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Chairperson:  Dr. Diana Lurie 

 

ABSTRACT 

 

     Low level lead (Pb) exposure is a risk factor for neurological dysfunction including 

ADHD.  How Pb produces these behavioral deficits is unknown, but low-level exposure 

during development is associated with auditory temporal processing deficits, even though 

hearing remains normal.  Pb disrupts cellular energy metabolism and efficient energy 

production is crucial for auditory neurons to maintain their high rates of synaptic activity. 

The voltage dependent ion channel (VDAC) is an ion channel involved in the regulation of 

mitochondrial physiology and is a critical component in controlling mitochondrial energy 

production.  No studies to date have investigated the effect of Pb on VDAC, therefore the 

current series of studies examines the interactions between Pb and VDAC.   In-vitro 

studies were used to delineate the effects of Pb on VDAC expression.  Both differentiated 

SH-SY5Y cells and PC-12 cells exposed to 10 µM Pb for 48 h result in a significant 

decrease in VDAC expression.  Exposure to 24 h of hypoxia fails to decrease VDAC 

expression, suggesting this is a specific effect of Pb.  In addition, a corresponding decrease 

in cellular ATP that is correlated with decreased VDAC expression occurs with Pb.  Real-

time RT-PCR demonstrated a significant decrease in mRNA levels for VDAC1 isoform, 

suggesting that Pb decreases VDAC protein expression through decreased transcription.  

A proteomics approach was then used to confirm that Pb exposure during development 

results in changes in proteins involved in energy metabolism in auditory regions of the 

brainstem.  CBA mice were exposed to 0 mM (control), 0.01 mM (low), or 2 mM (high) 

Pb acetate during development.  At P21, the ventral brainstem region containing several 

auditory nuclei, including the Medial Nucleus of the Trapezoid Body, and the medial and 

lateral superior olivary nuclei, was separated from the total brainstem.  Proteomic 

analysis (isolation and separation of proteins by 2D-PAGE; analysis by MALDI-MS) 

revealed that chronic Pb exposure alters the expression of proteins involved in the 

regulation of cellular energy metabolism including VDAC and creatine kinase B.  

Immunohistochemistry confirms that Pb exposure results in decreased expression of 

VDAC in auditory nuclei, supporting the hypothesis that Pb disrupts energy metabolism 

in auditory neurons.     
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General Introduction 

     The extensive use of lead (Pb) in a wide variety of industrial processes and products has 

resulted in the widespread distribution of this toxic heavy metal throughout the 

environment.  Environmental Pb can enter biological systems through ingestion and 

respiration, and is considered a critical global public health hazard (Toscano and Guilarte, 

2005).  Despite extensive efforts to eliminate the use of Pb, it continues to be a serious 

problem in many parts of the U.S.  In 1991 the U.S. Centers for Disease Control and 

Prevention determined that blood Pb levels less than 10 µg/dL, were considered safe, 

however recent studies in humans and animals have shown that the neurotoxic effects of Pb 

can occur at much lower blood Pb levels (Gilbert and Weiss, 2006).  Low-level Pb exposure 

is a risk factor for learning disabilities and attention deficit hyperactivity disorder (ADHD) 

in children and many children with these behavioral syndromes also demonstrate deficits in 

auditory temporal processing, suggesting a link between developmental Pb exposure, 

behavioral dysfunction and auditory temporal processing (Gray, 1999; Otto and Fox, 1993; 

Lurie et al., 2006; Breier et al., 2003; Montgomery et al., 2005). 

 

Sources of environmental Pb 

 

     Pb is a natural heavy metal that has been widely dispersed throughout the environment 

because of its use in many industrial procedures and products.  The neurotoxic effects of Pb 

have been recognized for thousands of years and Pb has long been considered a significant 

global environmental health risk (Gidlow, 2004; Toscano and Guilarte, 2005; Bellinger, 

2008).   
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     Classical sources of environmental Pb include house paint, gasoline, lead pipes, and 

solder for food cans.  Entry into biological systems is mainly attributed to its ingestion and 

respiration.  Leaded paint can degenerate into chips and dust that can contaminate soil and 

water, or be a direct source of exposure if inhaled or swallowed (Toscano and Guilarte, 

2005).  Drinking water can become contaminated from the lead pipes that supply water to 

older houses.  Canned food can become contaminated from the Pb solder used to seal the 

joints. Atmosphere and soil accumulation of Pb can be attributed to industrial emissions 

and burning of leaded fuels (Toscano and Guilarte, 2005; Needleman and Bellinger, 1991).  

In the United States, extensive efforts have been made over the past several decades to 

eliminate these sources of environmental Pb exposure.  Laws prohibiting the use of Pb in 

house paint, gasoline, and solder in food cans has resulted in an 85 % decrease in the 

number of young children with potentially harmful blood lead levels in the last 20 years 

(Needleman and Bellinger, 1991).  Despite these measures, Pb continues to persist in the 

environment.  Pb house paint and pipes continue to remain in older housing, and off-road 

vehicles continue to burn leaded fuels.  In addition to these classical sources of exposure, Pb 

can still be found as an integral part of many industrial processes, hobbies, tobacco smoke, 

lip stick, and recently in the surface paint of children toys (Bellinger, 2004; Bellinger, 2008; 

Gilbert and Weiss, 2006; Toscano and Guilarte, 2005). 

 

Behavioral and cognitive impairments associated with Pb exposure 

     The developing central nervous system is particularly vulnerable to low levels of Pb 

and over the years there have been numerous reports on the behavioral and cognitive 
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impairments associated with Pb exposure (Costa et al., 2004; Braun et al., 2006; Lidsky 

and Schneider, 2003; Lanphear et al., 2000; Canfield et al., 2003; Goldstein, 1992; 

Finkelstein et al., 1998).  Cognitive impairment has been the most extensively studied 

effect of Pb exposure and is usually assessed by measuring IQ scores (Needleman and 

Bellinger, 1991).  The current CDC screening guideline for blood Pb levels is 10 µg/dL, 

however current studies suggest that no level of Pb exposure appears to be safe (Gilbert 

and Weiss, 2006).  For example, decreases in the IQ scores of children may be greater at 

blood Pb levels below 10 µg/dL than above this level (Bellinger, 2008).  Canfield et al., 

reported that every 1 µg/dL blood lead level increase corresponded with a 1.37 IQ 

decrease, for blood lead levels under 10 µg/dL;  with a total decrease of 7.4 IQ as lifetime 

average blood lead levels increased from 1-10 µg/dL (Canfield et al., 2003).  A recent study 

by Lanphear et. al., reported that cognitive deficits are associated with blood Pb 

concentrations lower than 5 µg/dL.  The findings from this study found that for children, 

every 1 µg/dL increase corresponded with an observed 0.7-point decrease in mean 

arithmetic scores, a 1-point decrease in mean reading scores, a 0.1-point decrease on mean 

nonverbal reasoning scores, and a 0.5-point decrease in mean short-term memory scores 

(Lanphear et al., 2000).   

     It is also becoming increasing clear that low levels of Pb exposure can cause behavioral 

syndromes in children (Chiodo et al., 2004).  Recent studies have suggested that even 

“subclinical” lead exposure is a risk factor for antisocial and delinquent behaviors (Bellinger, 

2004).  Recent studies have focused on studying the link between Pb exposure and ADHD.  
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Early reports by Bellinger, et al., described a significant relationship between childhood Pb 

exposure, attention, and executive function (Bellinger and Dietrich, 1994; Needleman and 

Bellinger, 1991).  A recent analysis performed by Braun et al., reported a significant dose-

response relationship between childhood Pb exposure and ADHD, and further reported 

that environmental Pb exposure accounts for 290,000 cases of ADHD in U.S. children 

(Braun et al., 2006).   

     Although there appears to be a significant link between Pb exposure, behavioral 

syndromes, and cognitive deficits, the underlying cause remains largely unknown.  

Cognitive and behavioral dysfunction observed following Pb exposure is most likely a 

manifestation of the combined effects of Pb on a number of different biological processes 

that may be due to multiple cellular targets and cell types.  Of relevance to the current 

study, Widzowski et al. demonstrated that Pb accumulates evenly in all areas of the brain 

and suggested that Pb may elicit specific effects on different brain regions by targeting 

specific proteins unique or enriched in that brain region (Widzowski and Cory-Slechta, 

1994).  Therefore, in order to improve risk assessment and to help identify the biochemical 

mechanisms that contribute to the adverse effects of Pb on biological systems, it is 

important to identify potential protein targets for the neurotoxic actions of Pb and 

elucidate their underlying mechanisms. 

 

Known Mechanisms of Pb Neurotoxicity    

     Although, the toxic effects of Pb cannot be explained by a single molecular mechanism, the 

ability of Pb to substitute for other divalent cations, particularly calcium and zinc, at numerous 
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cellular sites is a common factor to many of its toxic actions (Garza et al., 2006; Lidsky and 

Schneider, 2003).  The substitution of Pb for divalent cations has the potential to affect 

many different biologically significant processes, including metal transport, energy 

metabolism, apoptosis, ionic conduction, excitotoxicity, neurotransmitter storage and 

release processes, altered activity of first and second messenger systems, protein 

maturation, and genetic regulation.   

     Of relevance to the current study is the concept that Pb is thought to interfere with gene 

expression by competing for Zn2+-binding sites of transcription factors, such as zinc-finger 

proteins (Zawia, 2003; Basha et al., 2003).  Numerous studies have reported that Pb 

exposure interferes with the DNA binding of the zinc finger transcription factor Specificity 

protein 1 (Sp1) both in vivo and in vitro (Crumpton et al., 2001; Zawia et al., 1998; Atkins 

et al., 2003; Basha et al., 2003; Hanas et al., 1999).  Sp1 recognizes a GC-rich motif present 

in a variety of mammalian gene promotors (Zawia et al., 1998).  Sp1 was initially identified 

as a transcriptional activator, however it was later reported to also act as a negative 

regulator of gene transcription (Gong et al., 2000).  Several studies have shown that Pb can 

modulate Sp1 DNA-binding in differentiated PC-12 cells (Zawia et al., 1998; Crumpton et 

al., 2001; Basha et al., 2003).  Basha et al. reported that Pb altered hippocampal Sp1 DNA 

binding and mRNA expression in Pb exposed rats (Basha et al., 2003).  Furthermore, Hanas 

et al. demonstrated that 1-25 µM Pb concentrations inhibited Sp1 DNA binding in-vitro 

(Hanas et al., 1999).  Transcription factors play a vital role in the regulation of gene 

transcription and functional impairment due to Pb exposure may disrupt the expression of 

their target genes, altering normal cellular function. 



   

 6  

Pb and the auditory system       

     Several studies have demonstrated auditory processing deficits in animals and children 

following Pb exposure, indicating that the auditory system may be a particular target for Pb 

toxicity.   Auditory temporal processing is the processing of neuronal signals in time and 

space, which allows the listener to resolve complex sounds and to recognize specific signals 

within a noise background.  Children exposed to Pb showed decreased performance in tests 

requiring appropriately timed reactions, as well as increased latencies in brainstem auditory 

evoked potentials (Finkelstein et al., 1998; Holdstein et al., 1986).  Further, these auditory 

deficiencies have also been observed in several animal studies.  Chicks exposed to low 

levels of Pb are deficient in a test of central auditory temporal processing called backward 

masking (Gray, 1999).  In addition, our lab found that mice exposed to low levels of Pb 

exposure during development have deficits in two measures of central auditory brainstem 

function, the brainstem conduction time and gap encoding in the inferior colliculus (Jones et 

al., 2008).  Together, the results from these studies demonstrate that deficits in auditory 

temporal processing occur following Pb exposure. 

 

Auditory temporal processing and the Superior Olivary Complex 

   Auditory temporal processing can be roughly defined as the way in which incoming 

auditory signals are perceived and processed by the brain.  Essentially, incoming auditory 

signals are analyzed by their frequency, intensity, and temporal features by auditory nuclei 

in the brain. These characteristics enable the listener to recognize sounds (crying, dogs 

barking, car alarms, etc.) and comprehend speech  (Johnson et al., 2007; Frisina, 2001).  
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Several brain regions are thought to be associated with auditory temporal processing but 

the superior olivary complex (SOC) is the first site of binaural auditory processing in the 

brainstem, and is hypothesized to use auditory temporal information for sound location 

(Squire et al., 2003).   

     The SOC plays a number of roles in hearing.  The SOC is the initial site where auditory 

signals from the two ears converge and binaural signals for sound localization are processed.  

The SOC is important for selective auditory attention, the localization of sound in time and 

space, decoding complex sounds, and detection of auditory signals within a noise 

background (Mulders and Robertson, 2004).  The SOC is composed of three principal 

nuclei, the lateral superior oliary nuclei (LSO), the medial superior olivary nuclei (MSO), 

and the medial nucleus of the trapezoid body (MNTB).  The MSO is a specialized nucleus 

that is believed to be associated with processing the differences in time of arrival of sounds 

between the two ears (the interaural time difference) (Moore, 2000).  The LSO and MNTB 

perform a similar function, but these nuclei are believed to be involved in the processing of 

intensity differences of sound between the ears (interaural intensity difference), and are 

required for high frequency sound localization (Tsuchitani, 1997; Moore, 2000).   

 

Energy metabolism and auditory neurons 

     Auditory neurons are highly active and require precise timing from auditory signals 

received from the two ears for temporal processing.  In order to ensure accurate processing 

of auditory information, auditory neurons are capable of firing action potentials at very 

high rates, up to 600 Hz (Rowland et al., 2000).  The increased energy demand required for 
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the high rates of activity of these specialized neurons depends on reliable and efficient 

cellular energy production (Rowland et al., 2000; Nothwang et al., 2006; Schneggenburger 

and Forsythe, 2006; Trussell, 1999).  To support these high energy requirements, the 

auditory system contains a specialized arrangement of mitochondria located near the 

presynaptic membrane.  These complexes are thought to not only supply energy for 

synaptic processes, but also buffer Ca2+ during high rates of activity (Rowland et al., 

2000).  Therefore, even subtle disruptions in mitochondrial metabolism could compromise 

the proper function of these neurons.   

 

The voltage dependent anion channel and energy metabolism 

     VDAC is an ion channel involved in the regulation of mitochondrial physiology and is a 

critical component in controlling mitochondrial energy production.  No studies to date have 

examined the role of VDAC in auditory neurons, but even small changes in VDAC 

expression have been shown to compromise energy metabolism.  VDAC is primarily 

located in the mitochondrial outer membrane and regulates mitochondrial permeability to 

anions, cations, creatine phosphate, inorganic phosphate, ATP, ADP, and other 

metabolites into and out of the mitochondria (Shoshan-Barmatz and Israelson, 2005).  

Disrupted VDAC function has been shown to compromise energy metabolism as well as 

Ca2+ homeostasis within the cell (Lemasters and Holmuhamedov, 2006; Shoshan-Barmatz 

and Gincel, 2003).  In addition, it has been suggested that VDAC controls the production 

of cellular energy beginning with the control of the Ca2+ dependent enzymes pyruvate 

dehydrogenase and iso-citrate dehydrogenase in the mitochondria (Shoshan-Barmatz and 
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Israelson, 2005).  Impaired VDAC function or down-regulation of VDAC expression 

would suppress mitochondrial uptake of ADP and Pi for synthesis and release of ATP, 

thereby decreasing levels of cytosolic ATP, and stimulating glycolysis and possibly the 

phosphocreatine circuit (Shoshan-Barmatz and Israelson, 2005; Lemasters and 

Holmuhamedov, 2006).   Furthermore,  studies have demonstrated that decreased VDAC-1 

expression results in decreased ATP synthesis, decreased cytosolic ADP and ATP levels, 

decreased phosphocreatine, and increased creatine kinase activity (Rafalowska et al., 1996; 

Shoshan-Barmatz et al., 2006).  Additional studies have suggested that VDAC has Ca2+ 

binding sites and channel activity can be modulated by glutamate, Ca2+, and other cations 

(Shoshan-Barmatz and Gincel, 2003; Israelson et al., 2007).  Mammals express at least 

three different VDAC genes (Weeber et al., 2002; Baines et al., 2007).  VDAC’s have 

highly conserved structural and electrophysiological characteristics across plant, yeast, 

mouse, and human species (Sampson et al., 2001).  Studies using VDAC knock-out mice 

have demonstrated that each VDAC isoform appears to have specialized functions.   

Knock-out of VDAC-1 and VDAC-2 resulted in reductions of mitochondrial respiratory 

capacity (Wu et al., 1999), whereas knockout of VDAC-3 causes male sterility (Sampson 

et al., 2001).  In addition, VDAC-1 and VDAC-3 knockout mice demonstrated deficits in 

learning behavior and synaptic plasticity (Weeber et al., 2002).  However, selective 

elimination of one or the other of these isoforms does not produce the same effects, 

suggesting different functional roles for VDAC-1 and VDAC-3 isoforms (Shoshan-Barmatz 

et al., 2006).  
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Proteomics approach 

     In order to determine if Pb exposure compromises mitochondrial metabolism and energy 

production within the auditory brainstem by modulating proteins such as VDAC that are 

critical to ATP production, we utilized a proteomic approach as part an arsenal of 

techniques that we employed to examine the effect of Pb on energy production within 

auditory neurons.  Proteomics is the protein complement of genomics and can generally be 

described as the large-scale study of proteins in a cell or tissue at a particular time.  

Genomic studies are limited since not all mRNAs will be translated into the protein.  

Furthermore, the level of transcription of specific proteins does not always correspond to 

the level of expression due to many factors, including RNA splicing, posttranslational 

protein modifications, etc.  To gain a better understanding of a biological system, it is 

desirable to obtain information at the protein level.  Proteomics is an attractive technique in 

this respect, since protein characterization may include various properties of proteins such 

as its primary sequence, quantity, modification state, subcellular localization, structure, 

interaction partners and activity or cellular function (Aebersold and Goodlett, 2001; Grant 

and Blackstock, 2001).    

     Proteomics relies on the ability to separate a complex mixture so that individual proteins 

can be easily analyzed.  In this study we used a proteomic method commonly referred to as 

expression proteomics, which is analogous to differential gene expression and relies on 

comparing the protein expression levels between the experimental samples and control 

samples.  Expression proteomics is commonly performed by separating proteins using 

two-dimensional protein electrophoresis followed by protein identification using matrix 
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assisted laser desorption ionization-time of flight mass spectrometry (MALDI-TOF MS) 

and a peptide mass fingerprint.  First, the proteins are separated according to their 

isoelectric point (pI) (first dimension).  Proteins will migrate towards cathode or anode 

according to their total charge up to the point where the gel pH equals the pI of a given 

protein.  After this initial separation, proteins are then separated based on their molecular 

weight using gel electrophoresis (second dimension).  Once proteins are separated, the gels 

are stained and protein expression changes are determined by comparing the protein spot 

density between the experimental samples and control samples. The differentially 

expressed protein spots are excised and digested with trypin into peptides.  Samples 

analysis by MALDI-TOF MS generates peptide maps of proteins that can be compared to 

theoretical protein data bases for protein identification, such as Mascot, PEAKS, OMSSA, 

and SEQUEST (Freeman and Hemby, 2004). 

     The use of proteomics as a research tool for studying the central nervous system is 

rapidly increasing due to recent advances made in methodologies, protein identification 

capabilities, and instrumentation.  Proteomics is a powerful tool for studying biological 

systems since it allows for the study of a large number of proteins simultaneously in a 

single sample preparation and is being used to elucidate biomarkers for specific diseases, 

protein-protein interactions, protein function, biochemical pathways and molecular 

networks.  An increased understanding of protein function in the CNS and biomarkers can 

aid in the diagnosis, prevention, and treatment of many diseases and brain related disorders 

(Freeman and Hemby, 2004; Johnson et al., 2005).  Not only is proteomics a useful tool 

for generating data for scientific research but it has great potential for scientific discovery as 
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well (Freeman and Hemby, 2004; Kim et al., 2004; Drabik et al., 2007).   

 

General Hypothesis 

     Our overall hypothesis driving the current studies is that Pb disrupts energy metabolism 

in auditory neurons, leading to impairments in function that play a role in producing 

auditory temporal processing deficits.   We further propose that the voltage dependent 

anion channel (VDAC), is a key target of Pb, because it plays such a central role in 

regulating cellular energy metabolism (Shoshan-Barmatz et al., 2006; Gincel et al., 2001).  

VDAC has also been shown be involved in learning and synaptic plasticity in mice (Weeber 

et al., 2002), two functions that are disrupted by Pb exposure.   Therefore, VDAC may 

represent a possible cellular target for Pb.  The current series of studies is the first to 

examine the effect of Pb on VDAC both in vitro and in vivo. 
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SPECIFIC AIMS 

 

Specific Aim I:    Determine if low levels of Pb alters VDAC expression and ATP 

levels in-vitro. 

     -Explore the effects of low-levels of Pb exposure on VDAC  

    expression and ATP levels in differentiated cell lines 

 

Specific Aim II:   Use a proteomic approach to examine whether chronic Pb exposure 

results in decreases of VDAC expression in the murine auditory 

brainstem.  Identify cellular systems (including those involved in 

energy metabolism) primarily affected by chronic Pb exposure, in 

the murine auditory brainstem. 

- Separate and identify proteins in the murine auditory 

brainstem that by that display expression changes following low-

levels of Pb exposure during development. 

 

Specific Aim III:    Confirm that central auditory neurons show decreased VDAC 

expression decreases following Pb exposure. 

  -Utilize immunohistochemical techniques to determine that 

VDAC expression decreases in central auditory neurons following 

developmental Pb exposure.   
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Chapter 1 

Low-level Pb exposure results in decreased expression of the voltage-dependent 

anion channel in-vitro 

 

Abstract:   

     Lead (Pb) has been shown to disrupt cellular energy metabolism which may underlie the 

learning deficits and cognitive dysfunctions associated with environmental Pb exposure.  

The voltage dependent anion channel (VDAC) plays a central role in regulating energy 

metabolism in neurons by maintaining cellular ATP levels and regulating calcium buffering, 

and studies have shown that VDAC expression is associated with learning in mice.  In this 

study, we examined the effect of low levels of Pb exposure on VDAC expression in-vitro in 

order to determine whether Pb decreases VDAC expression in neurons.  PC-12 and SH-

SY5Y cells were used since they differentiate to resemble primary neuronal cells.  VDAC 

expression levels were significantly decreased 48 h after exposure to Pb in both cell lines.  

In contrast, exposure to 24 h of hypoxia failed to produce a decrease in VDAC, suggesting 

that decreased VDAC expression is not a general cellular stress response, but is a specific 

result of Pb exposure.  This decreased VDAC expression was also correlated with a 

corresponding decrease in cellular ATP levels.  Real-time RT-PCR demonstrated a 

significant decrease in mRNA levels for the VDAC-1 isoform, indicating that Pb reduces 

transcription of VDAC-1.  These results demonstrate that exposure to low-levels of Pb 

reduce VDAC transcription and expression and is associated with reduced cellular ATP 

levels. 
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Introduction 

     The extensive use of lead (Pb) in a wide variety of industrial processes and products has 

resulted in the widespread distribution of this toxic heavy metal throughout the 

environment.  Despite extensive efforts to eliminate the use of Pb, it continues to be a 

serious problem in many parts of the U.S.  Pb has been shown to affect many different 

biological processes, including metal transport, energy metabolism, neurotransmitter 

storage and release processes, protein maturation, and genetic regulation (Garza et al., 2006; 

Lidsky and Schneider, 2003).  While high levels of Pb exposure induce a variety of physical 

and behavioral syndromes, low-level Pb exposure during development has been shown to 

be a risk factor for behavioral syndromes such as learning disabilities and attention deficit 

hyperactivity disorder (ADHD) (Lidsky and Schneider, 2003; Braun et al., 2006).  

Although there has been an extensive amount of research devoted to studying the effects of 

Pb exposure, the molecular mechanisms behind the subtle, neurotoxic effects of low levels 

of Pb remain largely unknown.  However, disrupted energy metabolism is one mechanism 

that has been proposed as a possible cause of the behavioral abnormalities and brain 

dysfunction induced by Pb (Sterling et al., 1982).  

     VDAC is an ion channel located in the mitochondrial outer membrane that plays a 

central role in regulating energy metabolism in neurons by maintaining cellular ATP levels 

and regulating calcium buffering (Shoshan-Barmatz et al., 2006; Shoshan-Barmatz and 

Gincel, 2003).   Decreased VDAC expression has been shown to result in decreased ATP 

synthesis, and decreased cytosolic ADP and ATP levels in vitro (Abu-Hamad et al., 2006).  

Therefore, a potential mechanism through which Pb could induce decreases in ATP 
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concentrations might be a decrease in VDAC.    

     In order to investigate the interactions among Pb, VDAC, and ATP, we used two 

neuronal cell lines, a differentiated rat pheochromocytoma cell line (PC-12 cells) and a 

differentiated human neuroblastoma cell line (SH-SY5Y cells).   PC-12 and SH-SY5Y cells 

serve as relevant in-vitro model systems for primary neuronal cells because they stop 

dividing, grow long neurites, and show changes in cellular composition associated with 

neuronal differentiation, in response to treatment with nerve growth factor and retinoic 

acid, respectively (Greene and Tischler, 1976; Vignali et al., 1996).   

     Cells were differentiated for 6-10 days and total VDAC protein levels were measured 

following low-level Pb exposure.  We found that total VDAC protein expression levels 

decreased in both cell lines with 48 h of Pb exposure.  Interestingly, hypoxia did not result 

in a change in VDAC expression, indicating that reduced VDAC expression is not a general 

response to stress, but appears to be specific to Pb exposure.  In addition, we found a 

concomitant decrease in cellular ATP levels with 48 h of Pb exposure, suggesting a 

correlation between decreased VDAC expression and decreased cellular ATP production.  

Finally, Real Time RT-PCR demonstrated that the Pb-induced decrease in VDAC protein 

is the result of decreased transcription of two of the three VDAC isoforms.  Taken 

together, these results show that Pb reduces VDAC transcription and protein expression, 

and this decrease is correlated with a reduction in cellular ATP levels. 
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Materials and Methods 

PC-12 and SH-SY5Y cell cultures  

     PC-12 cells were obtained from American Type Culture Collection (Rockville, MD).  

PC-12 cells were cultured in RPMI medium containing 10% horse serum and 5% fetal calf 

serum, sodium pyruvate, and antibiotics at 37°C in humidified air containing 5% CO2.  The 

culture medium was changed every 2-3 days and cells were used between passages 6 and 

12.  For experiments, approximately 15,000 cells/cm2 were seeded onto collagen-coated 6-

well plates and then allowed to grow for 2 days in RPMI medium.  Cells were 

differentiated using 100 ng/ml nerve growth factor (NGF-7S, Sigma-Aldrich, Inc.), in RPMI 

medium containing 1% horse serum, sodium pyruvate, and antibiotics.  Under these 

conditions, the cells developed a neuronal phenotype with neurite outgrowth that was 

already apparent 24 h after seeding, we always used the cells at day 6 of differentiation.  

For experiments, differentiated cells were treated with different concentrations of lead 

acetate dissolved in water in RPMI medium containing 1% horse serum, sodium pyruvate, 

and antibiotics. 

      SH-SY5Y cells were obtained from American Type Culture Collection (Rockville, 

MD).  SHSY-5Y cells were cultured in DMEM/F12 medium (GIBCO BRL, Grand Island, 

NY) supplemented with 10% fetal bovine serum (Hyclone), 100U/ml penicillin, 100 µg/ml 

streptomycin, and 2 mM L-glutamine in an incubator maintained at 5% CO2 and 37°C.  

The medium was changed every two days.  Cells were treated with 10 µM all-trans-

Retinoic Acid (Sigma, St. Louis, MO) in for 8-10 days to induce differentiation.  For 

experiments, differentiated cells were treated with different concentrations of lead acetate in 
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DMEM/F12 medium containing 1% horse serum, sodium pyruvate, and antibiotics for 1-4 

days. 

 

Pb exposure  

     Cells were exposed to Pb as follows; a 5 mM Pb stock solution was prepared by 

dissolving the appropriate amount of lead acetate in sterile, double distilled H2O.  

Experimental Pb concentrations were prepared by dilution of stock solution in appropriate 

culture medium.  For PC-12 cells, experimental Pb concentrations were prepared in serum 

free RPMI medium containing 1% horse serum, sodium pyruvate, and antibiotics.  For SH-

SY5Y cells, experimental Pb concentrations were prepared in DMEM/F12 medium 

containing 1% horse serum, sodium pyruvate, and antibiotics.  Differentiated cells were 

incubated with 0, 1, 5, 10, and 50 µM of Pb for different time periods (24, 48, 72, or 96 h) 

at 37°C, with 0 µM Pb samples used as the control group.  It is important to note that the 

concentrations of Pb used in our studies had no effect on the cell viability as indicated by 

MTT and LDH assays.   

   

Hypoxia 

For hypoxia experiments, SH-SY5Y cells were cultured and differentiated as described 

above, followed by incubation in a controlled atmosphere of 2% oxygen (14 mmHg partial 

pressure) for 24 h at 37ºC.  The gas mixture in the incubator during hypoxia was 2% O2, 

5% CO2, and 93% N2. 
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MTT and LDH assays 

     MTT and LDH assay kits were obtained from Roche Applied Science (Cat. # 11 465 

007 001 and 1 644 793, respectively).  For MTT and LDH assays, ~0.25 x 105 cells/ml 

were differentiated on collagen coated 96 well plates.  Cells were exposed for 24, 48, 72, or 

96 h to a graded series of Pb concentrations (0, 1, 5, 10, 50, 100, 250, 500, 1000, 5000, and 

10000 µM Pb).  For PC-12 cells, a 2% triton X-100 solution in assay medium was used for 

a high control.  One 96-well plate was used for each time point.  Cells were incubated for 

24, 48, 72, or 96 h at 37°C with 5% CO2 and 90% humidity.  General assay protocols 

included with each kit were followed.   

     Briefly, for the LDH assay, cells were rinsed several times with culture medium prior to 

Pb exposure.  Culture medium was removed and 100 µl of fresh medium containing the 

graded Pb concentrations was added to each well.  At the appropriate time points, 100 µl 

of supernatant was removed from each well and transferred into the corresponding wells of 

a new 96-well plate.  LDH activity was determined by adding 100 µl of reaction mixture 

(included with kit) to each well and incubating for 20 minutes in the dark at room 

temperature.  Absorbance measurements were made at 490 nm on a microplate reader 

(Molecular Devices, Versamax).  The reference wavelength was 650 nm. 

     For the MTT assay, cells were rinsed several times with culture medium prior to Pb 

exposure.  Culture medium was removed and 100 µl of fresh medium containing the graded 

Pb concentrations or triton X-100 was added to each well (n=8 for each Pb concentration 

and triton x-100).  After incubation for appropriate time points, 10 µl of MTT labeling 

reagent (included with kit) was added to each well.  Plates were incubated with MTT 
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labeling reagent for 4 hours and then 100 µl of solubilizing solution (included with kit) was 

added to each well.  Plates were incubated overnight before being measured.  Absorbance of 

samples was measured using a microplate reader (Molecular Devices, Versamax).  The 

wavelength for measuring formazan product was 575 nm and reference wavelength was 660 

nm. 

 

Western Blot analysis 

     For all samples, total protein was extracted from cells by homogenizing in a lysis buffer 

containing 20 mM Tris-HCl (pH 7.5), 150 mM NaCl, 1 mM Na2EDTA, 1 mM EGTA, 

1% triton, 2.5 mM sodium pyrophosphate, 1 mM beta-glycerophosphate and 1 mM 

Na3VO4 (Cell Signaling Technology, Beverly, MA).  Additions were made giving final 

concentrations of 0.5% Na-deoxycholate, 0.5% SDS, 1 µM okadaic acid, 1 mM 

phenylmethylsulfonyl (PMSF), 0.1 mg/mL benzamidine, 8 µg/mL calpain inhibitors I and 

II and 1 µg/mL each leupeptin, pepstatin A and aprotinin.  Homogenates were sonicated 

and vortexed for 5 minutes before centrifugation at 50,000 rpm for 20 minutes.  Protein 

concentration of the supernatant was then determined by Bradford protein assay.   

Proteins were separated by SDS-PAGE using 4-12% gradient bis-tris gels (Bio-Rad 

criterion precast gel) and transferred to PVDF membranes for immunoblotting.  Sources for 

antibodies were as follows: Total VDAC (Cell signaling technology, Cat.# 4866), and 

p44/42 Map Kinase (ERK)(Cell signaling technology Cat.# 9102).   

     Gels were transferred to Immun-Blot PVDF membrane (Bio-Rad) using Criterion (Bio-

Rad) transfer cell with plate electrodes for 60 minutes at 100 V and blocked in 5% milk in 
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TBST (1 x Tris-buffered saline, 0.1% Tween 20, 5% dry milk), incubated overnight at 4°C.  

Membranes were washed in TBST, and then incubated overnight at 4ºC with VDAC 

antibody.  Membranes were then washed in TBST and incubated with secondary antibody 

(Vector, HRP-conjugated Anti-Rabbit, PI-1000; 1:2000) for two hours.  Membranes were 

then washed in TBST before imaging with the Fuji LAS-3000 CCD based imaging system 

(FujiFilm Life Science).  Membranes were re-probed with ERK to confirm equal protein 

loading.  Band pixel intensity was measured using the Fuji LAS-3000 software.  VDAC 

band intensities from control and treated groups were normalized to ERK, and plotted 

using GraphPad (GraphPad Prism 4.0) software.  For PC-12 cells, statistical significance 

was determined by t-test, p<0.05 (n=6 samples per group).  For SH-SY5Y cells, statistical 

significance between control, Pb treatment and hypoxia was determined by ANOVA 

followed by Dunnets post hoc test (n=4 samples per group). 

 

Cellular ATP assay 

     The cellular ATP levels for each Pb treatment group was determined using an ATP 

Bioluminescence Assay Kit HSII, Roche Applied Science.  Cells were grown and 

differentiated on collagen-coated plates as described above.  Cells from each treatment 

group were rinsed with sterile PBS, then collected and diluted to ~107-cells/mL.  200 µl of 

the cell suspension and 200 µl of the supplied lysis reagent were placed in a 1.5 ml 

eppendorf tube and for ~5 minutes.  Samples were centrifuged at 10,000 x g for 60 seconds 

and supernatant was transferred to a fresh eppendorf tube and kept on ice until analysis.  

For ATP determinations, 50 µl of sample was transferred to a 96-well plate and 
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luminescence was measured using a microplate luminometer (Berthold Technologies, 

Centro LB 960).   Briefly, 50 µl of luciferase reagent was added to 50 µl of sample by 

automated injection.  Measurement was started after a 1 second delay and integrated from 1 

to 10 seconds.  Luminescence measurements from control and treated groups were 

normalized to total protein concentration of sample.   Statistical significance was 

determined by analysis of varience followed by a Dunnets post hoc test, p<0.05 (n=6 

samples per group). 

 

RNA Isolation  

     Cell pellets were resuspended in a small volume (<300 µl) of PBS.  8 ml of Trizol 

Reagent (Invitrogen Corp. Carlsbad, CA) was added and mixed by pipetting to homogenize 

the cells.  After a 10-minute incubation at room temperature, 1.6 ml of chloroform was 

added and the solution was mixed by shaking for 30 seconds and incubated at room 

temperature for 3 minutes.  Phase separation was performed by centrifugation at 3200 x g 

for 30 minutes.  The upper aqueous layer was removed to a tube containing 4 ml of 

isopropanol and mixed by inversion.  Samples were then precipitated overnight at -20°C.  

RNA was pelleted by centrifugation at 3200 x g for 15 minutes, the supernatant was 

removed, and 8 ml of 75% ethanol prepared with DEPC water was added to wash the 

pellet.  Another centrifugation at 3200 x g for 10 minutes was performed, the supernatant 

was removed, and the pellets were air-dried for 10 minutes.  Pellets were resuspended in 

400 µl of RNase Free Water from the Qiagen RNeasy Mini kit (Qiagen, Inc., Valencia, CA).  

100 µl of each sample was used for further purification according to the “RNA Cleanup” 
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protocol from the Qiagen RNeasy manual, including the optional DNase treatment.  The 

final elution step was performed with 30 µl of RNase free water.  RNA quantity was 

determined using a NanoDrop ND1000 Spectrophotometer (NanoDrop Technologies, 

LLC, Wilmington, DE).  RNA quality was assessed using an Agilent 2100 Bioanalyzer 

(Agilent Technologies, Santa Clara, CA) with the RNA 6000 Nano LabChip and reagents 

to obtain RNA Integrity Numbers (RIN) and 28S/18S ratios. 

 

Real Time RT-PCR Analysis 

     A Real Time RT-PCR analysis was used to investigate gene expression following Pb 

exposure in differentiated PC-12 cells.  Total RNA was extracted, as described above, from 

6 samples, three control groups and three groups treated with 5 µM Pb for 48 h.  Real 

Time RT-PCR was used to analyze the expression of rat GAPDH (NM017008), VDAC-1 

(NM031353), VDAC-2 (NM031354), and VDAC-3 (NM031355) genes and MAPK 

1/ERK 2 (NM053842) was used for the control or house keeping gene.  Reverse 

transcription and Real-Time PCR expression analysis was conducted by SuperArray 

Bioscience Corporation in Frederick, MD.   

 

RNA Quality Control  

     RNA samples were run on the Agilent bioanalyzer.  The integrity of RNA was assessed 

by looking at 18 & 28s rRNA peaks and by the RIN (RNA integrity number).  RNA 

concentrations were measured using the nano drop and all samples had 260/280 ratios 

above 2.0 and 260/230 ratios above 1.7.   
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Reverse Transcription and First strand cDNA Synthesis  

     Equal amounts of RNA (1 µg) were taken for all samples and reverse transcription was 

performed using RT2 First Strand kit from Superarray Biosciences.   This kit uses MMLV 

Reverse transcriptase and a combination of random primers and oligo dT primers.  The kit 

contains optimized DNA removal buffer that prevents false positive signals due to 

amplification of genomic contamination and has a built-in external RNA control that 

verifies lack of enzyme inhibitors and efficient reverse transcription. The total volume of 

the reaction was 20 µL and was diluted to 100 µL.  

 

PCR 

     PCR reactions were performed using RT2 qPCR primer assasys (SuperArray, 

Frederick, MD) on the ABI 7500, with RT2 Real-Time TM SYBR Green PCR master mix 

PA-012.  The total volume of the PCR reaction was 25 µL.  The thermocycler parameters 

were 95°C for 10 min, followed by 40 cycles at 95°C for 15 s and 60°C for 1 min.   

Samples consisted of 3 biological replicates for the control group and treatment group.  

Relative changes in gene expression were calculated using the !!Ct  (threshold cycle) 

method (Livak and Schmittgen, 2001).  PCR for all the genes for each sample was done in 

triplicate and the average, standard deviation and % CV was calculated for all technical 

replicates.  Data was normalized using the MAPK1 gene.  Once data had been normalized 

(! Ct) the average of the 3 biological replicates in each group was used to calculate the !! 

Ct and fold change (fold change = 2-!!Ct).  The p value is calculated using a 2-tailed 

student’s t-test. 
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Results 

Low-level Pb exposure does not induce neuronal death 

     In order to study the interactions among Pb, VDAC, and ATP we used two different 

neuronal cell lines, differentiated SH-SY5Y and PC-12 cells.  These two cell lines were used 

because they are established model systems for primary neurons (Greene and Tischler, 

1976; Robson and Sidell, 1985; Vignali et al., 1996).  In addition, we reasoned that if Pb 

induces decreased VDAC expression in both neuronal cell lines, then this is a general effect 

of Pb on neurons and is not restricted to particular neuronal subtype.  Because our in vivo 

studies have demonstrated that low-levels of Pb exposure during development does not 

result in neuronal death (Jones et al., 2008), we first established that low-level Pb does not 

result in cell death in vitro.   

     Differentiated SH-SY5Y and PC-12 cells were exposed to a graded series of Pb 

concentrations and cell viability was assessed by using both MTT and LDH assays 

following 24, 48, 72, or 96 h of exposure (Figures 1&2).   In PC-12 cells, only the higher 

concentrations of Pb >1000 µM at the 48 h and 72 h time points elicited a significant loss 

of cell viability (Figure 1). SH-SY5Y cells were even more resistant to cell death following 

Pb exposure compared to PC-12 cells, demonstrating significant cell loss at 10,000 µM Pb 

for all time points examined (Figure 2).  Thus, Pb did not induce neuronal death at low 

doses in vitro. 
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Figure 1:  Low level Pb exposure does not result in cell death of differentiated PC-12 

cells.  Cells were exposed for 24, 48, or 72 h to a graded series of Pb concentrations (0, 1, 

5, 10, 50, 100, 250, 500, 1000, and 5000 µM Pb).  Triton X-100 was used as a positive 

control because it results in cell lysis.  A)  MTT assay demonstrates only the higher 

concentrations of (Pb >1000 "M) at the 48 h and 72 h time points elicited a loss of cell 

viability.  Cells treated with triton X-100 could not reduce the MTT to formazan and no 

absorbance was measured for these samples.  B)  Similar results were demonstrated by 

LDH release assays.  Decreases in cell viability were only observed for higher 

concentrations of Pb (> 1000 µM) at 48 h and 72 h.  Maximum amount of LDH release 

was determined by treating cells with triton X-100.   
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Figure 2:  MTT and LDH assays for differentiated SH-SY5Y cells demonstrates that 

low-level Pb exposure does not result in cell death.  Cells were exposed for 24, 48, or 

96 h to a graded series of Pb concentrations (0, 1, 10, 100, 1000, and 10000 µM Pb).  A)  

MTT assay demonstrates that only the 10000 µM Pb concentration results in a significant 

loss of cell viability for all time points.  B) Similarly, LDH release assays demonstrate 

that cells exposed to Pb concentrations #1000 µM for 24 h and 96 h displayed no 

decrease in cell viability. 
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Low dose Pb exposure reduces VDAC expression in vitro 

     In order to determine whether low dose Pb exposure decreases VDAC expression in 

vitro, we exposed differentiated PC12 cells to 0, 1, 5, 10, and 50 µM of Pb for 24, 48, and  

72 h.  These Pb concentrations had no apparent effect on the cell viability at these time  

points, as indicated by MTT and LDH assays described above (Figures 1&2).  A western 

blot analysis using an antibody directed at total VDAC was then used to compare VDAC 

expression levels between the Pb treatment groups and the no Pb control groups.  The 

results indicated that VDAC expression levels began to decrease within 48 h of exposure to 

Pb, with large decreases observed for the 5 and 10 µM Pb concentrations at the 48 h time 

point (Figure 3).   It is important to note that these are relatively low levels of Pb, and the 

5-10 µM range has been widely used in many in vitro studies examining the effects of Pb 

on its molecular targets (Cordova et al., 2004; Zhao et al., 1998; Leal et al., 2002).  

Therefore, we selected 5 and 10 µM Pb exposure at 48 h to further investigate the effects 

of Pb on VDAC expression.  Additional experiments at these doses at 48 h confirmed that 

the expression of total VDAC in the 5 µM and 10 µM treatment groups was significantly 

decreased by 44% and 31% respectively compared to control group (Figure 4). 

 

Hypoxia fails to decrease VDAC expression in-vitro 

     The results from the above experiments demonstrate that exposing differentiated PC-12 

cells to low-levels of Pb results in a significant decrease in VDAC expression levels.  In 

order to determine if Pb induces VDAC expression in neurons, and is not restricted to a 

particular neuronal subtype, we compared VDAC expression levels in differentiated SH-
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SY5Y cells following a 48 h 10 µM Pb exposure. We found that exposing SH-SY5Y cells to 

10 µM Pb for 48 h results in a significant decrease in VDAC expression (Figure 5).  

Furthermore, decreased VDAC expression is not due to a general cellular stress response, 

because VDAC expression does not change following 24 h of hypoxia (Figure 5).   These 

results demonstrate that Pb decreases VDAC expression in neurons, and this reduction is a 

specific response to Pb exposure.   
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Figure 3:  Pb results in decreased VDAC expression.  Differentiated PC-12 cells were 

exposed to a graded series of Pb concentrations (0, 1, 5, 10, and 50 µM) and VDAC 

expression was measured by western blot analysis after A) 24 h, B) 48 h, and C) 72 h of 

exposure.  VDAC expression levels began to decrease within 48 h of exposure to Pb, 

with large decreases observed for the 5 and 10 µM Pb concentrations at the 48 h time 

point.  Data are presented as % relative to control (with control density considered to be 

100%) , mean ± SEM (n=3). 
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Figure 4:  Pb exposure causes a significant decrease of VDAC expression at 48 h.  

Differentiated PC-12 cells were exposed to 5 µM and 10 µM Pb concentrations for 48 h 

and VDAC expression was quantified by western blot analysis.  A) 48 h exposure to 5 

µM Pb results in a significant decrease in VDAC expression (~44% relative to control, 

n=6).  B) Similarly, 48 h exposure to 10 µM Pb produced a significant decrease in VDAC 

expression compared to controls (n=6, ~31% relative to control). * p<0.05; t-test. 
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Figure 5:  Hypoxia fails to decrease VDAC expression.  Differentiated SH-SY5Y cells 

were exposed to 24 h Hypoxia or 10 µM Pb for 48 h.  A 48 h exposure to 10 µM Pb 

resulted in a significant decrease in VDAC expression.  In contrast, exposure to 24 h 

hypoxia fails to produce decreases in VDAC expression, demonstrating that decreased 

VDAC expression is not a general stress response, but is a specific effect of Pb exposure.   

*p<0.5; ANOVA followed by Dunnets post hoc (n=3). 
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Pb reduces cellular ATP levels 

     The above findings demonstrate that VDAC expression begins to decrease 48 h 

following Pb exposure, therefore we expected to see a corresponding decrease in cellular 

ATP since VDAC plays such a central role in regulating cellular energy metabolism.  To 

determine if the Pb induced decrease in VDAC expression corresponded with decreases in 

cellular ATP levels, a luciferase driven bioluminescence assay was used to measure ATP 

levels following Pb exposure.  Differentiated PC-12 cells were incubated with 0, 1, 5, 10, 

and 50 µM of Pb, and cellular ATP levels were determined using a luciferase driven 

bioluminescence assay.  ATP levels were compared between the treatment groups to the no 

Pb control group.  To determine if Pb itself could directly interfere with the 

bioluminescence assay, we exposed differentiated PC-12 cells with the Pb concentrations 

listed above and measured the cellular ATP levels following a 30 minute incubation.   After 

30 minutes of exposure, Pb concentrations failed to produce a significant difference in 

cellular ATP levels when compared to the no Pb control group (Figure 6A), demonstrating 

that Pb itself does not interfere with bioluminescence assay.    

     In contrast, after a 48 h incubation with Pb, cellular ATP levels for all treatment groups 

were found to be significantly decreased by ~35-45% relative to the no Pb control group 

(Figure 6B).  The observed decreases in cellular ATP levels appear to correspond with the 

decreases in VDAC expression after 48 h of exposure to Pb, suggesting that ATP synthesis 

may be compromised by Pb induced decreases in VDAC expression.   
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Figure 6:  Pb exposure results in reduced levels of cellular ATP.  A bioluminescence 

assay was used to measure cellular ATP levels in differentiated PC-12 cells following 

exposure to a graded series of Pb concentrations (0, 1, 5, 10, and 50 µM).  A) After 30 

minutes of exposure, Pb concentrations failed to produce a significant difference in 

cellular ATP levels when compared to the no Pb control group, demonstrating that Pb 

itself does not interfere with the bioluminescence assay itself.  B)  In contrast, exposure 

to Pb concentrations for 48 h produced a significant decrease (~35-45% relative to the no 

Pb control group) in cellular ATP levels at all levels of Pb. * p< 0.05; ANOVA followed 

by Dunnets post hoc test (n=6). 
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Pb produces decreased gene transcription of VDAC 1 

  The cellular effects of Pb are widespread and are elicited through a variety of different 

mechanisms, including altered gene transcription (Garza et al., 2006).  Pb is thought to 

interfere with gene expression by competing for the metal-binding sites of transcription 

factors, such as zinc-finger proteins (Zawia, 2003; Basha et al., 2003).  Therefore, the Pb-

induced decrease in VDAC protein expression might be due to decreased transcription of 

the VDAC gene.  In order to test this hypothesis, we used real time RT-PCR to determine 

whether Pb exposure results in decreased gene expression for one or more of the three 

isoforms of VDAC.   Total RNA was extracted from differentiated PC-12 cells following a 

48 h exposure to 5 µM Pb concentration.  Real time RT-PCR was then used to determine 

the mRNA levels for VDAC-1, VDAC-2, and VDAC-3, relative to the MAPK control 

gene.  Figure 7 shows that Pb exposure caused a significant decrease (14%) in the levels of 

VDAC-1 mRNA.   Pb also induced a decreased trend for mRNA levels of the VDAC-2 

gene but this decrease was not statistically significant.  In contrast, there was no observed 

decrease in mRNA levels for VDAC-3.  It is important to note that Pb did not induce a 

significant difference in mRNA levels between our control gene MAPK, and GAPDH a 

commonly used housekeeping gene.    Thus, the decreased protein expression of VDAC 

that is observed following Pb exposure in vitro is primarily due to decreased transcription 

of VDAC-1. 
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Figure 7:  Pb produces significant decreases in mRNA levels for VDAC-1.  

Differentiated PC-12 cells were exposed to Pb, followed by a real time RT-PCR analysis 

to determine the mRNA levels for VDAC-1, VDAC-2, and VDAC-3.  A 48 h exposure to 

5 µM Pb results in a significant decrease (14% relative to control) in the levels of VDAC-

1 mRNA.  Pb also induces a decreased trend for mRNA levels of the VDAC-2 gene, but 

this decrease was not statistically significant.  In contrast, there was no observed decrease 

in mRNA levels for VDAC-3.  Data was normalized using the MAPK1 gene.  Once data 

had been normalized (! Ct), the average of the 3 biological replicates in each group was 

used to calculate the !! Ct and fold change (fold change = 2
-!!Ct

).  It is important to note 

that Pb did not induce a significant difference in mRNA levels between our control gene 

MAPK, and GAPDH a commonly used housekeeping gene. *p<0.05; 2-tailed student’s t-

test (n=3). 
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Discussion 

     In this study, we found that low levels of Pb exposure results in decreased VDAC 

expression in differentiated PC-12 and SH-SY5Y cells.  Results from MTT and LDH 

assays demonstrated that the low levels of Pb exposure used for these experiments had no 

affect on cell viability for either cell line.  For PC-12 cells, we found that total VDAC 

expression levels began to decrease 48 h after Pb exposure, with larger decreases observed 

for 5 and 10 µM Pb concentrations.  Exposing SH-SY5Y cells to 10 µM Pb for 48 h 

resulted in a significant decrease in VDAC expression, whereas exposure to 24 h of hypoxia 

failed to produce any decrease in VDAC expression.  These findings demonstrate that 

decreased VDAC expression is a specific response to Pb exposure.   In addition, Pb 

exposure for 48 h resulted in a corresponding decrease of cellular ATP levels, suggesting a 

relationship between decreased ATP levels and decreased VDAC expression.  Furthermore, 

real time RT-PCR established that the decrease in VDAC protein expression occurs as a 

result of a significant decrease in gene expression for VDAC-1.  

 

Involvement of mitochondrial VDAC in neuronal function 

     Mitochondria are membrane enclosed organelles that perform essential cellular functions 

including ATP production and intracellular Ca2+ signaling.  Neurons require large amounts 

of ATP for establishing ionic gradients across cell membranes and to fuel neurotransmission 

and synaptic plasticity (Kann and Kovacs, 2007).  VDAC is an ion channel located in the 

mitochondrial outer membrane and is considered to be essential for the regulation of 

mitochondrial function (Blachly-Dyson and Forte, 2001). VDAC regulates mitochondrial 
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metabolism by controlling the flow of anions, cations, creatine phosphate, Pi, ATP, ADP, 

and other metabolites across the mitochondrial outer membrane (Shoshan-Barmatz et al., 

2006; Shoshan-Barmatz and Gincel, 2003; Shoshan-Barmatz and Israelson, 2005).  

Mammals express at least three different VDAC genes; VDAC 1, 2, and 3 (Weeber et al., 

2002; Baines et al., 2007).  VDAC’s have highly conserved structural and 

electrophysiological characteristics across plant, yeast, mouse, and human species 

(Sampson et al., 1997).  Studies using VDAC knock-out mice suggest that each VDAC 

isoform appears to have specialized functions.   The knockout of VDAC-1 combined with 

VDAC-2 result in reductions of mitochondrial respiratory capacity (Wu et al., 1999), 

where as knockout of VDAC-3 causes male sterility (Sampson et al., 2001).   Our real time 

RT-PCR analysis demonstrated that Pb reduced gene expression of the VDAC-1 and 

potentially the VDAC-2 isoforms, which have been associated with mitochondrial 

respiration.  Reduced VDAC expression may impair normal mitochondrial ATP synthesis 

and thus compromise neuronal activity. 

 

Pb exposure decreases VDAC expression in-vivo 

     Recently, our lab has demonstrated that low-level Pb exposure during development 

results in auditory processing deficits in mice (Jones et al., 2008).  The auditory brainstem 

contains specialized neurons that are highly active and capable of extremely high rates of 

synaptic activity (Oertel, 1999).  High levels of ATP are necessary for auditory neurons to 

maintain the high rates of firing that are required for accurate processing of auditory 

information (von Gersdorff and Borst, 2002; Rowland et al., 2000).  While we are the first 
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to demonstrate Pb-induced decreases in VDAC expression within neurons, other studies 

have found a decrease in ATP concentrations following Pb exposure in rat brain 

synaptosomes (Rafalowska et al., 1996).  The ability of Pb to inhibit VDAC expression 

may result in decreased levels of neuronal ATP, leading to deficits in cellular energy 

metabolism.  This compromised cellular energy metabolism would be detrimental to 

neurons with high-energy requirements, such as brainstem auditory neurons. 

 

Mechanisms of Pb neurotoxicity 

     While various mechanisms have been proposed to explain the neurotoxic effects of Pb, 

the ability of Pb to substitute for other divalent cations, particularly calcium and zinc, at 

numerous cellular sites has emerged as a common theme for many of its toxic actions 

(Garza et al., 2006; Lidsky and Schneider, 2003).  The substitution of Pb for divalent 

cations has the potential to affect many different biologically significant processes, 

including metal transport, energy metabolism, apoptosis, ionic conduction, excitotoxicity, 

neurotransmitter storage and release processes, altered activity of first and second 

messenger systems, protein maturation, and genetic regulation (Garza et al., 2006; Lidsky 

and Schneider, 2003).  In addition, Pb is thought to interfere with gene expression by 

competing for the metal-binding sites of transcription factors, such as zinc-finger proteins 

(Zawia, 2003; Basha et al., 2003).  Numerous studies have reported that Pb exposure 

interferes with the DNA binding of the zinc finger transcription factor Sp1 both in-vivo 

and in-vitro (Crumpton et al., 2001; Zawia et al., 1998; Atkins et al., 2003; Basha et al., 

2003; Hanas et al., 1999).  Although it is not known if Sp1 regulates VDAC gene 
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transcription, all three VDAC isoforms contain Sp1 binding sites (Sampson et al., 1997) 

that could be modified by Pb.  Future experiments will determine whether Pb exposure 

decreases VDAC transcription by altering Sp1 binding. 

 

Summary and Conclusions 

 The current study demonstrates that VDAC may represent a novel target for Pb in the 

CNS, by reducing VDAC transcription and expression in two different neuronal cell lines.  

This decrease is correlated with a decrease in cellular ATP levels, linking decreased VDAC 

expression with decreased ATP.  The loss of VDAC following Pb exposure may impair 

mitochondrial function and compromise neuronal activity.  These effects are likely to be 

magnified in highly active neurons, such as those found in the auditory brainstem.  Even 

subtle impairments in cellular energy producing processes could compromise normal 

neuronal signaling, and lead to the deficits in auditory temporal processing that we have 

observed following Pb exposure in vivo (Jones et al., 2008).  
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Chapter 2 

Chronic low-level Pb exposure during development alters proteins involved in 

energy metabolism in auditory neurons of the brainstem 

 

Abstract  

     Low level Lead (Pb) exposure is a risk factor for behavioral and cognitive dysfunctions 

such as learning disabilities and ADHD.  The mechanism by which Pb produces these 

behavioral deficits is unknown.   Pb exposure during development is associated with 

auditory temporal processing deficits in both humans and animals, while similar auditory 

processing deficits are found in children with learning disabilities and ADHD.  To identify 

cellular changes that might underlie this functional deficit, proteins expression changes 

following Pb exposure during development were identified in auditory regions of the 

brainstem using proteomic analysis.  CBA/CaJ mice were exposed to no Pb (control), 0.01 

mM (very low), 0.1 mM (low), or 2 mM (high) Pb acetate during development.  At P21, 

the ventral brainstem region (VBS) containing several auditory nuclei, including the Medial 

Nucleus of the Trapezoid Body (MNTB), and the medial (MSO) and lateral superior 

olivary (LSO) nuclei, was separated from the total brainstem.  Proteomic analysis (isolation 

and separation of proteins by 2D-PAGE; analysis by MALDI-MS) revealed that chronic 

Pb exposure alters the expression of a number of different classes of proteins including 

those involved in the regulation of cellular energy metabolism.  This group includes creatine 

kinase B (CKB) and the voltage dependent anion channel 1 (VDAC).  VDAC is an ion 

channel that regulates mitochondrial function and ATP production.  Immunohistochemistry 

confirms that Pb exposure results in decreased expression of VDAC in auditory nuclei.  



   

 44  

Thus, the Pb-induced decrease in VDAC could have a significant effect on the function of 

auditory neurons, leading to deficits in auditory temporal processing.   

 

Introduction      

     The extensive use of lead (Pb) in a wide variety of industrial processes and products has 

resulted in the widespread distribution of this toxic heavy metal throughout the 

environment.  Environmental Pb can enter biological systems through ingestion and 

respiration, and is considered a critical global public health hazard (Toscano and Guilarte, 

2005).  Despite extensive efforts to eliminate the use of Pb it continues to be a serious 

problem in many parts of the U.S.  In 1991 the U.S. Centers for Disease Control and 

Prevention determined that blood Pb levels less than 10 µg/dL, were considered safe, 

however recent studies in humans and animals have shown that the neurotoxic effects of Pb 

can occur at much lower blood Pb levels (Gilbert and Weiss, 2006).  Low-level Pb exposure 

is a risk factor for learning disabilities and attention deficit hyperactivity disorder (ADHD) 

(Lidsky and Schneider, 2003; Braun et al., 2006).  Many children with these behavioral 

syndromes also demonstrate deficits in auditory temporal processing, suggesting a 

disturbing link between developmental Pb exposure, behavioral dysfunction and auditory 

temporal processing (Gray, 1999; Otto and Fox, 1993; Lurie et al., 2006; Breier et al., 

2003; Montgomery et al., 2005).    

     Auditory temporal processing is the processing of central auditory neuronal signals in 

time and space, which allows the listener to resolve complex sounds and to recognize 

specific signals within a noise background.  Children exposed to Pb showed decreased 
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performance in tests requiring appropriately timed reactions, and additionally, demonstrate 

increased latencies in brainstem auditory evoked potentials (Finkelstein et al., 1998; 

Holdstein et al., 1986).  These auditory deficiencies have also been observed in several 

animal studies.  For example, chickens exposed to low-levels of Pb are deficient in a test of 

central auditory temporal processing called backward masking (Gray, 1999).  We have 

recently documented that mice exposed to low levels of Pb during development 

demonstrate alterations of two measures of central auditory brainstem function, the 

brainstem conduction time and gap encoding in the inferior colliculus. (Jones et al., 2008) 

Taken together, our studies, and those of others, suggest that Pb targets the central 

auditory system, producing deficits in auditory temporal processing. 

     Auditory neurons have extremely high rates of neuronal activity, firing action potentials 

at very fast rates (Rowland et al., 2000), and precise timing of the information arriving from 

the two ears is required in order for accurate temporal processing to occur.  The increased 

energy demand needed by auditory neurons depends on reliable and efficient cellular energy 

production (Rowland et al., 2000; Nothwang et al., 2006; Schneggenburger and Forsythe, 

2006).  Pb has been shown to alter energy metabolism within the brain, resulting in 

decreases in cytosolic ATP levels and increased concentrations of creatine phosphate 

(Rafalowska et al., 1996).   If low-level Pb exposure results in disrupted energy metabolism 

in central auditory neurons, then accurate temporal processing could be severely 

comprised.  

     The current study was undertaken to determine if developmental Pb exposure results in 

impairment of energy metabolism in central auditory neurons.  We utilized a proteomic 
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approach to identify Pb-induced changes in proteins involved in energy metabolism within 

the murine auditory brainstem.  Proteomics is an attractive method for this type of study 

because it allows for a large-scale analysis of proteins from the Pb-challenged CNS.  

Proteins were isolated from control and Pb-exposed mice and were separated using two-

dimensional gel electrophoresis (2D-PAGE), followed by matrix assisted laser desorption 

ionization-time of flight mass spectrometry (MALDI-TOF MS) and a MASCOT peptide 

mass fingerprint database search to identify proteins of interest.  This is an ideal technique 

with which to explore the effects of chronic Pb exposure on protein expression since it 

provides information about the protein’s relative mass, isoelectric point, and allows for the 

screening of a large number of proteins simultaneously in a single sample preparation.   

     We found that chronic low-level Pb exposure results in the differential expression of 

proteins involved in several diverse cellular pathways including energy metabolism, signal 

transduction, and cytoskeletal organization.  However, the majority of proteins that 

changed expression following developmental Pb exposure were involved in cellular energy 

metabolism, including brain type creatine kinase (CKB) and the voltage dependent anion 

channel (VDAC).  VDAC regulates mitochondrial ATP production and cellular ATP levels 

by controlling the flow of metabolites (ATP, ADP, phosphocreatine, etc.) across the outer 

mitochondrial membrane.  Immunohistochemistry demonstrated that brainstem neurons, 

including auditory neurons, show a significant decrease in VDAC staining with Pb 

exposure.  Because auditory neurons are so highly active, the Pb-induced decrease in 

VDAC expression could alter the function of auditory neurons by compromising energy 

metabolism within these cells. 
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Experimental Procedures 

Chronic Pb exposure      

     Breeding pairs of CBA mice were obtained from The Jackson Laboratory (Bar Harbor, 

Maine).  Mice used in these studies were maintained in microisolator units and kept in the 

University of Montana specific pathogen free animal facility.  Cages, bedding, and food 

were sterilized by autoclaving and mice were handled with aseptic gloves.  Mice were 

allowed food and water ad libitum.  All animal use was in accordance with NIH and 

University of Montana IACUC guidelines.  Thirteen breeding pairs of CBA mice were 

randomly assigned to three groups having unlimited access to water (pH 3.0) containing 0 

mM (control), 0.01 mM (very low), 0.1 mM (low) or 2 mM (high) Pb acetate.  Breeding 

pairs were given leaded water when they were paired so that offspring were exposed to Pb 

throughout gestation and through the dam’s milk until postnatal day 21 (P21) when mice 

were sacrificed. 

 

Blood lead levels      

     Blood was collected from deeply anesthetized mice by retro-orbital puncture.  Blood Pb 

levels were measured by the Montana Health Department in Helena, MT.  It should be 

noted that the means for the No Pb group include values of <1.0 which were included in the 

data set as equal to 1.0.  
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Sample preparations      

     The auditory region of the mouse brainstem was isolated using a 1 mm mouse brain 

matrix.  A 2mm thick section was cut and then flash frozen on a microscope slide using 

liquid nitrogen and dissected into three separate regions: the cochlear nucleus (CN); the 

ventral brainstem region (VBS), containing the superior olivary complex (SOC) which 

consists of three principle auditory nuclei, the lateral superior olive (LSO), medial superior 

olive (MSO), and the medial nucleus of the trapezoid body (MNTB); and the dorsal 

brainstem region (DBS) (Figure 8A).  The three fractions were placed in microfuge tubes, 

flash frozen with liquid nitrogen, and stored at –80°C.  Brainstem sections from 

approximately 10 mice were dissected and used for protein extraction.  Figure 8B 

summarizes the procedure from protein extraction through protein identification.    

     To simplify the proteome and increase the sensitivity of the assay, proteins were 

extracted according to their subcellular localization.  Approximately 50 mg wet tissue was 

added to ice cold fractionation buffer (ice-cold PBS containing 3 mM EDTA and a 

protease/phosphatase inhibitor cocktail: 1 mM PMSF, 1 µg/ml pepstatin A, 1 µg/ml 

aprotinin, 1 µg/ml leupeptine, 1 µM okadaic acid (phosphatase inhibitor) and tissue was 

sheared using a 1ml pipette tip.  The sample was then centrifuged at 1,000 x g for 

approximately 10 minutes and the supernatant was discarded.  Proteins were extracted 

using a subcellular proteome extraction kit (Calbiochem ProteoExtract Subcellular Proteome 

Extraction Kit).  The extraction separates the proteins into four fractions, cytosolic 

proteins, membrane proteins, nuclear proteins, and cytoskeletal proteins (Figure 9).       
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Figure 8: Illustration of brainstem area from which proteins were extracted and 

summary of the various steps of the proteomic analysis.  A) Illustration of brainstem 

area from which proteins were extracted.  A 2 mm brainstem slice is obtained and 

cochlear nucleus sections (CN) containing the anteroventral cochlear nucleus (AVCN) 

are removed and the remaining tissue separated into a ventral brainstem region (VBS) 

and a dorsal brainstem region (DBS).  The VBS (outlined in the gray circle) is isolated in 

order to obtain tissue enriched with auditory nuclei, and then compared to the DBS 

region.  The DBS is used to represent the non-auditory brainstem.  The VBS contains the 

Superior Olivary Complex (SOC), which is composed of several principle auditory nuclei 

including the lateral superior olivary nuclei (LSO), medial superior olivary nuclei (MSO), 

superior olivary nuclei (SPO), and the medial nucleus of the trapezoid body.  This is the 

region where auditory signals from the two ears converge and is the site of initial 

processing of the binaural signals that allows listeners to localize sound in time and 

space.  Protein expression changes found in the VBS were then compared to the DBS to 

determine if protein expression changes were specific to the auditory region of the 

brainstem.  B) Flowchart of the proteomic analysis.  Briefly, proteins were extracted from 

VBS and DBS tissue according to cellular localization.  Proteins from the different 

cellular fractions were then separated by 2-D SDS-PAGE.  Comparative gels were 

stained with SYPRO ruby and protein expression from the low and high Pb treatment 

groups were compared to the no Pb control using Bio-Rad PDQuest software.  Proteins 

displaying a significant expression change (± 1.4 fold) were then matched to a coomassie 

stained gel for identification by MALDI-TOF MS and a mascot peptide mass fingerprint 

search. 
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Figure 9: Calbiochem sub-proteome extraction.  In order to simplify the proteome and 

increase the sensitivity of the 2-D gel assay, proteins were extracted from the tissue 

according to their subcellular localization.  A Calbiochem sub-proteome extraction kit 

was used to separate the proteins into four different cellular fractions; (1) cytosolic, (2) 

membrane, (3) nuclear, and (4) cytoskeletal fractions.  Western blot analysis was used to 

test the efficiency of the extraction on mouse brainstem tissue.   Protein phosphatase 2 

(PP2A/C) is primarily a cytosolic protein and was largely restricted to the cytosolic 

fraction.  Synaptophysin is a membrane bound protein and was found in the membrane 

fraction.  RMO 270 is an antibody directed towards Neurofilament medium and was 

isolated in the cytoskeletal fraction.  ERK is an enzyme that translocates from the nucleus 

to the membrane and was found in all fractions.  Results from the western blot analysis 

demonstrate that the sub-proteome extraction can efficiently isolate proteins according to 

their localization within the cell. 
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     After extraction, the protein concentration was determined for each fraction using a 

BCA protein assay and samples were stored at –80°C.  To concentrate proteins and 

remove any impurities such as salts and detergents that may interfere with 2D-PAGE 

separation, protein was precipitated using a protein precipitation kit (Calbiochem 

ProteoExtract Protein Precipitation Kit).  Precipitated protein was then prepared for 

isoelectic focusing (IEF) by re-suspending proteins in 185 ml of 7 M urea, 2 M thiourea, 

1% (w/v) ASB-14 detergent, 40 mM tris base, and 0.001% Bromophenol Blue.   

 

Two-dimensional gel electrophoresis 

Comparative Gels stained with SYPRO Ruby     

     In order to compare spot densities and identify proteins that changed between Pb-

treatment groups, 75 µg of total protein from each treatment group for each cellular fraction 

was loaded onto an 11-cm IPG strip (Bio-Rad, pH 3-10).  The spots on the comparative 

gels were then matched to a second group of gels loaded with 500 µg of total protein from 

each fraction and used for protein identification by mass spectrometry.  Proteins were 

loaded onto gels by placing protein samples in a 12-well re-hydration tray.  IPG strips 

were placed on protein samples and protein samples were allowed to enter the strip for 

approximately 60 minutes.  A layer of mineral oil was then placed over the strips and left 

in the tray overnight (approximately 16 h).  The IPG strips were next subjected to 

isoelectric focusing at 250 V for a 15 minute warm up and then ramped to 8,000 V for 2-5 h 

depending on sample content.  The voltage was limited by a 50 µA/gel current restriction.  

After reaching 8000 V, the samples were focused for an additional 5 h.  In preparation for 
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the second dimension, all sulfhydryl groups were reduced and alkylated.  IPG strips were 

first placed an 11 cm rehydration tray containing approximately 1 ml of reducing solution 

(3.6 mg Urea, 0.2 mg DTT, 2.0 ml 10% SDS, 2.5 ml 1.5 M tris (pH 8.8), 2.0 ml Glycerol, 

and 1.0 ml H2O) for 30 minutes.  After 30 minutes the reducing solution was decanted and 

channels were refilled with an alkylating soluton (3.6 g Urea, 0.25 g Iodoacetamide, 2.0 ml 

10% SDS, 2.5 ml 1.5 M tris (pH 8.8), 2.0 ml Glycerol, 1.0 ml H2O, and a very small 

amount of Bromophenol blue) for 30 minutes.  After IPG strips had been equilibrated, they 

were positioned in a 12.5% TRIS-HCl criterion gel (Bio-Rad criterion precast gel) and 

overlayed with a layer of molten agarose.  Gels for all treatment groups were run 

simultaneously in a Bio-Rad criterion dodeca cell, which is capable of running up to 12 gels 

simultaneously.   Gels were run for approximately 1 hour at 20°C at a constant voltage of 

200 V. 

 

Comparative Gel Staining and Imaging      

     2-D gels were removed from the gel cassette, and the comparative gels (75 µg total 

protein) were stained with SYPRO ruby fluorescent gel stain (Bio-Rad SYPRO Ruby 

protein gel stain).  Gels were washed for 30 min in 10% methanol, 7% acetic acid.  After 30 

minutes the wash solution was removed and gels were covered with SYPRO Ruby protein 

gel stain.  Gels were stained for approximately 3 hours with gentle agitation and then rinsed 

in 10% methanol, 7% acetic acid for 60 minutes to decrease background fluorescence.  

Finally, gels were washed in water for 15 minutes before imaging.  Gel images were 

recorded using a Bio-Rad Versa Doc CCD based imaging system (Bio-Rad, Versadoc 
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imaging system, Model 300).  

 

Image Analysis     

       Gel images were analyzed using Bio-Rad PDQuest 2-D Gel Analysis Software Version 

6.2.  The comparative gels from each protein extraction were grouped together according to 

Pb treatment and cellular fraction.  The average spot density for each protein spot was then 

used to compare the spot density among control, low and high Pb treated animals.  

Comparative gels were normalized using the PDQuest software for normalization among 

multiple gels.   

 

Protein Identification Gels      

     As described above, the SYPRO ruby-stained comparative gels were used to identify 

protein spots that changed in density following Pb exposure.  SYPRO ruby is a very 

sensitive stain and changes in spot density can be detected using small amounts of protein 

per gel.  This is important because it allowed us to use smaller numbers of animals per 

treatment group.  However, more protein is needed per spot to accurately identify the 

protein using MALDI-TOF mass spectrometry.  Therefore, one 2-D master gel per protein 

fraction was run using 500 µg total protein and stained with Coomassie blue (Bio-Rad Bio-

Safe Coomassie) for approximately one hour and then destained using distilled water.  

Coomassie stained gel images were recorded and digitalized using a Bio-Rad desktop 

densitometer (Bio-Rad GS-800).  Proteins of interest that were identified on the SYPRO 

ruby stained gels were then matched to the Coomassie stained gels using PDQuest 
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software.   Protein spots that exhibited a greater than ±1.4 fold change between no vs. low 

and no vs. high Pb treated animals on the SYPRO ruby gels were identified in the 

Coomassie gel and identified by mass spectrometry.  In addition to these protein spots of 

interest, approximately 100 additional high quality protein spots from each Coomassie 

stained gel were excised and used to create a proteomic profile for each cellular fraction 

(Appendix A). 

 

In gel trypsin digestion      

     Protein spots were excised from Coomassie stained gels using a ProteomeWorksTM 

Spot Cutter (Bio-Rad) and gel plugs transferred to a 96 well plate.  The proteins were 

enzymatically digested and the tryptic peptides were ZipTip purified.  Briefly, gel plugs 

were destained by washing plugs for 30 minutes in 200 µl of 50% H2O/50% acetonitrile, 

dried in a non-humidified oven (37°C) for approximately 2 hours, and then trypsinized 

using a 50 ml trypsin solution (12.5 ng trypsin/l 25mM NH4HCO3 in 50% acetonitrile).   

The sample was then incubated at 4ºC in the trypsin solution for 20 minutes, excess 

trypsin was removed and the sample overlayed with 30 µl of 25 mM NH4HCO3 and 

allowed to incubate overnight at 37ºC.  The following morning the supernatant containing 

peptides was removed and placed in a fresh 0.5 ml eppendorf tube.  The sample was then 

extracted two times with 200 µl 0.1% trifluoroacetic acid/60% acetonitrile and reduced to 

approximately 10 µl.  The extraction was ZipTip (Millipore ZipTip, P10 C18) purified 

following the manufacturer’s protocol.  After ZipTip purification, the tryptic peptides 

were eluted from the ZipTip with 4 µl 60% Acetonitrile/0.2% formic acid.  For analysis by 
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MALDI time-of-flight (MALDI-TOF) mass spectrometry, 10 µg -cyano hydroxycinnamic 

acid matrix is dissolved in 1 ml of 50% acetonitrile and then spiked with 2 µl of Bruker 

peptide calibration standard.  The MALDI-TOF matrix is mixed 1:1 with peptide before 

samples are spotted on the MALDI-TOF sample plate.   

 

Mass Spectrometry      

     Peptide mass spectra were recorded in positive ion mode on a Voyager-DE Pro MALDI 

time-of-flight mass spectrometer (Applied Biosystems, Foster City, CA. USA).  Mass 

spectra were obtained by averaging  500 individual laser shots.  A calibration standard 

mixture (Bruker peptide calibration standard) containing 7 different peptide standards was 

used as internal calibration standards.  The selected proteins were identified by MALDI-

TOF mass spectrometry and Mascot protein database search.  In order to accept a Mascot 

database hit as a correct protein identification, several criteria have to be met.  First, the 

protein match must have a MOWSE (Molecular Weight Search) score of at least 62 to be 

considered significant (p<0.05).  In addition, most of the identified proteins have an average 

sequence coverage of greater than 25%.  Finally, the experimental molecular weights and 

isoelectric points (pIs) have to be a close approximation of the protein’s theoretical 

molecular weight and/or pI. 

 

Database search      

     The peptide mass data was used to identify proteins using a Mascot protein database 

search engine against the MSDB database (MSDB is a non-identical protein sequence 
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database maintained by the Proteomics Department at the Hammersmith Campus of 

Imperial College London.  MSDB is designed specifically for mass spectrometry 

applications) (http://www.matrixscience.com/).  The following search parameters were 

used:  MSDB database; Taxonomy, mus musculus (house mouse); maximum missed 

cleavages, 1; variable modifications, carbamidomethyl (C) and oxidation (M); and peptide 

tolerance, ± 0.2 Da.  The Mascot search engine was used to calculate a theoretical molecular 

weight, isoelectric point, and search (MOWSE) score for each experimental peptide mass 

spectra (protein score in -10*Log(P), where P is the probability that the observed match is 

a random event.  Protein scores greater than 62 are significant (p<0.05).   

 

Total Ventral Brainstem (VBS) protein extraction and Western Blots      

     VBS brainstem sections from each experimental group were dissected from individual 

CBA mice.  Total protein from each VBS section was extracted by homogenizing in a lysis 

buffer containing 20 mM Tris-HCL (pH 7.5), 150 mM NaCl, 1mM Na2EDTA, 1 mM 

EGTA, 1% triton x, 2.5 mM sodium pyrophosphate, 1 mM beta-glycerophosphate and 1 

mM Na3VO4 (Cell Signaling Technology, Beverly, MA).  Additions were made giving final 

concentrations of 0.5% Na-deoxycholate, 0.5% SDS, 1 µM okadaic acid, 1 mM PMSF, 0.1 

mg/mL benzamidine, 8 µg/mL calpain inhibitors I and II and 1 µg/mL each leupeptin, 

pepstatin A and aprotinin.  Homogenates were sonicated and vortexed for approximately 

30 seconds before centrifugation at 50,000 rpm for 20 minutes.  Proteins were separated by 

SDS-PAGE using 4-12% gradient bis-tris gels (Bio-Rad criterion precast gel) and 

transferred to PVDF membranes for immunoblotting.  Sources for antibodies were as 
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follows: Total VDAC (Cell signaling technology, Cat. # 4866), Creatine Kinase B (Abcam 

Inc., Cat. # ab38211), Erk (Cell signaling technology, Cat. # 9102), and total aldolase (Cell 

Signaling Technology, Cat. # 3188). 

 

Immunoblotting      

     Protein concentrations for the whole cell lysate were quantified using the BCA Protein 

Assay kit (Pierce) and 20 µg of protein/sample was used for immunoblotting of brain type 

creatine kinase (CKB), total aldolase, total VDAC, and ERK.  Proteins were suspended 

with an equal volume of Laemmli buffer, heated at 95°C for 5 min, loaded, and separated on 

18-well Criterion Bis-Tris 4-12% pre-cast gels (Bio-Rad).  The MagicMark XP western 

standard (Invitrogen) was used to determine the approximate molecular weight of each 

protein.  Gels were transferred to Immun-Blot PVDF membrane (Bio-Rad) using Criterion 

(Bio-Rad) transfer cell with plate electrodes for 60 minutes at 100 V and blocked in 5% 

milk in TBST (1 x Tris-buffered saline, 0.1% Tween 20, 5% dry milk), incubated overnight 

at 4°C.  Membranes were washed in TBST, and then incubated overnight at 4ºC with 

antibodies directed against total VDAC (Cell signaling technology, Cat.  # 4866; 1:1000), 

Creatine Kinase B (Abcam Inc., Cat. # ab38211; 1:400), and total Aldolase (Cell signaling 

technology, Cat. # 4866; 1:1000).  Membranes were then washed in TBST and incubated 

with 2º-antibody (Vector, HRP-conjugated Anti-Rabbit, PI-1000; 1:2000) for two hours.  

Membranes were then washed in TBST before imaging with the Fuji LAS-3000 CCD based 

imaging system (FujiFilm Life Science).  Membranes were reprobed with total ERK (Cell 

signaling technology #9102; 1:1000) to confirm equal protein loading.  Band pixel intensity 
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was measured using the Fuji LAS-3000 software.  Band intensities from treated groups 

were normalized to a percentage of control samples, and plotted using GraphPad 

(GraphPad Prism 4.0) software.  Statistical significance was determined by an analysis of 

variance followed by dunnets post hoc, p<0.05 (n=3-4 animals per group). 

 

Immunohistochemistry 

     At P21, mice from both treatment groups (n=3 to 4 per group) were deeply 

anesthetized and perfused transcardially with 4% Na-periodate-lysine-paraformaldehyde 

fixative (PLP, final concentrations 0.01 M sodium periodate, 0.075 M lysine, 2.1% 

paraformaldehyde, 0.037 M phosphate).  Brains were removed and post-fixed for 2 hours 

at 4°C in PLP, rinsed 3 times for 10 minutes each in PBS and transferred to a 30% sucrose 

solution in PBS overnight at 4°C.  Brains were bisected between the forebrain and 

brainstem and tissue was embedded cut-side down into 1.5 cm square embedding cups 

filled with optimal cutting temperature (O.C.T.) compound.  Brains were then frozen in 

liquid nitrogen and stored at -20°C.  Ten micron tissue sections were cut on a Thermo 

Shandon Cryotome Cryostat (Thermo Shandon, Pittsburgh PA) and a one in three series of 

sections was collected for each brain.   

     Sections were thawed to room temperature and then rinsed in PBS three times for 10 

minutes each.  Slides were then permeabilized for 30 minutes with 0.5% Triton X-100 in 

PBS and immunostained as previously described (Lurie et al., 2000)(Wishcamper et al., 

2001).  Briefly, tissue sections were blocked for 20 minutes with 4% Normal Goat Serum 

(Vector Labs, Burlingame CA) in PBS containing 1% azide (PAB) and incubated with 
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primary antibody, rabbit anti-VDAC (Cell Signaling Technologies, Boston MA) diluted 

1:200 in PAB, for 24 hours in a humid chamber at 4°C.   The tissue was rinsed and then 

stained with the secondary antibody, Alexa Fluor 488 anti rabbit IgG (Invitrogen, Carlsbad 

CA) diluted 1:400 for 1 hour at room temperature in the dark.   Sections were then rinsed in 

PBS followed by distilled water and the slides were coverslipped with FluorSave 

(Calbiochem, San Diego CA) and stored in the dark at 4°C.  

 

Antibodies 

     The polyclonal antibody against voltage dependent anion channel (VDAC) was raised 

by immunizing rabbits with a synthetic peptide (KLH coupled) corresponding to the 

amino terminus of human VDAC-1 and purified using protein A and peptide affinity 

chromatography (Cat. No. 4866, Cell Signaling Technologies, Boston MA).  VDAC detects 

endogenous levels of total VDAC protein that is ubiquitously expressed and located in the 

outer mitochondrial membrane.   

 

Tissue Analysis 

     All fluorescent slides were viewed at 60x magnification using a Nikon Eclipse TE 300 

confocal microscope and the BioRad Radiance 2000 Laser Scanning System connected to a 

Dell PC.  Two auditory brainstem regions, the medial nucleus of the trapezoid body 

(MNTB) and the lateral superior olivary complex (LSO) and one non-auditory brainstem 

region, the motor trigeminal nucleus (Mo5) were analyzed. Images from MNTB were taken 

at 60x magnification with a 2.3 zoom feature while images from LSO and Mo5 were taken 
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with no zoom.  The center of each region was determined by examining a series of 

hematoxylin and eosin stained sections.  Two sections from the center of each region of 

interest were selected. Slides were blinded and images were collected and then converted 

from color tiff files to black and white, 12 bit tiff files.  Five areas of interest were analyzed 

from each blinded image and the integrated optical density of the immunostaining was 

measured using MediaCybernetics Image-Pro software (Bethesda MD).  Integrated optical 

density measurements were used for quantification of immunostaining because it analyzes 

both the area of immunostained tissue that met threshold as well as the intensity of the 

immunostaining.  Immunostaining within five randomly placed area of interest boxes (2665 

square microns) within MNTB, LSO and Mo5 in control and Pb-exposed mice was then 

quantified and averaged.  From each mouse, the IOD in the five area of interest boxes were 

measured per image and the IOD in 10 area of interest boxes were measured per mouse.  

Statistical differences in immunostaining between control and Pb exposed animals were 

analyzed using Synergy Software’s KaleidaGraph software (Reading PA). 

  

Statistical Analysis 

     Data are expressed as mean  SEM and were analyzed using one-way analysis of variance 

with Dunnett’s post-hoc analyses where appropriate; p<0.05 was considered significant. 
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Results 

     The present study uses four different doses of Pb in the drinking water, the no Pb 

control, very low Pb (0.01 mM), low Pb (0.1 mM) and high Pb (2 mM).  Blood lead levels 

(mean ± SEM) of the mice used in the proteomic studies are as follows:  No Pb controls 

(1.38 ± 0.14 µg/dL), Very Low Pb (8.0 ± 0.4 µg/dL), Low Pb (42.3 ± 1.97 µg/dL), and 

High Pb (279 ± 44.11 µg/dL).  The low dose of Pb produces a low blood Pb level while the 

high dose resulted in small decreases in both body weight and size of the mice (data not 

shown) suggesting that the high dose is a potentially toxic dose.  In contrast, our very low 

and low Pb dose exhibited no change in body size and weight, and thus was considered to 

be a sub-toxic dose.  We focused on the proteomic changes observed at low levels of Pb, 

particularly those involved in energy metabolism, because auditory temporal processing 

deficits are seen following low Pb-exposure (Jones et al., 2008).  Futhermore, the blood 

lead levels of our low Pb animals has been commonly used to demonstrate the neurotoxic 

effects of Pb in rodents (Lasley and Gilbert, 2000). 

 

Proteomic analysis of control mice 

     In order to determine whether Pb exposure preferentially altered expression of proteins 

involved in energy metabolism, a proteomic analysis using 2-D gel electrophoresis was 

performed.  This technique yielded a large number of identifiable proteins in both control 

and Pb-exposed mice.  Representative 2-D gel maps of overall protein expression from the 

cytosolic, membrane, and cytoskeletal fractions of the VBS are shown in Figure 10.  

Proteins are widely distributed across the entire pI range of the gel and the majority of the 
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proteins are located between 20 and 120 kDa.  A total of 187 protein spots were identified 

in the three cellular fractions, with an average of approximately 60 protein spots per 

fraction (Appendix A).  For this analysis, it is important to note a specific protein may 

exist in several post-translationally modified forms and be represented by multiple spots 

distributed across a wide range of isoelectric points (pI).  In addition, specific proteins may 

exist in different cellular compartments and can be found in one or more cellular fractions.  

Several of the proteins were identified in multiple spots in a single fraction, indicating 

possible posttranslational modifications such as phosphorylation.  An example of this is 

the medium weight neurofilament protein (NFM), which was identified as multiple spots 

distributed across an entire pI range within the cytoskeletal fraction (Figure 10C).  Our 

previous studies have found that developmental Pb exposure increases the 

phosphorylation of NFM in the mouse auditory brainstem (Jones et al., 2008) and this is 

reflected in the altered distribution of the protein within the 2-D gel following Pb exposure.  

There were also several instances where a single protein was identified in multiple cellular 

fractions, suggesting the possible trafficking of the protein between cellular compartments.  

For example, !-actin was identified in all three cellular fractions (Figure 10). 

 

Proteomic Analysis of Pb exposed mice      

     In order to determine whether proteins involved in energy metabolism represented the 

major class of Pb-induced protein expression changes within the VBS region (containing 

auditory nuclei), two-dimensional gels were run for each Pb treatment group and changes in 

protein expression between control and Pb treated groups were found by map matching.  
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Representative 2-D gel maps from no, low, and high Pb treated animals are shown in Figure 

4.  It is important to note that 2-D gel maps have been normalized to ensure that spot 

signal intensity can be compared between the no Pb control and the Pb treatment groups. 

Several proteins have been circled that show increases in protein expression following Pb 

treatment, including Heat Shock Protein 60 (HSP 60) and Creatine Kinase B (CKB) (Figure 

11), demonstrating that this technique is able to identify changes in protein expression.   

We utilized a differential extraction protocol in order to localize protein changes to specific 

cellular compartments (as described in Methods). 
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Figure 10: Representative two-dimensional gel maps of overall protein expression in 

VBS from No Pb (Control) mice.  Protein expression from (A) cytosolic fraction, (B) 

membrane fraction, and (C) cytoskeletal fractions are shown.  Approximately 60 protein 

spots were identified for each cellular fraction for a total of 187 protein spots in the three 

fractions.  The majority of the proteins are located between 20 and 120 kDa, and are 

widely distributed across the entire pI range (pI: 3-10).  Many proteins are identified as 

multiple spots in a single fraction, suggesting possible posttranslational modifications 

such as glycosylation or phosphorylation.  Note that the medium weight neurofilament 

protein (NFM) (known to exist in several different phosphoryolation states within the 

cell) is identified as multiple spots distributed across an entire pI range within the 

cytoskeletal fraction.  In addition, several proteins such as !-actin, are identified in 

multiple cellular fractions, suggesting the possible trafficking of these proteins between 

cellular compartments. 
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Figure 11: Representative 2-D gel maps of VBS membrane fraction from (A) No Pb 

control, (B) Low Pb, and (C) High Pb treated animals.  In order to identify Pb-induced 

protein expression changes within the VBS region, two-dimensional gels were run for 

each Pb treatment group (both the VBS and DBS fraction) and changes in protein 

expression between control and Pb treated groups were found by map matching.  Several 

proteins that were differentially expressed in the VBS membrane fraction following low 

Pb treatment have been circled, including Heat Shock Protein 60 (HSP 60), Heat Shock 

Protein 84 (HSP 84), glutamate dehydrogenase, and Creatine Kinase B (CKB). (D) 

Expanded view of CKB illustrates an increase in protein expression with Pb exposure.  

Quantification of this spot reveals that low Pb induced a +1.5 fold expression change in 

CKB in the membrane fraction. 
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     Tissue samples from each treatment group were pooled in order to obtain enough tissue 

for the differential extraction.  It should be noted that pooling samples does not allow for 

the statistical comparison of protein expression changes between individual animals.   

However, since the mechanisms of Pb toxicity are not well defined, we used the proteomic 

analysis as a general screen to identify proteins that changed expression in the VBS 

compared to the rest of the brainstem (dorsal brainstem (DBS); see Figure 8).  Protein 

spots displaying an expression change of ±1.4 fold or greater were excised from the gel and 

identified by MALDI-TOF mass spectrometry and a peptide mass fingerprint search.  In 

order to identify those protein changes that were specific to the auditory region and were 

not a general effect of Pb on the brain, we performed an additional proteomic analysis of 

the DBS brainstem fraction from the same mice and compared the results to the VBS 

brainstem fraction (Tables 1-3).  In this way we were able to identify and focus on proteins 

that changed specifically within auditory regions.  
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Table 1: Cytosolic protein fold change in VBS and DBS following chronic Pb 

exposure during development. Protein fold change of ±1.4 or greater were considered 

to reflect a significant effect of Pb exposure on protein expression.  Theoretical and 

calculated molecular weight and isoelectric point (Mr/pI) are shown for each protein.  

Mascot search scores (MOWSE score) of greater than 62 are considered significant. 
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Table 2: Membrane protein fold change in VBS and DBS following chronic Pb 

exposure during development.  Protein fold change of ±1.4 or greater were considered 

to reflect a significant effect of Pb exposure on protein expression.  Theoretical and 

calculated molecular weight and isoelectric point (Mr/pI) are shown for each protein.  

Mascot search scores (Mowse score) of greater than 62 are considered significant. 
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Table 3:  Cytoskeletal protein fold change in VBS and DBS following chronic Pb 

exposure during development.  Protein fold change of ±1.4 or greater were considered 

to reflect a significant effect of Pb exposure on protein expression.  Theoretical and 

calculated molecular weight and isoelectric point (Mr/pI) are shown for each protein.  

Mascot search scores (Mowse score) of greater than 62 are considered significant. 
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     We found that the majority of the proteins that changed expression following Pb 

exposure were specific to the VBS fraction and did not change within the DBS fraction.  

These proteins were organized into four major categories- energy metabolism proteins, 

molecular chaperones, synaptic proteins, and cytoskeletal proteins.    As we predicted, 

chronic low-level Pb exposure has the greatest effect on proteins involved in energy 

metabolism (Figure 12) and the remainder of our analysis focuses on this group of proteins. 

     One of the largest changes in protein expression following low-level Pb exposure 

occurred in a protein spot identified as the voltage dependent anion channel 1 (VDAC).  

This protein spot is decreased by 2.1 fold in the VBS cytoskeletal fraction of low Pb 

animals (Table 3) and is one of the largest decreases in expression that we observe 

following Pb exposure.  The decrease in VDAC expression does not appear to be a general 

response of the brain to Pb, because the DBS fraction shows no change in VDAC following 

Pb exposure.  VDAC forms a large voltage gated pore and is located in the outer 

mitochondrial membrane, where it controls the flow of metabolites and ions through the 

outer membrane by passive diffusion (De Pinto et al., 1985).  Decreased VDAC expression 

is particularly interesting in terms of cellular energy metabolism since VDAC controls the 

transport of ATP and ADP between the cytosol and the mitochondria.  Studies have 

shown that decreased VDAC expression results in decreased ATP synthesis and reduced 

cytosolic ADP and ATP levels (Abu-Hamad et al., 2006).  
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Figure 12: VBS protein groups regulated by low-level Pb exposure. Pie chart shows 

upregulated and down-regulated proteins (+ and -, respectively), following chronic low-

level Pb exposure during development. The modified proteins are organized into four 

main categories- proteins involved in energy metabolism, molecular chaperones, synaptic 

proteins, and cytoskeletal proteins. Most of the proteins that changed expression 

following Pb exposure are specific to the VBS fraction and did not change within the 

DBS fraction, suggesting that Pb has a greater effect on the auditory region of the 

brainstem.  It is important to note that the majority of proteins that are up-regulated 

following Pb exposure are involved in energy metabolism, and the majority of down-

regulated proteins are those involved in synaptic structure and function. 

 

 

 

 

 

 

 

 



   

 75  

     Mice have three VDAC isoforms (VDAC-1, VDAC-2, and VDAC-3), and our 2-D gel 

analysis revealed that the spot identified as VDAC-1 decreases by 2.1 fold as a result of 

low-lead exposure.  In order to further verify the results of the 2-D gel analysis and 

determine the effect of Pb on total VDAC, we performed a western blot analysis on 

individual Pb-exposed mice using a VDAC antibody that labels all three isoforms.   

Western blot analysis of the VBS fraction demonstrates that total VDAC is significantly 

decreased by 19%, which further confirms the direction of change for VDAC expression in 

the 2-D gel analysis (Figure 13A).  It should be noted that the western data shows a smaller  

decrease for total VDAC (19%) compared to the 2-D gel data (2.1 fold decrease for VDAC 

1) following Pb exposure.  This is appropriate because the antibody used for the Western 

analysis is directed towards total VDAC, not specific VDAC isoforms such as VDAC-1, 

and it may be that only VDAC-1 expression is decreased by Pb exposure. 

     If decreased VDAC expression leads to the decreased production of mitochondrial ATP 

in the auditory brainstem, then an increase in expression for other proteins involved in 

energy metabolism may be expected in order to compensate for decreased ATP levels 

(Gellerich et al., 2004).  Brain type creatine kinase (CKB) is a cytosolic enzyme that plays 

an important role in the energy homeostasis of cells with high-energy requirements 

(Wallimann and Hemmer, 1994).  CKB is part of a cellular energy buffering system, 

catalyzing the transfer of intracellular energy between ATP consuming and ATP generating 

sites in the cell, which is essential for maintaining ATP levels during high synaptic activity 

(Dzeja and Terzic, 2003).  Its function is to reversibly catalyze the conversion of creatine 

phosphate to creatine, regenerating ATP from ADP (Wallimann et al., 1992).  CKB is able 
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to replenish ATP levels in areas of high demand at a faster rate than glycolysis or oxidative 

phosphorylation in mitochondria (Wallimann et al., 1992).  If decreased VDAC expression 

results in decreased cellular ATP levels, the expression of CKB could be expected to 

increase in order to compensate for decreases in mitochondrial ATP production 

(Rafalowska et al., 1996; Bessman and Carpenter, 1985).  Our 2-D gel analysis identified 

several spots as CKB and one of these spots was shown to increase 1.5 fold as a result of 

low-Pb exposure in the VBS membrane fraction. Additionally, western blots were used to 

confirm the direction of change for CKB in the auditory brainstem.  We found that total 

CKB is significantly increased by 20% in the VBS fraction, which agreed with the direction 

of change observed for CKB in the 2-D gels (Figure 13B).  These results support the idea 

that Pb exposure leads to reduced levels of mitochondrial ATP synthesis in the auditory 

brainstem, since an increase in CKB could compensate for reduced ATP levels in auditory 

neurons where ATP consumption is particularly high.   
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Figure 13: Western blots of VBS fractions from individual mice.  Pb induced changes 

in protein expression obtained from the 2-D PAGE analysis of VDAC and CKBB in the 

VBS fraction.  A) Total VDAC significantly decreases by 19% (n=4 mice).  B) CKBB 

significantly increases by 19% (n=3 mice).  Results are displayed as percentages of No 

Pb control. Data are expressed as the mean ±SEM. * t-test, P<0.05). 
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Brainstem auditory neurons show decreased VDAC expression 

     In order to determine whether the Pb induced decrease in VDAC expression occurs in 

auditory neurons, brainstem sections containing the superior olivary complex (SOC) were 

immunolabeled for VDAC and the expression quantified.   Binaural auditory signals from 

the two ears converge in the SOC and sound localization within the brainstem occurs 

within this complex (Nothwang et al., 2006).  The SOC consists of three principal nuclei, 

the Medial Superior Olive (MSO), the Lateral Superior Olive (LSO), and the Medial 

Nucleus of the Trapezoid Body (MNTB).  The MSO is associated with processing of 

interaural time differences, and the LSO and MNTB are associated with the processing of 

interaural intensity differences (Schneggenburger and Forsythe, 2006; Nothwang et al., 

2006).   

     VDAC expression is significantly decreased in neurons of the MNTB and LSO of very 

low and low-Pb mice as illustrated in Figures 14 and 15.   We also examined VDAC 

immunostaining in neurons of the motor trigeminal nucleus.  The motor trigeminal nuclei are 

non-auditory brainstem nuclei consisting almost entirely of motor neurons located within 

the VBS fraction.  Interestingly, motor trigeminal neurons also demonstrate a significant 

decrease in VDAC expression (Figure 16), indicating that Pb induces a decrease in VDAC 

expression in VBS brainstem neurons.  It is important to note that the very low Pb 

exposure also results in significant decreases in VDAC expression in brainstem neurons.  

The blood Pb levels of the very low Pb mice (8 µg/dL) is less than 10 µg/dL, the level at 

which cognitive impairments have been found in children.  The fact that Pb exposure 

results in auditory temporal processing deficits suggests that because of their high energy 
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requirements, auditory brainstem neurons are particularly vulnerable to the Pb-induced 

decrease in VDAC. 
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Figure 14:  Pb treatment decreases VDAC expresssion in MNTB neurons.  (A-C) 

Representative micrographs of immunofluorescent staining for VDAC in the MNTB in 

No (A), very Low (B) and Low (C) Pb mice reveal a decrease in immunoreactivity with 

Pb treatment (arrows).  Quantification of staining for VDAC in the MNTB reveals that 

this decrease is statistically significant (D).  Graphs illustrate mean + the standard error of 

the mean (SEM). (n=4 for No Pb, n = 3 for Low Pb group) *p < 0.05, One-way ANOVA 

with a Dunnett’s post-hoc test. Bar = 10 µm for panels A-B. 
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Figure 15:  VDAC expression in LSO neurons decreases following Pb exposure.  (A- 

C) Representative micrographs of immunofluorescent staining for VDAC in the LSO in 

No (A), very Low (B), and Low (C) Pb mice shows a decrease in immunoreactivity with 

Pb treatment (arrows).  Quantification of staining for VDAC in the LSO demonstrates 

that this decrease is statistically significant (D).  Graphs illustrate mean + the standard 

error of the mean (SEM). (n=4 for No Pb, n = 3 for Low Pb group) *p < 0.05, One-way 

ANOVA with a Dunnett’s post-hoc test. Bar = 10 µm for panels A-B. 
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Figure 16:  Pb exposure decreases VDAC expression in the motor trigeminal 

nucleus (Mo5).  (A-C) Representative micrographs of immunofluorescent staining for 

VDAC in the Mo5 in No (A), very Low (B), and Low (C) Pb mice shows decreased 

immunoreactivity with Pb treatment (arrows).  Quantification of staining for VDAC in 

the Mo5 demonstrates that this decrease is statistically significant (D).  Graphs illustrate 

mean + the standard error of the mean (SEM). (n=4 for No Pb, n = 3 for Low Pb group) 

*p < 0.05, One-way ANOVA with a Dunnett’s post-hoc test. Bar = 10 µm for panels A-

B. 
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Discussion     

      The current study was undertaken to determine if developmental Pb exposure 

preferentially alters proteins involved in energy metabolism in central auditory neurons 

using a proteomic approach.  Our proteomic analysis revealed that low-level Pb exposure 

results in the differential expression of several proteins involved in various cellular energy 

homeostasis and metabolizing pathways in the VBS, including the phosphocreatine circuit 

(VDAC 1 and CKB) (Wallimann et al., 1992), glycolysis (Aldolase, "-enolase, and 

GAPDH), and oxidative phosphorylation (Ubiquinol-cytochrome c reductase core protein 

1, isovaleryl coenzyme A dehydrogenase, NADH dehydrogenase (Ubiquinone) Fe-S 

protein 1).   

 

Developmental Pb exposure results in decreased VDAC expression in the brainstem 

     One of the largest protein changes induced by developmental Pb exposure that we 

identified through the proteomic analysis is the large, 2.1 fold decrease in VDAC 1 

expression.   Western blot analysis of the VBS fraction confirmed this decrease in 

brainstem fractions and our immunohistochemistry analysis revealed that this decreased 

expression was specific to brainstem auditory neurons.  The decrease in VDAC expression 

is particularly notable since the protein plays a central role in regulating cellular energy 

metabolism.  VDAC is an ion channel involved in the regulation of mitochondrial 

physiology.  VDAC is primarily located in the mitochondrial outer membrane and regulates 

mitochondrial permeability to anions, cations, creatine phosphate, Pi, ATP, ADP, and 

other metabolites into and out of the mitochondria (Shoshan-Barmatz and Israelson, 2005).  
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Disrupted VDAC function has been shown to compromise energy metabolism as well as 

Ca2+ homeostasis within the cell (Lemasters and Holmuhamedov, 2006; Shoshan-Barmatz 

and Gincel, 2003).  In addition, it has been suggested that VDAC controls the production 

of cellular energy beginning with the control of the Ca2+ dependent enzymes pyruvate 

dehydrogenase and iso-citrate dehydrogenase in the mitochondria (Shoshan-Barmatz and 

Israelson, 2005).  Downregulation of VDAC expression could result in the suppression of 

mitochondrial uptake of ADP and Pi for synthesis and release of ATP, thereby decreasing 

levels of cytosolic ATP, stimulating glycolysis and possibly the phosphocreatine circuit 

(Shoshan-Barmatz and Israelson, 2005; Lemasters and Holmuhamedov, 2006).    

 

Pb exposure increases Creatine Kinase B expression in the brainstem 

     If decreased VDAC expression results in the decreased production of mitochondrial 

ATP in the auditory brainstem, then an observed increase in expression for other key 

energy metabolism proteins might be expected as a compensatory mechanism (Gellerich et 

al., 2004). Numerous studies have described the ability of cellular systems to compensate 

for deficits in mitochondrial energy production by upregulating other energy producing 

processes which allows neurons to survive and function under adverse conditions (Hansson 

et al., 2004; Silver et al., 1997; Tachikawa et al., 2004; Schurr and Rigor, 1998; Rafalowska 

et al., 1996; Lutz and Nilsson, 1997).   Although neuronal function is maintained to some 

extent, it is limited compared to normal physiological conditions (Lutz and Nilsson, 1997; 

Keating, 2008; Guo et al., 2005; Verstreken et al., 2005). 

     In order to explore this concept, we focused our attention on CKB, a key member of the 
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phosphocreatine circuit.  The phosphocreatine circuit ensures that the ATP/ADP ratio 

remains high at subcellular regions with high energy requirements by acting as an 

intracellular energy buffering system, transporting ATP, via creatine/phosphocreatine, from 

where it is generated (mitochondria and glycolysis) to areas of high energy demand (Dzeja 

and Terzic, 2003; Wallimann et al., 1992).  Therefore, we expected CKB expression to 

increase in order to compensate for the decreased mitochondrial ATP synthesis that would 

result from decreased VDAC expression.  As we predicted, Western blot analysis verified 

that VDAC expression decreased and CKB expression increased as a result of Pb exposure.   

     If Pb exposure does indeed lead to a reduction in cellular ATP levels due to a decrease in 

VDAC, then the expression levels of enzymes of the mitochondrial electron transport chain 

and glycolysis should be increased following low-level Pb exposure, and this turned out to 

be the case (Tables 1-3).  Previous studies have shown a tight correlation between ATP 

levels and mitochondrial RNA synthesis (DasGupta et al., 2001) and the increased 

expression of mitochondrial enzymes following Pb exposure may represent a response to 

decreases in cellular ATP.  It is important to note that these increases in protein expression 

were observed in the VBS fraction only (containing auditory nuclei), but not the DBS 

fraction.  In addition to Pb-induced expression increases in mitochondrial enzymes, several 

key glycolytic enzymes also show increased expression with low Pb exposure within the 

VBS but not the DBS fraction (Tables 1-3), suggesting that upregulation of these proteins 

is not a global effect of Pb and appears to be specific for the auditory areas of the 

brainstem.  The increased expression of glycolytic enzymes may represent an increase in 

glycolysis in an attempt to maintain the high ATP levels required by auditory neurons.  
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Future studies will determine if Pb exposure results in increased glycolytic activity, and if 

this upregulation occurs in response to a decrease in cellular ATP levels. 

 

VDAC expression decreases in brainstem auditory neurons 

     Immunohistochemistry confirmed that VDAC expression decreased by approximately 

45% in brainstem auditory neurons following Pb exposure.  These findings suggest that 

VDAC may represent a potential target for Pb in this area of the brain.  Although further 

studies are needed to elucidate the mechanism by which Pb decreases VDAC expression, 

the decreased expression does not appear to be a result of a general stress response because 

our proteomic analysis demonstrated that VDAC did not decrease in the DBS fraction.  

However, within the VBS fraction, VDAC expression decreased in both the LSO and 

MNTB (auditory) and the motor trigeminal nucleus (non-auditory).  The motor trigeminal 

nucleus controls the masseter reflex, and while this reflex has been shown to be altered by 

trichloroethene in printing workers (Ruijten et al., 1991), a thorough search of the literature 

did not reveal any studies documenting an effect on the masseter reflex following Pb 

exposure.  Thus, even though Pb exposure resulted in decreased VDAC expression in 

auditory and trigeminal motor neurons, the auditory neurons appear to be more vulnerable 

to the effects of the Pb-induced decrease in VDAC since Pb exposure produces auditory 

temporal processing deficits and does not appear to produce any changes in the masseter 

reflex.  Central auditory neurons may be more vulnerable to the effects of Pb because of 

their high energy demand and even modest disruptions in energy production could alter the 

normal function of auditory neurons and disrupt the normal processing of auditory 
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information.  

 

Pb exposure and energy metabolism 

     Disrupted energy metabolism has been proposed as a possible cause of behavioral 

abnormalities and brain dysfunction in animals exposed to Pb (Sterling et al., 1982; Jonas, 

2004).  While the current study is the first to demonstrate that Pb exposure results in the 

decreased expression of VDAC, several studies have found that low levels of Pb can 

interfere with mitochondrial energy metabolism, resulting in decreased levels of ATP 

(Verity, 1990; Holtzman et al., 1978; Gmerek et al., 1981).  Rafalowska et al., found that 

exposing rat brain synaptosomes to low levels of Pb resulted in decreased cytosolic ATP 

levels, increased creatine kinase activity, and increased concentrations of creatine 

phosphate, suggesting that the creatine phosphate system is is upregulated as a 

compensatory mechanism for decreased ATP levels (Rafalowska et al., 1996).  Because the 

synthesis and movements of ATP within cells of the CNS is a highly regulated and 

organized process, even small interruptions in cellular ATP producing processes could 

compromise neuronal activity in the CNS and interfere with normal brain function (Ames, 

2000).   This is particularly true for the auditory system, where auditory neurons have 

very high rates of activity. 

 

Summary and Conclusions 

     The current study confirms that developmental Pb exposure results in decreased 

expression of proteins involved in energy metabolism in auditory areas of the brainstem.  
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The decrease in VDAC expression observed in auditory neurons is intriguing, and the 

possibility that the mitochondrial voltage dependent anion channel is a target for Pb is 

exciting, because VDAC plays such an important role in energy metabolism. The 

physiological consequences resulting from disrupted energy metabolism may be decidedly 

more pronounced in the auditory system, since tightly regulated and efficient energy 

production is crucial for auditory neurons to correctly perform the complicated processes 

involved in auditory processing.  Therefore, decreased VDAC expression may severely 

compromise mitochondrial function in these neurons, disrupting normal rates of energy 

production and producing impairments in the processing of auditory information.   

     This study also provides insight into the mechanisms of Pb neurotoxicity by providing 

comparative data on the effects of low-level Pb exposure between the auditory and non-

auditory brainstem.  Changes in protein expression are only one facet of the multiple 

mechanisms by which Pb may alter the structure and function of auditory neurons, and 

further studies are needed to fully elucidate the cellular effects of Pb on central auditory 

processing. 
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General Proteomic Discussion 

     One of the techniques used in this study to confirm our hypothesis that Pb exposure 

impairs energy metabolism in auditory neurons was a proteomic approach.  Specifically, 

we identified a large number of protein expression changes specific to the auditory 

brainstem following chronic low-level Pb exposure during development.  Full 

characterization of all the proteins identified in the proteomic analysis is beyond the scope 

of this study, however many of the proteins that show expression changes following 

chronic low-level Pb exposure could affect the flow of auditory information through the 

CNS and warrant further discussion.  The majority of the proteins that changed expression 

following Pb exposure were specific to the VBS fraction and did not change within the DBS 

fraction, and therefore were specific to the auditory brainstem region.  These proteins were 

organized into four main categories- proteins involved in energy metabolism, molecular 

chaperones, synaptic proteins, and cytoskeletal proteins. The majority of proteins that are 

upregulated following Pb exposure, are proteins involved in energy metabolism, and the 

majority of down-regulated proteins are those involved in synaptic structure and function.  

Proteins involved in cellular energy metabolism were discussed previously therefore we 

will limit the discussion to the remaining protein groups in this section. 

 

Chaperones 

     Molecular chaperones assist a new protein to fold into a full functional conformation, 

then helps with the delivery of that protein to its site of action within the cell.  Molecular 

chaperones also function to combat oxidative stress, apoptosis, and to facilitate synaptic 
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activity (Ohtsuka and Suzuki, 2000).  Therefore, alterations in normal molecular chaperone 

protein levels would be expected to have consequences on normal neuronal function (Miller 

et al., 2003).  We found that chronic low-level Pb exposure results in the differential 

expression of a variety of molecular chaperones, i.e. HSP8, HSP60, HSP84, and GRP 58.  

Heat shock proteins are normally transcribed at low levels in the absence of stress, but 

expression is increased in response to stressors, such as exposure to heavy metals or heat 

stress (Ohtsuka and Suzuki, 2000).  We found increased expression of HSP60 in the VBS 

following Pb exposure, perhaps in response to the mitochondrial dysfunction induced by 

Pb as described previously. HSP60, a 60 kDa heat shock protein, is located in both the 

mitochondria and cytosol and this protein is thought to participate in maintaining normal 

mitochondrial function during stress (Chen et al., 2006; Shan et al., 2003).  We also 

observed a decrease in protein expression of HSP84 (HSP90), a protein thought to play a 

role in signal transduction through its interaction with various kinases (Sreedhar et al., 

2004) and its regulation of Rab3A recycling following vesicle fusion (Sakisaka et al., 2002; 

Pfeffer et al., 1995).  Interestingly, HSP90 plays a role in Ca2+ mediated exocytosis by 

interacting with GDI, a protein that also decreased following low-level Pb exposure in our 

studies (Sakisaka et al., 2002; Pfeffer et al., 1995).  In addition, HSP90 is thought to play a 

role in regulating neurotransmitter release via a co-chaperone complex, present in 

presynaptic neurotransmitter vesicles, composed of Hsc70, HSP90, and cysteine string 

protein (Gerges et al., 2004).  The expression of Hsc70 (also known at HSP8) is altered by 

Pb in our studies, as was GRP58.  Taken together, our proteomic analysis suggests that Pb 

may alter vesicle recycling and synaptic release in central auditory areas through its effect 
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on molecular chaperones and heat shock proteins. 

 

Synaptic Proteins 

     The expression of two subunits of H+-transporting vacuolar-ATPase (V-ATPase A and 

V-ATPase E) increased following low-level Pb exposure.  V-ATPase is an ATP driven 

pump that transports H+ across diverse biological membranes, including synaptic vesicles, 

creating a proton gradient that can be used to drive a variety of transport systems 

(Beyenbach and Wieczorek, 2006).  Synaptic vesicles contain V-type H+ ATPases and are 

located adjacent to neurotransmitter transporters, which use the H+- gradient to transport 

neurotransmitters into synaptic vesicles (Beyenbach and Wieczorek, 2006).  It is not clear 

what role this increased expression of V-ATPase has on the Pb exposed brain, but 

increased protein levels could impact the loading of neurotransmitter into synaptic vesicles. 

     We also found that low Pb exposure changed the expression of several proteins involved 

in synaptic release including 14-3-3 zeta protein, GDI, and guanine nucleotide binding 

protein G(o) subunit alpha 1 within the VBS.  These proteins modulate synaptic function 

and release and could affect neurotransmitter release within auditory neurons. Finally, the 

expression of glutamate dehydrogenase and glutamine synthetase, increased specifically in 

the VBS following Pb exposure.  These proteins participate in glutamate-glutamine cycling 

between astrocytes and neurons and are important for the proper functioning of the 

superior olivary complex (Nothwang et al., 2006).  Interestingly, we have found no change 

in expression of the vesicular glutamate transporter within the SOC (unpublished data) and 

further studies are needed to define the effect of increased expression of these glutaminergic 
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enzymes on brainstem auditory neurons.   

 

Cytoskeletal proteins 

     The cytoskeleton is a dynamic system of protein filaments that provides structural 

integrity to the cell and regulates many biological process including, cell division, cell 

motility, intracellular trafficking of organelles, formation of synapses, and axon and 

dendrite formation.  Three main types of protein filaments make up the cytoskeletal 

network: actins, microtubules, and intermediate filaments (i.e. neurofilament) (Arimura et 

al., 2004).  Previous immunocytochemical studies in our laboratory have found that Pb 

exposure increases neurofilament phosphorylation in brainstem auditory axons (Jones et 

al., 2008).  The present study confirms our previous studies.  The majority of the protein 

spots for neurofilament increased in the VBS following Pb exposure, and were located in 

the lower pI range of the gel confirming a posttranslational modification such as increased 

phosphorylation.  Several other cytoskeletal proteins changed expression following low Pb 

exposure within the VBS fraction including #-tubulin (decreased in VBS fraction and 

increased in DBS fraction) and !-actin (increased in the VBS fraction and decreased in the 

DBS fraction).  In addition, we also identified several cytoskeletal associated proteins that 

changed expression following low level Pb exposure.  For example, cyclic nucleotide 

phosphodiesterase was decreased following low-level Pb exposure.  This protein has been 

shown to be associated with tubulin and is thought to play a role in promoting microtubule 

assembly (Bertoni and Sprenkle, 1988).   

     We also found increased expression of dihydropyrimidinase-related protein 2 (DRP 2).  
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DRP-2, also known as collapsing response mediator protein 2, is involved in neuronal 

polarity and axon specification and elongation (Kimura et al., 2005).  It has been suggested 

that DRP-2 acts as an adaptor protein linking microtubules to kinesin-1 motors (Bifulco et 

al., 2002).  All of these cytoskeletal changes could modify axonal structure, thereby altering 

the conduction of action potentials along auditory axons.  Disrupted cytoskeletal 

organization, could potentially affect the structure of axons and influence the conduction of 

action potentials down the axon (Dillon and Goda, 2005).   
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Overall Summary and Conclusions    

     In this study, we investigated the effects of Pb exposure on the expression of VDAC 

and found that low-level Pb exposure resulted in the decreased expression of VDAC both 

in vitro and in vivo.  For our in vitro model, we used PC-12 and SH-SY5Y cells since they 

differentiate to resemble primary neuronal cells.  We found that VDAC expression levels  

were significantly decreased 48 h after exposure to Pb in both cell lines.  In contrast, 

exposure to 24 h of hypoxia failed to produce a decrease in VDAC, suggesting that 

decreased VDAC expression is not a general cellular stress response, but is a specific result 

of Pb exposure.  This decreased VDAC expression was also correlated with a 

corresponding decrease in cellular ATP levels.  Real-time RT-PCR demonstrated a 

significant decrease in mRNA levels for the VDAC-1 isoform, indicating that Pb reduces 

transcription of VDAC-1. These results demonstrate that exposure to low-levels of Pb 

reduce VDAC transcription and expression and is associated with reduced cellular ATP 

levels.    

     The results from our real time RT-PCR analysis suggest that Pb is interfering with gene 

expression for VDAC-1 and possibly VDAC-2.  Although it is not known how Pb may be 

influencing VDAC gene expression, Pb has been shown to interfere with gene expression 

by competing for Zn2+-binding sites of transcription factors, such as zinc-finger proteins 

(Zawia, 2003; Basha et al., 2003).  The zinc finger transcription factor Sp1 may represent a 

potential target, since numerous studies have reported that Pb exposure interferes with the 

DNA binding both in vivo and in vitro (Crumpton et al., 2001; Zawia et al., 1998; Atkins et 

al., 2003; Basha et al., 2003; Hanas et al., 1999).   In addition, all three VDAC isoforms 
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contain Sp1 binding sites (Sampson et al., 1997), although a relationship between Sp1 

DNA binding and VDAC gene expression remains to be established.   Future experiments 

will be needed in order to determine whether Pb exposure decreases VDAC transcription 

by altering Sp1 binding.  Finally, a study using VDAC knock-out mice found that 

deficiencies in VDAC-1 and VDAC-2 resulted in reductions of mitochondrial respiratory 

capacity (Wu et al., 1999), which demonstrates the importance of these proteins in 

maintaining cellular energy levels.  Therefore, decreases in VDAC expression may be 

particularly detrimental to cells with high-energy requirements, like those found in the 

auditory brainstem. 

     Maintenance of high rates of neurotransmission is extremely important in order to 

maintain the pattern and timing of the incoming auditory signals and this high rate of 

neurotransmission requires high levels of energy production.  It has been suggested that 

VDAC controls the production of cellular energy beginning with the control of the Ca2+ 

dependent enzymes pyruvate dehydrogenase and iso-citrate dehydrogenase in the 

mitochondria (Shoshan-Barmatz and Israelson, 2005).  Impaired VDAC function or 

downregulation of VDAC expression would suppress mitochondrial uptake of ADP and Pi 

for synthesis and release of ATP, thereby decreasing levels of cytosolic ATP, and 

stimulating glycolysis and possibly the phosphocreatine circuit (Shoshan-Barmatz and 

Israelson, 2005; Lemasters and Holmuhamedov, 2006).   Our proteomic analysis 

demonstrated that low-levels of Pb exposure resulted in the differential expression of 

several proteins involved in various cellular energy homeostasis and metabolizing pathways 

in the VBS, including glycolysis (Aldolase, "-enolase, and GAPDH), oxidative 
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phosphorylation (Ubiquinol-cytochrome c reductase core protein 1, Isovaleryl coenzyme 

A dehydrogenase, NADH dehydrogenase (Ubiquinone) Fe-S protein 1), and the 

phosphocreatine circuit (CKB and VDAC-1) (Wallimann et al., 1992).  The expression 

level for the majority of these proteins is increased, with the exception of VDAC-1 and one 

spot identified as Aldolase C in the cytosolic fraction, where expression levels decreased.  

Upregulation of these proteins would be expected if Pb decreases VDAC and inhibits 

mitochondrial ATP synthesis (Hansson et al., 2004). 

     The downregulation of VDAC-1 in-vivo is particularly notable since it agrees with our 

in-vitro data and may represent a potential target for Pb in-vivo.  These results 

demonstrate an upregulation of other cellular energy producing systems in response to 

decreases in VDAC and supports our hypothesis that Pb exposure is disrupting cellular 

energy metabolism in the auditory brainstem.  Immunohistochemistry confirms that Pb 

exposure results in decreased expression of VDAC in auditory nuclei.  Further, very low 

levels of Pb induce a similar decrease in VDAC expression in auditory neurons, confirming 

that low-level Pb exposure has a significant impact on auditory neurons.  Thus, the Pb-

induced decrease in VDAC could have a major effect on the function of auditory neurons, 

contributing to the deficits in auditory temporal processing that are observed with Pb 

exposure. 

     Immunohistochemistry confirmed that VDAC expression in brainstem auditory neurons 

following Pb exposure and suggest that VDAC may represent a potential target for Pb in 

this area of the brain.  VDAC expression decreased in both the LSO and MNTB (auditory) 

as well as the motor trigeminal nucleus (non-auditory).  Even though Pb exposure resulted 
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in decreased VDAC expression in auditory and trigeminal motor neurons, the auditory 

neurons appear to be more vulnerable to the effects of the Pb-induced decrease in VDAC. 

It is important to note that Pb exposure produces auditory temporal processing deficits, 

whereas no effect on the masseter reflex (mediated by the motor trigeminal nucleus that 

also showed decreased VDAC expression) following Pb exposure has been reported in the 

literature.  Further studies will be needed to fully define the mechanism by which Pb 

decreases VDAC expression, but the decreased expression does not appear to be a general 

global response because our proteomic analysis demonstrated that VDAC did not decrease 

in the DBS fraction.  Central auditory neurons may be more vulnerable to the effects of Pb 

because of their high energy demand and even modest disruptions in energy production 

could alter the normal function of auditory neurons and disrupt the normal processing of 

auditory information. 

     While the current study identified many proteins that changed expression following 

low-level Pb exposure, there is still much work to be done in determining which of these 

proteins are crucial for normal central auditory function.  A recent study comparing the 

gene expression profile in the SOC with that of the striatum and hippocampus identified 

genes that were upregulated in the SOC and thought to be important for the specific 

function of auditory neurons (Nothwang et al., 2006).  Interestingly, we found that chronic 

low-level Pb exposure resulted in the differential expression of several of these proteins, 

including alpha tubulin, HSP8, aldolase C, glutamine synthetase 1, neurofilament 3 

(medium), and glutamate dehydrogenase 1.  Further studies are needed to elucidate the role 

of these proteins in central auditory neurons.  We do know from our in vitro and in vivo 
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studies that Pb can interfere with cellular energy metabolism.  Pb does not appear to be 

acting as a general cellular stressor, since hypoxia failed to produce a decrease in VDAC 

expression and many of the protein expression changes that we observed in vivo were 

restricted to the VBS region.  Therefore the high rate of activity of auditory neurons 

appears to make them vulnerable to the effects of Pb exposure.  The current study 

provides insight into the mechanisms of Pb neurotoxicity by providing some comparative 

data on the effects of low-level Pb exposure between the auditory and non-auditory 

brainstem.  Changes in protein expression, including VDAC, are only one facet of the 

multiple mechanisms by which Pb affects auditory neurons, and further studies are needed 

to fully elucidate the cellular effects of Pb on central auditory processing.
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Appendix A 

Table 4:  Complete list of cytosolic proteins identified in VBS and DBS 
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Table 5:  Complete list of membrane proteins identified in VBS and DBS. 
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Table 6:  Complete list of cytoskeletal proteins identified in VBS and DBS. 

 

 


