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Abstract

Analysis of cerebrospinal fluid (CSF) offers key insight into the status of the central nervous

system. Characterization of murine CSF proteomes can provide a valuable resource for studying

central nervous system injury and disease in animal models. However, the small volume of CSF in

mice has thus far limited individual mouse proteome characterization. Through non-terminal CSF

extractions in C57Bl/6 mice and high-resolution 2D-LC MS/MS analysis of individual murine

samples, we report the most comprehensive proteome characterization of individual murine CSF

to date. We identified a total of 566 unique proteins, including 128 proteins from three individual

CSF samples that have been previously identified in brain tissue. Our methods and analysis

provide a mechanism for individual murine CSF proteome analysis. The data are available in the

ProteomeXchange with identifier PXD000248.
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MS-based proteomics is providing increasingly detailed views of human CSF proteomes in

both healthy and diseased states [1–4]. Because of its contact with brain tissue and relative

isolation from other tissues, in part due to the blood brain barrier [5], CSF can provide

insights into the pathophysiology of central nervous system (CNS) disease, such as

Alzheimer’s, meningitis, multiple sclerosis, and CNS tumors [6]. While the mouse blood/

plasma proteome has been studied in increasing detail [7,8], little is known about the mouse

CSF proteome despite its use for controlled testing of hypotheses of human disease states.

Protein concentration in CSF is typically ~0.2%–0.5% that of blood, presenting analysis

challenges [9]. Studies of the murine CSF proteome have been limited by sample collection,

small volumes, sample preparation (e.g. centrifuge samples to remove cellular

contaminants), and measurement sensitivity [10–12]. The small CSF volume of ~36

microliters [13] is perhaps the most significant challenge. Mouse CSF replenishes rapidly at

~3.3×10−4 ml/min [17].
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To collect samples, three Isoflurane-anesthetized wild-type male C57BL/6 mice (Charles

River) were mounted on a stereotaxic system (David Kopf Instruments). After drilling

through the skull, a 5-microliter syringe (Hamilton) was lowered in the lateral ventricle

(1.0mm lateral, 0.4–0.5mm posterior, 2.5–3.0mm depth from bregma). CSF was withdrawn

at a rate of 400nL/minute. Approximately 4uL of CSF was collected per mouse, comparable

to previous studies [12,14]. Samples were extracted using a non-terminal procedure and

analyzed individually (not pooled). Protocols were approved by the University of

Washington Institutional Animal Care and Use Committee. After extraction, CSF was

transferred to a sterile vial, snap frozen in liquid nitrogen, and stored at −80C° until analysis

preparation. CSF proteins were denatured following addition of trifluoroethanol (final

concentration 50% v/v) and sonicated for 1-min in a bath sonicator at RT, then incubated for

2-hrs at 60C°. The CSF proteins were reduced by DTT to a final concentration of 2mM,

sonicated for 1-min at RT, and incubated at 37C° for 1-hr. Protein concentration was

estimated at 0.3mg/ml. Samples were diluted 5-fold with 50mM NH4HCO3 and proteins

were digested following the addition of trypsin at an estimated 1:50 (w/w) trypsin-to-protein

ratio and incubated overnight at 37C°.

Samples were subjected to 2D-LC (i.e. LC/LC)-MS/MS analysis. The 2D-LC system was

custom built using two Agilent 1200 nanoflow pumps and one 1200 capillary pump (Agilent

Technologies). Use of dual trapping and reversed-phase columns allowed for parallel event

coordination, allowing for fraction trapping and washing offline while analytical separation

occurred on the other reversed-phase column. Columns were manufactured in-house by

slurry packing media into fused silica (Polymicro Technologies Inc) using a 1cm sol-gel frit

for media retention. First dimension SCX column; 5-Nm PolySULFOETHYL-A (PolyLC

Inc.), 15cm × 360um o.d. × 150um i.d. Trapping columns; 5-Nm Jupiter C18 (Phenomenex),

4cm × 360um o.d. × 150um i.d. Second dimension reversed-phase columns; 3-um Jupiter

C18 (Phenomenex), 35cm × 360um o.d. × 75um i.d. Mobile phases consisted of 0.1mM

NaH2PO4 (A) and 0.3M NaH2PO4 (B) for the first dimension and 0.1% formic acid in water

(A) and 0.1% formic acid acetonitrile (B) for the second dimension. The SCX separation

provided 10 fractions for the second dimension reversed phase gradient nanoLC; 20uL for

each fraction having an estimated concentration of ~10ng/uL, totaling ~200ng. MS analysis

used a LTQ Orbitrap Velos mass spectrometer (ThermoScientific) using 150um o.d. × 20um

i.d. chemically etched fused silica electrospray emitters [15]. The SCX separation for 10

fractions was performed stepwise, each step taking 20-min. Each fraction was trapped on

C18 material and washed for 50-min using the second dimension mobile phase A. The

gradient was then started and 15-min later acquisition was started and continued for 100-

min, with overlapping steps this resulted in 1085-min of total analysis time per sample.

Electrospray emitters were chemically etched fused silica 150μm o.d. × 20μm i.d. Orbitrap

spectra (AGC 1×106) were collected from 400–2000 m/z at a resolution of 100k followed by

data dependent ion trap CID (collision energy 35%, AGC 3×104) and second-stage MS

analysis of the ten most abundant ions and a dynamic exclusion time of 180-sec.

In three samples, 566 unique proteins were identified at a false discovery rate (FDR) of

0.5% at the spectrum level (~1% at the unique peptide level, and ~3% at the protein level).

To further reduce false positives, we excluded proteins not identified by ≥2 unique peptides.
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Of 566 total proteins identified, 261 (46%) met this ≥2 unique peptide criteria. 128 of the

261 were found previously in mouse brain (49%). A similar number of unique proteins were

in each of the three samples, although the number of brain-specific proteins varied due to

factors including inherent under-sampling of shotgun measurements [16]. We identified 102

unique proteins that met our criteria from mouse 1; 30 previously identified in brain tissue

(29%). In mouse 2, we identified 214 unique proteins; 128 previously found in brain tissue

(60%). In mouse 3, we identified 74 unique proteins; 20 previously identified in brain tissue

(27%). All proteins identified in the first and third CSF samples were also identified in the

second. Seventeen of the 128 total proteins found in brain tissue were identified across all

three CSF samples (Figure 1A). UNIPROT database was used to determine protein

functionality (Figure 1B) [18], with proteomics data uploaded to The Proteomics

Identifications (PRIDE) database [19].

Supplemental Table 1 provides a list of proteins identified by our criteria. The most

abundant proteins, including hemoglobin subunits, albumin, carbonic anhydrase, can be

attributed to blood contamination. Nevertheless, our multidimensional analysis enabled the

confident identification of CSF proteins, including synapsin-1 and synapsin-2, tubulin alpha

1-a chain, alpha-synuclein, neurogranin, calcium/calmodulin-dependent protein kinase type

II subunit alpha, and microtubule-associated protein 6. We compared proteins identified in

CSF to proteins previously identified in mouse brain tissue [17] and plasma [8]. We

expected that the mouse CSF proteome would more closely align with the mouse brain

tissue proteome than the plasma proteome if blood/plasma contamination of the CSF were

minimal. Conversely, if blood/plasma contamination of mouse CSF were considerable, we

expected to identity few proteins exclusive to brain tissue. Of the 128 proteins, 59 of the

proteins (46%) were shown by Wang et al. to be found in brain tissue, but not found by

Zhou et al. in blood plasma. Thirty-seven proteins (29%) were identified in both brain tissue

and blood/plasma. Nine of the proteins (7%) were identified in both the UNIPROT database

as expressed in brain tissue and found in mouse blood/plasma in Zhou et al. [8,17].

However, these nine proteins were not identified in brain tissue by Wang et al. [17].

Twenty-three proteins (18%) identified in the UNIPROT database as expressed in brain

tissue and were neither identified by Wang et al. nor Zhou et al. (Figure 2A). Relative

abundances (as spectral counts) of unique proteins previously observed in murine brain [8]

or murine blood/plasma [17] and identified in at least two of the three mouse CSF samples

were compared (Figure 2B).

Of the 37 proteins identified by Wang et al. and Zhou et al. in both brain tissue and blood/

plasma, many are critical to general functionality in heterogeneous cell types. Proteins

essential for glycolysis (Triosephosphate isomerase, Pyruvate kinase isozymes M1/M2,

Fructose-bisphosphate aldolase A, Phosphoglycerate kinase 1, L-lactate dehydrogenase A-

chain, L-lactate dehydrogenase B-chain, Phosphoglycerate mutase 1) were detected in brain

tissue and blood/plasma [8,17]. The histone protein H4, as well as ubiquitously expressed

14-3-3 proteins critical for regulation of intracellular signaling, were identified in both brain

tissue and blood/plasma.

While the four most abundant proteins identified in mouse CSF were almost certainly due to

blood contamination, the high relative abundance of blood components did not preclude
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identification of brain-derived proteins. We also note that because the blood-brain barrier is

not impermeable [20], it is possible that our brain tissue protein identification criteria

excluded proteins normally found in mouse CSF, but that are not found in brain tissue.

Mouse 2 CSF analysis yielded more brain-derived proteins than mouse 1 and 3, likely

because of reduced blood contamination. Consistent with this explanation, CSF from mouse

2 had the lowest spectral counts of hemoglobin subunit alpha. In our analysis, we also

observed proteins associated with cytoplasmic functions, such as ribosomal subunit proteins.

These findings are consistent with human CSF proteome, where ribosomal proteins were

also found [4]. Many factors could account for the presence of cytoplasmic proteins in

human and mouse CSF samples, including glial cell turn over, neural pruning, or potentially

cell lysis during extraction.

Comparisons of the mouse CSF proteome to the brain tissue and plasma proteomes revealed

the greatest overlap with proteins identified solely in brain tissue, supporting the

effectiveness of our extraction and analytical methodology for reducing blood/plasma

contamination. A sizeable number of proteins discovered in CSF also overlapped with both

the brain tissue and blood/plasma proteomes. Most of these overlapping proteins are

relatively abundant and with annotated “housekeeping” functions, allowing heterogeneous

cell types to perform tasks vital for survival. However, other proteins identified in mouse

CSF found in both mouse brain tissue and blood/plasma have critical roles within the CNS.

Proteins such as neurogranin and calcium/calmodulin dependent protein kinase are

mediators of intracellular calcium concentrations, which are critical to neurotransmitter

release and synaptic plasticity [21]. Multiple proteins (or protein isomers) found in mouse

CSF including Synapsin-1, Tubulin beta-2A chain, Ubiquitin carboxyl-terminal hydrolase

isozyme-L1, and Alpha-adducin, were also identified in the human CSF proteome, but not in

human plasma [4]. Proteins previously identified in the supernatant of mouse choroid plexus

cell cultures including plasminogen activator inhibitor, complement factor H, and

Apolipoprotein-E [22], were also identified.

A recent study identified 289 proteins in mouse CSF through pooling 10 collections from 10

different mice [12]. Our study builds upon these results by providing the most detailed view

to date of individual mice CSF proteomes, and demonstrates a method for detailed

proteomic analysis suitable for the associated small volume and low protein concentration

CSF samples. Comparisons with previous murine samples and normal human CSF further

validate extraction techniques and support utilizing individual mouse CSF sample analysis.

Increases in analytical sensitivity provided by MS-based approaches are dramatically

enhancing biomarker development opportunities [23]. The present data provide a foundation

for utilizing mouse models for CSF biomarker development, CNS disease progression, and a

basis for selection of a more limited set of peptide targets for quantitative measurements

using ultra-sensitive targeted MS measurements [24].

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Distribution and function of proteins identified by at least two unique peptides and
0.5% FDR across biological replicates
A) An overview of the distribution of unique proteins found in brain tissue identified across

the three samples. 17 such proteins were identified in all three CSF replicates, 24 proteins in

two of the three CSF replicates, and 87 proteins in one replicate. B) Proteins grouped by

similar biological function.
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Figure 2. Literature comparison of murine brain and plasma proteins
A) Comparison of unique proteins identified in murine CSF to previously reported unique

proteins in the brain [17] and plasma [8]. The remaining proteins (“Other”) have been

identified in murine brain tissue by other studies [18]. B) Relative abundance, measured by

spectral counts, of unique proteins detected across at least two of the three CSF samples

previously identified in Wang et al. in murine brain tissue or Zhou et al. in plasma. HBA,

ALBU, CAH2, and HBAZ were categorized as “blood/plasma-selective,” although Wang et

al. identified these proteins in brain tissue as well.
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