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Phosphatidylserine (PS) is the major anionic phospholipid class particularly enriched in the inner leaflet of
the plasma membrane in neural tissues. PS is synthesized from phosphatidylcholine or phosphatidyleth-
anolamine by exchanging the base head group with serine, and this reaction is catalyzed by phosphatidyl-
serine synthase 1 and phosphatidylserine synthase 2 located in the endoplasmic reticulum. Activation of
Akt, Raf-1 and protein kinase C signaling, which supports neuronal survival and differentiation, requires
interaction of these proteins with PS localized in the cytoplasmic leaflet of the plasma membrane. Further-
more, neurotransmitter release by exocytosis and a number of synaptic receptors and proteins are
modulated by PS present in the neuronal membranes. Brain is highly enriched with docosahexaenoic acid
(DHA), and brain PS has a high DHA content. By promoting PS synthesis, DHA can uniquely expand the PS
pool in neuronal membranes and thereby influence PS-dependent signaling and protein function. Ethanol
decreases DHA-promoted PS synthesis and accumulation in neurons, which may contribute to the delete-
rious effects of ethanol intake. Improvement of some memory functions has been observed in cognitively
impaired subjects as a result of PS supplementation, but the mechanism is unclear.

Published by Elsevier Ltd.
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1. Introduction

Phosphatidylserine (PS) is the major acidic phospholipid class
that accounts for 13–15% of the phospholipids in the human cere-
bral cortex [1]. In the plasma membrane, PS is localized exclusively
in the cytoplasmic leaflet where it forms part of protein docking
sites necessary for the activation of several key signaling pathways.
These include the Akt, protein kinase C (PKC) and Raf-1 signaling
that is known to stimulate neuronal survival, neurite growth and
synaptogenesis [2–7]. Modulation of the PS level in the plasma
membrane of neurons has significant impact on these signaling
processes. The mechanism of PS-mediated activation of these neu-
ronal signaling pathways is illustrated in Fig. 1.

In the synapses, PS plays an important role in exocytosis by
influencing Ca2+-dependent membrane fusion between synaptic
vesicles and the target plasma membrane, which is mediated by
synaptotagmin and soluble N-ethylmaleimide-sensitive factor
attachment protein receptor (SNARE) complex [8–11]. PS also
modulates the AMPA glutamate receptor [12], interacts with syn-
apsin I [13], and alters the conformation of the microtubule associ-
ated protein tau [14]. Furthermore, abnormal PS asymmetry in the
synaptosomal membrane has been observed in mild cognitive
impairment and Alzheimer’s disease [15]. The recent discovery of
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the critical role of PS in activating important signal transduction
pathways and modulating neurotransmitter release and receptor
function as well as implications in neuropathophysiology have
renewed interest in PS in relation to brain function.

This review focuses on the metabolism and function of PS in the
nervous system. Further details can be obtained from previous
reviews dealing with PS function in the mammalian brain [16], cell
and molecular biology involved in PS metabolism [17], the
synthesis and intracellular transport of PS [18,19], the effects of
docosahexaenoic acid (DHA) on neuronal PS function [5],
the interrelationship between phosphatidylethanolamine (PE)
and PS metabolism [20–22], and the effects of PS on membrane
properties [23].

2. Phosphatidylserine synthesis in the brain

In mammalian tissues, PS is synthesized from either phosphati-
dylcholine (PC) or PE exclusively by Ca2+-dependent reactions
where the head group of the substrate phospholipids is replaced
by serine [20], as illustrated in Fig. 2. These base-exchange reac-
tions are catalyzed by phosphatidylserine synthases (PSS) and so
far two isoforms, PSS1 and PSS2 encoded by two separate genes,
Pss1 and Pss2, respectively, have been identified. PSS1 utilizes PC
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PS present in anionic domains of the lipid bilayer, activating the signaling pathways
reasing PS production in neurons, while ethanol has the opposite effect because it
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Fig. 2. PS synthesis and metabolism in the brain. PS is synthesized by replacement
of the choline group of PC by serine in a reaction catalyzed by PSS1, and also by
replacement of the ethanolamine group of PE by serine in a reaction catalyzed by
PSS2. These synthetic reactions occur in the endoplasmic reticulum. PS is
decarboxylated to PE in the mitochondria by PS decarboxylase (PSD). The
phosphatidylethanolamine methyltransferase (PEMT) reaction that utilizes S-
adenosylmethionine (SAM) to convert PE to PC is indicated as a dashed arrow
because more recent findings have demonstrated that previously reported meth-
ylation activity in the brain [32,33] is quantitatively insignificant [35,36].
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as its substrate, and PSS2 utilizes PE. These enzymes are localized
in the endoplasmic reticulum, particularly enriched in the
mitochondria associated membrane regions of the endoplasmic
reticulum [24].

Together with testis and kidney, brain is one of the tissues that
have high capacity to synthesize PS [25]. Also, the expression of
PSS in the brain is among the highest. The serine base exchange
enzymatic activities of rat cerebellar homogenates, cerebral corti-
cal homogenates and cerebral cortical membranes were shown
to be recovered in the insoluble floating fraction of TritonX-100
extracts, suggesting the localized presence of PS synthases in
membrane lipid rafts [26,27]. Although intriguing, the possible
contribution of microsomal contamination cannot be excluded.
PS production is increased in cells of neuronal origin by
compounds that trigger Ca2+ release, a finding consistent with
the fact that PS synthesis is a Ca2+-dependent process [28].

The PC and PE substrates utilized for PS production can be de
novo synthesized in microsomes by transfer of either phosphocho-
line or phosphoethanolamine from the respective cytidine diphos-
phate derivatives to 1,2-diacylglycerol [29]. PC synthesis is
upregulated during neuronal differentiation. For example, substan-
tial increases of PC were observed along with activation of two
cytidine diphosphate-choline pathway enzymes, choline cytidylyl-
transferase and choline kinase when Neuro-2A or PC12 cells
undergo differentiation and form neurites [30,31]. PC also can be
synthesized by the phosphatidylethanolamine N-methyl transfer-
ase (PEMT) reaction through three sequential methylations of the
ethanolamine head group of PE. Polyunsaturated PC species are
synthesized largely by the PEMT pathway [32], suggesting that
the PEMT reaction might be particularly important in regulating
phospholipid molecular species composition where polyunsatu-
rated species are abundant. Although PEMT was reported to be
present in rat brain and bovine caudate nucleus, the activities
detected were low [33,34]. Subsequent studies indicated that the
PEMT pathway is negligible in neurons [35], and the only tissue
where it is quantitatively significant is liver [36]. Nevertheless,
the PEMT pathway appears to be important for normal hippocam-
pal development, as indicated by the finding that Pemt knockout
mice show more neuronal apoptosis and less hippocampal
expression of calretinin, a marker of neuronal differentiation
[37]. Considering the high level of polyunsaturated PS species in
the brain, it is possible that the PC ultimately derived from the
hepatic PEMT reaction may be an important substrate for neural
PS synthesis catalyzed by PSS1.
2.1. Phosphatidyserine synthase 1 function

Although PSS1 expression is ubiquitous, studies with [3H]serine
indicate that the brain has the highest specific activity for choline
exchange which represents PSS1 activity. Purified human PSS1 can
convert either PC or PE to PS in enzymatic assays in vitro, but PSS1
utilizes only PC in intact cells. An explanation for this difference
may be selective phospholipid substrate availability in the mem-
brane microdomains where PSS1 is localized. PC and PSS1 can
provide sufficient PS to support neuronal differentiation, for the
axon extension in cultured sympathetic neurons is not impaired
by a PSS2 deficiency [38]. Furthermore, transactivation of the
Pss1 promoter by the Sp and N-Myc transcription factors is high
in neonatal brain, leading to higher PSS1 expression and activity
as compared with other neonatal mouse tissues [39]. These find-
ings indicate that PSS1 has an important role in PS synthesis in
the developing brain. Primary cultures of cortical astrocytes have
higher PSS1 activity than primary cortical neuron cultures, sug-
gesting that astrocytes may be a major site of PS synthesis from
PC in some brain regions [39].

The 1-stearoyl-2-docosahexanoyl (18:0, 22:6) PC molecular
species is the preferred substrate for PS synthesis in cerebral corti-
cal microsomes, and 18:0, 22:6 is the most abundant PS species in
the brain even though it is not an abundant brain PC species
[5,6,40]. Although present in larger amounts, 1-palmitoyl-2-doco-
sahexanoyl (16:0, 22:6) PC is not utilized efficiently by PSS1, and
16:0, 22:6 is a minor PS species in the brain. These results suggest
that 18:0, 22:6-PC is particularly favored for the conversion to PS in
the brain and provide additional evidence that PC is an important
substrate for brain PS synthesis in vivo. Furthermore, MALDI-
imaging mass spectrometry studies of mouse brain indicate that
18:0, 22:6-PC is selectively enriched in Purkinje neurons [41], sug-
gesting that this substrate also may be an important source of PS in
the cerebellum.

2.2. PSS2 function

Neurons obtained from neonatal mice contain relatively high
levels of PSS2, indicating that PE also is an important source of neu-
ronal PS during development. As opposed to PSS1, PSS2 utilizes
only PE for PS synthesis under all conditions [42,43]. The tissue
expression profile of PSS2 is different from that of PSS1. While
PSS1 expression is ubiquitous, PSS2 is expressed highly in testis,
brain and kidney [44], suggesting that PSS2 may have specialized
roles in these tissues.

Recent studies with purified flag-tagged PSS2 demonstrate that
the enzyme utilizes PE substrates containing either palmitate or
stearate in the sn-1 position equally well. However, PSS2 prefers
PE with DHA as opposed to either arachidonic acid or oleic acid
(18:1n-9) in the sn-2 position. PSS2 isolated from a variety of cul-
tured cell lines, as well as from microsomes of a Chinese hamster
ovary cell mutant that lacks PSS1, also preferentially utilizes PE
containing DHA in the sn-2 position. These findings, together with
the higher expression and activity of PSS2 in the brain, suggest that
PSS2 plays a key role in producing the high level of DHA-containing
PS in the brain [44].

The serine base exchange activity has been observed in the
Triton insoluble floating fractions from both rat cerebrocortex
and cerebrocortical plasma membrane preparations [27]. The
Triton insoluble fractions mainly converted PE to PS, indicating
dominant presence of PSS2 activity in these membrane prepara-
tions. PKC also was present in the plasma membrane enriched
fraction. Although this membrane fraction was enriched in
Na/K-ATPase, it also contained 10% as much NADPH cytochrome
c reductase activity as in the microsomes. Therefore, it is possible
that the PSS activity detected in this cerebrocortical plasma



Table 1
Phospholipid composition in rodent tissues.

Mol%

PS PC PE

Rat brain synaptic plasma membrane
15.2a 43.5 36.2
13.2b 41.6 34.2

Rat hippocampus 16.9 ± 0.9c 37.2 ± 0.5 45.9 ± 1.1
Rat olfactory bulb 17.4 ± 0.9d 49.4 ± 1.3 33.2 ± 1.8
Rat liver 3.1 ± 0.2d 69.7 ± 5.6 27.2 ± 2.3
Rat adrenal 2.5 ± 0.2d 62.6 ± 2.2 34.9 ± 2.2
Mouse brain 14.4 ± 0.8e 32.7 ± 0.8 49.3 ± 0.6
Mouse liver 2.7 ± 0.2e 55.3 ± 1.6 38.7 ± 1.5

a From Cotman et al. [47].
b From Breckenridge et al. [48].
c From Murthy et al. [49].
d From Hamilton et al. [50].
e From Steenbergen et al. [38].
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membrane fraction was due to microsomal contamination rather
than the enzyme actually being present in the plasma membrane.
If the PSS2 activity is indeed enriched in the plasma membrane
preparation, local PS synthesis at the cerebrocortical plasma
membrane may have a significant role in modulating PKC signaling
where PS binding is required.

2.3. Deletion of phosphatidylserine synthase genes

Deletion of both Pss1 and Pss2 causes embryonic lethality in
mice, indicating that PS synthesis is an essential metabolic function
[45]. When only one of these genes is deleted, PS synthesis is
reduced, but sufficient quantities still are produced for normal
development and most physiological functions. Deletion of Pss1
does not produce a phenotype, and the mice are viable, fertile and
have a normal life span. In these Pss1-deleted mice, the serine base
exchange activity is decreased by 67% and 85% in liver homogenate
and microsomes, respectively, and the liver PS content is reduced.
However, the PS content in the brain is not altered and axonal
extension is normal [45]. The Pss2 deletion does not cause a reduc-
tion in the PS content in liver, testis and brain, or a decrease in neu-
ronal axon extension [38]. The total serine head group exchange
activity is reduced over 90% in the testis, liver and brain [44], but
unchanged in hepatocytes [38]. Elevation of PSS1 activity without
any change in PSS1 mRNA expression has been observed in some
studies of Pss2-deficient mice [38]. The fact that deletion of either
Pss1 or Pss2 genes does not affect the PS level in the brain suggests
possible compensatory mechanisms at the biochemical level; less
PS metabolism through decarboxylation or phospholipase reac-
tions, and/or less regulation of PS synthesis by the remaining PSS
in these mutants. The only abnormality resulting from deletion of
Pss2 is infertility in some of the male mice [46].
3. Composition of brain phosphatidylserine

The PS content in human brain is maintained at the 13–14%
level throughout the life [1]. As shown in Table 1 the synaptic
plasma membrane, olfactory bulb and hippocampus of rats and
mice contain markedly higher PS as compared to non-neuronal tis-
sues such as liver and adrenal [38,47–50].

The fatty acid composition of PS, and for comparison that of PE
and PC, contained in the gray and white matter of human brain, is
shown in Table 2 [1,51]. There are substantial differences in the
fatty acid composition in gray and white matter PS. Gray matter
PS contains considerably more DHA and less 18:1n-9 than white
matter. Appreciable differences also occur in the PE fatty acid
Table 2
Fatty acid composition of human brain glycerophosphatides.

Fatty acid Fatty acyl composition (% of total fatty acid in each phospholipid cl

Phosphatidylserine Phosphatidyleth

Gray matter White matter Gray matter

Aa Bb A B A B

16:0 2.3 4.2 1.7 1.9 6.7 5.
16:1 0.3 0.3 0.4 0.3 0.4 0.
18:0 25.4 45.3 35.8 44.1 26.0 28.
18:1 21.5 14.0 39.7 41.4 11.9 10.
20:4 1.6 3.0 2.0 1.2 13.8 11.
22:5n-6 5.0 0.7 4.8 0.1 14.3 1.
22:5n-3 3.3 0.5 0.9 0.2 tr 1.
22:6 36.6 23.2 5.6 1.3 24.3 30.

a Data in A columns are from 55 year old subject, O’Brien et al. [51].
b Data in B columns are from 52 year old female, Svennerholm [1].
c Not detected.
d Trace.
composition in gray and white matter, whereas comparatively
small differences occur in the PC composition. DHA accounts for
more than one-third of the total fatty acid and 80% of the polyun-
saturated fatty acid in gray matter PS. A substantial amount of DHA
is present in gray matter PE, but only a relatively small amount is
present in PC. Gray matter PS and PE contain considerably more
18:0 and much less 16:0 than PC. Arachidonic acid is present pri-
marily in PE, and there is little arachidonic acid in PS. According
to one study [51], PE also contains the largest amount of docosa-
pentaenoic acid (22:5n-6), an arachidonic acid-derived product.
Only trace amounts of linoleic acid (18:2n-6) are present in brain
PS, PE and PC.

According to the positional distribution of the main fatty acids
in bovine brain gray matter PS, 18:0 and DHA represent the most
abundant fatty acids at the sn-1 and sn-2 positions, respectively
[52]. Likewise, 18:0 and DHA are highly enriched at the sn-1 and
sn-2 positions of PE, respectively. In contrast, the sn-2 position of
PC contains only minor level of DHA, and 16:0 is more abundant
than 18:0 at the sn-1 position. The molecular species analysis in
the mouse brain by mass spectrometry also confirms the relatively
high concentration of 18:0 and DHA in PS as shown in Table 3. The
most abundant PS molecular species is 18:0, 22:6-PS, which varies
from 38% in the cerebellum to 59% in the cortex. There is little 16:0,
22:6-PS except in the olfactory bulb where it accounts for 22% of
the PS. Three species that contain DHA are di-polyunsaturated,
and together, they comprise 2–4% of the PS in these regions of
the mouse brain.
ass)

anolamine Phosphatidylcholine

White matter Gray matter White matter

A B A B A B

7 6.7 3.4 45.0 45.9 34.3 30.2
4 1.4 0.5 3.1 2.4 1.0 2.3
4 9.0 9.3 9.3 11.2 13.4 12.9
3 42.4 38.9 31.4 30.3 45.2 47.1
2 6.4 16.5 4.1 3.6 1.3 0.8
2 13.7 0.7 ndc trd nd 0.2
1 0.5 0.9 nd tr 0.3 0.3
5 3.4 8.6 3.1 2.5 0.1 0.2



Table 3
PS molecular species distribution in mouse brain regions.a

% of the total PS molecular species in each of the brain regions

Cortex Nucleus accumbens Hippocampus (CA1) Hippocampus (CA3) Hypothalamus Cerebellum Olfactory bulb

16:0, 18:1 3.3 ± 0.3b 3.4 ± 0.3 3.6 ± 0.5 3.7 ± 0.8 3.9 ± 0.7 5.0 ± 0.2 7.2 ± 1.2
16:0, 22:5 2.0 ± 0.4 1.3 ± 0.2 1.6 ± 1.0 1.7 ± 0.7 2.1 ± 0.9 2.5 ± 0.7 3.3 ± 1.2
16:0, 22:6 1.0 ± 2.1 0.0 ± 0.0 1.4 ± 1.6 0.4 ± 0.8 0.9 ± 1.9 1.1 ± 2.1 22.3 ± 3.2
18:0, 18:1 11.6 ± 3.2 21.0 ± 4.5 18.4 ± 4.2 23.8 ± 2.3 20.6 ± 4.9 25.5 ± 3.7 9.7 ± 1.5
18:0, 20:4 4.5 ± 0.8 5.4 ± 0.6 5.6 ± 0.7 7.1 ± 0.9 5.7 ± 0.8 5.3 ± 0.5 3.2 ± 0.8
18:0, 22:4 4.2 ± 1.0 6.4 ± 0.7 4.8 ± 1.8 5.4 ± 0.6 7.6 ± 1.7 2.5 ± 0.5 2.7 ± 0.3
18:0, 22:5 2.2 ± 0.4 3.0 ± 0.6 2.7 ± 0.9 2.7 ± 0.6 2.6 ± 0.7 1.7 ± 1.7 1.9 ± 0.2
18:0, 22:6 59.3 ± 5.8 50.1 ± 5.9 53.2 ± 6.1 43.6 ± 2.8 44.6 ± 5.9 38.3 ± 1.3 40.8 ± 2.3
18:1, 18:1 4.3 ± 0.7 4.0 ± 0.5 4.2 ± 1.0 6.4 ± 1.0 7.3 ± 1.6 11.6 ± 0.8 3.6 ± 0.5
18:1, 22:6 4.4 ± 2.1 3.1 ± 0.7 2.8 ± 0.9 2.8 ± 0.7 2.3 ± 0.1 2.0 ± 0.9 3.3 ± 1.1
22:6, 22:4 1.8 ± 0.9 1.9 ± 1.1 1.0 ± 0.6 1.6 ± 0.5 2.0 ± 1.0 2.3 ± 0.4 1.1 ± 0.3
22:6, 22:5 0.3 ± 0.2 0.1 ± 0.1 0.0 ± 0.0 0.0 ± 0.0 0.0 ± 0.1 0.5 ± 0.4 0.1 ± 0.2
22:6, 22:6 1.2 ± 0.8 0.5 ± 0.2 0.8 ± 1.1 0.7 ± 0.4 0.4 ± 0.2 2.0 ± 1.1 0.7 ± 0.2

a Hamazaki and Kim, unpublished data.
b % of total PS.
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The greater similarity in fatty acid composition and positional
distribution between PS and PE than PS and PC in gray matter
might indicate that PE is the more important glycerophosphatide
substrate for PS synthesis in neurons. However, the metabolism
of neuronal PS, PE and PC is interrelated as shown in Fig. 2, compli-
cating any interpretations based on fatty acid compositional data.
For example, the mitochondrial phosphatidylserine decarboxylase
(PSD) reaction converts PS to PE [20], and a substantial amount
of brain PE is synthesized by this reaction [53,54]. Therefore, one
cannot discern whether the similarities in PS and PE fatty acid
compositions are due primarily to PSS2 mediated conversion of
PE to PS, or conversely, PSD mediated conversion of PS to PE. The
fatty acyl composition in these phospholipids is further tailored
by deacylation and reacylation reactions [5]. Therefore, conclu-
sions regarding PS biosynthesis based on fatty acid compositional
similarities are highly tenuous.
3.1. Phosphatidylserine alkyl ethers and plasmalogens

Alkyl ether phosphoglycerides contain a 1-O-alkyl hydrocarbon
chain, and plasmalogens are alkenyl ether phosphoglycerides that
contain a 1-O-alkenyl hydrocarbon chain. [U-14C]serine is incorpo-
rated into 1-O-alkyl, 2-acyl PS in cultured cerebral hemisphere
cells obtained from rat embryos on 16 days of gestation, demon-
strating that the developing brain can synthesize PS alkyl ethers
[53]. In addition, small amounts of serine plasmalogens were
detected in myelin from monkey, ox, mouse and human brain
[51,55]. Previously, it has been reported that PS contained 13% 1-
O-alkenyl hydrocarbon chains in the white matter whereas gray
matter PS contained only 0.3% 1-O-alkenyl chains. By contrast,
the PE in these fractions contained 47% and 21% 1-O-alkenyl hydro-
carbon chains. In terms of the 1-O-alkenyl hydrocarbon chain com-
position, 18:0 accounts for more than half in gray matter, while
18:1 was the most abundant 1-O-alkenyl hydrocarbon chain in
white matter [51]. However, modern analytical techniques such
as mass spectrometry detect 1-O-alkeny, 2-acyl species mostly in
PE but rarely in PS from mammalian tissues.

PS alkyl ethers also have been detected in the lens of human
eyes by mass spectrometry with collision-induced dissociation
and ozone-induced dissociation [56]. These alkyl ethers contain
saturated (16:0 and 18:0) and monounsaturated (18:1) hydrocar-
bon chains. Studies using liquid chromatography combined with
tandem mass spectrometry also demonstrate the presence of ser-
ine plasmalogens in postmortem samples of human retina and
optic nerve obtained from males and females between the ages
of 72 and 94 years [57]. Polyunsaturated molecular species were
present in the retinal serine plasmalogens. The function of the ret-
inal PS alkyl ethers and serine plasmalogens is unknown, but the
more highly unsaturated molecular species are thought to be
involved in retinal signaling [57].
4. Sources of serine for the brain

Serine is required by the brain for the synthesis of proteins and
three classes of lipids, PS, sphingolipids, and N-acylserines. As illus-
trated in Fig. 3, serine is obtained either by uptake from the cere-
bral circulation or by synthesis from glucose. The serine
concentration in normal human plasma is 11.2 mg/L (107 lM),
which accounts for 3% of the total plasma free amino acid content
[58]. Serine is transported across the blood brain barrier by three
Na+-dependent neutral amino acid transporters present on the
abluminal surface of the capillary endothelium [59]. The concen-
tration of free amino acids in the brain extracellular fluid is esti-
mated to be 10% of the amount present in the plasma [59], so
the serine concentration to which the neural cells are directly
exposed is estimated to be about 10 lM.

Serine also is synthesized in astrocytes from glucose taken up
by the brain. As opposed to most other cells, astrocytes do not con-
vert all of the 3-phosphoglycerate intermediate formed by glycol-
ysis to pyruvate. Instead, as shown in Fig. 3, these cells convert
some 3-phosphoglycerate to serine in a pathway that requires
three enzymatic steps; 3-phosphoglycerate dehydrogenase, 3-
phosphohydroxypyruvate aminotransferase and 3-phosphoserine
phosphatase [60]. The serine that is synthesized from glucose in
astrocytes is released into the extracellular fluid by the astrocyte
Na+-dependent ASCT1 transporter, and serine is one of the neuro-
nal trophic factors contained in astrocyte-conditioned medium.

Neurons cannot convert glucose to serine because they do not
express the rate-limiting enzyme, 3-phosphoglycerate dehydroge-
nase. Therefore, they require a preformed source of serine, as indi-
cated by studies showing that serine is an essential nutrient for
survival and neuritogenesis of hippocampal and Purkinje neurons
[60]. The Na+-dependent Asc1 transporter expressed in neurons
facilitates the uptake of serine from the extracellular fluid, which
is provided by either the astrocytes or the amino acid pool of the
cerebral circulation [60].

A small amount of PS is present in plasma lipoproteins [61], and
the blood brain barrier contains low density lipoprotein receptors
and binding sites for high density lipoproteins [62–64]. It is
possible that PS contained in lipoproteins might enter the brain
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and serve as an additional source of serine for the brain, although
extensive studies with cholesterol indicated that plasma lipopro-
teins themselves are not transported into the brain [65].
4.1. Serinc proteins

Serinc proteins are contained in the endoplasmic reticulum and
are reported to deliver serine to the enzymes that synthesize
serine-containing lipids. The current evidence indicates that they
directly interact with PS synthases and sphingosine synthase, and
thereby facilitate the synthesis of PS and sphingolipids [66]. Serinc
1 and serinc 2 mRNAs are expressed in rat brain hippocampal
neurons, and serinc 5 mRNA is expressed in myelin throughout
the brain. During kainate-induced seizures, serinc 1 and serinc 2
mRNAs are up-regulated while serinc 5 mRNA is down-regulated,
suggesting that the biosynthesis of serine-containing lipids may
be linked to activity-dependent neural plasticity.
4.2. D-serine

L-serine, the enantiomer contained in the plasma and synthe-
sized from glucose by astrocytes, is utilized for protein synthesis
and the synthesis of lipids that contain serine, including PS, sphin-
golipids and the N-acylserines. In addition to L-serine, a small
amount of the D-enantiomer is present in the brain. D-serine is syn-
thesized from L-serine by serine racemase, an enzyme expressed
constitutively in astrocytes. Serine racemase is posttranslationally
regulated by PKC and the scaffold protein PICK1 which binds serine
racemase and increases D-serine formation. Conversely, the inter-
action of activated PKC with the scaffold protein causes the phos-
phorylation of serine racemase, and this inhibits D-serine
production [67]. The regulation of D-serine production is one factor
that controls the amount of D-serine available to the neurons. The
other factors that control the availability of D-serine are synaptic
uptake by the neuronal Asc1 transporter and degradation by
D-amino acid oxidase [68,69].
Phosphatidyl-D-serine accounts for 0.9% of the total PS in the rat
cerebral cortex. It is synthesized in a crude homogenate of rat cere-
brum in a Ca2+-dependent process, but the enzyme was not identi-
fied and the rate of D-serine incorporation was only 1/10th the rate
of PS synthesis from L-serine. Phosphatidyl-D-serine also is con-
tained in heart, spleen, lung, testis, liver or kidney, but in much
smaller amounts, and it has not been detected in the cerebellum
[70,71].

D-serine is an obligatory co-agonist of the NMDA glutamate
receptor involved in synaptic plasticity and memory. D-serine
binds to the glycine modulatory site of the NR1 subunit of the
NMDA glutamate receptor. This augments the affinity of the recep-
tor for glutamate and thereby increases synaptic plasticity in the
hippocampus [72]. Furthermore, glutamatergic synapse formation
in cerebrocortical neurons induced by astrocytes through the
transforming growth factor-b cascade is dependent on D-serine for-
mation [73].

Studies with transgenic mice that express the superoxide dis-
mutase 1 G93A mutant indicate that D-serine may be involved in
the pathogenesis and progression of the neurodegenerative disease
amyotrophic lateral sclerosis. A twofold increase in D-serine occurs
in the spinal cord of the superoxide dismutase 1 mutant mice. This
suggests a mechanism in which a D-serine-mediated increase in
glutamate binding to the NMDA glutamate receptor elicits excito-
toxicity that leads to motor neuron degeneration [74].
5. Intracellular phosphatidylserine transport

Fig. 4 illustrates the intracellular transport of PS after its synthe-
sis in the endoplasmic reticulum. Some of the newly synthesized
PS is transferred from the endoplasmic reticulum to the mitochon-
dria [24,75], and the remainder is transported by vesicles to the
Golgi. Subsequently, PS is transported by secretory vesicles from
the Golgi to the plasma membrane, where it is localized entirely
in the cytoplasmic leaflet of the bilayer. PS is essential for retro-
grade membrane trafficking through endosomes, and the largest
amount of PS in intracellular organelles is contained in recycling
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endosomes [23]. Retrograde trafficking requires binding of the
pleckstrin homology (PH) domain of evectin to PS present in
recycling endosomes [76]. During endocytosis, plasma membrane
PS enters the sorting endosomes and is either recycled to the
plasma membrane or delivered to lysosomes where it is degraded
by phospholipases [23]. Staurosporine disrupts the endosomal
recycling of PS, causing PS to redistribute from the plasma
membranes to endosomal membranes. The mechanism of this
effect has not been determined, but the existing evidence indicates
that it is not due to staurosporine-mediated inhibition of PKC or
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activation of caspase-3 [77]. Recent evidence indicates that non-
vesicular transfer of PS from the endoplasmic reticulum to the
plasma membrane also may occur through the action of a subclass
of oxysterol binding proteins, including human oxysterol binding
proteins ORP5 and ORP10 [78].

Under physiological conditions, PS in the plasma membrane is
exclusively localized in the cytosolic leaflet by an energy depen-
dent mechanism. The membrane asymmetry is maintained by
transporting PS from the exoplasmic to the cytoplasmic leaflet by
P4-APTases, a group of aminophospholipid translocases [79,80].
Externalization of PS occurs during apoptosis or platelet activation,
which serves as a signal for phagocytosis of apoptotic cells [81], or
blood coagulation [82]. While exposure of PS on a neural cell
surface ordinarily produces deleterious effects in the nervous
system, it may enhance neural stem cell transplantation in neuro-
degenerative diseases. This is suggested by recent studies with a
neural stem cell line derived from mouse embryonic stem cells.
The neural stem cells spontaneously fuse in vitro with co-cultured
rat or mouse cortical neurons and microglia. Fusion occurs through
an interaction between PS exposed on the neural stem cell surface
with the CD36 receptor of the microglia. The fused cells can
differentiate to neurons and astrocytes, thereby facilitating the
restoration of function in the diseased brain [83].

5.1. Detection of intracellular phosphatidylserine localization and
movement

Separation of organelles by differential centrifugation followed
by analysis of lipid content has been widely used to obtain infor-
mation regarding the cellular distribution of PS. The analysis of
PS also can be achieved by mass spectroscopic approaches after
chromatographic separation from other lipid classes. Of note,
isotope dilution mass spectrometry coupled with high performance
liquid chromatography has been a powerful tool to accurately quan-
tify not only the total amount of PS but also the PS molecular species
(Fig. 5), a feat that cannot be accomplished by any other techniques.
Using this method, 18:0, 22:6-PS was shown to account for the
increase of total PS level in the plasma membrane of neuronal cells
that were supplemented with DHA [3], which underscores the
unique role of DHA in neuronal signaling [5]. The major limitations
of this in vitro approach include the inevitable cross-contamination
between subcellular fractions and the loss of information regarding
PS asymmetry in the membrane bilayer.

A fluorescence microscopic method was developed to detect the
asymmetric localization and intracellular movement of PS in intact
cells [84]. This in situ method is based on the expression of green
fluorescent protein-labeled annexin V which binds to PS with high
affinity in a calcium-dependent manner. This approach showed that
PS is localized to the cytoplasmic side of the plasma membrane in
the cell body and dendrites of the neurons [84]. Treatment of the
cells with ionomycin, a Ca2+ ionophore, resulted in the strong local-
ization of the annexin V to the plasma membrane, recycling endo-
somes and the nuclear envelope, indicating the presence of PS in
these subcellular compartments. Considering the low proportion
of PS reported in the nucleus [16] and substantially delayed locali-
zation of annexin V signal in the nuclear envelop, it is possible that
PS migrates to the nucleus after stimulation with ionomycin. This
suggests that PS may have a role in the nucleus when neuronal cells
are activated by Ca2+-dependent signaling pathways. However,
these putative nuclear actions of PS have not been explored.

A concern using this approach is the manipulation of Ca2+ at a
non-physiological concentration by ionophores, which may ham-
per its application to other biological systems. To assess the intra-
cellular distribution of PS in intact cells under a more physiological
condition, a calcium-independent probe utilizing the stereo-
specific PS-binding domain of green fluorescent protein
(GFP)-tagged lactadherin was used [85]. This study demonstrated
that the majority of the PS is located in the cytosolic leaflet of
the plasma membrane, endosomes and lysosomes. However, both
GFP-annexin V and GFP-lactadherin probes failed to detect signif-
icant amount of PS in the cytosolic leaflet of the Golgi complex
or the endoplasmic reticulum where PS is synthesized, indicating
the luminal localization of most PS in these organelles. Develop-
ment of more sensitive and specific probes to capture the dynamic
intracellular transport of PS in living cells may yield better under-
standing of the molecular mechanism underlying the function of
this lipid.

5.2. Aminophospholipid translocases

Abnormalities occur in the nervous system function if PS does
not remain localized to the cytoplasmic leaflet of the plasma mem-
brane. This asymmetry normally is maintained by the action of an
aminophospholipid flippase, a translocase that transports PS unidi-
rectionally from the external to the cytoplasmic leaflet of the
membrane lipid bilayer [80,86]. Flippases utilize Mg2+ and ATP as
a source of energy, are stimulated by PS, and are inhibited by
Ca2+ and vanadate [87]. Bovine brain contains four isoforms of
the flippase ATPase II, a P4-type ATPase that utilizes ATP and
Mg2+ and is PS-dependent. PS is essential for dephosphorylation
of the phosphoenzyme intermediate of ATPase II that is formed
during the catalytic cycle [88].

Angelman syndrome, an inherited neurobehavioral disease
manifested by severe mental retardation, ataxia and epilepsy, is
associated with a deficiency of ATP10C, a P4-type ATPase that
maintains the asymmetric distribution of membrane phospholip-
ids [89]. A deficiency in Atp8a1, a gene encoding a P-type ATPase
that is expressed in hippocampal neurons of the dentate gyrus,
CA1 and CA3, is associated with externalization of PS in hippocam-
pal cells. This causes increased activity and delayed hippocampus-
dependent learning in C57BL/6 mice [90]. Mutations in the Atp8a2
gene, which is expressed in the brain, spinal cord and retina,
inactivates the P-type ATPase ATP8A2. Mutations in Atp8a2 in the
mouse cause axonal degeneration, decreased photoreceptor
response and viability, and degeneration of spiral ganglion cells
[91,92].
6. Phosphatidylserine metabolism

Besides base exchange, PS can undergo three types of metabolic
reactions. The serine moiety of PS can be decarboxylated by PSD,
converting the PS to PE as shown in Fig. 2. In addition, phospholip-
ases can hydrolyze one of the fatty acyl groups from PS, converting
the PS to lysophosphatidylserine. An acyltransferase also can
attach a fatty acid to the serine residue of PS via amide linkage,
forming N-acylphosphatidylserine, the likely intermediate in the
synthesis of the N-acylserine class of lipid signaling molecules.

6.1. Phosphatidylserine decarboxylase

The PSD enzyme is localized at the inner mitochondrial mem-
brane and produces PE as an alternative to the de novo PE synthesis
via cytidine diphosphate-ethanolamine pathway [53,93,94]. A role
of the PSD reaction in neurite development also is suggested by the
finding that nerve growth factor increases the decarboxylation of
PS while stimulating neurite outgrowth in PC12 cells [95]. Another
function of the PSD reaction is to supply PE in coordination with
cardiolipin for mitochondrial biogenesis and protein import into
the inner mitochondrial membrane [96].

The mechanism of PSD biogenesis has been demonstrated in
yeast. Two proteases, MPP and Oct1, process the PSD precursor
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protein. Autocatalytic cleavage subsequently occurs at a conserved
LGST motif, producing PSDa and PSDb. The b-subunit forms an
anchor in the inner mitochondrial membrane, and the a-subunit
binds to it. PSD requires integration into the inner mitochondrial
membrane for full enzymatic activity [97].

Studies with rat brain cortical mitochondria indicate that the
most effective PS substrate for the PSD reaction is the 18:0, 22:6
molecular species [98]. Therefore, the PE formed by PS decarboxyl-
ation is expected to contain an abundance of DHA in the sn-2 posi-
tion. However, the mitochondrial PE molecular species profile does
not reflect this substrate preference, presumably due to the
contribution of other mechanisms such as the cytidine diphos-
phate-ethanolamine pathway which preferentially produces
mono- and di-unsaturated PE molecular species [99]. PE synthe-
sized from PS by the PSD reaction accumulates in the inner mito-
chondrial membrane, whereas PE produced by the mitochondrial
cytidine diphosphate-ethanolamine pathway is mainly localized
to the outer membrane [100].

The PSD reaction has been reported to account for 7% of the
total PE in rat brain [54]. This probably is a minimum value, for
turnover studies in 16-day rat embryos indicate that 20% of the
PE in the cerebral hemispheres is produced by PS decarboxylation
[53]. However, there is some uncertainty regarding these quantita-
tive results because of questions about the sizes and specific radio-
activity of the precursor pools. Substantial conversion of PS to PE
was also observed in cultured cells. For example, in BHK-21 cells,
40–50% of the PS labeled with [3H]serine was converted to PE in
7.5 h [101], and PS decarboxylation was the major pathway for
PE synthesis in BHK-21 and Chinese hamster ovary cells
[18,93,102–104]. These results differ from those obtained in liver
where PE synthesis occurs primarily by the cytidine diphosphate-
ethanolamine pathway [105].

Deletion of Pisd, the gene that encodes PSD, causes embryonic
lethality even if the cytidine diphosphate-ethanolamine pathway
for PE synthesis is functioning normally [21]. Likewise, deletion
of the cytidine diphosphate-ethanolamine pathway causes
embryonic lethality even if PSD function is normal. Therefore, both
sources of PE are essential for normal development [20].

6.2. Lysophosphatidylserine

PS is not hydrolyzed by the Ca2+-dependent synaptosomal
phospholipase activated by K+ depolarization that hydrolyzes PC
[106], but it is converted to lysophosphatidylserine by a Ca2+-inde-
pendent phospholipase in brain [107]. This is quantitatively a
minor pathway, but it may have functional importance. Lysophos-
phatidylserine is a poor substrate for lysophospholipid acyltrans-
ferases present in human brain and myelin including LPEAT2,
even with DHA-CoA as the substrate [108–112]. ABHD12, a mem-
brane bound serine hydrolase that contains an a/b hydrolase
domain, is a major lysophosphatidylserine lipase in mammalian
brain. Homozygous mutations in human ABHD12 cause PHARC, a
rare autosomal recessive neurodegenerative disease. Demyelina-
tion, retinal dystrophy and cerebellar atrophy occur in PHARC
disease, producing polyneuropathy, hearing loss, ataxia, retinitis
pigmentosa and cataracts. ABHD12�/� mice have a neuroinflamma-
tory response associated with accumulation of lysophosphatidyl-
serine containing very long chain fatty acids in the brain. This
occurs early in life and produces microglial activation, leading to
auditory and motor defects and neurobehavioral abnormalities.
The pathological and symptomatic similarities between the
ABHD12�/�mouse and PHARC indicate that lysophosphatidylserine
accumulation probably is the cause of the neurodegenerative
abnormalities that occur in PHARC disease [113].

Other functional effects of lysophosphatidylserine have been
reported in neuronal systems. Lysophosphatidylserine has been
observed to enhance differentiation induced by nerve growth fac-
tor in PC12 cells and to stimulate migration of U87 glioma cells
[114]. Lysophosphatidylserine generated in activated neutrophils
acts as a pro-resolving lipid mediator, promoting phagocytosis of
apoptotic neutrophils through activation of the macrophage G-pro-
tein coupled receptor G2A. This in turn leads to increases in cAMP
and prostaglandin E2 and a protein kinase A-dependent augmenta-
tion of Rac1 activity [115]. Whether this process plays a role in the
resolution of inflammation in the brain remains to be determined.

6.3. N-Acylphosphatidylserine

By attaching a fatty acyl residue to the serine moiety via amide
linkage, PS can be converted to N-acylphosphatidylserine [116]. N-
Acylphosphatidylserine is present in mouse brain, and it comprises
about 0.1% of the lipid in porcine brain. N-palmitoylphosphatidyl-
serine, the most abundant species, accounts for 40% of the
N-acylphosphatidylserine in the brain. The remainder consists of
N-linked saturated and unsaturated fatty acids containing 14–30
carbons. N-Acylphosphatidylserine is structurally similar to
N-acylphosphatidylethanolamine (NAPE), and as in the case of
NAPE, arachidonic acid is one of the N-linked fatty acids present
in N-acylphosphatidylserine. NAPE was shown to be synthesized
by a Ca2+-dependent transacylation reaction in which the sn-1 fatty
acyl group of PC is transferred to the ethanolamine moiety
of PE [117,118]. Based on the structural similarity between
N-acylphosphatidylserine and NAPE, it is conceivable that an
analogous PC-dependent transacylation mechanism provides the
N-linked fatty acid for N-acylphosphatidylserine synthesis [116].

6.3.1. N-Acylserines
N-acylserines contain a fatty acyl group attached to serine via

amide linkage. They are structural analogs of the N-acylethanola-
mines, and N-arachidonoylserine is a structural analog of N-arach-
idonoylethanolamine (anandamide), an endogenous cannabinoid
[119,120]. N-acylethanolamines are produced from NAPE through
several different enzymatic pathways, including a phospholipase
D-mediated hydrolysis reaction [121,122]. Based on the analogy
between NAPE and N-acylphosphatidylserine, it has been sug-
gested that N-acylserine also is produced by a phospholipase D-
mediated hydrolysis of N-acylphosphatidylserine [116]. However,
it is possible that N-acylserine production from N-acylphosphat-
idylserine may occur through several other enzymatic reactions
that have been reported for N-acylethanolamine production from
NAPE, including sequential hydrolysis by phospholipase C and
the phosphatase PTPN22 [123], or double O-deacylation followed
by glycerolphosphodiesterase 1-mediated hydrolysis [124]. Fig. 6
shows the hypothetical pathway for the formation of N-acylphos-
phatidylserine from PS and potential reactions for the release of
N-acylserine from N-acylphosphatidylserine.

N-palmitoylserine and N-stearoylserine are the two most abun-
dant N-acylserines present in bovine brain [125]. While the func-
tion of these N-acylserines is unknown, functional effects have
been reported for N-arachidonoylserine, which also is present in
the brain. N-Arachidonoylserine activates N-type-Ca2+ channels
(Cav2.2) in rat sympathetic neurons, suggesting that it might pro-
vide Ca2+ for synaptic transmission [126]. N-Arachidonoylserine
also produces vasorelaxation and thereby may increase cerebral
blood flow. Two mechanisms appear to contribute to this effect,
phosphorylation of Akt and ERK1/2 in the endothelium [127] and
direct activation of large conductance Ca2+-activated K+ channels
in the vascular smooth muscle [128], In addition, N-arachidonoyl-
serine has proangiogenic effects on microvascular endothelial cells
through a signal transduction mechanism activated by the G-pro-
tein-coupled receptor 55 [129]. N-oleoylserine is another function-
ally active N-acylserine. It stimulates osteoblast proliferation
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Fig. 6. Hypothetical biosynthetic pathways involved in the formation of N-
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acylphosphatidylserine from PS which involves the transfer of the sn-1 fatty acyl
residue from PC to the serine residue of PS mediated by a N-acyltransferase [116],
and three potential pathways for the production of N-acylserine from N-acylphos-
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pholipase C (PLC) followed by removal of the phosphate residue of N-acylserine
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acylphosphatidylserine by a,b-hydrolase ABH4 followed by glycerol-phosphodies-
terase (PDE)-1-mediated hydrolysis [124].
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through a Gi protein coupled receptor that activates ERK1/2 [130].
Although N-oleoylserine has not been reported in the brain, its
putative precursor N-oleoylphosphatidylserine is present in mouse
brain [116].

7. Phosphatidylserine in neuronal signal transduction

PS participates in key signaling pathways in the neuronal
system. Unlike other membrane phospholipids, PS does not pro-
duce its signaling effects through a phospholipase-mediated
hydrolysis that leads to the formation of bioactive products.
Instead, PS functions as a constitutive component of membrane
anionic domains that bind and thereby activate cytosolic proteins
involved in neuronal signaling [2–4,6,131]. The high concentration
of negatively charged PS in the inner leaflet of the plasma membrane
facilitates the binding of these signaling proteins through electro-
static interactions or Ca2+ bridges. At least three major pathways
including phosphatidylinositol 3-kinase (PI3K)/Akt, Ras/Raf and
protein kinase C are shown to be PS-dependent. Activation of Akt,
Raf-1 and protein kinase Ca requires the translocation from cytosol
to the plasma membrane for which interaction with PS is critically
important.

7.1. Molecular basis of the interaction between phosphatidylserine and
proteins

Ca2+-dependent C2 domains, named after the second homology
region in conventional protein kinase C, are the most well-known
PS binding domains. The protein kinase Ca-C2 domain (�130
residues) consists of a characteristic eight-stranded antiparallel
b-sandwich connected by three inter-strand loops where two or
three calcium ions cooperatively bind to several conserved Asp res-
idues (D187, D193, D246 and D254) [132]. The binding of calcium ions
changes the electrostatic potential of the loops, enabling a posi-
tively charged canonical membrane binding site to interact with
the negatively charged membrane [133]. R249 and R252 in the cal-
cium binding loops also contribute to the non-specific electrostatic
attraction, and N189 plays a critical role in the selectivity for PS by
interacting specifically with the serine head group [134]. In
addition, bound calcium ions form a bridge between the protein
kinase Ca-C2 domain and PS [135]. Other notable Ca2+-dependent
C2 domain-containing proteins include protein kinase Cb, protein
kinase Cc, synaptotagmin III [129], and phospholipase Cd [136].

Besides the C2-containing proteins, the binding of annexins to
PS is also Ca2+-dependent. In this case, the PS-binding domains
are composed of 4 annexin repeats, each of which contains 5
a-helices connected by surface loops to which calcium ions bind
[137,138]. This binding plays an essential ‘‘bridging’’ role by con-
necting carbonyl and carboxyl groups in the loops of annexin to
the phosphoglycerol backbone and serine headgroup of PS in the
membrane [137,139].

Specific electrostatic interaction between PS and signaling pro-
teins including Akt and phosphoinositide-dependent kinase (PDK)
1 has recently been identified [3,140]. The positively charged resi-
dues including R15 and K20 located outside the phosphatidylinosi-
tol-3,4,5-trisphosphate (PIP3) binding pocket in the PH domain,
along with K419 and K420 in the regulatory domain of Akt1, are
identified as PS-specific binding sites. These binding sites are
critical for facilitating and securing Akt membrane translocation
triggered by the interaction of PIP3 with the PH domain. Similarly,
cationic grooves composed of R466 and K467 in the PH domain of
PDK1 selectively bind PS. Furthermore, a cluster of basic residues
including R143, K144 and K148 present in the anterior half of the cys-
teine-rich domain of Raf-1 interacts with PS [141], although it is
not clear whether these residues also interact with other acidic
membrane phospholipids such as phosphatidylinositol. In addi-
tion, electrostatic interactions generally facilitate the binding
between the anionic PS and positively charged proteins [85].

Ca2+-independent stereo-specific binding to PS has been
observed for proteins that contain discoidin C2 domains (e.g.
lactadherin), which are structurally unrelated to the C2 domains
of protein kinase C [142,143]. These domains contain a b-barrel
core with hydrophobic residues that interact with PS in a stereo-
specific manner. In addition, the C1 domain of conventional
protein kinase C stereo-specifically interacts with PS [144].

7.1.1. PI3K/Akt signaling
Akt is a critical protein for cell survival and proliferation [145].

Inactive Akt resides in a folded structure in the cytosol, with its PH
and regulatory domains blocking access of the upstream kinases to
the T308 and S473 phosphorylation sites. Receptor-activated PIP3

formation triggers Akt translocation to the plasma membrane.
The PH domain of Akt contains the PIP3 binding pocket. It also con-
tains basic residues R15 and K20 that bind to PS in anionic domains
of the plasma membrane cytoplasmic leaflet. These interactions
are required for Akt binding to the plasma membrane as indicated
by the finding that the mutation of R15 and K20 diminishes the
membrane binding and disables the translocation [3]. Membrane
binding of the PH domain causes the inter-domain conformational
changes to allow PDK1 to phosphorylate T308 of Akt in the kinase
domain for Akt activation. Furthermore, binding of basic residues
K419 and K420 in the regulatory domain of Akt to PS leads to confor-
mational changes that allow phosphorylation of S473 by mTORC2,
which is known to potentiate Akt activity [146].

Activation of Akt and subsequent downstream phosphorylation
of BAD (Bcl-2 antagonist of cell death) suppress caspase-3 activity
and promote cell survival. The importance of neuronal enrichment
of PS is underscored by the findings that PS concentration-
dependently influences endogenous Akt signaling and neuronal
survival [3]. Increasing the membrane PS by DHA supplementation
[2,4], or expressing the PSS1 (R95K) mutant lacking regulatory
capability [147] significantly reduces cell death caused by serum
starvation in neuronal cells. In contrast, decreasing the PS levels
in a PSS1-deficient mutant Chinese hamster ovary cells [104],
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Fig. 7. Schematic presentation of the specific interaction between anionic PS and
basic residues in Akt and PDK1. The basic residues R466/K467and R15/K20 that bind to
PS (red circles) are located near the PIP3 binding pocket in PDK1 and Akt,
respectively. K419 and K420 are located in the regulatory domain of Akt.
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produces the opposite effect [3]. The role of PS in promoting Akt
signaling is particularly important for sustaining neuronal survival
under conditions where the production of PIP3 is limited.

PDK1 is a ubiquitously expressed serine/threonine kinase that
acts downstream of PI3K and activates Akt [148,149]. It is present
in the cytosol and is constitutively active due to auto-phosphoryla-
tion. However, association of PDK1 with the plasma membrane is
necessary for its signaling function. After binding to the
membrane, PDK1 phosphorylates T308 in the kinase domain. The
PH domain of PDK1 also specifically interacts with PS [140]. Dis-
ruption of the PS-PDK1 interaction by mutation abolishes mem-
brane localization and function of PDK1 leading to diminished
phosphorylation of Akt T308. Collectively, it seems that the influ-
ence of PS on PI3K/PDK1/Akt signaling pathway is more profound
than previously thought. The basic residues of Akt and PDK1 spe-
cifically interacting with membrane PS as well as crucial require-
ment of PS in PI3K/Akt signaling are illustrated in Figs. 7 and 8.

7.1.2. Ras/Raf signaling
Raf-1 is a serine-threonine kinase that plays a key role in cell

growth, survival and differentiation through the mitogen-activated
protein kinase kinase (MEK)/ERK signal transduction pathway
[150]. Raf-1 functions by directly phosphorylating MEK, thereby
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Fig. 8. Molecular mechanism of PS involvement in Akt activation. Akt is recruited to the p
(PH) to PIP3 which is generated by growth factor receptor stimulation. The membrane tr
PS-binding residues in the Akt pleckstrin homology and regulatory (RD) domains. The Ak
expose T308 and S473 for phosphorylation and activation by PDK1 and mTORC2 kinase
interaction with not only PIP3 but also PS. After phosphorylation, active Akt is released
survival and cell growth. KD: kinase domain.
activating the mitogen-activated protein kinase/ERK pathway. Like
Akt, Raf-1 is present in the cytosol as an inactive form and is acti-
vated by extracellular signals that cause it to associate with acidic
plasma membrane domains. Interaction of Raf-1 with Ras GTPase
and with membranes is prerequisite for the activation of Raf-1.
This critically depends on the electrostatic interaction of Raf-1 with
membrane PS, as evidenced by the fact that disruption of Raf-PS
interaction by eliminating the positive charges on residues R143,
K144 and K148 abolishes the translocation of Raf-1 to the membrane
[141]. Consistently, increasing the PS level enhances the binding
affinity of Raf-1 for the membrane and promotes the membrane
translocation and subsequent activation of Raf-1 induced by
growth factor stimulation [4,141]. As a result, ERK phosphorylation
is enhanced, caspase-3 is inhibited, and apoptotic neuronal cell
death is suppressed. Furthermore, Ras GTPase, particularly K-Ras
that contains a polybasic sequence, nanoclusters on the plasma
membrane most likely due to the electrostatic interaction with
the acidic plasma membrane surface. Staurosporine can redistrib-
ute the plasma membrane PS to endomembranes and acutely
decreases plasma membrane PS. Under such condition, K-Ras is
mislocalized to the endosomes and degraded, and K-Ras-depen-
dent proliferation is abrogated, indicating the importance of PS
interaction in K-Ras signaling [77].
7.1.3. Protein kinase C signaling
Protein kinase C signaling regulates a broad spectrum of physi-

ological processes such as differentiation, proliferation, gene
expression, and apoptosis. Among 10 isoforms of protein kinase
C, conventional isoforms including a, bI, bII and c interact with
PS in a Ca2+ dependent manner [131]. Protein kinase Ca contains
two functional domains, an amino terminal regulatory domain
and a carboxyl terminal catalytic domain. The regulatory domain
is composed of an auto-inhibitory pseudo-substrate sequence fol-
lowed by two tandem C1 domains and a C2 domain. In the inactive
state, protein kinase Ca resides in the cytosol with the pseudo-
substrate sequence occupying the substrate binding pocket in the
catalytic domain. Activation of protein kinase Ca is triggered by
receptor-mediated hydrolysis of PIP2 that generates two second
mTOR 

Active Akt 

 cell growth 

lasma membrane initially by the specific binding of the pleckstrin homology domain
anslocation is secured by the electrostatic interaction of membrane PS with specific
t interaction with PIP3 and PS causes Akt interdomain conformational changes that
s, respectively. PDK1 co-localizes with Akt at the plasma membrane through the
from the membrane to perform its downstream functions such as regulating cell
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messengers, diacylglycerol and inositol trisphosphate, the latter
increasing the intracellular Ca2+ concentration. The C1 domain
binds to diacylglycerol, which is promoted by the stereo-specific
binding of the C1 domain to PS. On the other hand, Ca2+ binds to
the C2 domain, which prompts the interaction of C2 domain with
membrane PS and PIP2 [131,132]. These membrane interactions
result in a conformational change of protein kinase Ca which
causes the release of the pseudo-substrate sequence from the cat-
alytic domain. This opens the activation loop for substrate phos-
phorylation and downstream signaling [131]. Because membrane
interaction is the prerequisite event for the allosteric regulation,
protein kinase Ca activity is membrane PS-dependent. In neuronal
cells, increases of cellular PS levels by DHA supplementation
promote the membrane translocation, activation and substrate
phosphorylation capability of protein kinase C [6].

7.2. Receptors

PS modulates the properties and function of several membrane-
bound receptors that play a key role in neuronal function. The
binding affinity of the AMPA glutamate receptor is increased by
PS in rat telencephalic membranes [12]. PS has a similar effect on
the central type benzodiazepine receptor in cerebral cortical mem-
branes. Interaction with the anionic domain of the membrane
increases the affinity of this receptor for flunitrazepam without
affecting the maximal binding capacity [151]. The cannabinoid
type 2 receptor, which is present in brain microglia and implicated
in neuroinflammatory processes, also is modulated by PS. In a lipo-
some-reconstituted system, G protein activation by agonist-bound
recombinant cannabinoid type 2 receptor increased with increas-
ing PS content up to 50 mol% in the liposome. Facilitated receptor
activation due to the increased negative electric surface potential
of the proteoliposomes appeared to be responsible for the activa-
tion rather than efficient G protein coupling to the receptor [152].

7.3. Exocytosis

Synaptic neurotransmission is achieved by the Ca2+-regulated
exocytic release of neurotransmitters. The SNARE-assisted
Table 4
Proteins and enzymes modulated by PS.

Protein Role of PS

Akt Membrane binding of pleckstrin homology and regulatory domains
producing interdomain conformational change

BASP1 Localizing protein to inner surface of presynaptic membrane
Diacylglycerol

kinase-h
Binding to membrane activates interfacial activity

Evectin-2 Binding to PH domain

Na,K-ATPase Stabilizing interaction of FXYD protein with enzyme a-subunit
nNOS Electrostatic interaction with hydrophobic/basic amino acid cluster

in residues 732–754
PDK1 Recruitment to plasma membrane via PH domain binding
PKCa Binding to N189 in C2 domain
iPLA2 Membrane recruitment and oligomerization
PLCd1 Electrostatic interaction with Ca2+ and N647 of C2 domain
Rasal Membrane recruitment by interaction between C2A domain and Ca2+

Sphingosine
kinase 1

Binding through T54 and N89 targets enzyme to membrane

Synapsin I Association with synaptic membrane

tau Binding to membrane PS, altering conformation and inhibiting
mitogen-activated protein kinase phosphorylation of epitopes

Lactadherin Binding to C2 domain binds through residuesK45, R70, R146

GRP1 Transient membrane association through pleckstrin homology
domain binding
membrane fusion between neurotransmitter-containing synaptic
vesicles and synaptic plasma membrane is necessary for exocyto-
sis. The fusing membranes are forced to come close together by
the SNARE complex while the Munc-18 protein is proposed to
enable lipid mixing of the fusing membranes [153]. Synaptotagmin,
an integral membrane protein localized on the synaptic vesicle, is
the Ca2+ sensor that is essential for fusion. Ca2+ enters into the nerve
terminal through the voltage gated Ca2+ channel and binds to the C2
domain of synaptotagmin, triggering the fusion pore formation
which allows neurotransmitter release within a few hundred
microseconds. PS is required for the Ca2+ binding to synaptotagmin
and this binding is dramatically enhanced by increasing PS concen-
tration in the membrane [8,10], indicating a crucial role of PS in the
fusion process and exocytosis [154,155]. In addition to the synaptic
plasma membrane [48], synaptic vesicles also contain PS [156].
Although a significant fraction of PS is localized in the cytoplasmic
face of the synaptic vesicles [157], only the target plasma
membrane PS is critically important for fusion [158].

7.4. Other phosphatidylserine-interacting proteins

The proteins shown to interact with PS are listed in Table 4. PS
affects the function of synapsin I and tau, two proteins that play a
critical role in neuronal function. Interaction with PS results in a
conformational change in synapsin I, allowing insertion of the
amino-terminal segment containing hydrophobic residues into
the synaptic membrane [13]. In addition, PS alters the conforma-
tion and antigenic properties of tau. As a result, the ability of mito-
gen-activated protein kinase to phosphorylate tau is impaired and
tau association with microtubules is decreased [14].

PS also influences the properties of neuronal nitric oxide
synthase, a key enzyme in oxidative functions in the brain. The
calmodulin-binding domain of neuronal nitric oxide synthase inter-
acts through a cluster of basic amino acid residues with acidic mem-
brane domains that contain either PS or phosphatidic acid [159].

BASP1 is a myristoylated brain protein present in the inner
surface of the presynaptic plasma membrane. It forms a pore-like
oligomeric structure that induces cation selective single channel
currents across negatively charged planar lipid bilayers that
Functional effect References

, Enables phosphorylation by PDK1 and mTORC2, activating Akt
signaling pathway

[3]

Forms cation-selective ion channel across membrane [160]
Stimulates substrate binding and catalytic activity [165]

Enables membrane trafficking from recycling endosomes to
Golgi

[76]

Stabilizes and modulates kinetic properties of the enzyme [168]
Produces conformational change for calmodulin binding [159]

Activates PDK1 [140]
Activates PKCa signal transduction [134]
Modulates activity and increases specific activity [164]
Membrane targeting [136]
Induces membrane curvature and activates Ras GTPase
activating protein activity

[166]

Activates the enzyme, regulating cell growth and prevents
apoptosis

[163]

Maintains pool of neurotransmitter-loaded vesicles for neuronal
activity

[13]

Prevents association with microtubules and increases calpain-
mediated proteolysis

[14]

Inhibits targeting of nascent protein chains to translocon and
translocation across endoplasmic reticulum membrane

[161,162]

Facilitates two-dimensional search for PIP3 target [167]
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contain either PS or phosphatidylinositol [160]. Lactadherin, which
inhibits the translocation of nascent polypeptide chains across the
endoplasmic reticulum, binds tightly to PS through its C2 domain
[161,162].

A number of other enzymes and proteins interact with PS. These
include sphingosine kinase 1, cytosolic phospholipase Cd1, and
Na,K-ATPase. Sphingosine kinase 1 regulates cell growth and pre-
vents apoptosis. It is present in an inactive form in the cytosol
and is activated in response to extracellular signals by binding to
PS in the plasma membrane. Studies with HEK293 cells and HeLa
cells demonstrated that when S225 is phosphorylated, sphingosine
kinase 1 undergoes a conformational change that allows T48 and
N150 to interact with PS in the cytoplasmic leaflet of the plasma
membrane [163]. Phospholipase Cd1 also is present in an inactive
form in the cytosol and translocates to the plasma membrane
when the cell is activated. Membrane targeting is mediated by
interactions between the C2 domain of the enzyme, Ca2+ and PS.
The localization of phospholipase Cd1 to specific anionic domains
of the plasma membrane is governed by N647 binding to PS
[136]. These findings were obtained in enzymatic assays or from
cultured cell lines of non-neural origin. However, it seems reason-
able to suggest that similar effects of PS on these enzymes might
occur in neural cells.

Liposomes containing acidic phospholipids, including PS, bind
to the calcium-independent cytosolic phospholipase A2, and this
binding increased the specific activity of the enzyme [164]. Lipo-
somes containing 20 mol% PS also increased the turnover rate of
diacylglycerol kinase-h, an important modulator of diacylglycerol
signaling. The acidic phospholipids function synergistically with
polybasic proteins to increase the activity of diacylglycerol
kinase-h by 10- to 30-fold [165].

Rasal, a member of the Gap1 gene family, increases Ras GTPase
activity when it co-localizes with Ras at the plasma membrane.
Rasal is recruited from the cytoplasm to the membrane as a result
of a receptor-mediated increase in intracellular Ca2+. Binding to the
membrane occurs through a Ca2+-dependent interaction of the C2

domains of Rasal with acidic lipids. The C2A domain binds to PS
and the C2B domain binds to inositol phospholipids [166]. GRP1,
a general receptor for phosphoinositides, transiently associates
with the membrane through the binding between the PH domain
and PS, which enables a two-dimensional search for its PIP3 target
[167].

Structural studies indicate that PS also is involved in modulat-
ing the activity of Na,K-ATPase. PS stabilizes the interaction of
purified Na,K-ATPase with a small regulatory protein, FXYD, that
modulates the kinetic properties of the enzyme. PS binds to trans-
membrane segment 9 of the Na,K-ATPase a-subunit adjacent to
FXYD, and this stabilizes the complex against inactivation by heat
or detergents [168]. A mutation study indicates the presence of a
specific PS binding pocket in the transmembrane segments 8–10
of Na,K-ATPase [169].

Evectin-2, a protein expressed in a broad range of tissues that
targets recycling endosomes to the Golgi, binds to PS through a
pleckstrin homology domain in COS-1 cells. A similar post-Golgi
protein, evectin-1, is expressed specifically in the nervous system
[76] but it is not known whether it also binds through a PS-
dependent mechanism.

7.5. Neurotransmitters

Molecular dynamic simulations indicate that the neurotrans-
mitter dopamine and its metabolic precursor L-dihydroxyphenylal-
anine associate with the head groups of lipid bilayers and localize
at the lipid-water interface of the membrane. This occurs predom-
inantly through hydrogen bonding. In a lipid bilayer consisting of
PC, PE and PS, a composition similar to the membrane cytoplasmic
leaflet and presynaptic vesicles, the presence of 22 mol% PS
increased the stability of dopamine and L-dihydroxyphenylalanine
binding due to formation of a hydrogen bond network with a long
lifetime. Although dopamine formed hydrogen bonds with each of
the phospholipids, its affinity for PS was greater than for either PC
or PE. The localization of intracellular dopamine and L-dihydroxy-
phenylalanine to the membrane cytoplasmic surface suggests
these compounds might be metabolized effectively by enzymes
that also bind to the membrane [170].

Equilibrium dialysis studies with glycine or c-aminobutyric
acid and dimyristoylphosphatidylcholine bilayers indicate that
these zwitterionic neurotransmitters also accumulate at the mem-
brane interface. Glycine and c-aminobutyric acid binding
increased when 10% anionic lipids, either dimyristoylphosphat-
idylserine or dimyristoylphosphatidylglycerol, were added to the
dimyristoylphosphatidylcholine. The concentration of these neuro-
transmitters at the membrane interface was 5- to 10-times greater
than in the aqueous phase. Molecular simulations indicated that
the attraction was due mainly to electrostatic interactions between
the amino group of the neurotransmitters and the lipid phosphate
groups. The fact that similar results were obtained with dimyri-
stoylphosphatidylserine and dimyristoylphosphatidylglycerol
indicates that the increase in binding is due to surface charge
rather than to a specific role of PS. However, the cytoplasmic leaflet
of neuronal membranes, including synaptic membranes, contains
20–30% PS and little or no phosphatidylglycerol. Therefore, it is
most likely that PS is primarily responsible for this effect under
physiological conditions [171].
8. Interactions between phosphatidylserine and
docosahexaenoic acid

Brain is enriched with DHA, and the PS content in the grey mat-
ter of human brain is particularly high as shown in Table 2. PC and
PE containing DHA are the best substrate for PS biosynthesis
[40,44]. As a consequence, the PS level is high in the brain where
DHA is abundant. In contrast, DHA-depletion from the brain lowers
the PS level [50]. For example, dietary depletion of n-3 fatty acids
can reduce DHA in the brain and increase the n-6 counterpart
docosapentaenoic acid (22:5n-6, DPAn-6). Since phospholipids
containing DPAn-6 are not as good substrates for PS synthesis as
DHA-containing phospholipid species, the brain PS level is reduced
[40,49,50]. It is important to note that modern western diets are
excessively abundant in n-6 fatty acids compared to n-3 fatty acids,
and therefore, DHA enrichment in the brain is compromised as
indicated by the considerable accumulation of DPAn-6 observed
in the postmortem human hippocampus [172]. Such a fatty acid
profile is comparable to that observed in rodent brains depleted
in DHA at least to a moderate extent, and therefore, the PS level
is likely not at a maximum in modern human brains although
systematic analysis has not yet been performed.

In agreement with the preference for DHA-containing sub-
strates in PS biosynthesis, the level of a single molecular species
18:0, 22:6-PS is remarkably high in most brain regions (Table 3).
LPAAT4, a lysophosphatidic acid acyltransferase that is highly
expressed in the brain and has a high specificity for DHA-CoA, is
involved in 18:0, 22:6-PC formation [173]. This PC species may
be utilized by PSS1 to form a portion of the 18:0, 22:6-PS that
accumulates in the brain. In the olfactory bulb, 16:0, 22:6-PS is
particularly high (Table 3), suggesting that PSS2, which does not
discriminate the sn-1 fatty acid composition [44], contributes
substantially to the PS biosynthesis in this region of the brain.

Neuronal cell culture studies indicate that the DHA-mediated
PS increase may function to enhance neuronal development and
prevent apoptosis. Enhanced neuronal development is indicated
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by the finding that DHA supplementation increases neurite length
and branching in cultured hippocampal neurons [174,175], and it
promotes neurogenic differentiation of neural stem cells [176].
Furthermore, addition of DHA to DHA-deficient embryonic
hippocampal neurons in culture can restore neurite length [174].
Recent studies indicate that endogenous metabolism of DHA to
N-docosahexaenoylethanolamine (synaptamide) is primarily
responsible for the observed DHA effects on neurite growth,
synaptogenesis and neurogenesis [177,178]. Nevertheless, the
DHA-induced PS increase and facilitation of PS-dependent signal-
ing pathways leading to neuronal differentiation may also be a
contributing mechanism for the observed DHA effects [5].

Evidence obtained with neuronal cell cultures also suggests that
PS and DHA prevent apoptosis through a common mechanism.
Supplementation of Neuro 2A cells with DHA for 24 h prevented
apoptotic cell death induced by serum starvation [2,4]. This protec-
tive effect was associated with an increase in the membrane PS
content and facilitated translocation of Akt and Raf-1 to the cell
membrane. While 22:5n-6, the omega-6 fatty acid analog of
DHA, also increased the PS content of Neuro 2A cells, the increase
was smaller and the protection was less against cell death com-
pared to DHA [2,179]. Consistently, hippocampal neurons from
DHA-depleted animals showed reduced amounts of PS and were
more susceptible to cell death. As opposed to the findings with
Neuro 2A cells, DHA supplementation did not increase the PS con-
tent in Chinese hamster ovary-K1 cells, NIH3T3 cells or HEK cells,
suggesting that the PS increase induced by DHA occurs primarily
in neuronal cells [180]. The protective action of DHA did not occur
when Neuro 2A cells were incubated in a serine-free medium, sug-
gesting that this effect is PS-dependent [2,4]. Increasing PS by DHA
supplementation promotes the membrane interaction of Akt via PS
binding residues and facilitates membrane-induced conforma-
tional changes required for activation of Akt [3]. This PS-derived
mechanism is particularly important for neuronal survival under
adverse conditions where the generation of PIP3, a primary survival
signaling molecule, is limited. In summary, the neuroprotective
effect of DHA is linked to an increase of the PS content in neuronal
cells, which promotes the activation of the Akt and Raf-1 signaling
pathways and thereby enhances neuronal survival as illustrated in
Fig. 1.

Related effects of DHA status on PS metabolism have been
observed in experimental animals. Dietary depletion of DHA in
rat pups reduced [3H]serine incorporation into PS [181], and
decreased the content of PS in the olfactory bulb, brain cortex
and hippocampus [49,50]. Therefore, the metabolic linkage
between DHA and PS observed in neuronal cultures seems to occur
also in vivo [4].

8.1. Ethanol-induced effects

Findings in cultured neuronal cells and animal models indicate
that ethanol can disrupt the beneficial interaction between DHA
and PS. Exposure of Neuro 2A cells to 25 mM ethanol decreased
the DHA-mediated accumulation of PS, Akt phosphorylation and
cell survival as indicated in Fig. 1. Administration of ethanol to
pregnant rats also decreased the DHA and PS content of the fetal
hippocampus and increased the number of apoptotic hippocampal
cells [182]. Likewise, administration of ethanol to rats during the
prenatal and developmental period decreased microsomal PS bio-
synthetic activity without altering PSS expression, and thus the
amount of PS, particularly the 18:0, 22:6 species in the cerebral
cortex [183]. The ethanol-mediated decrease in the 18:0, 22:6-PS
molecular species is also consistent with the finding that
incubation of brain microsomes with high concentrations of etha-
nol increased oleoyl-CoA incorporation into PS and diverted poly-
unsaturated fatty acids into triglycerides [184]. Considering the
significant roles played by PS in neuronal survival and function dis-
cussed above, a reduction in DHA-stimulated synthesis of PS may
be one factor that produces the deleterious effect of ethanol on
the central nervous system.
9. Phospahtidylserine and cognitive function

A decrease of the DHA content in PS has been reported in cog-
nitive impairment. A small reduction in the DHA content of hippo-
campal PS was observed in 12 month-old senescence-accelerated
prone mice that have a shorter life span, learning and memory def-
icit, and an increase in hippocampal Ab-peptide content [185]. The
decrease in DHA was associated with a corresponding increase in
the AA content of hippocampal PS. Likewise, the DHA content of
PS in the superior temporal and mid-frontal cortex was reduced
by 12% and 14%, respectively, in brain tissues obtained from
patients with Alzheimer’s disease [186]. However, there is no
information as to how a decrease in the DHA content of PS might
contribute to the pathogenesis of cognitive impairment, and a
decrease in DHA content is not a uniform finding in animal models
of cognitive impairment. For example, substantial fatty acyl com-
positional changes, including reductions in AA, have been observed
in brain PS of aged Wistar rats with cognitive deficits, but there is
no difference in the DHA content of the PS [187]. Therefore, the
putative linkage between DHA reductions in PS and cognitive
impairment remains open to question.
9.1. Effects of dietary phosphatidylserine supplements on cognitive
function

Dietary PS supplements are reported to improve cognitive func-
tion in experimental animals [188,189], and a similar result has
been obtained recently with krill PS which has a high content of
omega-3 fatty acid. Aged rats given daily doses of krill PS orally
for 7 days showed improvement in the Morris water maze test.
There was less loss of choline acetyltransferase and acetylcholine
esterase immunoreactivity, and less muscarinic acetylcholine
receptor type 1 and choline transporter mRNA in the hippocampus.
The neuroprotective activity of 20 mg/kg krill PS was equivalent to
that of 50 mg/kg soy PS in these aged rats [190]. Normal young rats
given 100 mg/kg krill PS orally for 30 days also showed improve-
ment in the Morris water maze test [191].

Likewise, cognitive improvement was reported in humans given
oral PS supplements [192], and these findings subsequently were
confirmed and extended. Human subjects treated for 42 days with
200 mg of soy-based PS showed a more relaxed state before and
after mental stress as measured by electro-encephalography
[193], and no adverse effects were evident at this dose given
three-times a day for 6–12 weeks [194]. The ability to recall words
increased by 42% in male and female subjects who were older than
60 years and complained of subjective memory loss when they
were treated with 300 mg/day of PS containing 37.5 mg of eicosa-
pentaenoic acid and DHA [195]. Improved verbal immediate recall
was also observed in a double-blind, placebo controlled clinical trial
in a large group of elderly subjects with memory complaints when
treated with a daily dose of 300 mg PS containing DHA and eicosa-
pentaenoic acid in a 3:1 ratio. A subset with relatively good cogni-
tive performance at baseline showed the greatest improvement
[196]. In a similar double blind study in Japanese subjects between
the ages of 50 and 69 years with memory complaints, subjects hav-
ing low scores at baseline showed greater improvement in delayed
verbal recall after treatment for 6 months with soybean PS [197].

Several biochemical responses to PS administration that have
been reported in experimental animals could be involved in the
mechanism of PS-mediated improvement in cognition. Stimulation
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of dopamine-dependent adenylate cyclase activity was observed in
mouse brain following an intravenous infusion of a sonicated prep-
aration of bovine brain PS [198]. Sonicated suspensions of PS
injected intravenously also increased calcium-dependent acetyl-
choline output from the cerebral cortex in urethane anesthetized
rats [199]. Likewise, intravenous injection of purified bovine brain
PS for 8 days attenuated the decrease in acetylcholine release from
the parietal cortex in aged rats, possibly by providing more choline
for acetylcholine synthesis [200]. Furthermore, orally administered
krill PS in normal young rats for 30 days produced an increase in
neurons positive for brain-derived neurotrophic factor and insu-
lin-like growth factor in the hippocampal CA1 region [191].

A current hypothesis is that these biochemical responses and
the resulting cognitive improvements are due to PS mediated
effects on neuronal membrane properties [192]. However, experi-
mental evidence indicating that orally or intravenously adminis-
tered PS actually alters neuronal membrane properties is lacking.
How the administered PS is transported in the plasma, how much
enters the brain, whether it is taken up intact, and whether it is
incorporated into neurons or glia are not known. Dietary phospho-
lipids are hydrolyzed during digestion, so orally administered PS
most likely is not absorbed intact. PS preparations are rich in
DHA, and DHA supplementation is known to improve hippocampal
function [5]. Because the administered PS probably undergoes par-
tial or complete hydrolysis, the beneficial effects of PS on cognition,
particularly from krill or bovine sources, possibly are produced by
DHA released from the PS rather than the intact PS itself. These
issues will have to be investigated in order to obtain some mecha-
nistic insight into how dietary or intravenously administered PS
supplements function to produce cognitive improvement.
10. Conclusion

A body of evidence supports the functional significance of PS in
the brain. Underlying mechanisms are still unfolding; however, PS
facilitates the activation of signaling proteins and receptors that
are critical for neuronal survival, differentiation and synaptic neu-
rotransmission. Despite its constitutive nature, membrane PS is
often an indispensable participant in signaling events and/or influ-
ences the signaling in a concentration-dependent manner. The PS
biosynthesis preferentially utilizes DHA-containing phospholipids
as substrates. Although membrane phospholipids are under a tight
homeostatic regulation, the PS level can be altered according to the
DHA status, specifically in the brain. Therefore, diet- or ethanol-
induced alteration of the brain DHA level and membrane PS can
influence the signaling platform in the membrane and the trans-
mission of the signaling cues. Detailed molecular mechanisms, par-
ticularly membrane PS-protein interactions, warrant further
investigation in order to obtain more insight into the functional
significance of neuronal PS. Such endeavor is likely to generate
new targets for controlling physiologic or pathophysiologic pro-
cesses affecting brain function.
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