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Abstract

The number of discovery proteomic studies of drug abuse has begun to increase in recent years,
facilitated by the adoption of new techniques such as 2D-DIGE and iTRAQ. For these new tools
to provide the greatest insight into the neurobiology of addiction, however, it isimportant that the
addiction field has a clear understanding of the strengths, limitations, and drug abuse-specific
research factors of neuroproteomic studies. This review outlines approaches for improving animal
models, protein sample quality and stability, proteome fractionation, data analysis, and data
sharing to maximize the insights gained from neuroproteomic studies of drug abuse. For both the
behavioral researcher interested in what proteomic study results mean, and for biochemists joining
the drug abuse research field, a careful consideration of these factors is needed. Similar to
genomic, transcriptomic, and epigenetic methods, appropriate use of new proteomic technologies
offers the potential to provide anovel and global view of the neurobiological changes underlying
drug addiction. Proteomic tools may be an enabling technology to identify key proteins involved
in drug abuse behaviors, with the ultimate goal of understanding the etiology of drug abuse and
identifying targets for the development of therapeutic agents.
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1. Introduction: capabilities of proteomics in addiction science

Neuroproteomic studies offer great promise for increasing understanding of the biochemical
basis of addiction. While proteomicsis still an evolving field, proteomic approaches have
proven useful for elucidating the molecular effects of amphetamine (Freeman et a., 2005),
morphine (Prokai et a., 2005; Li et a., 2006; Moron et al., 2007), cocaine (Tannu et al.,
2007; Lull et a., 2009) and acohol (Freeman et al., 2006; Matsuda-Matsumoto et a., 2007;
Kashem et a., 2007, 2008; Al-Housseini et al., 2008). With a number of ongoing research
programs in addiction proteomics and a growing number of investigators taking advantage
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of these tools, the addiction research field will benefit from a consideration of the
capabilities and limitations of proteomic studies. This review istargeted toward addiction
researchers new to the field of proteomics, and those wishing to gain understanding of
proteomic datasets and their interpretation. Additionally, biochemists and informaticians
new to addiction research may benefit from a discussion of animal models of drug use and
abuse. Addiction research and neurobiol ogy-specific challenges to proteomic studies are
also examined. The specific challenges and potentia effects of these technical limitations on
experiment results and interpretations, and approaches to surmounting these challenges will
be discussed.

When applying proteomic technol ogies to addiction research, an understanding of the power
of proteomic analysisis essential. After genetic information is transcribed into mRNA, a
template is provided to the cell from which proteins will be synthesized. Functional
genomics methods, studying the steady-state levels of these mMRNA species, such as
guantitative RT-PCR (qRT-PCR), whole-genome microarray analysis, and next generation
seguencing methods provide sensitive and high-throughput approaches to quantitatively
examining MRNA (and miRNA) species present within the cells of the nervous system (for
areview, see Freeman and Vrana, 2006). Functional genomic studies can help to illuminate
genes involved in the devel opment of behaviors related to drug abuse and relapse liability.
However, it is not until MRNA has been translated into protein that the functional end result
has been reached. It is these macromolecular species that ultimately affect cellular function.
It isfor this reason that analyses of mMRNA and protein provide different information, and
have unique values. While mRNA abundance is often correlated with protein expression,
levels of regulation, including protein stability and amount of translation, exist that result in
protein levels that do not always correlate to the amount of mMRNA (Anderson and
Seilhamer, 1997). Also, functional genomic studies cannot provide insight into post-

trand ational modifications (e.g., phosphorylation and glycosylation of proteins after
tranglation has occurred) or subcellular localization of the protein product. Therefore, using
proteomic techniques presents the opportunity to assess the totality of gene expression,
trangl ation, modification, and localization. Unfortunately, the sensitivity of proteomic tools
lag behind those of functional genomics. Moreover, examining the mRNA provides a
restricted view of primarily the cell body. Indeed, from a systems biology standpoint,
analysis of both mRNA and protein levels (as well as miRNA and epigenetic changes) will
ultimately provide a more integrated view of the molecular underpinnings of addiction.

Previously, we and others have described the technical aspects of proteomic technologies
applicable to addiction studies (Williams et al., 2004; Freeman and Vrana, 2006). While the
details of existing technologies will not be reviewed here, many of the quantitative and
qualitative methods applied to neurobiology and/or addiction studies have been reviewed
previously. These techniques include el ectrophoresis-based techniques (2D-DIGE [2-
dimensional differential in-gel electrophoresis|; Freeman and Hemby, 2004; Lull et al.,
2009), mass spectrometry-based methods (iTRAQ [isobaric tag for relative and absolute
quantitation] and ICAT [isotope coded affinity tag]; Chen et al., 2007; Martin et al., 2008),
accurate mass tagging; (Chin et a., 2007), and spectral counting; (Mueller et al., 2008; Sleat
et a., 2009). Finaly, traditional and second generation antibody-based methods remain
workhorse technol ogies (immunoblotting and Luminex; Vignali, 2000; Nelson et a., 2006).
While reviews of each of these techniques provide exposure to the different technol ogies
available for proteomic studies, an important area that has heretofore received limited
attention is the experimental design and interpretation specific to neuroproteomic studies of
drug abuse. These challenges include choice of animal model, ensuring sample quality, the
complexity of brain tissue, confirming discovery findings, data analysis strategies, and
integration of large data sets with the existing literature (Fig. 1). Due to the time, expense,
and complexity of neuroproteomic studies, careful consideration of these issues is needed
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both for the investigator and eventually for the reviewers and readership of neuroproteomic
reports.

2. Animal models

2.1. Challenges of choosing the appropriate animal model

While afull discussion is beyond the scope of this review, the selection of optimal animal
models of human drug abuse and addiction is an imperative. Studies of postmortem human
brain tissue from drug abusing subjects provides a valuable translational element for
addiction proteomic studies and, to date, a number of excellent studies have been performed
(Kashem et al., 2007, 2008; Tannu et a., 2007). Naturally, these samples are difficult to
obtain and a number of factors, including variations in genetic background, drug abuse
history, matched controls, comorbid conditions such as psychiatric disorders or multi-drug
use, the quality of samples, and limited experimental manipulability complicate their use
(Hynd et al., 2003; Skold et al., 2007; Lehrmann et al., 2008). For the majority of addiction
researchers, animal models provide the most tractable approach to neuroproteomic studies.

Animal models with the most utility will be those that best reflect aspects of human
behaviors. However, many variables within a behavioral paradigm can influence the
usefulness of data gathered in a proteomic experiment. The first of these variablesisthe
need for abehavioral phenotype that permits correlation of proteomic changes with a
specific behavior. Thisis, in fact, the primary consideration when choosing an animal model
for aparticular study.

For example, there are well documented differences between investigator-administered and
self-administered drugs. Neurochemically, while equal doses of investigator-administered
and self-administered cocaine and morphine can produce similar neurochemical changes,
there are also profound differences (Dworkin et a., 1995; Di et al., 1996, 1998; Mark et al.,
1999). Response-independent/investigator-administered drug administration can also be
stressful and aversive, and these factors may contribute to differences in gene expression
between self-administering and response-independent, investigator-administered animals
(Kuzmin and Johansson, 1999; Mutschler et al., 2000; Thomas et al., 2003a; Jacobs et al.,
2004). These response-dependent differences have also been documented in protein
expression (Self et al., 1995; Graziellaet al., 1998; Stefanski et al., 1999). Furthermore,
differences in neuronal morphology (dendritic spine density and branching) have been
reported between experimenter-administered and self-administered drugs (Robinson and
Kolb, 2004). While self-administration procedures alone do not guarantee a useful animal
model, a careful rationale for using investigator-administered drug modelsis crucial to
ensure the trandatability of the results.

Another challenge to consider is the influence that behavioral testing, drug challenges, and
environmental conditions prior to sacrifice can have on biochemical analyses, including
proteomic studies. Any behavioral interventions, such as extinction responding or
breakpoint analyses, in addition to the drug administration paradigm, may themselves alter
gene and protein expression in very short time periods, and can cause misleading proteomic
results. It is therefore important to conduct these tests on separate groups of animals that will
not be used for biochemical or molecular analysis unless the behavioral assessment is an
explicit part of the experiment.

2.2. Approaches to choosing the appropriate animal models

In addition to the administration model, the behavioral outcome that proteomic changes are
being associated with needs to be considered in the experimental design. Addiction research
is, at its core, the investigation of behavioral pharmacology. Therefore, a behavioral
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outcomeis required of the model system in order for the study to be addiction research and
not solely pharmacology. Thisincludes careful choice of abehaviora paradigm and time of
tissue collection that will alow for proteomic changes to be more directly correlated to the
observed behavior. A number of behavioral endpoints are available to researchers ranging
from reward and reinforcement (conditioned place preference, progressive ratio responding,
extinction responding, and reinstated responding), to cognitive function (e.g., maze or
match-to-sample testing), and sensitization (psychomotor sensitization). Along these lines,
researchers utilize varying doses and administration schedules to model human binging,
dependence, tolerance, abstinence, and relapse behaviors (Epstein et al., 2006; Kalivaset a.,
2006; Roberts et al., 2007).

Using these model s, drug abuse researchers have described the behaviors discussed above
with many drugs of abuse. For example, psychomotor sensitization, or an increasein
sensitivity to adrug’ s locomotor-activating effects, results from exposure to cocaine,
amphetamine, and opioids, and has been reported in a number of studies (Miserendino and
Nestler, 1995; Wachtel and DeWit, 1999; Cornish and Kalivas, 2001; Trujillo et al., 2004).
Following chronic exposure, cognitive differences, including learning and memory deficits,
have also been reported (Schoenbaum et al., 2004; Jovanovski et al., 2005; Ersche et a.,
2006; Calu et al., 2007). In addition to focusing on drug exposure, many studies have
observed behavioral changes following drug administration and periods of abstinence
(Grimm et al., 2001; Morgan et a., 2002; Morgan and Roberts, 2004; Kuntz et al., 2008).
Specific interest has been paid to the molecular changes that accompany the incubation of
drug craving that resultsin an increase in relapse potential, asit isamajor barrier to
successful treatment in humans (Gawin and Kleber, 1986; O’ Brien, 1997). The devel opment
of amodel that measures one or more of the behavioral outcomes mentioned aboveis
necessary because it becomes the variable that protein expression changes can help to
explain.

3. Ensuring sample quality

3.1. Challenges to ensuring sample quality

Proteins are |abile biomolecules that often exist in multiple modified forms in vivo, and
begin to degrade rapidly ex vivo. Additionally, post-translational protein modifications can
quickly change during sample preparation. Postmortem changesin sample pH, enzyme
activity (e.g., protease, phosphatase, kinase, etc.), and structural integrity can influence the
state of protein species and lead to characterization of proteomic profilesthat do not fully
reflect the in vivo condition. Rapid and consistent sample collection is therefore a primary
concern in neuroproteomic studies to maintain sample integrity and ensure accuracy of
proteomic analyses. Standard sample collection and handling protocols also facilitate
comparison of large proteomic datasets between experiments and between |aboratories.

Biological samples are typically preserved by freezing at the time of collection for
subsequent experimentation. Postmortem human brain tissues are valuable to addiction
studies, but collection conditions are often far from ideal and samples are generaly
maintained ex vivo at room temperature for varying durations. Studies have shown that
factors such as cause of death (agonal state), postmortem interval, and time in storage can
affect the structural, molecular and biochemical integrity of samples, partly through ante-
and post-mortem changesin pH that can alter protein stability (Hynd et al., 2003). Together
with the considerable biological, environmental, and behavioral variation inherent in the
human population, sample variance introduced by these antemortem and postmortem
conditions decreases intersample consistency (Hynd et a., 2003). While animal tissues are
collected more rapidly and in more uniform conditions, they are also subject to similar
postmortem processes. These processes can lead to decreases in sample consistency, protein
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yield, protein modification, and experimental sensitivity (i.e., the ability to detect non-
abundant species or statistically significant differences between groups due to increased
variance).

3.2. Approaches to ensure sample quality

In neuroproteomic studies of addiction, relatively small changes in protein expression and
modification often possess a high degree of biological importance, but are difficult to detect.
It istherefore critical that measures be taken during sample collection and preparation to
minimize degradative processes that affect the sensitivity and accuracy of proteomic
technologies. Snap-freezing of samplesimmediately following collection is standard
procedure in the laboratory, but avariety of recently developed approaches offer alternatives
for improving sample quality, particularly when snap-freezing is not a viable option. For
example, the Stabilizor T1 (Denator AB, Gothenburg, Sweden) uses a combination of
uniform conductive heat and pressure to inactivate enzymes that contribute to post-
collection sample modifications. This has been demonstrated through preservation of protein
phosphorylation states and minimization of protein degradation fragments (e.g., stathmin 2—
20) (Svensson et a., 2009). With the Denator system, samples can be either stabilized
immediately following collection, or if necessary, snap-frozen and subsequently stabilized
prior to experimentation. The downside to this approach, however, isthat it prevents the
downstream fractionation of stabilized tissues. Alternative technologies are being devel oped
to control ex vivo biomolecular interactions, including the Pressure Cycling Technology (for
use with lipid-rich samples; Pressure Biosciences).

An aternative approach is to use focused microwave irradiation as the method of
euthanasia. Previous studies have suggested that brain proteins (O’ Callaghan and Sriram,
2004) and peptides (Che et al., 2005) are subject to less post mortem degradation with this
method of animal sacrifice. A recent more comprehensive proteomic analysis has also
compared typical snap-frozen brain tissue with samples collected from microwave-irradiated
animals (Hunsucker et a., 2008). This study showed that the stability (measured as amount
of protein) of a number of protein speciesin the brain isincreased by this method.
Microwave irradiation may be avery useful tool in the future, but its useis currently limited
by the technical difficulties of the method.

Regardless of the manner of sample collection, assessment of proteomic sample quality and
adoption of quality standardsis necessary for maximally informative neuroproteomic
studies. It has been proposed that levels of the stathmin 2—20 fragment be assessed as an
index of sampleintegrity, particularly in samplesisolated from human postmortem tissue
(Svensson et a., 2009). Lab-on-a-chip approaches to quality assessment such as the Agilent
Bioanalyzer are informative not only of general protein quality, but also of protein size,
purity, and concentration. Simpler approaches, including total-protein staining of 1D gel-
separated samples (Coomassie, Deep Purple, etc.) and sample quantitation (e.g., BCA and
Bradford assays) aid in standardizing sample input in proteomic workflows. Aswith all
experimental approaches, the quality of protein samples in neuroproteomic studies greatly
influences the quality of the resulting data. |mplementing quality control standards as a
routine part of neuroproteomic study workflow improves protein resolution and quantitation,
and greatly increases protein identification rates, ensuring that maximal datais obtained in
these studies.
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4. Neuroanatomical complexity

4.1. Challenges of neuroanatomic complexity

Thebrain is characterized by a high degree of anatomical, cellular, and compartment-
specific specialization that contributes to proteomic complexity. Functionally related brain
regions may be separated spatially, and distinct anatomical regions often contain traversing
neuronal processes with no direct relation to the area of interest. Even discrete brain regions
exhibit cellular heterogeneity with regard to cell types (neurons, glia, vasculature, etc.) and
their biochemical characterization (e.g., primary neurotransmitter) (Doyle et al., 2008;
Bateup et al., 2008). Although addiction science typically focuses on neuronal populations,
these cells comprise only 20-30% of the total cellular population in brain tissue (Singh et
al., 2003). This can be problematic in proteomic studies with limited sensitivity or gainin
the experimental system, because rarer protein species are often masked by more abundant
proteins, and significant cell type- or compartment-specific expression changes may not be
detected in mixed populations. Additionally, spatial distribution of neuronal somata and
their distal projections makesit difficult to ensure that the entirety of a given cell or cell
population is subjected to proteomic analysis. The result of this complexity is that
neuroanatomical samples can be “ contaminated” by cellular material that exerts a muting
effect on proteomic changes in a specific cell type or subcellular compartment or is
complicated by detection of protein species attributed to sample populations irrelevant to
addiction studies. Thisis particularly true when characterization of drug abuse-induced
changes in specific subcdlular structures (e.g., nuclei, synaptic terminals, etc.) is desired, or
when researchers are seeking to attribute behavioral changes to a specific cell type. There
are several approaches to circumventing the complexity of brain tissues to maximize
precision and impact of neuroproteomic studies, ranging from anatomical dissection to
subcellular fractionation to biochemical enrichment.

4.2. Approaches to resolve challenges of neuroanatomic complexity

4.2.1. Anatomical dissection—Asour understanding of functional specificity of the
brain advances, smaller and increasingly discrete brain subregions are identified, and
accurate and consistent anatomical dissection of these distinct areas of interest is difficult.
Brain atlases such as Paxinos and Watson establish standard anatomical landmarks useful
for maintaining consistency between dissections (Paxinos and Watson, 2005). Small tissue
punches offer a method of standardizing dissections by allowing discrete brain sasmplesto be
collected in a highly reproducible manner. When the physical size of a desired area of
interest precludes routine manual dissection, or when collection of specific cell types or
structuresis desired, laser capture microdissection (LCM) of carefully sectioned tissue
provides avaluable aternative (Fig. 2A). This approach is particularly useful in collecting
samples with laminar organization (e.g., hippocampus) or distinct cytoarchitecture (e.g.,
nucleus accumbens). When coupled with cell 1abeling approaches like
immunocytochemistry or transgenic expression of fluorescent proteins driven by a cell type-
specific promoter, LCM enablesrapid collection of individual cells from a heterogeneous
population. Additionally, multiple subregions or cell types can be collected in parallel from
afinite amount of tissue, enabling thorough, but specific, assessment of various aspects of a
brain region of interest. Samples dissected by this method are frequently included in
genomic studies, and have proven to be compatible with proteomic technologies including
liquid chromatography, 2D-DIGE, and MALDI-ToF/ToF mass spectrometry (Mouledous et
al., 2003a,b; Liao et al., 2004), but actual addiction research studies that use this approach
have not been reported. There is a significant drawback of LCM sample collection in
neuroproteomic studies, however, in that sample amounts obtained by this method are
limited, and multiple rounds of LCM are often necessary to collect the amount of tissue
required for proteomic analysis. Thisis less of an issue in genomic approaches due to
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availability of nucleic acid amplification and the sensitivity of the technologies, but remains
to be overcomein proteomics. Currently, investigators must reconcile a trade-off between
increased anatomical specificity and decreased sensitivity for rarer species when using the
LCM approach for collection of samples for proteomic work.

Specialized cell sorting flow cytometry guided by specific parameters such as cell size,
morphology, membrane potential, or fluorescence provides another approach for enrichment
of specific cellular populations from complex samples (Fig. 2A). Fluorescence-activated cell
sorting (FACS) uses both fluorescence and light scattering properties of labeled cells,
typically by immunological or transgenic approaches, to quantify and separate distinct cell
populations. FACS achieves a higher degree of sample purity than other high-throughput
methods like immunopanning and magnetic bead-based sorting, and can be used with
multiplexed cell staining approaches. The specificity of the cell sorting using this method
closely parallels the specificity of the antigen or gene promoter selected for labeling, and can
discriminate not only between classes of cells (heurons, astrocytes, microglia, etc.), but also
between specific cellular subtypes characterized by biochemical and functional properties.
For example, neurons can be sorted by primary neurotransmitter (e.g., dopamine vs.
norepinephrine) or membrane proteins (Thy-1), while microglia can be segregated by
activation state and cytokine expression. FACS has previously proven useful for isolating a
wide range of brain cell populations including neural stem cells and dopaminergic neurons,
that have been subsequently analyzed without requiring a period of culturing prior to
experimentation (Gao and Chen, 2008; Han et al., 2008). Like LCM, cell sorting decreases
anatomical complexity and increases popul ation specificity, but does so at the expense of the
amount of sample obtained for use in proteomic analyses.

In recent years, multiple mass spectrometry methods capable of analyzing limited proteomic
samples have been developed to maximize data obtained from small sample amounts.
Multidimensional capillary electrophoresis couples on-line reverse-phase liquid
chromatography with capillary electrophoresis to separate proteins. Thisis then followed by
mass spectrometry approaches for protein identification. Improvementsin sensitivity of
mass spectrometers has resulted in powerful M S-based identification methods capabl e of
detecting proteins at low femtomole to attomole levels (Caprioli et al., 1997; Rubakhin and
Sweedler, 2008), making them ideal for identifying speciesin small sample amounts. The
Fourier-transform ion cyclotron resonance mass spectrometer, which utilizes strong magnets
and nonstandard detection technology, is extremely sensitive and allows investigators to
examine expression profiles of very small amounts of proteins and peptides such as those
resulting from LCM/FACS collection (Rubakhin and Sweedler, 2007, 2008).

4.2.2. Subcellular fractionation—While physical dissection of neural tissueis useful in
proteomic examinations of discrete brain subregions or particular cell types, subcellular
fractionation also allows for specific analysis of portions of the cellular proteome (Fig. 2B).
Proteomic profiling of subcellular compartments and organelles (such as the plasma
membrane, nuclei, mitochondria, or synaptic terminals) has the added power of identifying
localized effects of drug abuse in isolated functional milieu that may not be reflected by the
whole-cell or whole-tissue proteome. Fractionation of membrane-enclosed subcellular
structuresis atraditional method that is often applied in preparing samples for proteomic
study. A number of techniques exist for isolating subcellular compartments from
homogeni zed tissue, including nitrogen decompression, density separation across sucrose
gradients, immuno-purification, and differential centrifugation. Nuclear fractionation is
generaly performed by low-g centrifugation, which yields enriched fractions suitable for
examination of protein regulators of chromatin, DNA madification and gene transcription.
Investigation of the nuclear compartment in isolation has led to increased understanding of
changes in transcription factors (Dobretsova et al., 2008), genotoxic stress (Qi et al., 2007),
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and indicators of cell differentiation (Salim et al., 2007; Jaishankar et al., 2008; Barthelery et
al., 2009), and has the potential to reveal agreat deal about long-lasting biochemical
changes that correlate to addiction and relapse behaviors. Isolation of mitochondrial
fractions can be achieved with higher g-force centrifugation, which enriches for intact,
functional mitochondria. Proteomic analyses of this fraction have been successfully
conducted in neurobiological studies of drug abuse (Cunha-Oliveiraet a., 2008), aswell as
healthy and pathological aging (Guevaraet a., 2008; Chin et al., 2008).

Plasma membrane-associated proteins (receptors, scaffolding proteins, etc.) influence
neuronal function and excitability, and are therefore targets of interest in neuroproteomic
studies of drug abuse. These proteins are often obscured by more abundant protein speciesin
proteomic studies, but can be enriched for analysis through fractionation of the plasma
membrane. A variety of techniques are used to isolate neuronal membranes, including
differential and density gradient centrifugation (Nielsen et al., 2005; Chen et ., 2006; Olsen
et al., 2007) and affinity partitioning (Schindler et a., 2006). Similar approaches (high-g
ultracentrifugation) can be applied to enrich for cytosolic and microsomal fractions
(Krapfenbauer et a., 2003; Stevens et al., 2008). Individual protein speciesidentified in
these compartments have been implicated in drug abuse (Hemby, 2006; Lull et al., 2009),
although comprehensive examination of their proteomic profiles remains to be conducted.

Asthe facilitators of neurotransmission, and therefore mediators of the neuronal processes
underlying behavior, synapses may represent the most relevant subcellular component in
addiction research. Isolated nerve terminals, called synaptosomes, are comprised of intact
presynaptic and postsynaptic membranes that enclose mitochondria, cytosolic and structural
proteins, neurotransmitter-containing vesicles and the full complement of presynaptic
proteins required for synaptic signaling, as well as the postsynaptic density and associated
receptors and downstream signaling molecules. M odifications to synaptosome isolation
techniques can further fractionate the proteome to isolate postsynaptic densities, synaptic
vesicles, or synaptic lipid rafts. Removal of unwanted structures enables study of the
synaptic proteome in the absence of somatic and non-neuronal material, and has aided in
characterizing the composition of both synaptic vesicles and postsynaptic densities. This
compartment is of particular importance in drug abuse research, as synaptic plasticity and
persistent aterations in synaptic function likely result from drug abuse and contribute to
drug-seeking behaviors. Synaptic alterations in response to administration of opiates,
cocaine, and methamphetamine have been identified in brain tissue, and drug-related
modifications have been reported in the postsynaptic density proteome and the synaptic
phosphoproteome (Qin et al., 2005; Zhong et al., 2006; Abul-Husn and Devi, 2006;
Eyerman and Y amamoto, 2007).

4.2.3. Biochemical fractionation—In addition to segregating compartment-specific
proteomes, the neuroproteome can also be fractionated by depl etion/enrichment methods to
examine potential changes in classes of protein species (e.g., phosphoproteins, acidic
proteins, etc.) (Fig. 2B). Focusing on a subproteome increases the likelihood of detecting
proteins of interest by avoiding masking effects of abundant or irrelevant proteins, and by
enriching for specific species of interest. Post-tranglational modification of proteinsisthe
true regulator of protein function, and is therefore of great importance in proteomic studies.
For example, in the brain, phosphorylation modulates the activity, localization, and
interaction of proteins, and regulation of both basal and evoked protein phosphorylation is
altered by anumber of factorsincluding aging, disease, and drug use (Tannu et a., 2008;
Kruger et al., 2008). Phosphorylation-specific protein stains (e.g., Invitrogen ProQ
Diamond) can be used to detect and quantify changes in phosphoprotein abundance in gel-
based approaches (usually 2-dimensional gels). Similar to standard approaches,
phosphoproteins of interest are then excised and identified by mass spectrometry.
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1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Lull etal.

Page 9

Alternatively, phosphoproteins can be enriched from the broader neuroproteome by
immuno-isolation or chromatography methods like immobilized metal-ion affinity trapping
(D’ Ambrosio et a., 2006; Becker et al., 2007; Collins et al., 2008), both of which are
compatible with downstream proteomic applications. This approach is particularly beneficial
when studying less abundant phosphoprotein species, since they will be enriched when
unphosphorylated proteins are removed. Similar approaches can be implemented to enrich
for glycosylated proteins (Invitrogen ProQ Emerald gel stain, concanavalin A/lectin affinity
columns) (Morelle and Michalski, 2005; Monzo et al., 2007), oxidized proteins (biotin
hydrazide/avidin affinity trapping) (Meany et al., 2007), and ubiquitinated proteins (through
binding to proteosome subunit sequences fused to immobilized glutathione-S-transferase
columns) (Layfield et al., 2001). As technologies for biochemical enrichment continue to
improve, more specific modifications can be isolated (e.g., O-linked glycosylation [isotopic
and chemoenzymatic tagging] (Khidekel et al., 2007)) for standard proteomic approaches.
Dueto the effects of these post-translational modifications on protein structure, function,
localization, and stability, biochemical fractionation to enrich for specifically modified
protein species is often implemented in neurobiology studies seeking to determine the
molecular basis of a pathology or behavior (i.e., drug addiction) (Hale et al., 1998; Garzon et
al., 2002; Abul-Husn and Devi, 2006).

In cases where arare target speciesis not restricted to a subcellular compartment or its
particular modifications are less important than its total expression in agiven brain
subregion, samples can be fractionated into subproteomes based on protein density, charge,
or other characteristics. Density gradient separation technology (e.g., enhanced density
gradient extraction) separates proteins in a density-dependent manner using differential
centrifugation across increasing sucrose concentrations (Lan et al., 2007). For example, the
Edge 200 Separation System (Prospect Biosystems, Newark, NJ) fractionates complex
protein samplesinto 11 density-based subproteomic components, allowing examination of
distinct fractions and increasing the likelihood of detecting |ess abundant proteinsin these
simplified samples. Alternatively, technologies like the 3100 OFFGEL Fractionator (Agilent
Technologies, Santa Clara, CA) separates proteins and peptides based on their isoelectric
point (Horth et a., 2006). This technology is capable of simultaneously fractionating 16
samplesinto 12 or 24 pl-based fractions, and is compatible with both traditional in-gel and
liquid-phase approaches.

5. Confirming findings from neuroproteomic studies of addiction

5.1. Challenges of confirming findings from neuroproteomic studies

The transcriptomic field has adopted a general standard that at least a selection of discovery
findings need to be confirmed by an orthogonal method for a study to be complete.
Confirmation experiments serve not only to validate specific discovery findings, but also
lend added credence to the broader data set. For transcriptomic studies, this experimental
route is now fairly clear, with a number of excellent techniques for specific, high-
throughput, and quantitative confirmation by a separate method (orthogonal confirmation)
(VanGuilder et al., 2008). These approaches include gPCR and bead-based multiplex assays
with the flexibility to examine alarge number of samples (10s-100s) and a large number of
genes (10s-100s) (Shi et a., 2006). The ability to quickly transition from large scale
discovery approaches to confirmation assays has greatly improved genomic studies. The
proteomic field, however, still suffers from lagging technological capabilitiesin this area
and confirmational work is often the rate-limiting step in neuroproteomic studies. This
challengeis more difficult than in nucleic acid research due to the lack of easily generated
protein-specific probes. Nonetheless, the proteomic field is moving towards routine
integration of confirmation studies in reports (e.g., Whiteaker et a., 2007).
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Confirmation of proteomic findings addresses several important aspects of discovery
experiments. Even with the application of tandem mass spectrometry (and other more
advanced methods such as MS3) (Olsen and Mann, 2004), decoy databases, and false
discovery rates (discussed below) there always exists the potential for misidentification of
proteins. Although this problem may not be as great as previously proposed (Bell et al.,
2009), misidentification of proteins, especialy across labs, still exists. Therefore a
conservative statistical approach to protein identification is still warranted as the standards
for protein identification continue to evolve. Additionally, for quantitative studies, the
statistical power of proteomic studiesis limited and Type | false positives of differentia
expression are possible. Confirmational studies address both of these concerns by validating
both the identity and quantitation of a specific protein.

5.2. Approaches to confirming findings from neuroproteomic studies

Immunoblotting remains the staple for confirming proteomic results. The major limitations
to antibody-based immunoblot confirmations are the relatively low throughput nature and
reliance on the availability of antibodies. Commercial availability of antibodies continues to
expand and there are ongoing efforts to generate proteome-wide antibodies such asthe
Swedish Human Proteome Resource (HPR) program (Uhlen and Hober, 2009).
Immunoblotting is useful for measuring total levels of a specific protein (or a known
modification if PTM-specific antibodies are available), but this may not always be directly
trand atable to results from a proteomic study, such as 2D-DIGE where proteins are
separated both by molecular weight and isoelectric point. A differential abundance of a
specific protein modification in the discovery experiment may not reflect a change in the
total abundance of the protein. In these cases, further manipulations of the immunoblotting
approach including Far Westerns (immunoblots of 2D gels) or isoelectric focusing (IEF)
westerns, may be required.

Additional antibody-based confirmational approaches including traditional ELISAS, the
newer ELISA-like approaches of Luminex technologies, and multiplexed
electrochemiluminescence, provide alternatives for quickly validating discovery findings.
The sample requirements for antibody-based confirmation continue to be driven to smaller
and smaller amounts with new approaches that can quantify protein levels from nanoliter
volumes (Fan et al., 2009). All of these technologies continue to be limited by antibody
affinity reagents that remain difficult to produce and are of varying quality. Aptamer affinity
probes (Zichi et a., 2008) may prove to be a useful method to circumvent the difficulties of
antibody production, but the challenges of generating affinity reagents (aptamer or antibody)
continue to motivate the search for confirmation technologies that do not require affinity
reagents.

Muultiple-reaction monitoring mass spectrometry (MRM-MS) has been used as a quantitation
tool in small molecule mass spectrometry for several decades (e.g., Finlay et a., 1986;
Phillips et a., 1989). Recently, a combination of advances in mass spectrometer
instrumentation and software with increased research on proteomic technologies has led to
the use of MRM in proteomic studies (Anderson and Hunter, 2006). The basis of the MRM
approach is that with high resolution mass spectrometers such as a Q-Trap instrument, a
peptide and daughter ion (from a particular protein) that are unique in the organism’'s
proteome can be identified to measure the level of that particular protein. This specificity is
possible through initial selection of a peptide in MS mode and then the specific examination
of aresultant daughter ionin MS/MS mode. These two levels of specificity ensure that only
this particular peptide (and thereby protein) is being examined. For increased accuracy,
multiple peptides per protein can be examined. Quantitation is achieved through calculation
of area under the curve of the daughter ion compared to an exogenous peptide standard for
each peptide being measured.
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One method for generation of a standard is to create a synthetic peptide corresponding to
each peptide of interest, but with a heavy isotope included during synthesis. The heavy
isotope causes a shift in the weight of the peptide in the mass spectra so that it can be
measured separately from the sample and serve as a standard concentration to which the
sample is compared. Thisis often achieved using AQUA peptides (Sigma—Aldrich) that
contain 15N and/or 13C atoms (Gerber et al., 2003). Thisis avery powerful approach for the
guantitation of specific protein(s) but has the significant limitation that these peptides are
very expensive to generate and a certain percentage will fail during development dueto
technical factors (ion suppression, overlapping peaks, poor fragmentation, etc.). Thisis most
apparent when using MRM following affinity-based or el ectrophoresis-based discovery
techniques, and is less difficult when mass spectrometry-based discovery methods are used.
MRM is avaluable approach, although the assay development is typically much longer and
more involved than immunoblotting approaches.

Adoption of aglobal internal standard (GIS) approach and mTRAQ tagging (DeSouzaet al.,
2008), which avoids many of the above technical issues, alows for rapid assay
development. In this alternative approach, a standard sample is made, and thereby all of the
component peptides are labeled with atag. This flexibility eliminates the need to generate a
synthetic peptide, and because all of the peptides in the standard sample are labeled, itisa
good approach for the devel opment phase of an MRM assay.

Whichever confirmation approach is chosen, these orthogonal datawill help spur the
integration of neuroproteomic datainto the broader addiction literature by providing greater
certainty in the discovery data results. Confirmation approaches will continue to be an area
of intensive technological development as more and more investigators find this the rate-
limiting step in taking discovery findings forward in their research.

6. Data analysis and reporting

6.1. Challenges in data analysis and reporting

Ultimately, the success or failure of neuroproteomic studies of addiction will be in whether
they help advance the understanding of the neurobiology of addiction and potential
treatments. For this to happen, there must be confidence in the protein quantitation and
identification from discovery studies as well as methods for distilling large amounts of data
into biological narratives and methods for sharing data sets. Thisis not a challenge unique to
neuroproteomic studies of addiction and a number of solutions are being brought into
proteomics from other ‘omic’ fields and large scale analyses.

6.2. Approaches to resolve challenges in data analysis and reporting

6.2.1. Protein identification—With the variety of different mass spectrometers, peak
identification software, and data analysig/protein search engine algorithms available for
protein identification in neuroproteomic studies, a common concern has been the
reproducibility of these results from lab-to-lab and therefore the overall confidence that can
be placed in protein identifications (Aebersold, 2009). An in-depth comparison of the many
different algorithms and databases for protein identification is beyond the scope of this
review but, for addiction researchers reading and reviewing neuroproteomic reports, it is
important to have an understanding of the metrics available for judging protein identification
data. The primary value for judging the quality of protein identification isthe false positive
rate. This value can be produced in anumber of ways, but provides an estimation of the
likelihood that the protein identification is correct. These data should be reported as part of
Minimal Information Available about a Proteomics Experiment (MIAPE) compliance
(Taylor et ., 2007). For example, if a protein was identified with 99% confidence, thereis
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only a 1% chance, for each protein identification, that thisidentification isincorrect. While
thereis no universal cut-off for what can be considered a confident identification, low
confidence identifications (<95%) should be treated carefully while high confidence
identification (>99.9%) have minimal likelihood of being incorrect. As noted above,
concerns with confidence can be obviated by rigorous post hoc confirmations using
orthogonal approaches.

6.2.2. Statistical analysis of differential abundance—Initial dataanaysisfrom
proteomic experiments requires the determination of change from control levels (fol d-
change) and statistical values. For this step, the balance of Type | and Type Il errors remains
achallenge for any study of protein or mMRNA expression. Thisis especialy difficult in
studies of the brain, due to the highly regulated nature of neuronal tissue, as one does not
expect to see large fold-changes during proteomic analyses. Nor isit expected to seea
global shift in protein expression. Within the brain, for example, small fold-changes are
often reported (Pawlyk et al., 2007; Pinaud et a., 2008), and have proven to be functionally
significant (Sutton et a., 2003). At the same time, the large datasets generated by proteomic
studies certainly contain Type | and Type Il errors, especially with low magnitude changes.
Therefore, as the number of neuroproteomic studies grows, it will be important to utilize
analyses that will reduce the number of false positive findings, but will recognize small fold-
changes that may be functionally significant within the brain region of interest. Power
calculations of proteomic studies have been conducted on non-neuronal tissue (specifically
for 2D-DIGE analysis) (Karp and Lilley, 2005); however, when examining brain tissue,
these criteria may prove to be different. In addition, for statistical analysis of proteomic
studies, multiple test corrections are often too conservative and may eliminate functionally
important changes. Therefore, it is appropriate to draw from the microarray field, and use
the combination of alow magnitude fold-change cut-off (e.g., 1.4) with a p-value statistical
cut-off (p < 0.05 or 0.01) (Allison et al., 2006). This approach is better than complex p-value
statistical analyses because it does not eliminate so many targets, but will still reduce the
number of false positive findings. It is at this point that the importance of confirmation
experiments is again evident. Confirmation of a differentially regulated protein by
immunabl otting eliminates any lingering concerns.

6.2.3. Relationships of samples and groups to each other—Many approaches can
be taken to understand what complex protein expression patterns tell us about relationships
between proteins or experimental groups. A useful approach for examining how samples or
groups relate to each other based on their respective proteomic profilesis to use principal
component analysis (PCA). With this dimension reduction approach, the individual animals
or groups can be clustered and the main effects of experimental treatments can be visualized.
While PCA is not a predictive tool, it is useful to help visualize the overarching
relationships. PCA has been used previously to visualize the effects of abstinence from
cocaine self-administration on protein expression (Lull et a., 2009). Similarly, there are a
number of different approaches to generating dendograms that provide another method for
visualizing the similarity in the expression profile of different proteins, samples, or groups.
There are also a number of clustering approaches (e.g., self-organizing maps, neural
networks) that can cluster sets of proteins together by the similarity of their expression
profiles. These more complex mathematical approaches are useful tools, but do not
completely replace standard set functions such as intersection and union that can be used
when comparing individual, pair-wise significant changes in a multigroup study.

6.2.4. Ontology, pathway and network analysis—To aid in placing proteomic

findingsin their biological context, there are a number of tools available. To accomplish
this, methods initially applied in genomic studies can be applied to proteomic datasets, with
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some modifications. Ontological analysis determines relationshipsin protein data based on
molecular or biological function of the proteinsidentified and may help to identify functions
that are overrepresented within the changed proteins in a study. Common ontological
categorizations are GO (Gene Ontology); (Ashburner et a., 2000), DAVID (Database for
Annotation, Visualization and Integrated Discovery); (Dennis et a., 2003), Panther (Protein
ANalysis THrough Evolutionary Relationships); (Thomas et a., 2003b), and KEGG (Kyoto
Encyclopedia of Genes and Genomes); (Kanehisa and Goto, 2000). Thistype of analysis has
been used for a number of different proteomic applications (Stevens et a., 2008; Nan et al.,
2008). In the drug abuse field, a number of protein classes have been identified using this
approach (Covarrubias et a., 2005; Rodd et al., 2008), including a proteomic study of
cocaine abuse in which changesin neuronal structural proteins were found to be
overrepresented following withdrawal from cocaine abuse (Lull et al., 2009).

While these categorization schemes are useful for obtaining a general picture of the proteing/
changes identified, newer tools allow for the placement of protein data sets into functional
pathways and networks. Pathway and network analyses, using programs such as Ingenuity
(Ingenuity Systems, Redwood City, CA), GenMAPP (Gladstone Institutes—University of
California, San Francisco), KEGG (Kanehisa Laboratories, Kyoto, Japan), and SPIKE
(Signaling Pathway Integrated Knowledge Engine); (Elkon et al., 2008), aid in highlighting
pathways and networks of proteins within the cell in which a number of members are
changed. This type of analysis has been used to identify pathways and processesinvolved in
cocaine (Lull et al., 2008, 2009), methamphetamine (Yang et a., 2008), and alcohol abuse
(Hu et al., 2008).

The combined use of pathways and ontological analysiswill also proveto be useful in the
interface between multiple proteomic datasets, as well as MRNA and protein datasets. With
the large number of studies being conducted using both large scale proteomic and
microarray technology, it isimportant that similar studies can be compared. The meta-
analysis of changesin gene and protein expression can be made by including multiple data
sets within pathway or ontological analyses (Li et a., 2008). Specifically, the interface
between mRNA and protein expression levels has been looked at in a number of cases (for a
review, see Nie et a., 2007).

6.2.5. Data sharing—A wealth of information can be gathered from proteomic studies
and it isimportant to standardize the reporting of such data, as well as making these data
available to the public. Recently, standards have been developed for the reporting of
proteomic experimental data. The development of Minimal Information Available about a
Proteomics Experiment (MIAPE) standards has called for consistent reporting of the
variables and methods by which proteomics experiments are conducted (Taylor et al., 2007,
Robin et al., 2008). While giving insight into the ways in which proteomic experiments are
conducted, this standard will also increase the reproducibility of the experimentsthat are
reported in the literature, as well as allow for higher-order compilation and meta-analysis of
similar data sets to be conducted, as seen in the microarray field (Jupiter and VanBuren,
2008).

In addition to these standards of how experiments are conducted, it is also important to make
public the data that are collected. The NCBI database—Gene Expression Omnibus (GEO)
was originally developed to be a public repository for gene expression data (Barrett et al.,
2007). This makes gene expression data available to the public by hosting thousands of
submissions regarding the abundance of species within cells. Other public repositories such
as the Tranche (www.proteomecommons.org) and PRIDE databases (PRoteomics

I DEntifications) have been developed to create arepository of all the protein identifications
that are reported in the literature (Jones et al., 2006, 2008). These allow for protein
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identification and expression levels, location, and post-translational modifications to be
uploaded to the database following submission to proteomics journals. In addition, the
University of California, Santa Clara (UCSC) Known Genes database has allowed for the
compilation of protein data from SwissProt (Uniprot) and associated mRNA data from
GenBank (Hsu et a., 2006). Previously, we have applied this concept to drug abuse, basing
the organization on neuroanatomical pathways (Freeman et a., 2002). As researchers
continue to make available entire proteomic datasets after publication, they will be ableto
compile large datasets regarding specific biological questions that may lead to new and
important discoveries about the roles of individual protein species in drug abuse disease
processes.

7. Proteomic studies of drug abuse

There are few, if any, drug abuse studies that use al of the categories of tools discussed
above. In fact, many are so new that the field of drug abuse has not yet adopted their use. A
truly comprehensive proteomic analysisis agoal for the future, but thisreview isintended to
direct drug abuse researchers to conduct compl ete proteomic studies that contribute
significantly to the proteomic literature. There are afew examples, however, of studies that
have used multiple proteomic approaches that help put the methods discussed above into
perspective. In a2D-DIGE study by Hemby and co-workers (Tannu et a., 2008), a cocaine
self-administration non-human primate model was used. In this study, asmall brain region
was used (the nucleus accumbens) followed by cytosolic fractionation to look specifically at
the soluble protein fraction. 2D-DIGE quantitation with MALDI-ToF/ToF mass
spectrometry identification allowed for the identification of several proteins with altered
expression profiles. In addition to this total-protein evaluation, examination of changesin
protein phosphorylation were observed using Pro-Q diamond stain in agel format. Protein
identification was then examined by cellular function, taking advantage of bioinformatic
methods to add value to lists of protein expression. What this study accomplishesis an
examination of a self-administration model by a number of methods that focus on specific
proteomes, an approach that is becoming increasingly common in the proteomic literature.

A complementary study conducted by Devi and co-workers (Moron et a., 2007) aso takes
advantage of sample fractionation by isolating the postsynaptic density. In contrast to the
previously discussed study, this research used experimenter-administered doses of morphine
in amouse model of escalating doses. ICAT labeling of fractionated protein was used
followed by liquid chromatography mass spectrometry identification and quantitation of
protein species. In addition, a specific strength of this study isthat Devi and co-workers
undertook a series of immunoblots to validate ICAT-observed changes in protein
expression. These two studies represent examples of how proteomic studies of drug abuse
have been successfully conducted in the past. With al of the new tools available for sample
preparation, sample analysis, and data analysis, among others, future studies will be capable
of even more in-depth analyses of the drug abuse proteome.

8. Summary

As with other biomedical research fields, drug abuse research is making use of new
proteomic capabilities to examine changes in protein expression and modification on alarge
scale. To obtain the maximum benefit and scientific advancement from these new
technologies, aclear understanding of the power and limitations of neuroproteomicsis
necessary. With the main limitation of neuroproteomic studies being the complexity of the
proteome, approaches that focus these studies need to be employed. The salient messageis
that there is no one best technical approach for all studies and that the principle driver of the
choice of proteomic technology and experimental design should be the advancement of the
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understanding and treatment of drug abuse. This review has intended to provide guidance on
how to determine the best manner in which to achieve the goals of a given study. This
review also presents a number of experimental design and sample approaches that can be
applied to neuroproteomic studies of addiction. Coupled with new technologies for data
collection, analysis, and reporting, these approaches represent the future of the proteomic
field and hold the key to unlocking the complex proteomic profile of drug abuse.
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Fig. 1.

Neuroproteomic workflow. Many steps exist from the planning of a neuroproteomic study to
the gathering and interpretation of the resulting data. At each of these steps, a number of
different variables must be considered in order to optimize the choice of abehavioral model,
collection of samples, sample preparation, data collection, and datainterpretation, so asto

acquire the most meaningful results from a neuroproteomic experiment.
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Fig. 2.

Approaches for neuronal fractionation. To solve the problems related to tissue and cellular

complexity, aswell asto look at specific regions of interest, the neuroproteome may be
fractionated according to anatomy (A) or subcellular compartment (B). (A) Anatomical
fractionation allows for the isolation of small brain regions or cell types of interest. (B)

Subcellular fractionation allows for the isolation of different subcellular compartments (e.g.,

synaptosomes, mitochondria, nuclei), or subcellular populations of proteins (e.g.,
phosphorylated or glycosylated proteins). (PTM—post-translational modifications).
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