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Abstract

We sought to determine the molecular composition of human cerebrospinal fluid (CSF) and
identify the biochemical pathways represented in CSF to understand the potential for untargeted
screening of inborn errors of metabolism (IEMs). Biochemical profiles for each sample were
obtained using an integrated metabolomics workflow comprised of four chromatographic
techniques followed by mass spectrometry. Secondarily, we wanted to compare the biochemical
profile of CSF with those of plasma and urine within the integrated mass spectrometric-based
metabolomic workflow. Three sample types, CSF (N=30), urine (N=40) and EDTA plasma
(N=31), were analyzed from retrospectively collected pediatric cohorts of equivalent age and
gender characteristics. We identified 435 biochemicals in CSF epresenting numerous biological
and chemical/structural families. Sixty-three percent (273 of 435) of the biochemicals detected in
CSF also were detected in urine and plasma, another 32% (140 of 435) were detected in either
plasma or urine, and 5% (22 of 435) were detected only in CSF.Analyses of several metabolites
showed agreement between clinically useful assays and the metabolomics approach. An additional
set of CSF and plasma samples collected from the same patient revealed correlation between
several biochemicals detected in paired samples. Finally, analysis of CSF from a pediatric case
with dihydropteridine reductase (DHPR) deficiency demonstrated the utility of untargeted global
metabolic phenotyping as a broad assessment to screen samples from patients with
undifferentiated phenotypes. The results indicate a single CSF sample processed with an integrated
metabolomics workflow can be used to identify a large breadth of biochemicals that could be
useful for identifying disrupted metabolic patterns associated with IEMs.
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Introduction

Identifying biochemical signatures of inborn errors of metabolism (IEMs) can be time
consuming due to the number of tests sometimes needed to produce conclusive results. The
indistinct (non-specific) phenotypes associated with many IEMs, such as developmental
delay and hypotonia, present a challenge to diagnosis and may lead to the need for multiple
tests and sample types to screen for the gamut of disorders in the differential diagnosis.
Diagnosis is further complicated by the intricate network of pathways that dictate biological
processes within the tissues and organs in the human body and the number of biochemicals
that accumulate due to perturbed biochemical pathways.

Cerebrospinal fluid (CSF) is in direct contact with the tissues of the central nervous system
and has been useful for diagnosis and monitoring several diseases, including IEMs. CSF is a
rich source of biochemical information that can be utilized for phenotype analysis during
clinical diagnosis [1-4]. As the databases of information and screening technologies become
more comprehensive, complete phenotypic assessments of individuals can be made to
diagnose disease or to follow treatment of disease. For example, targeted biochemical
analysis can identify defects of neurotransmitter biosynthesis or metabolism [5,6], as well as
other diseases associated with neurological dysfunction [7-14].

Metabolomics offers the ability to detect the substrates, intermediates, and products of
metabolism simultaneously and in multiple different biological matrices. Increased
understanding of the biochemical composition of different biological matrices collected
from healthy and diseased individuals offers the potential for using samples collected by less
invasive means (e.g. plasma or urine) in place of CSF. Further, the ability of untargeted
metabolomics to identify multiple biochemicals within a pathway can strengthen the
confidence of identifying a potential disease in a patient. IEMs are frequently associated
with pathogenic variants in genes encoding metabolic enzymes, but pathogenic variants can
also target regulatory proteins that affect dysfunctional expression or activity of metabolic
enzymes. Genomic-level testing, such as clinical whole exome sequencing (WES), is a well-
established means to identify IEM disease variants [15-21], but the application of similar
broad-based phenotype screening technologies lag behind genomic and genetic testing
approaches. Genomic methods like WES identify variants of unknown significance (VUS)
with some frequency, and metabolomic analysis has proven to be a useful source of
functional data to determine whether the variant is pathogenic [22]. Newborn screening can
identify a small subset of IEMs, but many IEMs are not included in newborn screening
panels. Children with neurological symptoms that are undiagnosed, especially if they have
seizures or other encephalopathy, are likely to undergo lumbar puncture. Thus,
understanding the metabolite composition and characteristics of CSF is critical to apply
untargeted metabolic phenotyping for the possible diagnosis of IEMs using CSF samples.
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We recently demonstrated the utility of metabolomics to identify biochemical signatures of
disease in plasma [23] and urine [24] for diverse classes of IEMs. This approach identified
and assisted in the diagnosis of aromatic amino acid decarboxylase deficiency through the
metabolomic and genomic analyses of plasma [22]. Prior to untargeted metabolomic
analysis, the child was subjected to an extensive series of tests including (but not limited to)
very long-chain fatty acid profiling, lysosomal storage disorders panel, urine
mucopolysaccharide screening, chromosomal microarray, CSF amino acid analysis, urine
organic acid profiling, plasma acylcarnitine determination, and serial MRIs — all of which
failed to reveal the underlying diagnosis. Compound heterozygous variants of unknown
significance were revealed in the DDC gene by WES. Follow-up neurotransmitter testing of
CSF from a subsequent lumber puncture showed a prominent elevation of the L-DOPA
metabolite 3-methoxytyrosine and undetectable levels of homovanillic acid and 5-
hydroxyindoleacetic acid that confirmed the homozygous VUS present in the DDC gene
caused genuine disease and confirmed the diagnosis of AADC deficiency [22]. Subsequent
metabolomic profiling of plasma revealed that 3-methyoxytyrosine levels were markedly
elevated (Z-score +6.1) and pointed to the utility of untargeted global metabolomic
phenotyping to aid in the identification and accelerated diagnosis of IEMs.

In the present study, we sought to expand this approach to CSF through determination of the
relative biochemical composition of CSF and comparison of the CSF profile to those of
plasma and urine from two similar, but unpaired cohorts of samples. Further, we analyzed
additional paired CSF and EDTA plasma samples from the same patient to determine if
levels of molecules between the two matrices correlate. Finally, as a proof-of-concept
demonstration, we analyzed CSF from a patient with confirmed DHPR deficiency and
identified a metabolic signature indicative of disrupted tetrahydrobiopterin metabolism.

Sample collection

All procedures were in accordance with the ethical standards of the U.S. Department of
Health and Human Services and were approved by the Baylor College of Medicine
Institutional Review Board. This study was approved with a waiver of informed consent.

Specimens used in metabolomic testing were collected from residual patient samples in the
Baylor clinical biochemical genetics laboratory. All samples were stored at —20°C for 1-9
months prior to metabolomic testing. The average age for the patients was 6.7 years of age
(range from 22 days to 20 years of age, median of 4.5 years of age) and 60% female (n=18).
Urine (40 samples) and EDTA plasma (31 samples) samples contained equivalent numbers
of age-matched male and female subjects.

Metabolomic analysis

Sample Preparation—Metabolomics was performed as described previously [25,26].

One hundred microliters of sample were utilized for each analysis. Small molecules were
extracted in an 80% methanol solution containing recovery standards, outlined below, and
used to monitor extraction efficiency [27]. The resulting clarified supernatant extract was
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divided into five aliquots, one for each of the individual LC/MS analyses, briefly evaporated
to remove the organic solvent and stored overnight under nitrogen before preparation for
analysis.

LC/MS/MS" Analyses—All methods utilized a Waters ACQUITY ultra-performance
liquid chromatography (UPLC) and a Thermo Scientific Q-Exactive high resolution/accurate
mass spectrometer interfaced with a heated electrospray ionization (HESI-II) source and
Orbitrap mass analyzer operated at 35,000 mass resolution [26]. On the day of analysis, the
dried sample extract aliquots were reconstituted in solvents compatible to each of the four
methods and one for a spare. Each reconstitution solvent contained a series of standards
(isotopically labeled compounds) at fixed concentrations to monitor injection and
chromatographic consistency and to align chromatograms during data processing. Separate
aliquots were separated by two reverse phase positive ion methods, one reverse phase
negative ion method, and one hydrophilic interaction liquid chromatographic method [26].
All of the methods alternated between full scan MS and data-dependent MS" scans using
dynamic exclusion. The scan range varied slightly between methods but generally covered
70-1000 m/z. Raw data files were archived and data extracted as described below.

Metabolites were identified by matching the ion chromatographic retention index, accurate
mass, and mass spectral fragmentation signatures with a reference library consisting of over
4,000 entries created from authentic standard metabolites under the identical analytical
procedure as the experimental samples [25]. With the exception of compounds marked with
an asterisk after their name (Supplemental Tables 1-4), identification of compounds was
based on the match of its retention time, parent ion accurate mass, and MS/MS
fragmentation spectrum to an authentic standard. This represents Tier 1 identification
(highest level) as defined by the Sumner publication from the Metabolomics Standards
Initiative (MSI) [28]. Compounds whose name is marked by an asterisk also were identified
based on parent ion accurate mass and MS/MS fragmentation mass spectral data but no
reference standard currently exists to make a library entry (Tier 2).

CSF, EDTA plasma, and urine were run as independent sample sets. Small aliquots of each
of the clinical samples were pooled and run as 6 technical replicates at randomly spaced
intervals throughout the entire sample set to monitor process variability and quality control
for the performance of each batch. The median relative standard deviation was calculated for
all spiked standards and endogenous biochemicals using median scaled values. The median
relative standard deviations (RSDs) for the internal standards and endogenous biochemicals
for each of the samples matrices were as follows: 4% and 11% for CSF, 6% and 6% for
EDTA plasma, and 4% and 7% for urine, respectively.

Data analysis and statistics

Raw ion intensity values from mass spectrometry analysis were median scaled followed by
imputation of any missing values with a value based on the minimum detected value, and,
finally, were natural log-transformed on a per biochemical basis. Imputation was based on a
random uniform variable with a range between .99 and 1.00 times the observed minimum.
Z-scores were calculated by comparing the log transformed median scaled biochemical
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values to the associated mean and standard deviation, for a given biochemical, found in the
reference population for the respective biological matrix.

Correlations were calculated by the Pearson method. Correlations for individual metabolites
used a natural log transformation of the raw metabolite values and missing values were
ignored.

Targeted amino acid analysis

Results

For quantitative amino acid analysis, CSF samples were acidified, and large molecules were
precipitated using equal volumes of Seraprep™ (Pickering Laboratories) and 200 mM
lithium citrate (pH = 2.2). Filtered supernatant was analyzed via cation exchange
chromatography using either a Biochrom 30 or Hitachi L-8900 amino acid analyzer.
Quantitative values were calculated through comparison to spiked isotopic reference
standards.

Metabolomic profile of CSF samples

Small molecule analytes were extracted from CSF and subjected to four separate
chromatographic and mass spectrometry analyses. We identified 435 biochemicals across
these 30 CSF samples that matched biochemical entries in the library (Supplemental Tables
1and 2).

Among the metabolites with Z-scores of 2 or greater in the 30 CSF samples were drugs and
their metabolites, such as acetaminophen, pregabalin, fluoxetine, cetirizine, topiramate,
sulfamethoxazole, and vitamin B6 metabolites (Supplemental Table 3), which indicates that
treatment and intervention effects may be observed by metabolomic profiling of CSF.

The mean number of biochemical detected per sample was 307 (median 306) with a range of
279 to 376 biochemicals detected in the sample set. Two hundred-seventeen out of 435 total
biochemicals (50%) were detected in every sample, 258 biochemicals (59%) were detected
in = 90%, and 276 biochemicals (63%) in = 80%. Molecules represented a broad coverage of
biological pathways (Figure 1; Supplemental Table 2). The amino acid and lipid
superfamilies represented the greatest number of biochemicals, with 143 amino acid and 139
lipid superfamily metabolites identified.

Targeted amino acid measurements correlate to untargeted metabolomic analysis

To understand how semi-quantitative measurement of compounds by untargeted global
biochemical profiling performed relative to class-specific targeted assays, we conducted
standard amino acid analysis on 28 of the CSF samples from the reference population cohort
and compared the molar concentrations to values obtained using the metabolomics platform.
Values of 18 analytes, those detected in > 90% of the samples in both assays, were
correlated across both approaches. Untargeted biochemical profiling of these molecules
showed lower limits of detection compared to the targeted methods (data not shown). We
observed a positive correlation between targeted and untargeted amino acid test methods for
all 18 amino acids (median r=0.68, mean r=0.63, Figure 2). Tryptophan, which is typically
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destroyed by acidification during amino acid analysis [29], was detected by the
metabolomics platform but not by targeted amino acid profiling.

Comparison of CSF biochemical profile to matched cohorts of plasma and urine

We utilized the biochemical profiles of plasma and urine collected from similar cohorts
representative of age and sex as those from the CSF reference cohort in order to compare the
biochemical profiles associated with each sample type. The analysis of EDTA plasma
identified 777 biochemicals, and the analysis of urine revealed 670 biochemicals (Figure 3)
and similar to other cohorts analyzed with the same technology [23,24].

Of the 435 compounds detected across the CSF samples, 273 also were detected in plasma
and urine (Figure 4). Twenty-two metabolites, including creatine phosphate, acetoacetate,
and the drugs fluoxetine, pregabalin, and sulfamethoxazole, were detected in CSF only and
were not detected in plasma or urine (Supplemental Table 1). Thirty-four biochemicals were
detected in both CSF and urine, and 106 biochemicals were detected in both CSF and
plasma. The smaller number of molecules detected in CSF compared to plasma and urine
resulted in relatively modest decreases in coverage of different biological pathways because
the compounds not detected in CSF were not concentrated in any single biochemical
superfamily (Figure 3 and Supplemental Table 1). Biochemicals that were observed in CSF
included markers linked to diet and nutritional intervention, such as vitamin Bg metabolism
(e.g. pyridoxate). Heme was detected in 11 out of the 30 CSF samples and could be an
indication of blood contamination (Supplemental Tables 2 and 3). A student’s t-test of heme
(n=11) versus non-heme (n=19) -containing CSF samples showed only seven compounds —
heme, glycerophosphoethanolamine, sphingosine, urate, 4-acetamidophenol, tartarate, and
thioproline — significantly different (p<0.05) between the groups, indicating that the
potential blood contamination did not affect the overall biochemical profiles of the CSF
samples.

The comparisons above were based on unpaired samples (e.g., EDTA plasma, urine, and
CSF were from different individuals). Direct comparison of biochemical profiles between
paired samples across different matrices would provide insight into the relationship of
biochemicals, if any, between matrices. Therefore, we next compared the levels of
biochemicals in paired EDTA plasma and CSF samples using Z-scores. Z-scores allow for
the comparison of biochemicals in an individual to those of a population. We identified 16
pairs of EDTA plasma and CSF samples collected on the same day. We examined those
biochemicals detected at high prevalence (= 90% of clinical specimens) in order to study the
relationship between the relative levels of these biochemicals in plasma and CSF. Using
these criteria, we identified 188 biochemicals for which a correlation could be determined
between the two matrices. Correlation of the levels of each of the 188 molecules in CSF to
those in plasma revealed a range of values (Figure 5 and Supplemental Table 4). 3-
methoxytyrosine, identified as a marker for aromatic amino acid decarboxylase deficiency
[22], showed a high correlation between CSF and plasma (r = 0.88), and biochemicals linked
to nutritional intervention, including pyridoxate (Vitamin Bg; r = 0.97), carnitine (r = 0.61),
and trimethylamine N-oxide (r = 0.77), showed positive correlations (Figure 5). The lysine
degradation metabolite glutaroylcarnitine showed the strongest negative association between
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the two matrices (r = —0.42). Two molecules reflective of energy metabolism, 3-
hydroxybutyrate (r = 0.86) and lactate (r = 0.64), also demonstrated a strong positive
correlation between the two matrices.

Notably, neurotransmitters and biochemicals formed from the metabolism of
neurotransmitters, which are typically analyzed using CSF, were also identified in EDTA
plasma and urine (Table 1). These compounds included biosynthetic precursors of
neurotransmitters (e.g. tryptophan and tyrosine), neurotransmitters (e.g. GABA and
dopamine), and metabolites of neurotransmitters (e.g. homovanillate and dopamine sulfate).
CSF contained thirteen molecules linked to neurotransmitter biology, EDTA plasma
contained 14, and urine contained 20 (Table 1). There were no biochemical diagnostic
compounds found in CSF that were not found in urine and most diagnostic compounds were
found in plasma. This suggests that sampling of urine or plasma, which is less invasive than
obtaining CSF, may be reliable in diagnosing various neurotransmitter disorders. On the
other hand, while fewer neurotransmitter metabolites were detected, CSF might present a
more robust metabolic phenotype than plasma or urine for IEMs with a strong association
with the central nervous system.

Biochemical Phenotyping of DHPR Deficiency in CSF

The current study and others [2,30] have pointed to the potential utility of untargeted
biochemical profiling of CSF to identify metabolic disorders. To further test and provide a
proof of concept for this assumption, CSF from a case with confirmed dihydropteridine
reductase (DHPR) deficiency was retrospectively analyzed to explore the biochemical
profile associated with this inborn error of metabolism (IEM).

DHPR catalyzes the production of tetrahydrobiopterin, which is a required cofactor for
phenylalanine hydroxylase (phenylalanine 4-monooxygenase). DHPR deficiency presents
with hyperphenylalaninemia, as well as reduced levels of catecholamine metabolites in CSF
[31]. Untargeted metabolomic profiling of CSF from a case with confirmed DHPR
deficiency showed an accumulation of phenylalanine (Z-score 8.1) and its alternative
product phenyllactate (Z-score 4.8) caused by the disruption of phenylalanine hydroxylase
activity due to insufficient tetrahydrobiopterin (Figure 6). A product distal to phenylalanine
hydroxylase, homovanillate (HVA), showed a considerable decrease (Z-score —2.4) in CSF
from this subject. These results suggest that untargeted biochemical profiling of CSF has the
capacity to identify disease signatures and thus, to identify IEMs.

Discussion

Here, we assessed the biochemical profile of CSF and demonstrated that it is a rich matrix
for untargeted metabolomic profiling. The biochemicals capable of being detected in CSF
include those that reflect neurotransmitter metabolism, markers of nutritional or
pharmacological intervention, and, as in the case of DHPR deficiency, IEM disease
signatures. Detected metabolites in CSF represented all areas of metabolism and shared
many biochemicals also detected in plasma and urine (Figures 1 and 3; Supplemental Table
1). Additionally, comparison of amino acids measured by untargeted metabolomics to those
made by targeted amino acid profiling revealed the two methods largely agreed (Figure 2).
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One specific group of molecules monitored in CSF is neurotransmitters and related
metabolites (Table 1). These molecules typically are present in higher concentrations in CSF
compared to other matrices and often have short biological half-lives, which can make them
difficult to detect. As observed in Figure 6, when the necessary co-substrate
tetrahydrobiopterin is insufficient, as is the case in dihydropteridine reductase deficiency,
upstream metabolites such as phenylalanine and phenyllactate are elevated, whereas
downstream metabolites such as homovanillate are decreased. Several neurotransmitters, as
well as some of their metabolites, were detected across all three matrices (Table 1), such as
3-methoxytyrosine a biomarker for aromatic amino acid decarboxylase deficiency [22,32].
Therefore, the ability to monitor the metabolism neurotransmitters in CSF could be
important to identify IEMs associated with the synthesis of neurotransmitters such as
dopamine, GABA, and others.

CSF is commonly evaluated for a variety of neurological conditions. However, collection of
CSF requires an invasive procedure, significantly increasing cost and stress on the patient
and family, when compared to collection of plasma or urine. As the number of paired
samples from cases with confirmed IEMs grows, it will be possible to determine whether
metabolic phenotypes of disease observed in CSF are also recognized in plasma or urine —
potentially offering the ability to monitor disease-specific signatures in samples that can be
obtained with less risk and discomfort [22,32]. Additional studies examining critical
amounts of heme contamination and stability of biochemicals in CSF will expand the
analytical and clinical utility of biochemical phenotyping using mass spectrometry. The
detection of heme with this technology does not necessarily mean samples are contaminated
beyond clinical use but could reveal signatures associated with metabolic disorders.

The differences in the biochemical identification between the matrices (Figures 3 and 4) can
be attributed to the biological functions associated with each. The blood-brain barrier
restricts many molecules from freely leaving the bloodstream and entering the nervous
system. This helps retain significant molecules in the central nervous system for proper
physiologic function, as well as to limit the flow of molecules from the peripheral
circulation into the CSF. Plasma is part of the bloodstream and functions in the metabolic
homeostasis of tissues and organs throughout the body. Urine contains numerous metabolites
derived from the degradation of macromolecules such as proteins and polysaccharides, as
well as from the metabolism of carbohydrates, amino acids, nucleotides, and lipids; the
biochemical profile of urine is defined by the selective excretion of metabolites through
absorption in the renal glomerular apparatus. Additionally, the urinary tract, and to a lesser
extent, the bloodstream, will have metabolites contributed by xenobiotic detoxification
mechanisms performed in the liver, as well as by the gut microbiota, thereby increasing and
differentiating their biochemical profiles from CSF. Analysis of matched-pairs of CSF and
plasma samples revealed several biochemicals showing strong correlations between the two
sample types (Figure 5 and Supplementary Table 4). Molecules associated with nutritional
intervention, such as trimethylamine N-oxide, an analyte associated with carnitine
supplementation [33] also correlated positively between plasma and CSF (Figure 5). The
analysis of plasma and urine may be feasible for biomarkers of disease which translate from
the CSF into the circulation and urinary tract. Specifically, these would be abundant markers
of disease or those markers which can be utilized to track the treatment and response to
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treatment of disease. A specific example of such a marker is 3-methoxytyrosine identified in
the plasma of subjects diagnosed with aromatic amino acid decarboxylase deficiency [22].
Additional studies will be required to validate the sensitivity of these biofluids for specific
biomarkers associated with disease.

This analysis showed that CSF has a complex biochemical profile, and the analysis of CSF
through global metabolomics provides the opportunity to identify biochemicals that
typically require multiple different tests to measure or that are not detected in current
clinically available diagnostic tests. Especially relevant for the analysis of CSF is the ability
to monitor a host of neurotransmitter metabolites. However, currently this assay is a semi-
quantitative screening assay which can assist to increase efficiency of analysis, but
additional targeted assays (biochemical and/or molecular) should be utilized to define and
confirm patient diagnoses. Further validation using clinical samples will illustrate the power
of this technology, data analysis, utilization of specific matrices to identify disease
signatures and track disease, and treatment biomarkers in the clinical arena. The recognition
of biochemical profiles that can be used to identify various IEMs will grow as new cases are
examined and as untargeted metabolomic profiling is adopted for the clinical assessment of
IEMs.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights:

Untargeted metabolomics is a semi-quantitative screening approach used to
identify small molecules in cerebrospinal fluid.

CSF has a complex biochemical profile

Urine and/or plasma may be sufficient surrogates for CSF for diagnosis of a
subset of inborn errors of metabolism.

Untargeted metabolomics provides an excellent broad-based screening
method but does require targeted follow-up biochemical and/or molecular
testing for confirmation of diagnoses.

Further validation of specific inborn errors of metabolism will illustrate the
power of this technology, data analysis, utilization of specific matrices to
identify disease signatures, monitor disease progression, and to define and
assess treatment biomarkers.
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Figure 1. Areas of metabolism represented by biochemicals detected in CSF.
Light blue circles represent individual biochemicals detected in CSF (see Supplemental

Table 2 for specific molecules). Bold blue octagons represent metabolite classes that are
composed of multiple biochemicals (e.g. xenobiotic metabolism, fatty acid beta-oxidation).
Metabolic sub-pathway labels appear adjacent to individual metabolites and/or metabolite
classes depicted by blue circles and octagons.
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B.

Correlation (R value)

Biochemical Pearson coefficient
threonine 0.96
serine 0.91
glutamine 0.89
lysine 0.87
alanine 0.78
taurine 0.74
tyrosine 0.74
ornithine 0.70
methionine 0.68
histidine 0.67
arginine 0.63
valine 0.54
glycine 0.42
2-aminobutyrate 0.41
isoleucine 0.40
asparagine 0.38
cystiene 0.38
leucine 0.36
phenylalanine 0.30

25

3.0 3.5

Targeted Assay
(nat. log. transformed)

4.0

Figure 2. Metabolomic results correlate with targeted amino acid profiling assays.
(A) Example plots for glutamine, tyrosine, and phenylalanine as monitored in all samples for

each assay. (B) Correlation values for biochemicals detected in >90% of clinical samples in

both assays.
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CSF EDTA Plasma Urine
(435) (777) (670)

Amino Acid lll 143 (33%) 179 (23%) 227 (34%)

Peptide C3J 17 (4%) 36 (5%) 42 (6%)

Carbohydrate m@ 20 (5%) 25 (3%) 37 (5%)

Energy C3J 10 (2%) 9 (1%) 12 (2%)
Lipid B 139 (32%) 368 (47%) 105 (16%)

Nucleotide Hl 33 (7%) 35 (5%) 49 (7%)

Cofactors and Vitamins 3 20 (5%) 26 (3%) 37 (6%)
Xenobiotics EA 53 (12%) 99 (13%) 161 (24%)

Figure 3. Biochemical families represented in CSF, plasma, and urine.
The biochemical composition of CSF, plasma, and urine are depicted in pie charts showing

the composition of each using nine biochemical and biological super families. The number
of biochemicals along with the percentage of those in each superfamily are listed below each
of the charts.
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Urine

CSF Plasma

Figure 4. Comparison of the biochemical composition of CSF to plasma and urine.
Venn diagram showing the numbers of biochemicals detected in each matrix analyzed and

the number of molecules in common between the matrices, illustrating that 273
biochemicals are commonly detected in CSF, plasma, and urine.
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Figure 5. Correlation of individual biochemicals in paired plasma and CSF samples using Z-

score analysis.

(A) The correlation coefficient (r value) is plotted for each biochemical on the y-axis and the
inset rectangle shows the resolution of those molecules with r >0.7 for the correlation of the
plasma and CSF samples. The correlations for the two clinical specimen types, CSF and
EDTA plasma, are shown for two individual molecules, 3-methoxytyrosine (B) and

trimethylamine N-oxide (C).
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Figure 6. DHPR deficiency can be identified through biomarkers in CSF.
Biochemical profiling of CSF identified substantial increases of phenylalanine and

phenyllactate and decreased homovanillate (HVA) in a pathway where the activity of the
tetrahydrobiopterin-dependent enzyme phenylalanine hydroxylase (PAH) was disrupted due
to dihydropteridine reductase (DHPR) deficiency.
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Table 1.

Metabolites linked to neurotransmitter physiology in CSF, plasma, and urine.

Neurotransmitter Family Biochemical CSF Plasma Urine
Adenosine adenosine X X
2-pyrrolidinone xX* X X
aspartate X X X
gamma-aminobutyrate (GABA) X X
Aspartate, Glutamate, & GABA glutamate X X X
glutamine X X X
N-acetylaspartate (NAA) X X X
N-acetyl-aspartyl-glutamate (NAAG) X X X
dopamine X
dopamine 4-sulfate X X
dopamine 3-O-sulfate X X X
Dopamine & (Nor)Epinephrine homovanillate (HVA) X X
tyramine X
tyrosine X X X
vanillylmandelate (VMA) X X
Glycine glycine X X X
Histamine histamine X
5-hydroxyindoleacetate (5-HIAA) X X X
Serotonin serotonin X X
tryptophan X X X

X* - 2-pyrrolidinone is regularly detected in clinical samples when defects of the GABA pathway are present or the GABA pathway is affected by
treatment; it is not detected in normal/healthy

subjects in CSF (manuscript in preparation).
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