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Abstract
A major obstacle that hampers the design of drug therapy for traumatic brain injury is the incomplete
understanding of the biochemical pathways that lead to secondary cellular injury and contribute to
cell death. One such pathway involves reactive species that generate potentially cytotoxic zinc ion
fluctuations as a major executor of neuronal, and possibly glial, cell death. Whether zinc ions released
during traumatic brain injury are toxic or protective is controversial but can be approached by
investigating the exact concentrations of free zinc ions, the thresholds of compromised zinc buffering
capacity, and the mechanism of cellular homeostatic control of zinc. Rapidly stretch-injured rat
pheochromocytoma (PC12) cells express cellular zinc ion fluctuations that depend on the production
of nitric oxide. Chelation of cellular zinc ions after rapid stretch injury, however, increases cellular
reactive oxygen species. In a rat model of traumatic brain injury, parasagittal fluid percussion,
analysis of the metal load of metallothionein was used as an indicator of changes in cellular zinc ion
concentrations. The combined results from the cellular and in vivo investigations caution against
interpreting zinc ion fluctuations in the early phase (24 hours) after injury as a primarily cytotoxic
event.
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1. Introduction
Sustained and progressive neuronal degeneration is a characteristic feature of traumatic brain
injury (TBI). It is secondary to the primary destruction of tissue caused by the physical impact
and involves vascular, inflammatory, cellular, and molecular events (DeWitt and Prough
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2003;Enriquez and Bullock 2004;Bramlett and Dietrich 2004;Bramlett and Dietrich
2007;Kochanek et al. 2008). The diffuse nature and the complexity of the secondary injury has
thwarted attempts to define effective preventive or therapeutic interventions (Beauchamp et
al. 2008). Research on the chemical mechanisms of neurodegeneration focused largely on the
toxicity of reactive species, glutamate, and calcium (Hall et al. 1988;Katayama et al.
1990;Bramlett and Dietrich 2007).

More recently, the toxicity of zinc (II) ions in focal and global ischemic brain injury is also
receiving experimental scrutiny (Choi and Koh 1998). During transient forebrain ischemia in
rats, zinc ions accumulate in degenerating neurons in the hippocampus, cortex, and other brain
regions (Koh et al. 1996). Under normal physiological conditions, zinc ions are stored in
presynaptic vesicles of some neurons and are believed to be co-released with glutamate, to
bind to the N-methyl-D-aspartic acid (NMDA) receptor and other proteins of the postsynaptic
membrane or to enter the postsynaptic dendrite and to interact with proteins intracellularly
(Frederickson et al. 2004;Sensi et al. 2009). In contrast to ischemic brain disease (Sensi et
al. 2009), only a few investigations have addressed the role of zinc in TBI. After TBI, zinc
staining with intracellular zinc indicators, such as N-(6-methoxy-8-quinolyl)-para-
toluenesulfonamide (TSQ) decreases in the presynaptic neurons, but increases in the
postsynaptic hippocampal neurons (Suh et al. 2000). Intracerebroventricular injection of
CaEDTA, an extracellular zinc chelator, after transient global cerebral ischemia prevents
neuronal death (Koh et al. 1996;Calderone et al. 2004). In TBI of rats, zinc up-regulates
neuroprotective genes (Hellmich et al. 2004), but it does not improve learning and memory
deficits in behavioral tests following TBI (Hellmich et al. 2008). It has been suggested that
release of zinc ions from presynaptic vesicles does not contribute to neuronal damage after
TBI (Doering et al. 2007). Thus, intracellular zinc ions mobilized as a consequence of oxidative
stress rather than extracellular zinc ions could be the source of potentially cytotoxic zinc ions
(Maret 1994;Maret 1995;Frederickson et al. 2004;Dineley et al. 2008). From a large body of
data, the sequence of events that links increased cellular zinc ion concentrations and neuronal
cell death is thought to begin with glutamate excitotoxicity and to involve calcium influx
through calcium channels, calcium-activated nitric monoxide (NO) production by NO synthase
(NOS), an increase in zinc ion concentrations, mitochondrial production of reactive oxygen
species (superoxide), release of more zinc ions from proteins such as metallothionein (MT),
and activation of the mitochondrial pathway of apoptosis (Bossy-Wetzel et al. 2004). Increased
concentrations of intracellular zinc ions may promote neuronal death by inhibiting cellular
energy production, increasing cellular reactive oxygen species (ROS), changing the
mitochondrial membrane potential, and reducing cellular ATP levels (Dineley et al. 2003).

A major issue in defining the functions of zinc ions in these pathways inducing cellular injury
is their cellular concentrations and the capacity of the cell to control them (Maret and Li
2009). Total cellular zinc concentrations are a few hundred micromolar. Most zinc is bound to
proteins with high affinity; therefore, the concentrations of cellular free zinc ions are very low.
Estimates put them in the picomolar to nanomolar range (Krezel and Maret 2006;Bozym et
al. 2006), but higher concentrations can occur when oxidative stress releases zinc from proteins
that utilize sulfur ligands for zinc binding (Maret and Vallee 1998;Maret 2006). Thus, exposing
cells to oxidizing agents or generating a redox signal, e.g. NO, within the cell, increases cellular
free zinc ion concentrations (Turan et al. 1997;Aizenman et al. 2000;St Croix et al. 2002;Spahl
et al. 2003;Cima et al. 2006). Such increased free zinc ion concentrations are very potent
effectors of proteins (Maret et al. 1999).

The threshold for cellular zinc buffering demarcates cytoprotective (pro-antioxidant) from
cytotoxic (pro-oxidant) effects of zinc ions (Hao and Maret 2005). Although these dual
activities of zinc ions may appear paradoxical (Cuajungco and Faget 2003), they merely reflect
the actions of zinc ions at different concentrations: physiological concentrations confer
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neuroprotection while pathophysiological concentrations are neurotoxic (Hao and Maret
2005;Maret 2008). For example, sub-lethal ischemia triggers a neuroprotective increase in free
zinc ion concentrations in postsynaptic neurons, and this ischemic preconditioning can be
blocked by chelating zinc ions with CaEDTA (Lee et al. 2008). Dysregulation of neuronal zinc
ion homeostasis, how much cellular free zinc ions increase, and to which targets the released
zinc ions bind, are important questions in elucidating the mechanisms of cell death following
TBI. In this investigation, changes of zinc ion concentrations during an early phase of sub-
lethal injury (within hours) were quantified. Both in vitro (rapid stretch injury, RSI) and in
vivo (fluid percussion TBI) models of brain injury were employed. The results demonstrate
induced fluctuations of free zinc ions within a physiological range of concentrations and
suggest a cytoprotective effect of the released zinc ions in this time period after injury.

2. Results
The free zinc ion concentrations in normal (uninjured) PC12 cells are 0.97 nM in serum-
containing media and transiently reach 1.4 nM during proliferation (Li and Maret 2009).
Remarkably, during serum withdrawal, PC12 cells mobilize zinc ions from an intracellular
source (Li and Maret 2009). With time, free zinc ion concentrations decrease below the normal
level and growth arrest ensues (Li and Maret 2009). Thus, measurements of zinc ion
concentrations provide critical information on whether or not cells are viable and healthy (Li
and Maret 2009).

RSI caused biphasic zinc ion fluctuations in PC12 cells
After subjecting PC12 cells to RSI (up to 60 psi, 50 ms), less than 10% cell death was detected
by PI staining (Figure 1). Accordingly, 50 psi (50 ms) was employed as sublethal stretch injury
in the following experiments. Within 24 hours, there was a biphasic fluctuation of intracellular
zinc ion concentrations (Figure 2). The highest concentration was observed at one hour post-
injury (~ 1.4 nM), followed by a sharp decline below the baseline (~ 0.9 nM). The
concentrations are then maintained at this low level (~ 0.5 nM).

RSI elevated intracellular reactive species
Sublethally stretched neurons produce high levels of ROS (Arundine et al. 2004). The
fluorescent probe CM-H2DCFDA was employed to measure intracellular ROS after RSI of
PC12 cells. ROS levels increased immediately after injury and peaked one hour later,
coinciding with a time when intracellular zinc ion concentrations were highest (~ 1.4 nM)
(Figure 3A). Following the peak at one hour, ROS decreased slightly but increased again and
remained high even when intracellular zinc ion concentrations were low. Levels of NO in PC12
cells, measured by DAF-FM over time, displayed a slightly different profile peaking at three
hours rather than at one hour after RSI (Figure 3B). Nonetheless, NO levels began to increase
immediately after injury. However, they decreased after the peak rather than increased again
as observed for ROS.

The NOS inhibitor, L-NAME, abolished the increase in intracellular zinc ion concentrations
caused by RSI

To determine whether zinc ion fluctuations depend on the production of NO, the generation of
NO was inhibited by adding 500 μM L-NAME to the PC12 cell culture immediately after RSI.
Intracellular zinc ion concentrations decreased significantly one hour after L-NAME treatment
following RSI, indicating that NO was involved in the increase of zinc ion concentrations
(Figure 4).
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Zinc chelation potentiated the generation of ROS
To examine the relationship between the increased zinc ion concentrations and the levels of
intracellular ROS, an intracellular zinc chelator, TPEN (50 nM), was added immediately after
RSI, and intracellular ROS was measured after one hour. Instead of suppressing the production
of ROS, zinc chelation potentiated it (Figure 5).

Parasagittal fluid percussion TBI induced changes in MT/T ratios
To date, there is no method to monitor real-time changes of cellular zinc ion concentrations
directly in animal tissues. The metal load and the redox state of MT depend on the cellular
environment (Krezel and Maret 2007;Li and Maret 2008). Therefore, it is possible to use
analyses of the MT protein as a specific redox indicator and indicator of zinc ion availability
(Yang et al. 2001;Haase and Maret 2004;Krezel and Maret 2007). Under normal conditions,
the brain level of T is approximately half of the total MT level, namely, the MT/T ratio is about
one (Yang et al. 2001;Krezel and Maret 2007). The basal concentrations of MTtot (MT + T)
and T in the hippocampus and cortex of male Sprague-Dawley rats were 0.2 and 0.1 μmol/g,
respectively (Figure 6). Since there were no significant differences between the injured and
uninjured sides of the hippocampus or the cortex, data were pooled, and a comparison was
made between sham-treated rats and rats that received TBI. Both sham and moderate
parasagittal fluid percussion caused an overall decrease in total MT + T levels (Figure 7). At
30 minutes, total MT + T concentrations became significantly higher (p < 0.05) in TBI groups
in both hippocampal and cortical regions. A significant effect of time (p < 0.001) for the MT/
T ratio in both sham- and TBI-operated animals was observed when the data were analyzed
by two-way ANOVA (Figure 8). During the acute phase after sham or TBI (< 4 hours), the
MT/T ratio increased significantly in both hippocampal and cortical regions, indicating a
transient increase in intracellular zinc ion bioavailability and subsequent zinc binding to
metallothionein. After this peak at 4 hours, the ratio decreased. At 24 hours after TBI, the ratio
of MT/T was significantly lower than at the beginning of the experiment. While analysis using
two-way ANOVA revealed no significant overall effect of injury (sham vs TBI) (p > 0.05),
individual time points (hippocampus: 0.5 hours; cortex: 2 and 4 hours) differ significantly in
sham- and TBI-injured animals when analyzed by Student’s t-test (p < 0.05). TBI tended to
increase the MT/T ratio at the acute phase (< 4 hours), suggesting that intracellular zinc ion
concentrations are elevated after TBI, followed by a tendency for decreased zinc ion availability
as indicated by smaller MT/T ratios at later times. Sham operation resulted in qualitatively
similar changes of the MT/T ratio but there was a smaller MT/T peak at the acute phase (< 4
hours).

3. Discussion
This study demonstrates changes in intracellular free zinc ion concentrations during the early
(0–24 hours) time period after injury. The RSI cell culture model (Ellis et al. 1995) was among
the first used to investigate how mechanical force causes cellular injury. It provides the
opportunity to study the effects of pure mechanical stretch, which is the major mechanical force
when the head is impacted, thus eliminating other factors such as the production of reactive
species due to a lack of oxygen during hypoxia/reperfusion or the need to apply excitatory
agents, such as NMDA and glutamate extracellularly. RSI caused mitochondrial dysfunction
and decreased ATP in mixed cultures of astrocytes and cortical neurons (Ahmed et al. 2000).
It elicited a rapid, yet transient, elevation in intracellular Ca2+ concentration in astrocytes, with
persistent alterations in calcium-mediated signal transduction (Rzigalinski et al. 1998). It
enhanced both NMDA- and AMPA-mediated ion currents, but the mechanisms for the
enhancement differed: RSI reduced the Mg2+ blockade of the NMDA receptor (Zhang et al.
1996), but it desensitized the AMPA receptor (Goforth et al. 1999;Goforth et al. 2004).
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Oxidative stress is one of the major consequences of RSI (Arundine et al. 2004). To date, the
effects of RSI on cellular zinc ions have not been reported.

Our results demonstrate intracellular zinc ion fluctuations within the physiological range (0.4
– 1.4 nM, Figure 2) of zinc ion concentrations in undifferentiated PC12 cells (Li and Maret
2009) as a consequence of sub-lethal RSI, and an NO-mediated increase of zinc ions. Instead
of inducing the production of ROS, i.e. exerting a pro-oxidant effect, the increased zinc ion
concentrations had a pro-antioxidant effect because levels of ROS were higher when cellular
zinc ion concentrations were lowered with a cell-permeable chelating agent (Figure 5). Zinc
ions may protect cells from oxidative damage by binding to thiols and preventing their
oxidation, and/or by activating metal response element (MRE)-binding transcription factor-1
(MTF-1) and antioxidant response element (ARE)-binding transcription factors, such as Nrf2
(Maret 2006;Cortese et al. 2008). In zinc ion-mediated ischemic preconditioning, sub-lethal
increases in zinc ion concentrations induced activated caspase 3 to levels that do not induce
apoptosis but are sufficient to promote the cleavage of poly(ADP-ribose) polymerase 1
(PARP1), thereby blocking the downstream damaging effects of this enzyme (Lee et al.
2008).

At twenty-four hours after mechanical injury, the cellular zinc ion concentrations were below
normal baseline values (0.9 nM), suggesting that PC12 cells develop a cellular “zinc ion
deficiency”. We observed recently that serum starvation leads to a low threshold of 0.4 nM
cellular zinc ion in PC12 cells (Li and Maret 2009). Prolonged incubation in serum-starved
medium will induce apoptosis, which can be prevented by addition of zinc ions (Adamo et
al. 2009). The deficit of zinc ions after sub-lethal RSI therefore can be detrimental for cellular
functions because free zinc ions are a metabolically active pool of zinc in cellular regulation
and signaling (Maret and Li 2009). Such a “zinc ion deficiency” refers to the inability of the
cell to control this pool of zinc and is different from a deficiency of total cellular zinc. The
intracellular zinc ion concentration measured by FluoZin-3 AM is the total zinc ion
concentration in the cytoplasm. This method does not provide any information about the source
of the zinc ions released after injury.

Although cell and tissue culture models permit mechanistic studies of pathways contributing
to cell death and tissue degeneration, validation of the in vitro findings in animal models is
required to formulate interventions for preventing and treating brain injuries.

In the CA3 and the dentate gyrus regions of the hippocampus, TBI causes selective neuronal
loss that may be associated with learning and memory deficits in both experimental animals
(Hamm et al. 1996;Floyd et al. 2002;Grady et al. 2003;Dietrich et al. 1994;Dietrich and Allen
1998) and humans (McAllister 1992;Kesner and Hopkins 2006). The hippocampus and the
cerebral cortex also are regions that stain most intensely for histochemically reactive zinc ions.
Staining of rat brain sections with TSQ (Suh et al. 2000) or Newport Green (Hellmich et al.
2004) 24 hours after brain injury demonstrated that zinc ions accumulate in degenerating
hippocampal and cortical neurons. Although the presence of free zinc ions can be demonstrated
histochemically, an effective method to quantify them in animal tissues does not exist.
However, MT levels and MT metal loads can be employed as indicators of free zinc ion
concentrations (Yang et al. 2001;Krezel and Maret 2007).

Using metallothionein as a reporter molecule, our results demonstrated transient increases in
cellular free zinc ion concentrations monitored as increased MT/T ratios in the hippocampus
and cortex of adult male sham or moderately injured Sprague-Dawley rats four hours after TBI.
Increases in intracellular zinc ions were also observed in sham-operated rats, suggesting that
anesthesia and/or surgical stress alone increased zinc ion concentrations in the same brain
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regions. Compared to sham operation, a difference was not detected in TBI at a significance
level of 0.05 when the data were analyzed by two-way ANOVA.

The observed initial increase in intracellular zinc ion concentrations followed by a decrease
several hours after TBI is consistent with the results from rapid stretch-injured PC12 cells. The
biphasic changes in zinc ion concentrations demarcate two phases with potentially different
and opposite functions of zinc ions during progression of the injury. Thus, time is a critical
parameter when investigating the functions of zinc ions in brain injuries. In addition, similar
patterns of changing MT/T ratios after sham and TBI where observed in the hippocampus and
the cortex. However, the individual time points at the acute phase of injury when TBI showed
a significantly higher MT/T ratio compared to sham are different in the hippocampus and the
cortex. The overall decrease in the total concentrations of MT and T and in the MT/T ratio
suggest that a zinc ion deficiency develops over a longer period after TBI, which is also apparent
for the rapidly stretch-injured PC12 cells.

MT and T levels and their ratios provide a surrogate of direct measurements of zinc ion
concentrations, which at present cannot be determined directly in animal tissues. It is possible
that during tissue homogenization, with the breakdown of the barrier between intracellular and
extracellular compartments, extracellular zinc ions contribute to a change in the MT/T ratio.
Therefore, observed changes in MT/T ratios may be due to fluctuations of zinc ions
intracellularly and/or extracellularly. However, with the possible exception of zinc ions
released from presynaptic zinc-rich vesicles, the contribution from extracellular zinc ions on
the MT/T ratios must be small given the very low extracellularly available zinc ion
concentration and the low ratio of interstitial/cytoplasmic fluid. Nonetheless, if extracellular
zinc were depleted and not repleted, a resulting systemic zinc deficiency in the brain would
compromise repair and recovery processes. Our method determines the metal load of
metallothioneins but does not differentiate among the different MT isoforms. The cell-specific
expression of MTs and their variable metal load and redox states under different experimental
conditions continues to be a major challenge in their analysis (Li and Maret 2008).

Such a cellular zinc ion deficiency might precede a systemic zinc deficiency that develops in
brain trauma patients (McClain et al. 1986). Protective effects of zinc supplementation have
been observed in both long-term ischemia-reperfusion (Atahan et al. 2009) and in brain trauma
(Young et al. 1996). Our findings indicate that a loss of cellular zinc ions is equally, if not
more, detrimental as the pathological increase of intracellular zinc ions, especially when
sustained for a longer period of time after mild or moderate TBI. As a matter of fact, our in
vitro results support a pro-antioxidant effect of the rise in zinc ion concentrations within the
physiological range. The function of such an increase as a physiological response counteracting
injury and protecting the cell against further injury may explain the failure of zinc chelation at
certain time points as a therapeutic strategy to brain injury.

In conclusion, zinc ion fluctuations were detected in sub-lethally injured cells. These
fluctuations are within a physiological range of cellular concentrations and may protect the
cell against secondary injury. A protective effect of mobilized zinc ions has been observed in
ischemic pre-conditioning (Lee et al. 2008;Aras et al. 2009). However, our results do not rule
out that zinc homeostasis and zinc status are compromised over 24 hours after injury when
zinc ion concentrations are below baseline and contribute to cell death directly or indirectly.
In future studies, the thresholds of cellular zinc buffering, the role of different pathways and
compartments in the induction of zinc ion fluctuations at different time points, and the different
proteins that become targets at different zinc ions concentrations all need to be considered.
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4. Methods and Materials
Cell culture

Pheochromocytoma (PC12) cells [(Greene and Tischler 1976) ATCC, CRL-1721] were
maintained in complete growth medium [RPMI 1640 (GIBCO) supplemented with 10% (v/v)
heat-inactivated horse serum (GIBCO), 5% (v/v) fetal bovine serum (FBS) (HyClone) and 1%
(w/v) penicillin/streptomycin (GIBCO)] at 37 °C in a humidified, 5% CO2 incubator.

Fluorescence assay for intracellular zinc ion concentrations
Intracellular zinc ion concentrations were determined with FluoZin-3 (Krezel and Maret
2006). Briefly, cells were detached from culture dishes by gentle scraping. Following two
washes with DPBS without Ca2+ and Mg2+ at 37 °C, cell suspensions (1 × 106 cells/ml) were
aliquoted into Eppendorf tubes and incubated at 37 °C for 30 min. For all measurements of
intracellular zinc ion concentrations, 0.3 μM FluoZin-3 acetoxymethyl ester (FluoZin-3 AM)
(Invitrogen, Molecular Probes), was used. The concentration of FluoZin-3 AM (0.3 μM) was
chosen from a quantitative assay that employs a series of different concentrations of FluoZin-3
AM and an extrapolation to a zero probe concentration to determine the absolute intracellular
zinc ion concentration (Krezel and Maret 2006). It is the lowest concentration of the probe that
allows accurate measurements and exerts a minimal effect on cellular zinc buffering of PC12
cells (Li and Maret 2009). Cells were then washed three times with DPBS without Ca2+ and
Mg2+ at 37 °C to remove any residual fluorescence probe, and incubated another 30 min at 37
°C. Fluorescence was measured at 25 °C with 492 nm excitation and 517 nm emission in a
spectrofluorimeter. Six Eppendorf tubes of cells were prepared for each measurement, and they
were randomly assigned into two groups afterwards with three tubes in each group to receive
two different treatments for 10 min to measure Fmin and Fmax. Fmin is the background
fluorescence of the dye measured in the presence of 50 μM N,N,N′,N′-tetrakis(2-
pyridylmethyl) ethylenediamine (TPEN) (Sigma-Aldrich), and Fmax is the maximum of
fluorescence in the presence of 100 μM pyrithione (Sigma-Aldrich), a zinc ion ionophore that
facilitates zinc entry into cells, and 250 μM ZnSO4 to saturate the probe. The concentrations
of zinc ions were calculated by using the following equation. [Zn2+] = Kd (F-Fmin)/(Fmax-F)
with Kd = 8.9 nM.

The calibration employing Fmin and Fmax makes the determination independent of cell number.

Fluorescence assays for reactive species
Intracellular reactive oxygen species (ROS) was measured with 5′-(and-6′)-chloromethyl-2′,
7′-dichlorodihydrofluorescein diacetate, acetyl ester, mixed isomers (CM-H2DCFDA)
(Invitrogen, Molecular Probes), a probe that detects superoxide (O2

•−), hydrogen peroxide
(H2O2), hydroxyl free radical (HO•), and peroxynitrite (ONOO−) (Fekete et al. 2008). Cells
were detached from culture dishes by gentle scraping. After washing twice with DPBS without
Ca2+ and Mg2+ at 37 °C, the cell suspensions (1 × 106 cells/ml) were aliquoted into Eppendorf
tubes and incubated for 30 min with 5 μM CM-H2DCFDA with (Fmax) or without (F) 300
μM tert-butyl hydroperoxide (Sigma-Aldrich) at 37 °C. Cells were washed three times with
DPBS without Ca2+ and Mg2+ at 37 °C to remove any residual fluorescence probe, and
incubated for another 30 min at 37 °C. Fluorescence was measured at 25 °C with 492 nm
excitation and 517 nm emission in a spectrofluorimeter. The level of ROS was calibrated by
determination of Fmin, which is the basal level of ROS in control cells, and Fmax, which is the
maximum fluorescence in the presence of tert-butyl hydroperoxide that is used to oxidize all
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the probe molecules. The relative normalized fluorescence was calculated by using the
equation:

The concentration of NO was measured with 4-amino-5-methylamino-2′,7′-
difluorofluorescein (DAF-FM) diacetate (Invitrogen, Molecular Probes). Cells were detached
from culture dishes by gentle scraping. After washing twice with DPBS without Ca2+ and
Mg2+ at 37 °C, the cell suspensions (1 × 106 cells/ml) were aliquoted into Eppendorf tubes and
incubated with 3 μM DAF-FM diacetate at 37 °C for 30 min. Cells were washed three times
with DPBS without Ca2+ and Mg2+ at 37 °C to remove any residual fluorescence probe, and
incubated for another 30 min at 37 °C. Fluorescence was measured at 25 °C with 492 nm
excitation and 517 nm emission in a spectrofluorimeter. The level of NO was normalized to
total cell numbers, which were determined using a Coulter Counter, Model ZF (Coulter
Electronics, Inc., Hialeah, FL).

Rapid stretch injury (RSI)
Intracellular zinc ions and generation of reactive species were monitored fluorimetrically over
a time period of up to 24 hours after injuring PC12 cells with the rapid stretch injury model
described by Ellis et al., 1995. To perform RSI, cells were plated in 6-well Flex I® culture
plates with a silastic membrane bottom coated with collagen I (FlexCell International
Corporation) at a density of 1 × 105/ml in 1 ml complete culture medium. After 24 hours of
incubation, the culture plates were connected to a 94A Cell Injury Controller (Biomedical
Engineering Facility, Medical College of Virginia), which employs a nitrogen gas pulse to
deform the silastic membrane and achieve a predetermined degree of stretch for a
predetermined duration (Ellis et al. 1995). Viability of PC12 cells 24 hours after different levels
of stretch injury (0, 20, 30, 40, 50 and 60 psi for a duration of 50 msec) were determined by
propidium iodide (PI, Calbiochem, San Diego, CA) staining. Cells were stained with 5 μM PI
solution in medium for 30 min and counted under fluorescent microscope. For all of the RSI
experimental procedures, the pulse pressure/duration was 50 psi/50 msec, which generated
sub-lethal mechanical stretch to PC12 cells. After RSI, cells were kept in complete culture
medium at 37 °C in a humidified, 5% CO2 incubator for 0.5, 1, 3, 6, 12 and 24 hours before
measuring intracellular zinc ion concentrations or reactive species.

For the NOS inhibition experiment, 500 μM Nω-nitro-L-arginine methyl ester hydrochloride
(L-NAME) (Sigma-Aldrich) was added immediately after RSI and the cells were kept at 37 °
C in a humidified, 5% CO2 incubator before measuring intracellular zinc ion concentrations.
PC12 cell cultures were divided randomly into four groups: Group 1 served as a control without
either RSI or L-NAME treatment; Group 2 was treated only with L-NAME; Group 3 received
only RSI; and Group 4 received both RSI and treatment with L-NAME. Since the highest
intracellular zinc ion concentrations were observed one hour after RSI, L-NAME was added
to cell cultures with or without RSI one hour before zinc ions were measured. At high
concentrations, L-NAME is non-selective and inhibits all three types of nitric oxide synthases:
eNOS, nNOS, and iNOS (Liaudet et al. 1998). For the zinc chelation experiment, 50 nM TPEN
was added immediately after RSI and the cells were maintained at 37 °C in a humidified, 5%
CO2 incubator for one hour, since the highest ROS levels were observed one hour after RSI.
PC12 cell cultures were divided randomly into four groups: Group 1 served as a control without
either RSI or TPEN treatment; Group 2 was treated only with TPEN; Group 3 received only
RSI; and Group 4 received both RSI and treatment with TPEN.
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Parasagittal fluid percussion injury
All animal experiments were approved by the Institutional Animal Care and Use Committee
of the University of Texas Medical Branch, Galveston, Texas. Male Sprague-Dawley rats
weighing 400–500 g were anesthetized, intubated and mechanically ventilated with 1.5–2.0%
isoflurane in air:oxygen (70:30) and prepared for parasagittal fluid percussion TBI (Mathew
et al. 1999). Briefly, the rats were placed in a stereotaxic frame and a craniotomy was performed
1 mm lateral right to the sagittal suture, midway between the bregma and lambda sutures. A
modified LuerLok syringe hub was placed in the craniotomy site and anchored in place with
dental hygienic acrylic resin. Rats were then connected to the trauma device and subjected to
either a sham injury or moderate (2.0 atm) TBI. Rats were randomly assigned into the sham
injury (n = 6 per time point) or moderate TBI (n = 6 per time point) group. The acrylic cap was
removed, wounds were sutured with 4-0 prolene, the isoflurane was discontinued, and the rats
were extubated and permitted to awaken from anesthesia. After survival for 0.5, 2, 4, 16 or 24
hours, rats were re-anesthetized with 4% isoflurane, decapitated and the brains were rapidly
removed for dissection of the cortex and hippocampus from the ipsilateral (injured) and
contralateral sides of the brain to measure MT. The basal concentration of total MT and the
MT to thionein (T) ratio were also obtained by collecting brain tissues from six rats receiving
no surgery and sacrificed under anesthesia with 4% isoflurane.

Fluorescence assay for MT
Fluorimetric assays allow determination of the metal load of MT (Yang et al. 2001;Krezel and
Maret 2007). The fraction of the protein that is not saturated with metal ions is referred to as
T. Hippocampi and cortices of Sprague-Dawley rats were dissected immediately after sacrifice
for MT measurements (Yang et al. 2001;Krezel and Maret 2007). The tissues were
homogenized by a Kontes electric pellet pestle (Fisher Scientific) in homogenizing buffer (0.2
M mannitol, 0.05 M sucrose, 0.01 M KCl, 0.01 M HEPES, pH 7.4) in a microliter volume that
corresponds to 4 times the weight of the tissue (in mg). After centrifugation at 10,000 × g for
5 min, 10 μl supernatant was diluted in 20 mM Tris-HCl, pH 7.4 to determine total protein
concentrations using the Pierce Micro BCA™ protein assay kit. The remaining supernatant was
collected and treated with 40% (v/v) acetonitrile (EM Science) for 15 min to precipitate large
and hydrophobic proteins. The suspension was spun at 10,000 × g for 5 min and the supernatant
was labeled immediately with 1 mM ammonium 7-fluorobenz-2-oxa-1,3-diazole-4-
sulfonamide (ABD-F) (Invitrogen, Molecular Probes) in 35 mM borate buffer, pH 7.4. Tris-
(2-carboxyethyl)phosphine, hydrochloride (TCEP) (Invitrogen, Molecular Probes) was added
to a final concentration of 15 mM because ABD-F can label only reduced thiols. Twenty-five
mM Na2EDTA (Sigma-Aldrich) was added for total metallothionein measurement, but omitted
for T measurement. After incubation at 60 °C for 10 min, samples were separated on a reversed-
phase C4 Phenomenex Jupiter 5μ column (250 mm × 4.60 mm2) with a Phenomenex pre-
column at a flow rate of 1 ml/min, using a Beckman Coulter System Gold HPLC system with
eluent A (5 mM Tris-HCl, pH 7.4) and eluent B (50% 2-propanol in A). The condition was
90% eluent A and 10% eluent B with a double step gradient to 40% eluent B at 5 min and to
100% eluent B at 12 min. The fluorescence signal was detected with a JASCO Intelligent
Fluorescence Detector Model 2020 with excitation of 384 nm and emission of 510 nm and a
detector gain at ×100. All aspects of the experiment were performed at 25 °C. During analysis,
however, samples were cooled at 4 °C in the auto-sampler.

Statistical analysis
Results were analyzed by using one-way ANOVA to determine significance at the level of
0.05 between different time points or treatments for in vitro experiments. When ANOVA
detected significance, the significance of differences was determined by the Student’s t-test
with Bonferroni adjustment for multiple comparisons. Two-way ANOVA was used to analyze
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the effect of in vivo treatment (sham vs TBI) and time for MT/T measurements. The Student’s
t-test was used to compare the difference between sham and TBI at individual time points.
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Abbreviations used

ABD-F 7-fluorobenz-2-oxa-1,3-diazole-4-sulfonamide

CM-H2DCFDA 5′-(and-6)-chloromethyl-2′,7′-dichlorodihydrofluorescein diacetate,
acetyl ester, mixed isomers

DAF-FM diacetate 4-amino-5-methylamino-2′,7′-difluorofluorescein diacetate

FluoZin-3 AM FluoZin-3 acetoxymethyl ester

L-NAME Nω-nitro-L-arginine methyl ester hydrochloride

MT metallothionein

NO nitric monoxide

NOS nitric oxide synthase

PI propidium iodide

ROS reactive oxygen species

RSI rapid stretch injury

T thionein

TBI traumatic brain injury

TPEN N,N,N′,N′-tetrakis(2-pyridylmethyl)ethylenediamine

TSQ N-(6-methoxy-8-quinolyl)-para-toluenesulfonamide
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Figure 1.
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PC12 cell viability measured with propidium iodide (PI) staining after rapid stretch injury. (A)
Phase contrast and fluorescence microscopic images of PC12 cell cultures at 24 hours after
different levels of RSI (0, 20, 30, 40, 50 and 60 psi for a duration of 50 msec). (B) Percentage
of dead cells relative to the total number of cells.
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Figure 2.
Rapid stretch injury-induced fluctuations of intracellular zinc ion concentrations in PC12 cells.
Intracellular zinc ion concentrations were measured fluorimetrically with 0.3 μM FluoZin-3
AM in 1 ml DPBS without Ca2+ and Mg2+ at 37 °C for 30 min at 0, 0.5, 1, 3, 6, 12 and 24
hours after RSI. Data are represented as mean ± SD (n = 3, p < 0.005 by one-way ANOVA).
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Figure 3.
Rapid stretch injury-induced levels of reactive oxygen and nitrogen species in PC12 cells. (A)
ROS and (B) NO were measured fluorimetrically at 0, 0.5, 1, 3, 6, 12 and 24 hours after RSI.
Cells (1 × 106/ml) were incubated with 5 μM CM-H2DCFDA or 3 μM DAF-FM in 1 ml DPBS
without Ca2+ and Mg2+ at 37 °C for 30 min for ROS or NO measurement, respectively. The
level of ROS was calibrated by Fmax, which is the fluorescence with the presence of 300 μM
tert-butyl hydroperoxide, and was normalized to the fluorescence of PC12 cells prior to serum
starvation as the control. The level of NO was normalized to total cell numbers. Data are
represented as mean ± SD (n = 3, p < 0.0005 for ROS, and p < 0.01 for NO by one-way
ANOVA).
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Figure 4.
Effect of NOS inhibition on intracellular zinc ion concentrations in PC12 cells. CONTROL:
no RSI, no L-NAME treatment; L-NAME: treated with 500 μM L-NAME in complete culture
medium for 1 hour; RSI: 1 hour after RSI; and RSI+L-NAME: treated with 500 μM L-NAME
immediately after RSI for 1 hour. Data are represented as mean ± SD (n = 3, *p < 0.001
compared to CONTROL, and #p < 0.001 compared to RSI by one-way ANOVA with
Bonferroni adjustment for multiple comparisons).
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Figure 5.
Effect of zinc chelation on ROS generation in PC12 cells. CONTROL: no RSI, no TPEN
treatment; TPEN: treated with 50 nM TPEN in complete culture medium for 1 hour; RSI: 1
hour after RSI; and RSI+TPEN: treated with 50 nM TPEN immediately after RSI for 1 hour
before measurement. Data are represented as mean ± SD (n = 3, *p < 0.001 compared to
CONTROL, and #p < 0.001 compared to TPEN and RSI by one-way ANOVA with Bonferroni
adjustment for multiple comparisons).
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Figure 6.
Basal concentrations of MTtot (MT + T) and T in rat hippocampus and cortex. (n =6)
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Figure 7.
Total levels of MT plus T in rat (A) hippocampus and (B) cortex after sham and TBI treatments
(n = 6, *p < 0.05 compared to sham by Student’s t-test).
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Figure 8.
The ratio of MT to T in rat (A) hippocampus and (B) cortex after sham and TBI treatments (n
= 6, *p < 0.05 compared to sham by Student’s t-test; p < 0.0001 for time effect by two-way
ANOVA).
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