Journal of NeuroVirology, 16: 445-456, 2010
© 2010 Journal of NeuroVirology

ISSN 1355-0284 print/ 1538-2443 online

DOI: 10.3109/13550284.2010.525599

Disturbance in cerebral spinal fluid sphingolipid
content is associated with memory impairment in
subjects infected with the human immunodeficiency

virus
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Despite widespread use of antiretroviral therapies to control replication of the
human immunodeficiency virus (HIV), dysfunctions of cognition that are
collectively termed HIV-associated neurocognitive disorders (HAND) still
occur in approximately 50% of those infected by the virus. Currently there
is not a biomarker that can identify HIV-infected people who are at risk for the
development of HAND. Previous studies have identified particular sphingoli-
pid species that are dysregulated in HAND, but the neurocognitive correlates
of these biochemical findings are not currently understood. To address this
question, we compared cerebrospinal fluid (CSF) levels of sphingomyelin,
ceramide, and sterol species with performance on standard neurological tests
designed to assess the function of multiple cognitive and motor domains in
HIV-infected subjects. We found that sphingomyelin:ceramide ratios for acyl
chain lengths of C16:0, C18:0, C22:0, and C24:0 were associated with worse
performance on several indices of memory. The most striking finding was for
the acyl chain of C18:0 that consistently associated with performance on multiple
tests of memory. These findings suggest that the sphingomyelin:ceramide ratio
for C18:0 may be a reasonable surrogate marker for memory dysfunction in
HIV-infected subjects. Journal of NeuroVirology (2010) 16, 445—456.
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Introduction

Despite continued advances in highly active antire-
troviral therapy (HAART) used to combat infection
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by the human immunodeficiency virus (HIV), a con-
siderable number of people infected with HIV still
develop neurocognitive impairment (for reviews,
see Boisse et al, 2008; Nath et al, 2008). Collectively,
these disorders are known as HIV-associated neuro-
cognitive disorders (HAND) (Antinori et al, 2007).
Although the severity of cognitive impairment in the
post-HAART era is generally milder than was
observed pre-HAART, neurocognitive impairment
eventually occurs in approximately 30% to 50% of
people infected with HIV (Cardenas et al, 2009;
Tozzi et al, 2007) and there is evidence that the
prevalence of HAND may not be decreasing, in
part due to an extension of average lifespan as
the result of HAART (Valcour et al, 2008). In
HIV-infected people on stable HAART, there remains
evidence of ongoing brain volume loss and white
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matter injury that is not associated with HIV viral
load, suggesting that there is ongoing cerebral injury
despite effective control of wviral replication
(Cardenas et al, 2009; Gongvatana et al, 2009;
McMurtray et al, 2008). These data highlight the
importance of discovering biomarkers that can
potentially be used to identify individuals at greater
risk for neurocognitive impairment, and also to
assess the effectiveness of neuroprotective therapy
at early stages of dysfunction when neural damage
may be reversible.

A potential role for dysregulated sphingolipid
metabolism in the pathogenesis of HAND was first
identified through the analysis of brain tissues from
HIV-infected patients (Haughey et al, 2004). Patients
with mild cognitive impairments showed accumula-
tions in multiple forms of sphingomyelin that were
prominent in frontal and temporal lobes. In subjects
with more severe cognitive impairments, there were
also accumulations in several forms of ceramide and
lipid peroxidation products, in addition to sphingo-
myelin. These data suggest that declines of neuro-
cognitive function in HIV-infected subjects may
involve a progressive deregulation in sphingolipid
metabolism with accumulations of potentially toxic
ceramides, sterols, and lipid peroxidation products.
This concept is supported by evidence that increased
levels of multiple sphingomyelin species in cerebro-
spinal fluid (CSF) are associated with stable cogni-
tive dysfunction, and increased levels of ceramide
species and 4-hydroxynonenal are associated with
actively progressing dementia (Bandaru et al, 2007).
Recent pathological observations in white matter
from subjects with HAND found expansions in the
lysosomal apparatus that are consistent with our
biochemical findings of perturbed sphingolipid bal-
ance, since the molecular response to an overabun-
dance of sphingolipids is to sequester them into
lysosomes with a resultant impairment in lysosmal
function (Gelman et al, 2005). Recent imaging stud-
ies have also demonstrated increased lipid + Lac:Cr
ratio in HIV-positive subjects with dementia com-
pared with seronegative controls (Roc et al, 2007). In
each of these studies, a global dementia score or a
Memorial Sloan-Kettering (MSK) score were used to
categorize subjects based on severity of cognitive
impairment. Because these indices are composite
scores that combine multiple cognitive domains
and motor functions, it is not currently known if
alterations in brain sphingolipid metabolism are
associated with deficits in particular cognitive and/
or motor functions.

Sphingolipids are especially enriched in the cen-
tral nervous system (CNS) where in addition to
structural roles, these lipids function as regulators
of protein scaffolding, and second messengers that
shape cellular signaling events. Ceramides are the
simplest sphingolipid, synthesized in the endoplas-
mic reticulum by a series of enzymatic steps that can
produce multiple species of ceramide. These forms

of ceramide differ by the acyl chain length, which
can vary from 16 to 26 carbons, depending on the
ceramide synthase involved in their production
(Pewzner-Jung et al, 2006). Ceramides can be deacy-
lated to sphingosine, converted to more complex
sphingolipids including glycosphingolipids with
the addition of one or more sugar residues or sphin-
gomyelins with the addition of a phosphorylcholine
or phosphoethanolamine to the 1-hydroxy group of
ceramide. Each of these reactions is bidirectional,
and there is evidence that the relative balance of
ceramide to these other ceramide-derived lipids can
play important roles in regulating cellular events
(Haughey 2010).

In the current study, we examined the relation-
ships between CSF levels of sphingomyelin, cer-
amide, and the sphingomyelin:ceramide ratio and
cognition. We found that alterations in the sphingo-
myelin:ceramide ratio specifically associated with
defects in memory as measured by the Rey Auditory
Verbal Learning Test (RAVLT).

Results

Subject demographics, plasma or CSF viral load,
and immune markers do not associate with
performance on cognitive or motor tasks

Of the 48 participants in the NEAD cohort who met
the criteria for the current study, 31 participants had
both CSF and neuropsychological testing available.
Compared to participants for whom CSF was
unavailable, those from whom CSF was available
had lower Instrumental Activities of Daily Living
(IADL) scores (22.2 versus 23.5; p = 0.041) but did
not differ on any other demographic or health-
related characteristics (Table 1). The average age of
participants was 41.3 years (SD = 5.4) and a mean
education of 12.1 years (SD = 1.7). A majority of
subjects were male (67.7%), African American
(83.9%), currently prescribed antiretroviral therapy
(80.7%), and had used illicit drugs in the past
(100%), although only about half reported active
use of illicit drugs (48.4%). At the time of
lumbar puncture the average duration of self-
reported HIV infection was 7.5 years (SD = 4.5),
the average CSF viral load was 2.7 logyo copies/ml
(SD = 1.1) and the average plasma viral load was
3.8 logyp copies/ml (SD = 1.5). Duration of HIV,
plasma and CSF viral load, and CD4 or CD8 counts
were not associated with performance on any of the
cognitive or motor tests (data not shown) and were
therefore not included as covariates in any statistical
models.

Increased sphingomyelin:ceramide ratios are
specifically associated with worse performance in
the Rey Auditory Verbal Learning Test

To investigate the relationship between CSF
levels of sphingomyelins, ceramides, sterols, and
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Table 1 Demographic and health-related characteristics of those with and without CSF in the NEAD study

With CSF and
cognitive testing

No CSF and/or
cognitive testing

Characteristics Mean (SD)/n (%) n Mean (SD)/n (%) n p value
Age at baseline, years 41.3 (5.4) 31 40.5 (7.2) 17 0.646
Male 21 (67.7%) 31 13 (76.5%) 17 0.386
Race

Caucasian 4 (12.9%) 31 3 (17.7%) 17 0.801

African American 26 (83.9%) 14 (82.4%)

Hispanic 1 (3.2%) 0
Education, years 12.1 (1.7) 31 12.0 (1.6) 17 0.802
Any R2 Therapy 25 (80.7%) 31 8 (53.3%) 17 0.082
MSK

0 7 (22.6%) 31 8 (53.3) 15 0.224

0.5 5 (16.13%) 2 (13.3%)

1 12 (38.7%) 2 (13.3%)

2 6 (19.4%) 3 (20.0%)

3 1 (3.2%) 0
Beck Depression Inventory 12.5 (8.9) 31 13.4 (11.1) 0.767
IADL score 22.2 (2.3) 31 23.5 (1.1) 15 0.041
UPDRS total score 8.4 (8.1) 30 4.5 (5.6) 15 0.107
Ever used drugs 31 (100%) 31 15 (100%) 15 1.000
Currently use drugs 15 (48.4%) 31 8 (53.3%) 15 1.000
Currently use alcohol 10 (32.3%) 31 4 (26.7%) 15 1.000
CD4 cell count 154.1 (136.1) 29 190.9 (181.0) 16 0.445
CD8 cell count 755.0 (605.8) 25 751.2 (417.3) 13 0.984
Using Antiretroviral therapy 25 (80.7%) 31 8 (53.3%) 15 0.082
Plasma HIV RNA (log,, copies/mL) 3.8 (1.5) 29 4.5 (1.0) 13 0.143
CSF HIV RNA (logyo copies/mL) 2.7 (1.1) 28
Duration of HIV, years 7.5 (4.5) 31 7.3 (4.8) 16 0.861
Symptomatic DSP 18 (58.1%) 31 4 (28.6%) 14 0.108
Asymptomatic DSP 10 (32.3%) 31 9 (64.3%) 14 0.057

Note. MSK = Memorial Sloan-Kettering (MSK); IADL = Instrumental Activities of Daily Living; UPDRS = Unified Parkinson’s Disease

Rating Scale; DSP = Distal Sensory Polyneuropathy.

performance on cognitive and motor tasks, we iso-
lated a crude lipid extract from CSF samples and
quantitatively analyzed multiple lipid species by
high-performance liquid chromatography/triple-
stage quadrupole tandem mass spectrometry
(HPLC/ESI/MS/MS). Sphingolipid and ceramide spe-
cies were identified by acyl chain length that varies
from 16 to 28 carbons (Figure 1). Because sphingo-
myelin and ceramide are directly associated by met-
abolic pathways (ceramide is a precursor to
sphingomyelin and sphingomyelin can be hydro-
lyzed to create ceramide), we used a ratio of sphin-
gomyelin:ceramide as a single variable to explore the
association between CSF levels of these sphingoli-
pids and performance on memory and motor tasks.

We first examined cross-sectional association
between CSF levels of sphingomyelin, ceramide,
sphingomyelin:ceramide ratios, and tests scores for
each individual task that assessed cognitive and
motor functions. There were no associations between
individually analyzed sphingomyelin or ceramide
species and performance on individual cognitive
or motor tasks (Table 2 and data not shown). Greater
sphingomyelin:ceramide ratios for acyl chain lengths
of C16:0, C18:0, C22:0, and C24:0 were significantly

associated with worse performance on several indi-
ces of verbal memory as measured by the RAVLT,
including the total, trial 5, and immediate and
delayed recall scores (Figure 2, Table 2). In particu-
lar, higher sphingomyelin:ceramide ratios for
C24:0 were specifically associated with deficits in
RAVLT immediate recall (p = 0.038), whereas higher
C16:0 and C22:0 ratios were significantly associated
with deficits in delayed recall (p = 0.027 and
p = 0.030, respectively) (Table 2). The most robust
association was with the sphingomyelin:ceramide
ratio for C18:0, which was significantly increased
in conjunction with worse performance in the total
score (p = 0.005), trail 5 score (p = 0.001), immediate
recall (p = 0.003), and delayed recall (p = 0.01)
(Table 2, Figure 3). None of the sphingomyelin:cer-
amide ratios examined were associated with verbal
recognition on the RAVLT (Table 2) or with perfor-
mance on cognitive tests assessing visual memory,
verbal fluency, executive function, or motor control
(Table 3). However, there were trends toward signif-
icance the sphingomylein:ceramide ratio C18:0 and
recall on the Rey Complex Figure Test (p = 0.086).
Controlling for gender, race, antiretroviral therapy,
CD4 and CD8 cell counts, current drug or alcohol
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Figure 1 Example spectra for sphingomylein, ceramide ans sterol species. A crude lipid extract from CSF was first separated by HPLC
and analyzed by multiple reaction monitoring (MRM) using ESI/MS/MS. Combined spectra and individual analytes for (A) sphingo-
myelins, (B) ceramides, and (C) sterols as identified by acyl chain length (C16:0 to C24:1) are shown.

use, depressive symptoms, and plasma or CSF HIV
RNA did not alter the associations.

Increased sphingomyelin:cholesterol ratios are
associated with worse performance on the Rey
Auditory Verbal Learning Test trial 5 and delayed
recall

Cholesterol is tightly associated with sphingomyelin
and both are critical components of membrane
microdomains known as lipid rafts. Perturbations
in the relative content of either sphingomyelin or
cholesterol can affect neural function by deregulating
signaling and the cellular response to stress
(Clement et al, 2009; Quinn and Wolf, 2009). Because
cholesterol associates with sphingomyelin regardless
of the acyl chain length, we combined all forms of
sphingomyelin (C16:0 to C24:0) into a single variable
for comparison with total cholesterol. Higher sphin-
gomyelin:cholesterol ratios were significantly asso-
ciated with worse performance on the RAVLT trail
5 score (p = 0.018) and delayed recall (p = 0.037)
(Figure 4, Table 2). Sphingomyelin:cholesterol ratios

were not associated with performance on tasks that
assess visual memory, verbal fluency, executive
function, or motor function (data not shown). Con-
trolling for gender, race, antiretroviral therapy,
CD4 and CD8 cell counts, current drug or alcohol
use, depressive symptoms, and plasma or CSF HIV
RNA did not alter any of the associations.

Discussion

It has been demonstrated that the sphingomyelin-
ceramide balance in brain becomes progressively
disrupted with HAND in accordance with the sever-
ity of neurocognitive dysfunction (Haughey et al,
2004). These studies found that multiple species of
sphingomyelin were increased in the middle frontal
and temporal gyrus of HIV-infected patients with
mild cognitive dysfunction, and multiple forms of
sphingomylein, ceramide, and the lipid peroxidation
product 4-hydroxynoneal were increased in those
with moderate to severe cognitive dysfunction
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Table 2 Associations between CSF lipids and performance on the Rey Auditory Verbal Learning Test

RAVLT
Total score: Trials
1-5 Trial 5 score Immediate recall Delayed recall Recognition
Log lipid b p value b p value b p value b p value b p value
Total SM —0.25 0.266 —0.38 0.161 —0.34 0.196 —0.42 0.084 —0.15 0.704
Total Cholesterol 0.09 0.864 0.00 0.996 —0.46 0.444 —0.45 0.426 0.48 0.579
SM:Cholesterol —0.61 0.052 —0.86 0.018 —0.55 0.133 —-0.71 0.037 —0.58 0.284
Ceramide C16:0 —0.24 0.663 —0.45 0.499 0.32 0.610 0.00 1.000 —1.12 0.209
Ceramide C18:0 0.46 0.189 0.37 0.394 0.72 0.069 0.40 0.290 0.07 0.902
Ceramide C22:0 0.24 0.624 0.39 0.521 0.20 0.730 0.05 0.916 —0.10 0.901
Ceramide C24:0 0.01 0.967 —-0.14 0.631 0.17 0.522 —0.13 0.622 —0.42 0.267
SM:Ceramide C16:0 —0.31 0.135 —0.45 0.071 —0.46 0.058 —0.50 0.027 —0.16 0.661
SM:Ceramide C18:0 —0.54 0.005 —-0.74 0.001 —0.65 0.003 —0.54 0.010 —0.34 0.310
SM:Ceramide C22:0 —0.44 0.115 —0.66 0.046 —0.54 0.092 —0.65 0.030 —0.19 0.687
SM:Ceramide C24:0 —0.33 0.204 —0.31 0.322 —0.61 0.038 —0.35 0.218 0.34 0.448

Note. RAVLT = Rey Auditory Verbal Learning Test. Data in bold indicate significance at p < 0.05 or better.

(Haughey et al, 2004). Measures of CSF sphingoli-
pids (as surrogate markers for brain sphingolipid
metabolism) in patients living with HIV demon-
strated that sphingomyelin accumulated with mild
and stable cognitive dysfunction, and increased cer-
amide levels were associated with ongoing cognitive
decline (Bandaru et al, 2007). Additionally, there
were greater accumulations of sterols sphingomy-
leins and ceramides in brains of subjects with an
apolipoprotein E4 (ApoE4) genotype, suggesting that
a genetic component may contribute to perturbed
sphingolipid metabolism in HAND (Cutler et al,
2004a). Because each of these studies used a com-
binational score (Memorial Sloan Kettering Scale)
that combines data from tasks that assess multiple
cognitive domains and motor functions, it was not
known if alterations in sphingomyelin and ceramide
content associated with deficits in particular cogni-
tive and/or motor functions. In this study we
addressed this question and found that changes in
the sphingomyelin:ceramide ratio for acyl chain
lengths of C16, C18, C22, and C24 were associated
with worse performance on one or more indices of
memory, including the total, trial 5, and immediate
and delayed recall scores, on the RAVLT. The stron-
gest of these associations was for the sphingomylein:
ceramide ratio of C18:0 that was associated with
performance on each of the RAVLT memory tasks.
These findings suggest that the sphingomyelin:cer-
amide ratio for C18 may be a sensitive marker for
neurocognitive impairment in HIV-infected subjects,
and that the levels of C18 may be a reasonable
surrogate marker for memory function. However,
we cannot rule out possible associations for sphin-
golipids with other cognitive functions that were not
specifically tested in this group of subjects.

To our knowledge, this is the first report to use the
ratio of sphingomyelin to ceramide as a diagnostic/
prognostic marker. We reasoned that because

sphingomyelin and ceramide are directly related
metabolic pathways (ceramide is a precursor to
sphingomyelin and sphingomyelin can be hydro-
lyzed to create ceramide), the ratio of sphingomyelin
to ceramide would be a useful metric to measure the
status of sphingomyelin metabolism. Because these
reactions most often modify the head group and not
the acyl chain length, we only compared identical
tail compositions. Using this metric we found that
the sphingomyelin:ceramide ratio for C16:0, C18:0,
C22:0, and C24:0 were associated with worse perfor-
mance on several indices of memory, with
C18:0 showing the most consistent effects. A ration
of sphingomyelin:ceramide for the particular chain
length of C18:0 may be a useful marker for HAND,
since other neurodegenerative disease with a known
disruption in ceramide metabolism have reported
that very long chain ceramide accumulate in brain
and CSF. Perturbed sphingolipid balance has been
identified in a number of neurodegenerative condi-
tions that include multiple sclerosis, Alzheimer’s
disease (AD), amyotrophic lateral sclerosis, and
HAND (Cutler et al, 2002, 2004a, 2004b;
Bandaru et al, 2007, 2009; Haughey et al, 2004;
Wheeler et al, 2008). In each of these neurodegen-
erative conditions there appears to be disease-
specific alterations in particular species and forms
of sphigolipids. For example, C24:0 ceramide and
sphingomylein are inversely and progressively dis-
rupted in AD with increasing disease severity
(Cutler et al, 2004b; He et al, 2008). In contrast,
subjects with HAND who showed evidence of mild
and stable cognitive impairment had increased
C18:0 to C24:0 sphingomylein with no apparent
changes in ceramide. Those with HAND and frank
dementia showed increased C18:0 to C24:0 sphingo-
mylein and ceramide (Bandaru et al, 2007;
Cutler et al, 2004b; Haughey et al, 2004). Our current
findings suggest that a ratio of C18 sphingomylein:
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Figure 2 CSF levels of sphingomylein:ceramide ratios for acyl chain lengths G16:0, C22:0, and C24:0 were associated with worse
performance on immediate and delayed recall in the Rey Auditory Verbal Learning Tests. Correlations for CSF levels of sphingomylein:
ceramide ratios for acyl chain length (A) C24:0 and immediate recall, (B) C16:0 and (C) C22:0 with delayed recall, and (D) C22:0 with trial
5 scores are shown. Correlation coefficient (b) and exact significance levels (p) are indicated in insets. n = 31 subjects. Data are linear
regressions with age- and education-adjusted z-scores for each cognitive test.

ceramide may be a sensitive biomarker for cognitive
dysfunction in HAND that specifically relates to
memory function. Further studies should be aimed
to clarify the potential usefulness of this metric
in larger and diverse populations of HIV-infected
subjects.

A possible explanation for the specificity of
C18:0 to associate with memory impairment in
HAND has been provided by findings that suggest
differential functions that depend on the biophysical
properties of sphingolipids with particular carbon
chain lengths. For instance, the length and saturation
of acyl chains can influence the width of bilayers,
fluidity of membranes, interactions with other lipids,
and lipid-protein interactions (Aittoniemi et al, 2007;
Niemela et al, 2006). Additionally, there is evidence
of considerable tissue, cellular, and subcellular spe-
cificities for particular molecular species of sphingo-
lipids, suggesting that the pattern of disruption in
sphingolipid metabolism may identify specific organ

and organelle dysfunctions (Kaiser et al, 2009; Meer
and Hoetzl, 2009). Consistent with the regulated
subcellular distribution of sphingolipids, there is
an increasing amount of data that suggest that sphin-
golipids with particular carbon chain lengths can
differentially regulate signal transduction, cell motil-
ity, neurite outgrowth, synpatogenesis, and cellular
fusion events important for protein trafficking
and synaptic transmitter release (Gallegos et al,
2008; Galvan et al, 2005; Nygren et al, 2005;
Wheeler et al, 2009). The findings from these mech-
anistic studies together with our biochemical and
clinical observations suggest that disrupted sphingo-
myelin:ceramide balance in HAND may reflect per-
turbed neural function that becomes manifest as
deficits in verbal memory. Although we cannot
make any definite conclusions why verbal memory
was better correlated to surrogate markers of sphin-
goipid metabolism compared with visual memory, a
review of 56 studies that used neuropsychological
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Figure 3 CSF levels of sphingomylein:ceramide ratios for acyl chain lengths of C18:0 are associated with performance on immediate
recall, delayed recall, and trial 5 of the Rey Auditory Verbal Learning Test. Correlations for CSF levels of the sphingomyelin:ceramide
ratio for C18:0 and (A) total, (B) trial 5, (C) immediate recall, and (D) delayed recall on the Rey Auditory Verbal Learning Test. Correlations
for CSF levels of the sphingomylein:ceramide ratio for C18:0 and (D) copy and (E) recall on the Rey Complex Figure Test. The correlation
coefficient (b) and exact significance levels (p) are indicated in insets. For D, excluding the data point in the box had little impact on the
association (b = —0.32 compared with p = 0.353). n = 31 subjects. Linear regressions with age- and education-adjusted z-scores for each

cognitive test.

tests to investigate areas of function affected by
central nervous system dysfunction in HIV-infected
subjects found evidence for some dysfunction in
verbal memory (27% of studies), executive function
(43%), motor performance (20%), and information
processing (44%) among subjects who were other-
wise asymptomatic. Subjects with more advanced
HIV infection showed consistent evidence of abnor-
mal functioning in the areas of verbal (48% of stud-
ies) and visual (43%) memory, executive functioning
(71%), complex attention (62%), motor performance
(37%), and information processing (69%) (Dunbar
and Brew, 1997). Thus, in HIV-infected subjects
there may be impairments of verbal memory early
in disease progression that occur independent of
visual memory.

The specific association of sphingomylein:cer-
amide ratios for C18 and impairment on memory
in the RAVLT also provides clues to the specific
enzymes responsible for perturbations of sphingo-
myelin:ceramide balance in HAND. There are a

multitude of enzymes involved in sphingomyelin
and ceramide metabolism, including the following:
Sphingomyelinases that mediate the hydrolysis of
sphingomyelin to ceramide; five different sphingo-
myelinase that differ in pH optimum, metal depen-
dence, and subcellular localization are known
(Marchesini and Hannun, 2004). Ceramidases that
cleave fatty acids from ceramide to produce sphin-
gosine; seven different ceramidase have been iden-
tified (Mao and Obeid, 2008). Sphingomyelin
synthases (SMS) that catalyze the conversion of cer-
amide and phosphatidylcholine to sphingomyelin
and diacylglycerol; two SMS have been identified,
SMS1 that is localized to the Golgi, SMS2 that
resides primarily at the plasma membrane
(Huitema et al, 2004; Takeuchi et al, 1995). Dihy-
droceramide desaturases (ceramide synthase; CerS)
that are involved in the de novo production of cer-
amide; six CerS have been identified (Pewzner-
Jung et al, 2006). Of these enzymes, only CerS are
known to have preferences for particular acyl chain
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Table 3 Cross-sectional association between CSF lipids and other cognitive test z-scores

Rey-Osterrieth
Complex Figure

Rey-Osterrieth
Complex Figure

Test—Copy Test—Recall 0Odd Man Out Verbal Fluency
Log lipid b p value b p value b p value b p value
Total SM —0.34 0.593 0.09 0.756 —0.03 0.941 —0.23 0.375
Total Cholesterol 0.10 0.943 0.52 0.403 0.48 0.549 —0.31 0.591
SM/Cholesterol —0.80 0.357 —0.12 0.745 -0.19 0.722 —0.35 0.335
Ceramide C16:0 —0.96 0.500 -0.28 0.666 -0.83 0.265 -0.21 0.728
Ceramide C18:0 0.09 0.928 0.73 0.077 0.23 0.644 0.44 0.251
Ceramide C22:0 —1.56 0.231 0.36 0.550 -1.07 0.110 0.15 0.791
Ceramide C24:0 —0.94 0.115 0.07 0.788 —-0.14 0.655 —0.08 0.769
SM/Ceramide C16:0 -0.39 0.505 -0.02 0.939 0.19 0.620 -0.25 0.299
SM/Ceramide C18:0 —0.48 0.381 —0.41 0.086 0.09 0.774 —0.31 0.159
SM/Ceramide C22:0 0.00 1.000 0.01 0.978 0.57 0.263 -0.31 0.339
SM/Ceramide C24:0 0.74 0.297 —0.03 0.917 0.16 0.696 —-0.14 0.652
Digit Grooved Pegboard Mean Choice Mean Sequential
Symbol Dominant Hand Reaction Time Reaction Time

Log lipid b p value b p value b p value b p value
Total SM —-0.03 0.915 —-0.47 0.478 0.09 0.778 0.03 0.939
Total Cholesterol 0.08 0.902 0.78 0.595 0.21 0.766 —0.49 0.550
SM/Cholesterol —-0.14 0.724 -1.16 0.208 0.00 0.997 0.12 0.810
Ceramide C16:0 —1.06 0.098 —1.83 0.225 —-0.63 0.307 —0.51 0.477
Ceramide C18:0 0.17 0.685 0.30 0.763 0.24 0.533 0.31 0.521
Ceramide C22:0 —0.62 0.301 —-1.57 0.260 —0.44 0.477 -0.10 0.888
Ceramide C24:0 -0.18 0.509 -1.14 0.068 -0.19 0.474 0.08 0.802
SM/Ceramide C16:0 0.08 0.776 —-0.28 0.656 0.11 0.723 —0.06 0.870
SM/Ceramide C18:0 —0.23 0.346 —-0.11 0.851 —0.21 0.402 —0.41 0.173
SM/Ceramide C22:0 0.19 0.596 -0.09 0.912 0.38 0.384 0.12 0.802
SM/Ceramide C24:0 0.22 0.499 0.73 0.334 0.43 0.193 -0.10 0.804
lengths, with each of CerS family members utilizinga  HIV-infected subjects, and that the levels of

relatively restricted subset of fatty acyl-coenzyme As
(CoAs) (see Mizutani et al, 2006, for a review). Of
particular interest to the present work are CerS1 and
CerS3 that preferentially use C18 as a substrate. Our
findings suggest that a defect in CerS1 and/
or CerS3 may be prominently involved in the per-
turbation of the sphingomylein:ceramide C18:0 ratio
in subjects with HAND. The identification of specific
enzymes involved with disturbances of sphingomy-
lein metabolism in HAND may identify new thera-
peutic targets for this neurodegenerative disease.

Conclusions

In patients infected with HIV there are perturbations
in brain sphingolipid metabolism that are detectable
in CSF. In this study we found that CSF levels of
sphingomyleins and ceramides with the restricted
carbon chain lengths of C18:0 were associated with
verbal memory as determined by performance on the
RAVLT memory tasks. These findings suggest that
the sphingomyelin:ceramide ratio for C18:0 may be a
sensitive marker for neurocognitive impairment in

C18:0 may be a reasonable surrogate marker for
memory function in these patients.

Materials and methods

Subjects

The North East AIDS Dementia (NEAD) cohort was
initiated in March 1998 at four sites (Johns Hopkins
University, Columbia University, University of
Rochester, and Northwestern University). The pres-
ent study includes 31 subjects from the NEAD cohort
for whom both CSF and cognitive testing results were
obtained and available from the Johns Hopkins HIV
NeuroAIDS repository. Subjects provided written
informed consent for their participation in NEAD,
and studies were approved by the Johns Hopkins
University internal review board governing human
subjects research. Patient demographics are listed
in Table 1. To be included in the North Eastern
AIDS Dementia (NEAD), cohort subjects had to be
HIV-positive and have either a CD4+ cell count
below 200/ul or a CD4+ count below 300/ul
and evidence of cognitive impairment on a
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Figure 4 CSF levels of sphingomyelin:cholesterol ratios are associated with worse performance on trial 5 and delayed recall in the Rey
Auditory Verbal Learning Test. Correlations for CSF levels of sphingomyelin (total):cholesterol (total) ratios are shown. The correlation
coefficient (b) and exact significance level (p) are indicated in insets. n = 31 subjects. Linear regression with age- and education-

adjusted z-scores.

neuropsychological test battery. Exclusion criteria
for subjects in the NEAD cohort included current
or past opportunistic CNS infection at study entry
(with the exception of treated neurosyphilis), a his-
tory of or current severe affective disorder or history
of a chronic neurologic disorder such as multiple
sclerosis (MS), head injury with loss of conscious-
ness for longer than 1 hour, stroke, or uncontrolled
epilepsy. Current alcohol or drug use were not
grounds for exclusion. Neither drug nor alcohol
use were associated with cognitive performance.

Assessments and sample collection

Clinical assessments were performed every 6 months
for up to 48 months. At each visit research subjects
underwent a medical history, a standardized neurolog-
ical examination, a neuropsychological battery, func-
tional and psychiatric assessments, and a blood draw
for laboratory studies including viral load and immune
activation markers. CSF samples were obtained every
12 months. After collection, CSF was immediately
centrifuged and cell-free CSF was aliquoted and imme-
diately frozen at —80°C. For this study we used baseline
CSF samples collected from a single time point.

Cognitive testing

The neuropsychological test battery was adminis-
tered by trained neuropsychometricians and con-
sisted of eight tests covering seven domains
(Albert et al, 2003; Marder et al, 2003). Tests
included a computerized simple— and choice-reac-
tion time test (CALCAP) (Miller et al, 1991), Digit
Symbol test (Wechsler, 1981), Grooved Pegboard
(Dominant Hand) for psychomotor performance
(Klove, 1963), Odd Man Out test for assessment of
executive function (Flowers and Robertson, 1985),
Controlled Verbal Fluency Task (FAS) test for verbal
fluency (Benton, 1951), Rey-Osterrieth Complex
Figure Test (Rey, 1941) for visual memory, and

verbal memory was assessed with the Rey Auditory
Verbal Learning Test (Rey, 1941). Age- and
education-adjusted z-scores were used to quantify
performance for each of the neuropsychological tests.
Two sets of published normative data were used:
AIDS Link to Intravenous Experience (ALIVE) study
cohort (Concha et al, 1995) for respondents with
12 years of education or less, and normative data
from the Multicenter AIDS Cohort Study (MACS)
(Selnes et al, 1991) for subjects with educational
equivalent to a high school diploma or greater.

Lipid extraction from cerebral spinal fluid

A crude lipid extraction from CSF was conducted
using a modified Bligh and Dyer procedure as pre-
viously described (Haughey et al, 2004). To control
for slight differences in extraction efficiencies and
day-to-day variations in the efficiency of the mass
spectrometer, purified standards of sphingomyelin
C12:0, ceramide C12:0, and deuterated cholesterol
(10 nM each; Avanti Polar Lipids, Alabaster, AL)
were added directly to CSF prior to extraction.
Extractions were conduction by the addition of three
volumes 100% methanol containing 53 mM ammo-
nium formate to 300 ul CSF. Four volumes of chlo-
roform were added, the mixture was vortexed and
centrifuged at 1000 x g for 10 min. The chloroform
layer was removed into a glass storage vial and dried
under a stream of nitrogen. Dried extracts were
sealed and stored at —80°C. For analysis, dried
extracts were resuspended in 100% methanol.

Mass spectrometry

Mass spectrometry analyses were performed using a
Sciex API 3000 triple-stage quadrupole tandem mass
spectrometer (ESI/MS/MS) from Sciex (Thornhill,
Ontario, Canada), using methods similar to those
described in previous studies (Bandaru et al, 2007;
Haughey et al, 2004). Samples were injected using a
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Harvard Apparatus pump at the rate of 15 ml/min into
an electrospray ionization (i.e., Turbo Ion Spray mod-
ule) Sciex API 3000 triple-stage quadrupole tandem
mass spectrometer (ES/MS/MS) operated in the pos-
itive mode. Each species of sphingomyelin, ceramide,
and sterols were identified by a Q1 mass scan, then by
precursor ion scanning or neutral loss scanning of a
purified standard. Samples were injected into the ESI/
MS/MS for 3 min, where the mass counts accumu-
lated and the sum of the total counts under each peak
were used to quantitate each species. Cholesterol and
cholesterol ester standards C16:0, C18:0, C18:1, and
cholesteryl-arachidonate (C20:0) were purchased
from Sigma (St. Louis, MO). Sphingomyelins and
ceramides with carbon chain lengths ranging from
C16:0 to C24:1 were purchased from Avanti Polar
Lipids (Alabaster, AL).

Data analysis

Sphingomyelin analytes were highly correlated after
adjusting for Bonferroni correction (p < 0.0001). We
therefore summed all sphingomyelin analytes to cre-
ate a single (total) sphingomyelin variable. Cera-
mides were not highly correlated, so we examined
each analyte separately. When examining the sphin-
gomyelin:ceramide ratio, individual sphingomyelin
analytes were used and only species with identical
acyl chain lengths and saturation were compared.
For example, sphingomyelin:ceramide 16:0 was the
ratio of sphingomyelin 16:0 to ceramide 16:0. Counts
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