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Abstract To obtain the proof of concept of a novel
therapy for Alzheimer’s disease (AD), we conducted two
prospective studies with hemodialysis patients who had
amyloid B protein (AB) removed from their blood three
times a week. One major pathological change in the brain
associated with AD is AP deposition, mainly 40 amino
acids APj_40 and 42 amino acids AB;_4,. Impaired A
clearance is proposed to be one cause of increased AP in
the AD brain. Thus, we hypothesized that an extracorporeal
removal system of AP from the blood may remove brain
AP and be a useful therapeutic strategy for AD. In the first
prospective study, plasma AP levels and the cognitive
function of 30 hemodialysis patients (65-76 years old)
were evaluated at baseline as well as 18 or 36 months after.
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Although plasma A4 levels either decreased or
remained unchanged, levels of AP;_4, either remained
unchanged or increased at the second time point. Mini-
Mental State Examination scores of most subjects
increased or were maintained at the second time point.
ABi_40 influx into the blood correlated with MMSE at the
second time point. In the second prospective study, five
patients (51-84 years old) with renal failure were evalu-
ated before and after the initiation of hemodialysis. Plasma
AP levels decreased, while cognitive function improved
after initiating blood AP removal. Therefore, long-term
hemodialysis, which effectively removes blood AP, might
alter AP influx and help maintain cognitive function.

Keywords Alzheimer’s disease - Amyloid-beta (AB) -
Blood purification - Prospective study - Hemodialysis -
Cognitive function

Introduction

One of the major pathological changes associated with
Alzheimer’s disease (AD) is the deposition of amyloid
protein (Af) as senile plaques in the brain and an increase of
AP peptides (Kuo et al. 1996; Selkoe 2001). There are sev-
eral AP species in the brain and plasma that are approxi-
mately 4 kDa in weight, such as AB;_4o and AP;_4,, which
are comprised of 40 and 42 amino acids, respectively. AB;_4»
is more toxic and aggregates more easily than AP,_4o (Hung
et al. 2008), resulting in soluble AP oligomers which can
cause synapse loss and affect long-term potentiation of
hippocampal neurons (Walsh et al. 2002). One proposed
mechanism underlying the increase of brain A is caused by
decreased AP clearance rather than an increase in Af
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production, particularly in sporadic AD cases. AP produc-
tion in the brains of AD patients was reported to be similar to
that of normal subjects, yet AP clearance from AD brains was
approximately 30 % lower than in controls (Mawuenyega
et al. 2010). In other words, it may be possible to treat AD by
enhancing AP clearance from the brain. There are several
known A transporters, such as an AP influx pathway into
the blood [e.g., LRP-1 or apo E (Donahue et al. 2006; Bell
et al. 2007)], and RAGE (Silverberg et al. 2010), which is
also known as an AP influx pathway into the brain.
Perivascular elimination of A in brain capillaries has been
also proposed (e.g., Morris et al. 2014).

Peripheral administration of AB-binding substances, such as
AP antibodies, non-immunogenic substances and albumin, can
reduce AP burden in the brain. Further, therapeutic attempts
with AB-binding substances in the blood resulted in the for-
mation of AP complexes with AB-binding substances inside
the body, sometimes retaining these complexes in plasma for
long periods of time (DeMattos et al. 2001). Af antibodies
generated by passive immunization or by active immunization
using synthetic AP peptides reduced senile plaques and
somewhat improved cognitive impairments in AD patients
(Schenk et al. 1999; Hock et al. 2003). Further, non-im-
munogenic AB-binding substances, such as GM1-ganglioside
or gelsolin, also decreased AP burden in the brain when
peripherally injected into mouse models of AD (Matsuoka
et al. 2003). Currently, a clinical trial in progress is treating AD
patients using intravenous administration of albumin, an Af-
binding substance (Boada et al. 2009). This Phase 2 trial of
plasma exchange with albumin replacement removes the
plasma of AD patients, which contains AB-albumin com-
plexes, and introduces a new albumin solution; the results thus
far suggest that this therapy improved AD cognitive function.

Based on these observations, removing AP from the
blood is thought to act as peripheral drainage and an A
sink from the brain. We proposed that an extracorporeal
blood AP removal system (E-BARS), which transfers A
out of the body, may be useful as an AD therapy (Kawa-
guchi et al. 2010) (Fig. 1). The rapid reduction of AP
concentrations in the blood may act as a trigger to enhance
AP excretion from the brain, resulting in cognitive
improvement. Previously, we reported that hemodialyzers
were able to remove AB;_40 and AB;_4,, provoking a large
influx of AP into the blood during hemodialysis sessions
using a kinetic analysis (Kitaguchi et al. 2011, Kato et al.
2012). We also reported increased plasma AP concentra-
tions, and impaired cognitive function along with the
decline of renal function in renal failure patients without
hemodialysis (Kato et al. 2012). However, regarding to
hemodialysis patients in this cross-sectional study, plasma
AP concentrations showed steady or slightly decreasing
levels as duration of hemodialysis became longer. MMSE
scores of hemodialysis patients did not decrease after
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Fig. 1 Hypothetical AD therapeutic system using blood A removal
and schematic outline of hemodialysis

longer duration of hemodialysis. Further, in terms of brain
AP, postmortem brains of hemodialysis patients contained
significantly fewer cored AP plaques than controls (Kita-
guchi et al. presented at AAIC 2013, and, Sakai et al, a
manuscript in preparation). These findings suggest that
E-BARS may decrease brain A through removal of blood
AP out of the body with an extracorporeal system.

Here, we conducted two prospective studies investigat-
ing plasma A concentrations and the cognitive function of
hemodialysis patients. The first study was comprised of 30
hemodialysis patients evaluated at baseline and at
18 months after (16 patients) or at 36 months after the
baseline (14 patients); the second study was comprised of
renal failure patients evaluated before and after the initia-
tion of hemodialysis. The effect of smoking history was
also investigated because smoking may affect brain blood
flow and AP removal from the brain. Further, AB accu-
mulation of 2 patients was measured by brain AP imaging
5 or 10 months after the initiation of hemodialysis.

Materials and methods
Subjects

Detailed information about study subjects is summarized in
Table 1. All were non-diabetic, as diabetes mellitus is an
AD risk factor. Sixteen hemodialysis patients (8 male and 8
female) between the ages of 65-76 (71.7 £ 3.5) years were
recruited at Kawana Hospital and evaluated at baseline and
18 months after (the 2nd line) (Group A). Fourteen
hemodialysis patients (6 males and 8 females) between the
ages of 60-73 (68.6 & 3.5) years old were recruited at
Chiryu Clinic and evaluated at baseline and 36 months
after treatment (also as the 2nd line) (Group B).
Hemodialysis duration was 8.8 £ 6.0 years for Group A,
and 18.3 £ 10.0 years for Group B at baseline. The
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Table 1 Profiles of subjects
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Group A and B hemodialysis patients at baseline and the 2nd line, Group C renal failure patients before and after initiation of hemodialysis, BL baseline, 2nd line the second line

ANCA ANCA-associated glomerulonephritis, CGN chronic glomerulonephritis, NSC nephrosclerosis, RA rheumatoid arthritis, PCK polycystic kidney, VVR vasovagal reflex, Neph nephrosis,

CN chronic nephritis, IgAN IgA nephropathy. Frequency of hemodialysis was 3 times per week except Subject No. 107 who received four hemodialysis sessions per week

patients continued to receive hemodialysis three times a
week between the baseline and the 2nd line.

Five renal failure patients were evaluated during the
periods before and after the initiation of hemodialysis
(Group C in Table 1). Two females (51 and 56 years of
age) and two males (65 and 84 years of age) were recruited
at Fujita Health University, while one female (64 years of
age) was recruited at Chita City Hospital.

Patient blood was sampled by the medical staff in each
institution. The samples were processed just after sample
collection, including centrifugation and freezing in each
institution, by the researchers of Fujita Health University.
For all subjects, plasma AP concentrations were measured
in Fujita Health University. Cognitive function, as assessed
by Mini-Mental State Examinations (MMSE), was mea-
sured in each institution by the researchers of Fujita Health
University.

Dialysis conditions and blood sampling

The schematic outline of hemodialysis is described in
Fig. 1. Briefly, blood (usually from the patient’s arm)
was introduced into a dialyzer, passed through the dia-
lyzer, and returned to the body. Blood flowed inside the
dialyzer’s hollow fibers, while dialysates flowed outside
the fibers. All subjects received hemodialysis three times
a week, except No. 107, who received hemodialysis four
times a week (Table 1). The following dialysis condi-
tions are summarized in Table 1: Qb (blood flow rates
into dialyzers); Qd (dialysate flow rates into dialyzers);
duration of one hemodialysis (HD) session; hollow fiber
materials in dialyzers such as polysulfones (PSf), cellu-
lose triacetates (CTA), ethylene vinyl alcohol copolymer
(EVAL) and polyether polymer alloy (PEPA) with
polyvinyl pyrrolidone (PVP). As a standard procedure, a
bolus injection of 3000 U heparin was administered at
the beginning of each dialysis session, followed by a
continuous infusion at a rate of 500 U/h. Blood of Group
A and B was sampled with EDTA-2 K (bis-potassium
ethylenediamine triacetate) at the inlet (pre) of the dia-
lyzer before (0 h), during the middle (1 h), and at the
end (4 h) of hemodialysis sessions, and at the outlet
(post) of the dialyzer at the 1 h and 4 h time points.
Plasma A concentrations at the inlet of the dialyzer
were considered to be equivalent to those in whole body
circulation at the designated times. The collected samples
were centrifuged in the shortest time after sampling. The
obtained plasma was divided into aliquots of 200-300 pl
in polypropylene tubes. The plasma aliquots were stored
at —20 °C for several hours. Frozen plasma was then
transferred into a deep freezer and stored at —80 °C.
Freeze and thaw cycles were minimized.
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Measurements of blood concentrations

Plasma AP concentrations were measured using the High
Sensitive Human B Amyloid (1-40) and (1-42) ELISA Kit
Wako II (WAKO Pure Chemical, Osaka, Japan). AP oli-
gomers were measured using the Human Amyloid B Oli-
gomers (82E1-specific) Assay Kit (IBL, Fujioka, Gunma,
Japan). ApoE4 was measured in plasma by the ApoE4/Pan-
ApoE ELISA kit (MBL, Nagoya, Japan) and the results are
shown in Table 1.

AP reduction rate for whole body circulation was
defined as follows (Formula 1):

where C, is AP concentration in whole body circulation
at time t, C, is AP concentration at the beginning of the
dialysis, R is the removal efficiency of AP at pre/post
of a dialyzer at time t, Qb is the blood flow rate, Hct is
the hematocrit, and BW is the body weight of the
patient.

The AP influx index into the blood from other organs/
tissues, including the brain, at time t [Ap Influx Index (£)]
was defined by the subtraction of Cyac.) from the observed
AP concentration Cyps, (Formula 4):

ABinflux index(r) = Cyobs.) — Ci(calc.)

Reduction rate (%) = 100 x (1 -

(concentration of AP at pre dialyzer at the designated treatment time)
(concentration of AP at pre dialyzer at the designated starting time)

AP removal efficiency for the pre(inlet)/post(outlet) of
the dialyzer was defined as follows (Formula 2):

Removal efficiency (%)=100 x (1 —

(concentration of A at post dialyzer at designated time)
(concentration of AP at pre dialyzer at the same time)

Calculation of the AP influx index into the blood

When constant AB influx or production into the plasma
during each hemodialysis session was postulated, the
simulations fit the observed results based on a single-
compartment model, at least during dialysis sessions
(Kitaguchi et al. 2011). When there was no AP influx,
plasma AP concentration could be calculated as Cycalc)
(Formula 3):

V x @: —KCt
dr

Hct
K= - =) <R
Qb X( 100)><

whose solution is:

Cl(cach) = Cp x CiKXt/BW/B/(l*%)

Brain CT analysis

Brain computed tomography (CT) was performed at
baseline for all patients of Group A and for 11 patients out
of 14 of Group B. The scans were analyzed by an experi-
enced neurologist to interpret the CT findings. Atrophy
severity and other brain impairments were ranked from
“—” (no lesion) to “54” (most severe). These results are
summarized in Table 2. All subjects had no strong atrophy
or infarct, as measured by CT analysis.

PET imaging with Pittsburgh Compound B (PiB)
as a probe

Three-dimensional static PET imaging for 50-70 min after

intravenous injection of 555 4 185 MBq PiB (N-methyl-''C-
2-(4-methylaminophenyl)-6-hydroxybenzothiazole) was
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carried out using a PET-CT camera, Biograph True V (Sie-
mens). X-ray CT for attenuation correction was performed
before PET imaging. PiB images were visually rated as PiB
positive or PiB negative as described previously (Kaneko et al.
2014).

Neuropsychological examination
Cognitive function was measured by the Mini-Mental State

Examination (MMSE) (Koumi et al. 2010). The maximum
score was 30.

Smoking history

Patients were interviewed about their smoking history,
including start age, age of smoking abstinence, and average
number of cigarettes per day. Smoking dosage was defined
as the product of years of smoking and the number of
cigarettes per day.

Statistical analysis

All data are expressed as mean = standard deviation

(SD) wunless otherwise specified. Differences were

Table 2 Brain X-ray CT analysis of hemodialysis patients at baseline (Group A and B)
NO. Ventricular FL,TL TL,PL Hip. WM Infrarct Cerebroartery

enlargement Atrophy Atrophy Atrophy Ischemia Lesion Calcification
101 1+ 1+ - + - -
102 - 1+ - - 1+ - 1+
103 1+ 2+ - + - - 1+
104 - 1+ - - - - 1+
105 1+ 1+ + + 1+ + 1+
106 1+ 1+ + - 24 - 2+
107 1+ 1+ - + 1+ - 2+
108 - - - - - - 1+
109 - 1+ - - 1+ - -
110 - - - 1+ 1+ - 24
111 1+ 2+ - - 1+ + 1+
113 1+ 1+ + + - - 1+
114 - - - - - - 1+
115 1+ 1+ + - 1+ + 2+
116 - 1+ - - - - 1+
117 - 1+ + + 1+ - 1+
NO8* - 1+ - - 2+ + -
N11 1+ 1+ - + 24 - 2+
Ni2 - - - - - - 1+
N15 - - - - 1+ - -
N17 - - - - - - 1+
N18 - 1+ + 1+ 1+ - 1+
L02 - - - - - - 1+
NO2 2+ 2+ 1+ 24 1+ - 2+
NO3 - 1+ - - 1+ - 1+
NO7 - 1+ - - 1+ + -
N13 1+ 2+ 1+ 1+ 2+ + 2+

Atrophy severity and other brain impairments were ranked from “-” (no lesion), “+”, “1+47, “24”, “3+47, “44” to “5+” (most severe). There

were no severe cases of over 3+

FL frontal lobe, TL temporal lobe, PL parietal lobe, Hip hippocampus, WM white matter

% NO8 had the history of putaminal hemorrhage

@ Springer
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determined using a Wilcoxon rank-sum test for non-
parametric variables, a Wilcoxon signed-rank test for
paired non-parametric variables and a Student’s ¢ test for
parametric continuous variables, unless otherwise speci-
fied, using the statistical package JMP11 (SAS Institute
Inc., Cary, USA). Values of p < (0.05 were considered
statistically significant.

Results

Change of plasma AB,_4 and AB,_4, concentrations
from baseline to the 2nd line

In Group A, plasma A4y concentration levels at the
18-month evaluation (750.2 £ 129.3 pg/ml) significantly
decreased from baseline (848.0 £ 123.3 pg/ml)
(p = 0.0073) (Fig. 2a). In Group B, the plasma A4 at
the 36-month evaluation (628.7 £ 65.6 pg/ml) did not
change from baseline (639.9 £ 146.4 pg/ml) (p = 0.78)
(Fig. 2b). In contrast to A4 levels, plasma AB;_4>
levels remained wunchanged in Group A (from
64.5 + 13.7 pg/ml at baseline to 66.6 = 12.9 pg/ml at the
18-month evaluation, p = 0.51) (Fig. 2c) and significantly
increased in Group B (from 61.9 + 10.7 pg/ml at baseline
to 73.0 &£ 12.7 pg/ml at the 36-month evaluation,
p = 0.0025) (Fig. 2d). As a result, the ratio of plasma
AB1_4/APBq14o slightly increased for Group A (from
7.7 £ 1.6 to 9.1 £ 2.6, p = 0.013) (Fig. 2e) and Group B
(from 10.1 £ 2.8 to 11.6 = 1.8, p = 0.075) (Fig. 2f).

The resulting decrease/no change of ABj_4o levels and
increase/no change of AP_4, levels at the 2nd line evalu-
ation were not directly attributed to changes in A} removal
efficiency for the pre(inlet)/post(outlet) dialyzers, because
the change in AP removal efficiencies demonstrated an
opposite tendency compared to plasma AP change. During
baseline, the A4 removal efficiency at the 1 h time
point of each dialysis session (65.3 + 10.7 %) was sig-
nificantly decreased compared to the 2nd line for Group A
(579 + 8.6 %, p = 0.0011) (Fig. 2g). For Group B, the
APBj_40 removal efficiency at the 1 h time point of each
dialysis session was 70.1 = 6.9 % at the baseline, and
60.9 £ 16.5 % at the 2nd line, resulting in a non-signifi-
cant decrease (p = 0.103) (Fig. 2h). For AB;_4, removal in
both Groups A and B, the AB;_4, removal efficiency for the
pre(inlet)/post(outlet) of the dialyzers at the 1 h time point
of each dialysis session was maintained at the 2nd line,
compared with baseline: (Group A: 48.7 & 10.5 % at
baseline and 46.3 + 9.1 % at the 2nd line, p = 0.254;
Fig. 2i) (Group B: 552 £ 4.1 % at baseline and
49.7 &+ 10.6 % at the 2nd line; p = 0.129; Fig. 2j).

Comparison of cognitive function at baseline
and the 2nd line

MMSE score averages for both Group A and B were
mostly maintained during the evaluation period (Group A:
27.1 £ 3.0 at baseline, 27.4 4 2.0 at the 2nd line; Group
B: 27.4 £ 1.7 at baseline to 28.4 + 1.9 at the 2nd line)
(Fig. 3a, b). MMSE scores of 21 patients out of 30 subjects
increased or maintained at the 2nd line evaluation when the
scores were analyzed individually (p = 0.043) (Fig. 3c).

Using analysis of brain CT scans, there were no corre-
lations between MMSE scores for either Group A or B at
baseline to several measurements, including brain atrophy
(frontal, temporal, and parietal lobes as well as hip-
pocampus), ventricular enlargement, white matter ische-
mia, infarct lesion, and cerebroartery calcification
(Table 2). However, patients whose MMSE scores
decreased by 4 or 5 points (No. 107 and NO2, respectively;
Table 2) exhibited a score of 2+ regarding cerebroartery
calcification as well as several cortical atrophies. Further,
MMSE scores at the 2nd line correlated with white matter
ischemia scores at baseline (Fig. 3d).

These findings suggest that hemodialysis, when per-
formed three times a week to effectively remove blood AP,
may maintain or slightly improve cognitive function.

Calculation of Af influx into the blood

The purpose of E-BARS is to accelerate the transport of A
out of the brain and into the blood by removing blood A
extracorporeally. Therefore, AP influx into the blood at the
1 h and 4 h time points during each dialysis session was
estimated using the AP Influx Index (as defined by For-
mula 4). The results are summarized in Table 3. The
ABi_40 Influx Index, which reflected AB;_4o influx into the
blood, decreased at the 2nd line compared with baseline
(Group A: p = 0.0196 for 1 h; Group B: p = 0.0197 for
1 h, p = 0.0483 for 4 h). For Group A, the difference for
the AB;_40 Influx Index at the 4 h time point was not sig-
nificant (p = 0.133). In contrast to AB;_49, the ABi_4
Influx Index was maintained between baseline and the 2nd
line for both groups (Table 3).

Cognitive assessments at the 2nd line correlated with the
ABi_40 Influx Index at the 4 h time point of each dialysis
session. MMSE scores at 2nd line were strongly and pos-
itively correlated with the AB;_4o Influx Index at the 4 h
time point of each dialysis session at baseline [INF(A g4 at
4 h BL)] (p = 0.0099; Fig. 4a). MMSE scores at 2nd line
were negatively correlated with increases in the AB;_4
Influx Index at the 4 h time point from baseline to the 2nd
line [AINF(ABy4p at 4 h)2nd L-BL] (p = 0.0002; Fig. 4b).
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Fig. 2 Change of plasma AP concentrations and the pre/post-Af
removal efficiency from the baseline to the 2nd line. a Group A
changes in plasma AB;_40; b Group B changes in plasma AB;_40;
¢ Group A changes in plasma AB;_4,; d Group B changes in plasma
AP;_42; e Group A changes in the ratio of plasma AB;_4o/AB;_40;

@ Springer

f Group B changes in the ratio of plasma AB;_4o/AB;_40; g Group A
changes in pre/post-Af removal efficiency of AB;_49 at 1 h; h Group
B changes in pre/post-Ap removal efficiency of AB;_40 at 1 h; i Group
A changes in pre/post-AB removal efficiency of AB;_4, at 1 h;
Jj Group B changes in pre/post-A removal efficiency of AP, 4, at1 h
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Fig. 3 Cognitive functions (MMSE) of hemodialysis patients. a, b,
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The effect of smoking history on cognitive function

There were no significant differences in cognitive function
between patients who had a previous smoking history
(Group Yes) and those without a smoking history (Group
No). At baseline, MMSE scores were 27.5 £ 2.0 for Group
Yes and 26.9 + 2.8 for Group No; at the 2nd line, MMSE
scores were 28.0 £ 2.0 for Group Yes and 27.7 £ 2.0 for
Group No.

Frontal/temporal atrophy and temporal/parietal atrophy
were more severe in Group Yes than Group No, as detected
by brain CT scans (p = 0.0465 and p = 0.0062, respec-
tively, by % test) (Fig. 5).

No differences were observed between Group Yes and
Group No in plasma concentration of AB;_4o and AB;_4,
removal efficiencies of pre/post-dialyzers, reduction rates
of APi4o and ABi_4», and AP Influx Indices (data not
shown). Smoking history did not correlate with AP values.

Prospective study of renal failure patients
during periods preceding and following
the initiation of hemodialysis (Group C)

To investigate whether the initiation of hemodialysis
affected plasma AP concentration levels and cognitive
function, five renal failure patients were recruited and
evaluated before and after the initiation of hemodialysis
(i.e., from renal failure without hemodialysis to after
hemodialysis initiation). The longest observation period was
721 days, from Day —133 to Day 4588, with Day 0 defined
as initiation of hemodialysis. Plasma AB;_49, AB{_42, and
plasma AP oligomers decreased after hemodialysis initia-
tion; these lowered levels were maintained throughout
hemodialysis (Fig. 6a—c). Cognitive function also improved
after hemodialysis initiation (Fig. 6d).

Table 3 Differences between
observed and calculated plasma

Difference between Obs. and Calc. of plasma A (AP influx index)

AP concentrations (AP Influx

ABi_40 (pg/ml)

ABi_4 (pg/ml)

Index), based on pre/post-Af

removal efficiencies I'h 4h Ih 4h
Group A
Baseline 4723 £ 89.6 365.8 £ 534 39.1 £ 7.7 43.1 £ 6.8
18 months after 416.6 + 64.4* 384.5 £+ 40.6 352 + 89 36.8 + 12.2
Group B
Baseline 377.0 £ 824 356.0 + 85.9 359+72 40.8 £ 8.2
36 months after 301.6 £ 73.5% 293.1 £ 82.4% 363 +£9.2 412 £ 10.2

Obs. observed AP concentration, Calc. calculated AP concentrations defined as Formula 3 and 4

* p < 0.05 vs. baseline
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Fig. 5 Correlation between smoking history and brain atrophy of
combined Groups A and B at baseline. a frontal/temporal atrophy
(p = 0.0465, y*-test); b temporal/parietal atrophy (p = 0.0062, »*

Brain AP accumulation was measured with PiB/PET in
two patients, a 64-year-old woman on the 125th day after
hemodialysis initiation and a 65-year-old man on the 320th
day after initiation. Both patients showed little Ap accu-
mulation in the brains (PiB negative, data not shown).

Discussion

In our prospective study, end-stage renal failure patients
received hemodialysis three times a week for either 18
or 36 months as renal replacement therapy, which also
means removal of blood AP three times a week.
Although plasma A4 levels either decreased or did
not change, AP;_4, levels either were unchanged or
significantly increased at the 2nd line. As a result, the
ratio of plasma AP;_4/ABi_4o slightly increased (Fig. 2).
Further, cognitive function was maintained or slightly
improved (Fig. 3a—c). Initiation of hemodialysis lowered
high AP concentrations in the blood of renal failure
patients who had not received hemodialysis (Fig. 6).
These data indicate that long-term hemodialysis, which
removes blood AP, may affect blood APs concentration
levels as well as AP influx into the blood from certain
tissues.
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test). FL frontal lobe, TL temporal lobe, PL parietal lobe. No Group
No; Yes Group Yes based on smoking history

From the point of view of the total mass balance of Aps,
the influx of APs into the blood during hemodialysis ses-
sions are roughly estimated by comparison of total APs
removed by a dialyzer and the total blood ABs changed in
systemic circulation during a hemodialysis session. For the
combined Group A and B at the baseline, the average AP
removal efficiencies for the pre/post of dialyzers at the 1 h
point of dialysis sessions were as follows; 67.3 + 8.7 %
for AP;40 and 51.3 £ 88 % for AB;_4». These AP
removal efficiencies at 1 h point are used for the mass
balance estimation because we already revealed that A
removal efficiencies at the pre/post of dialyzers are not
significantly changed at 1 h and 4 h of a hemodialysis
session (Kato et al. 2012). Total ABs removed by a dialyzer
in one hemodialysis session are calculated as the products
of (AP removal efficiencies) x (plasma AP concentrations
at pre-dialyzer at the designated time) x (l-hematocrit/
100) x Qb x (the designated time period), where Qb
(blood flow rate), 200 ml/min; average hematocrit, 35 %;
total session time, 240 min. The average AP concentration
at 0 h and 1 h is used for AP removed by a dialyzer from 0
to 1 h (0-1 h) and the average concentration at 1 hand 4 h
is for AP removed from 1 to 4 h (1-4 h). The total AP
removed during whole 4 h sessions is the sum of 0-1 and
1-4 h. Then, the blood APs which were decreased in
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Fig. 6 Prospective follow-up of patients with renal failure preceding and following hemodialysis initiation (Group C). a plasma AB;_4o;

b plasma AP;_45; ¢ plasma AP oligomers; d, MMSE

systemic circulation during a dialysis session are estimated
as the product of (whole blood volume) x (1-hematocrit/
100) x (plasma AP concentrations at pre-dialyzer at the
designated time, which is regarded as A concentrations in
systemic circulation), where whole blood is 4000 ml. The
results are summarized in Table 4. Total AB;_49 removed
by a dialyzer during a hemodialysis session is calculated as
10.3 pg and the blood AB;_40 decreased in systemic cir-
culation is 1.0 pg. Therefore, the total AB;_40 influx into
the blood (including the production in the blood) during a
hemodialysis session is estimated at 9.2 pg as the sub-
traction of the two values above. Similarly, total AP 4
removed by a dialyzer is estimated at 0.78 pug and the
blood A4, decreased in systemic circulation is 0.06 pg,
resulting in 0.72 pg as the total AB;_4, influx into the blood
during a hemodialysis session. Meanwhile, the AP con-
centration in cerebrospinal fluid (CSF) of AD is reported as
7.4-42.7 ng/ml for AB;_40 and 0.12-0.67 ng/ml for AB;_4>
(Schoonenboom et al. 2005). Because the total amount of
CSF is reported as 150 ml (Megson et al. 1996), the total
amount of APs in CSF at certain moment, regardless of
time-dependent production of Aps in the brain, is estimated
at 6.4 pug for ABi_4 and 0.10 pg for AB;_4, which are
comparable with this roughly estimated total ABs influx
into the blood during one hemodialysis session of 4 h,
9.2 ug for ABy_40 and 0.7 ug for AP;_4», as described
above. However, this estimation does not indicate the

origin of A influx (preferably from the brain). It should be
revealed by AP imaging of the brain or biochemical study
which includes the measurement of brain-originated Af in
the blood.

Regarding the unchanged/increasing tendency of blood
ABj_4 in this prospective study (Groups A and B), AB;_4»
is well known to deposit in the brain as senile plaques and
is revealed to decrease in CSF of AD compared with
cognitively normal subjects by the study of Alzheimer’s
Disease Neuroimaging Initiative (ADNI) (Shaw et al.
2009). Wiltfang reported that the concentration of AB;_4,
in CSF of AD is lower than non-demented disease controls
whereas AB;_4o shows no apparent difference (Wiltfang
et al. 2002). This decrease of AP;_4, in CSF of AD is
thought to be caused by deposition of AP 4, as senile
plaques. The subjects in the present study were not AD
patients, but hemodialysis patients who received AP
removal by dialyzers three times a week. The changes of
blood AP concentrations in the present prospective study
(Groups A and B) may be strongly affected by AP removal
and the influx into the blood. Meanwhile, both AB;_4, and
APBj_4> in the blood of cognitive normal subjects increased
during a 5-year observation period (Lopez et al. 2008).
Therefore, the results of our study, blood AP was
decreased/unchanged and blood A4 was unchanged/
increased, are not directly related to decrease of CSF
ABi_4p in AD. Our results of prospective change of blood
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Table 4 Total amount of the influx of As into the blood: calculated based on comparison of total ABs removed by dialyzers and the change of

blood APs in the systemic circulation during one hemodialysis session

Group A + B at baseline

AP0 APy 42

Time point of HD session (h) 0 1 4 0 1 4
AP concentrations at Pre-dialyzer (pg/ml) 750.7 517.7  361.8 63.3 50.0 41.5
Removal efficiency (%) of pre/post-dialyzers 67.3 51.3
total AP removed by a dialyzer in one HD (0-1h) (1-4 h) Total removed AP (0-1 h) (1-4 h) Total removed AP

session (ng) (0-4 h) (a) (0-4 h) (a)

3329 6925 10,254 227 549 776
AR contained in systemic circulating blood (ng) 1952 941 Decreased A 165 108 Decreased A
(04 D) (b) (04 D) (b)
1011 57

calculated total A influx into the blood during 9243 719

one HD session (ng) [(a)—(b)]
APBs might be caused by the influx into the blood from In contrast to ABj;_4, the AP;4 Influx Index

certain organs/tissues triggered by blood A} removal, not
by deposition of Afs.

Then, we analyzed the relation between A influx and
the change of AP in the blood from the baseline to the 2nd
line. Although A4 removal efficiencies at the 2nd line
decreased or were maintained (i.e., removed less AP), the
plasma AP;_4 concentrations for whole body circulation
were maintained or slightly decreased at the 2nd line. This
can be explained by decreased AB_4o influx into the blood
(AP Influx Index in Table 3). In other words, the
decreasing or unchanging plasma Af;_40 levels in whole
body circulation may be attributed to the decrease of
A4 influx at the 2nd line, although the AB;_4, removal
efficiency of the dialyzers (i.e., AP removal devices) did
not increase at the 2nd line (Figs. 2g, h, 7). The decrease in
APi_40 accumulation (i.e., decrease or exhaust of AB;_4
influx source) in the brain, including cerebral vessels, may
be one possible reason why AB;_4o influx decreased at the
2nd line. This speculation is consistent with histopatho-
logical findings that demonstrated almost no cerebral
amyloid angiopathy, which mainly consists of AB;_49, in
hemodialysis patients (Sakai et al., in preparation). More-
over, cognitive function at the 2nd line strongly correlated
with ABj_40 influx into the blood (AP Influx Index) at the
4 h time point (Fig. 4a). Further, cognitive function at the
2nd line strongly, but negatively, correlated with differ-
ences in the AB;_4 Influx Index between the 2nd line and
baseline (Fig. 4b). It might relate to the decrease of AB_4
accumulation described above. These relationships
between AB;_40 Influx Index and cognitive function at the
2" line are only correlation and do not indicate any cause
and effect at present.
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(Table 3) and AB;_4> removal efficiency at the pre/post-
dialyzers (Fig. 2i, j) did not reveal any clear relationship
with MMSE change between baseline and the 2nd line.
However, plasma AB;_4, levels maintained unchanged or
increased from baseline to the 2nd line. This could be
explained by a continuous influx of AB;_4, from a large
source or pool of AB;_4, such as the brain, during the
observation period (Fig. 7). This speculation is also
consistent with histopathological findings that demon-
strated fewer, but not no, senile plaques, which mainly
consists of AP;_4,, in hemodialysis patients compared to
age-matched non-hemodialysis subjects (Sakai et al., in
preparation).

In the point of view of the cognitive functions shown in
Figs. 3c and 6d, removal of uremic toxins may somewhat
contribute to the improvement of MMSE (Yaffe et al.
2010). However, the cognitive impairment caused by ure-
mia is generally worst just before the initiation of
hemodialysis and is improved in one or a few weeks after
the initiation of hemodialysis. Some of the subjects of
Group C showed the improvement of cognitive functions
just after the initiation of hemodialysis as indicated in
Fig. 6d. This kind of improvement might be attributed to
the removal of uremic toxins. Contrary to the improvement
in rather short period after the initiation of hemodialysis,
the improvement of cognitive functions during the period
of 18 and 36 months after 2-36 years duration of
hemodialysis (Table 1; Fig. 3c) might not be caused by the
removal of uremic toxins. Further, hemodialysis removes
not only blood AP but also many kinds of small molecules
and proteins smaller than albumin. Therefore, the cause of
this improvement of cognitive functions observed in Group
A, B and C is not clear at present.
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hemodialysis, which remove AP out of the body

Meanwhile, higher concentrations of plasma AB;_4, and
a greater plasma AB;_s/AP_40 ratio have been reported to
be good predictive biomarkers for non-converters from
healthy controls to AD during the observation period
(Rembach et al. 2014). Therefore, the somewhat increase
of plasma AB;_4»/AB;_40 ratio in our study (Fig. 2e, f) may
also relate to the slight improvement of cognitive function
(Fig. 3c).

Regarding the difference between Group A and B, both
groups exhibited similar tendencies of plasma levels of
ABj_40 and AB;_4, but with some differences during the
period between baseline and the 2nd evaluation. Further,
the length of hemodialysis at baseline for Group B was
significantly longer than the length of hemodialysis for
Group A (18.3 vs. 8.8 years, respectively; p = 0.0076 by
Wilcoxon/Kruskal-Wallis test) (Table 1). The plasma
levels of AB;_49 and AB; 4> of Group B might be regarded
as the later stage of Group A.

In AD patients who smoked, levels of soluble and
insoluble ABi_4o and AP;_4, were significantly decreased
in the frontal cortex, while levels of AB;_4o were signifi-
cantly decreased in temporal cortex and hippocampus,
compared to non-smokers with AD (Hellstroem-Lindahl
et al. 2004). In our study, the subjects did not have AD.
There were no obvious differences in baseline or the 2nd
line blood APs levels between subjects with and without a
smoking history. MMSE scores also did not differ based on
smoking history. However, brain atrophies (i.e., frontal/
temporal atrophy and temporal/parietal atrophy) were more
severe in patients with a smoking history compared to

those without a smoking history (Fig. 5). This suggests that
while smoking may have enhanced atrophy of some cortex
regions, it did not explicitly impair cognitive function of
hemodialysis patients.

Brain CT scans taken at baseline revealed that the only
two patients whose MMSE scores decreased 4 and 5 points
at the 2nd line exhibited a score of 2+ for cerebroartery
calcification (Fig. 3c; Table 2). Further, only white matter
ischemia, as assessed by CT analysis, correlated with
MMSE scores at the 2nd line (Fig. 3d). This suggests that
cognitive impairment due to ischemic and vascular
impairments was not improved by hemodialysis, although
possible cognitive impairment caused by brain atrophy
may have been somehow rescued by hemodialysis.

As a preliminary study, we conducted brain A imaging
using PiB/PET on two patients, a 64-year-old woman on
the 125th day and a 65-year-old man on the 320th day after
hemodialysis initiation. While the results were negative of
AP accumulation for both cases, we were unable to conduct
PiB/PET measurements prior to hemodialysis to generate a
baseline. Therefore, we can make no concrete conclusions
about these data at present.

Conclusion
As a model of therapeutic system for AD, hemodialysis
patients whose blood AP was removed three times a week

were investigated prospectively. Our prospective study of 5
renal failure patients before and after the initiation of
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hemodialysis revealed that plasma AP concentrations were
decreased and cognitive function was improved after
hemodialysis initiation. Our another prospective study of
30 hemodialysis patients, who received AP removal three
times a week (by hemodialysis during the period between
baseline and 18 or 36 months after) demonstrated that
plasma A;_4o levels decreased or remained unchanged,
while AP;_4, levels were unchanged or significantly
increased at the 2nd line. Based on the AP removal effi-
ciencies of the dialyzers and analysis of AP influx into the
blood, these data suggest that blood AB_49 was removed,
resulting in a decrease of AP|_4 influx sources. In addi-
tion, AB_4, was also removed, but the influx into the blood
still continued after 36 months. Importantly, cognitive
function of most subjects, as assessed by MMSE scores,
increased or was maintained at the 2nd lines. Therefore, a
blood AP removal system is worth further investigation to
develop this model for clinical application for therapy or
prevention of AD.
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