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Abstract

A challenge to civilization is the growing incidence in the loss of sight and cognition due to
increased life expectancy. Therefore, we are confronted with a rise in the occurrence of
photoreceptor- and neuronal-survival failure, as reflected mainly by age-related macular
degeneration (AMD) and Alzheimer's disease (AD). Nervous system development is driven by
neuronal apoptotic cell death and, thereafter, for the entire lifespan of an organism, neurons are
post-mitotic cells. In neurodegenerative diseases, apoptosis and other forms of cells death lead to
selective neuronal loss. Although age is the main risk factor, not everyone develops these diseases
during aging. Despite decades of important findings about neuronal cell death, the specific
mechanisms that regulate neuronal survival remain incompletely understood.
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The theme of neuronal survival is a fundamental way to address molecular principle and
consequences of dysregulated networks of neuroinflammatory signaling responses to
impending disruptions in homeostasis. In addition to AMD and AD, diverse neurological
and even some psychiatric diseases involve, as a common event in their initiation and early
progression, failure in neuronal survival (Fig 1). Some of these conditions are acute, such as
stroke and traumatic brain injury. In other cases, neurons fail to survive in selective areas of
the brain in a chronic fashion, such as is the case of Parkinson's disease. Because the
bioactivity of docosahexaenoic acid (DHA)-derived mediators known as docosanoids are
one of the drivers behind responses at the top of the neuronal survival-signaling pyramid, we
and others [1] began exploring the significance of DHA-derived docosanoids as a key to
unraveling molecular principles for neuronal survival when cells are confronted with
adversities.
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Cellular membranes of the nervous system feature phospholipids richly endowed with DHA
acyl chains. Thus the structure, organization and functions of these membranes, particularly
the conformation and activity of proteins such as receptors and ion channels are influenced
by the environment conformed by pools of highly unsaturated phospholipids. This is the
case with presynaptic, postsynaptic, mitochondrial, photoreceptor membranes, or others
which display enrichment in unsaturated phospholipids in various proportions. How these
pools are segregated and organized in neural cell membranes it is not understood. One
membrane selective route of DHA-phospholipids is the ELOV4-mediated elongation
pathway, which leads to the formation of very long chain polyunsaturated fatty acids (VLC-
PUFAS) such as 38:6 omega 3, which, in turn, results in unique molecular species of
phospholipids that establish an intimate relationship with rhodopsin [2]. Moreover, in AMD
and in inherited retinal degenerative diseases, a drastic decrease in these VLC-PUFAS has
been found [3]. Photoreceptor membranes contain the highest amounts of DHA of the
human body and tenaciously retain it during outer segment daily shedding, phagocytosis and
recycling [1]. In brain ischemia and at the onset of seizures, phospholipases A2 are activated
that, in turn, cleave the docosahexaenoyl chain from phospholipids, creating a free DHA
pool that is used to form docosanoids or to be reacylated [4]. Neurotrophins such as BDNF,
NGF and PEDF activate synthesis of neuroprotectin D1 (NPD1) (10R, 17S-dihydroxy-
docosa-4Z, 7Z, 11E, 13E, 15Z, 19Z-hexaenoic acid) [5], implying that a phospholipid pool
containing DHA was targeted for hydrolysis and that the fatty acid was then channeled to
the appropriate enzyme for NPD1 biosynthesis. Even though the significance of
phospholipid signaling is becoming clearer, we still have major gaps in our understanding of
the molecular interactions that underlie these critical events for neuronal survival.
Docosanoids include mediators that promote tissue repair, phagocytic clearance and
homeostasis, and that are active participants of an effective, active, well-concerted process
of homeostasis restoration after unresolved neuroinflammation resolution; they comprise
NPD1, resolvins D1 and D2 (RvD1, RvD2), and maresins [6].

Fundamental questions of molecular principles

The question stated in the title of this review is motivated in part by the following issues: a)
in inheritable neurodegenerative diseases, why doesn't the disease manifest during latency?;
b) does a cell-specific initial response/s counteract the consequences of mutation/
polymorphism expression?; and ¢) why can the latency period last for decades, for example,
in inherited familial forms of Alzheimer's disease and in retinal degenerations including
AMD? Because early responses to neurodegenerative diseases engage uncompensated
oxidative stress and neuroinflammation, corollaries to these questions are whether a
neuroadaptation failure response is involved and also whether there is an impediment to
membrane encoding of information for retention and/or release of specific mediators. There
are many factors involved, including developmentally-expressed genes, since most of the
inherited neurodegenerative diseases remain asymptomatic during development and
maturation of the nervous system. Our lab began deciphering aspects of the molecular logic
that sustain neuronal survival by uncovering molecular principles (transcriptional signatures)
governed by the docosanoid NPD1. Many issues remain to be explored, including the
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decision-making process involved in storage specificity/retrieval of lipid mediators and the
molecular sensors in early stages of neurodegenerations.

the nervous system counter disruptions of homeostasis?

The cellular molecular responses of the brain and the entire body to early stages of AD and
other neurodegenerations are incompletely understood. Neuroinflammation has a myriad of
cellular and molecular components, many of which are necessary for the functional integrity
of the nervous system. Nevertheless, when responses go beyond a certain threshold, they
became cytotoxic and/or interfere with homeostasis. For example, oxidative stress is needed
for cell functions, however uncompensated oxidative stress is a central disruptor of
homeostasis. There are several counteracting signals that respond to set in motion
neuroprotection, such as repair, plasticity responses, and regenerative induction of stem
cells.

In pursuit of the identification of early mechanisms that are set in motion, we have explored
how the hippocampus responds in patients with early stages of AD. For example, in the CA1
area, a substantial drop occurs in the abundance of the lipid mediator NPD1 as well as in the
expression of the enzymes that catalyze its synthesis: cytosolic phospholipase A2 and 15-
lipoxygenase [7]. It is of interest that these changes were selective for the CA1 area and that
the donors were patients undergoing early disease stages (limited neuronal loss) and were
sampled within 3 hours postmortem. This finding has provided initial validation to the
concept that key signaling mechanisms may fail early in AD pathogenesis to sustain
homeostasis. Although neuroinflammation has been linked to AD, this is one of the first
specific molecular event to be identified for counteracting neuroinflammation that seems to
fail.

Systemic chronic inflammation and the brain

Another aspect that deserves attention is the association of chronic peripheral inflammation
with the central nervous system (CNS), and of the signaling events that might be harnessed
to control consequences of systemic inflammation in AD and other neurodegenerative
diseases. The evolving concept is that inflammation resolution engages biosynthesis of
endogenous lipid mediators that facilitate the enhancement of cell survival proteins to
restore homeostasis. Thus, neuro-lipidomic signaling from DHA-derived lipid mediators
would positively modulate unresolved inflammation, microglial activation, uncompensated
oxidative stress, failure in the availability of protective proteins, high levels of AP peptide,
Tau hyperphosphorylation (Tau-HP), neuronal network dysfunctions [8-12], and, in turn,
progressive cognitive deficits.

Alzheimer's disease and other neurodegenerative diseases have multifactorial co-morbidities
that amplify disease onset and progression. Certain co-morbidities, such as chronic systemic
inflammation, are well-defined factors that heighten AD [13-16]. Also, the onset of AD is
accelerated by neuroinflammation [17, 18] and is enhanced by systemic immune/
inflammatory dysfunctions [19] that trigger early events resembling AD pathology [13, 14].
Since neurodegenerative diseases often involve systemic inflammation [20-22], it is
important to understand the significance of DHA-derived lipid mediators that exert
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inflammation resolution in an AD model undergoing systemic chronic inflammation. We
predict that a factor that contributes to heightening AD onset and progression is the sluggish
synthesis of docosanoid mediators (Fig.2). Thus systemic chronic inflammation would
perturb the ability of cells to synthesize resolving lipid mediators that, in turn, facilitate a
non-resolving inflammatory response with downstream negative consequences (Fig.2). A
corollary of these predictions is that administered DHA will make the precursor of
docosanoids accessible to cells. As a consequence, the synthesis of lipid mediators would be
increased and foster a resolving inflammatory response (Fig.2); this, in turn, would
counteract systemic chronic inflammation-mediated perturbations in AD. In spite of these
observations, we do not yet know the nature of the possible perturbations that may occur
during the synthesis of these mediators.

The liver plays a key role in supplying DHA to the central nervous system

Omega-3 fatty acids from the diet, linolenic and DHA are taken up by the liver. The liver is
endowed with active enzymes to elongate and introduce double bonds in linolenic acid,
leading to the formation of DHA. This fatty acid is then shuttled to the nervous system,
where it becomes acylated in phospholipids that, in turn, are used in building cell
membranes [23]. Since DHA is avidly retained in the nervous system after its arrival,
understanding the mechanisms governing such a process is critical for discerning the storage
specificity of DHA — the precursor of bioactive docosanoids. The DHA-derived mediator
NPD1 induces BIRC3 and other proteins. Decreased abundance of certain proteins results in
BAPP processing to yield B-amyloid and Tau-HP. In contrast, induction of certain proteins is
neuroprotective, preventing these changes. NPD1 redirects BAPP processing in the non-
amyloidogenic route [24].

Lipid-mediated neuronal specific transcriptional modulation

NPD1 induces selective neuronal transcriptional upregulation of c-Rel followed by
upregulation of neuronal BIRC3 (baculoviral 1AP-inhibitor of apoptosis protein-repeat
containing 3), which in turn leads to neuronal cell survival. It is of interest that, after NPD1-
medaited c-Rel transcription, nuclear translocation occurs. These events were identified in
human retinal pigment epithelial (RPE) cells and in the brain [25]. RPE cells are non-
dividing cells and a component of the retina, an integral part of the CNS. Moreover,
systemically-administered DHA results in enhanced brain NPD1 biosynthesis, and selective
neuronal BIRC3 abundance takes place after experimental ischemic stroke, which is
followed by remarkable neurological recovery. cREL is a mediator of NPD1-signaling
induction of BIRC3 expression. Our studies reveal an unexpected connection between the
lipid mediator and transcriptional regulation by which cREL synthesis and nuclear
translocation are activated, followed by selective BIRC3 transcription [25]. This protein
displays three BIR domains, as well as a carboxy (C)-terminal RING finger domain
depicting ubiquitin ligase (E3) activity [26, 27]. There is little data available on this protein
in the CNS. However, based on our results, it is tempting to postulate that the selective
upregulation of neuronal BIRC3 by DHA, using cREL as an intracellular messenger in a
model of ischemiareperfusion, reveals a transcriptional signature that might underlie a key
molecular principle fostering neuronal survival.
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Concluding remarks

The concept guiding our current work seeks to identify the molecular logic that supports
neuronal functional integrity and survival. Phospholipid signaling stemming from reservoirs
of bioactive mediators modulates neuronal transcriptional programs that sustain connectivity
and plasticity at the level of neuronal circuits [1]. Moreover, the early engagement of
synapses takes place as an early site of dysfunction in neurodegenerative diseases; at the
same time, crosstalk of NMDA receptors and resulting signaling plays a role in
neuroprotective signaling [28]. The significance of docosanoids in the crosstalk between
inflammation and brain circuitry in AD, as counteracted by DHA lipid signaling that sets in
motion inflammatory resolution exacerbated by systemic inflammation, is just beginning to
be explored [7, 13, 14, 29, 30]. We are learning whether these target genes play a functional
role in neuronal survival. DHA counteracts the loss of network connectivity, preventing
altered molecular events that lead to synaptic dysfunction and loss of post-synaptic integrity
(dendritic spines) to neuronal network aberrant activity that can spread trans-synaptically.
Taken together, the evolving data provides evidence that DHA-mediated signaling limits
inflammation and slows down the course of early critical disruptions in hippocampal circuits
related with AD. Clearly, neuroinflammation induces deterioration of brain functions in AD
by increasing dendritic spine vulnerability that leads to neuronal network dysfunction. The
understanding of additional specific events and molecular principles that connect unresolved
inflammation, microglial activation, uncompensated oxidative stress, failure in the
availability of protective proteins, high levels of AB peptide, Tau hyper-phosphorylation,
neuronal network dysfunctions leading to progressive cognitive deficits is a task for study in
various laboratories during the foreseeable future.

In addition, further studies need to be conducted to determine the potential significance of
the conditional ablation of neuronal survival proteins in neurodegenerations and to define
redundancy mechanisms. This will then allow for future research to determine whether there
is redundancy and synergies of inflammation-resolution mediators that target systemic
inflammation in AD, and to validate changes observed in lipid mediators through non-
invasive assessment of neuronal networks. This could eventually lead to the discovery of
possible effective modes of administration for DHA or specific mediators to resolve
impending systemic and local inflammatory conditions. Thus, a preventive as well as
therapeutic paradigm shift in neurological and retinal diseases may evolve.
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Fig. 1.

A failure in neuronal survival takes place in several acute and chronic neurological and

psychiatric disorders. A complex series of signaling dysfunctions that comprise
neuroinflammation take place early on.
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Fig. 2.

Sygstemic inflammation induces a non-resolving inflammatory milieu (red), whereas
successful aging facilitates a counteractive, inflammatory resolving response (blue). The
DHA-derived mediator NPD1 induces cRel and BIRC3. NPD1 redirects BAPP processing to
the non-amyloidogenic route and inhibits Tau-HP.
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