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The HIV-1-associated neurocognitive disorder occurs in approximately one-third of infected individuals.
It has persisted in the current era of antiretroviral therapy, and its study is complicated by the lack of
biomarkers for this condition. Since the cerebrospinal fluid is the most proximal biofluid to the site of
pathology, we studied the cerebrospinal fluid in a nonhuman primate model for HIV-1-associated
neurocognitive disorder. Here we present a simple and efficient liquid chromatography-coupled mass
spectrometry-based proteomics approach that utilizes small amounts of cerebrospinal fluid. First, we
demonstrate the validity of the methodology using human cerebrospinal fluid. Next, using the simian
immunodeficiency virus-infected monkey model, we show its efficacy in identifying proteins such as
alpha-1-antitrypsin, complement C3, hemopexin, IgM heavy chain, and plasminogen, whose increased
expression is linked to disease. Finally, we find that the increase in cerebrospinal fluid proteins is linked
to increased expression of their genes in the brain parenchyma, revealing that the cerebrospinal fluid
alterations identified reflect changes in the brain itself and not merely leakage of the blood-brain or
blood-cerebrospinal fluid barriers. This study reveals new central nervous system alterations in
lentivirus-induced neurological disease, and this technique can be applied to other systems in which
limited amounts of biofluids can be obtained.
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Introduction

HIV-associated neurological disorders (HAND) have per-
sisted in the current era of highly active antiretroviral therapy
(HAART).1 While the incidence of severe dementia has de-
creased, the prevalence of both motor and cognitive neurologi-
cal disorders may actually be increasing.2 Similarly to many
neurodegenerative disorders, biomarkers to predict those at risk
for HAND, its progression, and response to therapy are lacking.

A biomarker has been defined as any characteristic that is
objectively measured and evaluated as an indicator of normal
biological, pathogenic processes or pharmacological responses
to a therapeutic intervention.3 Discovery of disease specific
biomarkers has been an important challenge in biomedical
research as well as clinical medicine. While biomarkers can

have great utility in diagnostic, prognostic, and therapeutic
determinations, the unique cellular and phenotypic complexity
of the brain has hindered biomarker identification in neuro-
logical disorders. Though extensive effort has been devoted to
the search for reliable biomarkers across a spectrum of neu-
rodegenerative diseases, the success rate has been fairly
disappointing, especially for the most easily accessible biofluid,
plasma.4

Among the body fluids, the cerebrospinal fluid (CSF), which
occupies the ventricular and subarachnoid spaces in the
brain,5,6 provides an ideal window for insights into mechanisms
of neurodegeneration. Since it interacts directly with the
extracellular milieu of the brain, the CSF is a unique matrix
for the detection of biochemical changes associated with
neurodegeneration and the progression of disease in the central
nervous system (CNS). The protein component of CSF consists
of brain-derived proteins as well as many proteins that are also
abundant in plasma.7 The complexity and great dynamic range
of protein concentrations and protein heterogeneity in the CSF
create significant challenges to the existing proteomic tech-
nologies.8 To address these challenges, several advances have
been made on two fronts: enrichment of potential proteins of
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interest expressed at lower levels via immunodepletion of
abundant proteins9 and an improved ability to separate the
great number of peptides resulting from protein digestion
through multidimensional chromatography prior to mass
spectrometry (MS).10 However these can not only require a
relatively large amount of starting material, which can be
difficult for CSF, but the greater number of manipulations can
itself add variability to the results of proteomic experiments,
compounding the pre-existing biologic variability in the sub-
jects under study.

To help address these issues, we asked whether a more
streamlined proteomic approach could be used to identify
protein biomarkers in the CSF, utilizing the simian immuno-
deficiency virus (SIV)/rhesus monkey model of HAND.11,12 Here
we present a simplified, efficient method for the proteomic
analysis of small amounts of human or experimental animal
CSF, show its efficacy in identifying differentially expressed
proteins in SIV-infected monkeys, and determine whether the
genes encoding these proteins are up-regulated in the infected
brains.

Experimental Procedures

Experimental Subjects. Human volunteers were recruited
under IRB approval from the University of California at San
Diego, following NIH guidelines; written informed consent was
obtained. The volunteers were healthy and ambulatory, with
no subclinical disease as revealed by routine clinical diagnostic
tests. Rhesus monkeys (Macaca mulatta), free of type D simian
retroviruses, Cercopithecine Herpesvirus 1, simian T-cell leu-
kemia virus type 1, and SIV, were acquired from Charles River
(Key Lois, Florida) and Covance (Alice, Texas) and used for the
experiments under IACUC approval from The Scripps Research
Institute, following NIH/USDA guidelines.

CSF Analysis. For humans, CSF was obtained by lumbar
puncture. Human CSF was processed within 1 h by centrifuga-
tion at 300g to remove cells, and the supernatant then aliquoted
and stored at -80 °C until further use. For the four monkeys
used for proteomics, CSF was obtained by suboccipital punc-
ture of the cisterna magna from animals under ketamine
anesthesia both prior to infection and then immediately prior
to necropsy. Monkey CSF was collected, immediately placed
on ice, centrifuged at 1000g within 1 h to remove cells, then
aliquoted and stored at -80 °C until further use.

For protein isolation, 250 µL of human CSF from each of
five individuals was pooled, whereas for the monkey studies
separate 100 µL aliquots of CSF from each monkey before
infection and at necropsy were used, and extracted with 4
volumes of ice-cold methanol. The samples were vortexed and
incubated at -20 °C for 1 h. The samples were centrifuged at
14 000g for 20 min at 4 °C, the supernatant removed for other
studies, and the protein pellets were dissolved in RapiGEST
(Waters Inc., Milford, MA). The protein concentration was
measured using the Bradford method (BioRad, Hercules, CA)
using bovine serum albumin as a standard.

Two-hundred micrograms of protein from the pooled human
sample, and 10 µg of protein from each monkey sample, was
reduced with 10 mM D,L-dithiothreitol (Sigma-Aldrich, St. Louis,
MO) at 65 °C for 1 h followed by alkylation with 55 mM
iodoacetamide (Sigma-Aldrich) at room temperature for 30 min
in the dark. The samples were then digested with trypsin
(Promega, Madison, WI) at the ratio 1:30 (w/w) at 37 °C
overnight. The next day, trypsin action was stopped (and
RapiGEST precipitated) by the addition of concentrated hy-

drochloric acid (Fisher Scientific, Pittsburgh, PA) and the
RapiGEST was removed by centrifugation at 14 000g for 20 min
at 4 °C. The supernatants were carefully removed, concentrated
in a SpeedVac, and reconstituted in 0.1% formic acid (Fisher
Scientific, Pittsburgh, PA) before loading onto the column.

One-Dimensional Liquid Chromatography (LC) and Mass
Spectrometry. A fused silica capillary (75 µm internal diameter
(ID), 360 µm outer diameter, 14 cm length) was pulled to a
narrow tip with the ID smaller than 5 µm using a Sutter P-2000
laser puller (Sutter Instrument Company, Novato, CA) and
packed with 5 µm Zorbax SB-C18 packing material (Agilent
Technologies, Santa Clara, CA). This served both as the
analytical column and a nanoelectrospray tip. The peptide
mixtures were loaded onto this column using an in-house
constructed pressure cell and the samples were directly sprayed
into the LTQ mass spectrometer (Thermo Scientific, Waltham,
MA) using an Agilent 1100 LC/MSD Trap system coupled
directly to an Agilent 1100 nanopump and a microautosampler.
The gradient consisted of 5% acetonitrile (ACN) (Fisher Scien-
tific) for 30 min followed by a gradient to 35% ACN for 85 min,
55% ACN for 10 min, 70% ACN for 15 min, and re-equilibrated
with 5% ACN for 15 min. A wash step was included after each
sample analysis to prevent any carryover. A MS scan range of
400-2000 m/z was employed in the positive mode, followed
by data-dependent MS/MS on 5 most abundant ions in each
MS spectrum. Redundancy was reduced using dynamic
exclusion.

Proteomic Data Analysis. Mammalian proteins from the
NCBInr database (20051012) were searched using Spectrum
Mill search engine (Rev A.03.03.072, Agilent). Tolerances of 2.5
Da for precursor ions and 0.7 Da for fragment ions were used
with a trypsin restriction and a maximum number of missed
cleavages specified as 2. Carbamidomethyl was considered as
a fixed modification, and an oxidation of methionine was
permitted as a variable modification. The criteria used for
peptide validation were the following: a threshold score of 11.0
for 2+ ions, a % scored peak intensity (SPI) of 60. For 3+ ions,
a score threshold of 13 and a % SPI threshold of 70 were used.
For both charge states, the score threshold used for the
forward-reverse scores 2, and for the rank 1-rank 2 score was
also set to 2.0. For 3+ ions, a score threshold of 12.0, a % SPI
of 70, a forward-reverse score threshold of 2, and a rank of 1-2
score threshold of 2.0 was used. Since protein identifications
with 2 and more unique peptides were used, the false discovery
is expected to be negligible.

Spectrum counting was used for relative protein quanti-
tation.13-15 The number of valid MS/MS spectra for each
protein was normalized by dividing that value by the total
number of MS/MS spectra in each sample and multiplying by
100, yielding its relative abundance. Calculations were per-
formed with Excel (Microsoft Corp., Redmond, WA). Correlation
analysis between the mean and standard deviation was per-
formed using Prism (GraphPad Software, San Diego, CA). To
examine differential protein abundance or gene expression, a
paired or unpaired (respectively) student’s t test (Excel) was
used for statistical analysis.

Monkey Necropsy, RNA Isolation, and Histopathology. For
the four animals used above, and the eight others used for RNA
studies, animals were sacrificed due to predetermined criteria
of development of symptomatic simian AIDS. For the nine
uninfected control animals, sacrifice was timed by experimental
protocol. For necropsy, animals were lethally anesthetized,
extensively perfused with PBS containing 1 U/mL heparin to
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clear blood-borne cells from the brain, and vital organs
removed for pathological and other studies. The hippocampus
was dissected from the brains, snap frozen, and RNA isolated
using Trizol (Invitrogen, Carlsbad, CA) and quantified spec-
trophotometrically. For neuropathological analysis tissue blocks
from standardized regions of the brain were taken, fixed in
formalin, embedded in paraffin, cut in 5 µm thick sections,
stained, and examined microscopically.

Quantitative Real Time PCR. Two micrograms of RNA from
the hippocampus of control and infected monkeys was used
for reverse transcription. In a 50 µL reaction, reverse transcrip-
tion (RT) was carried out using the Superscript kit (Invitrogen)
for 1 h at 42 °C, followed by 70 °C for 5 min to inactivate the
RT reagents. RNase H (New England Biolabs, Beverly, MA)
treatment was then performed at 37 °C for 20 min. An equal
volume of RNase and DNase free water was then added to the
reactions.

Real time PCR was performed using gene-specific primers
and probes (Table 1). The primers and probe sequences were
designed for rhesus sequences using the Genescript online tool
(https://www.genescript.com/ssi-bin/app/primer) and ob-
tained from Eurogentec (San Diego, CA). To carry out quantita-
tive real time PCR, 2 µL of the (1:10 diluted) cDNA was used
for assaying the amount of 18S endogenous rRNA; 5 µL
(undiluted) each for all other genes. All reactions were per-
formed in duplicate. 12.5 µL of platinum qPCR UDG Supermix
(Invitrogen) was added per 25 µL reaction. The reaction mixture
was brought to a final concentration of 5 mM MgCl2. Real time
PCR was performed in 96-well plate on a Stratagene MX3000p
machine (Stratagene, La Jolla, CA). The delta Ct (dCt) method
was performed to determine relative concentrations, using the
average of the Ct of 18S, GAPDH and TBP as the normalizing
value. Relative units (2dCt) were calculated and used here as a

measure of mRNA expression. Unpaired student’s t tests (Excel)
were used for statistical analysis.

Immunohistochemistry. Immunohistochemical staining fol-
lowed a basic indirect protocol on formalin-fixed, paraffin-
embedded sections, using heating in a Tris-Urea (pH 9.5)
solution as the antigen retrieval method. Sections were incu-
bated with mouse monoclonal antihuman IgM (1 µg/mL, CM7;
Santa Cruz Biotechnologies, Santa Cruz, CA) or rabbit poly-
clonal antihuman plasminogen (10 µg/mL, H-90, Santa Cruz
Biotechnologies) overnight, detected with the PicturePlus
universal secondary antibody-horseradish peroxidase polymer
reagent (Zymed, San Francisco, CA) and developed with the
NovaRed chromogen (Vector Laboratories, Burlingame, CA),
followed by a hematoxylin counterstain (Sigma-Aldrich). Con-
trols included omission of the primary antibody and use of
irrelevant primary antibodies. Image capture was performed
with a Spot RT Color CCD camera with Spot RT software (Spot
Diagnostic Instruments, Sterling Heights, MI) using a Leica
Diaplan microscope (Leica, Deerfield, IL). Figures were as-
sembled with Adobe Photoshop (Adobe Systems, San Jose, CA).

Results

We initially examined whether shotgun proteomic analysis
of relatively small amounts of CSF would yield data suitable
for analysis. We first determined the technical variability of the
LC-MS/MS analysis by examining twenty aliquots of protein
obtained from a pooled sample of human CSF. Since normal
human lumbar CSF has 150-450 µg protein/mL, we used an
amount that could be routinely obtained from relatively small
volumes of CSF, 10 µg of protein, in each run. In these twenty
replicate samples, total of 93 proteins were detected that were
identified by at least 2 unique peptides. Fifty-three proteins
were found with a normalized abundance of >0.2. Fifty of these
were found in all 20 samples, whereas the other three were
found in 19 of the 20. For those with a normalized abundance
of <0.2, their reproducibility of detection in the replicate sa-
mples dropped quickly as abundance decreased (Figure 1A).

We next examined the variability of the measurements for
these 53 proteins with a normalized abundance of >0.2.
Examination of the standard deviation of the normalized
replicate measurements versus the mean of the normalized
replicate measurements revealed a strong positive relationship

Table 1. Sequence of Primers and Probes Used for
Quantitative Real-Time PCR for the Indicated Rhesus Genesa

gene oligo sequence

IgM heavy chain For: CCACCTACGACAGTGTGACC
Rev: CTCTCGGAGATGTTGGTGTG
Pro: ACCTGGACCCGCCAGAATGG

Hemopexin For: TTGCTGAAGGTGAGACCAAG
Rev: TGGTAGCATCAAAGCTCCAG
Pro: CCCAGACGTGACTGAACGCTGC

Complement 3 For: TCCTGGACTGCTGCAACTAC
Rev: TCTCTTCTGCGATGATGTCC
Pro: TACTCCTGGCCAGGCCCAGG

Plasminogen For: CCAACTTCCAGATGCAGAGA
Rev: GCATGGTGTCCCAGTAACAG
Pro: ACCGAGGCAAGAAGGCAACCA

Alpha-1-antitrypsin For: TCCCACCTCTACCTGTCTC
Rev: AGCATGACTGAGGCAGACAC
Pro: CATGCCGGCCTGACGCTT

18S For: CGGCTACCACATCCAAGGAA
Rev: GCTGGAATTACCGCGGCT
Pro: TGCTGGCACCAGACTTGCCCTC

GAPDH For: GCACCACCAACTGCTTAGCAC
Rev: TCTTCTGGGTGGCAGTGATG
Pro: TCGTGGAAGGACTCATGACCACAGTCC

TBP For: AAAGACCATTGCACTTCGTG
Rev: GGTTCGTGGCTCTCTTATCC
Pro: TCCCAAGCGGTTTGCTGCAG

a Forward and reverse primers are indicated by For and Rev,
respectively. Probes are indicated by Pro, and were labeled with FAM as
the fluorochrome and TAMRA as the quencher.

Figure 1. Precision analysis. (A) Detection of a given protein in
the 20 replicate samples. The percentage of the samples in which
the protein was detected is indicated on the Y-axis, and the
normalized abundance on the X-axis. The gray arrow indicates
an abundance of 0.2. (B) Standard deviation of the proteins with
a normalized abundance of >0.2 is indicated on the Y-axis, and
the normalized abundance on the X-axis, plotted on a log scale
to allow visualization of the range of data. A power function was
used to plot the line shown in gray [standard deviation )
(0.175)(normalized abundance)-0.527], r2 ) 0.758.
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(r ) 0.87) (Figure 1B), similar to that found in other shotgun
proteomic as well as transcriptomic data.16

Following this validation, we analyzed the CSF of 4 animals
at two time points: before SIV infection and when the animals
were scheduled to be sacrificed due to neurological signs,
shown to be due to SIV encephalitis (SIVE) at necropsy. One-
hundred microliters CSF (from samples used in our previous
metabolomic studies17) was extracted with methanol, and 10
µg of the precipitated proteins used for proteomic analysis.
LC-MS/MS and bioinformatics analysis revealed that a total
of 113 different proteins were identified by at least 2 indepen-
dent peptides and an MS/MS score >25 (Supplementary Table
1, Supporting Information). Since proteins with a normalized
abundance of >0.2 had lower variation and more consistent
detection in our validation experiments, we limited further
analysis to the 73 proteins with an average abundance of >0.2
in either the uninfected or SIVE samples. A paired t test analysis
revealed that 10 proteins were significantly (p e 0.01) changed
(Table 2). Five of these were up-regulated in SIVE, and five
down-regulated.

There are multiple possible mechanisms underlying differ-
ences in proteins in the CSF. A difference found in the CSF
may reflect alterations in CSF production by the choroid plexus
or absorption through the arachnoid villi, it may represent
dysfunction of the blood-brain or blood-CSF barriers enabling
plasma proteins to reach the CNS, or it may result from changes
in CNS production of the proteins themselves. To examine the
latter, we performed quantitative real-time polymerase chain
reaction to examine the expression of the genes encoding the
proteins identified as differing between the two conditions.
RNA obtained from the hippocampus of the four animals
studied by the proteomic analysis, as well as additional eight
animals, was assessed for gene expression levels in comparison
to that found in similar samples from nine control, uninfected
monkeys. Indeed there was a significant increase in mRNA
levels for all five of the up-regulated genes in the hippocampus
of the SIVE monkeys (Figure 2). However, none of the five
down-regulated proteins showed differences in gene expression
between SIVE and control animals (data not shown).

IgM transcripts were the most highly increased (over 100-
fold). To assess whether IgM gene expression changes indeed
corresponded to protein expression in the brain, we examined
brain tissue sections for the presence of IgM. Immunohis-
tochemical analysis performed on SIVE brain sections showed

positive staining for IgM in cells (likely plasma cells) (Figure
3), which were not present in sections from uninfected animals
(data not shown). Plasminogen transcripts were increased by
much less than were those of IgM, slightly more than 2-fold.
Immunohistochemical studies of brain tissue sections revealed
that little to no plasminogen reactivity was present in the
parenchyma of uninfected brains (Figure 4A, B) whereas in
brains with SIVE positive staining was seen (Figure 4C, D, and
E). In the choroid plexus, a mild level of staining was found in
the epithelial cells in uninfected brains (Figure 4F) whereas in
SIVE large strongly immunoreactive cells, likely macrophages,
could also be found (Figure 4G).

Discussion

The ability of proteomics to yield fruitful biomarkers for
disease has yet to reach its potential. This is especially true for
neurodegenerative disorders, where the study of the most
proximal biofluid, CSF, presents numerous difficulties. While
a number of studies have utilized increased amounts of CSF,
in combination with multistep paradigms to enable sensitive
analysis, we investigated whether a simplified technique on
relatively small amounts of CSF would be useful. Indeed, we
found that methanol precipitation of 100 µL of CSF yielded
sufficient protein to identify proteins using LC-MS/MS, and
that LC-MS/MS was a reproducible technique with this
amount of protein. Using a primate model for HIV-induced
neurodegenerative disease, we found proteins that were both
increased and decreased in the presence of disease.

An increase in protein level in the CSF may come from
several sources, including leakage from the plasma through a
disruption in the blood-brain or blood-CSF barrier, increased
production of these proteins in the choroid plexus and secre-
tion into the CSF, and production in the brain parenchyma
and drainage into the CSF. Since the up-regulated proteins are
all normally present in the plasma at higher concentrations
than the CSF, leakage of the normal CNS barriers represented
a likely explanation, especially since we have reported increased
amounts of albumin in the CSF of these animals during SIVE.17

However, examination of the expression of the genes encoding
the up-regulated proteins revealed that all were significantly

Table 2. Proteins up and down Regulated by SIVE along with
the Fold Changea

protein
identified

distinct
peptides

fold
change p value

IgM heavy chain 8 +Inf. 0.010
Hemopexin 4 +3.16 0.003
Alpha-1-antitrypsin 6 +2.91 0.008
Plasminogen 12 +2.49 0.006
Complement C3 23 +1.91 0.001
Ectonucleotide

Pyrophosphatase 2
14 -3.34 0.007

Fibronectin 1 17 -3.60 0.007
Prostaglandin

D2 Synthase
2 -4.77 0.002

SPARC-like 1 4 -11.04 <0.001
Extracellular Superoxide

Dismutase
4 -Inf. <0.001

a Paired student’s t-test was used to determine the significant
differences. Inf: infinity (denominator of 0: +Inf. not detected in
uninfected, -Inf. not detected in SIVE).

Figure 2. mRNA expression levels obtained by quantitative real
time PCR using specific primers and probes as described in Table
1. Box and whisker plots (the box extends from the 25th to the
75th percentile, the line within the box is at the median, and
the whiskers extend to the lowest and highest value) show the
expression levels of the indicated genes in the hippocampus of
control uninfected animals (n ) 9, 0) compared to that found in
SIVE animals (n ) 12, checkered boxes). The p values resulting
from a Student’s t test (on the log10 transformed relative values)
are indicated below each set of data. IGM, immunoglobulin M
heavy chain; HPX, hemopexin; PLG, plasminogen; AAT, alpha-
1-antitrypsin; C3, complement 3.
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increased in the brains of affected animals, indicating that brain
production likely plays a substantial role in their presence in
the CSF during disease. This raises a caution for methods

utilizing immunodepletion products based on removing plasma
proteins, as many of these are indeed produced within the CNS
and can play neuropathogenic roles. While IgM positive cells

Figure 3. Photomicrographs of immunohistochemical analysis for IgM in the hippocampus of animals with SIVE. (A) Single immu-
noreactive cells (indicated by arrows) in an otherwise pathologically unremarkable region (original magnification 200×). (B)
Immunoreactive cells within an inflammatory infiltrate (original magnification 500×). (C) High power micrograph of an individual
immunoreactive cell (original magnification 1250×).

Figure 4. Photomicrographs of immunoshistochemical analysis for plasminogen in the brains of uninfected animals and those with
SIVE. Original magnification of 500× for all. (A, B) Brain sections from uninfected animals. (C, D, and E). Sections from animals with
SIVE, examples of positive cells shown with arrows. (F, G) Choroid plexus from uninfected (F) and SIVE (G), example of positive cell
in latter shown with arrow.
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were predominantly located in the brain parenchyma, we found
that plasminogen positive cells were located in the parenchyma
as well as the choroid plexus. The latter may help explain the
difference found in plasminogen protein up-regulation in the
CSF by our proteomic technique (12-fold) and the difference
found in brain parenchymal plasminogen mRNA by real-
time PCR (2.3-fold).

There are some clues regarding the potential role of these
up-regulated proteins in CNS pathology. IgM is the first
immunoglobulin made when humoral immunity is stimulated,
and it has been suggested that intrathecal IgM synthesis is an
onset marker in the autoimmune CNS disorder multiple
sclerosis.18 However its function in the brain in SIV or HIV
infection is not clear, and it would be of interest to assess
whether such antibodies are directed against the virus itself,
or other specificities. Autoimmune antibrain antibodies have
also been found in individuals with HIV dementia, but their
role in the disease process is unknown.19 Complement com-
ponent C3 is also a major immune product, and its presence
and production by astrocytes, microglia and to a lesser extent
neurons has been documented in SIVE20 as well as human CNS
disorders including Alzheimer’s disease (AD) and multiple
sclerosis.21

The enhanced complement synthesis may possibly enable
a fast and effective immune activation after infection, leading
to the formation of molecules such as the anaphylatoxins C3a
and C5a, which act as chemoattractants and activators of
macrophages and microglia, and may act through these cells
or other mechanisms to protect the brain.22-24 However,
chronic activation of the complement has been associated with
pathogenesis in AD and multiple sclerosis.25-28 Furthermore,
during CNS development, C3 is associated with synaptic
elimination.29 Thus in this case increased C3 likely contributes
to SIV induced damage to the brain.

Increases in two of the other up-regulated proteins have been
found in certain CNS disorders. Hemopexin, which functions
in scavenging the heme released or lost by the turnover of heme
proteins like hemoglobin, has been shown to be up-regulated
in the CSF of AD patients.30 Alpha-1-antitrypsin, a glycoprotein
belonging to the family of serine proteases, has also been
shown to be up-regulated in the CSF of AD,31 as well as
traumatic brain injury32 and more recently in Guillain-Barre
syndrome patients.33

The final protein, plasminogen is a precursor enzyme which
following partial cleavage by its activators is converted to its
active and proteolytic form, plasmin. Whether such activation
occurs here is not known. While not studied in neurodegen-
erative disorders, plasminogen can be induced in the brain by
treatment with the excitatory glutamate analogue kainite.34

Although we could find evidence of increased gene expres-
sion for the up- regulated proteins in the brain, we could not
find differences in the expression of the genes encoding the
down-regulated ones. There are multiple reasons that this
might be the case. One possibility is that the differences in
protein levels do not correspond to changes in RNA levels. In
addition to various post-transcriptional regulatory mechanisms,
other processes leading to increased protein degradation or
clearance from the CSF could lead to these results. Further-
more, these proteins may be made in the choroid plexus and
secreted into the CSF, and we did not examine change in the
regulation of choroid plexus gene expression. Additionally, the
decrease itself may result from the experimental design due to
a relative differential loading. For example if certain proteins,

such as extracellular superoxide dismutase (Table 2), are at the
limit of detection in normal CSF, in the diseased state they can
become diluted by the increase of other proteins to drive them
to undetectable concentrations, giving an “infinite” decrease
ratio between normal and diseased which may not be statisti-
cally or biologically relevant.

Disadvantages that tend to pose daunting tasks in CSF
profiling include its limited availability and large dynamic range
of proteins that can extend several orders of magnitude
between the highest and lowest expressed proteins. While little
can be done about the former, several strategies, including
immunodepletion of abundant proteins followed by multidi-
mensional separations have been employed in identifying novel
biomarkers for neurodegenerative diseases. In fact a recent
study employed such immunodepletion followed by 2D-DIGE
and then mass spectrometry to identify changes in the CSF
proteomes that differentiated HAD from HIV infected individu-
als without CNS disease.35 Due to the amount of protein
needed and limited amount of sample, only six of the 38
samples (16%) could be assessed by this method. Still, this
study was successful in identifying six putative biomarkers:
vitamin D binding protein, clusterin, gelsolin, complement C3,
procollagen C-endopeptidase enhancer 1, and cystatin C. Five
of these proteins were indeed detected by our technique (Table
2), and one of them, C3, was also found to be differentially
regulated in our study. However, whereas the 2D-DIGE study
of Rozek et al.35 found C3 was down-regulated, we find that
C3 is up-regulated. The numerous differences, including hu-
mans vs monkeys, lumbar vs cisterna magna CSF, cross-
sectional study vs before-after in the same subjects, selection
of samples based on protein content vs use of all samples,
immunodepletion vs methanol precipitation, and 2D-DIGE
followed by MS/MS vs LC-MS/MS, make determination of the
reasons for the differences difficult.

In addition to these methods, surface enhanced laser de-
sorption ionization (SELDI) has been utilized to identify
biomarkers in the CSF for HIV CNS disease.36,37 However the
use of the SELDI platform for biomarker discovery has been
problematic.38,39 Still, a recent study used SELDI to identify
increases in Chitinase 3-like 1 (also known as HCgp39 and YKL-
40) in the CSF as a biomarker of SIVE.40 In our previous
microarray studies of SIVE we had indeed found increased gene
transcription and brain parenchymal localization of expression
of Chitinase 3-like 1.41 In our current proteomics study this
protein was elevated (by 2.7-fold) in SIVE, however the differ-
ence between the groups did not reach statistical significance.
We had also identified an increase in gene transcription
osteopontin in SIVE brains,17 and follow-up enzyme-linked
immunosorbant assay (ELISA) revealed its increase in the
CSF.42,43 Yet in our current study the relatively low level of
detection of osteopontin precluded its assessment. No single
technique is ideal in the search for biomarkers, and comple-
mentary information can be obtained from unbiased profiling,
whether by 2D-DIGE, SELDI, multidimensional protein iden-
tification technology, our technique or others, as well as from
directed studies such as ELISA, multianalyte profiling, and
immunohistochemistry. As with our study combining metabo-
lomics with gene array profiling,17 the combination of gene
expression analysis and/or metabolomics with proteomics can
be a great asset in the search for valid biomarkers.

The dramatically increased power of new analytical tech-
nologies together with bioinformatics approaches promises to
provide a more comprehensive picture of proteins and changes
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in the CSF. The ability to obtain relative quantification of
proteins by MS using techniques such as isotope tagged
absolute and relative quantitation (iTRAQ), which allows the
comparison of multiple different specimens at once, is promis-
ing. CSF proteomics using iTRAQ has been used to identify
proteins that differentiated AD, Parkinson’s disease and de-
mentia with Lewy bodies patients from each other as well as
the controls.44 Future increased sensitivity of MS analysis would
aid approaches such as that described here. In addition, if
available, larger volumes of CSF could be useful, perhaps
combined with additional pre-MS separation techniques, en-
abling the identification of more proteins. However additional
steps can greatly increase variability, and we believe one key
to our ability to identify and verify the up-regulated proteins
is the precision of our technique, and the reproducibility of
any additional methodologies would need verification. We also
note that we chose the methanol precipitation based on its
utility for removing proteins from solution to enable metabo-
lomic analysis. A comparison of different methods for protein
isolation may further optimize this method of CSF proteomic
analysis.

In addition to CSF analysis in neurodegenerative and neu-
roinfectious diseases, this technique can be readily applied to
other biomedical conditions. For example it can be utilized for
biofluids, which similar to CSF, are difficult to obtain in large
quantities, such as interstitial fluid in a region of tissue
pathology, cyst contents, breast or other ductal fluid, and tears.
The same also applies for other biofluids like synovial fluid from
joints and bronchioalveolar lavage from lungs that can serve
as ideal sources for identifying biomarkers for arthritis and
pulmonary diseases, respectively.

Conclusions

Our study highlights a relatively simple proteomic charac-
terization of CSF proteins that allows semiquantitative com-
parisons. This technique was used to identify fingerprints for
SIV associated neuropathology, modeling the dementia that can
result from HIV infection. These resulting biomarkers then
revealed an important facet of the diseasesthat their presence
does not just reflect the breakdown of the normal barriers that
isolate the CNS, but that the expression of the genes encoding
these proteins are markedly increased in the brain parenchyma
itself during disease.

Abbreviations: ACN, acetonitrile; AD, Alzheimers disease;
CNS, central nervous system; CSF, cerebrospinal fluid; ELISA,
enzyme-linked immunosorbant assay; HAART, highly active
antiretroviral therapy; HAND, HIV-associated neurological
disorders; HIV, human immunodeficiency virus; iTRAQ, isotope
tagged absolute and relative quantitation; LC, liquid chroma-
tography; MS, mass spectrometry; SELDI, surface enhanced
laser desorption ionization; SIV, simian immunodeficiency
virus; SIVE, SIV encephalitis; SPI, scored peak intensity.
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