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Neprilysin (NEP, neutral endopeptidase, endopeptidase-24.11) is an important enzyme
being most abundant in the kidney and liver and participating in the degradation of a va-
riety of biologically active peptides. It is essential for the regulation of blood pressure and
the normal function of practically all organs in the body, and its dysregulation contrib-
utes to the development of such diseases like heart failure, cancer, diabetes, and chronic
inflammation. It is also a critical neuropeptidase that terminates the action of various
neuropeptides such as enkephalins, substance P, somatostatin, which participate in sig-
naling and regulatory events in the brain. NEP is a major amyloid-degrading enzyme,
which makes it an important therapeutic target in Alzheimer’s disease (AD). Our studies
have revealed that NEP expression declines with age in the brain structures participating
in memory and which are mainly affected by AD pathogenesis. Moreover, NEP expres-
sion decreases under hypoxic conditions, and prenatal hypoxia leads to its deficit in
some brain structures both during development and adulthood, which correlates with a
reduced number of labile dendritic spines and cognitive deficit in rats. Using the model
of prenatal hypoxia in rats, we have tested the effectiveness of several compounds (inhib-
itors of caspases, histone deacetylases, tyrosine kinases or nuclear retinoid X receptor ag-
onists as well as an antioxidant, epigallocatechin gallate) which, via different mecha-
nisms, were able to restore NEP expression and activity reduced after prenatal hypoxia
and improve cognitive functions in rats. In this paper, we provide an overview of the lit-
erature and our data on the role of NEP in synaptic plasticity, neuronal activity, and cog-
nitive functions and outline current approaches to regulate its expression and activity in
the brain.
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GENERAL CHARACTERISTICS OF NEP

A neutral endopeptidase, neprilysin (NEP, EC 3.4.24.11), is a type Il integral mem-
brane protein. It has a short N-terminal domain located in the cytoplasm, a single span
membrane domain, and a large C-terminal ectodomain containing the active site, which is
localized in the extracellular space where it cleaves various substrates. NEP is a zinc-de-
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pendent enzyme, and its zinc-binding domain is localized in the extracellular C-terminal
part of the molecule [1]. There is also a soluble form of NEP detected in blood plasma [2],
but its origin is still debated [3].

The highest content and activity of NEP is in the kidney, where it represents about 4%
of all proteins of the renal brush border membrane from where it was initially isolated [4].
It is also enriched in liver and testis but can be found in many other organs (for review, see [5]).
NEP is also expressed in the brain and was shown to cleave enkephalins, which gave it a
trivial name enkephalinase. However, after the subsequent discovery of other substrates,
NEP was given a more general name — endopeptidase-24.11 [6]. Yet, in the current litera-
ture, the enzyme is commonly named neutral endopeptidase or NEP. However, it can also
be referred to as CD10 — a leukocyte cell surface antigen, or as CALLA — the common
acute lymphoblastic leukemia antigen [7, 8].

The human NEP gene is located on chromosome 3 and spans more than 80 kb. It is
composed of 24 exons and exists in a single copy [9]. It has two distinct promoters whose
operation depends on cell type, although both promoters have similar characteristics and
effectiveness for controlling NEP gene expression [10]. The NEP gene is highly conserved
among mammalian species, and three distinct NEP mRNAs identified in humans and rats
differ only in their 5'-noncoding regions [11], which makes rat NEP a useful model for
studying its regulation and properties for therapeutic purposes. The NEP gene is widely
distributed in diverse animal species from the nematode worm, Caenorhabditis elegans, and
the fly, Drosophila melanogaster to humans [12]. In Aplysia californica, an enzyme similar,
although not identical to the mammalian NEP (apNEP), was found both in the CNS and
periphery suggesting that it could play a significant role in the control of synaptic transmis-
sion [13].

NEP is a glycoprotein and has up to six N-linked glycosylation sites depending on its
source [14] and can also be sialylated [15]. The NEP molecule can undergo various modi-
fications within the cytoplasmic domain, which regulate its transport and functions. NEP
myristoylation at the N-terminal site (Gly?) affects the membrane targeting of the enzyme
[16]. NEP phosphorylation by casein kinase II (CKII) blocks focal adhesion kinase signal-
ing [17], while phosphorylation at Ser 6 inhibits its interaction with a tumour suppressor —
phosphatase and tensin homolog (PTEN) — which acts as a regulator of the cell cycle [18].
As such, NEP serves dual functions in extracellular and intracellular signal transduction.

The list of NEP substrates and its functions is continuing to expand. NEP cleaves a wide
range of peptides containing up to 40—50 amino acids (for review, see [19]). Among the
most efficiently hydrolyzed substrates, in addition to enkephalins, are tachykinins (sub-
stance P), calcitonin gene-related peptide (CGRP), somatostatin, adrenomedullin, gluca-
gon, thymopentin, endothelins, the atrial natriuretic peptide family, bradykinin, members
of the vasoactive intestinal peptide family, etc. Moreover, NEP is the major amyloid-de-
grading enzyme cleaving 3 amyloid (AB)-peptide, which makes it an important player in
the pathogenesis and therapeutics of Alzheimer’s disease (AD) (for review, see [20, 21]).

The pH optimum for NEP activity is around 6.0 [22]. Since it is exclusively a zinc-de-
pendent enzyme with the zinc-binding domain located in the extracellular C-terminal part
of the molecule [1], it is inhibited by zinc-chelating reagents. There is a range of synthetic
inhibitors widely used for studying NEP properties and for clinical application. Among
them, the most widely used NEP inhibitors are thiorphan [23] and phosphoramidon [24],
although the latter is less specific and inhibits other metallopeptidases. Because of the role
of NEP in the regulation of blood pressure and heart failure, various NEP inhibitors have
been designed. However, the observations that loss of NEP activity can promote the accu-
mulation of AP in the brain or enhance the activity of mitogenic peptides urged caution for
the chronic application of NEP inhibitors in humans [25]. Apart from synthetic inhibitors,
there are natural endogenous NEP inhibitors, such as sialorphin — the stress-response
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peptide [26] and “opiorphins” with strong analgesic properties [27] which also have a
medical application.

LOCALIZATION OF NEP IN THE BRAIN

In the brain, NEP expression was confirmed in the majority of the structures [6, 28] as
well as in the choroid plexus [29]. It is also present in the cerebrospinal fluid, although
NEP activity is much lower than in the brain [2]. The highest protein levels of NEP are
found in the striatum [30]. NEP is primarily located on neuronal cells, especially in the
striatonigral pathway [28], and in Schwann cells in the peripheral nervous system [31]. Im-
munofluorescence analyses confirmed that NEP is localized along axons and at the syn-
apses, which suggests that after synthesis in the soma NEP is transported to the synapses
via the anterograde axonal transport system [32]. Even in Aplysia CNS ganglia, expression
of NEP-like peptidase (apNEP) mRNA was found both in the cell bodies and in neurites
of the neuropil and peripheral nerves [13]. Application of NEP inhibitors resulted in a pro-
longed physiological delay in response of slugs to stimulation, which suggests that the role
of NEP-like endopeptidases in the regulation of behavior was established early in evolu-
tion. Axonal and dendritic localization of NEP was also shown in the Drosophila nervous
system [33].

In the mouse hippocampus, NEP is mostly present in the CA1-3 fields and the molecu-
lar layer of the dentate gyrus and is subcellularly localized along axons and at synapses [34].
NEP expression was observed in GABAergic neurons but not in catecholaminergic or cho-
linergic neurons [34]. Recently it was confirmed that, in mice, GABAergic neurons are es-
pecially enriched in NEP and that NEP mRNA is detectable in the parvalbumin-express-
ing interneurons. At the same time, NEP protein is localized in the perisomatic synapses
[35]. Intriguingly, cholinergic neurons, which are the most vulnerable in AD brains, lack
NEP expression [34, 35].

Although detectable NEP levels have not been reported in astrocytes and microglia in
the normal brain under some pathological conditions, NEP expression can be up-regulat-
ed in these types of cells in vitro. For example, under hypoxic conditions, astrocytes were
shown to increase NEP protein levels [36] while inflammatory conditions (IL-4 adminis-
tration) activated NEP expression in type 2 microglia [37]. Some authors suggest that NEP
expressed by astrocytes and microglia plays an important role in AD pathogenesis (for re-
view see [38]).

NEP localization in the brain is, to a great extent, dictated by the distribution of its ma-
jor substrates. Thus, there is a strong correlation between the distribution of NEP and u
and 0 opioid receptors in different rat brain regions [39], and NEP was shown to selectively
control opioid biosynthesis in the hypothalamus and spinal cord [40]. Immunochemical
analysis has also confirmed the colocalization of NEP and substance P in the substantia
nigra [41]. In the striatum and hippocampus, NEP was found to be the major somatosta-
tin-degrading enzyme [31], and co-expression of multiple somatostatin receptor subtypes
and NEP was shown in the meningeal cells which possess a high capacity to inactivate so-
matostatin by proteolytic degradation [42]. Somatostatin receptors are widely expressed in
the olfactory bulbs and all other olfactory structures, where somatostatin regulates olfacto-
ry discrimination responses [43].

NEP IN BRAIN DEVELOPMENT

In the developing brain, the only structure distinctly labeled for NEP before birth, as
shown by in vitro autoradiography in rats, is the external layer of the olfactory bulbs [44].
According to our data, in other brain structures, such as the striatum and cortex, NEP pro-
tein level is steadily increasing during the first month after birth and then either stays at a
very high level (in the striatum) or declines with age (in the cortex) [30]. In mice, high
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NEP expression in the embryonic brain was reported in the nigrostriatal axis, nucleus ac-
cumbens, and globus pallidus at E9 with a steady decrease until birth and then remaining at
that level during postnatal ontogenesis [45]. This suggests that in different species, distinct
cerebral localization of NEP during ontogenesis could reflect certain specificity in the de-
velopment of the peptidergic system.

In the peripheral nervous system, NEP expression was detected in rat sciatic nerve at
E16. However, the levels of immunoreactive protein and enzyme activity declined with
age, suggesting that in the Schwann cells, NEP regulation is also age-dependent [46]. It
was also observed that NEP expression increases in the Schwann cells after axonal damage,
which suggests that it plays an essential role in nerve development and regeneration [47].
Interestingly, in patients with Charcot—Marie—Tooth disease, a loss-of-function NEP
mutation leads to the development of axonal neuropathy in the peripheral nerves correlat-
ing with muscle weakness and sensory disturbance, but these patients do not demonstrate
symptoms of dementia [48].

NEP is expressed in stem cells and has been used as a marker of stem cells in many tis-
sues (for review, see [49]. It is also expressed in some types of neuroblastoma cells, which
makes them convenient models for studying NEP gene regulation [10].

NEP gene knockout in mice is not lethal, and animals develop normally. Still, they are
highly sensitive to endotoxic shock, which confirms that NEP plays an essential role in the
metabolism of proinflammatory peptides [50]. NEP gene deletion also increases the ther-
mo-nociceptive threshold in mice suggesting that NEP controls opioid metabolism in the
hypothalamus and spinal cord [51]. NEP knockouts also have enhanced aggressive behav-
ior in the resident-intruder paradigm and altered locomotor activity [52]. They are also
prone to increased consumption of alcohol compared to the wild type mice [53]. NEP
deficit in the knockout mice also enhances pain symptoms and neurogenic inflammation
after nerve injury [54], supporting the role of NEP in pain signaling.

Our multidisciplinary studies on the role of prenatal hypoxia in development of motor
and cognitive functions in rats (for review, see [55]) have demonstrated a significant reduc-
tion of NEP mRNA, protein levels and enzyme activity in the cortex and hippocampus of
the offspring which correlated with morphological changes in these brain structures and
cognitive impairment during postnatal development [56—58]. These animals are also char-
acterized by a decrease in the number of labile synaptopodin-positive dendritic spines in
the cortex and hippocampus [58, 59]. The reduction of the number of dendritic spines in
the molecular level of the parietal cortex might be related to the prenatal hypoxia-induced
death of the pyramidal neurons in the lower layers of the cortex whose apical dendrites
form the spines. One of the reasons for reduced spine density in the stratum pyramidale of
the hippocampus might be impaired CAl innervation coming from the neurons of the en-
torhinal cortex [60], which was observed in rats subjected to prenatal hypoxia [61]. Because
of the primary localization of NEP in the synapses, the decrease in the number of the den-
dritic spines, and as such of the number of synaptic contacts, correlates well with reduced
NEP protein levels and activity in these brain areas. In agreement with our studies are re-
ports that prenatal hypoxia in AD mice (APPg,,./PS14,46g) results not only in a significant
decrease in synapses and impaired learning and memory of the offspring but also in lower
levels of NEP and enhanced accumulation of the amyloid AP peptide in their brain [62].

ROLE OF NEP IN MEMORY AND SYNAPTIC PLASTICITY

Because of the important role of NEP in peptidergic neurotransmission and its synaptic
localization, it is not surprising that this enzyme is involved in various processes underlying
synaptic plasticity and memory (Fig. 1). High levels of NEP expression in the first month
of rodent development, as shown in our studies, coincides with the period of active forma-
tion of the neuronal network, which shapes the whole repertoire of animal behavior in later



ROLE OF NEPRILYSIN IN SYNAPTIC PLASTICITY 1195

Major NEP
substrates:

AB,

Enkephalins,
Substance P,
Somatostatin,
Endothelin,

CGRP,

Natriuretic peptides,
Etc.

NEP
\ ! NP P Enhanced
of peptidergic Inhibi signalling
signalling " nhibitor

Termination

NEP

Neurons

Receptor
Post-synaptic neuron

\\ Dendrites

Astrocytes \\ Axon
\ \

\ Synapses
i " ~—
- 4 2B } l'/i AB
NEP 74 . &
1y ) @

N . i
S Striatum
&g &Ly
Olfactory bulbs b

‘ ¢ ‘N EP
Cortex

A CARY
Hippocampus

Fig. 1. Schematic representation of NEP brain distribution, signaling, and localization in relation to the sites of
AP cleavage and AD pathology. The inserts at the top of the figure give the names of major NEP substrates and a
scheme of NEP action at the synapses (NP — neuropeptides). The inserts in the bottom part show the spread of
amyloid load in the AD brain, which inversely correlates with the levels of NEP content and activity in brain
structures. The highest levels of NEP expression and activity are observed in the striatum and olfactory bulbs with
much lower levels in the cortex and hippocampus, where NEP expression also significantly decreases with aging.

The size of the letters and arrows in the bottom panel reflects the levels of NEP expression and activity.



1196 NALIVAEVA et al.

life. Any disruptive conditions which result in decreased levels of NEP expression and ac-
tivity in the brain will lead to memory deficits and cognitive impairment, as shown in our
studies using the model of prenatal hypoxia [30, 55, 57, 58].

The role of NEP in neuronal signaling and memory has been established in inverte-
brates using Drosophila melanogaster, which has four NEP genes. It was shown that protein
products of all four genes are involved in the middle- and long-term memory in flies [63]
and are required for cleaving neuropeptides in the mushroom bodies and closely connected
pairs of neurons. Most recently, these authors have shown that neprilysin 1 (Nepl) is ter-
minating the signaling function of a peptide Amnesiac required for specific memory phases
in the olfactory memory center in fly mushroom bodies [64].

The role of NEP in memory has been studied in various research paradigms. Our studies
on the effects of i.c. administration of the NEP inhibitors thiorphan or phosphoramidon to
the sensorimotor cortex of rats have demonstrated significant impairment of short-term
memory tested in a two-level radial maze even after a single injection of either inhibitor
[65]. These results were in good agreement with the effect of chronic inhibition of NEP by
continuous administration of thiorphan via an osmo-pump during four weeks, which led to
significant cognitive dysfunction manifested by reduced ability to discriminate objects in
the recognition test and spatial memory in the water maze [66]. Intracortical injection of
phosphoramidon to rats also resulted in a reduced number of dendritic spines in the mo-
lecular layer of the brain cortex, which correlated with impaired short-term working mem-
ory tested in the two-level radial maze [67]. Continuous administration of thiorphan into
rat hippocampus also led to cognitive impairment, which correlated with the decreased
nicotine-stimulated release of acetylcholine, indicating that NEP inhibition reduces the
cholinergic activity of hippocampal neurons [68].

NEP AND ALZHEIMER’S DISEASE

Among the broad spectrum of NEP substrates, probably the most studied is AP peptide,
which is causative of AD pathology [69, 70]. The first demonstration that NEP can cleave
AP in vitro [71] was also confirmed in vivo in the rat brain parenchyma [72] and NEP
knockout mice [73]. Chronic administration of the NEP inhibitor thiorphan into the rat
hippocampus was also shown to result in the accumulation of AB,, and APy, in the hippo-
campal areas [68].

NEP inhibition or gene knockout in animal models recapitulate the pathological hall-
marks of AD resulting in the accumulation of AP in the areas affected in human brains [73,
74]. Interestingly, NEP gene knockout in APPg, mice modeling AD led to the changes in
expression of more than 600 proteins, including some which were not previously reported
to be linked to AD but associated with increased AP levels [75]. These mice also exhibited
enhanced amyloid pathology compared with only APP transgenics and had more severe
learning and memory deficit [76].

In the human brain, reduced NEP levels were reported in the vasculature [77] as well as
in the hippocampus and temporal gyrus, which are mostly affected in AD [78]. A meta-
analysis of NEP levels in AD suggests that NEP expression and activity are decreased in
the cortex of elderly AD patients [79]. Using the NEP inhibitor thiorphan and AB adminis-
tration, an AD-like pathology model has been established in nonhuman primates [80].

Transfection of the NEP gene or recombinant NEP to the brain of AD mice was shown
to clear amyloid load and improve animal memory and cognition [81, 82]. This confirmed
a significant role of NEP in the clearance of AP from the brain as well as making it an im-
portant therapeutic target in AD (for review, see [20, 21]).

Further manipulations with NEP expression in AD transgenic mice led to a deeper un-
derstanding of the role which this enzyme plays in neuronal signaling and cognitive func-
tions. As shown recently, knockout of the NEP gene in APPgy mice results in dramatic
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changes in the brain proteome affecting not only the major proteins participating in amy-
loid metabolism but also in neurotransmission, in particular of the excitatory amino acid
transporter 2 (EAA2) which was significantly increased in the NEP KO AD mice [75]. On
the other hand, the AD transgenic mice (5SXFAD) per se have reduced NEP expression,
and further reduction of its expression by knocking out the NEP gene results in an even
more severe AD phenotype [83]. Cross-breeding of APP23 mice with NEP deficient mice
has shown that NEP activity deficit in the brain elevated oligomeric forms of AP at the syn-
apses and impaired hippocampal synaptic plasticity and cognitive function even before the
appearance of amyloid plaques [84]. This testifies that reduced NEP activity might be
causative and at least partly responsible for the memory deficit symptoms in early AD,
which also supports the strategy to enhance NEP for alleviating these symptoms. On the
other hand, engrafting stem cells expressing NEP in the brain of 3xI'g-AD and Thyl-APP
AD mice not only reduced the AP pathology but increased the synaptic density in both
strains of animals. Importantly, the AP loads were reduced not only in the hippocampus
and subiculum, which were adjacent to the engrafts but also within the amygdala and me-
dial septum, which receive afferent projections from the engrafted region [85].

One of the prominent features of AD is the early loss of cholinergic neurons (for review,
see [86]). In AD modeling APPg,, mice, it was shown that high AP load damages choliner-
gic axons in the cortex with subsequent retrograde-induced cell death of cholinergic neu-
rons [87]. This degenerative process might be due to the AP binding to the o7 nicotinic
acetylcholine receptors, which explicitly affects the proteome in cholinergic neurons [88],
leading to aberrant neuritic sprouting and cholinergic dysfunction [89]. Recent studies
have also shown that streptozotocin-induced late-onset AD phenotype is accompanied by
a decrease in brain ACh, increased AChE activity, and reduced NEP protein levels [90].
Since cholinergic neurons do not express NEP, they might lack an intrinsic mechanism of
AP removal, which makes them vulnerable to AB-related cell death.

Because one of the early symptoms of AD is impaired olfaction [91], and early accumu-
lation of AP peptide in the olfactory areas was reported in AD mice [92], it is reasonable to
expect some NEP deficit in these brain areas. However, such data to our knowledge are
still missing. Our data suggest that, in the rat brain, NEP mRNA levels decline with aging
in the olfactory bulbs and more significantly in the entorhinal cortex and hippocampus
(unpublished data, manuscript in preparation). Importantly, in the anterior olfactory nu-
cleus levels of somatostatin — one of the NEP substrates — were reported to be 50% lower
in AD brains compared to controls [93]. Although decreased somatostatin levels might be
caused by increased degradation of this peptide, which plays an essential role in olfactory
signaling, it might also lead to reduced NEP levels since somatostatin induces its expres-
sion [94]. Anyway, the involvement of the olfactory system in AD pathology and the role of
NEP in the olfactory signaling in health and disease deserves further investigation.

REGULATION OF NEP IN THE BRAIN

Due to the critical role which NEP plays in brain functions and AD pathogenesis, nu-
merous approaches have been developed to up-regulate its levels. Recently, we have exten-
sively reviewed current pharmacological and epigenetic approaches for modulating NEP
expression and activity [21]. Below we shall be mostly focusing on our works using the
model of prenatal hypoxia as an in vivo tool for testing various biologically active com-
pounds and highlighting some other therapeutic avenues which aim at up-regulation of
NEP levels and activity (Table 1).

In neuronal cell culture studies it was found that NEP gene expression is controlled by
competitive binding to its promoter of histone deacetylases HDAC1 and HDAC3 and the
amyloid-precursor protein (APP) intracellular domain AICD which is formed in amyloi-
dogenic APP processing alongside AP [10, 95] (Fig. 2). Such regulation provides an en-
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Fig. 2. Pathways for the regulation of NEP expression. In neuronal cells, NEP regulation involves the binding of
the amyloid precursor protein (APP) intracellular domain (AICD) to its gene promoter. AICD is formed alongside AB
amyloid peptide in the amyloidogenic pathway, which includes proteolytic cleavage of APP by - and y-secretases.
AICD with a stabilizing protein Fe65 is transported to the nucleus, where it engages a histone acetylase Tip60.
This complex binds to the NEP gene promoter, replacing HDAC and increasing histone acetylation, which allows
NEP gene expression [10]. This provides neuronal cells with a feedback mechanism that should control AP levels.
Treatment of cells or animals with the HDAC inhibitor sodium valproate leads to increased binding of AICD to
the NEP gene promoter, which up-regulates NEP mRNA and protein levels and enzyme activity. Bexarotene also
activates the expression of NEP via reducing HDAC occupancy at the NEP gene promoter [109]. Hypoxia leads to
an increased caspase activity, which reduces AICD levels and NEP expression while caspase inhibitors rescue func-
tionally active AICD both in the cells and rat brain [105, 107]. Maintenance of animals under enriched environment
also stimulates NEP expression leading to clearance of amyloid peptide and improving their memory [114]. In the
human brain, the accumulation of A peptide leads to AD pathology, which can be prevented by the upregulation
of NEP expression and activity.



1200 NALIVAEVA et al.

dogenous feedback mechanism allowing cells to control levels of A produced by APP
cleavage, as initially suggested in [96]. Also, the NEP-dependent mechanism of con-
trolling AP levels indicates that AP is a physiologically relevant neuropeptide, as suggested
by various authors [35, 97, 98] with particular relevance to activity-dependent regulation of
synaptic vesicle release [99] and memory consolidation [100].

Since NEP expression is controlled by HDAC:S, it was reasonable to suggest that HDAC
inhibitors are capable of up-regulating its levels. Indeed, treatment of SH-SYS5Y cells ex-
pressing low levels of NEP with an HDAC inhibitor sodium valproate (VA) was shown to
increase NEP mRNA, protein, and activity in these cells [10]. Our further work in rats has
confirmed that VA administration up-regulated NEP expression and activity in rat brain
structures, in particular in the hippocampus where sodium VA treatment led to increased
binding of AICD to the NEP gene promoter [57]. This effect was brain region- and age-
specific. In rats subjected to prenatal hypoxia, we also observed that VA administration re-
stored NEP activity and memory deficit, as well as increased the number of dendritic
spines [67]. Later it was demonstrated that VA reduced AB-related neuropathology in AD
mice subjected to prenatal hypoxia by preventing the decrease of H3-acetylation in the
NEP gene promoter region and increasing levels of NEP expression [101]. This suggests
that the application of VA or more specific HDAC inhibitors is a viable strategy for the up-
regulation of NEP expression and activity and improvement of cognitive functions of
pathologically developing or aging brain. Indeed, recently it was shown that administration
of a specific HDAC3 inhibitor RGFP-966 to the AD mice (3XTg-AD) was able to reverse
tau pathology and decrease levels of APy, in the brain and periphery by increasing NEP
levels, which correlated with improved spatial learning memory [102]. Our study using a
green tea catechin, epigallocatechin gallate (EGCG), which also acts as an HDAC inhibi-
tor [103], demonstrated that intracortical or oral administration of this compound to adult
rats was able to restore levels of NEP in the cortex and hippocampus reduced after prenatal
hypoxia. Moreover, EGCG administration resulted in an increased number of dendritic
spines in the hippocampal CA1 area, which correlated with memory enhancement [58]. In
AD mice, EGCG administration was also shown to attenuate cognitive deterioration by
up-regulating NEP expression [104].

Analyzing the reasons for reduced NEP expression under hypoxic conditions, we have
found that it correlates with the up-regulation of caspases, which degrade AICD [105]. In-
cubation of cells under hypoxic conditions with a caspase-3 inhibitor Z-DEVD-FMK res-
cued AICD and allowed its normal binding to the NEP promoter. Taking this paradigm to
the rat model, we have found that prenatal hypoxia led to a significance increase in caspase
levels and activity in the brain of rat offspring, which correlated with reduced levels of
AICD and NEP [106, 107]. Administration of a caspase inhibitor Ac-DEVD-CHO to de-
veloping rats subjected to prenatal hypoxia increased levels of AICD and NEP expression
in their cortex, which correlated with the improved cognitive performance [107, 108].

Among other pharmacological compounds capable of up-regulating NEP expression
and activity are bexarotene, an agonist of the nuclear retinoid X receptor, which was shown
to up-regulate NEP expression affecting HDAC]1 binding to the NEP gene promoter [109]
and a tyrosine kinase inhibitor Gleevec (imatinib) whose administration to the SH-SYS5Y
cells increased levels of “functional” AICD and up-regulated NEP leading to lower levels
of cellular AP [105]. Intraventricular injection of bexarotene to young rats subjected to pre-
natal hypoxia was shown to increase the number of synaptopodin-positive dendritic spines
in the CAl field of the hippocampus and improve their memory [110].

Because somatostatin can up-regulate the expression of its degrading peptidase NEP [94],
it was also suggested that agonists of somatostatin receptors might have a potential thera-
peutic effect. Indeed, i.c.v. administration of the somatostatin receptor subtype-4 agonist,
NNC 26-9100, to 12-month SAMPS8 mice, increased NEP activity in the cortical tissue as-
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sociated with increased protein levels in the extracellular and decreased in the intracellular
fractions and improved learning and memory [111].

Serotoninergic activation was also suggested to be beneficial in AD models, and it was
shown that 5-hydroxyindolacetic acid (5-HIAA), the final metabolite of serotonin, signifi-
cantly reduces brain AP load in the transgenic APPgyg mice by enhancing NEP levels.
5-HIAA treatment also improved memory in mice with phosphoramidon-induced cere-
bral NEP inhibition [112].

Supporting the role of NEP in synaptic plasticity are data on overexpression of a post-
synaptic density protein 93 (PSD-93) in APP/PS1 mice which resulted not only in im-
proved animal performance in the open field, Morris water maze and fear condition tests
but also facilitated LTP which was accompanied by increased expression of somatostatin
receptor 4 (SSTR4) and NEP [113].

There are reports that NEP levels in postnatal life are dependent on the environment in
which animals have been raised and that levels of brain NEP activity were higher in mice
raised in an “enriched environment”, which also correlated inversely with the AP levels
[114]. The enriched environment was also shown to improve synaptic plasticity and cogni-
tion and neonatal rats subjected to hypoxia/ischemia [115], which correlated with the in-
creased levels of BDNF. As suggested previously, exercising modulates expression and pro-
tein content both of NEP and BDNF, leading to improved memory [116]. In aged wild
type mice, environmental enrichment enhanced neuronal plasticity by upwardly shifting
the cortical excitation/inhibition balance, increased NEP protein levels, and reduced brain
AB oligomers [117].

Although decreased NEP expression and activity in the brain observed with normal ag-
ing can lead to accumulation of AP and, related to it, neurodegeneration, it is important to
bear in mind that NEP has multiples substrates and is involved in many critical brain pro-
cesses. While in aged AD mice decreased NEP expression and activity is always accompa-
nied by accumulation of AB and impaired memory [76], in NEP-knockout mice with un-
changed APP expression immunohistochemical analysis did not reveal AP deposits even in
old age. Moreover, learning abilities in aged animals with this genotype were enhanced
compared to the wild type suggesting that some compensatory mechanisms might develop
during the development of these animals to substitute for the absence of NEP [118].

CONCLUSIONS

Over the years since its discovery, NEP has attracted a significant amount of interest
and research in various areas of physiology and medicine. Current knowledge about this
enzyme made it an attractive therapeutic target in such areas as cardiovascular medicine,
cancer, diabetes, and neurodegeneration. While for treatment of some diseases develop-
ment of NEP inhibitors is paramount (heart failure, hypertension), in other areas, there is
a need to up-regulate NEP expression and activity (cancer and AD). Although numerous
pharmacological and epigenetic approaches have been developed to up-regulate NEP ex-
pression and activity (for review, see [21]), treatment of different types of pathology that
involve NEP requires a more profound understanding of the role of this peptidase and
specificity of its regulation in various cell types. Since the age-dependent decline in NEP
expression and activity in certain brain structures is a natural process, it might have a de-
fined intrinsic physiological role for maintaining age-dependent brain homeostasis and
regulating the balance of excitatory and inhibitory processes [35]. However, it also under-
lies the age-dependent elevation of AP concentrations in the brain, which is a natural pro-
cess that precedes AD pathology [119]. This requires more studies on developmental pro-
files of NEP expression in animal and human brain in relation to the functions of its pri-
mary substrates, including AP, which will open new avenues for designing strategies for
manipulating NEP expression and activity for therapeutic benefits.
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