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Fig. 6. Time to death and serum levels of PlsEtn 16:0/22:6 in pathologically confirmed DAT subjects at
0.6-12.1 years premortem. A: Time interval between time of sampling and time of death in DAT subjects
subsequently confirmed pathologically to have DAT as a function of dementia severity at time of sampling.
* P < 0.005 versus CDR 1.0. B: Serum levels of PlsEtn 16:0/22:6 in samples taken from DAT subjects at
0.6-12.1 years before postmortem confirmation of DAT as a function of dementia severity at time of sam-
pling. Values are normalized to CN levels and expressed as means = SEM (n = 13-23). * P < 0.0001 versus
control, ** P < 0.0001 versus control, P < 0.01 versus CDR 1.0.

function of the myelin sheath. A high percentage of poly-
unsaturates results in more fluid membrane structures
that are required for membrane fusion (21-24), which is
consistent with the functions performed by neurons.
Plasmalogen-deficient cells exhibit decreased transmem-
brane protein function (25) and membrane-related intra-
cellular (26) and extracellular (27) cholesterol transport.
Proper peroxisomal function also appears to be critical for
neuronal migration (25).

Plasmalogens, peroxisomal dysfunction,
plasmalogen-selective phospholipase A, and aging

Epidemiologically, age is the largest risk factor for the
development of DAT. Any hypothesis regarding a causal
factor in DAT must show an age association. Our analysis
of nondemented controls indicates that the prevalence of
subjects with low plasmalogens increases dramatically be-
tween 59 and 69 years (Fig. 4B). We have hypothesized that
this decrease is not a general aging phenomenon but that
a specific subpopulation exhibits this decrease. Funda-
mentally, the observed decrease in serum plasmalogens
can only occur via one of two mechanisms: an increased
rate of degradation or a decreased rate of synthesis.

The biosynthesis of plasmalogens was recently reviewed
in detail by Nagan and Zoeller (17). The key point is that
alkyl-dihydroxy acetone phosphate-acetyltransferase
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(DHAP-AT) and DHAP synthase are required for the cre-
ation of the 1-O-alkyl bond and that the formation of this
bond occurs exclusively in peroxisomes. Peroxisomal func-
tion, as a whole, is known to decline with age (26, 27).
Decreased peroxisomal function leads to a decreased syn-
thesis of PlsEtn and DHA (28, 29). DHA synthesis involves
chain elongation and the desaturation of 18:3 n-3 fatty
acids to 24:6 in the endoplasmic reticulum. The final step
of DHA synthesis, B-oxidation to DHA, occurs in the per-
oxisome (30). Both DHAP synthase (31) and B-oxidase
(32) exhibit decreased function with age, and DHA con-
taining PIsEtn is selectively decreased with age (33). In
addition, the activity of catalase, the principal peroxisomal
enzyme responsible for detoxifying HyO,, also decreases
in activity with age (32, 34, 35) and is believed to be asso-
ciated with increased lipid peroxidation with age.

A key enzyme involved in the turnover and degradation
of PlsEtn is PIsEtn-PLA,. This enzyme has a 30-fold speci-
ficity for PIsEtn versus PtdEtn, and in contrast to the above-
described decreased enzyme activities, the activity of
PIsEtn-PLA, increases with age (31). Increased PIsEtn-

PLA, activity has been proposed to be involved directly in .

DAT (36).

Our finding that a subpopulation of aging humans
exhibited decreased serum DHA-plasmalogen (Fig. 4C) is
consistent with these observations.
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Fig. 7. Plasma levels of PlsEtn 16:0/22:6 in Japanese subjects clini-
cally diagnosed as probable for DAT versus age-matched controls.
AD, Alzheimer’s disease. Values are normalized to CN levels and
expressed as means * SEM (n = 80 per group). * P < 0.0005.

Plasmalogens, membrane cholesterol, and
AB accumulation

One of the neuropathological hallmarks of DAT is
the extracellular accumulation of amyloid in the form
of argyrophilic plaques. Our findings clearly indicate an
association between low serum PIsEtn and the presence of
amyloid plaques in the CNS (Figs. 5, 6B).

In humans, signs of AB accumulation start as early as
40 years in nondemented subjects, and the prevalence
increases with advancing age (37-40). In mice, genetic con-
ditions that produce 30 times the normal amount of AR
still fail to result in accumulation until after 8 months of
age, which is comparable to 40-50 years of age in humans.
Thereafter, AB begins to accumulate at an exponential
rate and preferentially in cortex and hippocampus ver-
sus cerebellum (41). The timing of A accumulation (41)
closely matches the timing of decreased peroxisomal
activity in mice (42), and our data suggest that the timing
of decreased serum PIsEtn closely matches the timing of
AB accumulation in humans. Other animal models of AR
accumulation show similar age-dependent profiles (43).
In the CNS, membrane PlsEtn decreases correlated with
both the temporal and anatomical characteristics of Ap
accumulation (6, 7, 9).

Biological support for the hypothesis that decreased
serum PIsEtn may play a causative role in the accumulation
of AB in DAT involves the role of plasmalogens in choles-
terol homeostasis. One plausible theory that explains the
sporadic accumulation of AB peptides in DAT is a disrup-

tion in amyloid precursor protein (APP) processing as a
result of increased membrane cholesterol levels (44). This
theory is supported by evidence that membrane choles-
terol increases with age in both rats and humans (45), that
a high-cholesterol diet can increase deposition of AR (46),
and that A accumulation is closely related to the pro-
cessing of the cholesterol transport protein apolipopro-
tein E (41, 46). More than 95% of APP is processed via the
nonpathological a-secretase pathway. The pathological
process, which leads to AR accumulation, occurs via the 8-
secretase pathway. a-Secretase is located in a phospholipid-
rich membrane domain, whereas B-secretase is located in
cholesterol-rich lipid rafts. Both of these enzymes are
sensitive to changes in membrane cholesterol. When mem-
brane cholesterol is increased, a-secretase activity is de-
creased (47) and B-secretase activity is increased (48) {see
reviews by Puglielli, Tanzi, and Kovacs (44), and Chauhan
(49)]. Thus, disturbances in cholesterol processing, such
that there is an increase in membrane cholesterol, are be-
lieved to play a causal role in AR accumulation.

The most specific (and reversible) effect of decreased
plasmalogen levels on cell biochemistry is the inhibition of
free cholesterol esterification in the plasma membrane
(26). This affects both intracellular cholesterol transport
and signaling (26) and extracellular reverse cholesterol
transport (27). This reduction in LDL-mediated feedback
from the plasma membrane to the endoplasmic reticulum
results in increased levels of free cholesterol in the plasma
membrane. These results likely explain why plasmalogen-
deficient cells have been reported to have reduced rates
of APP secretion from their membranes (25). There ap-
pears to be a tight relationship between PIsEtn and mem-
brane cholesterol levels, because membrane lipid analyses
of postmortem DAT subjects have shown that DAT sever-
ity is positively correlated with membrane cholesterol
(50) and negatively correlated with membrane plasmalo-
gens (7) and that oxidative stress conditions that decrease
membrane plasmalogens also increase membrane choles-
terol (51).

Plasmalogens, vesicular fusion, and dementia

Our data clearly indicated that the serum levels of PIsEtn,
especially arachidonic acid or DHA containing PlsEtn,
are correlated with the severity of cognitive impairment
(Figs. 2B, 6B). These results are consistent with the find-
ings of Han, Holtzman, and McKeel (7), who found that
PlsEtn levels in frontal cortex gray matter decreased with
increasing dementia, and also with those of Catalan et al.
(52), who showed that rats fed a DHA-deficient diet exhib-
ited decreased PIsEtn levels in the frontal cortex and de-
creased cognitive function.

DAT neuropathology in the cortex and hippocampus is
poorly correlated with dementia. This pathology is often
found in the brains of older persons without dementia or
mild cognitive impairment (39, 53-55). The most consis-
tent neurochemical observation in DAT is decreased cho-
line acetyltransferase (ChAT) activity in the neocortex and
hippocampus (55-59). Reductions in cortical ChAT activ-
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ity, monitored by biopsy or in autopsy samples, correlate
with the extent of intellectual impairment in DAT patients
(56-58). In addition, these cortical cholinergic deficits
have been found in patients examined within 1 year of the
onset of symptoms, and cholinesterase inhibitors, which
potentiate residual cholinergic transmission, slow the de-
cline in executive memory functions in DAT patients (59).
Furthermore, the inhibition of postsynaptic acetylcholine
(ACh) activity can directly induce cognitive dysfunction in
healthy humans (60). -

PIsEtn are unique among neuronal lipids in that they
have a high propensity to form an inverse hexagonal
phase, which is the essential transitory phase for successful
membrane fusion events (18, 19). Optimal vesicular fusion
is very sensitive to the amount and type of PIsEtn content.
Relatively small reductions in either the vinyl ether con-
tent and/or the polyunsaturated fatty acid content of
vesicles dramatically reduce the number of successful
membrane fusion events (20, 21). Therefore, this mecha-
nism alone is sufficient to explain the correlation between
decreased membrane PlsEtn and the severity of cognitive
dysfunction in DAT. -

Plasmalogens, vesicular fusion, and the autocannibalism
theory of selective cholinergic degeneration

The nontransient, progressive decline of cognitive func-
tion in DAT indicates that continual deterioration of the
integrity of cholinergic neurons occurs in DAT. Choliner-
gic neuron integrity is traditionally measured using a
proxy measurement of cholinergic neuron-specific bio-
chemistry, specifically, measurement of the activities of
acetylcholinesterase and ChAT, the key enzymes for the
deactivation and synthesis of ACh, respectively. The rela-
tive activity of these enzymes in brain homogenates is
presumed to correlate with the density of functional
cholinergic axon terminals. Decreased ChAT activity, and
thus cholinergic axon density, in cortical regions contain-
ing Alzheimer’s disease pathology is widely accepted (61).
However, to date, there is no widely accepted mechanism
to explain this degeneration. Neither the oxidative stress
nor the AP hypothesis, either alone or in combination, ex-
plains the selective degeneration of cholinergic neurons.

The *Achilles’ heel of cholinergic neurons is the choline
high-affinity transporter (CHT). When a cholinergic nerve
terminal releases ACh into the synaptic cleft during a
depolarization event, the released ACh is ultimately de-
graded to choline and acetate by acetylcholinesterase. This
extracellular choline in the synaptic cleft is then rapidly
reabsorbed into the presynaptic terminal by the CHT. The
reabsorbed choline is preferentially used by ChAT to re-
synthesize ACh, which is then transported into vesicles by
an ACh transporter protein and stored for future de-
polarizing events. Brain slice studies have shown that as
long at the CHT has normal function, the cholinergic ter-
minal can maintain ACh release for extended periods
of time using membrane stores of phosphatidylcholine
(PtdCho) and PtdEtn (62) and by the extraction of cho-
line from surrounding cells (63). This occurs even in the
absence of exogenous choline. However, in the presence
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of the CHT inhibitor hemicholinium-3, the ability to sus-
tain the release of ACh is reduced dramatically, even in
the presence of exogenous supplied choline (64). These
data indicate that the proper functioning of the CHT is
essential for the sustained release of ACh from choliner-
gic neurons.

The autocannibalism theory of selective cholinergic de-
nervation, proposed by Wurtman in the mid 1980s, was
based upon these observations (65, 66). According to the
autocannibalism hypothesis, when there is a depletion in
the amount of free choline in the cholinergic nerve termi-
nal, the membrane phospholipids, particularly PtdCho,
PtdEtn, and PlsEtn, are broken down to provide more
free choline. Specifically, PtdCho is used to directly gen-
erate choline and PtdEtn and PIsEtn are used to indi-
rectly generate choline through sequential methylation
with S-adenosylmethionine and phosphatidylethanol-
amine methyl transferase (67-69). A prolonged deficiency
of choline ultimately leads to cell death.

The only problem with the autocannibalism theory was
thata plausible biochemical mechanism by which free cho-
line levels are depleted in DAT was not obvious. Recently,
Ferguson et al. (70, 71) made a landmark finding when
they showed that the CHT is localized on presynaptic vesi-
cles, not constituently expressed on the presynaptic mem-
brane. This finding indicates that the dynamic regulation
of choline uptake via the CHT occurs by an increased den-
sity of CHTs at the synapse after a nerve impulse and sub-
sequent deactivation by vesicular endocytosis. This finding
revealed a simple mechanism by which free choline levels
in the nerve terminal can be compromised: impaired ve-
sicular fusion. Impaired vesicular fusion as a result of a
PIsEtn deficiency would be expected to have a similar effect
on choline uptake as the presence of hemicholinium-3,
albeit via a different mechanism.

Plasmalogens and DAT neurodegeneration

Neurodegeneration in DAT has been studied exten-
sively. Initial studies of the basal forebrain in DAT sug-
gested that decrements in cortical ChAT were the result of
frank loss of nucleus basalis cholinergic magnocellular
neurons (72, 73). However, more detailed analyses re-
vealed that cholinergic neurons were generally shrunken
and dysfunctional, but not dead, except in late-stage DAT
(74-79). These neuronal phenotypic changes without
frank neuronal degeneration also occur early in cognitive
decline (80). The persistence of shrunken basal forebrain
cholinergic neurons in DAT is similar to that seen in
experimental studies of retrograde cellular degeneration
in the nucleus basalis after axotomy (75).

Studies of ChAT levels in the nucleus basalis and cortex
in the same autopsy samples have shown that in 50% of
DAT patients, there is a marked loss of cortical ChAT with
no reduction in nucleus basalis ChAT (76), suggesting
abnormal axonal transport in DAT and that the neurode-
generation originated at the axon terminal, not in the cell
body. In this regard, white matter volume (the key compo-
nent of axon sheaths) is significantly reduced in frontal
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(11.9%) and temporal (29.4%) cortex in DAT autopsy sam-
ples compared with normal control samples (81). Atrophy
of the corpus callosum is also correlated with frontal
executive dysfunction in Alzheimer’s disease patients (82).
These observations have led to suggestions that white
matter degeneration is an intrinsic component of DAT
(83, 84). Moreover, white matter losses in preclinical DAT
in which cortical atrophy is not evident (85) indicate that
axonal dysfunction precedes the cortical atrophy observed
in clinically manifested DAT. In fact, white matter lesions
are prevalent in normal aging, in mild cognitive impair-
ment, and in early-stage DAT before the development of
dementia (86, 87). Because mild cognitive impairment is
thought to represent a prodromal stage of Alzheimer’s
disease (79, 80, 88, 89), these observations suggest that
white matter lesions occur early in the disease process and
may contribute to the subsequent cholinergic dysfunction.
These findings are of particular relevance to plasmalogen
biochemistry. First, the highest concentration of plasma-
logens is in white matter. Second, within white matter,
plasmalogen content is significantly reduced in DAT. Spe-
cifically, subjects with confirmed DAT exhibited significant
decreases in white matter PisEtn content in all regions,
including the cerebellum, independent of dementia status
and independent of regional AB load (7). Such neuro-
pathological data strongly suggest that a PIsEtn deficiency
precedes the clinical course of DAT.

With regard to AB accumulation having a causal role
in the depletion of gray matter PIsEtn in the later stages
of DAT, studies have shown that the direct incubation of
oligodendrocytes with AB peptides selectively decreased
PIsEtn content (90). CNS PlsEtn decreases correlated with
both the temporal and anatomical characteristics of AB
accumulation in animal models (6, 7, 9). AB accumulation
is also known to directly induce oxidative stress (91-93),
which has been shown to directly disrupt vesicular fusion,
acetylcholine release, and synaptosomal PtdEtn and
PIsEtn content (51). Because oxidative stress preferentially
oxidizes PlsEtn over PtlIEtn (94, 95) and PlsEtn content
is critical for vesicular fusion (21), it is reasonable to hy-
pothesize that in later stages of DAT, AR accumulation
in the CNS affects neurotransmitter release by reducing
membrane PIsEtn content by an oxidative stress mecha-
nism. Peroxisomal proliferation has been shown to inhibit
AB-induced neurodegeneration (96) and to preserve cog-
nition in early DAT (97); however, the exact mechanism by
which this is achieved has not been elucidated.

Overall, these data suggest some early or pre-DAT
pathology-associated disease process that affects white mat-
ter integrity before the emergence of DAT symptoms and
a later DAT pathology-associated process that affects gray
matter functioning, which ultimately results in dementia.

Summary and future directions

The observed decreases of PIsEtn levels early in the DAT
disease process may be responsible for the subsequent
cholinergic dysfunction that underlies the deterioration
of intellectual function in DAT. Because we have come to

understand that the majority of cholinergic neurons in the
basal forebrain have become smaller and dysfunctional
but have not degenerated, correcting the PlsEtn deficit
may slow or correct the cholinergic deficit in DAT pa-
tients. Of particular note, although the brain contains all
of the peroxisomal machinery to synthesize both DHA and
PIsEtn, evidence suggests that the liver is the major source
of these molecules in the adult. Radiolabeled tracer stud-
ies have shown that the dietary precursor of DHA, 18:3, is
readily absorbed, stored in triacylglycerols, and then con-
verted to DHA and incorporated into phospholipids in
the liver. DHA is then transported to the brain in this
phospholipid form via the bloodstream (98). Therefore,
a peripheral correction of these phospholipids would be
expected to have a CNS effect. Further research to test
the above hypotheses is required to better understand the
relationships between peroxisomal and/or PIsEtn-PLA,
function, serum and CNS PlsEtn levels, AB accumulation,
cholinergic neuron dysfunction, and dementia. Regard-
less, the data presented describe a peripheral metabolic
deficiency of PisEtn in all stages of DAT and predict that
this deficiency precedes the clinical manifestation of DAT
by many years. These findings are consistent with the known
epidemiological, neurochemical, and neuroanatomical
course of DAT. As such, clinical trials involving PlsEtn res-
toration should be undertaken to determine its efficacy in
the treatment and/or prevention of DAT BB

The authors would like to thank Kirsten A. Taylor for assisting in
the preparation, critical reading and review of the manuscript.
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