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Abstract

The brain maintains high levels of ascorbic acid (AA) despite a concentration gradient favoring
diffusion from brain to peripheral tissues. Dietary antioxidants, including AA, appear to modify the
risk of Alzheimer’s disease (AD). The objective of this study was to test the hypothesis that
neurodegeneration in AD is modified by brain levels of AA. Thirty-two patients with mild to
moderate AD participated in a biomarker study involving standardized clinical assessments over one
year. Cerebrospinal fluid (CSF) and serum were collected at baseline for AA and albumin content.
Cognitive measures were collected at baseline and one year. CSF and plasma AA failed to predict
cognitive decline independently, however, CSF: plasma AA ratio did. After adding CSF Albumin
Index (an established marker of blood-brain barrier integrity) to the regression models the effect of
CSF: plasma AA ratio as a predictor of cognitive decline was weakened. CSF: plasma AA ratio
predicts rate of decline in AD. This relationship may indicate that the CSF: plasma AA ratio is an
index of AA availability to the brain or may be an artifact of a relationship between blood-brain
barrier impairment and neurodegeneration.
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INTRODUCTION

The pathophysiology of Alzheimer’s disease (AD) remains incompletely understood, although
the accrual of oxidative damage in areas of the brain responsible for memory and higher

cognitive faculties is a consistent finding [1,2]. There are multiple lines of evidence supporting
arole for antioxidants in reducing oxidative damage to neurons and reducing amyloid plaque
formation [3—8]. Ascorbic acid (AA; vitamin C) is a potent water-soluble antioxidant without
synthesis in the brain. Animal models have demonstrated 40% of AA content in the brain turn
over per day and AA maintenance as high as 10 uM in neurons [9]. This concentration of AA
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reduces oxidative neuronal stress through protection of cell membranes and DNA, reducing
amyloid-p toxicity and regenerating other antioxidants [10,11].

In humans, most plasma components are diluted about 100-fold in cerebrospinal fluid (CSF).
Conversely, the content of AA in CSF is highly concentrated compared to plasma (CSF: plasma
ratio of about 3—4:1) [12], supporting statements by some investigators calling AA “nourishing
liquor” that constantly surrounds the brain [13]. At the choroid plexus, AA is actively
transported across the basolateral membrane by a sodium dependent transporter (SVCT-2) into
the epithelium and then released into the CSF [14]. The maintenance of highCSF levels of AA
leans on both active “carrier” transport processes and “barrier” integrity of the blood-brain
barrier (BBB). This physiology is necessary to prevent AA from diffusing out of the CNS
according to the concentration gradient. Here, we assess the “barrier” integrity at the blood-
CSF-barrier and choroid plexus in living patients utilizing a reliable and validated measure,
the CSF Albumin Index [15—17]. Serum albumin levels are normally about 200 times higher
than that found in the CSF [18]. In the setting of BBB disruption, the CSF Albumin Index is
increased due to albumin’s greater access to the CSF from serum through the disturbed BBB.

Our primary hypothesis in this study was that brain AA concentrations predict cognitive decline
in adults with mild to moderate AD. A secondary hypothesis was that BBB integrity modifies
the CSF and plasma compartmentalization of this antioxidant.

METHODS

To test whether CSF and plasma AA predict rates of AD progression, we analyzed CSF and
plasma for AA and serum albumin in overnight fasting subjects along with clinical risk factors,
apolipoprotein E genotype, and cognitive measures in 32 subjects with mild to moderate AD
followed for 1 year.

Study participants

The subject population for this longitudinal biomarker study included patients in the NIA-
Layton Aging and Alzheimer’s Disease Center of Oregon Health & Science University
(OHSU) with a diagnosis of probable AD. Participants were diagnosed by National Institute
of Neurological and Communicative Disorders and Stroke—Alzheimer’s Disease and Related
Disorders Association criteria [19] and Clinical Dementia Rating (CDR) of 0.5 or 1.0,
established mild to moderate AD. All patients from the biomarker study with available
biochemical measures were included, yielding 32 mild to moderate probable AD subjects. All
participants provided informed consent in accord with the Institutional Review Board for
human study at OHSU.

Data collection

Thirty-two patients (10 females, mean age 71 & 7 years) were assessed at baseline and 12
months. Clinical evaluation included medical history, physical exam, Mini-Mental Status
Exam (MMSE) [20], CDR [21], Alzheimer’s Disease Assessment Scale-cognitive subscale
(ADAS-Cog) [22], Hachinski ischemia score [23] as a measure of vascular burden, and
Geriatric Depression Scale [24]. Lumbar CSF and peripheral blood were collected at baseline
for analyses. Supplementation was assessed by interview with caregiver including examination
of'all containers from which subjects were regularly taking pills at baseline and 12 month visits.

Biochemical assays

Lumbar punctures were performed in the morning under standardized conditions at L3-L4 or
L4-LS5 interspace. CSF samples were immediately aliquoted and snap frozen at —70°C until
assayed, at which point samples had normal cell count and glucose levels. Peripheral blood
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samples collected at the same visit as lumbar puncture were analyzed with the CSF samples
to quantify albumin and AA [25]. CSF and serum albumin were quantified to calculate CSF
Albumin Index discussed here and validated elsewhere [15,26]. Genotyping of apolipoprotein
E isoforms was performed using DNA isolated for blood cells and described elsewhere [27].
All biochemical and genetic analyses were performed and the results recorded by staff blinded
to subject’s clinical information.

Statistical methods

RESULTS

Our primary hypotheses were that CSF AA and plasma AA predicts the rate of AD progression
over one year. CSF AA, plasma AA, and CSF: plasma AA ratio were primary predictor
variables and cognitive measures (MMSE, ADAS-Cog, CDR) were designated dependent
variables. Pearson correlations were obtained to describe the relationship between the primary
predictor and primary dependent variables. Linear regression analysis was used to examine
associations between AA and cognitive measures. Preliminary study demonstrated that neither
CSF AA nor plasma AA had univariate association with rate of cognitive decline, but CSF:
plasma AA ratio did. Therefore, we focused on CSF: plasma AA ratio as a primary predictor
variable. Three models were fitted with predictors including: 1) CSF: plasma AA ratio; 2) CSF:
plasma AA ratio plus age, gender, education years, APOE-4 carrier status, and baseline
dependent cognitive measure; and 3) model #2 plus the addition of CSF Albumin Index. CSF
Albumin Index was dichotomized at the a priori threshold of 9.0 (BBB intact <9.0; BBB
impaired >9.0) to examine the significance of BBB impairment on CSF: plasma AA ratio.
Significance level was set at 0.05 for all analyses. All statistical analyses were performed using
SPSS v.16.0 (Chicago, I11).

The baseline characteristics of the study population are provided in Table 1.

CSF and plasma AA are correlated and plasma AA drives the CSF/plasma AA ratio

Fifty-six percent of the variance in CSF AA is attributable to plasma AA (p <0.001) (Fig. 1A)
and 50% of the variance in CSF: plasma AA ratio is attributable to plasma AA (p <0.001)
(Fig. 1B).

Neither CSF nor plasma AA predict rate of cognitive decline in AD, but CSF: plasma AA ratio

does

CSF and plasma AA, and CSF: plasma AA ratio, were independent of age, gender, APOE-4
genotype, and baseline measures of dementia severity (e.g., MMSE, ADAS cog; with the
exception of CDR-SOB). A significant univariate association was demonstrated between CSF:
plasma AA ratio and rate of cognitive decline over 1 year (p = 0.03 for MMSE, ADAS-cog
and CDR-SOB) (Table 2, Model 1). This association remained after controlling for age, gender,
education, APOE-4 carrier status, and baseline cognitive measure (p = 0.02 for MMSE, p =
0.03 for ADAS-cog, p = 0.01 for CDR-SOB) (Table 2, Model 2). Each unit increase in CSF:
plasma AA ratio was associated with 1.1 units less point loss on MMSE and 2.7 unit less loss
on ADAS-cog.

The association between CSF: plasma AA ratio and rate of cognitive decline in AD is modified
by BBB integrity

When CSF Albumin Index is added to the regression analysis in Model 3 (Table 2), the
significance of the association between CSF: plasma AA ratio and MMSE (p =0.11) and CDR-
SOB (p =0.17) is lost, although maintained in ADAS-cog (p = 0.04). These data indicate that
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the effect of CSF: plasma AA ratio on cognitive decline in AD is partially attributed to
underlying BBB integrity.

CSF: plasma AA ratio is modulated by BBB integrity

Scatter plot demonstrates an inverse linear correlation between CSF: plasma AA ratio and CSF
Albumin Index (p = 0.05, n = 32) that is maintained in partial correlation analysis controlling
for AA supplementation, age, gender, education years and APOE-4 carrier status (r =—0.414,
p=0.03) (Fig. 2A). After dichotomizing subjects by BBB integrity and comparing the mean
CSF: plasma AA ratio in those with intact (n = 24) and impaired (n = 8) BBB, a marginal
difference of 0.95 units was observed (p = 0.059) (Fig. 2B). The inverse correlation between
CSF: plasma AA ratio and CSF Albumin Index provides some explanation as to why the
association between AA ratio and rates of cognitive decline is attenuated in the regression
analysis of Table 2.

DISCUSSION

In these 32 adults followed for one year with mild-to-moderate AD, we found that rates of
cognitive decline were not explained by CSF or plasma AA independently, but the ratio of
CSF: plasma AA did predict cognitive decline.

The absence of a relationship between rate of cognitive decline and CSF or plasma AA may
be readily explained. Plasma AA levels are dependent on recent dietary intake, so they are not
very reproducible and also not representative of long-term consumption, which is probably
more relevant to neurologic outcome than short-term exposure. Plasma AA is also not in direct
contact with the brain. On the other hand, CSF AA may be a better reflection of the AA that
the brain “sees”, but the drive to maintain a homeostatic level of vitamin C is so strong that
low variability of AA content in CSF may actually prevent detection of a relationship between
AA and rate of cognitive decline. This notion is exemplified by observations in overt scurvy
where brain levels of AA are relatively maintained through depletion of peripheral tissues
[28].

We consequently examined the relationship between CSF: plasma AA ratio and rate of decline
in light of previous observations that CSF: plasma AA ratio discriminates AD patients from
controls more reliably than CSF or plasma levels alone [12,29,30]. We and others have noted
that the CSF: plasma AA ratio is higher in AD patients than in controls and hypothesized that
this was a reflection of the increased “consumption” of AA by the oxidatively stressed brain,
leading to lower plasma levels. Based on this experience, we would predict that AD patients
with higher CSF: plasma AA ratio would have more rapid rates of decline, but we observe the
opposite in this sample where the slowest rates of cognitive decline are seen in subjects with
the highest CSF: plasma AA ratio. This may be interpreted as evidence that either a high CSF:
plasma AA ratio is causally related to rate of cognitive decline, or there is a non-causal
correlation due to the fact that the ability to maintain a high CSF: plasma AA ratio is a marker
of a “healthier” brain, more able to cope with the neurodegenerative process of AD. We argue
that the latter explanation is more plausible, and we use data on BBB integrity to test this
possibility. CSF Albumin Index, a marker of BBB integrity, attenuated the association of CSF:
plasma AA ratio with cognitive outcomes, suggesting that the observed effect of CSF: plasma
AA ratio on cognitive decline is partially attributed to underlying “barrier” function of the
BBB. An inverse correlation between CSF: plasma AA ratio and CSF Albumin Index further
supports the hypothesis that lower AA ratios in some patients may be due to BBB dysfunction,
impairing the ability of the brain to maintain high CSF: plasma AA ratio due to diffusion of
AA out of the CNS according to its concentration gradient.
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To our knowledge, this is the first prospective study of cognitive decline in AD that quantifies
CSF and plasma AA content and BBB integrity as modifiers of disease progression. Its
strengths lie in its prospective design, consensus diagnosis of mild-to-moderate AD, and
simultaneous collection of CSF and plasma AA and serum albumin. Its limitations are that
CSF and plasma AA was measured only at baseline and our study population was relatively
small (n = 32). Nevertheless, these findings support the hypothesis that BBB integrity is
relevant to the progression of AD, and raise the possibility that BBB dysfunction accelerates
the rate of degeneration not only by potentially exposing brain parenchyma to peripheral toxins,
but by impairing the ability of the brain to concentrate AA and perhaps other nutrients with
neuroprotective properties.
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Fig. 1.

Relationship between CSF and plasma ascorbic acid. A) Correlation between plasma and CSF

AA (r=0.755, p <0.001). B) Inverse correlation between plasma AA and CSF: plasma AA
ratio (r=-0.710, p < 0.001).
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Relationship between CSF-to-Plasma Ascorbic Acid Ratio and CSF Albumin Index (as a
measure of blood-brain barrier integrity). AA, ascorbic acid; BBB, blood-brain barrier; BBB
intact = < 9.0, BBB Impaired = = 9.0.
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Age,y

Female, (%)

Education years

APOE ¢4 carriers, (%)

BP systolic, mm Hg

BP diastolic, mm Hg

Body Mass Index

Hachinski Ischemia Score

Ascorbic acid supplementation present, (%)

Ascorbic acid, CSF (uM)

Ascorbic acid, plasma (uM)

CSF-to-plasma ascorbic acid ratio

Albumin, CSF (uM)

Albumin, serum (uM)

CSF Albumin Index

Mini Mental Status Exam

Alzheimer’s Disease Assessment Scale — cognitive subscale
Clinical Dementia Rating — sum of box score

Annual change in Mini Mental State Exam

Annual change in Alzheimer’s Disease Assessment Scale —cognitive subscale

Annual change in Clinical Dementia rating — sum of box score

71(7)
10 31)
14 (3)
24 (74)
144 (23)
77 (11)
27(5)

0.6 (1.0)
344
129 (52)
41 (30)
4.0 (1.6)
30.5 (16)
4052.5 (371.3)
75(3.8)
19(5)
24.(10)
59(1.4)
33(3.8)
8.9(9.1)
6.8(2.7)

*
Mean (SD) unless denoted otherwise.
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