buffered
medium, there is likely little change in the pH, so we do not believe this mechanism is
important in this case. Finally, we note that several groups have observed release of granular
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zinc in hippocampal slice preparations following ischemia; since the chemical makeup of
the granules remains to be elucidated, the mechanism for the release is unclear. Although the
PC-12 cell line is widely used to model neurons (and was chosen in part for this reason),
they contain no granular zinc. Thus we conclude that the changes in free zinc ion in our
system are largely due to oxidation/reduction of thiol zinc ligands. While we would propose
that the elevated levels of zinc in the mitochondrion immediately after OGD cessation are
due to release from GSH converted to GSSG and the subsequent decline due to re-reduction
of the glutathione, the reasons for the subsequent (modest) increase above normal are
unclear. By comparison, there is no ready explanation for the drop in cytoplasmic free zinc
following cessation of the insult, nor the steady, significant increase thereafter. It may be
that slower process(es) initiated during OGD are operating and result in a release of zinc
from intracellular sites. One possibility is that apoptosis (a process that takes hours) initiated
during ischemia has resulted in proteolysis of intracellular zinc-binding proteins, releasing
bound zinc; we and others have found apoptosis initiated by agents such as staurosporine
results in elevated free zinc in cells prior to their death (results not shown).

These data support other studies referred to above which have observed increases in zinc
following ischemia reperfusion injury. Whether the observed increase in mitochondrial
matrix zinc is due to an uptake of zinc from the cytosol or a release of zinc from
mitochondrial ligands is not known at this time. The results indicate that dramatic changes in
zinc homeostasis occur as soon as 1 hr after oxygen/glucose deprivation, with differing
effects in the cytosol and mitochondria. These changes in zinc concentrations can have a
serious effect on overall cell viability, as others have observed, and further implicate zinc as
potential cause of cell death following ischemia/reperfusion injury.
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Figure 1.
Calibration curve for apoCA-DsRed2 expressed in isolated transfected mitochondria (closed
squares). The best fit curve shows tighter binding for zinc in isolated mitochondria (Kd = 0.2
pM) compared with ordinary buffers at physiological pH and ionic strength (Kd = 17 pM).
The dynamic range for the mitochondrial targeted probe is roughly from 0.02 pM to 2 pM.
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Figure 2.
Co-localization of Mito-CA-DsRed2. A.) Co-localization of the mitochondrial targeted
probe (pseudocolored red) and the MitoTracker probe (pseudocolored green). The yellow
color in the merged image indicates that probe successfully targets the mitochondria of
transfected cells. B.) Co-localization of the mitochondrial target probe and antibodies
specific for the outer mitochondrial membrane (TOM20) and inner mitochondrial membrane
(COX IV). Co-localization experiments were performed on both whole isolated
mitochondria and inner mitochondrial membrane/matrix fractions. Incubation with the
antibodies suggests that the Mito-CA-DsRed2 sensor is expressed in the inner mitochondrial
membrane/matrix of transfected cells.
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Figure 3.
Pseudocolored Ratio Images of Mitochondrial Free [Zn] Following OGD. Physiological
conditions (top left), 1 hr after OGD (top right), 2 hrs after OGD (bottom left), 14 hrs after
OGD (bottom right). The images clearly show an increase in free zinc in the mitochondria at
1 hr after OGD, and a return to physiological levels shortly thereafter.
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Figure 4.
Changes in cytoplasmic free zinc following OGD. Pseudocolored ratio images following 3
hr OGD insult in PC12 cells. Physiological Conditions (top left), 1 hr after OGD (top right),
14 hrs after OGD (bottom left), 24 hrs after OGD (bottom right). Images indicate that
intracellular zinc decreases after OGD before increasing gradually over a 24 hour time
period.
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Figure 5.
Cytosolic and mitochondrial matrix free zinc concentrations following OGD. The average
ratio of Ex365nm/Ex540nm was calculated for each cell (left scale), and from this ratio the
zinc concentration could be determined using the calibration curve (right scale). After OGD
there is a decrease in cytosolic zinc followed by a gradual increase. Mitochondrial matrix
zinc increases significantly 1 hr after OGD and then returns to near physiological levels. The
increase in matrix zinc occurs at the same time as the decrease in cytosolic zinc is observed.
Error bars represent the standard error of the mean. ncytosol = 70–90 cells, nmito = 35–45
cells, * p < 0.05, # p < 0.01.
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