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Abstract: A major yet unsolved quest in treating traumatic brain injury (TBI) is 

the understanding of the secondary cellular injury that contributes to cell death.  

Whether zinc ions are toxic or protective in TBI is controversial.  As an essential human 

micronutrient, zinc is needed for the structure and function of at least 3,000 proteins, and 

thus affects almost any aspect of cellular function.  Although extremely low, 

intracellular zinc ion concentrations, [Zn
2+

]i, are tightly controlled to ensure optimal 

physiology and to avoid toxicity.  Furthermore, zinc ions are now believed to be 

signaling ions, especially in neuronal systems.  This dissertation addresses the dynamics 

of [Zn
2+

]i and quantitatively defines its safe range in particular cell types.  [Zn
2+

]i was 

measured to be pico- to nanomolar in undifferentiated and differentiated rat 

pheochromocytoma (PC12) cells and in rat glioma (C6) cells.  When PC12 cells 

proliferate, [Zn
2+

]i undergoes precisely controlled fluctuations with two peaks within one 

cell cycle.  These results demonstrate that the already established requirement for zinc in 

the cell cycle and in differentiation relates to the availability of zinc ions.  In a 
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mechanical model of cellular injury, namely rapid stretch injury (RSI), nitric oxide 

induces an increase in [Zn
2+

]i that subsequently may protect cells by repressing the 

generation of ROS.  A peak at one hour was followed by decreased [Zn
2+

]i.  In PC12 

cells, [Zn
2+

]i dropped below its normal level, indicating that these cells were in a state of 

“zinc ion deficiency” hours after RSI.  In an in vivo model of neural injury, namely fluid 

percussion TBI of rats, changes of [Zn
2+

]i were indirectly demonstrated by measuring the 

levels and states of the zinc-binding protein, metallothionein/thionein, in the 

hippocampus and the cortex.  These results demonstrate that [Zn
2+

]i as well as zinc 

buffering dynamically fluctuate to adapt to the requirements of cellular functions, even 

when [Zn
2+

]i is extremely low inside the cell.  They suggest that toxicity occurs when 

[Zn
2+

]i falls outside the safety thresholds.  Therefore, when, where, how much and in 

which form zinc is present determine whether chelation or supplementation is an option 

for treatment.  These new concepts provide new leads for developing strategies to treat 

TBI. 
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CHAPTER 1: GENERAL INTRODUCTION 

 

 “… it [zinc] might turn out to be the „calcium of the twenty-first century‟.” 

------ Christopher J. Frederickson, Jae-Young Koh, and Ashley I. Bush, 2005 

1.1 ZINC: AN ESSENTIAL HUMAN MICRONUTRIENT 

 

 Zinc is essential for human growth and development.  Human adults contain 2-3 

g of body zinc, only about 0.1% of which is replenished daily (Maret and Sandstead, 

2006).  At the organismal level, the nutriture of zinc follows the typical curve shown in 

Figure 1.  Both zinc deficiency and overdose have deleterious effects.  Interactions of 

zinc and zinc-binding proteins are especially important in both physiological and 

pathological events.  Zinc participates in enzymatic catalysis, structural organization, 

and regulation of protein functions.  At least 3,000 proteins, estimated to represent about 

10% of the human proteome, are potentially zinc-binding proteins (Figure 2) (Andreini et 

al., 2006).   

 

 At the cellular level, zinc is critically involved in proliferation, differentiation, and 

viability.  Inside the cell, there are two important zinc pools, namely protein-bound zinc 

and free zinc ions (Zn
2+

).  Even though total zinc concentrations in eukaryotic cells 

reach several hundred micromolar, intracellular zinc ion concentrations are maintained at 
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concentrations that are many orders of magnitude lower (Bozym et al., 2006; Krezel and 

Maret, 2006; Colvin et al., 2008).  Despite their extremely low concentrations, zinc ions 

are essential for many vital cellular activities.  They affect the function of many 

cytosolic proteins.  Within the nuclear milieu, zinc ions
 
can regulate gene transcription 

by interacting with transcription factors, for example, metal response element (MRE)-

binding transcription factor-1 (MTF-1), which initiates expression of protective genes 

against heavy metal toxicity and oxidative stress (Andrews, 2001; Lichtlen and 

Schaffner, 2001).  In the brain, zinc ions serve as neurotransmitters (Frederickson et al., 

2000).  Besides their function in neuronal signaling, zinc ions can also mimic the actions 

of hormones, growth factors, and cytokines, suggesting that the zinc ion serves as an 

intracellular signaling ion (Beyersmann and Haase, 2001; Haase and Maret, 2008).  In 

fact, zinc ions can replace growth factors to induce cell proliferation under experimental 

conditions (Wong et al., 2006).  In the immune system, the zinc ion is identified as a 

novel secondary messenger, which, via inhibition of tyrosine phosphatase activity, 

modulates mitogen-activated protein kinase (MAPK) activation and expression of 

interleukin-6 and tumor necrosis factor-alpha (TNFα) in mast cells (Yamasaki et al., 

2007).  The inhibition constant of zinc ions for tyrosine phosphatase is in the nanomolar 

range (Maret et al., 1999), which is in the range of reported intracellular zinc ion 

concentrations (Bozym et al., 2006; Krezel and Maret, 2006; Colvin et al., 2008).    

 

On the other hand, zinc ions can be toxic and induce cell death at increased 

concentrations.  For example, zinc ions are toxic to neuronal cells (Koh et al., 1996; 
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Sensi and Jeng, 2004; Frederickson et al., 2005), immune cells (Telford and Fraker, 1995; 

Ibs and Rink, 2003), and many other cell types.  Thus, intracellular zinc ion 

concentrations must be controlled in a proper range to ensure optimal physiological 

activity and to avoid toxicity.   

 

The major intracellular zinc-binding proteins that are involved in the regulation of 

zinc ion homeostasis include zinc transporters (Gaither and Eide, 2001; Colvin et al., 

2003; Eide, 2006) and metallothionein (MT) (Nagel and Vallee, 1995; Bell and Vallee, 

2009).  In eukaryotic cells, zinc transporters, ZnT and Zip, control zinc sequestered 

within subcellular vesicles and zinc transport in and out of the cytosol (Gaither and Eide, 

2001; Colvin et al., 2003; Eide, 2006).  ZnT, which are the mammalian forms of the 

cation diffusion facilitators (CDF), avoid excessive cytoplasmic zinc accumulation by 

either facilitating zinc efflux or by sequestering zinc in intracellular organelles and 

vesicles.  Zip proteins, on the other hand, transport zinc into the cytosol.  The 

intracellular zinc bioavailability, which refers to the amount of zinc ions that is readily 

available to a zinc chelating agent and/or a zinc-binding protein (Hao and Maret, 2005), 

is also regulated by the total amount of metallothionein proteins as well as the ratio of the 

metal-bound form to the apo-form.  In addition, in multicellular eukaryotic cells, the 

major zinc-sensing molecule is MTF-1, which is activated by zinc ions to regulate 

expression of metallothionein and other genes involved in heavy metal detoxification and 

antioxidative reactions (Andrews, 2001; Lichtlen and Schaffner, 2001).  
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1.2 ZINC IN THE BRAIN 

 

Zinc is required for brain function and development (Sandstead et al., 2000).    

Although the brain does not rank high among the human organs for its total content of 

zinc, brain zinc is preserved even with severe zinc deficiency, partially through 

alterations in zinc-transporter expression (Chowanadisai et al., 2005).  Zinc deficiency 

at critical times of development impairs neuronal multiplication, growth, migration, and 

synaptogenesis (Buell et al., 1977; Dvergsten et al., 1983; Dvergsten et al., 1984a,b).  In 

particular, zinc is essential for cognitive functions, including learning and memory.  The 

association of zinc deficiency and mental retardation has been extensively reviewed 

(Sandstead, 2003).   

 

There has been tremendous progress in the exploration of the role of zinc as a 

neuronal signaling molecule (Figure 3).  A critical early observation was made in 1967 

when Finn-Mogens Haug discovered that vesicles at presynaptic boutons in the brain 

contain histochemically stainable zinc (Haug, 1967).  For decades, investigators found 

high concentrations of zinc ions
 
in the presynaptic vesicles of excitatory nerve terminals 

in the hippocampus, amygdala, and neocortex and defined such zinc-containing 

glutamatergic
 
neurons to be "gluzinergic” (Figure 4) (Frederickson et al., 2000).  Zinc 

ions
 
in the presynaptic vesicles are released during neuronal activity (Assaf and Chung, 

1984), and act on the receptors of post-synaptic neurons.  For example, zinc-binding 

sites are found in N-methyl-D-aspartic acid (NMDA) receptors, and binding of zinc ions 
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attenuate NMDA receptor-mediated excitation (Peters et al., 1987), while zinc ions 

enhance Ca
2+

-permeable α-amino-3-hydroxy-5-methyl-4-isoxazole propionic acid 

(AMPA)/kainate receptor-mediated responses (Rassendren et al., 1990; Bresink et al., 

1996).  Zinc ions decrease the sensitivity of the γ-aminobutyric acid (GABA) receptor 

(Fisher and Macdonald, 1998).  In fact, most of the key players in fast synaptic 

transmission are highly sensitive to extracellular zinc ions (Smart et al., 2004; 

Frederickson et al., 2005).  Therefore, zinc ions may regulate both excitatory and 

inhibitory synaptic transmission.  Unlike conventional neurotransmitters, zinc ions can 

enter postsynaptic neurons through different Ca
2+

 channels (Choi and Koh, 1998; Li et 

al., 2001a,b).  The abrupt increase of intracellular zinc ions induces numerous signaling 

events through the interaction of zinc ions with target proteins and organelles, and in 

DNA/RNA metabolism.  Quantitative definition of zinc ion concentrations within 

different neuronal cell types and intracellular regions and the dynamics of zinc ions in 

different neuronal events are critical for achieving a better understanding of the 

mechanisms of zinc actions and regulation.   

 

1.3 METALLOTHIONEIN/THIONEIN, CELLULAR REDOX STATUS AND 

REGULATION OF ZINC IONS 

 

MT was first isolated from horse kidney (Margoshes and Vallee, 1957).  Human 

MTs are low-molecular weight (M.W. = 6-7 Kd), single-polypeptide-chain proteins of 60 

or more amino acid residues (Nagel and Vallee, 1995; Li and Maret, 2008; Bell and 
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Vallee, 2009).  Two zinc/thiolate clusters, Zn3S9 and Zn4S11, with characteristic sulfur 

(cysteine) ligand bridges to bind up to seven zinc ions are conspicuous features of 

mammalian MTs (Figure 5) (Arseniev et al., 1988; Robbins et al., 1991).  Genes 

encoding human MTs are clustered at a single locus on chromosome 16 (16q13), and at 

least ten isoforms of MTs are expressed in human cells (Li and Maret, 2008).  MT I/II 

are expressed in most mammalian organs, including the brain (Palmiter et al., 1992; 

Ebadi et al., 1995), but expression is substantially lower in neurons than in astrocytes 

(Hidalgo et al., 2001).  MT III appears to be mainly expressed in the central nervous 

system (CNS) (Uchida et al., 1991; Palmiter et al., 1992).  It was first characterized as a 

neuronal growth inhibitory factor (GIF) (Uchida et al., 1991).  In the brain, MT III 

mRNA is particularly abundant in the cerebral cortex, hippocampus, amygdala, and the 

neuronal nuclei at the base of the cerebellum (Masters et al., 1994), which are also the 

regions where zinc ion content is high.  MT III knockout mice show increased 

susceptibility to kainic acid-induced seizures.  The same phenomenon is observed in 

ZnT3 knockout mice that lack histochemically reactive zinc in the presynaptic vesicles 

(Cole et al., 2000).  These observations suggest that MT III may function in the same 

pathway with ZnT3, which is the transporter at the vesicle membrane, to transport zinc 

ions into vesicles (Cole et al., 1999).  In fact, the zinc-bound form of MT III participates 

in the synaptic vesicle cycle by binding to the small GTPase, Rab3A, which interacts 

with docking and trafficking proteins on synaptic vesicles (Knipp et al., 2005).  

However, the detection of MT III in the kidney (Garrett et al., 1999), eye (Lu et al., 2002) 

and salivary gland (Irie et al., 2004) make it clear that MT III is not a CNS-specific 

isoform.  
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Initially, MT was believed to transport and store essential trace metals and 

detoxify heavy metals (Kagi and Vallee, 1960).  In addition to its high affinity and 

capacity of zinc binding, the high cysteine content of MT suggests antioxidant properties, 

since the sulfur ligands can be oxidized, and redox-sensitive regulation of cellular zinc 

availability and transfer (Jacob et al., 1998; Maret, 2003).  A substantial increase of 

MTI/II expression has been found in a wide variety of pathological and experimental 

insults to the brain, for example cryogenic injury (Carrasco et al., 1999) and ischemia-

reperfusion (Campagne et al., 2000; Trendelenburg et al., 2002), and these findings led to 

the proposal that MT is a stress-response protein.  Hypotheses regarding the 

mechanisms of action of MT I/II in the injured brain include MTI/II regulation of zinc 

ions (Davis and Cousins, 2000), free radical scavenging (Sato and Kondoh, 2002), and 

regulation of redox-sensitive energy metabolism (Maret, 2003).  MT I/II in astrocytes 

are induced after injury and transferred intercellularly to protect neurons and induce 

axonal regeneration (Chung et al., 2008).   

 

In many tumor cells, evidence for the existence of the apo-form of MT, thionein 

(T), was put forward (Pattanaik et al., 1994), and later was confirmed under normal 

physiological conditions (Yang et al., 2001; Krezel and Maret, 2007).  Understanding of 

the function of this zinc-binding protein has been revised based the knowledge of the 

different states of MT, namely the metal-bound form, metal-free reduced form, and 

metal-free oxidized form.  The revised view is that the MT/T pair controls the 
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availability of zinc via different ratios of MT to T, at least in part in response to changes 

in cellular oxidative stress (Maret, 1994; Maret, 2003). 

 

In contrast to copper and iron ions, zinc ions are redox-inert and always remain in 

the 2+ state (Zn
2+

).  Nonetheless, zinc ions participate in cellular redox regulation, and 

oxidative stress can affect zinc metabolism.  Redox-sensitive zinc-sulfur coordination in 

zinc-binding proteins such as MT provides a bridge between zinc ion and cellular redox 

status.  The sulfur in the cysteine ligands can be oxidized and reduced with concomitant 

release or binding of zinc ions (Figure 6) (Maret, 2004). 

 

1.4 TRAUMATIC BRAIN INJURY 

 

The large number of head injuries and associated high medical expenses make 

traumatic brain injury (TBI) a major health care problem in the United States (DeWitt 

and Prough, 2003).  TBI kills or changes the lives of approximately two million 

individuals each year in the US (Nolan, 2005).  Progressive neuronal degeneration 

commonly follows the primary tissue destruction after impact.  It is generally believed 

that this secondary injury might be avoided if the cellular mechanisms that lead to 

apoptosis and necrosis were better understood.  Because knowledge in this area is still 

limited, and to date, “the golden bullet” for treatment of acute TBI has yet to be found 

(Beauchamp et al., 2008).   
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Secondary injury develops over time from a complex series of pathophysiological 

events within and around cells.  An interplay of three major deleterious pathways, 

namely glutamate excitotoxicity, calcium overload, and oxidative stress, is believed to 

lead to neuronal damage and death following traumatic brain injury (Juurlink and 

Paterson, 1998).  The term “excitotoxicity” was coined by D.R. Lucas and J.P. 

Newhouse in 1957 to describe the pathological process by which nerve cells are damaged 

and killed by glutamate and similar excitatory amino acids (Lucas and Newhouse, 1957).  

There is a marked increase in extracellular glutamate and aspartate after TBI (Palmer et 

al., 1993) due to massive release from presynaptic terminals and impairment of re-uptake, 

both of which are caused by energy depletion resulting from reduced blood flow and 

oxygen (Dirnagl et al., 1999).  The neurotoxic effect of extracellular glutamate is well 

documented (Choi, 1992).  The sustained release of glutamate with prolonged 

postsynaptic excitation causes accumulation of intracellular sodium, which in turn leads 

to acute neuronal swelling (Okiyama et al., 1995).  Activation of N-methyl-D-aspartic 

acid (NMDA) receptors and metabotropic glutamate receptors contributes to calcium 

overload, which induces a cascade of metabolic disturbances within neurons (Shapira et 

al., 1989).  It is, therefore, logical to hypothesize that antagonists directed toward the 

NMDA receptor might be effective.  However, initial clinical trials have been 

disappointing (Narayan et al., 2002), presumably because NMDA has such a critical role 

in normal brain physiology.  Mechanisms proposed for increased free radical generation 

include the arachidonic acid cascade (Ellis et al., 1981; Ikeda and Long, 1990; Kuehl, Jr. 

and Egan, 1980), dysfunction of mitochondria (Ikeda and Long, 1990; Pryor, 1986), 

enhanced activities of xanthine oxidase (Kinuta et al., 1989) and NADPH oxidase 
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(Kawano et al., 2007), and auto-oxidation of catecholamines (Ikeda and Long, 1990).  

Superoxide reacts with nitric oxide (NO) from inducible nitric oxide synthase (iNOS) that 

is activated by calcium to form peroxynitrite (ONOO-) (Beckman et al., 1990).  The 

direct toxicity of NO is modest but is greatly enhanced from formation of peroxynitrite 

(Beckman and Koppenol, 1996).   

 

Among different brain regions, the hippocampus is selectively vulnerable to 

secondary changes following TBI (Lowenstein et al., 1992).  Cognitive deficits, 

impaired learning, and memory dysfunction and loss are the most common and long-

lasting clinical outcomes among human TBI patients.  The hippocampus, which is 

essential for learning and memory, contains a high amount of histochemically reactive 

zinc, especially in presynaptic vesicles of mossy fibers.  As noted earlier, zinc is 

essential for normal cognitive functions. 

 

1.5 HISTORY OF RESEARCH ON ZINC AND TRAUMATIC BRAIN INJURY  

 

In the short history of research on zinc and TBI (Table 1.1.), both toxic and 

protective roles of zinc have been suggested.  A general conclusion is that zinc ions 

accumulate at the injury site and may be involved in neuronal degeneration, yet adequate 

systematic zinc status and zinc supplementation after injury are beneficial for resistance 

to and recovery from the injury.  Particularly, the involvement of zinc ions in secondary 

brain injury has been demonstrated by showing accumulation of zinc ions in degenerating 
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neurons (Suh et al., 2000) and by observing the protective effects of zinc chelation, which 

correlates with upregulation of neuroprotective genes (Hellmich et al., 2004).  

 

Most studies suggesting a neurotoxic role of high concentrations of zinc ions have 

been performed using ischemia-reperfusion models (Choi and Koh, 1998; Frederickson et 

al., 2004; Frederickson et al., 2005).  After transient forebrain ischemia, zinc ions 

accumulate in degenerating neurons in the hippocampal hilus and cornu ammonis (CA) 1, 

cerebral cortex, thalamus, stratum and amygdala in rats (Koh et al., 1996).  Zinc ions 

enter post-synaptic neurons in toxic amounts during TBI (Suh et al., 2000).  A zinc 

translocation model has been proposed to explain the source of toxic zinc ions.  

According to this model, zinc ions are released from presynaptic vesicles in a calcium 

influx-dependent manner upon membrane depolarization (Frederickson et al., 2004).  

Intracerebroventricular injection of CaEDTA, an extracellular zinc chelator, did 

successfully prevent neuronal death after transient global cerebral ischemia (Koh et al., 

1996) and up-regulates neuroprotective genes after TBI in rats (Hellmich et al., 2004).  

However, the translocation model is inadequate.  Mice without detectable vesicular zinc 

ions via knockout of ZnT-3, which is the zinc transporters that loads zinc ions into the 

presynaptic vesicle, also suffer neuronal degeneration after injury from experimental 

seizures (Lee et al., 2000).  In addition, it was found that CaEDTA decreases 

intracellular zinc ion concentrations without entering into the cell (Frederickson et al., 

2002).  Therefore, the prevention of neuronal death by CaEDTA can no longer support 

the hypothesis that the “toxic” zinc ion is solely from synaptic translocation into the 

neuron.  In fact, it has been suggested that vesicular zinc ions do not contribute to 
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neuronal damage after TBI (Doering et al., 2007).  Intracellular protein-bound zinc can 

be mobilized, and therefore is another potential source of “toxic zinc ions” (Frederickson 

et al., 2004).  The interaction of zinc-sulfur coordination in zinc-binding proteins is very 

sensitive to cellular redox change.  Thus, intracellular zinc mobilization has been linked 

to the oxidative stress that frequently occurs after brain injury (Maret, 1995).  With 

oxidative stress, reactive species such as NO and ONOO- can release zinc ions from MT 

(Kroncke et al., 1994).  The mitochondrion is a major target of zinc toxicity, where zinc 

ions inhibit respiration and cause rapid depolarization, resulting in prolonged generation 

of reactive oxygen species (ROS) and release of pro-apoptotic factors (Sensi et al., 1999; 

Jiang et al., 2001; Bossy-Wetzel et al., 2004).  These effects of zinc ions are mediated 

by damage to major mitochondrial enzymes associated with energy production, leading to 

impaired antioxidant defense (Gazaryan et al., 2007).   

 

The mechanisms of secondary neuronal damage after TBI in which a sequence of 

events that includes glutamate excitotoxicity leading to calcium influx through calcium 

channels, calcium-activated NO production, increases in intracellular zinc ion 

concentrations, mitochondrial production of reactive species (superoxide), release of 

more zinc ions from proteins such as MT, and activation of the mitochondrial pathway of 

apoptosis is of undisputed heuristic value.  However, major issues with regard to the 

molecules and more detailed mechanisms remain unresolved.  Importantly, this 

sequence has been studied in a number of neuronal injury models but has never been 

tested in TBI. 
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Neuroprotective effects of zinc have also been demonstrated.  TBI patients are 

catabolic and at high risk for the development of moderate to severe zinc deficiency.  

Urinary zinc excretion in these patients increases and serum zinc concentration decreases 

significantly (McClain et al., 1986).  In a clinical trial, zinc supplementation was 

associated with an improved neurological recovery rate in patients with severe closed 

head injury (Young et al., 1996).  In a rat model, zinc deficiency after TBI increased 

more cell death (Yeiser et al., 2002).  Similar findings have also been reported in a 

mouse TBI model (Penkowa et al., 2001).  Zinc deficiency significantly altered brain 

response to TBI by potentiating microgliosis, reducing astrogliosis, and increasing the 

number of apoptotic cells.  Protection by zinc has been suggested to be associated with 

induction of MT.  Inflammation occurring a number of days after injury may worsen the 

situation since inflammatory and immune responses following the injury can deplete 

serum zinc concentration (Goldblum et al., 1987).   

 

What is currently known about zinc and brain injuries leads to further questions 

about the conditions zinc can be either a friend or a foe.  My hypothesis on zinc and TBI 

is that whether zinc is neurotoxic or neuroprotective in TBI depends on the time after 

initial injury and the location, form and concentration of zinc.  Differences in these 

factors may lead to different and even opposing functions and consequences.  It is 

important to maintain levels of both total zinc and zinc ions in the proper ranges to avoid 

deleterious effects.  Understanding fluctuations in intracellular zinc ions and how cells 

handle zinc ions under normal and pathological conditions are central to quantitative 

investigations of the role of zinc ion in TBI.  
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1.6 OVERALL SIGNIFICANCE 

 

Although zinc has been known to be an essential human micronutrient for 

decades, the molecular mechanisms of zinc ion regulation and function are poorly 

defined.  Previous studies enforced changes in cellular zinc content by extracellularly 

addition of zinc chelating agents and/or zinc supplements.  Such approaches cannot 

distinguish between cellular total zinc and zinc ions within cells.  This obstacle in 

studying intracellular zinc has been overcome by the application of fluorescent chelating 

agents for zinc.  An ever increasing number of physiological functions for zinc have 

been revealed, and toxicity has been shown at higher levels of zinc.  High 

concentrations of zinc ions tend to be toxic if cellular zinc ion buffering capacity is 

overwhelmed.  However, systematic zinc supplementation can be beneficial.  A 

comprehensive understanding of the roles and control of intracellular zinc ion 

homeostasis is a critical starting point in clarifying the paradox of zinc neurotoxicity and 

neuroprotection.  Scientists are now starting to understand in a quantitative way that 

zinc transporters, zinc sensors, and zinc transferring-trafficking proteins are partners in 

zinc ion homeostasis (Colvin et al., 2008).  My research interest focuses on an 

investigation of intracellular zinc ion homeostasis and dynamics in order to enhance our 

understanding of the buffering mechanism of zinc ions in cellular physiology and 

pathophysiology.  My results enable definition of a safe or physiological range of 

intracellular zinc ion concentrations by measuring zinc ion concentrations without 

manipulating or interfering with cellular zinc ion buffering capacity.  In addition, this 

project employed both in vitro and in vivo models of TBI to clarify the issue about 
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whether zinc is toxic or protective in brain injury.  The results raise the hope of 

developing more effective methods for prevention and treatment of this debilitating 

condition of TBI by maintaining or restoring zinc ion homeostasis, which is essential for 

both resistance to and recovery from brain injury. 
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Table 1: Zinc and traumatic brain injury 

 Findings and Implications Reference 

Neurotoxicity   

Rat: localized frozen lesion of 
the neocortex of the right 
temporal cortex 

Reactive astrocytes surrounding the neocortical lesion site expressed a high level 
of MT; Neo-Timm staining revealed histochemically reactive zinc ions from the 
lesion site. 

(Penkowa and Moos, 1995) 

Rat: fluid percussion TBI model Loss of zinc ions from presynaptic boutons (TSQ staining); appearance of zinc 
ions in injured neurons (TSQ staining); neuroprotection by icv injection of 
CaEDTA just prior to impact.  

(Suh et al., 2000) 

Rat: fluid percussion TBI model Zinc chelation induced the expression of several neuroprotective genes; 
neuroprotective gene expression correlates with substantially decreased numbers 
of TUNEL-positive cells. 

(Hellmich et al., 2004) 

Neuroprotection   

Head trauma human patients Increased urinary zinc loss (greater in patients with more severe head injuries). 
Impaired metabolism, wound healing, immune function, brain function 

(McClain et al., 1986) 

Brain injury human patients Serum zinc level decreased and gradually normalized by day 21.  (Young et al., 1988) 

Closed head injury human 
patients 

Zinc supplementation during the immediate post-injury period was associated with 
improved rate of neurologic recovery and visceral protein concentrations.  

(Young et al., 1996) 

Mouse: TBI Zinc deficiency significantly altered brain response to TBI, potentiating the 
microgliosis and decreasing the astrogliosis while increasing the number of 
apoptotic cells; MT I/II expression was dramatically increased by TBI and this 
response was significantly blunted by zinc deficiency; MT III moderately 
increased in both TBI and zinc deficiency; TBI strongly increased oxidative stress 
levels, which were potentiated by zinc deficiency. 

(Penkowa et al., 2001) 

Rat: unilateral cortical stab 
wounds  

Injured rats fed 4 weeks with different zinc diets, 1.82-2.65 fold increase of 
TUNEL-positive cells with DNA fragments at the site of injury in animals 
receiving a moderately zinc deficient diet; adequate zinc status may be necessary 
to minimize the amount of neuroimmune cell death after brain injury. 

(Yeiser et al., 2002) 
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Body zinc 

Optimal function

Zinc deficiency Zinc overdose  

Figure 1: Schematic illustration of zinc nutriture.  Optimal physiological function 

is sustained only when body zinc is maintained in a certain range.  Both zinc deficiency 

and zinc overdose will compromise physiological functions and lead to deleterious 

effects.  
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957 Transcription factor

397 Hydrolase

302 Ligase

167 Tranferase

43 Oxidoreductase

24 Lyase / Isomerase

141 Transport/Storage

53 Structural

19 DNA-Repair / Replication / 

Translation

427 No function associated, 

annotated as "zinc finger"

456 No function associated

221 Signal
 

Figure 2: Functional annotation of all 3201 putative human zinc proteins. (Figure 

adapted from Andreini et al., 2006). 
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Figure 3: Zinc ion neuronal signaling. Vesicles decorated with the zinc transporter, 

ZnT3 protein, are assembled in the Golgi apparatus of glutamate- and zinc-releasing 

neurons (1) and transported down the axon (2).  Calcium- and impulse-dependent 

exocytosis expels both zinc ions and glutamate (4), both of which have receptors on the 

postsynaptic membrane.  Zinc ions modulate myriad channels, transporters, and 

receptors locally, and (perhaps) after diffusing a few tens of micrometres, on neurons and 

glial cells (6–10).  All calcium channels have some zinc ion permeability (5 and 9), and 

zinc-permeating postsynaptic neurons are chaperoned by the thionein-metallothionein 

system (11). Oxidation and nitrosylation of thiols in metallothionein (MT) releases zinc 

ions from MT (12), possibly leading to 'somatic' release of zinc ions. (Figure and figure 

legend adapted from Frederickson et al., 2005).



 20 

 

 

Figure 4: Sagittal section of a rat brain after autometallographic staining.  The tan-

brown-black staining is the silver staining of zinc by the Timm-Danscher method.  The 

blue is Nissl staining. ao: olfactory bulb; cp: caudatoputamen; iv: IV layer of neocortex; 

am: amygdala; h: hilus of dentate gyrus and s: subiculum of dentate gyrus in the mossy 

fibers. (Figure and figure legend adapted from Frederickson et al., 2000). 
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Figure 5: Structures of the zinc/thiolate clusters in metallothionein.  Two 

presentations of the same molecule of rabbit MT (PDB 4MT2) are given for better 

viewing of the N-terminal Zn3S9 cluster (top) and the C-terminal Zn4S11 cluster (bottom). 
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Figure 6: The zinc redox scheme: Oxidation of the sulfur (cysteine) ligand of zinc 

sites mobilizes zinc, while reduction of the oxidized sulfur induces zinc binding.   This 

molecular mechanism links redox metabolism and zinc distribution.  On the other hand, 

zinc binding to thiols can afford protection against oxidation because free thiols are 

generally more susceptible to oxidation than zinc-bound thiols. (Figure and figure legend 

adapted from Maret, 2006) 

 

 



 23 

CHAPTER 2: INTRACELLULAR ZINC ION FLUCTUATIONS IN 

CELLULAR PHYSIOLOGY 

2.1 INTRODUCTION 

 

A basic understanding of the function and regulation of intracellular zinc ions in 

cellular physiology is necessary before any investigations on zinc homeostasis in 

pathological conditions can be initiated.  An important area is the effect of zinc on cell 

growth and development.  In early studies, changes in cellular zinc content were 

achieved by zinc chelation and supplementation.  The zinc chelator, 

diethylenetrinitrilopentaacetic acid (DTPA), inhibits thymidine incorporation into DNA 

in 3T3 fibroblasts; the inhibition can be reversed by addition of ZnSO4 (Chesters et al., 

1989; Chesters et al., 1990; Chesters and Boyne, 1991).  This finding indicates that zinc 

is needed at the G1/S transition of the cell cycle for DNA synthesis.  A similar 

phenomenon was observed when ethylenediaminetetraacetic acid (EDTA) was added to 

primary cultures of adult rat hepatocytes (Watanabe et al., 1993).  Zinc is also required 

for a process contemporaneous with the S phase and for subsequent progress of the cells 

through G2 and mitosis (Chesters and Petrie, 1999).  Requirements for zinc at both 

stages are reflected in the fact that the specific cyclin mRNAs of D3 and E cannot be 

induced when zinc is unavailable, an effect that is reversible when zinc is added back.   
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Many proteins in cell cycle regulation contain zinc as a structural element that is 

critical for their binding to other proteins or to DNA.  For example, a significant number 

of transcription factors contain zinc fingers for interaction with DNA.  The core DNA-

binding domain of p53 has a zinc-binding site (Cho et al., 1994).  The TRIP-Br family 

of transcriptional regulators is thought to function at E2F-responsive promoters to 

integrate regulatory signals involving PHD zinc finger-containing transcription factors 

and cyclin E expression during cell cycle progression (Sim et al., 2004).  Furthermore, 

zinc regulates cyclin/cyclin-dependent kinase (Cdk) complexes.  N,N,N',N'-tetrakis(2-

pyridylmethyl)ethylenediamine (TPEN), an intracellular zinc chelator, blocks the G2/M 

transition in the meiotic cell cycle of Xenopus oocytes by inhibiting Cdc25C-cdk1 

activation (Sun et al., 2007), which normally contributes to progression into and through 

mitosis by dephosphorylating the Cdk1/cyclin B complex (Ducruet et al., 2005).  In 

human bronchial epithelial cells, increased cellular zinc blocks the cell cycle at the G2/M 

transition by upregulating p53 and elevating the cell cycle inhibitor p21 (Wong et al., 

2008). 

On average, total zinc concentrations in mammalian cells are several hundred 

micromolar, while the zinc ion concentration is in the picomolar range (Krezel and Maret, 

2006; Bozym et al., 2006).  Despite such low concentrations, zinc ions have unique 

functions in signal transduction.  For example, intracellular zinc ion fluctuations 

modulate insulin/insulin-like growth factor-1 signaling by inhibiting protein tyrosine 

phosphatases (Haase and Maret, 2003).  Receptor stimulation of mast cells increases 

intracellular zinc ion concentrations originating from a perinuclear area (Yamasaki et al., 
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2007).  The recent development of zinc-chelating fluorescent probes that can be 

introduced into cells allows the direct detection and measurement of intracellular zinc ion 

concentrations.  By employing fluorescence microscopy and N-(6-methoxy-8-quinolyl)-

para-toluenesulfonamide (TSQ) and zinquin ethyl ester, two cell-permeant fluorescent 

zinc ion probes, it was demonstrated that intracellular zinc ion concentrations change 

upon treatment of 3T3 Swiss fibroblasts with zinc or growth stimulators, such as platelet-

derived growth factor, epidermal growth factor, and insulin-like growth factor-1 (Paski 

and Xu, 2001; Paski and Xu, 2002; Simpson and Xu, 2006).  However, direct 

monitoring of changes in zinc ion concentrations with time has not been done in the past.  

In the present study, intracellular zinc ion concentrations were measured quantitatively by 

spectrofluorimetry in rat pheochromocytoma (PC12) cells under normal growth 

conditions, and under conditions of differentiation, serum starvation, manipulation of 

extracellular zinc, and throughout the cell cycle.  The results indicate that the observed 

transient zinc ion fluctuations and the basal zinc ion concentration are critical for cell 

viability and proliferation.   

2.2 MATERIALS AND METHODS 

 

2.2.1 Study design 

 

PC12 cell cultures were used to study the dynamic change of zinc and redox in 

cell growth, proliferation, and differentiation.  A protocol to induce PC12 cells to 
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differentiate with neuronal features has been well-established (Greene and Tischler, 

1976).  Serum starvation is a common strategy to arrest cells at the G0/G1 phase.  

When serum is restored, cells re-enter the cell cycle (Pardee, 1974)  By combining the 

strategy of serum depletion/re-stimulation and the fluorescence assay of intracellular zinc 

ion measurement, dynamic fluctuations of intracellular zinc ion concentrations 

throughout cell cycle and after serum starvation have been demonstrated.     

2.2.2 Materials 

 

Murine 2.5S nerve growth factor (NGF) was purchased from Promega.  A stock 

solution was prepared in complete growth medium: RPMI 1640 medium (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 (PS) (GIBCO).  

FluoZin-3 acetoxymethyl ester (FluoZin-3 AM) and 5’-(and-6)-chloromethyl-2’,7’-

dichlorodihydrofluorescein diacetate, acetyl ester (CM-H2DCFDA) (Invitrogen, 

Molecular Probes) stock solutions in dimethyl sulfoxide (DMSO) (Sigma) were prepared 

immediately before use.  Stock solutions of N,N,N’,N’-tetrakis(2-

pyridylmethyl)ethylenediamine (TPEN) (Sigma), ethylenediaminetetraacetic disodium 

salt (Sigma) and pyrithione (Sigma) were in Dulbecco’s phosphate buffered saline 

(DPBS).  A 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) 

colorimetric assay kit was purchased from Promega (CellTiter 96® Non-Radioactive Cell 

Proliferation Assay).   
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2.2.3 Cell cultures 

 

PC12 cells from the American Type Culture Collection (ATCC, CRL-1721) were 

maintained in complete growth medium at 37 ºC in a humidified, 5% CO2 incubator.  

To obtain neuronal-like differentiated PC12 cells, cultures were supplemented with 50 

ng/ml NGF for 48-72 hours (Greene and Tischler, 1976).  After exposure to NGF, PC12 

cells ceased to multiply and began to extend processes. 

2.2.4 MTT assay for cell viability 

 

MTT assay measures the activity of enzymes that reduce MTT to formazan.  The 

reaction mostly happens in mitochondria, and so this assay largely measures 

mitochondria activity.  Cells were seeded in a 96-well plate at a density of 2 x 10
5
 

cells/ml in complete growth medium and maintained for 24 hours.  They were then 

subjected to (i) serum starvation for different time periods, (ii) the cell-permeant zinc 

chelator, TPEN (5 or 10 µM), or (iii) the cell impermeant zinc chelator, EDTA (50 µM or 

1 mM) in complete growth medium for different time periods.  Cell numbers were 

determined with the CellTiter 96® non-radioactive cell proliferation assay kit (Promega) 

and a VICTOR 1420 Multilabel Counter (Wallac) at 560 nm.  Data were calibrated by 

measuring the absorbance of control wells, which represents the maximum growth in 

complete growth medium. 
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2.2.5 Fluorescence assay of intracellular zinc ion concentrations 

 

Intracellular zinc ion concentrations were determined with FluoZin-3 AM 

(Invitrogen, Molecular Probes) (Krezel and Maret, 2006).  Briefly, cells were detached 

from culture dishes by gentle scraping.  Following two washes with DPBS without Ca
2+

 

and Mg
2+

 at 37 ºC, cell suspensions (1 x 10
6
 cells/ml) were aliquoted into Eppendorf 

tubes and incubated with 0.3, 0.6, 0.9, 1.2, 1.5 or 2 μM FluoZin-3 AM for determining 

the intracellular zinc ion concentration in undifferentiated PC12 cells, and 0.15, 0.3, 0.6, 

0.9, 1.2 or 1.5 μM FluoZin-3 AM in differentiated PC 12 cells at 37 ºC for 30 min.  For 

all other measurements of intracellular zinc ion concentrations, 0.3 µM FluoZin-3 AM 

was used because it is the lowest concentration of the probe that was employed in 

undifferentiated PC 12 cells.  Furthermore, the zinc ion concentration obtained using 0.3 

µM FluoZin-3 AM is close to that at a zero dye concentration.  Cells were then washed 

three times with DPBS without Ca
2+

 and Mg
2+

 at 37 ºC to remove any residual 

fluorescence probe, and incubated another 30 min at 37 ºC.  Fluorescence was measured 

at 25 ºC 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 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 its entry into cells, and 250 µM ZnSO4 to 
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saturate the probe.  The concentrations of zinc ions were calculated by using the 

following equation.  The calibration of intracellular zinc ion concentrations by Fmin and 

Fmax makes the value independent of cell number.  

[Zn
2+

] = Kd (F-Fmin)/(Fmax-F) with Kd = 8.9 nM.  

2.2.6 Fluorescence assay of intracellular ROS  

 

The level of intracellular ROS, including superoxide (O2•−), hydrogen peroxid 

(H2O2), hydroxyl free radical (HO•), and peroxynitrite (ONOO-), was determined with 

CM-H2DCFDA (Invitrogen, Molecular Probes) (Fekete et al., 2008).  Cells were 

detached from culture dishes by gentle scraping.  After washing twice with DPBS 

without Ca
2+

 and Mg
2+

 at 37 ºC, the cell suspensions (1 x 10
6
 cells/ml) were aliquoted 

into Eppendorf tubes and incubated for 30 min with 5 µM CM-H2DCFDA with (Fmax) or 

without (F) the presence of 300 µM tert-butyl hydroperoxide solution (TBHP) (Sigma-

Aldrich) at 37 ºC.  Cells were washed three times with DPBS without Ca
2+

 and Mg
2+

 at 

37 ºC to remove any residual fluorescence probe, and incubated for another 30 min at 37 

ºC.  Fluorescence was measured at 25 ºC with 492 nm excitation and 517 nm emission 

in a spectrofluorimeter.  The level of reactive species was calibrated by determination of 

Fmin, which is the basal level of reactive species in control cells, and Fmax, which is the 

maximum fluorescence in the presence of TBHP, to oxidize all the probe molecules.  

The relative normalized fluorescence was calculated by using the equation:  

Relative normalized fluorescence = (F-Fmin)/(Fmax-F). 
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2.2.7 Cell synchronization, serum starvation, and zinc supplementation 

 

Cells at a confluence of approximately 80% were synchronized at the G0/G1 phase 

by replacing the complete growth medium with RPMI 1640 medium supplemented with 

1% PS and maintaining the cells at 37 ºC in a humidified, 5% CO2 incubator for 48 hours, 

the doubling time for PC12 cells.  Complete growth medium was then restored to the 

cells and intracellular zinc ion concentrations were monitored at 0, 0.5, 1, 3, 6, 12, 24, 36 

and 48 hours.  For a dose-response study, cells were grown at different serum levels: 0 

(NONE), 5% heat-inactivated horse serum and 2.5% FBS (HALF), 10% heat-inactivated 

horse serum and 5% FBS (NORMAL), or 20% heat-inactivated horse serum and 10% 

FBS (DOUBLE), and the intracellular zinc ion concentrations were monitored.  For 

serum starvation studies, the intracellular zinc ion concentrations were measured in cell 

cultures that were serum-starved for different time periods until all cells were arrested at 

G0/G1.  For zinc supplementation experiments, cell cultures were treated with 25, 50 or 

100 µM ZnSO4 after six hours of serum starvation. 

2.3 RESULTS 

2.3.1. Basal intracellular zinc ion concentrations of undifferentiated and NGF-

differentiated PC12 cells 

 

A method described by Krezel and Maret (Krezel and Maret, 2006) for 

quantifying intracellular zinc ion levels was used for both undifferentiated and 
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differentiated PC12 cells.  By extrapolating the plots generated from zinc ion 

measurements at a series of FluoZin-3 AM concentrations, we calculated intracellular 

zinc ion concentrations in these cells at a zero dye concentration.  There values were 

0.97 nM in undifferentiated PC12 cells and 1.67 nM in NGF-differentiated PC12 cells 

(Figure 7).  Thus, the same cell type at different stages has different concentrations of 

intracellular zinc ions.   

2.3.2. Decrease of cell numbers and cellular activities after serum starvation and 

zinc chelation 

 

The MTT assay tested whether zinc chelation decreases cell numbers and cellular 

activity as a consequence of serum withdrawal.  The CellTiter96 assay kit (Promega) 

revealed significant decreases in cell numbers and cellular activity after both serum 

starvation (Figure 8) and treatment with both cell-permeant (TPEN) and cell-impermeant 

(EDTA) zinc chelators (Figure 9).  The decrease in the percentage of cell viability as 

compared to control is not only contributed by cell death, but also reduced cellular 

activities due to lack of essential nutrients. 

2.3.3 Fluctuations of intracellular zinc ion concentrations throughout the cell cycle 

 

By employing FluoZin-3 AM, a real-time profile of intracellular zinc ion 

concentrations was obtained throughout one cell cycle of undifferentiated PC12 cells 

(Figure 10).  A single concentration of 0.3 μM FluoZin-3 AM was used for this purpose.  
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Two peaks of zinc ion concentrations were observed within one cell cycle: one peak 

occurred at three hours (early G1 phase) and the other, the higher one, at 12 hours (late 

G1/S phase) in synchronized PC12 cells (Rudkin et al., 1989).  The time-frame of the 

PC12 cell cycle has been well established in the literature.  In Rudkin, et al. (1989), 

PC12 cells were synchronized by serum starvation and re-supplementation in the same 

way as in this study.  Similar effects upon serum addition have been observed when 

Dulbecoo‟s Modified Eagle‟s Medium (DMEM) or RPMI 1640 was used as the culture 

medium. 

2.3.4. Fluctuations of intracellular zinc ion concentrations induced by serum 

starvation 

 

The removal of serum arrests cells in the G0/G1 phase (Pardee, 1974).  

Previously, there has been no information about whether or not intracellular zinc ion 

concentrations change after serum withdrawal.  Dynamic changes in intracellular zinc 

ion concentrations were observed after serum starvation, as shown in Figure 11.  

Intracellular zinc ion concentrations dropped significantly at 30 min after serum 

starvation in undifferentiated PC12 cells.  Instead of remaining at this low level, 

concentrations increased, with a peak at one hour.  Zinc ion concentrations gradually 

declined thereafter to a low level that is similar to the one observed at 30 min after serum 

starvation.  These data demonstrate that serum starvation also induces intracellular zinc 

ion fluctuations, and that the zinc ion concentration rises to about 1.4 nM at one hour, a 

value that is close to the highest concentration observed within one cell cycle (Figure 10).  
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A dose-response study was included to test how the intracellular zinc ion concentration 

responds to different serum levels.  Zinc ion in undifferentiated PC12 cells dropped 

significantly (p < 0.001) to the level in the absence of serum when cells were grown at 

half the serum level (Figure 12).  Doubling the serum level, however, did not 

significantly increase intracellular zinc ion concentrations.  

2.3.5 CHANGE OF INTRACELLULAR ZINC ION CONCENTRATIONS WITH ZINC 

SUPPLEMENTATION AFTER SERUM STARVATION      

 

Serum might serve as an extracellular source of zinc to meet the need for cell 

growth and replication.  After six hours of serum starvation, when intracellular zinc ion 

concentrations reached a very low level (Figure 11), different amounts of ZnSO4 were 

added to cell cultures to restore the intracellular zinc ion concentrations (Figure 13).  All 

doses of ZnSO4 caused an increase of intracellular zinc ion concentrations, which 

saturated at a level more than ten-fold higher than the original intracellular zinc ion level.  

The lowest dose, 25 µM ZnSO4, was enough to restore zinc ion levels inside PC12 cells.  

Massive cell death was observed after the addition of 50 µM and 100 µM ZnSO4 (data 

not shown). 

2.3.6 ELEVATED GENERATION OF INTRACELLULAR REACTIVE SPECIES INDUCED BY 

SERUM STARVATION 

 



 34 

The mobilization of intracellular zinc ions could involve ROS.  A fluorescent 

probe, CM-H2DCFDA, was used in this study to monitor ROS at the same time points as 

when zinc ions were measured after serum starvation.  An increase of ROS induced by 

serum starvation was observed (Figure 14), accompanied by fluctuations of intracellular 

zinc ion concentrations.  

2.4. DISCUSSION 

 

The main findings of this study are (i) a basal intracellular zinc ion concentration 

of 0.97 nM in PC12 cells and an increase to 1.67 nM after differentiation induced by 

NGF; (ii) fluctuations of intracellular zinc ion concentrations after serum starvation; and 

(iii) fluctuations of intracellular zinc ion concentrations throughout the cell cycle with 

two peaks at three and at 12 hours after synchronization.  

 

Unlike previous studies that enforced changes in zinc by zinc chelation and 

supplementation, a direct monitoring of intracellular zinc ion concentrations throughout 

the cell cycle generates a real-time profile of zinc ion fluctuations in PC12 cells (Figure 

8).  The time points at which zinc ion peaks correspond to the early G1 phase and the 

late G1/S (Urdiales et al., 1998).  Which proteins are targets of the increased zinc ion 

concentrations is not known.  For one, critical proteins must be supplied with zinc ions, 

but there seem to be additional effects of zinc ions at the check points of the cell cycle.  

The role of cyclins in zinc requirements during the G1 and G2 phases of the cell cycle 
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(Chesters and Petrie, 1999) and the need for zinc in the S phase have been documented 

(Chesters et al., 1989; Chesters et al., 1990; Chesters and Boyne, 1991).   

 

The serum withdrawal and zinc chelation experiments confirm previous 

observations that zinc is a limiting factor for cell proliferation, and that the zinc is 

supplied from the extracellular milieu (Grummt et al., 1986; Rudolf and Cervinka, 2008). 

Serum starvation also induces intracellular zinc ion fluctuations, which have a different 

pattern from the one evident throughout the cell cycle.  The initial sharp drop in the 

intracellular zinc ion concentration after serum starvation reflects removal of the major 

source for zinc ions in cultured cells, namely the serum.  The following high zinc ion 

concentration is at least partially due to the increased oxidative stress, since oxidation of 

zinc-binding proteins with redox-sensitive Zn-S coordination, for example 

metallothioneins, causes release of their bound zinc (Maret, 1994).  On the other hand, 

an active adaptive mechanism of the cell may entail zinc ion release from proteins that 

are degraded or inactivated when the environment is no longer in favor of fast growth and 

proliferation. Therefore, the peak of zinc ion concentration at one hour after serum 

starvation captures a transient state of zinc ion “flow” from zinc-binding proteins and, 

eventually, out of the cells via zinc exporters.  At later phase after serums starvation, 

PC12 cells are at a state of “zinc ion deficiency”, which may in turn potentiate the 

generation of ROS.  The state of “zinc ion deficiency” is different from that of total zinc 

deficiency.  Even though the proportion of the loss in total zinc content is negligible up 

to 48 hours after serum starvation, and under such state, most of the cellular zinc-binding 

proteins still hold proper numbers of zinc ions in their coordination sites to ensure 
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structural stability and functional capacity, the considerable loss in the pool of free zinc 

ion may already trigger signaling consequences that lead cells to adapt to a different 

cellular stage.    

 

In addition, the dose-response investigation between serum and intracellular zinc 

ion concentrations (Figure 12) indicates that there is an all-or-none effect of serum on 

intracellular zinc ion concentrations.  A certain level of serum is required; otherwise, 

intracellular zinc ion concentrations will be maintained at a level similar to the one when 

no serum is added to the culture.  Nonetheless, further increase of serum does not raise 

the intracellular zinc ion concentration. 

 

In summary, real-time intracellular zinc ion fluctuations throughout the cell cycle 

and after serum starvation can be monitored by fluorescence spectroscopy, a method that 

is superior to fluorescence microscopy because one obtains numerical values for zinc ion 

concentrations at different stages of the cell cycle.  The differences detected are too 

subtle to be readily resolved by microscopic imaging.  Intracellular zinc ion 

concentrations are regulated precisely and are maintained in a fairly narrow range.  This 

feature makes the zinc ion a potent signaling ion for regulation of cellular physiology and 

suggests modulation of the cellular zinc ion buffering capacity as an approach to affect 

cellular proliferation and differentiation in health and disease. 
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Figure 7:  Basal intracellular zinc ion concentrations of undifferentiated and NGF-

differentiated PC12 cells in complete growth medium.  Intracellular zinc ion 

concentrations of undifferentiated (●) and NGF-differentiated (■) PC12 cells were 

determined with FluoZin-3 AM.  Cells (2 x 10
6
/ml) were incubated with 0.3, 0.6, 0.9, 

1.2, 1.5 or 2 μM (undifferentiated PC12 cells) or 0.15, 0.3, 0.6, 0.9, 1.2 or 1.5 μM 

FluoZin-3 AM (differentiated PC12 cells) in 1 ml DPBS without Ca
2+

 and Mg
2+

.  

Extrapolation with a linear function yielded a value of 0.97 nM for the intracellular zinc 

ion concentrations in undifferentiated PC12 cells, and 1.67 nM for NGF-differentiated 

PC12 cells.  Possible curvature of such plots was reported and indicates a limited 

cellular buffering capacity (Krezel and Maret, 2006).  Fitting the data with a non-linear 

function would give only marginally higher zinc ion concentrations.  Data are presented 

as mean ± SEM.  (n = 4)  
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Figure 8:  Viability of undifferentiated PC12 cells after serum starvation measured 

with the MTT assay.  Absorbance at 590 nm was determined at 0, 0.25, 0.5, 1, 1.5, 2, 3, 

4, 5, 6 and 24 hours after serum starvation and A590 (%Abs) was calculated by dividing 

A590 at time 0.  Cells (2 x 10
5
/ml) were cultured in 96-well plates at 37 ºC for 24 hours 

before serum starvation.  The absorbance was measured by a VICTOR 1420 Multilable 

Counter (Wallac) at 560 nm.  Data are presented as mean ± SEM.  (n = 3) 
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Figure 9:  Viability of undifferentiated PC12 cells after zinc chelation measured with 

the MTT assay.  Absorbance at 590 nm was determined at 0, 0.25, 0.5, 1, 1.5, 2, 3, 4, 5, 

6 and 24 hours after zinc chelation with 5 µM (■) or 10 µM (□) TPEN; 50 µM (●) or 1 

mM (○) Na2EDTA in undifferentiated PC12 cells.  A590 (%Abs) was calculated by 

dividing A590 values by A590 values at time zero.  Cells (2 x 10
5
/ml) were cultured in 

96-well plates at 37 ºC for 24 hours before zinc chelation.  The absorbance was 

measured by VICTOR 1420 Multilable Counter (Wallac) at 560 nm.  Data are presented 

as mean ± SEM.  (n = 3) 
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Figure 10: The real-time profile of intracellular zinc ion concentrations in 

undifferentiated PC12 cells throughout one cell cycle.  Intracellular zinc ion 

concentrations in PC12 cells were synchronized by serum starvation and re-stimulation 

with serum.  Cells (2 x 10
6
/ml) were incubated with 0.3 μM FluoZin-3 AM in 1 ml 

DPBS without Ca
2+

 and Mg
2+

 to determine zinc ion concentrations at 0, 0.5,1, 3, 6, 12, 

24, 36 and 48 hours after initiation of a cell cycle.  The arrows (→←) indicate the 

different phases of the cell cycle.  Data are presented as mean ± SEM.  (n = 3) 
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Figure 11: Fluctuations of intracellular zinc ion concentrations with time in 

undifferentiated PC12 cells after serum starvation.  Intracellular zinc ion concentrations 

of undifferentiated PC12 cells were determined with 0.3 μM FluoZin-3 AM.  Cells (2 x 

10
6
/ml) were incubated with 0.3 μM FluoZin-3 AM in 1 ml DPBS without Ca

2+
 and Mg

2+
 

after 0, 0.25, 0.5, 1.5, 2, 3, 4, 5, 6, 12, 24, 36 and 48 hours of serum starvation.  Data are 

presented as mean ± SEM.  (n = 4) 
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Figure 12: Intracellular zinc ion concentrations in undifferentiated, unsynchronized PC12 

cells treated with different serum levels.  Intracellular zinc ion concentrations of 

undifferentiated PC12 cells were determined by FluoZin-3 AM.  Cells (2 x 10
6
/ml) were 

incubated with 0.3 μM FluoZin-3 AM in 1 ml DPBS without Ca
2+

 and Mg
2+

 after 0.5 

hours of treatment with different serum levels: NONE, serum-free medium; HALF, FBS 

reduced to 2.5% and heat-inactivated horse serum reduced to 5%; NORMAL, complete 

growth medium; and DOUBLE, FBS increased to 10% and heat-inactivated horse serum 

increased to 20%.  Data are presented as mean ± SEM.  p < 0.001 compared to NONE 

analyzed by one-way ANOVA with Bonferroni adjustment for multiple comparison.  (n 

= 3) 

* 
* 
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Figure 13:  Changes in intracellular zinc ion concentrations in undifferentiated PC12 

cells after serum starvation and treatment with different levels of zinc sulfate.  

Intracellular zinc ion concentrations of undifferentiated PC12 cells were determined with 

FluoZin-3 AM.  Cells (2 x 10
6
/ml) were incubated with 0.3 μM FluoZin-3 AM in 1 ml 

DPBS without Ca
2+

 and Mg
2+

 after 0.5, 1, 12 and 24 hours of supplementation with 

different concentrations of ZnSO4 following serum starvation for 6 hours.  Data are 

presented as mean ± SEM.  (n = 4) 
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Figure 14:  Reactive species in undifferentiated PC12 cells after serum starvation.  

Cells (2 x 10
6
/ml) were incubated with 5 μM CM-H2DCFDA in 1 ml DPBS without Ca

2+
 

and Mg
2+

.  Data are presented as mean ± SEM.  (n = 3) 
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CHAPTER 3: PERTURBATION OF INTRACELLULAR ZINC ION 

HOMEOSTASIS IN RAPID STRETCH INJURY 

 

3.1 INTRODUCTION 

 

The investigation of intracellular zinc ion fluctuations in basic cellular physiology 

(for example, cell proliferation) has demonstrated that intracellular zinc ion concentration 

is maintained at a certain level; transient fluctuations are precisely controlled to ensure 

the requirement of zinc ions for different cellular events.  In the following two chapters, 

intracellular zinc ion homeostasis will be studied in experimental models of traumatic 

brain injury, an example of pathophysiology. 

To understand the cellular and molecular mechanisms of traumatic brain injury, a 

cell culture model is remarkably valuable to permit precise control of the cellular milieu 

and the measurement of target molecules with minimal interference from the surrounding 

environment.  The development of cell culture models to study traumatic brain injury is 

not as straightforward as development of models to study chemical effects, because a 

distinct feature of TBI is the mechanical impact to neuronal tissue.  Together with other 

physiological changes, for example, ischemia, hypoxia, hypotension, and intracranial 

hypertension, neuronal tissues suffer both acute impact effects and a prolonged phase of 

degeneration.  Thus, it is critical to develop a model that captures the mechanical 
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deformation, to which chemical effects may then be added as a secondary insult to 

cultured cells.   

 

A rapid stretch injury (RSI) cell culture model (Ellis et al., 1995) is among the 

first models to introduce rapid mechanical stretch, which is the major mechanical force 

causing injury to nervous tissues.  This model has been employed to study different 

aspects of TBI, such as the effect on neurotransmitter receptors (Mukhin et al., 1998; 

Goforth et al., 1999; Allen et al., 1999),  free calcium dynamics (Rzigalinski et al., 

1998), changes in the neuronal cytoskeleton (Geddes et al., 1999), and alteration of 

mitochondrial membrane potential and cellular ATP levels (Ahmed et al., 2000).  

Oxidative stress is one of the major consequences induced by RSI.  However, there have 

been no studies on zinc using this model. 

 

Zinc ions accumulate in degenerating neurons after brain injury (Suh et al., 2000; 

Hellmich et al., 2004).  Whether this accumulation of zinc ions contributes to inducing 

cell death or is a consequence of the injury is unknown.  To resolve this issue, it is 

necessary to investigate the molecular and cellular mechanisms that induce the 

perturbation and/or contribute to the regulation of cellular zinc ion homeostasis under this 

pathophysiological condition.  So far, quantitative measurements of intracellular zinc 

ion concentrations can be performed only with cell cultures.  Thus, the RSI cell culture 

model was employed to measure changes of intracellular zinc ion concentrations and to 

explore the association between zinc ion perturbation and oxidative stress. 
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3.2 MATERIALS AND METHODS 

3.2.1 Study design 

 

The culture of PC12 cells was used.  A line of glial cells, C6, which is derived 

from rat brain glioma, was also included in this study, together with a protocol to induce 

C6 cells to differentiate (Takanaga et al., 2004).  First of all, the basic intracellular zinc 

ion concentrations were obtained for C6 cells.  RSI was then applied to PC12 and C6 

cell cultures to study the fluctuations of intracellular zinc ions.  PC12 cells were then 

chosen to study the change of reactive species.  The association between zinc ion 

fluctuations and the redox state was also explored using this model.   

 

3.2.2. Cell cultures and RSI 

 

PC12 cells were cultured as described in Chapter 2.2.3.  C6 cells (ATCC, CCL-

107™) were maintained in DMEM (GIBCO) supplemented with 10% FBS, 1% PS, and 

1% glutamine (GIBCO) at 37 ºC in a humidified, 5% CO2 incubator.  To differentiate 

C6 cells, 1mM N6,2′-O-Dibutyryladenosine 3′,5′-cyclic monophosphate sodium salt 

(Bt2AMP) (Sigma-Aldrich) and 0.25 mM theophylline (Sigma-Aldrich) were added to 

the culture and the cultures were maintained for 24-48 hours.   
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To perform RSI, cells were seeded in 6-well Flex I
®
 culture plates with a silastic 

membrane bottom coated with collagen I (FlexCell International Corporation) at a 

density of 1 x 10
5
/ml in 1 ml complete culture medium.  After 24 hours of incubation, 

the culture plate was 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 of the plate to achieve a predetermined degree of stretch for a 

predetermined duration (Ellis et al., 1995).  For all the RSI procedures of this project, a 

nitrogen gas pulse of 50 psi (345 kPa) was used to stretch the bottom of the culture plate 

for 50 msec, generating sub-lethal mechanical stretch damage to PC12 cells and C6 cells.  

Less than 10% cell death was detected by propidium iodide staining (Figure 16).  After 

RSI, cells were kept in complete culture medium at 37 ºC 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 ºC in a humidified, 5% CO2 incubator 

for one hour before measuring intracellular zinc ion concentrations.  At such a high 

concentration of 500 µM, L-NAME is non-selective and inhibits all three types: eNOS, 

nNOS, and iNOS.  For the zinc chelation experiment, 50 nM TPEN was added 

immediately after RSI and the cells were maintained at 37 ºC in a humidified, 5% CO2 

incubator for one hour.   
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3.2.3. Fluorescence assay of intracellular zinc ion concentrations 

 

Procedures for fluorescence measurement of intracellular zinc ion concentrations 

are presented in Chapter 2.2.5. 

3.2.4 Fluorescence assay of intracellular reactive species  

 

Procedures for fluorescence measurement of intracellular ROS are presented in 

Chapter 2.2.6.  

 

The level of intracellular NO was determined with 4-amino-5-methylamino-2',7'-

difluorofluorescein diacetate (DAF-FM diacetate) (Invitrogen, Molecular Probes).  Cells 

were detached from culture dishes by gentle scraping.  After washing twice with DPBS 

without Ca
2+

 and Mg
2+

 at 37 ºC, the cell suspensions were aliquoted into Eppendorf tubes 

and incubated with 3 µM DAF-FM diacetate at 37 ºC for 30 min.  Cells were washed 

three times with DPBS without Ca
2+

 and Mg
2+

 at 37 ºC to remove any residual 

fluorescence probe, and incubated for another 30 min at 37 ºC.  Fluorescence was 

measured at 25 ºC 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). 

 



 50 

3.3. RESULTS 

 

3.3.1 Basal intracellular zinc ion concentrations of undifferentiated and Bt2AMP-

differentiated C6 cells 

 

The same method outlined in Chapter 2.2.5 was employed for quantifying 

intracellular zinc ion concentrations in undifferentiated and Bt2AMP-differentiated C6 

cells.  The data show more curvature for C6 cells than previously shown for PC12 cells 

(Figure 15 compared to Figure 7).  The data were fitted with the following function y = 

y0 + ae
-bx

 to calculate the intracellular zinc ion concentration at a zero probe 

concentration yielding values of 0.76 nM in undifferentiated C6 cells, and 0.25 nM in 

Bt2AMP-differentiated C6 cells.  Thus, opposite to PC12 cells, intracellular zinc ion 

concentrations become lower after C6 cells differentiated.  

 

3.3.2 RSI causes fluctuations of intracellular zinc ion concentrations  

 

In the current study, an in vitro rapid stretch model was employed (Ellis et al., 

1995), using a single concentration of FluoZin-3 AM to monitor changes of intracellular 

zinc ion concentrations over a time period of up to 24 hours after injury.  There was a 

biphasic fluctuation of intracellular zinc ion concentrations between 0-24 hours after RSI 

in PC12 cells (Figure 17A).  The highest zinc ion signal was observed one hour after 
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injury, followed by a sharp decline to lower than original values.  Without intervention, 

intracellular zinc ion concentrations were maintained at very low levels for the remaining 

time period.  Similar changes were also observed in C6 cells (Figure 17B):  A peak 

zinc ion concentration also occurred at one hour after RSI.  However, in contrast to 

PC12 cells, zinc ion concentrations in C6 cells started to increase again six hours after 

RSI.  These data demonstrate that RSI causes dynamic changes in intracellular zinc ion 

concentrations. 

 

3.3.3 RSI elevates intracellular reactive species  

 

The overproduction of reactive species is a common mechanism underlying many 

neurological pathologies.  The relationship between zinc ion and reactive species in this 

study was determined by scanning the change in reactive species after injury using the 

same time points at which zinc ion concentrations were measured, since zinc ions are 

involved in cellular redox regulation (Hao and Maret, 2005).  CM-H2DCFDA is a 

fluorescent probe commonly used to measure intracellular ROS, including peroxynitrite, 

which is formed by the reaction of superoxide with NO.  ROS in PC12 cells began to 

increase immediately after injury and reached a peak one hour later, at exactly the same 

time as when intracellular zinc ion concentrations were highest (Figure 18A).  There 

was a slight decrease of ROS following the peak at one hour, but levels increased again 

and remained high even when intracellular zinc ion concentrations were low.  Levels of 

NO in PC12 cells measured by DAF-FM showed a peak at a later time point (three hours 
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after RSI) (Figure 18B).  Nonetheless, NO also began to increase immediately after 

injury. 

 

3.3.4 An NOS inhibitor abolishes the intracellular zinc ion increase caused by RSI 

 

Reactive nitrogen species, including NO and ONOO-, are strong oxidizers of 

zinc-binding protein, metallothionein (Kroncke et al., 1994).  Therefore, the generation 

of NO was inhibited by adding high concentrations of L-NAME to the PC12 cell culture 

to test whether zinc ions are generated downstream of NO signaling in RSI.  PC12 cell 

cultures were divided randomly into four groups: Group 1 served as a control without 

either injury or L-NAME treatment; Group 2 received only L-NAME treatment; Group 3 

received RSI; and Group 4 received both RSI and L-NAME treatment.  Cells from all 

four groups were cultured in the Flex I
®

 culture plates with a silastic membrane bottom.  

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.  There was a significant decrease of intracellular zinc ion concentrations after 

L-NAME treatment following RSI, indicating that NO is involved in the increase of zinc 

ion concentrations (Figure 19). 
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3.3.5 Zinc chelation potentiates the generation of ROS   

 

The increase of zinc ion concentrations is a downstream event induced by 

production of NO after RSI.  The next research question is, what is the relationship 

between the increased zinc ion concentration and the levels of intracellular ROS.  To 

explore whether the increase of zinc ion concentrations is responsible for the elevated 

levels of ROS, an intracellular zinc chelator, TPEN, was added immediately after RSI 

and the cells were maintained for one hour before measuring intracellular ROS.  It 

turned out that instead of repressing the production of ROS, zinc chelation potentiated the 

production of ROS; namely, even higher levels of ROS were observed with TPEN 

treatment (Figure 20).  High concentrations of zinc ions accumulating in the cell are 

considered to be toxic to mitochondrial metabolism, resulting in massive generation of 

ROS.  However, this result provides strong evidence that the increased zinc ion 

concentrations a short time after RSI may play an anti-oxidant rather than an oxidant role.   

 

3.4. DISCUSSION 

 

The major findings in this study are (i) RSI causes fluctuations of intracellular 

zinc ion concentrations in both PC12 and C6 cells, (ii) NO at least partially causes the 

acute increase of intracellular zinc ion concentrations, and (iii) zinc chelation results in 

more production of ROS in a sub-lethal mechanical stretch injury model.   
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Two cell culture models, PC12 and C6 cells, were employed in this study.  

Although they have different intracellular zinc ion concentrations (Figure 7 and Figure 

15), both of them showed zinc ion fluctuations after experiencing a sub-lethal level of 

RSI.  Patterns of zinc ion fluctuations with time are similar, and zinc ion concentrations 

reached a peak one hour after RSI in both cell culture models.  Different from ischemia 

studies, this experimental setting eliminates the deleterious consequences resulting from 

hypoxia/ischemia-reperfusion, and therefore, the possibility of the production of reactive 

species due to a lack of oxygen.  Furthermore, this model also excludes the effects of 

extracellularly added excitatory agents, for example, NMDA and glutamate, which are 

commonly used to induce excitotoxicity in experimental settings.  Thus, intracellular 

zinc ion fluctuation is a general phenomenon that is induced by mechanical stretch.  

This observation leads to the speculation that mechanical stretch will cause intracellular 

zinc ion fluctuations in both neurons and glia in the CNS.  One remarkable difference 

between PC12 and C6 cells is that in PC12 cells intracellular zinc ion concentrations 

stayed at a level lower than the original value after the initial increase, while in C6 cells it 

increased again and was maintained at a high.  This difference may be due to different 

zinc ion buffering and storage capacities, as well as differences in the transport 

mechanisms for zinc in these two cell types.  Furthermore, PC12 cells potentially 

develop a cellular “zinc ion deficiency”, which may trigger signaling events that lead to 

generation of ROS and other deleterious consequences during the recovery phase since 

adequate zinc is a prerequisite to metabolism and repair.  Thus, the two sides of the bell-

shaped curve mentioned in the introduction are realized.  In PC12 cells, it is the lack of 
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zinc ions, whereas in C6 cells it is the excess of zinc ions that could contribute to 

“toxicity”.   

 

Since intracellular zinc ion homeostasis is closely linked to redox regulation, 

levels of reactive species were measured in PC12 cells.  NO at least partially causes the 

initial increase of zinc ion concentrations.  Instead of inducing production of ROS, this 

zinc ion signal is required for the anti-oxidant defense of the cells, because repression of 

the initial increase of zinc ion concentrations resulted in higher levels of ROS.  The 

possible pathways that enable zinc ions to protect cells from oxidative damage include 

binding to thiols in proteins so as to prevent sulfur residues from oxidation, and/or 

activating MTF-1, which regulates expression of anti-oxidant genes. 

 

The peaks of zinc ion concentrations after RSI and after serum starvation occur at 

about one hour, indicating a general time window of zinc ion response to stress 

conditions.  Oxidative stress is one of the major contributors to the elevated zinc ion 

concentrations in both conditions.  However, whether the same reactive species release 

zinc ions from zinc-binding proteins is not clear. 

 

The advantage of this study is that the RSI cell culture model allows investigation 

of mechanical stretch independently from other perturbations.  In other words, the 

impact of mechanical stretch is isolated from any chemical influence that is added to the 

study system.  In addition, the interaction between different cell types and the 

interference from the surrounding environment in the intact animal tissue is also 
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minimized in the cell culture system.  The response of each cell type to the mechanical 

stretch can be studied separately.  The three major deleterious pathways of traumatic 

brain injury, namely glutamate excitotoxicity, calcium overload, and oxidative stress, 

have been investigated employing this mechanical stretch model.  Increased activities of 

NMDA and AMPA receptors have been observed (Ahmed et al., 2000; Goforth et al., 

1999) after RSI.  Intracellular calcium ion concentrations are elevated (Rzigalinski et 

al., 1998), and the storage of intracellular calcium ions are depleted a long time after 

injury (Weber et al., 2001).  Dysfunction of mitochondria is also a consequence of 

mechanical stretch (Ahmed et al., 2000), which will in turn result in decreased ATP 

production and ROS generation.  Mechanical stretch enhances the vulnerability of 

sublethally injured neurons to secondary chemical insults (Arundine et al., 2004).  

 

PC12 and C6 cells are cell lines derived from a peripheral neuronal system and 

from glioma, respectively.  The values measured in PC12 and C6 cells cannot be 

considered as the absolute values of intracellular zinc ion concentrations of primary 

neuronal and glial cells.  Furthermore, the main component that the injury device 

stimulates is stretch, which is only one of the three strains occurring after traumatic brain 

injury.  The effect of the other two, compression and shear (Gennarelli and Thibault, 

1985), cannot be studied with this model.  Also, the cells in various areas of the silastic 

membrane may be injured at different levels.  Therefore, the measurements reflect an 

average condition of all cells in the culture well. 
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In summary, RSI causes intracellular zinc ion fluctuations in both PC12 and C6 

cells.  The initial increase of zinc ion concentrations is associated with elevated levels of 

NO, and it may have an anti-oxidant function to protect the cells from oxidative damage 

since zinc ions bind to thiols in proteins to protect sulfur from being oxidized and/or zinc 

ions activate MTF-1, which regulates expression of anti-oxidant genes.  However, at 

longer times after injury a zinc deficiency may develop, initiated in free zinc pool, and 

eventually in total zinc content, which could be deleterious to cellular metabolism and 

repair.
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Figure 15:  Basal intracellular zinc ion concentrations of undifferentiated and 

Bt2AMP-differentiated C6 cells in complete growth medium.  Intracellular zinc ion 

concentrations of undifferentiated (●) and Bt2AMP-differentiated (■) C6 cells were 

determined with FluoZin-3 AM.  Cells (2 x 10
6
/ml) were incubated with 0.15, 0.3, 0.6, 

0.9, 1.2 or 1.5 μM FluoZin-3 AM in 1 ml DPBS without Ca
2+

 and Mg
2+

.  Extrapolation 

with a nonlinear function (exponential decay y = y0 + ae
-bx

) yielded values of 0.76 nM for 

the intracellular zinc ion concentrations in undifferentiated C6 cells and 0.25 nM for 

Bt2AMP-differentiated C6 cells.  Data are presented as mean ± SEM.  (n = 3) 
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Figure 16:  Cell death measured with propidium iodide staining after RSI.  (A) 

Phase contrast and fluorescent microscopic images of PC12 cell cultures at 24 hours after 

different levels of RSI (0, 20, 30, 40, 50 and 60 psi at a duration of 50 msec).  (B) 

Percentage of dead cells to the total number of cells within the view.   
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Figure 17:  Intracellular zinc ion concentrations at 0, 0.5, 1, 3, 6, 12 and 24 hours 

after RSI in (A) PC12 cells and (B) C6 cells.  Data are represented as mean ± SEM.  (n 

= 3) 
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Figure 18:  Levels of (A) ROS and (B) NO at 0, 0.5, 1, 3, 6, 12 and 24 hours after 

RSI in PC12 cells.  Data are represented as mean ± SEM.  (n = 3)
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Figure 19:  Intracellular zinc ion concentrations of PC12 cells in: (Group 1) 

CONTROL, no RSI, no L-NAME treatment; (Group 2) L-NAME, treated with 500 µM 

L-NAME in complete culture medium for 1 hour; (Group 3) RSI, 1 hour after RSI; and 

(Group 4) RSI+L-NAME, treated with 500 µM L-NAME immediately after RSI for 1 

hour before measurement.  Data are represented as mean ± SEM.  (n = 3) *, p < 0.001 

compared to CONTROL analyzed by one-way ANOVA with Bonferroni adjustment for 

multiple comparison; #, p<0.001 RSI+L-NAME compared to RSI analyzed by one-way 

ANOVA with Bonferroni adjustment for multiple comparison. 
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Figure 20:  Concentrations of ROS in PC12 cells in (Group 1): CONTROL, no RSI, 

no TPEN treatment; (Group 2) TPEN, treated with 50 nM TPEN in complete culture 

medium for 1 hour; (Group 3) RSI, 1 hour after RSI; and (Group 4) RSI+TPEN, treated 

with 50 nM TPEN immediately after RSI for 1 hour before measurement.  Data are 

represented as mean ± SEM.  (n = 3) *, p < 0.001 compared to CONTROL analyzed by 

one-way ANOVA with Bonferroni adjustment for multiple comparison; #, p<0.001 

RSI+TPEN compared to TPEN and RSI analyzed by one-way ANOVA with Bonferroni 

adjustment for multiple comparison. 
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CHAPTER 4: PERTURBATION OF INTRACELLULAR ZINC ION 

HOMEOSTASIS IN FLUID PERCUSSION TRAUMATIC BRAIN 

INJURY 

 

4.1 INTRODUCTION 

 

While cell/tissue culture models of brain trauma permit mechanistic studies of 

pathways leading to cell death and tissue degeneration, it is necessary to validate the 

findings in animal models as a way of translating the knowledge and designing 

interventions for prevention and treatment of brain injury.  The heterogenic nature of 

TBI (Saatman et al., 2008) makes it difficult to replicate every feature of clinical TBI in a 

single animal model.  Many animal models have been developed to explore a variety of 

morphological, cellular, molecular, and behavioral changes after TBI (Cernak, 2005) 

(Figure 21).  In the present study, the model of parasagittal fluid percussion injury 

described by McIntosh et al. (McIntosh et al., 1989) was used to study the perturbation of 

zinc ion homeostasis (Figure 22).  Fluid percussion injury is one of the most frequently 

used direct brain deformation models (Cernak, 2005).  In this model, the insult is 

inflicted by application of a fluid pressure pulse to the intact dura through a craniotomy, 

which in this case, was made laterally over the left parietal bone between the bregma and 

lambda sutures.  The parasagittal fluid percussion injury model produces an injury that 

replicates clinical contusion without skull fracture.  The major advantages of this model 
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are that the injury shows a direct relationship between the majority of pathological 

alterations and injury severity, and that the animal‟s own contralateral (uninjured) 

hemisphere can be used as a control for the injured hemisphere.  

 

Employing the parasagittal fluid percussion model, intracellular zinc ion changes 

were investigated in two regions from the brain of adult male Sprague-Dawley rats, 

namely hippocampus and cortex.  The hippocampus is one of the regions most 

vulnerable to brain trauma (Lowenstein et al., 1992).  Human TBI patients commonly 

suffer from cognitive deficits, learning and memory dysfunctions, and memory loss long 

after brain trauma.  Interestingly, the most intense staining of histochemical reactive 

zinc was also located in the hippocampal-cortical regions.  Since there is no good 

method to quantify the intracellular zinc ion concentrations in animal tissues, MT and T 

measurements were performed to indirectly detect the changes in zinc ion concentrations.  

The ratio of MT/T correlates positively with intracellular zinc ion bioavailability (Krezel 

and Maret, 2007).   
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4.2 MATERIALS AND METHODS 

 

4.2.1 Study design 

 

The basal levels of MT and T in the hippocampus and cortex of male Sprague-

Dawley rat were determined using six naive rats.  Five time points (0.5, 2, 4, 16 and 24 

hours) after a sham or a TBI operation were included in this study, and for each time 

point, twelve rats were randomly assigned to receive a moderate (200 kPa) parasagittal 

fluid percussion or sham treatment (six animals for each treatment).  Two-way ANOVA 

was used to analyze the effect of treatment (sham vs TBI) and time.  The Student‟s t-test 

was used to compare the difference between sham and TBI at individual time points.   

 

4.2.2 Parasagittal fluid percussion TBI 

 

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, 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, each rat was placed in a stereotaxic 

frame and a craniotomy was performed, using a Michele Trephine, 1 mm lateral right to 

the sagittal suture, midway between the bregma and lambda sutures.  A modified 
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LuerLok syringe hub was placed in the craniotomy site and anchored in place with dental 

hygienic acrylic resin.  The rat was then connected to the trauma device and received 

either a sham or a moderate (2.0 atm) TBI.  The acrylic cap was removed, wound 

sutured with 4-0 prolene, and the rat was permitted to awaken from anesthesia.  All 

animals were monitored for any physiological changes after injury.  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 cortices and hippocampi to measure 

metallothioneins.  The basal level of total metallothioneins and the MT to T ratio were 

also obtained by collecting brain tissues from six rats receiving no surgery and sacrificed 

under anesthesia with 4% isoflurane.  The injured and uninjured sides of the 

hippocampus and the cortex were analyzed separately.   

 

4.2.3 Expression and purification of human metallothionein II (hMT-II)  

 

Pure human metallothionein II (hMT II) was produced by employing the 

IMPACT system (intein-mediated purification with an affinity chitin-binding tag) (Hong 

et al., 2001).  This system was used to generate a calibration curve for quantification of 

MT and T in the rat brain tissue.  Briefly, a cell lysate of Escherichia coli (ER2566 

harboring the plasmid pTYB11-MT) that had been induced with isopropyl β-D-

thiogalactoside (IPTG) at room temperature was mixed with chitin beads to harvest 

intein-T.  T was then cleaved off from the intein with dithiothreitol (DTT) for two days 

at room temperature.  The solution was acidified and loaded on a Sephadex G-25 
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chromatography column equilibrated with de-gassed 0.012 N HCl.  The 

spectrophotometric profile of fractions collected from the column is shown in Figure 23.  

The first peak at 220 nm is due to thionein.  Fractions no. 9-17 (about 27 ml) were 

pooled and reconstituted with ZnSO4 with a protein to zinc ratio of 1:10 and then titrated 

with TRIS base to pH 8.6 (Figure 23A).  A second chromatography column of Sephadex 

G-50 equilibrated with de-gassed 20 mM Tris-Cl, pH 7.5 was employed to purify 

reconstituted hMT II (Figure 23B).  Fractions no. 10-20 were stored separately at -20 

ºC. 

 

4.2.4 Fluorescence assay of metallothioneins 

 

Hippocampi and cortices of Sprague-Dawley rats were dissected immediately 

after sacrifice and processed for metallothionein measurements (Yang et al., 2001; Krezel 

and Maret, 2007).  The tissues were homogenized by a Kontes electric pellet pestle 

(Fisher Scientific) in homogenization buffer (0.2 M mannitol, 0.05 M sucrose, 0.01 M 

KCl, 0.01 M HEPES, pH 7.4) in a µl volume that corresponds to 4 times the weight of 

the tissue (in mg).  After centrifugation at 10,000 x 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
TM

 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 x g for 5 min and the 

supernatant was labeled immediately with 1 mM 7-fluorobenz-2-oxa-1,3-diazole-4-
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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 EDTA (Sigma) was added for total metallothionein 

measurement, but omitted for T measurement.  After incubation at 60 ºC for 10 min, 

samples were separated on a reversed-phase C4 Phenomenex Jupiter 5µ column (250 mm 

x 4.60 mm
2
) 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 at 384 nm and emission at 510 nm and a fluorescence 

detector gain at x100 (Figure 24).  All aspects of the experiment were performed at 25 

ºC.  A calibration curve for determination MT protein concentrations was derived from 

a series of the pure hMT-II concentrations (Figure 25).  The MTtot and T concentrations 

of the animal tissues were normalized to the total protein concentrations that were 

determined by the micro BCA protein assay, and the difference in the values of MTtot 

and T is MT.  
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4.3. RESULTS 

4.3.1. Basal levels of MT and T 

 

The basal concentrations of MTtot (MT + T) and T of male Sprague-Dawley rats 

were 0.0002 and 0.0001 μM/mg, respectively (Figure 26).  There is no significant 

difference between hippocampal and cortical regions.  Under normal conditions, the 

level of T is approximately half of the total MT level, namely, the MT/T ratio is about 

one.   

 

4.3.2 Parasagittal fluid percussion TBI induces changes in MT to T ratios 

 

To date, there is no method to monitor real time changes of intracellular zinc ion 

concentrations quantitatively in animal tissues.  We employed an assay that measures 

different species of metallothionein to examine the cellular bioavailability of zinc ions 

(Yang et al., 2001; Krezel and Maret, 2006), which is the amount of free zinc ions that 

are readily available to zinc-chelating agents/zinc-binding proteins (Hao and Maret, 

2005).  Since there is no significant difference between the results of injured and 

uninjured sides of the hippocampus and the cortex, data were pooled together, and the 

final comparison is between sham treated rats and TBI rats.  Both sham operation and 

parasagittal fluid percussion TBI caused an overall decrease in total MT plus T levels 

(Figure 27).  At 30 minutes, total MT plus T concentrations became significantly higher 
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(p < 0.05) in TBI groups for both hippocampal and cortial regions.  In contrast, a 

significant time effect (p < 0.001) was seen for the ratio of MT/T in both sham- and TBI-

operated animals analyzed by two-way ANOVA (Figure 28).  At the acute phase after 

sham or TBI treatment (< 4 hours), the MT to T ratio increased significantly in both 

hippocampal and cortical regions, indicating an increase in intracellular zinc ion 

bioavailability.  A peak was observed at 4 hours, and the ratio decreased afterwards.  

At 24 hours after TBI, the ratio of MT/T was significantly lower than the original value.  

Two-way ANOVA, however, did not show a significant overall effect of treatment (sham 

vs TBI) (p > 0.05).  Individual time points (hippocampus: 0.5 hours; cortex: 2 and 4 

hours) displayed significant differences between sham and TBI treatments, as analyzed 

by Student‟s t-test (p > 0.05).  TBI tended to increase the ratio of MT/T at the acute 

phase (< 4 hours), suggesting that intracellular zinc ion concentrations were elevated by 

TBI.  

 

4.4 DISCUSSION 

 

The major finding of this study is that both sham and TBI changes the levels of 

MT and T with time.  The time effect is very significant and a peak of the ratio between 

MT and T was observed in the animals that survived for four hours after the operation.  

This is in consist with the data in the RSI cell culture study, which was namely an 

induction of an initial increase in intracellular zinc ion concentrations, followed by a 

decrease several hours after treatment.  Therefore, zinc ion fluctuations are confirmed in 
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an animal model.  The changes in zinc ion concentrations displayed different trends in 

different phases after the injury.  Thus, it is critical to take into consideration the time at 

which one explores the function of zinc ions in brain injuries.  Although only the left 

hemisphere of the animal‟s brain received the liquid pressure from the injury device, no 

difference was detected between the injured (left) and uninjured (right) side.  In 

addition, the hippocampus and cortex displayed similar patterns of MT/T changes after 

sham and TBI.  However, the individual time points at which TBI showed a 

significantly higher ratio of MT/T compared to sham at the acute phase of injury is 

slightly different between the hippocampus and cortex.  It will be interesting to 

determine how MT/T changes in other regions of the brain that have less staining for zinc 

ions.  The overall decrease in the total concentrations of MT and T and the ratio of MT 

and T suggest the development of zinc ion deficiency over the long term after injury. 

 

The animal model used in this study permits the production of precise and 

reproducible levels of injury.  The systemic responses of the whole organism are taken 

into consideration.  Direct staining with TSQ (Suh et al., 2000) and Newport Green 

(Hellmich et al., 2004) at 24 hours after brain injury showed accumulation of zinc ions in 

injured neurons, which is a “snap shot” of a sequence of events, while metallothionein 

measurements allow us to monitor the changes of intracellular zinc ion bioavailablity 

over time.  Previous studies indicated induction of MT after injury by measuring the 

levels of transcripts and by employing MT antibodies (Penkowa and Moos, 1995; 

Carrasco et al., 1999; Penkowa et al., 2001; Chung et al., 2008).  However, none of 
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these approaches could differentiate different forms of MT and T, and therefore, cannot 

provide any information on the cellular status of zinc ions.   

 

MT and T respond to systemic stress conditions as well as local zinc ion 

fluctuations, No significant difference was detected in TBI compared to sham operation 

at a significance level of 0.05 when the data were analyzed by two-way ANOVA.  It 

may be necessary to increase the severity of the injury to reach this level of significance.  

Another limitation of this study is that the measurements are the average of all the cells 

within the regions of study.  Thus, conclusions about the difference between injured and 

uninjured cells, and between different cell types, cannot be drawn.
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Figure 21:  Schematic representation of in vivo experimental TBI models. (Figure 

adapted from Cernak, 2005).
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Figure 22:  Schematic presentation of the fluid percussion TBI model (Figure adapted 

from Thompson et al., 2005). 
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Figure 23:  (A) Purification of T.  The spectrophotometric profile at 220 nm of 

fractions collected from a Sephadex G-25 chromatography column.  (B) Purification of 

MT.  The spectrophotometric profile at 220 nm of fractions collected from a Sephadex 

G-50 chromatography column.    
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Figure 24:  A typical HPLC chromatograph of MT and T analysis.  The retention 

time is approximately 10 minutes. 
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Figure 25:  Calibration curve of MT and T measurement.  A series of different 

hMTII concentrations (0, 0.025, 0.05, 0.1, 0.2, 0.3, 0.4, 0.5, 1, 2, and 4 μM) was analyzed 

by HPLC, (the fluorescent signal was saturated when the concentration reached 4 μM).  

The height of the peak on the chromatograph was determined instead of the area since the 

shape of the peak is not strictly symmetrical.  The linear portion (y = 0.0013 x -0.003, r2 

= 0.98) of the curve was used to calculate the level of MT and T from the rat brain 

sample.  When the height of MT and T of the animal brain tissue is less than 0.00088, 

which is the first point of the linear portion, a nonlinear equation (y = 0.0002 – 0.0001x + 

0.0057x
2
) was then used to calculate the protein concentration. 
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Figure 26:  Basal levels of MTtot and T in the rat hippocampus and cortex.  MTtot is 

the total level of MT plus T.   (n =6)
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Figure 27:  Total levels of MT plus T in rat (A) hippocampus and (B) cortex after 

sham and TBI treatments. * p < 0. 05 compared to sham by Student’s t-test. (n = 6) 
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Figure 28:  The ratio of MT to T in rat (A) hippocampus and (B) cortex after sham 

and TBI treatments. * p < 0. 05 compared to sham by Student’s t-test; p < 0.0001 for time 

effect analyzed by two-way ANOVA.  (n = 6) 
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CHAPTER 5: SUMMARY AND FUTURE DIRECTIONS 

 

In this project, both cell culture models and an animal model were employed to 

investigate zinc ion concentrations under normal conditions and during perturbation in 

traumatic brain injury.  Intracellular zinc ion concentrations need to be maintained in a 

certain range, and their fluctuations need to be precisely controlled to ensure the proper 

requirements for zinc ions at different cellular states.  Changes in zinc ion 

concentrations were found to be a sensitive marker of injury.  In addition, the 

homeostatic control of zinc ions is closely linked to the regulation of cellular redox 

status.      

 

5.1. DYNAMICS OF INTRACELLULAR ZINC ION CONCENTRATIONS AND CELLULAR 

ZINC ION BUFFERING CAPACITY 

 

Its physical properties render zinc ion invisible to most spectroscopic methods of 

investigation, precluding the application of many techniques that have been instrumental 

in understanding the functions of other transition metals.  Fluorescent chelating agents 

hold the greatest promise.  In this project, intracellular zinc ion concentrations of two 

cell lines, PC12 cells and C6 cells, were measured under physiological and pathological 

conditions.  The fluorescent assay used for these measurements was developed by 

employing a series of probe concentrations and extrapolating the curve to a zero probe 
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concentration to determine intracellular zinc ion concentrations (Krezel and Maret, 2006).  

It takes the alteration of cellular zinc ion buffering capacity upon addition of any zinc-

chelating agents into consideration, and therefore, the measurement will be independent 

of the concentration of the probe used.  Besides, zinc ion buffering capacity can be 

reflected by the shape of the extrapolation curves, as simulated in Figure 29 (Krezel and 

Maret, 2006).  In a system with smaller zinc ion buffering capacity, any addition of zinc 

chelating agent will result in a larger decrease in intracellular zinc ion concentrations, and 

therefore, the extrapolation line will be more curved up.        

 

In contrast to previous views about zinc as a static component of proteins inside 

cells, this project demonstrates that zinc ions fluctuate dynamically in response to 

changes in cellular physiology and after a pathological injury.  Two different cell culture 

models employed in this project (PC12 cells and C6 cells) display not only different 

intracellular zinc ion concentrations, but also different zinc ion buffering capacities 

(Figure 7 compared to Figure 15).  The shape of the curves is altered in both cell types 

after they are differentiated, indicating that zinc ion buffering capacity is not static.  The 

understanding of the concepts of the dynamic regulation of zinc ion concentrations as 

well as its buffering capacity is critical to evaluate whether the zinc ion plays a toxic or 

protective role in pathological conditions, because the basal zinc ion concentrations and 

the cellular zinc ion buffering capacity are both involved in determining the vulnerability 

of the cell to injury and other stress conditions. 
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5.2. DEFINITION OF THE THRESHOLDS OF INTRACELLULAR ZINC ION 

CONCENTRATIONS 

 

Based on the values of zinc ion fluctuations, a “safe range” of intracellular zinc 

ion concentrations in PC12 cells can now be determined, which is another advantage of 

the quantitative measurements performed in this study (Figure 30).  The highest zinc ion 

concentration in the cell cycle is approximately 1.4 nM, which is slightly lower than that 

in differentiated PC12 cells, and it is the same value as the peak after serum starvation 

and rapid stretch injury in undifferentiated PC12 cells.  Since the rapid stretch injury 

level is sub-lethal rather than lethal to PC12 cells, a 1.4 nM concentration of zinc ions is 

considered as the high threshold to keep cells proliferating without inducing pathways 

leading to cell differentiation or pathways leading to cell death.  Intracellular zinc ion 

concentrations eventually dropped to about 0.4 nM after serum starvation and rapid 

stretch injury, and the same value was observed at initiation of the cell cycle after serum-

withdrawal synchronization.  It is remarkable that (and how) these transient zinc ion 

concentrations are possible, and that the cell adjusts relatively quickly to a “fixed” basal 

concentration.  However, the lowest intracellular zinc ion concentration in one cell cycle 

in continuously proliferating PC12 cells is around 0.7 nM instead, indicating a distinction 

between proliferating and quiescent cells and injured cells.  This indicates the existence 

of a tight regulatory mechanism to control intracellular zinc ion concentrations.  

Moreover, how long a certain zinc ion level persists in the cell must be timed precisely 

with the progression of the cell cycle.  This can be a reflection of synthesis and 

degradation of cycling proteins, or more important, an active machinery for control of 
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proper zinc ion concentrations to regulate zinc protein functions.  In the zinc 

supplementation experiments of PC12 cell proliferation in a serum-free medium with 25 

µM ZnSO4, the intracellular zinc ion concentrations do not increase further after they 

reach approximately 2 nM, which is slightly higher than the concentration in 

differentiated PC12 cells, but three magnitudes lower than that in the medium.  When 50 

µM and 100 µM ZnSO4 were added into culture media, intracellular zinc ion 

concentrations in PC12 cells shot up immediately without any flat region as seen on the 

curve of zinc ion concentrations when 25 µM ZnSO4 was added.  This is very similar to 

a scenario of adding zinc ions into a system without any zinc ion buffering.  Thus, the 

buffering capacity of PC12 cells is overwhelmed when 50 µM (or higher levels) of 

ZnSO4 is added to the medium.    

 

Therefore, the range of intracellular zinc ion concentrations in proliferating PC12 

cells is between 0.7 – 1.4 nM, which can drop to as low as about 0.4 nM when growth 

factors are absent or after mechanical injury and can increase to as high as 1.7 nM after 

differentiation.  The highest zinc ion concentration inside PC12 cells that does not 

overwhelm their buffering capacity or the regulatory machinery is about 2 nM.  

Therefore, the “survival” range of intracellular zinc ion concentrations for PC12 cells is 

0.4 – 2 nM.  This range is very close to the one observed in HT29 cells with levels of 

0.6 nM in resting cells, 1.3 nM in differentiated cells, and reaching 2.8 nM when HT29 

cells are undergoing apoptosis (Krezel and Maret, 2007).  This feature endows zinc ions 

with the properties of a potent signal that, in conjunction with cellular redox changes, can 

regulate cellular physiology. 
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5.3. ZINC ION HOMEOSTASIS AND CELLULAR REDOX STATES 

 

Increases of reactive species were observed after serum starvation and rapid 

stretch, both of which can be considered as stress conditions to the cultured cells.  The 

sequence of events in secondary brain injury featuring glutamate excitotoxicty is: calcium 

influx causes production of nitric oxide, and zinc is released via oxidation of zinc-binding 

proteins via nitric oxide.  This release is confirmed in this study for RSI.  However, 

unlike in previous findings where zinc induced more ROS (Dineley et al., 2003), the 

increase of zinc to 1.4 nM in PC12 cells may play an anti-oxidant role because chelation 

of zinc resulted in higher levels of ROS.  This shows precisely why quantitative 

measurements are necessary.  A possible explanation is that the increased level of zinc 

ions is still within the range of cellular zinc ion buffering capacity, and this elevated zinc 

ion concentrations may be an active defense mechanism of the cell to the sub-lethal level 

of rapid stretch injury.  Only when the cellular zinc ion buffering capacity is 

overwhelmed will the uncontrolled high zinc ion concentrations contribute to generating 

ROS, and eventually, activate pathways that lead to cell death.  The lower than normal 

value of zinc ion concentrations a long time after rapid stretch injury, on the other hand, 

can be a great concern, because this value is approaching the low threshold needed to 

maintain cell growth.  If the cell cannot receive adequate zinc to restore its intracellular 

zinc ion concentrations, the survival and recovery of the cell is endangered.   
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5.4. CHANGES OF MT/T AS BIOMARKERS OF ZINC ION FLUCTUATIONS 

 

Quantitative measurement of zinc ion concentrations can be achieved in cell 

cultures with fluorescent probes, but a good method to detect changes of zinc ion 

concentrations in animal tissues is still lacking.  Since the MT/T ratio is positively 

correlated with intracellular zinc ion bioavailability (Krezel and Maret, 2007), the 

findings of cellular zinc ion fluctuation after injury can be confirmed by MT/T 

measurement in an animal fluid percussion model at a moderate level of injury.  The 

major disadvantage is the specificity of changes in MT/T in TBI, because MT responds to 

many other kinds of stress.  Thus, sham treatment also causes considerable changes in 

MT/T over time.  In addition, the technique used here cannot distinguish between 

different MT isoforms, which may play different roles in brain injury (Hidalgo et al., 

2001; Carrasco et al., 2003).
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5.5. RESTORATION OF ZINC ION HOMEOSTASIS AND THE ZINC ION BUFFERING 

SYSTEM AS A PROPOSED TREATMENT FOR TBI 

 

Both in vitro and in vivo models demonstrate an acute increase of intracellular 

zinc ion concentrations followed by a decrease to lower than the original values hours 

after injury.  Cellular investigations indicate a protective role of the acute phase zinc ion 

increase and suggest that the increase may serve as an active response mechanism of the 

cell to fight against the injury and to prevent oxidative stress.  However, the model 

employed in this study is a sub-lethal injury model, and the highest zinc ion concentration 

is still within a “safe range”.  It is highly likely that if the zinc ion concentrations 

increase further and overwhelm the zinc ion buffering capacity of the cell, zinc toxicity 

will result.  Part of the zinc ion buffering capacity is also redox-buffering capacity, and 

therefore, oxidative stress under pathological conditions will further lessen zinc ion 

buffering (Krezel and Maret, 2006).  The observations also suggest a pathway of why 

human brain injury patients commonly develop zinc deficiency after trauma.  The 

findings provide support for zinc supplementation during the recovery phase of clinical 

traumatic brain injury (Levenson, 2005).  One should take into account the role of zinc 

in developing new treatment strategies for treatment of CNS insults.  The major issue is 

not whether zinc is toxic or protective, but when, where, how much, and in which form 

zinc is toxic or protective.  The traditional strategy is to chelate zinc, while the results of 

this project suggest deleterious consequences of zinc chelation.   Zinc can be both toxic 

and protective, but what is clear is that both too much zinc and too little zinc will be 
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deleterious.  It is critical to know the time window when zinc should be removed by a 

chelating agent or should be supplemented.  The key is to restore zinc homeostasis and 

to maintain a proper zinc buffering capacity.  The results of this project indicate the 

importance of quantitative approaches, clarify the concepts for better understanding of 

homeostatic zinc regulation, and raise the hope for developing novel strategies to help 

with TBI treatment.   
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Figure 29:  Relation between the concentrations of FluoZin-3 and zinc ions in (A) a 

buffered system and (B) an unbuffered system, and (C) in a system with different 

buffering capacities. The higher the line curves upward, the weaker the buffering capacity 

is in the system.  (Figure and figure legend adapted from Krezel and Maret, 2006 ) 
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Figure 30:  Thresholds of intracellular zinc ion concentrations in PC12 cells. The 

“survival” or “safe” range of intracellular zinc ion concentrations is between 0.4 and 2.0 

nM.  A range of 0.7 – 1.4 nM zinc ions needs to be maintained for proliferation.  PC12 

cells are differentiated when zinc ion concentrations reach 1.7 nM.  Cell death will be 

induced if zinc ion concentrations increase higher than 2.0 nM. 
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