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P < .05; %P < 0l

the mean change in MMSE score (change from the baseline)
as threshold. Written informed consent was obtained from
each of the participants (or the respective legal guardian);
the study was approved by the appropriate university, hospi-
tal, and company institutional ethics committees.

2.2. Blood sampling and laboratory measurement

Peripheral blood samples were obtained from each partic-
ipant using the commercially available blood collection
tubes (Terumo Venoject for Japanese cohort) containing
EDTA as the anticoagulant. Plasma was separated by centri-
fugation at 1500 g for 15 minutes at room temperature before
being aliquoted and stored at —80°C until analysis.

The concentrations of desmosterol and cholesterol were
measured with a liquid chromatography mass spectrometer
(LC/MS), as described previously [7]. Briefly, 25 pL of
plasma was spiked with cholesterol-25,26,26,26,27,27,27-
D7 and desmosterol-26,26,26,27,27,27-D6 as internal stan-
dards. Fifty percent potassium hydroxide was then added
to the solution, which was then mixed thoroughly and incu-
bated at 70°C for 60 minutes. After the incubation, 2 mL of

hexane and 0.5 mL of phosphate-buffered saline (pH 6.8)
were added and mixed well. The solution was centrifuged
for 10 minutes at 2000 g, and the upper organic phase was
transferred to a new tube. The lower layer was extracted
with an additional 1 mL of hexane, which was also added
to the organic-phase extract. The solvents were evaporated
to dryness under a nitrogen gas stream at 40°C, and the ob-
tained pellet was reconstituted in ethanol and the resulting
solution was subjected to LC/APCI-MS analysis as
described previously [7].

2.3. Statistical analysis

Values are shown as mean = standard deviation. Correla-
tions between different variables were assessed using the
Pearson correlation coefficient on log-transformed data.
The ¢ test or analysis of variance was carried out to determine
differences between two or more groups. Nonparametric
tests (Mann-Whitney U test) were carried out when the vari-
ables were not normally distributed. The paired ¢ test was
carried out to see the difference in the individual values
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Fig. 2. Change in plasma DES/CHO between baseline and follow-up visits. AD/MCI subjects were classified into two groups, namely, those with slow pro-
gression (A, D, G) and those with rapid progression (B, E, H) on the basis of the mean AMMSE between baseline and follow-up visits in a Japanese cohort
(A-C), a Swedish cohort (D-F), and a combined cohort (G-I). Plasma DES/CHO remains stable in the group with slow progression (A, D, G), whereas in
the group with rapid progression, a significant decline over time was found (B, E, H). The change in plasma DES/CHO was significantly larger in the group
with rapid progression than in the group with slow progression (C, F, I). *P < .05; **P < .01.

between baseline and follow-up visits. The statistical signif-
icance was set at P <.05.

3. Results
3.1. Cross-sectional study of plasma desmosterol

The characteristics of the AD and age-matched control
subjects included in this cross-sectional study are listed
in Table 1. A significant decline in plasma DES/CHO
was observed in patients with AD compared with control
subjects (P < .01; Fig. A). The decline in plasma DES/
CHO in AD patients was significant regardless of gender
or APOE &4 status (Fig. 1B and C). There was a significant
decline in plasma DES/CHO in AD patients with both the
APOE €£3/3 and €3/4 genotypes (data not shown; see
Supplementary Fig. 1A and B for review). Plasma DES/
CHO of female subjects in both the AD and control groups

was significantly lower than that of male subjects (Fig. IB,
P < .01). No significant correlation of plasma DES/CHO
with age was observed (data not shown). A significant cor-
relation between plasma DES/CHO and MMSE score in
both males and females was observed (data not shown;
see Supplementary Fig. 1C and D for review). We divided
subjects of this cohort into four MMSE score groups: high
MMSE score (30 = MMSE = 26), middle MMSE score
(25 =z MMSE = 20), low MMSE score (19 = MMSE
= 10), and very low MMSE score (9 = MMSE = 0).
We then compared DES/CHO among these groups. A sig-
nificant difference between the high MMSE score group
and the other MMSE score groups was observed
(Figure 1D).

The linear trend analysis revealed that there was also a
significant change showing that groups with lower MMSE
scores had lower DES/CHO (trend ¢ test: P <.01).
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3.2. Longitudinal analysis

Longitudinal plasma samples were collected from two
clinical institutes, namely, Niigata University Hospital (Jap-
anese cohort) and Uppsala University Hospital Memory
Clinic (Swedish cohort). Forty-seven participants composed
of 17 subjects in the Japanese cohort and 30 subjects in the
Swedish cohort were included, and the demographic charac-
teristics of these subjects are listed in Table 2. At baseline,
DES/CHO in Japanese AD patients was significantly lower
than that of Swedish AD patients (P < .01).

In the Japanese longitudinal cohort, the average change in
the MMSE score (AMMSE) between the baseline and
follow-up visits was —4 *= 4 with a change in DES/CHO

change in DES/CHO (%)

{ \
| ]
: i

I
H i
: i

]
i @ MCI !
i ]
i ]
: !
; i
: |
i |

-100+

.....................

Fig. 4. Correlation between longitudinal changes in MMSE and plasma
DES/CHO (%) in AD patients, MCI patients, and normal subjects. There
were 122 points for blood collection, consisting of 30 baselines and 92
follow-ups (AD, 52 follow-ups; MCI, 13 follow-ups; and control, 27
follow-ups). There was a significant correlation between changes in
MMSE and plasma DES/CHO (r = 0.37, P < 01).

of —10 = 14% (Table 2). Both MMSE score and plasma
DES/CHO significantly decreased between the two visits
in the Japanese cohort (paired ¢ test, P <.05). In the Swedish
cohort, the MMSE score (—3 = 3) decreased significantly in
AD patients between the baseline and follow-up visits
(P < .05). However, in this cohort, there was no significant
change in DES/CHO in both the AD patients and MCI sub-
jects (Table 2). In the combined AD/MCI cohort, MMSE
score (—2 = 4) and plasma DES/CHO (—11 * 20%)
decreased significantly between the two visits (Table 2).

Next, we divided the AD/MCI subjects into two groups,
namely, those with slow or rapid progression, on the basis
of their mean AMMSE in the Japanese (cutoff score, —4)
and Swedish cohorts (cutoff score, —2) and compared the
longitudinal change in plasma DES/CHO between groups
(Fig. 2). Although the AD/MCI group with slow progression
did not show any significant change in plasma DES/CHO
(Fig. 2A, D, and G), groups with rapid progression showed
a significant decrease in plasma DES/CHO between the
baseline and follow-up visits (Fig. 2B, E, and H). In addition,
the change in plasma DES/CHO was significantly larger in
the AD/MCI group with rapid progression than in the group
with slow progression in the Japanese, Swedish, and com-
bined cohorts (Fig. 2C. F. and I).

We further compared the longitudinal change in plasma
DES/CHO in control subjects and AD patients (Fig. 3).
The change in DES/CHO between the two visits was
—12.8 = 19.7 in the AD patients, which was significantly
larger than that in the confrol subjects (1.7 = 5.3;
Fig. 3A). These results suggest that although plasma DES/
CHO in normal subjects remained stable, plasma DES/
CHO in AD patients tended to decline over time.

Finally, we performed another longitudinal study to
determine the association between plasma DES/CHO and
AMMSE in 30 participants, including 18 AD, 6 MCI, and
6 control subjects from either the Swedish cohort or from
PrecisionMed. Blood samples were collected every year or
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every 6 months from the participants. There were 122 points
for blood collection, consisting of 30 baselines and 92
follow-ups. The correlation between the AMMSE and the
change in plasma DES/CHO (compared with baseline)
determined using all 92 follow-up points is shown in
Fig. 4. There was a significant correlation between the lon-
gitudinal AMMSE and the change in DES/CHO from the
baseline (P =.01,r = 0.37). All the changes in MMSE score
and plasma DES/CHO in each of the participants are shown
(see Supplementary Fig.2 for review). In addition, AD pa-
tients showed a significant decrease in plasma DES/CHO
at follow-up intervals (—7.7 % 36.8%) compared with the
control subjects (6.4 = 12.3%) in this cohort (Fig. 3B).

4. Discussion

The present cross-sectional study using a Japanese cohort
was undertaken to replicate our previous finding that plasma
DES/CHO is decreased in Caucasian patients with AD. The
following points were confirmed in the present Japanese and
previously reported Caucasian cross-sectional cohorts: (1)
plasma DES/CHO was decreased in patients with AD in
comparison with control subjects, (2) the decrease in plasma
DES/CHO in AD patients was independent of gender and
APOE genotype, (3) female subjects tended to have a lower
plasma DES/CHO than male subjects, and (4) plasma DES/
CHO correlated significantly with the MMSE score. Taken
together, the results suggest that plasma DES/CHO may be
a potential diagnostic biomarker reflecting cognitive
dysfunction in AD patients.

Recently, Popp et al. [ 17] have reported that the plasma
desmosterol level does not change in AD patients. The
discrepancy in finding between that and the present study
may be explained by differences in the analytical methods
used to determine the concentration of desmosterol. We pre-
viously showed that the LC/MS method that we used in the
present study enables the purification of desmosterol in
plasma more efficiently than the gas chromatography
method used in the study by Popp et al. [7.17]. Thus, the
LC/MS method is likely to be more suitable for the
measurement of plasma desmosterol concentration.

Here, we determined for the first time the longitudinal
change in plasma DES/CHO and examined a possible asso-
ciation with concurrent cognitive decline in AD/MCI pa-
tients. Our results revealed (1) that plasma DES/CHO was
relatively stable over time in cognitively normal controls,
whereas it significantly decreased in AD patients; (2) a
more pronounced decline in plasma DES/CHO in the AD/
MCI group with rapid progression than in the group with
slow progression; and (3) that the longitudinal change in
plasma DES/CHO positively correlated with the change in
the MMSE score. These results suggest that the plasma
DES/CHO change is associated with the cognitive decline
in AD and might be used to monitor the progression of
cognitive decline in patients with AD. It will be interesting
to clarify the usefulness of monitoring plasma DES/CHO

as a surrogate marker for evaluating the effects of clinical
drug trials in patients with AD.

Our longitudinal study suggests that the plasma DES/CHO
changes before the appearance of clinical symptoms, as deter-
mined by MMSE in some cases (see Supplementary Fig. 2 for
review; subjects A, C, and H). The result obtained from the
subject with MCI that converted to AD (see Supplementary
Fig. 2 for review; subject S) may suggest that plasma DES/
CHO is useful as a progression marker to monitor the conver-
sion from MCI to AD. In this connection, recent lipidomic
analysis showed that the quantification of several lipid metab-
olites in plasma, such as phosphatidylcholine and acylcarni-
tine, is useful for predicting phenoconversion to amnestic
MCI or AD in cognitively normal subjects [ 18].

There is now accumulating evidence that cholesterol
metabolism may be relevant to the production and clearance
of AP and thus to the AB-related toxicity in the pathogenesis
of AD [19]. The strongest genetic risk factor for sporadic AD
is the €4 allele of APOE, which encodes apolipoprotein E
(apoE), with a crucial role in cholesterol metabolism [20].
The presence of APOE €4 may contribute to the pathologic
accumulation and deposition of cerebral A at early preclin-
ical disease stages [21]. A recent study has shown that CSF
apoE levels are decreased in patients with AD and that MCI
in subjects with a low CSF apoE level will more likely
convert to AD [22]. An interaction between APOE genotype
and plasma desmosterol level may be postulated because
desmosterol is the immediate precursor of cholesterol. How-
ever, the plasma desmosterol level was not clearly associated
with APOE genotype in this study.

It is of particular interest that the level of desmosterol in
the AD brain was found to be lower than that of control brain
[7.23]. It has been demonstrated that the levels of steroid
hormones (e.g., progesterone, pregnenolone, and 172OH-
progesterone) that exhibit inhibitory activity against
DHCR24 are decreased in the AD brain, particularly in the
vicinity of plaques and neurofibrillary tangles [24]. Notably,
the concentration of desmosterol is 100-fold higher in the rat
brain than in the rat liver [25], which implies that most of the
desmosterol in the blood might originate from the brain.
Taken together, it could be speculated that brain desmosterol
level may decrease with an increase in DHCR24 activity in
the AD brain; this may subsequently result in a change in
plasma DES/CHO. The question of why plasma DES/CHO
decreases in patients with AD and is associated with longi-
tudinal cognitive decline in the course of the disease war-
rants further investigation.

Although our findings, using samples from cross-sectional
and longitudinal cohorts, are interesting, our study has some
limitations. We did not analyze the samples from other types
of dementia, including dementia with Lewy bodies, fronto-
temporal dementia, and vascular dementia. An additional
cross-sectional study that includes samples from other types
of dementia will be necessary. The number of samples from
longitudinal cohorts in this study is relatively small. Longitu-
dinal studies with a prospective design using a larger number
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of samples should be performed to confirm the utility of
plasma DES/CHO as a longitudinal biomarker. Moreover, it
is important to understand how early plasma DES/CHO starts
to decline using longitudinal samples from asymptomatic AD
subjects with amyloid deposition confirmed by amyloid-PET
imaging. Although our findings need to be validated in inde-
pendent cohorts, our data suggest that the use of plasma des-
mosterol as a blood biomarker can be useful in the diagnosis
of AD and also in monitoring disease progression.
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RESEARCH IN CONTEXT

1. Systemic review: There is a compelling need to
establish blood-based biomarker to diagnose Alz-
heimer’s disease (AD) and monitor the disease pro-
gression. A previous study reported that plasma
desmosterol-to-cholesterol ratio (DES/CHO) is
significantly decreased in Caucasian patients
with AD.

2. Interpretation: We found that plasma DES/CHO was
significantly reduced in Japanese AD patients. The
longitudinal study revealed (1) that plasma DES/
CHO was relatively stable in normal controls,
whereas it significantly decreased in AD patients;
(2) a more pronounced decline in plasma DES/
CHO in the AD/MCI group with rapid progression
than in that with slow progression; and (3) that the
longitudinal change in plasma DES/CHO positively
correlated with the change in MMSE score.

3. Future directions: A future cross-sectional study that
includes samples from other types of dementia and
longitudinal studies with a prospective design using a
larger number of samples need to be performed to
confirm the utility of plasma DES/CHO.
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A Second Pedigree with Amyloid-less Familial Alzheimer’s
Disease Harboring an Identical Mutation in the Amyloid
Precursor Protein Gene (E693delta)

Yumiko Kutoku', Yutaka Ohsawa', Ryozo Kuwano®, Takeshi Ikeuchi’, Haruhisa Inoue’,
Suzuka Ataka®, Hiroyuki Shimada®, Hiroshi Mori® and Yoshihide Sunada’

Abstract

A 59-year-old woman developed early-onset, slowly progressive dementia and spastic paraplegia. positron
emission tomography (PET) imaging revealed a large reduction in the level of glucose uptake without amy-
loid deposition in the cerebral cortex. We identified a homozygous microdeletion within the amyloid B (AB)
coding sequence in the amyloid precursor protein (APP) gene (c.2080_2082delGAA, p.E693del) in three af-
fected siblings and a heterozygous microdeletion in an unaffected sibling. The identical mutation was previ-
ously reported in the first Alzheimer’s pedigree without amyloid deposits. Furthermore, an increase in high-
molecular-weight AB-reactive bands was detected in the patient’s CSF. Our findings suggest that soluble Af-
oligomers induce neuronal toxicity, independent of insoluble AP fibrils.

Key words: Alzheimer’s disease, familial Alzheimer’s disease, APP gene, AP oligomers, PET

(Intern Med 54: 205-208, 2015)
(DOI: 10.2169/internalmedicine.54.3021)

Introduction

Alzheimer’s disease (AD) is distinguished pathologically
from other forms of dementia by amyloid deposition in the
brain (1). Amyloid deposits are comprised of insoluble fi-
brils of 40 and 42-residue amyloid B (AP) peptides, derived
from the amyloid precursor protein (APP). To date, approxi-
mately 40 missense mutations in the APP gene have been
identified in over 80 AD families, most of which are located
near processing sites or within the AP coding sequence (2).
Almost all mutations in the APP gene cause the disease in a
dominant manner, suggesting that these mutations confer a
gain-of-function that results in the enhanced formation and
deposition of insoluble AP fibrils (3, 4). However, one AD
pedigree was reported to have a single amino acid deletion
within the AP coding sequence (E693delta), inherited as a
recessive trait, with a lack of AP deposition (5). Recently,

soluble AP oligomers, the precursors of insoluble AP fibrils,
have been suggested to play a pivotal role in the pathogene-
sis of AD (6, 7). In this study, we report a second recessive
AD pedigree negative for amyloid plaque, harboring the
identical E693 deletion. Our findings suggest a link between
this recessive mutation and the enhanced formation of sol-
uble AP oligomers.

Case Report

We examined three patients from a single generation in a
pedigree from an isolated island in the Seto Inland Sea, Ja-
pan (Fig. 1A). The subjects’ parents were first cousins and
had no history of apparent episodes of memory or motor
impairment.

The proband (II-8) was a 59-year-old woman admitted to
our hospital for treatment of aspiration pneumonia. She had
been well until 35 years of age, when her family members
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Figure 1.

PIB-PET

An AD patient negative for amyloid deposition. (A) Pedigree chart. The proband is indi-

cated by a “P.” A closed square or circle represents an affected member. A square or circle with a dot
in the middle represents an obligate carrier. A genetic study of the APP gene was performed in mem-
bers marked with “E*.” (B) MRI FLAIR images of the brain of the proband at 50 years of age. (C)
PET images showing glucose uptake [(*F)-fluorodeoxyglucose, FDG; left] and amyloid deposition
[(**C)-Pittsburgh compound-B, PIB; right] in the brain. Control: a 78-year-old man without dementia
(upper). Sporadic AD: a 78-year-old woman with sporadic Alzheimer’s disease (middle). P: the pro-

band at 59 years of age (lower).

noticed short-term memory disturbances, particularly as she
took her dog for a walk numerous times each day. She was
diagnosed with AD at 42 years of age based on progressive
cognitive impairment and prominent spatial disorientation.
At 48 years of age, she first complained of difficulty walk-
ing in a straight line and consequently required a wheelchair
for mobility. She became bedridden with urinary inconti-
nence by 50 years of age. She was mute and unable to obey
simple commands. She was admitted to our hospital at 56
years of age, at which time she had spastic paraparesis and
mild dysphagia. The AP level in the serum and the total and
phosphorylated tau levels in the cerebrospinal fluid (CSF)
were normal. Fluid-attenuated inversion-recovery (FLAIR)
magnetic resonance imaging (MRI) imaging showed remark-
able brain shrinkage at 56 years of age (Fig. 1B). [*F]-
fluorodeoxyglucose (FDG) positron emission tomography
(PET) revealed a greater reduction in the level of glucose
uptake in the cerebral cortex compared to that observed in
sporadic AD patients, suggesting severely impaired energy
metabolism in the cerebral cortex (Fig. 1C, left). Unexpect-
edly, PET amyloid images using ["'C]-Pittsburg compound-B
(PIB) (8) were negative for amyloid deposition, comparable

to that noted in normal control subjects (Fig. 1C, right).

Patients II-2 and II-5, the 76-year-old brother and 65-
year-old sister of the proband, respectively, had milder clini-
cal signs and symptoms than the proband. The onset of
memory impairment in the brother and sister at 59 and 44
years of age, respectively, was succeeded by difficulty in
walking due to spasticity of the lower limbs at 66 and 58
years of age, respectively. Both patients exhibited spastic
paraparesis and mutism and were being treated at other hos-
pitals.

The local ethics committee approved the present genetic
study (No. 552-1), which was performed with informed con-
sent from an unaffected sibling (II-6) and the spouses of the
affected siblings (II-8, II-2, II-5). By sequencing exons 16
and 17 of the APP gene, we identified a homozygous mi-
crodeletion (c.2080_2082delGAA, p.E693del) in the affected
siblings, whereas the unaffected sibling had a heterozygous
deletion. Codon 693 in the APP gene codes for amino acid
protein 22 (E22) of the AP peptide (Fig. 2A). The proband
displayed normal sequences for all exons in two presenilin
genes (PSENI and PSEN2), with an APOE genotype of €3/
3.
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Figure 2. DNA and protein analyses. (A) Schematic representation of the APP protein structure
(upper). The amino acid E693 in the APP protein corresponds to amino acid E22 of the A} peptide
(AB22, middle). DNA sequences of the proband (P, I1-8; lower) and an unaffected sibling (Unaffected,
I1-6; lower) are shown. The microdeletion of the APP gene and the deduced amino acid sequence of
the APP protein are shown. (B) Increased formation of high-molecular-weight bands reactive against
the anti-A antibody in the CSF obtained from the proband. Aliquots of CSF obtained from the pro-
band (lane 1) or normal control subjects (lanes 2-5) were size fractionated under denaturing (upper)
or non-denaturing (lower) conditions and subsequently immunoblotted with a mouse monoclonal
anti-Ap antibody (82E1). This analysis showed the enhanced formation of high-molecular-weight A
products (visible as diffuse banding) under non-denaturing conditions in the CSF obtained from the
proband (arrowhead, lower), despite a reduction in the level of total AP under denaturing conditions

(upper). Synthetic AP peptides were run on the same gel for comparison purposes (lane 6).

We then examined the level of AP in the CSF sample ob-
tained from the proband. An immunoblot analysis using an
anti-AP antibody was performed under both denaturing and
non-denaturing conditions. Compared to the control levels,
the total A level was decreased under the denaturing condi-
tions (Fig. 2B, upper panel). Interestingly, however, non-
denaturing electrophoresis demonstrated the levels of high-
molecular-weight bands recognized by the anti-AB antibody
to be markedly elevated in the proband (Fig. 2B, lower
panel), thus suggesting enhanced formation of soluble AP
oligomers.

Discussion

In this report, we described a recessive familial AD pedi-
gree harboring a single amino acid deletion mutation (E693
delta) within the APP gene, identical to one previously re-
ported (5). The most remarkable phenotypic features of this
mutation are the lack of amyloid deposition and increased
soluble AP oligomers in the CSF. It may be inappropriate to
categorize this form of dementia without amyloid deposition
as AD; however, recent findings indicate that AP oligomers
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play a critical role in synaptic dysfunction, at least in the
early stage of AD (9-11). This case report further indicates
that AR oligomers induce neuronal degeneration without
amyloid deposition. Because abnormal metabolism of APP
or AB is a molecular pathogenetic feature in the current
pedigree, our subjects can be diagnosed to be within the
range of the AD spectrum.

It remains unclear whether AR oligomers accumulate in
synapses or somata or how they impair synaptic transmis-
sion and induce neuronal dysfunction (12). A synthetic E693
delta AP peptide was recently shown to facilitate AB oligo-
merization, although this did not lead to AP fibrilliza-
tion (5). Additionally, APP-E693delta transgenic mice ex-
hibit a brain pathology partially resembling that of AD, in-
cluding the presence of intracellular AR oligomers, although
without extracellular AB deposition (12). Indeed, the CSF
obtained from the current proband showed an increased
level of high-molecular-weight AB-reactive bands, presum-
ably corresponding to toxic AR oligomers. In accordance
with that observed in the first report of this condition, the
homozygous E693 deletion of the APP gene in this pedigree
may cause dementia solely via the formation of toxic AB
oligomers, not the deposition of insoluble A fibrils.

Kinship with the previously reported pedigree (5) is not
clear in our investigation, which was limited to the identifi-
cation of second- and third-degree relatives of the proband.
Compared with the patient in the first report (5), our pro-
band exhibited an earlier onset of dementia (33 vs. 55
years), more profound motor impairment (paraplegia vs.
mild pyramidal tract signs) and more severe brain shrinkage
(whole brain atrophy vs. parietal lobe atrophy). Other differ-
ences in genetic background may modify the severity of
these phenotypes. Further studies are therefore required to
clarify the pathogenetic mechanisms underlying the pheno-
typic differences caused by identical amino acid deletions.
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Abstract
Objectives
To investigate whether water influx into cerebrospinal fluid (CSF) space is reduced in
Alzheimer’s patients as had been previously shown in transgenic Alzheimer’s disease

model mice.

Methods

Ten normal, young volunteers (young control, 21-24 years old), ten normal, senior
volunteers (senior control, 60-78 years old, MMSE = 29), and ten Alzheimer’s disease
(AD) patients (study group, 59-84 years old, MMSE: 13-19) participated in this study.
All AD patients were diagnosed by neurologists specialized in dementia based on
DSM-IV criteria. CSF dynamics were analyzed using positron emission tomography
(PET) following an intravenous injection of 1,000 MBq [150]H20 synthesized on-line.

Results

Water influx into CSF space in AD patients expressed as influx ratio (0.755 + 0.089)
was significantly reduced compared to both young controls (1.357+ 0.185, p < 0.001) and
senior controls (0.901 + 0.253, p < 0.05). Influx ratio in senior controls compared to that
in young control was found to be significantly reduced (p< 0.01) as well. The large
range of influx ratio observed in senior controls (0.599-1.442) suggests that reduction in

water influx into CSF represents one of the aging processes.

Conclusion

Reduction in water influx into the CSF and, hence, clearance rate of B-amyloid
appears to be the necessary, if not sufficient, factor in the pathogenesis of AD. Cohort
studies for assessing dynamical indices of the balance between production and
clearance of B-amyloid in various populations, including mild cognitive impairment
(MCD), are warranted.
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Introduction

The brain lacks a conventional lymphatic system responsible for clearing interstitial
fluid ISP of solutes not absorbed across capillaries. The cerebrospinal flow (CSF)
system has long been suggested to play a role equivalent to systemic lymphatics.
Nevertheless, the classical CSF circulation theory is not totally compatible with the
notion, and the role of CSF as the brain’s lymphatic system has not received much
attention. Recently, however, the circulation theory where CSF is almost exclusively
produced by choroid plexus has come under serious challenge. It is now understood that
CSF is produced and absorbed throughout the entire CSF system, and the peri-capillary
(Virchow-Robin) space plays a critical rolel".

A number of studies have now shown that CSF flow through the Virchow Robin space
(interstitial flow of the brain) plays a critical role in the clearance of B-amyloid+$.
Prealbumin (transthyretin) in the CSF is found to be a chaperon for B-amyloid, and
prevents B-amyloid's natural tendency to form into plaques®. It is conceivable that
disturbance of water influx into the CSF may play a significant, if not sole, role in the
pathogenesis of senile plaque (SP) formation and, hence, Alzheimer’s disease (AD).

Water homeostasis of the Virchow-Robin space and, therefore, interstitial flow is
regulated by aquaporin-4 (AQP-4)22.10 an isoform of water channels abundant in the
brain. Using a newly developed non-invasive magnetic resonance imaging (MRI)
method capable of tracing exogenously applied substrates similar to positron emission
tomography (PET)), JJ vicinal coupling proton exchange (JJVCPE) imaging!!''?, we
successfully demonstrated that water influx into the CSF system is indeed regulated by
the AQP-4 system? This influx is significantly reduced in senile plague bearing
transgenic AD model mice to the extent similar to AQP-4 knockout mice!®14. In this
study, we confirmed this finding in AD patients using positron emission tomography
(PET).

Materials and Methods
Subjects

Ten normal, young volunteers (age 21-24 years), ten normal, senior volunteers (age
60-78 years), and ten Alzheimer’s disease (AD) patients (age 59-84 years) participated
in this study. All AD patients, diagnosed by neurologists specialized in dementia based
on DSM-IV criteria, were recruited from the Niigata University Hospital. Age-matched
senior volunteers were assessed to have no functional and no cognitive impairment
(Mini-Mental State Examination (MMSE) score =29), and had no neurological disease.

Written informed consent was obtained from all subjects or their proxy. Studies were
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performed according to the human research guidelines of the Internal Review Board of
University of Niigata. The project was registered at the UMIN Clinical Trials Registry
as UMIN000011939 (http://www.umin.ac.jp/ctr/index. htm).

PET imaging

PET imaging was performed using a combined PET/CT scanner (Discovery ST Elite,
GE Healthcare, Schenectady NY, USA) with a 15 cm field of view (FOV) positioned in
the region of the cerebrum. To correct for photon attenuation, low-dose CT imaging was
acquired in helical mode. The subject’s head rested on a foam cushioned headrest. A
head strap was applied to minimize head movement.

1000 MBq [150]H20, synthesized on-line ([150]CO2 + 4H2 — 2[150]H20 + CH4)
was injected intravenously into an antecubital vein via an automatic water injection
system (AM WRO1, JFE Technos, Yokohama, Japan). The system delivered a 10 ml
bolus over 10 seconds at 1 ml/sec with both pre- and post- flush of an inert saline
solution. Immediately after starting the administration, emission data were acquired
over 20 minutes in three-dimensional list mode with a 25.6 cm axial FOV and sorted
into 40 time frames (40 % 30 seconds).

All emission scans were normalized for detector inhomogeneity and corrected for
random coincidences, dead time, scattered radiation, and photon attenuation. For
optimization of images, the 40 frames of the dynamic emission scans were reconstructed
using 3D-OSEM (Ordered-Subset Expectation Maximization) with 2 iterations and 28
subsets to optimize visual quality images. The resultant image quality allowed manual
identification of regions of interest (ROIs). For the reconstruction algorithms, the data

were collected in a 128 x 128 x 47 matrix with a voxel size of 2.0 x 2.0 x 3.27mm.

Data Analysis

The CT and PET image data were transferred to a Xeleris 1.1 workstation (GE
Healthcare) for PET data analysis. Manually defined ROIs on the attenuation corrected
axial images and CT images (lateral and third ventricle, cortex of occipital lobe) were
used to obtain the time-activity data of the scans of each subject. The tissue activity
concentration in each ROI was expressed as the standardized uptake value (SUV, g/ml),
corrected for the subject's body weight and administrated dose of radioactivity. Each
tissue time activity concentration was determined by fitting the data using the

following equation:

y(® = yotaFexp(-b*),
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where yois the baseline SUV. Subsequently, the ratio between SUVs of ventricle and
cortex was defined as the influx ratio. The numerical data were subjected to the

Mann-Whitney-Wilcoxon rank sum test for group analysis.

Results

The results are shown in Table 1 and summarized in Figure 1. Water influx into CSF
space in AD patients expressed as influx ratio (0.755 + 0.089) was significantly reduced
compared to both young controls (1.357 = 0.185, p < 0.001) and senior controls (0.901 =+
0.253, p < 0.05). Furthermore, the influx ratio of senior controls compared to that in
young control was significantly reduced (p< 0.01) as well. The observed large range of
influx ratio (0.599-1.442) in the senior controls suggested that the reduction in water

influx into CSF represented one of the aging processes.

Discussion

Fluid-filled canals surrounding perforating arteries and veins in the parenchyma of
the brain was recognized as far back as the early era of modern medicine and became
known as the Virchow Robin space, so named after the first two scientists who described
the structure in detail, namely, Rudolph Virchow and Charles Philippe Robin15.16, It was
soon identified that fluid in the Virchow Robin space may play a role similar to systemic
lymphatic!$- 17. Studies based on modern technologies have disclosed the physioclogical
significance of Virchow Robin space and interstitial fluid flow, ranging from the
regulation of regional blood flow to B-amyloid clearance during sleep!8.19,

Interstitial fluid within the Virchow Robin space is regulated by aquaporin 4
(AQP-4)2310, which is an isoform of the aquaporin family, the protein channel that
enables the movement of water across biological membranes. Among three of the
isoforms, namely AQP-1, AQP-4, and AQP-9, identified in mammals in vivo, AQP-4 is
expressed most abundantly in the brain and has a specific distribution within subpial
and perivascular endfeet of astrocytes?’. In contrast to capillaries of the systemic
system where AQP-1 is a critical component, AQP-1 within CNS capillaries is actively
suppressed, presumably for proper functionality of the blood brain barrier (BBB) and its
tight junction?!. As a result, AQP-1 in the brain is uniquely found in the choroid plexus

epithelium. AQP-9 is only scarcely expressed in the CNS and considered to have no



Suzula Y et al. 7

significant role. Water influx into the CSF system from the blood stream has been
shown to be regulated by AQP-4, not AQP-1. The interstitial flow of the brain, the
system which is equivalent to systemic lymphatics, is now considered to be an AQP-4
dependent system. !4

The basic function of lymphatic is drainage of cellular debris subjected to molecular
scrutiny before returning to venous circulation. Although it is difficult to judge that the
observed reduction in water influx into the CSF system in AD patients is the primary
abnormality or merely a secondary epiphenomenon associated with B-amyloid deposits
in the brain, the observed large range of influx ratios in senior controls strongly suggest
that reduction in water influx into the CSF itself represents one of the aging processes.
B-amyloid has been shown to be essential for synaptic formation??. Nonetheless, excess
B-amyloid can result in aggregation of the protein and, in turn, senile plague formation.
Drainage of B-amyloid by interstitial flow through the Virchow Robin space into CSF is
likely to be critical for maintaining proper homeostasis between B-amyloid production
and clearance. In this matter, the ventricular system plays a role similar to lymph nodes
of the systemic lymphatic system for neutralizing potential B-amyloid toxicity. Indeed,
prealbumin (also known as transthyretin), the protein abundantly present in CSF, is a
chaperon for B-amyloid, and prevents f-amyloid's natural tendency of accumulating into
plaques®. The delicate balance between -amyloid production and its clearance appears
to be a critical factor for maintaining proper neural function. Disruption in its
homeostasis may play a critical role in the pathogenesis of senile plague and, hence,

development of Alzheimer’s disease.



Suzuki Y et al. 8

Acknowledgement
The study in part was presented at the 66th AAN Annual Meeting of the American
Academy of Neurology, April 2014, Philadelphia, USA and Alzheimer's Imaging

Consortium, July 2014, Copenhagen, Denmark.



Suzuki Y et al. 9

Figure Legends

Figure 1

Schematic presentation of the results with mean (circle) and standard deviation (bar).
Water influx into CSF space is expressed as influx ratio (IR): the ratio between the
standardized uptake value (SUV, g/m) of the ventricle to that of cortex. IR in
Alzheimer’s disease patients (AD) is significantly reduced compared to both young
controls (p < 0.001) and senior controls (p < 0.05). Note that there is no overlap in data
points between AD and young controls. Reduction of influx ratio in senior controls
compared to that in young control is found to be significant (p< 0.01) as well. A large
range of influx ratio in senior controls suggests that the observed reduction likely

represents one of the aging processes.



Suzuki Y et al. 10

Table 1

Age hfux Ratb

Young 21 1.10620
22 1.16180
21 1.45009
21 1.14260
24 1.48959
22 1.62079
21 1.35608
24 141213
22 1.24990
30 1.57873
Senir 60 0.68299
63 092728
69 0.81396
65 1.44195
74 1.03050
78 059892
63 1.03987
68 1.27526
63 1.05720
68 0.94050
AD 63 0.86105
59 0.69261
71 0.73065
84 0.88935
71 0.70088
80 0.84389
63 0.62796
73 0.74510
61 0.79321

79 0.66232



