Proposed mechanism for lipoprotein remodelling in the brain
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Abstract

Lipoprotein remodelling in the periphery has been extensively studied. For example, the
processing of nascent apoAl particles to cholesterol-loaded HDL lipoproteins during
reverse cholesterol transport involves a series of enzymes, transporters in peripheral
tissue, as well as other apolipoproteins and lipoproteins. These extensive modifications
and interconversions are well defined. Here, we present the hypothesis that a similar
process occurs within the blood brain barrier (BBB) via glia-secreted lipid-poor apoE
particles undergoing remodelling to become mature central nervous system (CNS)
lipoproteins. We further pose several pressing issues and future directions for the study of
lipoproteins in the brain.

Lipoprotein remodelling in the periphery: A model for the brain?

Lipoprotein remodelling in the periphery has many component processes and is extremely
complex [1-3]. Perhaps the best peripheral model for the proposed process of lipoprotein
biogenesis in the brain is an adaptation of apoAl-HDL mediated reverse cholesterol
transport (RCT) (Figure 1, Tables 1 and 2 provide abbreviations and functions for the
various participants in this process). Figure 1 is not meant to be comprehensive but to
simplify the portion of RCT remodelling that emphasizes key enzymes and transporters
known to be present and active in the brain (summarized in Table 2). For further
simplicity, apoAl is presented as the primary apolipoprotein although apoE and other
apolipoproteins are also present on various lipoprotein intermediates. In this abbreviated
process, apoAl plays the role proposed for apoE in the brain (Figure 4). Lipid-poor apoAl
particles are secreted by the liver and travel to peripheral tissue to take-up excess FC
(and some PL) released by ABCA1 and ABCG1 to become nascent HDL3. These
particles then acquire additional PL, FC and TG via the enzyme LCAT to become mature
HDL,. This acquired cholesterol (FC and CE) is transported back to the liver, either
directly by HDL, or by transfer of CE via CETP to larger particles, primarily IDL and LDL.
At the liver, HDL; is taken-up by HDLR and SRB1, and IDL/LDL are taken-up by LDLR as
apoB is a ligand for these receptors. Thus, the original nascent particles undergo an
extensive series of modifications and interconversions in the interstitial space and the
plasma. The result is an array of lipoprotein particles with different apolipoprotein and
lipid compositions that can bind to specific receptors and perform a variety of functions.
Our hypothesis is that a similar process occurs within brain via glia-secreted lipid-poor
apoE particles undergoing remodelling to become mature central nervous system (CNS)
lipoproteins (Figure 4).

Lipoproteins: In the aqueous environment of the blood and interstitial
space/parenchyma, neutral lipids circulate packaged as lipoproteins. Lipoproteins are
composed of a PL and FC shell surrounding a TG and CE core. Lipoproteins are
stabilized by surface apolipoproteins that also serve as cofactors for enzymatic reactions
and ligands for lipoprotein receptors. Plasma lipoproteins can be separated by size and



density into four major classes that vary in their apolipoprotein composition and core
TG/CE content: chylomicrons, very low density lipoproteins (VLDL), low density
lipoproteins (LDL), and high density lipoproteins (HDL). The soluble apolipoprotein gene
family, which includes apoE and apoAl, encode proteins with amphipathic a-helices at the
N-terminus that contains the receptor binding domain and at the C-terminus that allow the
apolipoproteins to attach to the lipoprotein, providing stability at the water-lipid interface
[4].

ApoAl: ApoA1 is a 28-kDa apolipoprotein associated with the HDL family of
lipoproteins, as well as chylomicrons. While it is not a ligand for the LDLR-family, it does
bind HDLR and SR-B1. Like apoAll, apoE, apoCl, Cll, and Clll, it is also an exchangeable
apolipoprotein and can be transferred from one lipoprotein to another. As discussed
above, apoAl plays a major role in reverse cholesterol transport.

ApoE: ApoE is a 35-kDa glycoprotein that circulates in the plasma associated with
several classes of lipoproteins including chylomicron remnants, VLDL and a subset of
HDL. ApoE-containing lipoproteins are bound and internalised via receptor mediated
endocytosis by a number of receptors in the LDL receptor (LDLR) family including LDLR,
LDL receptor-related protein (LRP), VLDL receptor (VLDLR), and LR8/apoE receptor-2
(apoER2) (for review [5]). ApoE plays a major role in the transport of lipoproteins in the
bloodstream, where it participates in the delivery and clearance of plasma cholesterol.

Human apoE has 299 amino acids and three major isoforms: E2 (Cys112Cys198), E3

(Cys112Arg158), and E4 (Arg112Arg158). These single amino acid changes result in
functional differences between the apoE isoforms, including their relative affinities for both
LDL receptors and lipoprotein subtypes (for review [6]). As a result of these isoform-
specific differences, apoE4 is associated with an increased risk for heart disease, as well
as an increased risk for Alzheimer’s disease (AD).

Lipoproteins in the CNS

This topic is covered in depth in a paper in this volume entitled “Formation and Function of
Apolipoprotein E-containing Lipoproteins in the Nervous System” by Jean E. Vance and
Hideki Hayashi.

In addition to the plasma, lipoproteins are present in other body fluids such as the
interstitial space in the brain and the cerebro spinal fluid (CSF) (for review [7]). While the
synthesis and processing of peripheral lipoproteins are well characterized, little is known
about lipoprotein remodelling within the brain. These unique CNS lipoproteins exist in the
enclosed environment of the brain, separate from peripheral lipoproteins. For example,
labelled cholesterol injected IP or IV in the periphery does NOT appear in the brain [8, 9].

ApoE: ApoE expression in the brain is exceeded only by its expression in the liver.
As another example of the separation of peripheral lipid metabolism from that within the
brain, liver transplantation that changes the apoE isoform of the recipient to that of the
donor occurs in the periphery, but NOT in the brain [10]. In the brain, astrocytes and
microglia are the primary apoE-lipoprotein secreting cells, although neuronal expression
can occur under specific conditions such as injury [11]. ApoE is considered the only
functional apolipoprotein in the brain. While apod is also expressed by neurons and glia, it
does not appear to have a role in extracellular lipid transport as it can not support the
production of a lipoprotein [12]. In addition, the only known receptor for apod, megalin
(gp330, also known as LRP-2), is not expressed by neurons or glia [13].

Glial lipoproteins: Glia secrete nascent lipoprotein particles composed of PL, FC
(arrow, Figure 2) and apoE (data not shown). Because of the lack of core lipids (CE or
TG), these apoE-containing particles are discoidal (Figure 3). Recent evidence suggest
that these nascent particles incorporate cholesterol first from ABCA1, followed by ABCG1,




a process occurring via both glia and neurons, as both cell types express these
transporters [14, 15] (Figure 4). Intermediate apoE-containing lipoproteins can deliver their
contents to the surrounding cells via endocytosis by the variety of LDLRs expressed by
neurons and glia (for review [16]).

CSF lipoproteins: Lipoproteins are also present in the CSF. CSF is produced by
the choroid plexus, contains non-resorbed products derived from the interstitial space of
the brain, the likely source of CSF lipoprotein, and, to a lesser degree, the plasma. CSF
lipoproteins appear to be the diameter (7-15nM) and density of plasma HDL, contain apoE
(data not shown) and the core lipid CE (arrow, Figure 2), and are spherical (inset, Figure
3)[17].

Lipoproteins and lipid transport: Based on Figure 1, we hypothesize that
lipoprotein remodelling occurs in the parenchyma of the brain, maintaining lipid
homeostasis by adapting to clearance or delivery of lipid, depending primarily on the
demand of neurons (Figure 4). To date, this process remains basically unknown. Lipid
homeostasis, particularly cholesterol homeostasis, is critical to the environment
surrounding neurons and thus needs to be tightly regulated. The perhaps obvious
function for glial-lipoproteins would be to deliver lipid from glia to neurons via the LDLR
family members for the maintenance and adaptation of the vast network of membranes
that comprise the synaptic connections of a dendritic tree. While neurons can synthesize
cholesterol via the HMG-CoA reductase pathway [18], apoE-containing glial lipoproteins
are important in balancing supply and clearance [19-22]. Evidence demonstrates that
nascent glial lipoproteins secreted as discs acquire FC from ABCA1 and ABCG1 (for
review [23]). These intermediate particles must acquire additional PL and a CE core,
becoming spherical before reaching the CSF (Figure 3). This process of developing a
“‘mature” CNS lipoproteins would appear to require CETP and PLTP to transfer CE as
well as PL [24-27]. In addition, there may also be a non-CETP cholesterol ester transport
activity (CETA) in the brain. Finally, LCAT, possibly secreted by glial cells [28, 29], may
also enhance the CE content of intermediate particles [30].

CNS Lipoproteins: What do we need to know next?

Lipoprotein remodelling in the brain: The actual step-by-step process of nascent
particles becoming intermediate and then mature lipoproteins in the brain remains
unclear. The only known genetic risk factor in AD, and the only known lipid/cholesterol
carrier in the CNS, is apoE. However, little is known about apoE isoform-specific effects
on the composition and processing of glial-lipoproteins. This leaves fundamental
questions about lipoprotein remodelling in the brain unanswered. For example, we do not
know the composition of intermediate particles that allow the nascent, glial-apoE
lipoproteins to mature, or the effect of apoE isoform on this developing lipoprotein profile.
Once the roles of apoE receptors and enzymatic activities are determined, we need to
understand how these interactions change in response to an environment that is lipid poor
or lipid rich. The role of glia in lipid homeostasis, beyond secreting the nascent particles, is
also unknown. Is it possible that the glia act as the “liver” of the brain, playing a major role
in regulating lipid distribution by its influx and efflux of particularly cholesterol?

Future directions for the role of CNS lipoproteins: 1) Once the biogenesis of glial-
lipoproteins is understood, its potential role AD can be investigated. For example, the
interaction between amyloid precursor protein (APP) and this now completed pathway can
be dissected. In addition, both the effect of amyloid-beta peptide (Ap) on this lipoprotein
profile and the effect of this lipoprotein profile on APP processing can be studied. 2) One
of the next challenges for this model is to incorporate endothelial cells, which will add
several dimensions to the process of lipoprotein remodelling. Additional enzymes that can




modulate lipoprotein composition will be added in the form of endothelial and lipoprotein
lipases. Initially, the role of the blood brain barrier (BBB) could be probed in vitro (for
review [31]). 3) In general, lipid diffusion between vessels and the parenchyma of the
brain will have some level of bi-directionality, even in the absence of specific transporters
or enzymatic activities. This adds another level of complexity when interpreting lipid levels
and maintenance of homeostasis. While the primary clearance mechanism of presumably
cholesterol-rich lipoproteins from the parenchyma is to the CSF, diffusion via the BBB is
also possible, for example the diffusion of small apoA1-containing particles into the brain.

The application of principles learned from peripheral, particularly vascular, changes
induced by lipid fluctuations may provide established methods, reagents and models for
treatment to induce the ideal lipid environment in the parenchyma of the brain.
Understanding lipoprotein biogenesis within the brain, the exchange of lipid between
neurons and glia, the capacity of these cells to synthesize and store lipid, and the role of
diffusion to the CSF and transport across the BBB would fill a critical gap in our current
knowledge. Importantly, understanding this process will potentially contribute new targets
to manage the development of AD, based on the connection of apoE and cholesterol to
risk for this disease.
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Figure 1: ApoAl-mediated reverse cholesterol transport. Lipid-poor particles are secreted
by the liver, take up lipid in the periphery and are cleared by the liver. See description in
text and Tables 1 and 2 (Adapted from [2], see also [1, 3]).

Figure 2. Lipid distribution in human CSF and rat glial lipoproteins. 50ml of CSF or
serum-free glial conditioned media were concentrated to 1ml and fractionated by size
exclusion chromatography with tandem Superose-6 columns, and the resulting fractions
analysed for lipid. Adapted from [17].

Figure 3: Negative stained electron micrographs of lipoproteins isolated by gel
chromatography. A concentrated aliquot (0.5mg/ml of protein) from CSF (inset) and
astrocyte media was placed on a carbon coated EM grid and negatively stained with 1%
uranyl acetate. Magnification 500,000 X. Adapted from [17].

Figure 4: Hypothesis for lipoprotein remodelling in the parenchyma of the brain.

1) Nascent apoE-containing particles are secreted by glial cells. 2) ABCA1 in glia and
neurons promotes FC efflux to the nascent particles, followed by additional FC efflux by
ABCGH1. The result is an intermediate particle(s). 3) Intermediate particle(s) become
mature CNS lipoproteins by a poorly understood process that includes acquiring a CE
core and additional PL.




Table 1 (please place next to Figure 1)
Lipids:

TG= Triglyceride

FA= Free Fatty Acid

PL= Phospholipid

FC= Free Cholesterol

CE= Cholesterol Ester
Lipoproteins:

HDL; = high density,

HDL3 = high densitys

IDL = intermediate density

LDL = low density

Receptors:

LDLR = LDL receptor

SR-B1 = scavenger receptor Bl
HDLR = HDL receptor
Apolipoproteins:

apoAl

apoB

Table 2 (please place below Figure 1)

Enzymes/transporters potentially involved in apoAl-lipoprotein remodelling during reverse

cholesterol transport (identified by a red circle)

LPL = lipoprotein lipase. Hydrolyses circulating TG from circulating chylomicrons and
VLDL to FAA for uptake by surrounding tissue

LCAT: Lecithin-cholesterol acyl transferase. Esterification of CE from PL + FC

ACAT: Acyl-CoA cholesterol acyl transferase. Esterification of intracellular CE from FC +
FFA

PLTP: Phospholipid transfer protein. Transfers PL between cells and lipoproteins

CETP = CE transfer protein

CEH = Cholesterol ester hydrolase

ABC transporters: ATP binding cassette. Promotes efflux of FC from cells to lipoproteins

HMG-CoA reductase: 3-Hydroxy-3 methly-glutaryl co-enzyme A reductase. De nova
synthesis of FC from mevalonic acid pathway
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