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Amyloid β (Aβ) in brain parenchyma is thought to play a central role in the pathogenesis

of Alzheimer’s disease (AD). Aβ is transported from the brain to the plasma via complex

transport mechanisms at the blood-brain barrier (BBB). About 90–95% of plasma Aβmay

be bound to albumin. Replacement of serum albumin in plasma has been proposed as a

promising therapy for AD. However, the efficacy of this approach may be compromised

by altered BBB Aβ receptors in AD, as well as multiple pools of Aβ from other organs

in exchange with plasma Aβ, competing for albumin binding sites. The flow of interstitial

fluid (ISF) into cerebrospinal fluid (CSF) is another major route of Aβ clearance. Though

the concentration of albumin in CSF is much lower than in plasma, the mixing of CSF

with ISF is not impeded by a highly selective barrier and, hence, Aβ in the two pools

is in more direct exchange. Furthermore, unlike in plasma, Aβ in CSF is not in direct

exchange with multiple organ sources of Aβ. Here we consider albumin replacement in

CSF as an alternative method for therapeutic brain Aβ removal and describe the possible

advantages and rationale supporting this hypothesis.

Keywords: Alzheimer’s disease, amyloid-beta-protein, CSF (cerebrospinal fluid), BBB (blood–brain barrier),

therapy

INTRODUCTION

Aggregation of amyloid-β (Aβ) in the brain parenchyma and arterial walls and the formation
of neurofibrillary tangles in neurons due to phosphorylated tau protein accumulation are the
main histologic hallmarks of Alzheimer’s disease (AD). While familial AD is associated with an
increased production of Aβ1−42, the amyloid form most prone to aggregate, sporadic AD may be
related to an imbalance between the production and the clearance of different forms of the Aβ

peptide (1). Interstitial monomeric Aβ is in equilibrium with Aβ in oligomers and large insoluble
fibrils (plaques) and cleared from the central nervous system (CNS) via at least three pathways:
metabolic degradation, efflux across the blood–brain barrier (BBB) and efflux via perivascular
and cerebrospinal fluid (CSF) routes. The relative importance of each of these pathways is under
investigation (1, 2).

To cross the BBB, soluble Aβ in the interstitial fluid (ISF) of the brain’s extracellular spaces
must first diffuse to the capillary basement membrane, past pericytes and astrocytic endfeet, to
reach the endothelium (3). Blockage of Aβ transcytosis across the endothelium accelerates the
abnormal deposition of Aβ and is closely associated with neuronal degeneration (4–6). In addition
to drainage via ISF to capillaries, Aβ reaches the CSF via perivascular spaces, where it can be cleared
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via CSF drainage routes (2). While the details and dynamics of
these pathways are currently under investigation and the subject
of much debate, the concentration of Aβ in CSF has been shown
to be significantly altered in AD (7, 8).

Aβ is produced throughout the body and has a concentration
in plasma and CSF of ∼0.1–0.5 nM (9, 10). Its clearance relies
on carrier proteins such as albumin, beta-2-macroglobulin,
apolipoprotein E, apolipoprotein J (clusterin), low-density
lipoprotein receptor-related protein-1 (LRP1), and transthyretin
(11–15). A very small quantity of plasma proteins diffuse
into CSF from plasma (e.g., albumin). Unlike plasma (∼7 g
protein/100ml) or milky lymph (∼2 g protein/100ml), the
CSF has only ∼0.025 g protein/100 ml—mainly albumin. All
albumin is synthesized in the liver and initially released into
blood. Albumin is the most abundant protein in both plasma
(∼640µM) and CSF (∼3µM) (16) and has been reported to
be the primary carrier of Aβ in blood (17). However, there is
also evidence that a soluble cleavage product of LRP1 (sLRP)
may be the major plasma carrier of Aβ (15). In addition to
Aβ, albumin also transports a variety of other endogenous
and exogenous molecules and is involved in regulating
oncotic pressure.

Some kinetic studies have supported a 1:1 stoichiometry for
the binding of monomeric Aβ to albumin with a dissociation
constant (Kd) of ∼5–10µM (18–20), while others have shown
that albumin preferentially binds oligomeric Aβ at 3 independent
binding sites with much lower Kd’s, in the range of 1–100 nM
(21). A recent study has also supported a lower Kd formonomeric
Aβ than previously reported (e.g., 180 nM for monomeric
Aβ1−42) (22). Regardless of the study, these Kd values would
explain the high percentage of binding of Aβ to albumin in
blood (∼90%) (17). In CSF, based on an assumed Kd of 5µM,
it has been estimated that ∼40% of Aβ is bound to albumin (20).
However, if the lower Kd’s reported for Aβ binding to albumin are
more accurate, then amuch higher fraction of Aβ could be bound
to CSF albumin. For example, if the effective CSF albumin-Aβ

Kd is as low as 180 nM, as measured by Litus et al. for Aβ1−42,
and assuming 1:1 monomeric binding without interference from
other ligands, the percentage of albumin-bound Aβ in CSF could
be as high as 94%.

Whether by direct binding of monomeric forms of Aβ

or indirectly via oligomer binding and inhibition of further
monomer addition, albumin also attenuates the growth of Aβ

fibrils (20, 21, 23–25). The binding of cholesterol and fatty acids
to albumin have been shown to weaken the binding of Aβ

(22, 26), possibly contributing to the association of high dietary
levels of these molecules with AD (26).

Changes in albumin are independently associated with aging
and neurodegeneration. Low serum albumin is associated with
increased odds of cognitive impairment in the elderly (27), and
both plasma and CSF albumin oxidation are higher in AD
patients compared to healthy controls (28). In a study on sheep,
an increase in CSF albumin concentration in older sheep was
attributed to a reduced production of CSF by the choroid plexus,
even though the latter was observed to increase in size with
age (29).

There is preliminary evidence from both animal and human
studies that replacing plasma albumin using interventions such
as hemodialysis and plasmapheresis may be effective in treating
AD (30–33). In an ongoing clinical trial (34), the safety and
efficacy of using plasma exchange to remove albumin-bound Aβ

for treating AD is being explored (35–37). The concept behind
this approach is that a reduction of the albumin-bound Aβ pool
in plasma will, in turn, reduce Aβ levels in the parenchyma of
the brain, known as the “peripheral sink” hypothesis (38–40).
However, equilibrium between the brain and blood pools of Aβ is
complex, involving distinct one-way receptor-mediated transport
mechanisms on either side of the BBB, which have been shown to
be altered in AD, thus reducing the net efflux of Aβ from the brain
(2, 41). Moreover, Aβ bound to plasma albumin comes from
several organ sources, not solely from the brain. These factors
could potentially limit the additional efflux of Aβ from the brain
after plasma albumin replacement.

While large insoluble Aβ fibrils forming the plaques of AD are
the most conspicuous makers of the disease, a large and growing
body of evidence supports that smaller soluble oligomers may be
the most cytotoxic forms of Aβ. Soluble Aβ oligomers are capable
of forming transmembrane ion channels (42, 43), disrupting
homeostasis, and have been shown to have a number of cell
surface and intracellular targets implicated in AD pathology,
including components of synaptogenesis and neurofibrillary
tangle formation (25, 44–46). Hence, trapping toxic oligomeric
forms of Aβ is likely to be a major underlying mechanism for the
therapeutic effect of albumin replacement on AD (47, 48).

Other possible therapeutic roles for albumin include its role
as a transporter of the labile pool of Cu2+ ions in blood plasma
(49). Dysregulation of Cu2+, leading to increases in oxidative
stress and cellular damage, has been implicated in Aβ aggregation
and fibril formation (50–52). Plasma exchange therapy may also
serve to replace aged and glycated albumin. Both CSF and plasma
proteins are involved in a vicious cycle of glycation during aging,
as aging reduces CSF turnover and increases the exposure time
of CSF proteins to glucose, resulting in more glycation of CSF
proteins (53, 54). Protein properties are altered after glycation,
resulting in a decreased degradation rate and a longer time to
be eliminated (55). Glycated albumin, which has less positive
charge than non-glycated albumin, more readily crosses brain
barriers from the blood to the CSF (56). The increasing glycation
of CSF proteins during aging may stimulate the formation and
the consequent deposition of AGEs as well as oxidative stress in
the brain (53).

In addition to plasma exchange, adding synthetic albumin to
CSF has been explored as a more direct route to augmenting
the capture and elimination of toxic forms of interstitial brain
Aβ. In the 3xTg mouse model of AD, Ezra et al. showed that
intraventricular infusion of synthetic serum albumin for 28 days,
using an osmotic pump, led to a decrease of both Aβ monomers
and oligomers in brain homogenates and amyloid plaques in
histological samples (48). Additionally, performance in memory
and fear conditioning tasks improved in treated animals and
hyperphosphorylated tau was reduced and tubulin increased in
brain homogenates, suggesting increased microtubule stability.
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FIGURE 1 | Schematic representation of the the blood, CSF, and brain intra- and extra-cellular pools of albumin-containing fluids with the organism. The equilibrium of

soluble molecules (i.e., soluble Aβ) between the extracellular ISF, CSF, and plasma is represented with straight green arrows while curved arrows illustrate the CSF and

plasma albumin exchange.

Markers of BBB and myelin integrity were also assayed and
demonstrated improvement in treated mice.

The positive findings of Ezra et al. on direct infusion of
albumin into CSF along with the potential limitations of plasma
exchange motivate us to propose an approach that combines
aspects of both: CSF exchange with albumin replacement.

THE THERAPEUTIC HYPOTHESIS

Here we describe the rationale supporting the therapeutic
approach of exchanging endogenous albumin in CSF for
synthetic albumin for the treatment of AD. Like plasma exchange,
CSF exchange is a “peripheral sink” approach to affecting brain
levels of Aβ, whereby Aβ in a pool that is in equilibrium with
the brain pool of Aβ is replaced with Aβ-free fluid (Figure 1).
This process is either continuous, as in dialysis, or repeated at
intervals, as in plasma exchange. During or after the process, the
Aβ-free pool re-establishes an equilibrium with the brain pool,
drawing out extracellular brain Aβ as it does.

Though both plasma and CSFmay act as “sinks” for interstitial
Aβ, the drainage routes for either differ substantially. An early
study on the relationship between plasma and CSF levels of Aβ

in a transgenic mouse model of AD observed a significant and
strong correlation between the levels in mice without detectable
Aβ plaques but no significant correlation in mice after Aβ plaque
formation (7). Subsequent studies have revealed that distinct
and complex brain efflux and influx transport mechanisms
are involved in the transfer of Aβ across the BBB (57, 58).
Though the relationship between plasma and ISF levels is still

not fully understood, in AD the Aβ transporter LRP1 on the
abluminal side of the capillary endothelium has been reported
to be reduced in number (41, 59) while the Aβ transporter
receptor for advanced glycation end products (RAGE) on the
luminal side of microvascular endothelium is increased (59).
These alterations have been suggested to contribute to the net
accumulation of interstitial Aβ in AD, favoring the formation of
insoluble Aβ fibrils.

Given the possible impairment of the BBB Aβ transport
mechanisms in AD, CSF exchange may create an Aβ sink
with less impediments to drainage than plasma exchange, since
there is no tight cellular barrier between the CSF and ISF
compartments. A substantial fraction of the brain’s metabolic
waste and cellular/pathogen degradation debris is cleared by
CSF/ISF drainage routes to lymphatic and venous outlets.
Estimates for the elimination of Aβ via CSF have been as
high as 25% (60) [reviewed by (61)]. The CSF that flows
along perivascular spaces originates in the subarachnoid space
and, by mechanisms still being explored, it may mix with
ISF deep within the parenchyma, promoting the passage of
cellular waste back to the CSF. Though the dynamics of these
pathways, including that of the so-called “glymphatic” system
(62), are still being debated, several studies have demonstrated
the involvement of CSF drainage routes in normal Aβ clearance
[reviewed by (61)].

The specific approach to CSF exchange we propose is
a variation on liquorpheresis (cerebrospinal fluid filtration).
Liquorpheresis is the process of filtering CSF in order to clear
“toxic” molecules from the CSF (63). Though currently not in
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common use, it has been used to treat a number of neurological
diseases and recent developmental efforts may foster its future
use. Specifically, we propose to use liquorpheresis with albumin
replacement to create a “CSF sink” of lowAβwithin the brain.We
hypothesize that this sink will pull the equilibrium between free
and CSF albumin-bound Aβ in the brain more toward albumin-
bound Aβ, as the latter is cleared from the brain either via the
natural routes of CSF drainage or via the ongoing liquorpheresis
filtering process itself.

DISCUSSION

Could CSF exchange be more efficacious than plasma exchange
for the replacement of albumin to treat AD?We summarize three
points from the discussion above that support the hypothesis that
it could be:

1) The origin of CSF Aβ is mostly cerebral, whereas the origin
of plasma Aβ is from the entire body, with just a small
proportion coming from the brain. Hence, plasma exchange is
non-specific for brain-derived Aβ and alters the homeostasis
of Aβ across multiple organs. Indeed, plasma exchange has
been shown to be followed by an initial overshoot of plasma
Aβ (a “sawtooth” concentration pattern) (37), presumably as
the multiple tissue-plasma equilibria are re-established. In
contrast, CSF albumin replacement is a much more targeted
therapeutic approach. Though the concentration of albumin
is a factor of 20 less in CSF, it only binds Aβ that exists in the
brain, even if some fraction of this Aβ derived from plasma
via the BBB or choroid plexus.

2) If sLRP is the principal carrier of brain-derived Aβ as some
studies suggest (15), then plasma albumin replacement may
have only a minor effect on brain-derived Aβ, since the
sLRP carrier is released from the luminal side of the BBB
after LRP1-Aβ transcytosis and is hypothetically already
tightly bound to Aβ. As acknowledged by Boada et al. in a
preliminary report on clinical plasma exchange, its beneficial
effects on ADmay be due to factors not related to albumin-Aβ

binding (37).
3) Even though the BBB may be the major route of interstitial

Aβ clearance in healthy subjects, alterations in BBB Aβ

transporters with age, leading to lower net Aβ efflux, may
exacerbate or be a cause of AD. Adding to this potential
limitation of plasma exchange is that Aβ efflux across the BBB
is a saturable process (64, 65). Under these circumstances,
the barriers to CSF-ISF exchange may present less of an
impediment for Aβ clearance than the highly selective and
transporter-dependent BBB barrier and CSF-ISF drainage
routes might act as compensatory routes for clearing brain Aβ

in AD (4).

There are several unknown factors that will impact the capacity
of CSF exchange to enhance the clearance of brain Aβ. Most
of these factors would be very challenging to model, given our
still evolving knowledge of the normal routes and dynamics
of CSF/ISF drainage, let alone the uncertainties regarding the
in vivo binding kinetics of Aβ to albumin. Nonetheless, Ezra

TABLE 1 | Comparison between plasma albumin exchange and CSF

albumin exchange.

Plasma albumin exchange CSF albumin exchange

The blood-sink mechanism of action

relies on transport of Aβ through the

BBB, which is a saturable process

and is damaged in AD.

The CSF-sink mechanism of action

relies on transport of Aβ through the

CSF-brain barrier, circumventing BBB

transport which is compromised in

AD.

Many endogenous and

pharmaceutical molecules can bind

plasmatic albumin. Therefore,

removing plasmatic albumin might

interfere in many physiological

functions and treatments.

The number of endogenous and

pharmaceutical molecules binding

CSF albumin is much lower than the

number binding albumin in plasma.

Therefore, removing CSF albumin

would interfere less with normal

physiologic function or other

treatments.

Levels of albumin in plasma are much

higher than in CSF. Therefore, the

amount of albumin that needs to be

removed in order to achieve a “sink

effect” is also higher.

The amount of albumin in CSF is

much lower than in plasma; therefore,

the amount of albumin that needs to

be removed in order to achieve a

“sink effect” is relatively much lower.

Potential systemic side effects

affecting multiple organs, including

the CNS.

Potential side effects limited to the

CNS.

Nonspecific for cerebral Aβ. Specific for cerebral Aβ.

Plasma albumin exchange is a

well-developed technique.

• Infusion of albumin in plasma is a

common clinical practice.

• Devices for plasmapheresis are

available in most hospitals.

• Requires venous puncture.

• CSF albumin exchange would be a

novel use of liquorpheresis.

• Intrathecal infusion of albumin has

never been attempted in humans.

• Requires a lumbar puncture.

Positive points are in green and negative points in red.

et al. (48) have shown that a relatively small addition of
synthetic, Aβ-free albumin to intraventricular CSF, delivered
via an osmotic pump, had measurable effects on Aβ plaque
formation as well as several other markers of disease in a
mouse model of AD. These results suggest similar studies on
CSF albumin replacement via liquorpheresis to explore the
possibility of achieving comparable effects with a relatively
straightforward clinical tool that has been shown to be efficacious
in treating other neurological diseases. Experimentation in
animal models of AD will also be useful to compare the relative
efficacies of liquorpheresis and plasma exchange to reduce brain
Aβ levels.

Clinically, liquorpheresis may offer advantages in terms
of safety over either CSF infusion by osmotic pump or
plasma exchange. Infusing albumin either intrathecally or
intraventricularly in humans poses the risk of increased
intracranial pressure due to the osmotic properties of albumin,
while equimolar albumin replacement during CSF exchange
circumvents this possibility. Plasma exchange needs to be
performed during long sessions in a hospital setting, with
potential side effects associated with osmotic changes and
the removal of other circulating factors, such as metabolites,
cytokines, clotting factors, and hormones. Liquorpheresis, on
the other hand, does not entail the removal of such factors and
requires shorter periods of time since the CSF volume is much
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smaller than the blood volume. However, an advantage of plasma
exchange is that it can be performed through a venous access
while liquorpheresis requires a lumbar puncture. A comparison
of the potential advantages and disadvantages plasma vs CSF
exchange is given in Table 1.

CONCLUSIONS

The accumulation of toxic oligomers of Aβ in the brain due
to inadequate clearance from ISF may be a cause of AD.
Reduction of Aβ in fluids peripheral to brain ISFmay enhance Aβ

clearance within the brain. Plasma exchange has been shown to
be one promising approach to accomplish this in humans, as has
intraventricular infusion of synthetic albumin in a mouse model
of AD. Intrathecal CSF exchange (liquorpheresis) with albumin
replacement may be an alternative approach that circumvents
the potential disadvantages and clinical risks of either plasma

exchange or CSF infusion. CSF exchange targets the pool of Aβ

directly in exchange with brain ISF, without being impeded, as
with Aβ transport via the BBB, by a highly selective, saturable,
and possibly dysfunctional barrier. In terms of efficacy and
safety, CSF exchange is a clinically tested therapeutic approach
for the treatment of other neurological diseases and, unlike
CSF infusion, does not risk disruption of osmotic homeostasis.
Experimentation with animal models is needed to establish that
CSF exchange performs as well as CSF infusion in reducing
the hallmarks of AD, as well as to optimize its application.
Additionally, such experiments could shed more light on Aβ

dynamics in health and disease.
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