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• Cholesterol distributes to cytofacial leaflet
• GM1 gangliosides distribute to exofacial leaflet
• Cav-1 scaffolding of Receptors in MLR
• MLR localization of functional Receptors

↑ 24S-OHC and cholesterol redistribution
↑ Ceramide synthesis
↓ GM1 gangliosides and MLR
↓ Cav-1 and receptor-localization to MLR
↓ Capacity to evoke plasticity
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Abstract A better understanding of the cellular physiological role that plasma membrane
lipids, fatty acids and sterols play in various cellular systems may yield more insight into how
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cellular and whole organ function is altered during the ageing process. Membrane lipid rafts
(MLRs) within the plasma membrane of most cells serve as key organizers of intracellular
signalling and tethering points of cytoskeletal components. MLRs are plasmalemmal micro-
domains enriched in sphingolipids, cholesterol and scaffolding proteins; they serve as a platform
for signal transduction, cytoskeletal organization and vesicular trafficking. Within MLRs are
the scaffolding and cholesterol binding proteins named caveolin (Cav). Cavs not only organize
a multitude of receptors including neurotransmitter receptors (NMDA and AMPA receptors),
signalling proteins that regulate the production of cAMP (G protein-coupled receptors, adenylyl
cyclases, phosphodiesterases (PDEs)), and receptor tyrosine kinases involved in growth (Trk),
but also interact with components that modulate actin and tubulin cytoskeletal dynamics (e.g.
RhoGTPases and actin binding proteins). MLRs are essential for the regulation of the physio-
logy of organs such as the brain, and age-related loss of cholesterol from the plasma membrane
leads to loss of MLRs, decreased presynaptic vesicle fusion, and changes in neurotransmitter
release, all of which contribute to different forms of neurodegeneration. Thus, MLRs provide an
active membrane domain that tethers and reorganizes the cytoskeletal machinery necessary for
membrane and cellular repair, and genetic interventions that restore MLRs to normal cellular
levels may be exploited as potential therapeutic means to reverse the ageing and neurodegenerative
processes.
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Corresponding author B. P. Head, Department of Anesthesiology, University of California San Diego, VASDHS (9125),
3350 La Jolla Village Drive, San Diego, CA 92161, USA. Email: bhead@ucsd.edu

Abstract figure legend Summary illustrating how age-related changes in the biochemistry and biophysical properties of
the neuronal plasma membrane decrease MLRs, Cav-1 expression, and MLR-localized expression of neuronal receptors
necessary for plasticity. A, normal adult neuronal plasma membranes (PMs) have an asymmetric cholesterol distribution
(�85% in the cytofacial and �15% in the exofacial leaflet), GM1 gangliosides in the exofacial leaflet, functional MLR
microdomains, normal expression of Cav-1 and MLR-localized functional receptors necessary for growth and plasticity.
B, during the ageing process, neuronal PMs exhibit a redistribution of cholesterol from the cytofacial to the exofacial
leaflet, decreased GM1 gangliosides in the exofacial leaflet, loss of MLRs, decreased Cav-1 protein expression, and
decreased receptor localization to MLRs, thus reducing the ability to evoke plasticity to an ever changing environment.

Abbreviations AD, Alzheimer’s disease; AMPAR, α-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid receptor;
BBB, blood–brain barrier; BDNF, brain derived neurotrophic factor; Cav-1, caveolin-1; ERK1/2, extracellular response
kinase; GPCR, G protein-coupled receptor; LDL, low-density lipoprotein; LTD, long-term depression; LTP, long-term
potentiation; MLR, membrane lipid raft; NMDAR, N-methyl-D-aspartate receptor; PD, Parkinson’s disease; Trk, tyrosine
receptor kinase.

Introduction

Genomics and proteomics have significantly advanced
our basic understanding of biological functions and
of disease processes. By contrast, research on lipids,
fatty acids and sterols, which are key components of
plasma membranes, has not received similar attention.
Membranes are self-assembled lipid complexes that
provide the structural foundation for cells and serve as
a source of energy that contributes to cell function and
physiology. Membrane lipids indirectly control a great
variety of biological functions through their regulation
of enzymes, receptors, neurotransmitter clustering and
activity (as already discussed previously), and therefore
necessitate much more focus in the post-genomic era.
Membrane lipids provide order within a disordered
environment and serve to encapsulate and thus protect
enzymes and genes from the external environment.
Alterations in membrane lipids occur as we age, and these

changes have major consequences for brain structure,
function and behaviour.

Ageing and decreased neuroplasticity

The population over 65 in the United States (U.S.)
will increase to �87 million by 2050 (Leal & Yassa,
2013) with age alone being the greatest risk factor for
developing Alzheimer’s disease (AD) and other forms of
neurodegeneration such as Parkinson’s disease (PD) and
depression. After AD, PD is the second most common
neurodegenerative disease in individuals over 65 (Gresack
et al. 2010; Paul et al. 2015). Individuals with AD and PD
exhibit severe deficits in cognitive and motor function,
sleep disorders, and deficits in attention, short-term
memory and executive function. In some cases, patients
with PD also manifest β-amyloid aggregates commonly
found in AD (Mandal et al. 2006; Kalaitzakis et al.
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2008). Depression, which is associated with co-morbid
medical illness and suicide, is a major problem among
younger individuals and is also prevalent in the elderly
population. With no prevention or treatment, individuals
suffering from age-related neuropathologies could reach
11–16 million in the U.S. by 2050; healthcare costs for AD
alone were estimated at $200 billion in the U.S. in 2012,
and with PD it is difficult to truly measure the financial
burden on both families and the healthcare system. In
addition to age-related AD and PD, depression among
the elderly has been estimated to increase health care
costs by 50% accompanied by an increase in outpatient
costs by 43–52% in these individuals compared to
non-depressed patients (Aziz & Steffens, 2013). Therefore,
due to the increased ageing population and associated
neurodegenerative illnesses, there is a great demand for
therapeutic interventions to reverse age-related neuro-
logical decline.

Ageing, independent of AD and PD pathology, is
associated with a decline in certain cognitive abilities such
as mental speed, executive function, episodic memory,
working memory, short-term recollection, speed of
processing new information, and spatial memory (Remy
et al. 2004; Fjell et al. 2014). These behavioural deficits
are due to losses in synaptic contacts, changes in neuro-
nal morphology, reduced capacity to evoke neuroplasticity
and dendritic branching (Henley & Wilkinson, 2013), and
reductions in cortical (pre-frontal, parietal, temporal and
entorhinal) and hippocampal volume (Fjell et al. 2009,
2013, 2014). It has been proposed that certain areas of
the brain that are more plastic throughout life (e.g. pre-
frontal cortex, limbic system) are in fact most vulnerable to
age (Mesulam, 1999). The increased demand for life-long
plasticity makes these dynamic regions more susceptible to
lesions and accumulation of pathology throughout life and
is well summarized as ‘the inevitable manifestations of a
failure to keep up with the increasingly more burdensome
work of plasticity’ (Mesulam, 1999).

On a cellular level, neurons exhibit changes in plasma
membrane biophysical properties (e.g. decreased choles-
terol, gangliosides and phosphoinositides) (Ledesma et al.
2012), and impaired cholesterol synthesis and lipoprotein
transport (Martin et al. 2010), all of which contribute
to alterations in the molecular composition of synaptic
membranes (Henley & Wilkinson, 2013). Additionally,
age is accompanied by reduced membrane-associated
synaptic proteins (Jiang et al. 2010) and diminished
presynaptic vesicle exocytosis and subsequent neuro-
transmitter release, the latter due to plasmalemmal
cholesterol depletion or redistribution and subsequently
altered membrane recruitment of SNARE complexes
(Ledesma et al. 2012). Evidence also exists for age-related
deficits in cAMP-mediated signalling, impairment in
synaptic plasticity, and decreases in hippocampal
long-term potentiation (LTP) (Titus et al. 2013a). The

age-related changes in plasmalemmal lipid composition
and concomitant reduction in functional synaptic
components (both pre- and postsynaptic) may contribute
to the incapacity of the aged brain to evoke structural
and functional plasticity (Wood et al. 2011; Ledesma
et al. 2012; Morrison & Baxter, 2014). Although
some therapeutic approaches attempt to regenerate the
neurodegenerative or injured brain through delivery of
exogenous pro-growth stimuli (such as neurotrophins;
Conte et al. 2008), the relative lack of efficacy of these
approaches may be due in part to the reduction of
cell surface receptors and their downstream effector
molecules from the appropriate plasma membrane micro-
domains, thereby limiting transduction of extracellular
signals. Genetic interventions that restore normal neuro-
nal plasma membrane biophysical properties that facilitate
pro-growth signalling may enhance functional plasticity
and reverse age-related behavioural decline. Thus,
therapies that activate essential molecular ‘switches’, which
provide the structural maintenance of the brain, may allow
for functional adaptations to the changing environment
(i.e. synaptic plasticity).

Synaptic plasticity and age-related deficits

Genetic profiling studies have elucidated more specifically
the underlying mechanisms that lead to alterations in
synaptic plasticity in the aged brain (Conte et al. 2008;
Neumann et al. 2010). Important components essential
to normal synaptic plasticity are plasma membrane
receptors that regulate calcium flux and homeostasis
(e.g. N-methyl-D-aspartate receptors (NMDARs) and
α-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid
receptors (AMPARs)); these receptors are decreased in
the aged brain (Head et al. 2010). Others have shown
that calcium channels, intraneuronal calcium buffering
capacity, and receptors involved in calcium entry are
decreased with age and render the brain more vulnerable
to excitotoxic stress (Stiess & Bradke, 2011; Breceda &
Dromerick, 2013; Phillips et al. 2014). This dysregulation
of calcium handling and increased vulnerability to
excitotoxicity could explain why ischaemic tolerance is
absent in the aged brain (Lowery & Van Vactor, 2009). In
addition to decreases in synaptic glutamate receptors, their
downstream kinases (i.e. calcium–calmodulin kinases)
(Dent et al. 2011), G protein-coupled receptors (GPCRs),
adenylyl cyclases, and neurotrophin signalling are also
significantly downregulated in the aged brain (Conte
et al. 2008; Hall & Lalli, 2010; Stiess & Bradke, 2011;
Head et al. 2014). These age-related deficits in functional
synaptic signalling components dampen the regenerative
capacity of the aged brain to re-organize its neuro-
nal circuitry. Although some therapeutic approaches
attempt to regenerate the neurodegenerative or injured
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brain through delivery of exogenous pro-growth stimuli
such as brain derived neurotrophic factor (BDNF)
(Dent & Gertler, 2003; Bassani & Passafaro, 2012), the
ineffectiveness of these approaches is likely to be due to
the absence of the coupling of membrane receptors to
their downstream effector molecules via key scaffolding
proteins, an essential bridge for facilitating proper signal
transduction. What therefore appears to be required for
neuronal regeneration in the aged brain is not only
receptor expression but also expression of downstream
signalling molecules scaffolded in close proximity to these
plasma membrane receptors in order to achieve functional
signal transduction (Hall & Lalli, 2010).

Cholesterol in the brain

Cholesterol is found in all animal cellular membranes
and is essential for plasma membrane structure and
fluidity. Although the brain comprises only 2–5% of total
body mass, it contains 20–25% of the body’s cholesterol
(Russell et al. 2009). The amount of cellular cholesterol
is proportional to membrane surface area. The brain
contains approximately 15 mg g−1 of tissue, followed
by adrenal glands (9 mg g−1), which use it for steroid
hormone synthesis, and the lung (6 mg g−1), which
uses it to increase alveolar surface area for facilitating
gas exchange. To better understand the physiological
significance of cholesterol, one needs to comprehensively
dissect the influence of its biologically active oxidized
forms, i.e. oxysterols (Lutjohann et al. 1996; Lund et al.
2003; Xie et al. 2003; Heverin et al. 2005, 2015; Martin
et al. 2014).

Cellular cholesterol can be obtained by receptor-
mediated endocytosis of lipoproteins or synthesized in
the endoplasmic reticulum and distributed to cellular
membranes by way of vesicular and non-vesicular
transport (Martin et al. 2014). The latter involves a
biosynthetic pathway comprising 20 enzymes. Several
of these enzymes have received much attention due
to their role in cardiovascular disease and neuro-
protection (Liscum et al. 1983; Brown & Goldstein,
1997; Peri & Serio, 2008). 3-Hydroxy-3-methyl-glutaryl
(HMG)-CoA reductase is the rate-controlling enzyme
that converts 3-methyl-glutaryl-CoA into mevalonate
(Liscum et al. 1983), which is subsequently converted
into cholesterol and other isoprenoids. Another enzyme,
3-β-hydroxysterol-�-24-reductase, which is encoded by
the seladin-1 gene, catalyses the synthesis of cholesterol
from desmosterol, the final enzymatic step in the
cholesterol biosynthetic pathway (Peri & Serio, 2008).
To facilitate brain cholesterol elimination, the enzyme
cholesterol 24-hydroxylase converts cholesterol back into
24S-hydroxycholesterol (24S-OHC) (Ohyama et al. 2006),
and in humans efflux of 24S-OHC accounts for as much

as 5–7 mg of cholesterol removal from the brain each day
(Lutjohann et al. 1996; Bjorkhem et al. 1998). Cholesterol
24-hydroxylase is extremely stable in the adult brain and
evidence indicates that oxidative stress increases its trans-
criptional activity. Studies that genetically disrupted the
CYP46A1 gene, which encodes cholesterol 24-hydroxylase,
demonstrated a 65% reduction of net sterol flux from the
brain; however, no biochemical or phenotypic alterations
were observed between these genetically modified mice
versus their wild-type littermates (Lund et al. 2003; Xie
et al. 2003). Another manner through which cholesterol
may be eliminated from the brain is its conversion to
the metabolite 27-hydroxycholesterol (27OHC) by sterol
27-hydroxylase (Heverin et al. 2005), albeit to a much
lesser degree than conversion of 24S-OHC; 27OHC makes
up 5–10% of total brain oxysterols compared to 24S-OHC
(Lutjohann et al. 1996; Heverin et al. 2005). Moreover,
evidence now shows that 27OHC is in fact neurotoxic
(Heverin et al. 2015), elevated in patients with the
Swedish mutation for amyloid precursor protein, and may
contribute to the neurodegenerative progression of AD
based on its ability to be taken up by the brain from the
circulation independent of BBB damage (Shafaati et al.
2011; Heverin et al. 2015). Therefore, a better under-
standing of cholesterol metabolism and homeostasis in the
brain may shed light on the aetiology that contributes to
age-related alterations in neuronal membrane cholesterol,
neuronal function and neuroplasticity as well as the
contribution of cholesterol and cholesterol metabolites to
certain neurodegenerative diseases (Bjorkhem et al. 2010;
Maioli et al. 2013).

Although the brain contains close to 400 miles of blood
vessels (Begley & Brightman, 2003), the blood–brain
barrier (BBB) prevents the plasma lipoproteins from
entering the brain, thus forcing the brain to primarily
depend upon biosynthesis of its own cholesterol (Jurevics
& Morell, 1995; Osono et al. 1995; Jurevics et al. 1997;
Turley et al. 1998). Within the brain two pools of
cholesterol exist: 70% within the myelin of white matter
that ensheaths axons, and 30% within the plasmalemmal
and subcellular membranes of neurons and glia that
compose the grey matter. Evidence shows that the
rate of cholesterol synthesis in the brain is highest
during development and following injury, and the pre-
dominant source of cholesterol in the brain is provided
by glia after development (Vance & Hayashi, 2010).
Extracellular uptake by neurons of cholesterol occurs
when apo E-containing lipoproteins are internalized by
low-density lipoprotein (LDL) receptors (e.g. LDLR,
LRP1, vLDLR and apo ER2). Apoproteins are taken
up by the axons and transported retrogradely from the
axon terminal to the neuronal cell body (also termed
soma). While LDLR is more highly expressed in glia,
LRP1 is found predominantly in neurons. Interestingly
vLDLR is specifically expressed in neuronal growth cones
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and is presumed to facilitate membrane expansion. Glia
secrete apolipoproteins (E and J), with apo E being the
primary subtype; apo E is synthesized by a few types of
hippocampal and cortical neurons as well. Apo E exists in
three isoforms: E2, E3 and E4; apo E3 carries 2- to -3-fold
more cholesterol than E4, the latter isoform of which is
associated with a 12-fold higher risk of developing AD
(Vance & Hayashi, 2010). After injury, apo E synthesis
in glia increases 150-fold, and apo E deficiency renders
neurons more vulnerable to ischaemic insult. Thus apo
E containing lipoproteins serve to deliver cholesterol to
neurons for axonal growth, repair and synaptogenesis.

Cholesterol is important for neuronal membrane
integrity and neuronal physiology (i.e. synaptic signalling
and plasticity) during development and throughout
adulthood. Therefore, it should come as no surprise
that alterations in the cholesterol synthesis, transport,
and uptake have been implicated in the pathogenesis of
several neurodegenerative diseases (Martin et al. 2014),
yet the mechanisms that underlie these alterations have
yet to be defined. Cholesterol contributes to neuro-
nal membrane integrity; supports membrane protein
clustering and function, cell morphology, and inter-
cellular communication; and facilitates high-fidelity signal
transduction. Imbalances in cholesterol homeostasis in
the brain can contribute to neurodegenerative diseases
such as AD and PD. Additional age-related impairments
in glial-derived cholesterol biosynthesis and transport, or
uptake of cholesterol by neurons in the brain may adversely
affect development, plasticity and synaptic circuitry, and
contribute to the inability of the aged brain to sprout
new neurites in order to respond to an ever changing
environment (Bulloj et al. 2008; Cecchi et al. 2008;
Peri & Serio, 2008; Vanmierlo et al. 2009). Because the
brain is heavily dependent upon endogenous intracellular
cholesterol biosynthesis rather than circulating plasma
lipoproteins, understanding how cholesterol is properly
utilized to form new neuronal membranes necessary for
maintaining proper signalling, growth and expansion may
permit us to restore high-order brain function in the
aged and neurodegenerative brain through genetic inter-
ventions that restore plasmalemmal cholesterol.

It is well established that the ageing brain presents
functional deficits. Whether these age-related deficits are
based upon a failure to evoke de novo sprouting or due
to neurodevelopmental issues earlier in life is a matter
of debate (Crutcher, 2002). The ageing nervous system
consists of neurons that are in essence as old as the
individual itself, and therefore what determines an ‘aged’
neuron may simply be how well it developed earlier in life.
Because growth cones are essential for neurite guidance
and maturation during early life neurodevelopment and
synaptogenesis, understanding the membrane biology
of growth cones and how this contributes to growth
cone function does ultimately have consequences for

age-related functional changes. Conventional thought is
that growth cones are only associated with neuritogenesis
during neuronal development; however, growth cones are
in fact necessary for de novo neuronal sprouting in the
adult CNS that occurs after injury (e.g. ischaemia or
trauma) or in the aged brain (Mishra et al. 2011; Tong
et al. 2011). Evidence shows that neurite outgrowth and
normal growth cone morphology is altered in neuro-
degenerative conditions (Kao et al. 2010). Because growth
cones serve to guide neuronal processes during the neurite
outgrowth and axonal regeneration, any alterations to
growth cone function (i.e. reduced membrane cholesterol
and membrane lipid raft (MLR)-associated pro-growth
receptors) may dampen the ability of the aged brain to
re-evoke plasticity in response to a constant changing
environment. The next section will describe how MLRs
contribute to growth cone biology and function. A better
understanding of MLR and growth cone membrane
biology and how alterations to MLR and growth
cone function can ultimately contribute to aged-related
functional changes to the brain may yield potential
genetic targets for the purpose of attenuating age-related
functional decline.

Membrane lipid rafts: regulators of signal
transduction, cytoskeletal tethering and
cellular polarity

MLRs are discrete plasmalemmal microdomains
enriched in cellular cholesterol, glycosphingolipids (i.e.
gangliosides) and a variety of signalling and scaffolding
proteins (Head et al. 2014). Within neurons, MLRs are
essential for pro-growth signalling (e.g. BDNF/TrkB
activation), and synapse development, stabilization and
maintenance (Head et al. 2014). Moreover, caveolin-1
(Cav-1), a cholesterol binding and resident protein of
MLRs, organizes and targets synaptic components of the
neurotransmitter and neurotrophic receptor signalling
pathways to MLRs (Head et al. 2008, 2011). Specifically,
these synaptic signalling components localize to MLRs
in growth cones and, when activated, converge upon
formation of cAMP, a second messenger molecule that has
an important role in synaptic plasticity (Head et al. 2014).
Because MLRs have been detected at synapses (Suzuki,
2002; Gil et al. 2006; Allen et al. 2007; Wasser & Kavalali,
2009; Mailman et al. 2011), inhibition of cholesterol
biosynthesis and subsequent loss of these microdomains
can greatly impact pre- and postsynaptic function leading
to cognitive deficits (Schilling et al. 2014). Previous
work from our group demonstrated that Cav-1 and
synaptic components essential for neurotransmitter and
neurotrophin signalling (e.g. NMDAR, AMPAR, TrkB)
decrease in the aged brain, specifically in synaptosomes
and MLRs (Head et al. 2010).
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The mechanical basis of axonal and dendritic growth is
cytoskeletal dynamics, wherein rearrangements of actin
and microtubules create enhanced motility in growth
cones. Neurite outgrowth (or neuritogenesis) occurs in
three steps: protrusion, engorgement and consolidation
(Lowery & Van Vactor, 2009; Stiess & Bradke, 2011).
In the protrusion stage, actin polymerization (localized
in the growth cone itself) increases, causing filopodia
and lamellipodia to extend. At the same time, some
actin filaments are pulled backwards by retrograde flow,
condensing in filamentous (F) actin ‘Arc’, which pre-
vents microtubules (localized in the neurite shaft) from
invading. In the engorgement stage, actin filaments
dissociate and reorient at the interface between the neurite
shaft and growth cone, allowing microtubule invasion. In
consolidation, actin polymerization is suppressed while
microtubules are stabilized in the newly invaded region,
extending the neurite shaft, which eventually matures into
an axon or dendrite. For these morphological changes to
occur, the plasma membrane needs to establish a polarized
signalling platform that tethers and regulates cytoskeletal
components and transduces extracellular stimuli (e.g.
growth and repellant cues). MLRs provide an essential
plasma membrane platform that establishes cellular
polarity by compartmentalizing pro-growth signalling
components (i.e. TrK receptors) while at the same time
tethering cytoskeletal proteins (Kamiguchi, 2006; Head
et al. 2013) critical for neuritogenesis. MLRs are located
at the leading edge of neuronal growth cones (Kamiguchi,
2006), and loss or disruption of MLRs from the leading
edge results in growth cone collapse and inhibition of
neuritogenesis (Niethammer et al. 2002).

Axonal growth and guidance is crucial for the deve-
lopment of functional neuronal networks. The growth
cone at the tip of the axon is essential for axonal
growth, pathfinding and proper targeting (Dent et al.
2011). While the growth cone is responsive to both
attraction and repulsion cues, the ‘steering’ of the
growing axon via the growth cone is mediated by
dynamic changes within the underlying actin cytoskeleton
(Hall & Lalli, 2010). Collapse of the growth cone,
induced by actin dysregulation, leads to stunted axonal
growth, loss of connectivity and the development of
aberrant connections; as such, growth cone collapse causes
dysfunction in neuronal networks (Dent & Gertler, 2003;
Dent et al. 2011). Because MLRs serve to tether and directly
influence cytoskeletal component dynamics within growth
cones (Bassani & Passafaro, 2012; Head et al. 2013), the
regulation and balance of actin dynamics can determine
the fate of key neurodevelopmental events, such as growth
cone collapse and guidance. Therefore, interventions
that promote or enhance MLR formation within the
plasma membrane of aged neurons may evoke structural
and functional synaptic plasticity and potentially reverse
behavioural decline.

Cholesterol, sphingolipids and gangliosides: synaptic
transmission and receptor function

Understanding age-related changes to the biochemistry of
the brain is fundamental to reversing behavioural deficits.
The decline in brain function with age is thought to occur
through the accumulation of toxic products from normal
oxidative metabolism, cardiovascular disease or changes
in the normal body homeostasis. However, the aged brain
contains few dead neurons, suggesting that ageing may
in part be caused by other factors such as alterations
in the cellular membrane biophysical and biochemical
properties. Recent evidence points to the contribution of
changes in membrane cholesterol and lipid composition
of membranes, which can directly affect neuro-
transmitter and neurotrophin release from presynaptic
membranes ultimately influencing cognitive and motor
function.

In 1958, the first evidence was obtained that membrane
lipid composition of the brain changes with age (Burger
& Seidel, 1958; Rouser & Yamamoto, 1968). More recent
evidence has confirmed that age-related lipid alterations
occur in human and rodent brains, as well as cultured
neurons (Ledesma et al. 2012). Much evidence over the
years has demonstrated that reduced cholesterol occurs
specifically in the human hippocampus and synaptosomes
from aged rodents (Soderberg et al. 1990; Yamamoto
et al. 2008; Sodero et al. 2011). Moreover, it has been
reported that increased cholesterol catabolism occurs with
age (Lutjohann et al. 1996; Bjorkhem & Diczfalusy, 2004;
Thelen et al. 2006). Interestingly, in addition to decreases
in membrane cholesterol with age, the real problem may
lie in the redistribution of cholesterol from the cyto-
facial to the exofacial leaflet of the plasma membrane
(Igbavboa et al. 1996; Wood et al. 2011) (Fig. 1). These
hippocampal changes in cholesterol are believed to be
due to decreases in cholesterol synthesis and increases
in cholesterol catabolism by cholesterol 24-hydroxylase
leading to higher plasma levels of 24-hydroxycholesterol
in aged individuals (Lutjohann et al. 1996; Lund et al.
1999; Thelen et al. 2006). Although hippocampi from
aged human and rodents exhibit these lipid alterations,
it may be brain region specific due to alterations in
lipoprotein transporters and receptors (Bu et al. 1994;
Runquist et al. 1995). Along with changes in cholesterol,
alterations in sphingomyelin (Trovo et al. 2011) and
glycosylated sphingolipids known as gangliosides have
also been reported in the aged brain (Posse de Chaves
& Sipione, 2010). These lipid changes are most likely to be
due to increased ceramide production, a signalling lipid
that is a product of sphingomyelin and glycosphingolipid
catabolism by sphingomyelinases (Valaperta et al. 2006;
Sacket et al. 2009). Moreover, it has been shown
that increased oxidative stress in the hippocampus and
striatum upregulates sphingomyelinases thus increasing
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ceramide production (Denisova et al. 2001). Additional
evidence demonstrates that ganglioside localization to
MLRs is altered with age due to changes in the ceramide
moiety within gangliosides (Wolf et al. 1998), suggesting
that MLR lipid composition and MLR function are altered
with age (Prinetti et al. 2001; Jiang et al. 2010; Trovo et al.
2011).

Although an abundant amount of evidence supports
age-related changes in plasmalemmal lipid distribution
(i.e. redistribution of cholesterol and sphingolipids), there
still remains much controversy regarding this ‘flip–flop’
transbilayer diffusion rate specifically related to cholesterol
(Steck & Lange, 2012). An elegant study conducted by Garg
et al. using time-resolved small-angle neutron scattering
to measure passive transfer of cholesterol between the two
facial leaflets of the PM demonstrated that cholesterol,
in its natural form, exhibited a transverse diffusion (i.e.
flip–flop) in the bilayer with a half-time of 200 min at 50°C
(Garg et al. 2011). This finding is different from others,
which showed half-time values of minutes to seconds to
milliseconds. Steck and Lange argue the following: (1)

Exofacial 
leaflet

Cytofacial 
leaflet

Exofacial 
leaflet

Cytofacial 
leaflet

PSV

PSV PSV PSV PSV PSV

PSV

PSV
PSV

PSV

PSV PSV

PSV

A  Adult membrane

B  Aged membrane

Figure 1. Aged-related changes in cholesterol and
gangliosides in the neuronal plasma membrane
A, in young adult human and rodent neurons, approximately 85%
of plasmalemmal cholesterol is found within the cytofacial leaflet
while the majority of glycosphingolipids (e.g. GM1 gangliosides) are
found in the exofacial leaflet. Both gangliosides and cholesterol
enhance the negative curvature property of the plasma membrane,
thus enhancing the fusogenicity with presynaptic vesicles (PSV).
B, however, with age there is either a reduction in membrane
gangliosides and cholesterol or a redistribution of cholesterol from
the cyto- to the exofacial leaflet. These age-related changes in
cholesterol membrane content and distribution drastically impede
PSV docking and fusion with the cytofacial leaflet, neurotransmitter
release and postsynaptic signalling (e.g. NMDAR and AMPAR),
synaptic plasticity (i.e. LTP) and strength, and behaviour.

cholesterol intramembrane transfer may be too fast for the
limited sensitivity of detection by the above-mentioned
methodology, and (2) the slow diffusion observed by
Garg et al. may in fact reflect the heterogeneity in the
intermembrane transfer kinetics of cholesterol. It is well
known that different technologies can yield conflicting
results. Cells and the lipid bilayer that encases them
are highly dynamic. Therefore more in-depth studies are
necessary to yield greater consistency regarding intra- and
intermembrane cholesterol transfer (and other lipids for
that matter) in order to give us an overall better under-
standing of the role of cholesterol during both neuronal
development and the ageing process.

Although changes in membrane lipid composition (e.g.
cholesterol, sphingomyelin, gangliosides) are significant
with age, how would these biochemical changes ultimately
affect synaptic plasticity? Synaptic plasticity represents
the ability to change synaptic connections in response
to environmental cues and is the hallmark of learning
and memory. With age, there is a severe decline in
synaptic plasticity in the brain and specifically in the
hippocampus (Barnes, 1979; Rosenzweig & Barnes, 2003).
Two key components of memory formation are LTP
(i.e. strengthening of synapses) and long-term depression
(LTD; i.e. the opposing process that involves weakening of
synaptic connections). During age, LTP decays faster and
there is a shift from LTP to LTD that ultimately leads to
deficits in learning and memory (Barnes & McNaughton,
1980; Larson et al. 1986; Roman et al. 1987; Kelly et al.
2000).

Proper synaptic transmission necessary for LTP and
LTD induction involves the fusion of synaptic vesicles
(SVs) with the presynaptic membrane in order to facilitate
neurotransmitter release and subsequent postsynaptic
receptor activation and signalling, a trans-synaptic event
that declines with age (Ledesma et al. 2012). Membrane
curvature is a key physical property for facilitating SV
fusion (i.e. the more curved a membrane is, the greater
its fusogenicity; Lentz et al. 1987). Specific lipids like
cholesterol and sphingolipids are necessary for membrane
curvature in addition to determining membrane fluidity.
Modulation of membrane curvature by lipids is essential
for SV fusion with the membrane and receptor diffusion
within the membrane, both of which contribute to
synaptic plasticity. Cholesterol is a major lipid of synaptic
vesicle membranes (�30%) and facilitates fusion by
forming a high curvature stalk-pore (Deutsch & Kelly,
1981; Churchward et al. 2005). Cholesterol promotes
curvature of synaptic vesicles through its interaction with
the integral membrane protein synaptophysin (Thiele et al.
2000). Moreover, experiments that involve cholesterol
depletion resulted in impaired exocytosis of synaptic
vesicles, decreased neurotransmitter release, and blunted
synaptic plasticity (Chamberlain et al. 2001; Kudinov
et al. 2006; Linetti et al. 2010). Therefore, age-related
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decreases in membrane cholesterol or its redistribution
from the cyto- to the exofacial leaflet of the plasma
membrane ultimately contributes to decreased neuro-
transmitter release and reduced synaptic plasticity. In
addition to its direct influence on membrane curvature,
cholesterol also serves to concentrate SNARE proteins.
Therefore, reduced cholesterol not only affects curvature
but also may lead to instability of SNARE complexes
(Chamberlain et al. 2001; Lang et al. 2001; Chamberlain
& Gould, 2002).

Along with cholesterol, sphingolipids also affect
membrane curvature. Sphingolipids interact with
cholesterol (via the α smooth face of cholesterol (Garmy
et al. 2005) while the β rough face of cholesterol
intercalates with the helices of transmembrane proteins
(Paila et al. 2009)); both are enriched in MLRs and in
synaptic membranes (Fig. 2). Sphingolipid (originally
coined sphingosine by J. L. W. Thudichum in 1884 based
upon the enigmatic Greek mythological sphinx) is a
lipid composed of a long base chain, a fatty acyl chain,
and the sugar hexose (Thudichum, 1884). The more

Receptoriso-ocytl 
chain

Sialic acid

GM1 ganglioside
(glycosphingolipid)

Caveolin Cholesterol

HO

CH
3
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3
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fatty acyl chain

Figure 2. The physical interaction between cholesterol,
sphingolipids and transmembrane proteins
Cholesterol physically interacts with sphingolipids and the
transmembrane component of proteins. Cholesterol possesses an α

smooth surface, which permits it to interact with sphingolipids,
while the β rough surface (due to methyl groups on carbon 10 and
13 and the iso-octyl chain link to carbon 17) facilitates insertion into
the helices of transmembrane proteins. Due to its dissymmetrical
physical properties, one molecule of cholesterol can interact with
two distinct membrane molecules, such as sphingolipids and
transmembrane proteins, within raft microdomains. This serves to
create a more liquid ordered membrane parameter (i.e. decreased
fluidity) characteristic of MLR.

appropriate term sphingolipid was coined by Carter and
colleagues to describe any lipids derived from sphingosine
(Carter et al. 1947; Futerman & Hannun, 2004). SV
fusion and synaptic transmission are highly influenced by
the sphingolipid–cholesterol interaction, and age-related
changes in the sphingolipid to cholesterol ratio in both
rodent and human hippocampal neurons reduces fusion
efficiency through alterations in membrane curvature
(Haque et al. 2001; Martin et al. 2008; Yamamoto
et al. 2008; Trovo et al. 2011). Ganglioside, a type of
glycosphingolipid found within MLRs and located at
nerve endings, is normally enriched in the exofacial
leaflet of the plasma membrane and contributes to the
positive curvature of synaptic membranes (Leskawa et al.
1979; Salaun et al. 2004). Gangliosides enhance neuro-
transmitter release, and evidence shows that with age
there is a decrease in gangliosides in the exofacial leaflet of
neuronal membranes (Svennerholm et al. 1994; Posse de
Chaves & Sipione, 2010).

Another critical component of synaptic plasticity and
synaptic strength is neurotransmitter receptor diffusion.
Both NMDAR and AMPAR signalling contribute to
memory induction and consolidation within the hippo-
campus. The lateral diffusion of these receptors is
critical to synaptic tuning and plasticity and is heavily
dependent upon membrane lipid composition. MLRs
regulate neurotransmitter receptor clustering and signal
transduction (Head et al. 2008, 2011). Others have
shown that cholesterol depletion from hippocampal
synaptic membranes directly affects AMPAR trafficking
and mobility through receptor destabilization (Hering
et al. 2003; Renner et al. 2009). Furthermore, NMDAR-
dependent calcium influx and NMDAR-mediated
LTP in the hippocampus are greatly impaired upon
cholesterol depletion (Frank et al. 2004, 2008). In fact,
LTP itself increases cholesterol synthesis suggesting that
LTP-induced synaptic plasticity requires cholesterol;
therefore age-related reduction in cholesterol or asym-
metric cholesterol redistribution could negatively impact
synaptic plasticity (Kudinov et al. 2006). Gangliosides
also contribute to AMPAR and NMDAR function by
facilitating membrane fluidity and clustering necessary
for synaptic signal transduction (Cole et al. 2010).
Age-related reduction in these lipids also negatively
influences neurotransmitter receptor-mediated synaptic
plasticity.

Sphingolipids, cholesterol and MLRs regulate neuro-
transmitter receptor conformation, function and
trafficking by directly binding to the transmembrane
helices and extracellular loops of the receptors (Fantini &
Barrantes, 2009). These lipids alter receptor conformation
within the membrane (e.g. acetylcholine and serotonin
receptors), and directly modulate neurotransmitter
binding, signal transduction and even receptor trafficking.
Interestingly, gangliosides demonstrate direct affinity
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for neurotransmitters and facilitate their attachment to
the postsynaptic membranes, thus promoting synaptic
transmission. Specifically, serotonin binds directly to
gangliosides in a ‘catch neurotransmitter’ manner onto the
postsynaptic membrane (i.e. ganglioside assisted neuro-
transmitter delivery), which serves to concentrate the
neurotransmitter while at the same time preventing
neurotransmitter aggregation (Fantini & Barrantes, 2009).
With respect to receptors, gangliosides also regulate
the conformational change of the receptor upon ligand
binding in order to couple to heterotrimeric G proteins,
as is the case with GPCRs such as the opioid
receptor (Wu et al. 1997). Intriguingly, the addition
of gangliosides to neurons enhances neurite outgrowth,
axonal sprouting, and neuronal differentiation in vitro
and in vivo (Gorio, 1986), suggesting that interventions
that enhance membrane gangliosides may facilitate
dendritic and axonal growth, enhance synaptic plasticity,
and potentially regenerate neuronal connections, which
ultimately improves functional neuronal networks.

Can genetic interventions that enhance MLRs
specifically in neurons evoke structural and
functional neuronal plasticity?

Ageing is a physiological process that is accompanied by
a significant reduction in neuronal plasticity (Calabrese
et al. 2013). Activating molecular mechanisms that evoke
structural and functional plasticity have the capacity to
improve function in the aged or neurodegenerative brain
(Mesulam, 1999; Morrison & Baxter, 2014; Villeda et al.
2014). A key molecule that enhances neuronal growth
is cAMP (Atkins et al. 2007, 2013; Murray et al. 2009;
Titus et al. 2013b); cAMP binds to protein kinase A
(PKA), which then activates extracellular response kinase
(ERK1/2) and phosphorylates cAMP response element
binding protein (CREB). In addition, cAMP leads to
exchange protein activated by cAMP (Epac) activation
within growth cones (Ming et al. 1997; Murray et al. 2009).
After injury or with age, there is a significant reduction
in CREB phosphorylation and ERK1/2 activation,
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Figure 3. Age-related loss in synaptic signalling may be restored by increasing MLR formation
A, in the healthy brain, synaptic transmission is dependent upon the appropriate neuronal receptors (e.g. AMPAR,
NMDAR, and TrkB), their localization to the postsynaptic density, and release of neurotransmitter from the pre-
synaptic cleft. MLRs, which are critical membrane components of both the pre- and postsynaptic membrane,
scaffold these receptors in part via the cholesterol binding protein Cav-1. B, however, with age there is a drastic
decrease in neuronal MLRs, Cav-1, and MLR-associated neuronal receptors, which results in decreased synaptic
transmission (reduced cAMP formation), progressive neurodegeneration, and increased behavioural dysfunction.
C, most highly targeted therapies are often ineffective in eliciting the desired response, likely to be due to decreased
expression of key receptors (e.g. AMPARs, NMDARs, TrkB, GPCRs) and inadequate production of second messenger
(cAMP). Genetic interventions that enhance and/or restore MLR formation (i.e. neuron-targeted Cav-1 or SynCav1)
can potentially re-establish an active signalling platform that regulates cytoskeletal dynamics, enhances structural
and functional neuroplasticity, and improves cognition in the ageing and neurodegenerative brain.
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presumably due to a reduction in cAMP production
(Atkins et al. 2007, 2009; Titus et al. 2013a). Increasing
cAMP levels by phosphodiesterase inhibition induces
neuronal sprouting, reorganization of the neurons in the
cortex and recovery of motor function after injury (Atkins
et al. 2007; MacDonald et al. 2007). Therefore, genetic and
pharmacological interventions that increase cAMP may
improve motor and cognitive function in the aged brain
(Atkins et al. 2007, 2013; Titus et al. 2013a).

At the leading edge of neurite extension, within
growth cones, there exists several pro-growth pathways
that converge upon cAMP: NMDAR, AMPAR, TrkB
and GPCRs such as dopamine 1 receptor (D1R) and
serotonin receptors (5-HT6 and 5-HT7) (Gao et al. 2003;
Schmitt et al. 2004; Wayman et al. 2004, 2006; Kong
et al. 2007; Chytrova et al. 2008; Fantini & Barrantes,
2009). These receptors localize to MLR within the growth
cone (Fantini & Barrantes, 2009; Head et al. 2014).
We have previously shown that neuron-targeted Cav-1
over-expression enhanced MLR formation (as indicated
by increased cholera toxin-B (CT-B) detection in buoyant
membrane fractions) and increased protein expression of
neuronal receptors in CT-B-enriched membrane fractions
(Head et al. 2011). Furthermore, neuron-targeted Cav-1
enhanced NMDAR and TrkB-mediated signal trans-
duction and increased cAMP production following
receptor agonism (D1R, 5-HT6 and NMDAR) or direct
activation of adenylyl cyclase (with forskolin) (Head et al.
2011). The substantial increase in cAMP may under-
lie the pro-growth properties of increasing Cav-1 and
MLRs specifically in neurons. More recent data from our
group show that delivery of neuron-targeted Cav-1 using
an adeno-associated virus serotype 9 (AAV9-SynCav1)
into the hippocampus enhances structural and functional
plasticity in granule cell neurons and in CA1 pyramidal
cell neurons and increases hippocampus-dependent fear
learning and memory in adult (6 months) and aged mice
(20 months) (Egawa et al. 2014). Post mortem biochemical
analysis of these mice revealed enhanced CT-B in
MLR fractions and increased TrkB protein expression
in these CT-B positive MLR fractions (similar to what
we have previously demonstrated in primary neurons in
vitro; Head et al. 2011), suggesting that neuron-targeted
overexpression of Cav-1 increases MLR formation and
pro-growth receptor localization to MLRs. Thus inter-
ventions that enhance MLR formation specifically in
neuronal plasma membranes may significantly increase
structural and functional plasticity and vastly accelerate
motor and cognitive recovery in the aged or neuro-
degenerative brain (Fig. 3).

Conclusion

Restoration of synaptic plasticity and preservation of
cognitive function in the aged brain remains a major

medical challenge for the ageing population. Under-
standing how age-related changes affect the synaptic
membrane protein clustering within neurons may yield
therapeutic targets for the purpose of restoring functional
MLRs, neuronal membrane expansion, and synapse
formation that are necessary to improve function in
the ageing brain. Genetic interventions that re-establish
the proper subcellular membrane regions necessary to
restore pro-growth and pro-survival signalling have the
potential to not only reduce neuronal loss and enhance
endogenous brain repair, but also to increase the efficacy
of pharmacological agents designed to improve functional
outcome. Enhancement of MLRs within neuronal
membranes in combination with pharmacological agents
that enhance cAMP (i.e. PDE inhibitors, selective serotinin
re-uptake inhibitors (SSRIs) or serotonin dopamine
re-uptake inhibitors (SDRIs)), TrkB agonism, or exercise
therapy which enhances BDNF may prove efficacious in
promoting functional and structural plasticity, pruning
and refining neuritic growth, and improving cognitive
function in the aged brain.
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