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RITA LEVI MONTALCINI: THREE CRUCIAL STEPS TOWARD STOCKOLM

P. CALISSANO

European Brain Research Institute, Rome, Italy

The Nobel prize award often represents not
only a breakthrough discovery in a given field of
investigation, but places that discovery in a sort
of definitive position within that field. Sometimes,
however, that breakthrough only constitutes the
beginning of a still largely uncharted route. This is,
in my opinion, the case of the discovery of NGF.

This protein was identified by Rita Levi
Montalcini, under the supervision of Viktor
Hamburger, for its nerve growth promoting
activity - hence the acronym of NGF - exerted on
two peripheral nerve cell populations, forming the
sensory and sympathetic ganglia. The subsequent
development of a rapid and semiquantitative
test, based on the so called halo effect, and the
unequivocal demonstration of the physiological role
of NGF - with the ingenious immunological knock
down procedure known as immunosympathectomy
- established the revolutionary nature of NGF
discovery. It is worth noting that this experiment
anticipated by some decades the knock out genetic
manipulations widely used to assess the function of a
gene and of the corresponding, coded protein.

Interestingly, most of Rita’s experiments did
not contain statistical data. The demonstration of the
diffusible nature of the growth promoting activity
by mouse sarcoma tumors, the halo effect, and the
immunosympathectomy were so pronounced that
they did not require any statistics.

But more had to come. Thanks also to the
astonishing improvements of genetics and molecular
biology, the following decades continued to open new
routes for NGF and a scientific dream of Rita gained
access to what she often referred to as the organismic
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role of NGF. Today, such a dream is witnessed by an
incredible number of scientific reports.

This is not the place to review such achievements,
but to remember the unique person who worked as an
indomitable miner and believed, more than anybody
else, in the golden nature of the precious metal
she had found. Indeed, Rita herself considered her
scientific achievements a detective story or a saga,
rather than the fruitof a scientific inductive route.
In this connection, two posters, the first hanging
in the tissue culture room of the small Center of
Neurobiology of CNR which I noticed during my
interview as a postdoc in 1965, the second, - in
subsequent years - in her office as Director of the
Laboratory of Cell Biology of CNR, underline her
personality as a scientist and as a socially involved
person.

The poster in the tissue culture room of the
Center of Neurobiology, which Rita directed after
her return to Italy in 1963, signed by Albert Einstein,
stated that “Imagination is more important than
knowledge”. Such an artistic-like attitude was Rita’s
general approach toward experimental science. In
several informal conversations that I had the honour
and pleasure of having during my long collaboration
and friendship with her, Rita asserted that often an
excessive knowledge in a given field of investigation
could exert a sort of inhibitory action on its
experimental planning: how could one conceive an
entirely new approach with a mind excessively filled
with previous data on that topic? Sometimes it is
more fruitful to ignore some data in order to have
the courage to try to get entirely new ones. This was
a scientific approach that every young investigator
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would obviously prefer, and often provided entirely
novel experimental approaches.

The second poster was hanging in her office
when, in the decade 1969-1979, Rita directed the
Laboratory of Cell Biology of the CNR. It was a
picture of Martin Luther King with the words “a
man who is not ready to die for his ideas is not fit
to live”. This was, in my opinion, Rita’s attitude
toward social issues. The sacrifice of men like the
black leader probably hit her heart when, together
with several colleagues of the Rebstok laboratory of
the Washington University, we joined thousands of
people in a peaceful march in support of the ideals of
the black leader who had been hit to death.

Rita has provided several examples of her interest
and involvement in social issues long before she
was nominated life-Senator of the Italian Republic.
In later years, she became a staunch supporter of
women and of the underprivileged. Great admirer
in her youth of the work of Albert Schweitzer in
Africa, Rita has established a foundation to assist
young African girls with scholarships to further their
education in their own country.

The last, but certainly not the least, important
achievement in her long career was the foundation

of the European Brain Research Institute (EBRI),
established in 2005 with the aim of creating a
research center entirely devoted to study brain
functioning and neuropathologies. The goal was to
encourage young Italian investigators to return to
Italy or young foreigners to spend a period in our
country. EBRI soon became the point of attraction
for two other research institutes also involved in
neuroscience: the Santa Lucia Foundation and the
Institute of Neurobiology and Molecular Medicine
of CNR. Within a few years, the three institutes had
established the most important Italian center of
research in neuroscience.

Today, EBRI has established its internationally
recognized position in neuroscience and in her last
years Rita could finally and fully enjoy her double
dream: the realization of her idea of NGF as a
diffusible factor playing a crucial role in several
organ functions and the creation of the physical place
where such a role can be further investigated and its
clinical use as a therapeutic agent put into operation.

I like to remember Rita with the words of Primo
Levi - the eminent Italian writer who experienced
persecution during the war: “A tiny lady with an
indomitable will and the countenance of a princess”.
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DISCOVERY OF VEGF, A KEY REGULATOR OF ANGIOGENESIS
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The existence of factors capable of inducing pro-
liferation of cells and tissues has been hypothesized
since the beginning of the last century. As early as
1913, Carrel described the ability of tissues extracts
to stimulate cell growth in cultured tissue explants
(Carrel, 1913). In the 1920s, these observations were
extended to isolated fibroblasts (Carrel & Ebeling,
1923a; Carrel & Ebeling, 1923). In the same peri-
od, Spemann’s seminal discovery of the ~organizer”
in blastula stage amphibian embryos (Hamburg-
er, 1969) was followed by the demonstration that
“chemical transmission” directs the establishment of
the vertebrate body axis (Hamburger, 1997). Early
pioneers in the angiogenesis field also speculated
that biochemical mediators are responsible for the
growth of blood vessels during tumorigenesis and
other pathological conditions (reviewed in Ferrara,
2002). In 1939, the observation that experimental
tumors strongly induce vascular growth led Ide and
colleagues to hypothesize the action of a tumor-de-
rived “blood vessel growth stimulating factor” (Ide
et al, 1939). A decade later, Michaelson postulated
the existence of a diffusible angiogenic factor (“Fac-
tor X”), responsible for the development of the nor-
mal retinal vasculature and for pathological neovas-
cularization associated with diabetic retinopathy and
other retinal disorders (Michaelson, 1948).

However, very limited progress in furthering
these seminal observations was possible at that time,
primarily due to the enormous technological chal-
lenges in isolating and characterizing such growth or
differentiation factors, which typically are active at
extremely low concentrations.

In the 1950s, the extraordinary collaboration be-
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tween a great developmental biologist, Rita Levi-
Montalcini, and a great biochemist, Stanley Cohen,
in the laboratory of a major pioneer, Viktor Ham-
burger, resulted in the Nobel Prize-winning discov-
ery, purification and biological characterization of
the first defined growth factor, nerve growth factor
(NGF) (Levi-Montalcini et al, 1954; Cohen & Levi-
Montalcini, 1956, Cohen & Levi-Montalcini, 1957).
This remarkable personal and scientific journey has
been chronicled elsewhere (Levi-Montalcini, 1975;
Hamburger, 1993). Suffices to say here that Levi-
Montalcini’s early work not only provided insights
into the development of the sympathetic nervous
system that were entirely confirmed using gene tar-
geting technologies decades later (Cattaneo, 2013),
but it also represents a key milestone in the quest
to elucidate the mechanisms of cell growth and dif-
ferentiation. It encouraged efforts that ultimately re-
sulted in discovery and isolation of many unrelated
factors, which regulate a variety of fundamental bio-
logical processes.

This brief review illustrates the discovery and
therapeutic applications of VEGF, a growth factor
implicated in angiogenesis.

DISCOVERY OF ANGIOGENIC FACTORS

As above noted, early investigators implicated
hypothetical angiogenic factors in a number of pro-
liferative processes. In the 1970s, efforts to isolate
such factor(s) began (Folkman et al, 1971). The
greatest challenge was purifying these proteins to
homogeneity, in order to obtain a partial amino acid
sequence that could be used to design probes suitable
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for cDNA cloning (Ferrara, 2002). Several molecules
were identified and characterized as angiogenesis
inducers in the subsequent decade, including EGF,
TGF-a, aFGF, bFGF, angiogenin, etc. (reviewed in
(Ferrara, 2002; Folkman & Klagsbrun, 1987). How-
ever, while these factors were able to promote an-
giogenesis in various bioassays, initial attempts to
directly link them to angiogenesis were largely un-
successful (reviewed in (Ferrara, 2002; Klagsbrun &
D’Amore, 1991). For example, antibodies to bFGF,
the molecule that at that time was perhaps the most
promising candidate as a regulator of angiogenesis
(Gospodarowicz et al, 1987), had no effect on tu-
mor growth in vivo (Dennis & Rifkin, 1990). Sub-
sequently, it become known that bFGF is mainly an
intracellular protein, due to the fact that the bFGF
gene does not encode a conventional secretory signal
peptide (Abraham et al, 1986), while earlier studies
had implicated diffusible molecules in tumor angio-
genesis (Greenblatt & Shubick, 1968). Therefore,
many investigators in the field felt that some key an-
giogenic factors had yet to be discovered.

Independent efforts contributed to the discovery
of VEGF. In 1983, Senger and Dvorak described the
identification in the conditioned medium of a tumor
cell line of a protein that induced vascular leakage
when injected in the guinea pig skin, which they
named vascular permeability factor (VPF) (Senger et
al, 1983). These authors hypothesized that VPF may
be a mediator of the high permeability properties of
tumor blood vessels (Senger et al, 1983). However,
these efforts did not yield the full purification of the
VPF protein. The lack of amino acid sequence data
precluded cDNA cloning and establishing the iden-
tity of VPF. Therefore, very limited progress in elu-
cidating the significance and function of VPF took
place during the following several years (Ferrara,
2009).

In 1989, we reported the isolation and cloning of
a novel heparin-binding endothelial cell mitogen se-
creted by bovine pituitary follicular cells (Ferrara &
Henzel, 1989; Leung et al, 1989). This effort began
while I was a postdoctoral fellow at the Reproductive
Endocrinology Center at the University of Califor-
nia, San Francisco in the mid 1980s. While culturing
various cell types from bovine pituitary, I isolated a
population of non-hormone secreting cells that we
subsequently identified as follicular or folliculo-stel-

late cells (Ferrara et al, 1986; Ferrara et al, 1987).
The function of follicular cells was unclear, but it
had been observed that their foot-like projections es-
tablish intimate contacts with the pituitary perivas-
cular spaces, a finding that led early investigators to
suggest, among several possibilities, that follicular
cells might play some role in the maintenance of the
pituitary vasculature (Forbes, 1972; Vila-Porcile,
1972). In the course of these studies, I discovered
that follicular cell conditioned medium was strong-
ly mitogenic to cultured endothelial cells. Because
this mitogenic activity was detectable at high level
in the medium, I speculated that the molecule re-
sponsible for such activity was a soluble protein and
therefore likely to be different from bFGF. In 1988
I joined Genentech, where I had the opportunity to
pursue the isolation of this growth factor. In 1989
we were able to determine the NH,-terminal amino
acid sequence of the purified protein. This analysis
proved that the molecule was distinct from bFGF or
any known protein in available databases (Ferrara
& Henzel, 1989; Leung et al, 1989). Because this
molecule appeared to have growth-promoting activ-
ity selectively for vascular endothelial cells, I pro-
posed the term “vascular endothelial growth factor”
(VEGF). The NH,-terminal amino acid sequence of
bovine VEGF enabled the design of oligonucleotide
probes to screen cDNA libraries and we were able to
identify bovine and human clones encoding multiple
molecular species (isoforms) of VEGF, likely due
to alternative mRNA splicing (Leung et al, 1989).
A typical signal sequence preceded the NH,-termi-
nus determined by protein sequencing (Leung et al,
1989), confirming our initial hypothesis that VEGF
was a secreted protein.

After our cDNA cloning paper was accepted for
publication (Leung et al, 1989), we learned that a
group at the Monsanto Company had submitted at
about the same time a manuscript reporting on the
cloning of VPF (Keck et al, 1989). These investiga-
tors described a human clone which encoded a pro-
tein identical to one of the VEGF isoforms that we
discovered, VEGF ., (Keck et al, 1989). This group
had followed up on the aforementioned early work
by Senger et al (1983) and was able to purify and
sequence VPF. Therefore, it appeared that a single
molecule possesses both mitogenic and permeabity-
enhancing activities. This was entirely unexpected
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because other endothelial cell mitogens did not in-
duce vascular permeability.

EARLY STUDIES IMPLICATING VEGF IN
THE REGULATION OF ENDOTHELIAL CELL
GROWTH

The cloning of VEGF, termed also VEGF-A,
was followed by the discovery of several related
molecules, VEGF-B (Olofsson et al, 1996), VEGF-
C (Joukov et al, 1996), VEGF-D (Orlandini et al,
1996; Achen et al, 1998) and placenta growth factor
(Maglione et al, 1991). This family of factors gener-
ated at that time significant interest in the field (Fer-
rara, 2002; Alitalo et al, 2005; Ferrara et al, 2003).
However, much more work was needed before one
could conclude that VEGF (or any of these related
molecules) plays a physiologically significant role.
On the other hand, our early findings were quite
encouraging. For example, the VEGF isoforms ap-
peared well suited to generate biochemical gradi-
ents, a requirement for angiogenesis in vivo (Ferrara,
2010a), due to their differential affinity for heparan-
sulfate proteoglycans in the cell surface and extracel-
lular matrix, which in turn markedly affected their
diffusibility characteristics (Houck et al, 1992; Park
et al, 1993).

Akey question was whether VEGF plays a role as
anangiogenic factor in vivo. The earliest evidence that
VEGF expression is correlated to blood vessel growth
was from a study testing the hypothesis that VEGF
may be implicated in a key physiological process.
It is well established that follicular growth and the
development of the ovarian corpus luteum (CL) are
dependent on the growth of new capillary vessels
(Bassett, 1943). We tested whether VEGF mRNA
expression is related the blood vessel growth in the rat
ovary. We found that the VEGF mRNA is expressed
at low levels in the avascular granulosa cells, but is
strongly up-regulated in the highly vascularized CL
(Phillips etal, 1990). These early findings represented
purely correlative evidence, but subsequent studies
using potent VEGF inhibitors provide compelling
evidence that VEGF is required for CL angiogenesis
(Ferrara et al, 1998). Another key evidence was the
finding that the VEGF high affinity binding sites
are largely restricted to the vascular endothelium in
situ as assessed by ligand autoradiography in tissue

sections from both developing (Jakeman et al, 1993)
and adult (Jakeman et al, 1992) rats, suggesting that
the selectivity of VEGF for cultured endothelial
cells could be extended to the in vivo context. Taken
together, these initial findings suggested that VEGF
was an interesting candidate as a potential regulator
of angiogenesis.

Major steps toward a greater understanding of the
function of VEGF were the discoveries of two tyro-
sine kinase VEGF receptors. The first VEGF recep-
tor to be identified was the fms-like tyrosine kinase
(Flt-1), known subsequently as VEGFR-1 (Shibuya
et al, 1990; De Vries et al, 1992). Subsequently, a
highly homologous tyrosine kinase, known as KDR,
Flk-1, or VEGFR-2, was also shown to bind VEGF
(Terman et al, 1992). There is now agreement that
VEGFR-2 is the major signaling receptor that medi-
ates most of the biological activities of VEGF (Fer-
rara et al, 2003; Chung et al, 2010). Interestingly,
other studies implicated VEGF-C and VEGF-D in
the regulation of lymphatic angiogenesis through
binding to VEGFR-3, a tyrosine kinase receptor
highly homologous to VEGFR-1 and VEGF-2 (re-
viewed in Alitalo et al, 2005).

Later on, the discovery that neuropilin-1, a
molecule implicated in axon guidance (Neufeld
et al, 2002), functions also as a co-receptor for
heparin-binding VEGF isoforms and modulates the
activation of VEGFR-2 (Soker et al, 1998), added
a new level of complexity to our understanding of
VEGEF signaling. It also emphasized that existence
of common molecular mechanisms guiding nerve
fibers and blood vessels, which tend to course
alongside each other throughout the body (Carmeliet
& Tessier-Lavigne, 2005).

VEGF AS AN ANGIOGENIC FACTOR IN VIVO
AND A POTENTIAL THERAPEUTIC TARGET

To advance our understanding of the role of VEGF
in vivo, we developed genetic (Ferrara et al, 1996;
Gerber et al, 1999a) and pharmacological tools such
as neutralizing anti-VEGF monoclonal antibodies
(Kim et al, 1992) and high affinity soluble receptors
(Davis-Smith et al, 1996). Inactivation of the VEGF
gene in mice provided compelling evidence for the
crucial role of this molecule in developmental angio-
genesis. In 1996 our group (Ferrara et al, 1996) and
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Carmeliet’s group (Carmeliet et al, 1996) reported
that VEGF is essential for normal embryonic vascu-
logenesis and angiogenesis. Strikingly, inactivation
of even a single VEGF allele in mice resulted in de-
fective vascular development and early embryonic
lethality. Further studies documented the crucial role
of VEGF in postnatal organ (Gerber et al, 1999a) and
skeletal (Gerber et al, 1999b) growth, using chimeric
soluble VEGF receptors as function blockers.

In 1993 we reported that anti-VEGF antibodies
inhibit growth of several human tumor cell lines
when implanted in immunodeficient mice, while
the antibodies had no direct inhibitory effects on tu-
mor cell proliferation (Kim et al, 1993). These find-
ings provided the earliest direct evidence that tumor
growth is angiogenesis-dependent. These observa-
tions were then extended to many tumor models, us-
ing a variety of VEGF inhibitors (Ferrara, 2002) and
paved the way for subsequent clinical development
of VEGF inhibitors as cancer therapeutics.

In 1994, in collaboration with Aiello and King
at the Joslin Diabetes Center in Boston, we report-
ed that VEGEF is highly expressed in the ocular flu-
ids of patients with ischemic retinal disorders such
as proliferative diabetic retinopathy (Aiello et al,
1994). Proof of concept studies in animal models
documented the essential role of VEGF in retinal
ischemia-induced neovascularization (Aiello et al,
1995; Adamis et al, 1996). There is now agreement
that VEGF is indeed is “Factor X” hypothesized by
Michaelson (1948).

To test the hypothesis that blocking VEGF may
have impact on human diseases, we developed re-
agents suitable for clinical trials: a humanized ver-
sion of an anti-VEGF monoclonal antibody (Presta
et al, 1997), which is presently known as bevaci-
zumab or Avastin (Ferrara et al, 2004), and ranibi-
zumab, or Lucentis, an affinity-matured Fab vari-
ant of bevacizumab (Chen et al, 1999). Clinical tri-
als testing these inhibitors in cancer and age-related
macular degeneration (AMD) began in 1997 and
2000, respectively.

IMPACT OF VEGF INHIBITORS
ON HUMAN DISEASE

Work over the last two decades has demonstrated
that VEGF is the key regulator of physiological an-

giogenesis. As noted, even a partial VEGF loss is
incompatible with embryonic development. There-
fore, the discovery of VEGF has had a major impact
on basic vascular biology. Importantly, VEGF block-
ers inhibited physiological and pathological angio-
genesis in a variety of models. Clinical studies have
also established that inhibiting VEGF confers ben-
efits to human patients, leading to multiple drug ap-
provals. The first VEGF inhibitor to be approved by
the FDA is bevacizumab (February 2004), following
a randomized phase III study showing that adding
bevacizumab to cytotoxic chemotherapy resulted in
increased median survival and progression-free sur-
vival in patients with previously untreated metastatic
colorectal cancer (Hurwitz et al, 2004). Subsequent
clinical trials established the benefits of bevacizum-
ab therapy in multiple malignancies (Sandler et al,
2006; Escudier et al, 2008; Burger et al, 2011), lead-
ing to additional FDA approvals. Furthermore, sev-
eral small molecule VEGF receptor tyrosine kinase
inhibitors, including sunitinib, sorafenib and pazo-
panib, have been approved by the FDA for cancer
therapy (reviewed in Ellis & Hicklin, 2008).

Blocking VEGF with ranibizumab resulted in a
substantial benefit, including gaining visual acuity,
in patients with neovascular AMD (Rosenfeld et al,
2006; Brown et al, 2006). Other VEGF inhibitors
including bevacizumab and the VEGF-trap, a chime-
ric soluble receptor, also resulted in improved vision
(Ferrara, 2010b). Interestingly, recent studies indi-
cate that the availability of VEGF inhibitors has had
a dramatic impact on the clinical course of AMD, to
the extent that AMD may no longer be the leading
cause of blindness in the elderly population (Camp-
bell et al, 2012). To date, ten different VEGF path-
way inhibitors have been approved for treatment of
cancer or intraocular neovascular disorders (Singh &
Ferrara, 2012).
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THE CLASSICAL “NEUROTROPHIC
HYPOTHESIS” AND NOVEL NEUROTROPHIN
FUNCTIONS

In the history of science, few research papers
stand out amongst uncountable publications, acting
as foundations of the vast building of modern
research. Amongst such papers, a prominent position
is undisputedly held by the publication in which
Stanley Cohen, Rita Levi-Montalcini and Viktor
Hamburger first described a novel “nerve growth
factor” (NGF), a target-derived pro-survival factor
for sensory and sympathetic neurons derived from
ganglia isolated from chick embryos (Cohen et al.,
1954). This seminal work paved the path for the
subsequent discovery of the other members of the
mammalian neurotrophin (NT) family, namely brain-
derived neurotrophic factor (BDNF), neurotrophin-3
and -4 (NT-3 and NT-4), together with their specific
tropomyosin-related kinase (Trk) receptors TrkA,
TrkB and TrkC, as well as the pan-neurotrophin
receptor p75N™ (Bibel and Barde, 2000). In
the nineties, the improvements and widespread
application of mouse genetics allowed the generation
of several lines of genetically-modified mice lacking
single neurotrophins or their receptors. This work,
mostly performed by the research groups led by
Mariano Barbacid, Rudolf Jaenisch, Luis Parada,
Heidi Phillips, and Louis Reichardt (Klein et al.,
1993; Crowley et al., 1994; Ernfors et al., 1994a;
Ernfors et al., 1994b; Klein et al., 1994), provided
a wealth of information on the physiological roles
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of the neurotrophin/receptor complexes. A general
picture therefore emerged, whereby neurons of the
peripheral nervous system rely on one or just few
neurotrophins, while a higher level of complexity
and redundancy applies to neurons of the central
nervous system (CNS) (Bibel and Barde, 2000).
However, these initial findings also made clear that
the function of NTs extended far beyond the original
and somehow simplistic role of pro-survival factors
for neurons, aimed at matching neuronal populations
to the size of their targets. In this respect, for example,
the complete deletion of all TrkC isoforms caused a
range of cardiovascular defects that for the first time
implied a role for neurotrophins in tissues other than
the nervous system (Tessarollo et al., 1997). At the
molecular level, several groups have contributed
over the years to describe in detail the signalling
pathways initiated by the binding of neurotrophins
to their receptors, and the molecular mechanisms
underlying the transport of specific signalling
endosomes from the axon terminal to the cell body
(for a recent review on the subject, see (Harrington
and Ginty, 2013)). More recently, a novel hypothesis
has been put forward, whereby Trk receptors (TrkA
and TrkC) are not any more considered “just” pro-
survival factors, but rather as dependence receptor.
In other words, Trks could act as “double edged
sword” molecules, actively promoting neuronal
survival and differentiation when bound to their
cognate ligands, and similarly, actively promoting
cell death in absence of ligands, contrasting (or
rather revising) the generally accepted tenet by
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which neurotrophin withdrawal would just unmask
default death pathways (Tauszig-Delamasure et
al., 2007; Nikoletopoulou et al., 2010; Ichim et al.,
2012; Dekkers and Barde, 2013). An additional level
of complexity in the NT system is provided by the
presence of p75N™®, and by the ever growing set of
functions attributed to pro-neurotrophins, which are
known to trigger a wide range of cellular responses,
independently of the classical “mature NT-Trk” axis
(Kotlyanskaya et al., 2013). It is now clear that the
balance between the precursor and mature forms of
NTs, as well as the repertoire of Trk / p75N™® receptors
expressed by the single neuron and their relative
localisation in discrete sub-domains, will ultimately
determine the outcome of every neurotrophin-based
input. These outcomes span an array of biological
effects, ranging between pro-survival and pro-death
pathways (Lu et al., 2005). Besides such basic “life or
death” decisions, NTs were soon implicated into the
more subtle regulation of synapse development and
function, playing important roles into the refinement
of connectivity in complex neural circuits (Poo,
2001). Such a fine action mostly relies on the activity-
dependent secretion of NTs, in particular of BDNF,
which in mature neuronal circuits is regulated in a
synapse-specific fashion. Dendritic localization of
BDNF mRNA transcripts allows the fast and specific
translation of BDNF at synaptic sites, where it can act
inboth an autocrine and paracrine manner to modulate
dendritic development and synaptic plasticity
(Kuczewski et al., 2010). Another very interesting
field of investigation, which has progressively gained
importance, concerns the ability of the various
components of the NT pathways to cross-talk with
different signalling routes. In one of the earliest
reports on this subject (Lee and Chao, 2001), Trk
receptors were shown to be activated in hippocampal
neurons also in absence of neurotrophins. This effect
was mediated by adenosine binding to A, , receptors,
which belong to the G-protein coupled receptor
superfamily. A, receptors were able to transactivate
Trks by phosphorylation via Src family kinases
(Lee and Chao, 2001). Successively, ephrinAS was
shown to interact with TrkB on retinal ganglion cell
axons. Depending on the presence of the cognate
Eph ligand, ephrinA5 was able to either promote
or inhibit TrkB signalling, axonal branching and
synaptogenesis (Marler et al., 2008). An increasing

number of pathways have been recently associated
to the NT-Trk system. Piihringer and colleagues have
showed how transactivation of TrkB and TrkC by the
epithelial growth factor receptor (EGFR) is required
to drive migration of newborn cortical neurons,
independently of their “classical” ligands BDNF
and NT-3 (Puehringer et al., 2013). Wnt signalling
is also coming to light as an important modulator of
NT stimuli. In fact, Wnt-dependent pathways have
been shown to mediate axonal growth in developing
sympathetic neurons by modulating NGF-TrkA
signalling (Bodmer et al., 2009), and to cooperate
with BDNF-TrkB in the molecular events driving
dendrite growth and dendritic spine formation in
primary cortical neurons (Hiester et al., 2013).
Last but not least, the NGF-TrkB pathway has been
implicated in the modulation of endocannabinoid
signalling in developing cholinergic neurons
(Keimpema et al., 2013).

The integration between previously unrelated
pathways is emerging as a widespread modality of
signalling, and more links and connections are likely
to emerge in the future. The maintenance of such an
integrated signalling network is apt to achieve the
coordination of the myriad of cellular and molecular
processes required for the correct development and
functioning of the nervous system.

NOVEL EXPERIMENTAL MODELS TO STUDY
NT FUNCTION

Chick, mouse and rat embryos have been used
over the years to dissect the biological functions
of NTs. The main reason for the choice of these
vertebrate models is that simpler organisms such
as D. melanogaster or C. elegans cannot be used
as they lack a canonical NT system (Benito-
Gutierrez et al., 2006). While this manuscript was
in preparation, Mcllroy and colleagues reported
that Toll receptors 6 and 7 act as receptors for D.
melanogaster neurotrophins DNT1 and DNT2, thus
opening a potential new area of investigation in
the neurotrophin field, using Drosophila as model
organism (Mcllroy etal., 2013). The full complement
of NTs and Trks have been identified in fish, together
with two additional isoforms (NT-6 and NT-7) with
no orthologs yet described in vertebrates. Despite the
similarities between zebrafish and mammalian NTs,
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and the many advantages of the former compared to
rodents, zebrafish was never fully accepted as model
organism in the NT field (Heinrich and Lum, 2000).

The analysis of the NT- and Trk mouse knockout
strains has been fundamental to demonstrate the
importance of NT signalling during both nervous
system development and in adulthood. These mouse
models have also helped to appreciate the differences
and commonalities between the physiological roles
of NTs in the central vs the peripheral nervous
system. With few exceptions, full or conditional
deletion of one or more NTs or Trk receptors causes
a wide range of deficits, making it difficult to dissect
the subtle mechanisms underlying different aspects
of NT physiology. With the goal of dissecting in
time and space the mechanisms controlling the NT-
Trk system, researchers in the field turned to the
analysis of mouse lines lacking single components
of NT-dependent pathways, which are expected to
give a more restricted, and henceforth specific, range
of phenotypes. Unexpected contributions to a better
understanding of NT physiology have been recently
provided by the analysis of mouse models lacking
proteins that had not been previously associated with
these growth factors. In this review, we aim to give an
overview of the most significant recent developments
on three key topics: (i) molecular mechanisms of NT
signalling; (ii) synaptic functions of NT; (iii) NTs in
neuropsychiatric diseases.

(i) Molecular mechanisms of NT signalling.

Upon NT binding on the plasma membrane,
Trk receptors are internalised. They can then either
signal locally, or be retrogradely transported to the
neuronal cell body, where they initiate a different
set of biochemical cascades whose final outcome
is the long-term modulation of gene transcription
(Heerssen and Segal, 2002). These cellular events
have been extensively studied, however, some recent
work has further clarified the molecular events
regulating receptor trafficking and signalling. The
generation of mutant mouse lines bearing the neuron-
specific deletion of the serine/threonine phosphatase
calcineurin shed light onto the molecular mechanisms
underlying NGF-triggered endocytosis of TrkA
in sympathetic neurons, demonstrating how the
dephosphorylation of dynamin by calcineurin itself
is a necessary step for TrkA endocytosis (Bodmer et

al., 2011). Taking advantage of the genetic deletion
of sortilin, it was possible to demonstrate a new
role for this membrane receptor in mediating the
anterograde transport of Trk receptors, in addition
to its established function as co-receptor for p75N™®
(Vaegter et al., 2011). New important insights
on the mechanisms regulating the retrograde
transport of TrkB were provided in a recent work,
in which snapin was identified as an adaptor for
the microtubule motor protein dynein. The analysis
of primary neurons isolated from snapin knockout
animals was instrumental to demonstrate that the
interaction between snapin and dynein is required for
the retrograde transport of activated TrkB receptor,
and is essential for dendritic development in cortical
neurons (Zhou et al., 2012).

Our understanding of the complex signalling
network initiated by NTs has also being
revolutionized by several recent studies. In support
of the view that Wnt is an important NT effector, the
analyses of neuronal cultures lacking Wnt5a and of
a Wnt5a knockout mouse line unveiled a previously
uncharacterized pathway, in which NGF modulates
sympathetic neuron development by promoting the
activation of Wnt5a-mediated signalling (Bodmer
et al., 2009). Similarly, MAP kinase phosphatase
1 (MKP-1) activity was described to shape axon
branches in response to BDNF by inactivating
c-jun N-terminal kinase (JNK) and destabilizing
microtubules (Jeanneteau et al., 2010). Moreover,
studies on a knockout mouse for kinase D interacting
protein / ankyrin repeat membrane spanning
(Kidins220/ARMS) have been instrumental to
reveal new mechanisms of neurotrophin signalling
through the Kidins220/ARMS adaptor protein.
Interestingly, Kidins220/ARMS might integrate
NT and vascular endothelial growth factor (VEGF)
signalling during cardiovascular development, and
possibly in neuronal differentiation (Cesca et al.,
2011; Cesca et al., 2012). On the same line, the
analysis of mice lacking glucocorticoid-induced
tumor necrosis factor receptor-related (GITR)
showed how this protein and its ligand (GITRL)
promote NGF signalling in sympathetic neurons,
by phosphorylating extracellular signal-regulated
kinases (Erk) 1 and 2 (O’Keeffe et al., 2008).

The nature of signalling endosomes containing
NT is still controversial, since several types of
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organelles have been linked to the axonal transport
of Trk receptors, including early endosomes,
multivesicular bodies (MBV) and late endosomes
(Bhattacharyya et al., 2002; Salehi et al., 2006).
Clearly, both early and late endosomal proteins have
been associated with signalling endosomes. The
small GTPase Rab5 is an early endosomal marker
and plays a key role in the formation and fusion of
early endosomes, whilst Rab7 is localized on late
endosomes and lysosomes (Mizuno-Yamasaki et
al., 2012). Interestingly, both these markers have
been associated with NT signalling endosomes in
different cell types. For example, NGF and TrkA
were found in Rab5-positive early endosomes in
sensory neurons (Howe et al., 2001; Delcroix et al.,
2003), whereas Rab7 has been shown to be a key
player in the axonal retrograde transport of TrkB and
p75N™ in motor neurons (Deinhardt et al., 2006) and
to participate in TrkA signalling via ERK1/2 in PC12
cells (Saxena et al., 2005a; Saxena et al., 2005b).
Rab7 and Rab7-interacting proteins were also
identified via a proteomic analysis in TrkA-positive
endosomes isolated from PC12 cells stimulated with
NGF (Harrington etal., 2011). Trk-positive signalling
endosomes may therefore undergo a transition from
Rab5 to Rab7 correspondent to endosome maturation
(Rink et al., 2005) to engage in fast and long-range
axonal retrograde transport.

Activated Trks are able to recruit several adaptors
to their cytoplasmic domain, each of which is
able to trigger specific intracellular responses.
Understanding the contribution of each signal
transduction pathway has been hampered so far by
the fact that full and conditional knockout strategies
impair the full set of intracellular NT adaptors and
pathways. Recently, a mouse knockin strain for a
phospho-mutant form of TrkB (TrkBS*78454784) has
been generated, allowing a better understanding of
the role of Cdk5 phosphorylation of TrkB receptors
in the process of synaptic plasticity and memory
formation (Lai et al., 2012).

(i) Synaptic function of NTs.

In addition to promoting neuronal survival and
differentiation, NTs are now recognized as essential
modulators of synaptic plasticity. In this context, a
functional loop has been described whereby synaptic
activity drives synthesis and secretion of NTs, which

in turn modulate synaptic efficacy and morphology
(Poo, 2001). Accordingly, mouse lines displaying
defects in synaptic physiology have provided
valuable information about the role played by NTs
in this specialized neuronal compartment. Few
examples are discussed in the following paragraph.

Synapsins (Syns) are synaptic vesicle proteins
known to play an essential role in the mobilization
of SV pools at pre-synaptic terminals (Cesca et
al., 2010). Recently, work from our group has
demonstrated that beyond their well-established role
in the regulation of the SV cycle, Syns represent an
essential part of the mechanism controlling BDNF-
mediated enhancement of post-tetanic potentiation
(PTP) (Valente et al., 2012). Thus the presynaptic
protein synapsin [ (syn I), which plays a well-
established role in the regulation of synaptic vesicle
trafficking, acts as a coincidence detector for high
frequency stimulation and BDNF-mediated TrkB
activation. Tetanic stimulation increases syn I
phosphorylation at Ca?* calmodulin kinase / protein
kinase A sites through the intraterminal Ca?* build-
up, thus increasing the availability of vesicles for
release and the readily releasable pool (RRP) size.
Concomitantly, BDNF further increases the RRP size
by triggering convergent phosphorylation of syn I at
the Erk sites. As an activity-dependent signal, BDNF
has also been proposed to have a role in homeostatic
plasticity, particularly in the synaptic upscaling that
follows prolonged activity deprivation (Rutherford et
al., 1998). Further contributions to our understanding
of the role of NTs in presynaptic physiology were
provided by other mouse models. For example,
Kidins220/ARMS has been recently suggested to
participate in the modulation of the BDNF-induced
potentiation of synaptic plasticity in excitatory
neurons (Cesca et al., 2012). Synaptotagmin IV
(SytlV), which localises to BDNF-containing
vesicles, also controls the rate of SV exocytosis
by modulating the release of BDNF from the post-
synaptic site (Dean et al., 2009). The interaction of
TrkB with the actin-based motor myosin VI and the
adaptor protein GIPC1 provides another mechanism
by which BDNF modulates synaptic vesicle (SV)
release and the short-term synaptic plasticity
properties of neurons (Yano et al., 2006). Figure 1
summarizes the principal sites of action of BDNF at
pre- and post-synaptic compartments.
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Fig. 1. BDNF at the pre- and post-synaptic compartment. Neuronal activity (1) triggers BDNF release. At presynaptic
level, BDNF-induced TrkB activation (2) plays a role in the control of SV fusion, recycling and release probability (3),
mostly via Ca**-mediated signalling pathways. Post-synaptically, BDNF triggers the activation of several signalling
pathways, which lead to both local and fast protein synthesis, cytoskeletal remodelling and long-term changes in gene
expression. In addition, BDNF participates in the complex events modulating Hebbian and homeostatic plasticity, by
controlling the insertion / removal of AMPAR and NMDAR to and from the post-synaptic membrane (4).
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Fig. 2. BDNF-mediated plasticity occurring under physiological and pathological conditions.

(iii) NTs and neuropsychiatric diseases.

Given their physiological importance, NT
pathways have often been considered primary targets
for therapeutic intervention. Several clinical trials are
presently underway to test the efficacy of compounds
enhancing or inhibiting NT signalling. While a
comprehensive survey of such trials is beyond the
scope of this review, we discuss few examples that
best represent the pathogenic role of NTs and/or
the possibility of using NTs as therapeutic tools for
neuropsychiatric diseases.

NTs, and in particular BDNF, have been proposed
to act as critical modulators of depressive behaviour
on the basis of human genetic studies and analyses
of knockout and transgenic mouse models (Jiang
and Salton, 2013). A large body of evidence suggests
that BDNF is involved in depression, leading to the
so-called “neurotrophin hypothesis of depression”
(Dwivedi, 2013). It has been shown that the single
Val-Met nucleotide polymorphism in the human

proBDNF gene is associated with a dysregulation of
BDNF secretion that impacts behaviour and cognition
and has pro-depressant effects. Indeed, lower levels
of BDNF were found in depressed patients, an effect
that could be rescued by antidepressant drugs.

As BDNF is part of a general mechanism for
activity-dependent synaptic modification, diseases
characterised by altered excitability (such as epilepsy
or neuropathic pain) in some cases are associated
with abnormal BDNF signalling. In the presence
of unbalanced excitatory/inhibitory  synaptic
transmission, the initial hyperactivity may induce
release of BDNF that further potentiates excitatory
transmission and triggers a positive feedback that
leads to the overt disease state. Indeed, several
studies have found that BDNF is upregulated in
epileptogenic areas, and consequently that inhibition
of BDNF signalling prevents epileptogenesis
(Binder, 2004). A general scheme of the homeostatic
and non-homeostatic plasticity phenomena driven
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by BDNF, occurring under physiological and
pathological (dys-plasticity) conditions, is presented
in Figure 2.

A reduction of BDNF expression in cortical
neurons has been associated with the presence of
mutant huntingtin (htt), the culprit of Huntington’s
disease (HD). By employing knockin animals
expressing the pathogenic form of htt, it was possible
to demonstrate that reduced supply of BDNF to the
striatum is one of the main causes of striatal neuron
death in HD (Liot et al., 2013). Reduced BDNF
transcription has been described in HD, probably
caused by an increase activity of the transcriptional
repressor RE1-silencing transcription factor (REST)
(Zuccato et al., 2003), and also in mouse models of
Rett syndrome, in association with mutations in the
transcription factor methyl-CpG binding protein 2
(MeCP2) (Li and Pozzo-Miller, 2013). Along the
same line, knockin animals for BDNF Val66Met
polymorphism (Chen et al., 2006) have allowed to
gather a wealth of information on the molecular
mechanisms underlying some forms of genetic
predispositions to anxiety and depressive disorders.

NGF has been long considered a promising
therapeutic target to treat Alzheimer’s disease (AD)
due to the high vulnerability of basal forebrain
cholinergic neurons, which are strongly dependent
on NGF for their survival, in AD. Several transgenic
mouse models of AD have been created, based on
the proteins that are most commonly mutated in AD
patients, such as a-synuclein, amyloid precursor
protein (APP), presenilin, Tau and many others (for
a recent review, see (LaFerla and Green, 2012).
Amongst these, a mouse line expressing an anti-
NGF antibody (AD11 mouse model) is particularly
relevant to the topic of this review. Such mouse strain
was recently used to demonstrate that an imbalance
in the relative amount of proNGF/NGF could be one
of the main factors leading to neurodegeneration in
AD brains, by favouring p75N™ to TrkA signalling
(Capsoni et al., 2010). Further support to this
hypothesis is provided by the finding that the
amyloid precursor protein (APP) is a downstream
target of activated TrkA receptors, and takes part in
the intracellular pathways stimulated by NGF. This
study was made possible by the availability of two
mouse lines, one knockin for a phosphorylation
mutant of APP, and one bearing the deletion of full-

length APP (Matrone et al., 2011). Very recently,
defects in TrkB signalling have been described in a
mouse model of Angelman syndrome. These mice
bear a full deletion of the Ube3A ubiquitin protein
ligase and provide an additional link between BDNF
signalling and cognitive impairments/autism (Cao et
al., 2013).

FUTURE PERSPECTIVES

Since the initial characterization of NTs as target-
derived pro-survival factors for peripheral neurons, a
much broader role has now been recognized for this
family of growth factors, both within and outside of
the nervous system. The research in this field has
greatly benefitted, and will continue to do so, from
the analysis of seemingly unrelated experimental
models, i.e. mouse lines lacking signalling or synaptic
proteins such as Wnt, Kidins220/ARMS, calcineurin,
sortilin, snapin, synapsin, syt IV (Bodmer et al.,
2009; Dean et al., 2009; Bodmer et al., 2011; Vaegter
et al., 2011; Cesca et al., 2012; Valente et al., 2012;
Zhou et al., 2012) and many others, as discussed in
previous sections. Possible applications are expected
in the medical field, especially for the treatment of
neurodegenerative pathologies (for a comprehensive
review on the subject, see (Allen et al., 2013)). NTs
might also be used as therapeutic molecules also to
treat diseases outside of the nervous system, such as
some types of cancer (Roesler et al., 2011).

After decades of biochemical research, many
(although not all) intracellular pathways activated
by NT have been described at molecular level.
What would then improve our understanding of the
dynamics of NT signalling activation? This process
must be tightly modulated, both at a broader scale in
a tissue- and cell-specific manner, but also at single
cell level. Indeed, signalling pathways undergo a
very strict spatial and temporal modulation. To delve
into the precise regulation of signalling dynamics,
traditional biochemical techniques are not any more
up to the task, as they lack the spatial and temporal
resolution required, for example, to monitor the
rapid and sequential activation of signalling proteins
in different compartments of the same cell. With
the advent of optogenetics, tools are now available
that allow to interrogate cellular processes with
unprecedented precision in time and space. As the
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number of applications of optogenetics continues
to increase, the repertoire of opto-probes designed
to target specific signalling pathways is constantly
growing. Advanced tracking techniques have become
available, which allow to follow the intracellular
trafficking of receptors and scaffold proteins, such as
the recombinant Fibronectin intrabodies generated
with  mRNA display (FingRs). These recently
published tools bind endogenous neuronal proteins
and incorporate a transcriptional regulation system
that ties FingR expression to the level of the target
(Gross et al., 2013). Besides molecule tracking, of
particular interest are optogenetic techniques for
controlling protein-protein interaction that rely
on plant-derived photosensitive modules such the
PhytochromeB/phytochrome interacting factor 3
(PhyB/PIF3) system (Levskaya et al., 2009), or the
Light-Oxygen-Voltage (LOV) domains (Wu et al.,
2009). It is highly likely that more of such probes
will be engineered in the near future, creating an “in
vitro | in vivo opto-signalling toolbox” comprising
probes and sensors able to span multiple signalling
events, from the fast and local activation of
signalling proteins, to the long-term modulation of
gene expression.
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THE NEXT 50 YEARS OF NGF
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The identification of the first growth factor, NGF, over 50 years ago changed the field of biology in
many unexpected ways. Growth factors now have a prominent role in cancer, stem cells, cell differen-
tiation and maladaptive consequences, such as psychiatric and neurodegenerative disorders. What will
transpire in the next 50 years? Here we explore unanswered questions related to neurotrophic factors
in the future. If solved, the answers would represent breakthroughs with lasting and widespread impact

upon many biological problems.

This year we witnessed the passing of Rita Levi-
Montalcini, whose characterization of NGF with
Stanley Cohen led to its purification and the dis-
covery of many growth factors (Cohen, 1960; Levi-
Montalcini and Cohen, 1960). The discovery of NGF
was the result of an effort to answer a question that
stymied many investigators--what inductive or dif-
fusible substances made at target tissues are respon-
sible for controlling nerve growth? The discovery of
NGF resulted from solving the problem of how the
periphery affected neuronal survival and nerve fiber
growth. The occasion of the 100" birthday celebra-
tion for Levi-Montalcini in 2009 bought both her and
Cohen together in Rome (Figure 1).

Looking back at these events, we marvel at the
confluence of events that gave rise to NGF, and also
EGF. The landmark experiments were a result of a
combination of expertise in different disciplines—
embryology, neuroanatomy and biochemistry that
came together at Washington University with Vik-
tor Hamburger, Rita Levi-Montalcini and Stanley
Cohen. Levi-Montalcini arrived from Turin in 1947,
upon the invitation of Viktor Hamburger, to pursue
target-derived signals. Hamburger invited Cohen in
1953 to work with Levi-Montalcini on the isolation
of NGF. Cohen was anchored in the Microbiology
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Department, where a large number of luminary bio-
chemists, such as Arthur Kornberg and Paul Berg,
were available for advice. There are many excellent
reviews of this historic period (Levi-Montalcini,
1987; Cowan, 2001; Cohen, 2008).

From the serendipitous observation that snake
venom contained large quantities of NGF, it became
possible to purify the protein from mouse submaxil-
lary glands. EGF was discovered unexpectedly from
an assay of crude fractions of NGF that resulted in
precocious opening of eyelids and keratinization of
the skin (Cohen, 1962). These discoveries resulted
from keen powers of observation combined with de-
ductive logical reasoning. Now antibodies against
the EGF receptor, Tarceva and Erbitux, are now used
widely in a variety of cancers.

Growth factors figure in all areas of biology, in-
cluding immunology, development, stem cells, tu-
mor biology and neuropsychiatric disorders. It is
noteworthy that BDNF is implicated in anxiety and
depression and neuregulin, a member of the EGF
family, is associated with schizophrenia (Chao et al,
2008). The rich history and far-reaching effects of
growth factors makes us pause and consider. What
are the major questions that will be resolved in the
future? Which problems, if solved, would provide a
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genuine impact in the field of neuroscience? Of many
questions, we will consider several existing biologi-
cal problems. Though the focus is on the NGF fam-
ily of trophic factors, answering these questions will
ultimately help to understand how complex neural
circuits are formed and how to treat neurodegenera-
tive diseases, two problems of intense current inter-
est.

HOW ARE LONG DISTANCE SIGNALS
TRANSMITTED?

Since the time of Rene Descartes and centuries
before, it has been a mystery how signals are sent
from the periphery to the spinal cord and brain. In
the past 50 years, it has been established that trophic
factors generate signals that are conveyed over long
distances from the nerve terminal to the cell body.
How is this accomplished? Vesicles containing the
ligand and receptor are delivered to the cell body,
where signals are transduced to ensure neuronal sur-
vival and differentiation.

It is widely accepted that NGF and its receptors,
TrkA and p75, become internalized and are retro-
gradely transported to the cell body (Ye et al, 2003) in
“signaling endosomes” (Grimes et al, 1997). There
is also a counter proposal that internalization of NGF
is not required for a retrograde response (Maclnnis
and Campenot, 2002). In this case, survival signals
occur without uptake and transport of NGF in distal
axons. Indeed, Trk receptors can be activated in the
absence of neurotrophin binding in a process called
transactivation (Lee and Chao, 2001; Jeanneteau et
al, 2008). Unraveling the exact mechanisms that ac-
count for retrograde transport of neurotrophins and
their receptors will reveal the cellular requirements
for propagating trophic signals over long distances.

Why is this issue important? Transport of tro-
phic receptors is not limited to the NGF family.
The GDNF family, retrograde transport in sensory
neurons with its binding receptor, GDNF family
a-receptors (Leitner et al, 1999). Many other pro-
teins, such as TGF-B, FGF, IGF, LIF and CNTF are
similarly taken up and transported in axons. Hence,
the mechanisms that account for transport and rec-
ognition of different ligands and their receptors will
determine a whole host of activities, including cell
survival, axon pruning, protein sorting and synapse

formation. Since transport vesicles would orient the
intracellular domain of the receptors to face the cy-
toplasm, each receptor would be available for inter-
actions with cytoplasmic proteins and can produce
many signaling outcomes.

How neurotrophic signals are transmitted will de-
pend upon how the receptors are transported and lo-
calized. The intracellular location of ligand-receptor
complexes requires an understanding of the transport
machinery and how motors—dynein and actin-based
motors, or kinesin-based motors—are regulated.
Scaffold proteins associated with neurotrophin sig-
naling provide a link with actin-based and dynein-
based motors. In addition, studies of how herpes
simplex virus (HSV-1) and rabies virus undergo axo-
nal transport and become activated represent impor-
tant directions for future research. Infection and la-
tency of HSV-1 in sensory neurons, a common event
in the human population, is controlled by NGF sig-
naling (Wilcox et al, 1980). Latency results in sup-
pression of the virus in neurons that is maintained
for years by continuous signaling through phosphati-
dylinositol 3-kinase and TrkA tyrosine kinase activi-
ties (Camarena et al, 2010). These findings indicate
that growth factors exert an impact in keeping viral
latency in check. For instance, it is known that anti-
NGF treatment in humans and in rabbits may lead
to viral reactivation associated with keratitis and po-
tentially blindness (Mauro et al, 2007; Lambiase et
al, 2008). Ablation of NGF signaling therefore can
serve as a reactivation viral stimulus.

TREATMENTS FOR NEURODEGENERATIVE
DISEASES

Can neurodegenerative diseases, such as Al-
zheimer’s and Huntington’s disease be treated with
neurotrophic factors? A central hypothesis is the
lack of specific neurotrophic factors contributes to
age-related neurodegeneration (Appel, 1981). While
there were disappointing clinical trials in the 1990s
to administer BDNF and NGF for ALS and different
neuropathies (Thoenen and Sendtner, 2002), there
is still considerable promise in using neurotrophins
for neurodegenerative diseases. Plenty of evidence
indicates that ablation or lowering of trophic factors
as a function of age increases the neurodegenerative
process. Reversal of this process represents a viable
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therapeutic approach if the mechanisms that lead to
age-related neurodegeneration are defined in the fu-
ture. Several examples strongly support this hypoth-
esis.

Decreased levels of NGF and BDNF have been
implicated in Alzheimer’s disease (AD) by many
studies. In the hippocampus, a deficit in BDNF and
TrkB receptors have been identified in CA1 pyra-
midal cells, analyzed from postmortem tissue of
patients with AD (Ginsberg et al, 2010). Reduced
levels of BDNF have also been reported in mouse
models of AD. Deficits in BDNF-dependent func-
tions have been reported, such as reduced synaptic
plasticity (Marchetti and Marie, 2012). The idea that
reduced BDNF or TrkB caused the impairments was
supported by a study which showed that increasing
BDNF levels restored cognitive function (Nagahara
et al, 2009).

There are many compelling lines of evidence
that BDNF can explain Huntington’s disease (HD).
BDNF is a major target of mutant huntingtin protein
in the CNS. Decreased BDNF levels in the striatum
have been detected in human HD subjects and mouse
models of HD (Zuccato and Cattaneo, 2007). Signif-
icantly, a conditional mouse model in which BDNF
has been specifically reduced in the cortex results
in dendritic loss resulted in an animal with features
closely resembling features of HD. They include
dendritic loss and age-dependent depletion of striatal
medium spinal neurons (Baquet et al, 2004). More-
over, gene expression profiling indicates that deple-
tion of BDNF in the cortex more closely resembles
presymptomatic human HD than other established
transgenic models (Strand et al, 2007). These results
suggest that striatal-specific atrophy in HD may be a
consequence of a decrease of cortical BDNF by mu-
tant huntingtin.

How does a loss of cortical BDNF affect the stria-
tum? Over 90% of striatal BDNF is derived from
the cortex through anterograde transport (Zuccato
and Cattaneo, 2007). Surprisingly, the striatum does
not produce BDNF. Anterograde transport of BDNF
therefore plays a key element to explain the age-de-
pendent loss of trophic support from the cortex to the
striatum. Moreover, it has been shown that hunting-
tin acts as a scaffold protein to facilitate transport of
BDNF and that accumulation of mutant huntingtin
protein results in a decrease in BDNF vesicle trans-

port (Gauthier et al, 2004).

Huntington’s disease is caused by a polygluta-
mine expansion in the huntingtin protein, which
results in abnormal motor movements, personality
changes, cognitive decline and early death. The se-
lective loss of BDNF (and other transported trophic
factors) in the cortex can explain the psychiatric dis-
orders associated with HD and also the late onset of
the loss of striatal neurons that leads to deficits in
motor function. Indeed, the cortical-striatal circuitry
is probably disrupted by the loss of BNDF through
mechanisms involving synaptic dysfunction. Indeed,
survival of striatal neurons and motor deficits in HD
models can be rescued with BDNF (Gharami et al,
2008).

Increasing the levels of BDNF through physical
exercise, antidepressants or other novel activities
(Cotman et al, 2007) will be beneficial in HD and
other neurodegenerative diseases, without having to
resort to the administration of BNDF, an approach
associated with undesirable side effects and uncer-
tain pharmacokinetics. Hence, certain disorders,
such as Huntington’s and Alzheimer’s disease, could
be delayed or diminished if increasing the levels of
neurotrophins, such as BDNF, can be accomplished.

THE IMPORTANCE OF CLEAVAGE

The cleavage of proteins by proteolysis is a uni-
versal mechanism that is associated not only with
protein turnover, but also with the generation of in-
tracellular signals. Neurotrophins are generated from
pro-neurotrophins, which are cleaved intracellularly
by furin or pro-convertases to release the mature pro-
tein that forms stable, non-covalent dimers. The pro-
region has been believed to be important in proper
folding and intracellular sorting of neurotrophins.
Pro-NGF, the precursor of NGF, binds to p75 with
a greater affinity than mature NGF and can lead to
cell death (Figure 2). In patients with AD, pro-NGF
levels are elevated in the cortex (Fahnestock et al,
2001). The precursor form of neurotrophins are
more selective ligands for the p75 neurotrophin re-
ceptor than mature forms and are more effective in
inducing p75-dependent apoptosis (Lee et al, 2001;
Beattie et al, 2002). These observations are impor-
tant, since they indicate the biological actions of the
neurotrophins are regulated by proteolytic cleavage,
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with pro-forms preferentially activating p75 and ma-
ture forms selectively activating Trk receptors (Fig-
ure 2).

The functional outcomes of y-secretase cleavage
of p75 are important, since the same events occur
with amyloid precursor protein (APP). Also, p75
fragments may play a role in the association with
ephrinA (Lim et al. 2008) and Nogo receptor (Do-
meniconi et al. 2005). Metalloproteases are asso-
ciated with the Eph A receptor (Janes et al, 2005),
suggesting that the actions of p75 may depend upon
specific enzymes that are associated with other co-
receptors. As the p75 receptor is frequently unregu-
lated after injury or inflammation, its cleavage rep-
resents an early event that precedes APP cleavage.
Thus, cleavage of p75 may have a predictive value
in neurodegeneration. Controlling the cleavage of
neurotrophins and the p75 receptor has many con-
sequences in cell survival, growth of axons and den-
drites and growth cones.

REGRESSIVE EVENTS

One problem in developmental neurobiology
is why one axon branch survives and other axon
branches become less competitive. A prediction of
the neurotrophic hypothesis is that competition be-
tween axon branches leads to the strengthening of
one branch and withdrawal or pruning of the oth-
ers. How this applies to elimination of axons is not
well understood. Synapse elimination results in a
reduction of axons that innervates each postsynap-
tic cell maybe due to neurotransmitter release, ac-
tivity-dependent effects, neuronal firing patterns or
epigenetic mechanisms (Colman et al, 1997). Sev-
eral groups have proposed that elimination of cells
and axon retraction may be carried out by a p75-de-
pendent mechanism and that neurotrophins such as
BDNF may promote local axon degeneration (Cao
et al. 2007; Deppmann et al, 2008; Singh et al, 2008;
Yang et al, 2009) and growth cone collapse (Dein-
hardt et al, 2012).

Trk receptors transduce neurotrophin signaling
events using the same downstream components as
other growth factors, such as EGF, FGF and PDGF.
The generation of specific signals through a similar
set of tyrosine kinase substrates is not fully under-
stood (Chao 1992). Explanations include the time

course of signaling, the local concentration of li-
gand, the location and the affinity of specific pro-
teins with Trk and p75 receptors. Adaptor proteins
are specialized for protein trafficking and degrada-
tion; others for axonal transport; and still others may
be unique for axon guidance. An example is the
Nedd4-2, an E-3 ligase, which ubiquinates TrkA re-
ceptors through a PPXY sequence at the C-terminus
of TrkA (Arevalo et al, 2006). Nedd4-2 has a strong
E3 ligase activity that stimulates lysosomal degrada-
tion of the TrkA receptor. The TrkB receptor con-
tains an APXY sequence at the same location, but is
incapable of binding Nedd4-2 and undergoing ubig-
uitination. Indeed, the phosphorylation of the PPXY
tyrosine residue can also result in the recruitment of
phospholipase C-y. This implies that a competition
exists for binding to the PPXY sequence by two pro-
teins that give completely different outcomes.

Another mechanism relevant to pruning is the
consequence of withdrawal of growth factors. De-
privation of trophic support not only impacts on the
ability of neurons to survive, but also sets into mo-
tion a series of molecular events. Removal of NGF
from neurons leads to increases in Bim and caspase
activity, resulting in the cleavage of APP (Matrone et
al, 2008; Nikolaev et al, 2009), which are preceded
by retrograde axonal signaling (Mok et al. 2009).
These observations indicate that the events that im-
mediately follow withdrawal of trophic factors are
just as important as the signaling cascades that are
triggered with neurotrophin addition. Growing evi-
dence supports a direct link of neurotrophin levels
and Trk tyrosine kinase receptor activity and the
processing of APP (Matrone et al, 2011). Defining
the events that occur after removal of trophic factors
will reveal mechanisms of axon retraction and elimi-
nation, two early events that have been associated
with many neurodegenerative diseases.

NGF AND PAIN

A frequent outcome of clinical trials using neu-
rotrophins for neuropathy and neurodegeneration
is pronounced pain (Johagen et al, 1998; Thoenen
and Sendtner, 2002). Though an undesirable ef-
fect, this result likely reflects a normal function of
neurotrophins in the adult nervous system in the
development of hyperalgesia after inflammatory in-
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jury in the adult nervous system. NGF and BDNF
are frequently elevated after inflammation or injury.
This response results in greater nociceptor sensitiza-
tion through rapid modulation of heat and vanilloid
receptors. Notably, there are sequence variants in
NGF and the TrkA receptor that are associated with
congenital insensitivity to pain (Einarsdottir et al,
2004; Indo, 2009). It has become clear that a normal
function of NGF-TrkA signaling in the adult nervous
system is in the control of pain (Mantyh et al, 2011),
which was suggested by the original observations of
abundant amounts of NGF in snake venom (Cohen,
1959).

Therefore, blocking NGF with antagonists may
provide pain relief. This has now been borne out by
a number of studies using anti-NGF antibodies and
Fc-receptor fusion proteins in cases of chronic knee
pain caused by osteroarthritis (Lane et al, 2010);
bone cancer pain (Sevcik et al, 2005); autoimmune
arthritis (Shelton et al, 2005); bone fracture (Sabaso-
vich et al, 2008); and neuropathic pain (Ugolini et al,
2007). All these studies support the use of anti-NGF
in decreasing pain.

One mechanism for NGF-induced hyperalgesia
is through an interaction of the TrkA receptor with
the TRPV1 capsaicin receptor, a non-selective cation
channel that is activated by heat, noxious vanilloid
compounds such as capsaicin, or extracellular pro-
tons (Caterina et al, 1997). The ability to antagonize
NGF action during pain though new therapeutics to
diminish the expression of NGF or signaling of its re-
ceptor has the potential of ameliorating neuropathic
and inflammatory pain. It is necessary to identify the
cells that release NGF and BDNF under these condi-
tions.

The mechanism of action of NGF and BDNF can
be further addressed by following a growing num-
ber of ion channels that are associated with the Trk
tyrosine kinases. These interactions can produce an
array of different effects lasting from milliseconds to
days that generates changes upon synaptic transmis-
sion and plasticity. The Trk receptor has been impli-
cated with many different ion channels, such as TRP
channels exemplified by TRPC3 and the TRPV 1 cap-
saisin receptor (Chuang et al, 2001), KCNQ chan-
nels, Na® and AMPA and NMDA receptors (Chao,
2003). The p75 receptor is associated with an inward
rectifying potassium channel (Coulson et al, 2008).

Several interactions are striking, such as an associa-
tion of TrkB with the voltage sensitive Nay1.9 so-
dium channel. Other associations such as the store
operated cation TRPC3 channel give a delayed in-
ward current, which is specific to BDNF and not oth-
er growth factors such as FGF and IGF-1 (Li et al,
1999). The specificity of these ion channel interac-
tions is critical. For AMPA receptor trafficking, there
are many mechanisms of exocytotic and endocytotic
events that determine activity-dependent changes of
synaptic efficacy. These could well be influenced by
BDNF signaling. The relationship between trophic
factors and ion channels will likely answer many
questions concerning the ability of neurotrophins to
be responsive to activity dependent changes in the
nervous system and to change synaptic activity.

OBESITY

One of the most striking and reproducible pheno-
types of mice heterozygous for BDNF and its TrkB
receptor is increased food intake (hyperphagia) and
obesity. Reduced levels of BDNF or TrkB signal-
ing in mice and humans are associated not only
with obesity, but also some cases of increased ag-
gressive behavior and hyperactivity (Kernie et al,
2000; Rios et al, 2001). In studies of subjects that
exhibited severe obesity, a number of sequence vari-
ants were discovered in the TrkB receptor (Yeo et al,
2004; Gray et al, 2007). While the phenotypes are
pronounced, the mechanisms that account for weight
gain are completely mysterious.

Nevertheless, monoclonal antibody agonists
against the TrkB receptor have been shown to be
effective in eliciting anti-obesity effects in mouse
models, similar to the reduction in obesity from ad-
ministration of NT-4, another ligand of TrkB (Tsao
et al, 2008). These experiments suggest that TrkB
signaling can exert an impact upon either appetite,
accumulation of body fat or body weight, and sug-
gest that levels of BDNF are directly involved in
metabolic energy homeostasis and mammalian feed-
ing behavior. One prediction is that obesity might
be controlled by agents that increase BDNF levels or
enhance signaling through TrkB receptors at specific
hypothalamic sites. Increased bridging of research
in neural circuits and endocrinology will provide
greater insights into the mechanism by which BDNF
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has such a strong influence upon obesity.
NEW DRUGS FOR PSYCHIATRY

Psychiatric disorders such as depression, bipolar
disease and schizophrenia are debilitating mental ill-
nesses that are influenced by many genetic and en-
vironmental factors. While little is known about the
neural circuits that underlie mood disorders, growth
factors have emerged as susceptibility genes. BDNF
has been implicated in the pathophysiology of de-
pression, anxiety, bipolar disease and other psychiat-
ric disorders. BDNF represents a prominent secreted
protein that facilitates learning and memory. In ad-
dition, neuregulin-1 has been tightly linked as can-
didate gene for schizophrenia. Lack of neuregulin-1
function may be involved in dysregulation of synap-
togenesis and synaptic plasticity in the adult.

There is considerable genetic and physiological
evidence that now support NGF and BDNF as central
factors in behavior and memory (Connor et al, 2009;
Nagahara et al, 2009). A key BNDF polymorphism,
Val66Met, has now been firmly associated with many
behavioral disorders in human populations (Egan et
al, 2003). This amino acid change is not localized in
mature BDNF itself, but rather in the precursor poly-
peptide, proBDNF. The Val66Met polymorphism is
significant, since the Met-BDNF form is impaired in
activity-dependent secretion at synapses (Chen et al,
2006), resulting in miss-sorting and lower activity-de-
pendent secretion of BDNF. Individuals carrying the
Met amino acid at the position 66 performed weaker
in verbal episodic memory tests, and functional MRI
tests of hippocampal function also showed an abnor-
mal pattern of activation during cognitive tests (Egan
et al, 2003). This polymorphism also affects patterns
of memory extinction (Yu et al, 2009). These obser-
vations suggest that neurotrophins can play a role in
hippocampal function and memory, due to the effi-
cacy of activity-dependent secretion of BDNF and its
subsequent effects upon LTP and synaptic plasticity in
the human population.

Increases in neuronal activity or exercise result
in elevated BDNF hippocampal levels that affect
cognitive abilities, whereas exposure to stress dra-
matically decreases BDNF levels in the adult brain.
Clinical studies have indicated that serum levels of
BDNF are decreased in patients with major depres-

sive disorders. Heterozygous BDNF knockout mice
display enhanced aggressiveness and obesity that
can be counteracted by administration of Prozac
(fluoxetine) indicating a role for serotonin uptake
(Lyons et al, 1999). This raises several questions.
Can growth factor signaling be used to design new
drugs for psychiatric illnesses? Why do antidepres-
sants take so long to become efficacious?

Unlike neurological disorders that have few treat-
ments, there are many drugs available for psychiat-
ric disorders. However, there have been few novel
drugs that have been discovered in the last few de-
cades. The underlying mechanisms for many drugs
are still elusive, but further studies of the action of
growth factors will contribute to our understand-
ing of the pharmacology and the neural circuits
that underlie psychiatric illnesses. Many common
downstream enzymatic activities, PTEN, AKT, PI-
3K, MAPK, PLC-y, mTOR, have been identified for
neuregulins and neurotrophins. One treatment with
rapid anti-depressant effects is through the NMDA
receptor antagonist, ketamine, which is involved in
mediating mTOR-mediated protein synthesis (Li et
al, 2010), as well as BDNF action. Because the ac-
tions of these growth factors have effects upon LTP,
LTD and other forms of synaptic plasticity, it is like-
ly that small molecule agonists that promote these
enzymatic activities may prove to be clinically rel-
evant. It is also likely that other growth factors also
influence these complex disorders.

DRUGS FOR LEARNING AND MEMORY

There is considerable evidence that NGF and
BDNEF signaling is involved in learning and memory.
While BDNF signaling is established in hippocam-
pus-dependent learning and plasticity, NGF also has
effects in acquisition and retention of memory tasks
in the hippocampus (Chen et al, 1997). Increases in
activity-dependent events, antidepressants and exer-
cise (Cotman et al, 2007) have raised the possibility
that small molecules that could increase neurotroph-
in levels or Trk receptor signaling could be protect
against memory impairment or increase learning.
The identification of small molecule agonists (Pehar
et al. 2006) such as ampakines (Lynch et al, 2008),
and zinc (Huang et al, 2008) and the ability of glu-
cocorticoids, adenosine and other G protein coupled
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Fig. 1. Recent photos of Rita Levi-Montalcini (born April 22, 1909 in Turin, Italy) and Stanley Cohen (born November 17,
1922 in Brooklyn, New York). They worked together from 1953-1959 with Viktor Hamburger at Washington University

in St. Louis.

ligands to transactivate Trk receptors (Jeanneteau et
al, 2008) offer new opportunities to find targets for
drug discovery.

As opposed to G protein-coupled receptors, the
search for agonists and antagonists for Trk and p75
receptors has lagged behind. While there has been
progress in the X-ray crystal structures of the ex-
tracellular domains of p75 and Trk receptors, many
questions remain regarding the stoichiometry and
mechanism of how neurotrophins interact with their
receptors. Therefore, structures of NGF bound to
p75 and Trk offer the opportunity to begin to pursue
therapeutic drug design, a goal that has eluded the
trophic factor field.

Several issues have arisen from structural studies
of the neurotrophins and their receptors, Trk and p75.
These receptors can form complexes that contribute
to high affinity binding (Hempstead et al, 1991),
however, the exact configuration of this association
is not clear from the structures of TrkA and p75 with
NGF (Wiesmann et al, 1999; Wehrman et al, 2007).

Both symmetrical and asymmetrical complex have
been proposed for p75 binding to NGF dimers (He
and Garcia, 2004; Aurikko et al, 2005). The p75 re-
ceptor is unusual in that it also interacts with leucine-
repeat rich proteins, such as Nogo receptor and LIN-
GO, which are involved in regeneration (Mi et al,
2004) and sortilin, a trafficking receptor that brings
the precursor form of NGF, proNGF (Nykjaer et al,
2004) together with p75 (Figure 2).

Because allosteric bending has been seen with
NGF binding to p75 (He and Garcia, 2004), confor-
mational changes in the ligand and receptor may ac-
count for the structural discrepancies that have been
reported. They may also account for older observa-
tions that the on- and off- binding rates to p75 differ
with each neurotrophin (Bothwell, 1995). Addition-
ally, since proNGF has a higher affinity for p75 than
mature NGF, changes of conformation or stoichiom-
etry may accompany the binding of proNGF to p75.
Previous studies of Trk receptors have suggested that
conformation changes in the TrkA receptor can ac-
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Fig. 2. Neurotrophins and their receptors. All neurotrophins are initially produced as 30-35 kDa precursor proteins
containing a signal peptide, sites for glycosylation and pairs of basic amino acids that are recognized by processing
enzymes, such as furin and metalloproteinases. These enzymes release a biologically active 12-14 kDa mature form of
neurotrophin. Pro-neurotrophins bind to the p75 receptor with a higher affinity than mature NGF. The preferential bind-
ing of mature neurotrophins to Trk can lead to differential outcomes. Trk receptors mediate differentiation and survival
signaling through MAP kinase, PI-3 kinase and PLC-y pathways. Trk family members recruit and increase the tyrosine
phosphorylation of phospholipase C-y, and the ARMS/Kidins220 and SHC adaptor proteins. The p75 receptor predomi-

nantly signals to activate NF-kB and JNK.

count for changes in its NGF binding properties Trk
receptor dimerization and activation has been ob-
served in the absence of ligand. A single point muta-
tion in the extracellular domain of TrkA (P203A) dis-
tant from the NGF binding site, resulted in increased

binding (Arevalo et al, 2001), suggesting that a con-
formation change was created by the P203 extracel-
lular TrkA mutation. These observations emphasize
the need for more structural studies of neurotrophins
with their receptors and co-receptors.
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There are only a handful of conserved receptor
systems—@ protein coupled receptors, Sonic Hedge-
hog, WNT, steroid receptors and receptor tyrosine
kinases. Therefore, future computational analysis
should be able to predict signaling cascades deter-
mined by different protein-protein interactions, phos-
phorylation sites and other post-translational events,
such as ubiquitination. This information, along with
spatial intracellular localization of signaling com-
plexes, will explain how specificity is achieved by
different classes of signaling molecules.

PERSPECTIVE

The neurotrophic hypothesis explained how neu-
rons are eliminated during development as a result of
cell death from deprivation of trophic factors. The
elaboration of this concept by Rita Levi-Montalcini
and Viktor Hamburger was an important advance
that addressed an urgent question posed in the 1930s.
The solution came from testing a competition mech-
anism involving limiting amounts of trophic factors.
The hypothesis does not exclude other competitive
roles for neurotrophic factors, most notably, the rel-
evance to higher order functions, such as the circuits
involved in pain, fear, depression, anxiety and neuro-
logical disorders such as Huntington’s and Alzheim-
er’s diseases. Neurotrophins do not exist in Drosoph-
ila melanogaster or Caenorhabditis elegans, even
though other polypeptide growth factors, such as
EGF, FGF, TGF-f and insulin, are highly conserved
in these species and play important developmental
roles. The evolution of neurotrophins as a family
implies their actual functions are more directly in-
volved in mediating specialized activities, such as
pain, obesity, learning, retention of memory and be-
havior. Future insights to these areas of neuroscience
research may well come from using trophic factors
as probes for the nervous system, analogous to the
Indian parable of “blind men and an elephant”. That
is, to resolve complicated questions and intractable
problems, it pays to take different perspectives and
integrate across different fields of scientific inquiry.
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INTRACELLULAR PROTEIN DEGRADATION: FROM A VAGUE IDEA THROUGH
THE LYSOSOME AND THE UBIQUITIN-PROTEASOME SYSTEM
AND ON TO HUMAN DISEASES AND DRUG TARGETING

A. CIECHANOVER

The David and Janet Polak Cancer and Vascular Biology Research Center, The Rappaport Faculty
of Medicine and Research Institute, Technion-Israel Institute of Technology, Haifa 31096, Israel

Between the 1950s and 1980s, scientists were focusing mostly on how the genetic code was transcribed
to RNA and translated to proteins, but how proteins were degraded had remained a neglected research
area. With the discovery of the lysosome by Christian de Duve it was assumed that cellular proteins
are degraded within this organelle. Yet, several independent lines of experimental evidence strongly
suggested that intracellular proteolysis was largely non-lysosomal, but the mechanisms involved have
remained obscure. The discovery of the ubiquitin-proteasome system resolved the enigma. We now
recognize that degradation of intracellular proteins is involved in regulation of a broad array of cellular
processes, such as cell cycle and division, regulation of transcription factors, and assurance of the cellular
quality control. Not surprisingly, aberrations in the system have been implicated in the pathogenesis
of human disease, such as malignancies and neurodegenerative disorders, which led subsequently to an
increasing effort to develop mechanism-based drugs.

The concept of protein turnover is hardly 70
years old. Beforehand, body proteins were viewed
as essentially stable constituents that were subject
to only minor ‘wear and tear’: dietary proteins were
believed to function primarily as energy-providing
fuel, which were independent from the structural
and functional proteins of the body. The problem
was hard to approach experimentally, as research
tools were not available. Important research tools
that were lacking at that time were stable isotopes.
While radioactive isotopes were developed earlier
by George de Hevesy (de Hevsey G., Chemistry
1943. In: Nobel Lectures in Chemistry 1942-
1962. World Scientific 1999. pp. 5-41), they were
mostly unstable and could not be used to follow
metabolic pathways). The concept that body
structural proteins are static and the dietary proteins
are used only as a fuel was challenged by Rudolf

Schoenheimer in Columbia University in New York
City. Schoenheimer escaped from Germany and
joined the Department of Biochemistry in Columbia
University founded by Hans T. Clarke (Clarke, 1958;
Kennedy, 2001; Simoni et al, 2002). There he met
Harold Urey who was working in the Department
of Chemistry and who discovered deuterium, the
heavy isotope of hydrogen, a discovery that enabled
him to prepare heavy water, D,O. David Rittenberg
who had recently received his Ph.D. in Urey’s
laboratory, joined Schoenheimer, and together
they entertained the idea of ‘employing a stable
isotope as a label in organic compounds, destined
for experiments in intermediary metabolism, which
should be biochemically indistinguishable from
their natural analog’ (Clarke, 1958). Urey later
succeeded in enriching nitrogen with N, which
provided Schoenheimer and Rittenberg with a ‘tag’
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for amino acids and as a result for the study of
protein dynamics. They discovered that following
administration of '"N-labled tyrosine to rat, only
~50% can be recovered in the urine, ‘while most
of the remainder is deposited in tissue proteins.
An equivalent of protein nitrogen is excreted”™
(Schoenheimer et al, 1939). They further discovered
that from the half that was incorporated into body
proteins ‘only a fraction was attached to the original
carbon chain, namely to tyrosine, while the bulk
was distributed over other nitrogenous groups of
the proteins’ (Schoenheimer et al, 1939), mostly
as an aNH, group in other amino acids. These
experiments demonstrated unequivocally that the
body structural proteins are in a dynamic state of
synthesis and degradation, and that even individual
amino acids are in a state of dynamic interconversion.
Similar results were obtained using "“N-labled
leucine (Ratner et al, 1940). This series of findings
shattered the paradigm in the field at that time that:
(1) ingested proteins are completely metabolized and
the products are excreted, and (2) that body structural
proteins are stable and static. Schoenheimer was
invited to deliver the prestigious Edward K. Dunham
lecture at Harvard University where he presented his
revolutionary findings. After his untimely tragic
death in 1941, his lecture notes were edited Hans
Clarke, David Rittenberg and Sarah Ratner, and were
published in a small book by Harvard University
Press. The editors called the book ‘The Dynamic
State of Body Constituents’ (1942), adopting the title
of Schoenheimer’s presentation. In the book, the
new hypothesis was clearly presented: ‘The simile
of the combustion engine pictured the steady state
flow of fuel into a fixed system, and the conversion of
this fuel into waste products. The new results imply
that not only the fuel, but the structural materials
are in a steady state of flux. The classical picture
must thus be replaced by one which takes account
of the dynamic state of body structure’. However,
the idea that proteins are turning over had not been
accepted easily, and was challenged as late as the
mid-1950s. For example, Hogness and colleagues
studied the kinetics of B-galactosidase in Escherichia
coli and summarized their findings (Hogness et al,
1955): ‘To sum up: there seems to be no conclusive
evidence that the protein molecules within the
cells of mammalian tissues are in a dynamic state.

Moreover, our experiments have shown that the
proteins of growing E. coli are static. Therefore it
seems necessary to conclude that the synthesis and
maintenance of proteins within growing cells is not
necessarily or inherently associated with a ‘dynamic
state’. While the experimental study involved the
bacterial [-galactosidase, the conclusions were
broader, including also the authors’ hypothesis on
mammalian proteins. The use of the term ‘dynamic
state’ was not incidental, as they challenged directly
Schoenheimer’s studies.

Now, after more than seven decades of research
in the field of intracellular proteolysis, and with the
discovery of the lysosome and later the ubiquitin-
proteasome system, it is clear that the field has
been revolutionized. = We now recognize that
intracellular proteins are turning over extensively,
that the process is specific, and that the stability
of many proteins is regulated individually and can
vary under different conditions. From a scavenger,
unregulated and non-specific end process, it has
become clear that proteolysis of cellular proteins is
a highly complex, temporally controlled and tightly
regulated process that plays major roles in a broad
array of basic pathways. Among these processes
are cell cycle, development, differentiation,
regulation of transcription, antigen presentation,
signal transduction, receptor-mediated endocytosis,
quality control, and modulation of diverse
metabolic pathways. Subsequently, it has changed
the paradigm that regulation of cellular processes
occurs mostly at the transcriptional and translational
levels, and has set regulated protein degradation in
an equally important position. With the multitude
of substrates targeted and processes involved, it has
not been surprising to find that aberrations in the
pathway have been implicated in the pathogenesis
of many diseases, among them certain malignancies,
neurodegeneration, and disorders of the immune
and inflammatory system. As a result, the system
has become a platform for drug targeting, and
mechanism-based drugs are currently developed,
one of them is already on the market.

THE LYSOSOME AND INTRACELLULAR
PROTEIN DEGRADATION

In the mid-1950s, Christian de Duve discovered
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the lysosome (see, for example, De Duve et al, 1953;
Gianetto & De Duve, 1955 and Figure 1). The
lysosome was first recognized biochemically in rat
liver as a vacuolar structure that contains various
hydrolytic enzymes which function optimally at
an acidic pH. It is surrounded by a membrane
that endows the contained enzymes latency that is
required to protect the cellular contents from their
action (see below). The definition of the lysosome
was broadened over the years because it had been
recognized that the digestive process is dynamic and
involves numerous stages of lysosomal maturation
together with the digestion of both exogenous
proteins (which are targeted to the lysosome through
receptor-mediated endocytosis and pinocytosis)
and exogenous particles (which are targeted via
phagocytosis; the two processes are known as
heterophagy), as well as digestion of endogenous
proteins and cellular organelles (which are targeted
by micro- and macro-autophagy; see Figure 2). The
lysosomal/vacuolar system as we currently recognize
it is a discontinuous and heterogeneous digestive
system that also includes structures that are devoid
of hydrolases — for example, early endosomes which
contain endocytosed receptor-ligand complexes and
pinocytosed/phagocytosed extracellular contents.
On the other extreme it includes the residual bodies
- the end products of the completed digestive
processes of heterophagy and autophagy. In between
these extremes one can observe: primary/nascent
lysosomes that have not been engaged yet in any
proteolytic process; early autophagic vacuoles that
might contain intracellular organelles; intermediate/
late  endosomes and phagocytic  vacuoles
(heterophagic vacuoles) that contain extracellular
contents/particles; and multivesicular  bodies
(MVBs) which are the transition vacuoles between
endosomes/phagocytic vacuoles and the digestive
lysosomes.

The discovery of the lysosome along with
independent experiments that were carried out at
the same time and that have further strengthened
the notion that cellular proteins are indeed in a
constant state of synthesis and degradation (see, for
example, Simpson, 1953), led scientists to feel, for
the first time, that they have at hand an organelle that
can potentially mediate degradation of intracellular
proteins. The fact that the proteases were separated

from their substrates by a membrane provided an
explanation for controlled degradation, and the only
problem left to be explained was how the substrates
are translocated into the lysosomal lumen, exposed
to the activity of the lysosomal proteases and
degraded. Animportant discovery in this respect was
the unraveling of the basic mechanism of action of
the lysosome in autophagy (reviewed in Mortimore
& Poso, 1987). Under basal metabolic conditions,
portions of the cytoplasm, which contain the entire
cohort of cellular proteins, are segregated within a
membrane-bound compartment, and are then fused
to a primary nascent lysosome and their contents
digested. This process was called microautophagy.
Under more extreme conditions, starvation for
example, mitochondria, endoplasmic reticulum
membranes, glycogen bodies and other cytoplasmic
entities, can also be engulfed by a process called
macroautophagy (see, for example, Ashford &
Porter, 1962; the different modes of action of the
lysosome in digesting extra- and intracellular
proteins are shown in Fig. 2).

However, over a period of more than two
decades, between the mid-1950s and the late 1970s,
it has become gradually more and more difficult
to explain several aspects of intracellular protein
degradation based on the known mechanisms
of lysosomal activity: accumulating lines of
independent experimental evidence indicated that
the degradation of at least certain classes of cellular
proteins must be non-lysosomal. Yet, in the absence
of any ‘alternative’, researchers came with different
explanations, some more substantiated and others
less, to defend the ‘lysosomal’ hypothesis.

First was the gradual discovery that came
from different laboratories, that different proteins
vary in their stabilities, and their half-life times
can span three orders of magnitude, from a few
minutes to many days. Thus, the t , of ornitihine
decarboxylase (ODC) is ~10 min, while that of
glucose-6-phosphate dehydrogenase (G6PD) is 15
hours (for review articles, see, for example, Schimke
& Doyle, 1970; Goldberg & St. John, 1976). Also,
rates of degradation of many proteins were shown
to change with changing physiological conditions,
such as availability of nutrients or hormones. It was
conceptually difficult to reconcile the findings of
distinct and changing half lives of different proteins
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with the mechanism of action of the lysosome,
where the microautophagic vesicle contains the
entire cohort of cellular (cytosolic) proteins that
are therefore expected to degrade at the same rate.
Similarly, changing pathophysiological conditions,
such as starvation or re-supplementation of nutrients,
were expected to affect the stability of all cellular
proteins to the same extent. Clearly, this was not the
case.

Another source of concern about the lysosome
as the organelle in which intracellular proteins
are degraded were the findings that specific and
general inhibitors of lysosomal proteases have
different effects on different populations of proteins,
making it clear that distinct classes of proteins
are targeted by different proteolytic machineries.
Thus, the degradation of endocytosed/pinocytosed
extracellular proteins was significantly inhibited,
a partial effect was observed on the degradation
of long-lived cellular proteins, and almost no was
detected on the degradation of short-lived and
abnormal/mutated proteins.

Finally, the thermodynamically paradoxical
observation that the degradation of cellular proteins
requires metabolic energy, and more importantly, the
emerging evidence that the proteolytic machinery
uses the energy directly, were in contrast with the
known mode of action of lysosomal proteases that
under the appropriate acidic conditions, and similar
to all known proteases, degrade proteins in an
exergonic manner.

Theassumptionthatthedegradationofintracellular
proteins is mediated by the lysosome was nevertheless

logical. Proteolysis results from direct interaction
between the target substrates and proteases, and
therefore it was clear that active proteases cannot
be free in the cytosol which would have resulted in
destruction of the cell. Thus, it was recognized that
any suggested proteolytic machinery that mediates
degradation of intracellular protein degradation must
also be equipped with a mechanism that separates -
physically or virtually - between the proteases and
their substrates, and enables them to associate only
when needed. The lysosomal membrane provided
this fencing mechanism. Obviously, nobody could
have predicted that a new mode of post-translational
modification - ubiquitination - could function as a
proteolysis signal, and that untagged proteins will
remain protected. Thus, while the structure of the
lysosome could explain the separation necessary
between the proteases and their substrates, and
autophagy could explain the mechanism of entry of
cytosolic proteins into the lysosomal lumen, major
problems have remained unsolved. Important among
them were: (i) the varying half lives, (ii) the energy
requirement, and (iii) the distinct response of different
populations of proteins to lysosomal inhibitors.
Thus, according to one model, it was proposed
that different proteins have different sensitivities
to lysosomal proteases, and their half lives in vivo
correlate with their sensitivity to the action of
lysosomal proteases in vitro (Segal et al, 1974). To
explain an extremely long half-life of a protein that
was nevertheless sensitive to lysosomal proteases,
or alterations in the stability of a single protein
under various physiological states, it was suggested

Table 1. Resolution of the ATP-dependent proteolytic activity from crude reticulocyte extract into two essentially required
complementing activities (adapted from Ref. 38; with permission from Elsevier/Biochem. Biophys. Res. Commun.).

Fraction Degradation of [*H|globin (%)
-ATP +ATP

Lysate 1.5 10

Fraction I 0.0 0.0

Fraction 11 1.5 2.7

Fraction I and Fraction 11

1.6 10.6
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Fig. 1. The lysosome: Ultrathin cryosection of a rat PC12
cell that had been loaded for 1 hour with bovine serum
albumin (BSA)-gold (5 nm particles) and immunolabeled
for the lysosomal enzyme cathepsin B (10-nm particles)
and the lysosomal membrane protein LAMPI (15 nm
particles). Lysosomes are recognized also by their typical
dense content and multiple internal membranes. Bar, 100
nm. Courtesy of Viola Oorschot and Judith Klumperman,
Department of Cell Biology, University Medical Centre
Utrecht, The Netherlands.

that although all cellular proteins are engulfed into
the lysosome, only the short-lived proteins are
degraded, whereas the long-lived proteins exit back
into the cytosol: ‘7o account for differences in half-
life among cell components or of a single component
in various physiological states, it was necessary
to include in the model the possibility of an exit
of native components back to the extralysosomal
compartment’ (Haider & Segel, 1972). According
to a different model, selectivity was determined by
the binding affinity of the different proteins to the
lysosomal membrane which controls their entry
rates into the lysosome, and subsequently their
degradation rates (Dean, 1977). For a selected group
of proteins, such as the gluconeogenetic enzymes
phosphoenol-pyruvate carboxykinase (PEPCK) and
fructose-1,6-biphosphatase, it was suggested, though
not firmly substantiated, that their degradation
in the yeast vacuole was regulated by glucose
via a mechanism called ‘catabolite inactivation’
that possibly involves their phosphorylation.
However this regulated mechanism for vacuolar
degradation was limited only to a small and specific
group of proteins (see for example Muller et al,
1981; reviewed in Holzer, 1989). More recent
studies have shown that at least for stress-induced
macroautophagy, a general sequence of amino

Fig. 2. The four digestive processes mediated by the lysosome: (i) specific receptor-mediated endocytosis, (ii) pinocytosis
(non-specific engulfiment of cytosolic droplets containing extracellular fluid), (iii) phagocytosis (of extracellular particles),
and (iv) autophagy (micro- and macro-, of intracellular proteins and organelles)(with permission from Nature Publishing

Group. Published originally in Ref. 83).
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Free iodine

/

Fig. 3. APF-1/Ubiquitin is shifted to high molecular mass
compound(s) following incubation in ATP-containing
crude cell extract. '*I-labelled APF-1/ ubiquitin was
incubated with reticulocyte crude Fraction II in the
absence (open circles) or presence (closed circles) of ATP,
and the reaction mixtures were resolved via gel filtration
chromatography. Shown is the radioactivity measured
in each fraction. As can be seen, following addition of
ATP, APF-1/ubiquitin becomes covalently attached to
some component(s) in fraction II, which could be another
enzyme of the system or its substrate(s) (with permission
from Proceedings of the National Academy of the USA,
published originally in Ref. 39).

acids, KFFERQ, directs, via binding to a specific
‘receptor’ and along with cytosolic and lysosomal
chaperones, the regulated entry of many cytosolic
proteins into the lysosomal lumen. While further
corroboration of this hypothesis is still required, it
can only explain the mass entry of a large population
of proteins that contain a homologous sequence, but
not the targeting for degradation of a specific protein
under defined conditions (reviewed in Majeski &
Dice, 1998; Cuervo & Dice, 1998). The energy
requirement for protein degradation was described
as indirect, and necessary, for example, for protein

1234567
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Cont.
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Fig. 4. Multiple molecules of APF-1/Ubiquitin are
conjugated to the proteolytic substrate, probably
signalling it for degradation. To interpret the data
described in the experiment depicted in Figure 2 and to
test the hypothesis that APF-1 is conjugated to the target
proteolytic substrate, '*I-APF-1/ubiquitin was incubated
along with crude Fraction Il (Figure 3 and text) in the
absence (lane 1) or presence (lanes 2-5) of ATP and in the
absence (lanes 1, 2) or presence (lanes 3-5) of increasing
concentrations of unlabeled lysozyme. Reaction mixtures
resolved in lanes 6 and 7 were incubated in the absence
(lane 6) or presence (lane 7) of ATP, and included
unlabeled APF-1/ubiquitin and '*I-labeled lysozyme.
C1-C6 denote specific APF-1/ubiquitin-lysozyme adducts
in which the number of APF-1/ubiquitin moieties bound to
the lysozyme moiety of the adduct is increasing, probably
from 1 to 6. Reactions mixtures were resolved via sodium
dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-
PAGE) and visualized following exposure to an X-ray film
(autoradiography) (with permission from Proceedings of
the National Academy of the USA; published originally
in Ref. 40).

transport across the lysosomal membrane (Hayashi
et al, 1973) and/or for the activity of the H™ pump
and the maintenance of the low acidic intralysosomal
pH that is necessary for optimal activity of the
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Fig. 5. The ubiquitin-proteasome proteolytic system. Ubiquitin is activated by the ubiquitin-activating enzyme, E1 (1)
followed by its transfer to a ubiquitin-carrier protein (ubiquitin-conjugating enzyme, UBC), E2 (2). E2 transfers the
activated ubiquitin moieties to the protein substrate that is bound specifically to a unique ubiquitin ligase E3 (4 and B).
In the case of RING finger ligases, the transfer is direct (A3). Successive conjugation of ubiquitin moieties to one another
generates a polyubiquitin chain (A4) that serves as the binding (A5) signal for the downstream 26S proteasome that
degrades the target substrates to peptides (A6). In the case of HECT domain ligases, ubiquitin generates an additional
thiol-ester intermediate on the ligase (B3), and only then is transferred to the substrate (B4). Successive conjugation of
ubiquitin moieties to one another generates a polyubiquitin chain (B5) that binds to the 26S proteasome (B6) followed
by degradation of the substrate to peptides (B7). Free and reusable ubiquitin is released by de-ubiquitinating enzymes

(DUBs)(8).

proteases (Schneider, 1981). We now know that
both mechanisms require energy. In the absence of
any alternative, and with lysosomal degradation as
the most logical explanation for targeting all known
classes of proteins at the time, Christian de Duve
summarized his view on the subject in a review
article published in the mid-1960s, saying: ‘Just as
extracellular digestion is successfully carried out
by the concerted action of enzymes with limited
individual capacities, so, we believe, is intracellular
digestion’ (De Duve & Wattiaux, 1966). The problem
of different sensitivities of distinct protein groups
to lysosomal inhibitors has remained unsolved, and

may have served as an important trigger in future
quest for a non-lysosomal proteolytic system.
Progress in identifying the elusive, non-
lysosomal proteolytic system(s) was hampered
by the lack of a cell-free preparation that could
faithfully replicate the cellular proteolytic events
- i.e. degrading proteins in a specific and energy-
requiring mode. An important breakthrough was
made by Rabinovitz and Fisher who found that
rabbit reticulocytes degrade abnormal, amino acid
analogue-containing hemoglobin (Rabinovitz &
Fisher, 1964). Their experiments modeled known
disease states, the hemoglobinopathies. In these
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Fig. 6. The Proteasome. The proteasome is a large, 26S,
multicatalytic protease that degrades polyubiquitinated
proteins to small peptides. It is composed of two sub-
complexes: a 208 core particle (CP) that carries the
catalytic activity, and a regulatory 19S regulatory
particle (RP). The 20S CP is a barrel-shaped structure
composed of four stacked rings, two identical outer a
rings and two identical inner b rings. The eukaryotic a
and b rings are composed each of seven distinct subunits,
giving the 20§ complex the general structure of a, b, b,
a,, The catalytic sites are localized to some of the b
subunits. Each extremity of the 20S barrel can be capped
by a 195 RP each composed of 17 distinct subunits, 9 in
a “base” sub-complex, and 8 in a “lid” sub-complex.
One important function of the 19S RP is to recognize
ubiquitinated proteins and other potential substrates of
the proteasome. Several ubiquitin-binding subunits of
the 195 RP have been identified, however, their biological
roles mode of action have not been discerned. A second
function of the 19S RP is to open an orifice in the a ring
that will allow entry of the substrate into the proteolytic
chamber. Also, since a folded protein would not be able to
fit through the narrow proteasomal channel, it is assumed
that the 195 particle unfolds substrates and inserts them

into the 20S CP. Both the channel opening function and
the unfolding of the substrate require metabolic energy,
and indeed, the 198 RP “base” contains six different
ATPase subunits. Following degradation of the substrate,
short peptides derived from the substrate are released, as
well as reusable ubiquitin (with permission from Nature
Publishing Group. Published originally in Ref. 83). a.
Electron microscopy image of the 26S proteasome from
the yeast S. cerevisiae. b. Schematic representation of the
structure and function of the 26SA proteasome.

diseases abnormal mutated hemoglobin chains
(such as sickle cell hemoglobin) or excess of
unassembled normal hemoglobin chains (which
are synthesized normally, but also excessively in
thalassemias, diseases in which the pairing chain
is not synthesized at all or is mutated and rapidly
degraded, and consequently the bi-heterodimeric
hemoglobin complex is not assembled) are rapidly
degraded in the reticulocyte (Carrell & Lehmann,
1969; Huehns and Bellingham, 1969). Reticulocytes
are terminally differentiating red blood cells that do
not contain lysosomes. Therefore, it was postulated
that the degradation of hemoglobin in these cells was
mediated by a non-lysosomal machinery. Etlinger
and Goldberg (1977) were the first to isolate and
characterize a cell-free proteolytic preparation from
reticulocytes. The crude extract selectively degraded
abnormal hemoglobin, required ATP hydrolysis,
and acted optimally at a neutral pH, which further
corroborated the assumption that the proteolytic
activity was of a non-lysosomal origin. A similar
system was isolated and characterized later by
Hershko, Ciechanover, and their colleagues (1978).
Additional studies by this group led subsequently to
resolution, characterization, and purification of the
major enzymatic components from this extracts and
to the discovery of the ubiquitin signalling system
(see below).

THE LYSOSOME HYPOTHESIS IS
CHALLENGED:

As mentioned above, the unraveled mechanism(s)
of action of the lysosome could explain only partially
and at times not satisfactorily, several key emerging
characteristics of intracellular protein degradation.
Among them were the heterogeneous stability
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Fig. 7. Some of the different functions of modification by ubiquitin and ubiquitin-like proteins. A. Proteasomal-dependent
degradation of cellular proteins (see Figure 4). B. Mono or oligoubiquitination targets membrane proteins to degradation
in the lysosome/vacuole. C. Monoubiquitination, or D. a single modification by a ubiquitin-like (UBL) protein, SUMO
for example, can target proteins to different subcellular destinations such as nuclear foci or the nuclear pore complex
(NPC). Modification by UBLs can serve other, non-proteolytic, functions, such as protecting proteins from ubiquitination
or activation of E3 complexes. E. Generation of a Lys®-based polyubiquitin chain can activate transcriptional regulators,
directly or indirectly [via recruitment of other proteins (Protein Y; shown), or activation of upstream components such
as kinases]. Ub denotes ubiquitin, K denotes Lys, and S denotes Cys. (with permission from Nature Publishing Group.

Published originally in Ref. 83).

of individual proteins, the effect of nutrients and
hormones on their degradation, and the dependence
of intracellular proteolysis on metabolic energy.
The differential effect of selective inhibitors on the
degradation of different classes of cellular proteins
(see above but mostly below), could not be explained
at all.

The evolution of methods to monitor protein
kinetics in cells together with the development of
specific and general lysosomal inhibitors has resulted
in the identification of different classes of cellular
proteins, long- and short-lived, and the discovery
of the differential effects of the inhibitors on these

groups (see, for example, Knowles & Ballard,
1976; Neff et al, 1979). An elegant experiment in
this respect was carried out by Brian Poole and his
colleagues in the Rockefeller University. Poole was
studying the effect of lysosomotropic agents, weak
bases such as ammonium chloride and chloroquine,
which accumulate in the lysosome and dissipate its
low acidic pH. It was assumed that this mechanism
underlies also the anti-malarial activity of chloroquine
and similar drugs where they inhibit the activity of the
parasite’s lysosome, ‘paralyzing’ its ability to digest
the host’s hemoglobin during the intra-erythrocytic
stage of its life cycle. Poole and his colleagues
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Fig. 8. Aberrations in the ubiquitin-proteasome system and pathogenesis of human diseases. Normal degradation of
cellular proteins maintains them in a steady state level, though this level may change under various pathophysiological
conditions (upper and lower right side). When degradation is accelerated due an increase in the level of an E3 (Skp2
in the case of p27, for example), or overexpression of an ancillary protein that generates a complex with the protein
substrate and targets it for degradation (the Human Papillomavirus E6 oncoprotein that associates with p53 and targets
it for degradation by the E6-AP ligase, or the cytomegalovirus-encoded ER proteins US2 and USII that target MHC
class I molecules for ERAD), the steady state level of the protein decreases (upper left side). A mutation in a ubiquitin
ligase [such as occurs in Adenomatous Polyposis Coli - APC, or in E6-AP (Angelmans’ Syndrome)] or in the substrate’s
recognition motif (such as occurs in b-catenin or in ENaC) will result in decreased degradation and accumulation of the

target substrate.

metabolically labeled endogenous proteins in
living macrophages with *H-leucine and ‘fed’ them
with dead macrophages that had been previously
labeled with *C-leucine. They assumed, apparently
correctly, that the dead macrophages debris and
proteins will be phagocytosed by live macrophages
and targeted to the lysosome for degradation. They
monitored the effect of lysosomotropic agents on
the degradation of these two protein populations, In
particular, they studied the effect of the weak bases
chloroquine and ammonium chloride (which enter
the lysosome and neutralize the H"ions), and the acid
ionophore X537A which dissipates the H* gradient
across the lysosomal membrane. They found that

these drugs specifically inhibited the degradation of
extracellular proteins, but not that of intracellular
proteins (Poole et al, 1977). Poole summarized these
experiments and explicitly predicted the existence of
a non-lysosomal proteolytic system that degrades
intracellular proteins: ‘Some of the macrophages
labeled with tritium were permitted to endocytise the
dead macrophages labeled with "C. The cells were
then washed and replaced in fresh medium. In this
way we were able to measure in the same cells the
digestion of macrophage proteins from two sources.
The exogenous proteins will be broken down in the
lysosomes, while the endogenous proteins will be
broken down wherever it is that endogenous proteins
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are broken down during protein turnover’ (Poole et
al, 1978; the paragraph is copied verbatim; A.C. ).
The requirement for metabolic energy for the
degradation of both prokaryotic (Mandelstam,
1958) and eukaryotic (Simpson, 1953; Steinberg &
Vaughan, 1956) proteins was difficult to explain.
Proteolysis is an exergonic process and the
thermodynamically paradoxical energy requirement
for intracellular proteolysis made researchers
believe that energy cannot be consumed directly
by proteases or the proteolytic process per se, and
is used indirectly. As Simpson summarized his
findings (1953): ‘The data can also be interpreted
by postulating that the release of amino acids from
protein is itself directly dependent on energy supply.
A somewhat similar hypothesis, based on studies
on autolysis in tissue minces, has recently been
advanced, but the supporting data are very difficult
to interpret. However, the fact that protein hydrolysis
as catalyzed by the familiar proteases and peptidases
occurs exergonically, together with the consideration
that autolysis in excised organs or tissue minces
continues for weeks, long after phosphorylation or
oxidation ceased, renders improbable the hypothesis
of the direct energy dependence of the reactions
leading to protein breakdown’. Being cautious
however, and probably unsure about this unequivocal
conclusion, Simpson still left a narrow orifice opened
for a proteolytic process that requires energy in a
direct manner: ‘However, the results do not exclude
the existence of two (or more) mechanisms of
protein breakdown, one hydrolytic, the other energy-
requiring’. Since any proteolytic process must be at
one point or another hydrolytic, the statement that
makes a distinction between a hydrolytic process,
and an energy-requiring, yet non-hydrolytic one, is
not clear. Judging the statement from an historical
point of view and knowing the mechanism of action
of the ubiquitin system, where energy is required also
in the pre-hydrolytic step (ubiquitin conjugation),
Simpson may have thought of a two step mechanism,
but did not give it a clear description. At the end
of this clearly understandable, but at the same time
difficult and convoluted deliberation, Simpson
left us with a vague explanation linking protein
degradation to protein synthesis, a process that was
known to require metabolic energy: ‘The fact that a
supply of energy seems to be necessary for both the

incorporation and the release of amino acids from
protein might well mean that the two processes are
interrelated. Additional data suggestive of such a
view are available from other types of experiments.
Early investigations on nitrogen balance by Benedict,
Folin, Gamble, Smith, and others point to the fact
that the rate of protein catabolism varies with the
dietary protein level. Since the protein level of the
diet would be expected to exert a direct influence
on synthesis rather than breakdown, the altered
catabolic rate could well be caused by a change in
the rate of synthesis’ (Simpson, 1953). With the
discovery of lysosomes in eukaryotic cells it could
be argued that energy was required for the transport
of substrates into the lysosome or for maintenance
of the low intralysosomal pH for (see above), for
example. The observation by Hershko and Tomkins
that the activity of tyrosine aminotransferase (TAT)
was stabilized following depletion of ATP (Hershko
& Tomkins, 1971) indicated that energy could be
required at an early stage of the proteolytic process,
most probably before proteolysis occurs. Yet, it did
not provide a clue as for the mechanism involved:
energy could be used, for example, for specific
modification of TAT, e.g. phosphorylation, that
would sensitize it to degradation by the lysosome
or by a yet unknown proteolytic mechanism, or for
a modification that activates its putative protease.
It could also be used for a more general lysosomal
mechanism, one that involves transport of TAT into
the lysosome, for example. The energy inhibitors
inhibited almost completely degradation of the entire
population of cell proteins, confirming previous
studies (e.g. Simpson, 1953) and suggesting a
general role for energy in protein catabolism. Yet,
an interesting finding was that energy inhibitors
had an effect that was distinct from that of protein
synthesis inhibitors which affected only enhanced
degradation (induced by steroid hormone depletion),
but not basal degradation. This finding ruled out,
at least partially, a tight linkage between protein
synthesis and degradation. In bacteria, which
lack lysosomes, an argument involving energy
requirement for lysosomal degradation could not
have been proposed, but other indirect effects of
ATP hydrolysis could have affected proteolysis
in E. coli, such as phosphorylation of substrates
and/or proteolytic enzymes, or maintenance of
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the ‘energized membrane state’. According to
this model, proteins could become susceptible
to proteolysis by changing their conformation,
for example, following association with the cell
membrane that maintains a local, energy-dependent
gradient of a certain ion. While such an effect was
ruled out (Goldberg et al, 1976), and since there
was no evidence for a phosphorylation mechanism
(although the proteolytic machinery in prokaryotes
had not been identified at that time), it seemed that at
least in bacteria, energy was required directly for the
proteolytic process. In any event, the requirement
for metabolic energy for protein degradation in
both prokaryotes and eukaryotes, a process that is
exergonic thermodynamically, strongly indicated
that in cells proteolysis is highly regulated, and that
a similar principle/mechanism has been preserved
along evolution of the two kingdoms. Implying
from the possible direct requirement for ATP in
degradation of proteins in bacteria, it was not too
unlikely to assume a similar direct mechanism in
the degradation of cellular proteins in eukaryotes.
Supporting this notion was the description of the
cell-free proteolytic system in reticulocytes (Etlinger
& Goldberg, 1977; Hershko et al, 1978), a cell that
lacks lysosomes, which indicates that energy is
probably required directly for the proteolytic process,
although here too, the underlying mechanisms had
remained enigmatic at the time. Yet, the description
of the cell-free system paved the road for detailed
dissection of the underlying mechanisms involved.

THE UBIQUITIN-PROTEASOME SYSTEM

The cell-free proteolytic system from
reticulocytes (Etlinger & Goldberg, 1977; Hershko
et al, 1978) turned out to be an important and rich
source for the purification and characterization
of the enzymes that are involved in the ubiquitin-
proteasome system. Initial fractionation of the crude
reticulocyte cell extract on the anion-exchange resin
diethylaminoethyl cellulose yielded two fractions
which were both required to reconstitute the
energy-dependent proteolytic activity that is found
in the crude extract: The unadsorbed, flow through
material was denoted fraction I, and the high salt
eluate of the adsorbed proteins which was denoted
fraction II (Ciechanover et al, 1978) (Table 1). This

was an important observation and a lesson for the
future dissection of the system. For one it suggested
that the system was not composed of a single
‘classical’ protease that has evolved evolutionarily
to acquire energy dependence [although such
energy-dependent proteases, the mammalian 26S
proteasome (see below) and the prokaryotic Lon
gene product have been described later], but that it
was made of at least two components. This finding
of'a two component, energy-dependent protease, left
the researchers with no paradigm to follow, and in
attempts to explain the finding, they suggested, for
example, that the two fractions could represent an
inhibited protease and its activator. Second, learning
from this reconstitution experiment and the essential
dependence between the two active components,
we continued to reconstitute activity from resolved
fractions whenever we encountered a loss of activity
along further purification steps. This biochemical
‘complementation’approach resulted in the discovery
of additional enzymes of the system, all required to
be present in the reaction mixture in order to catalyze
the multi-step proteolysis of the target substrate.
We chose first to purify the active component from
fraction I. It was found to be a small, ~8.5 kDa heat
stable protein that was designated ATP-dependent
Proteolysis Factor 1, APF-1. APF-1 was later
identified as ubiquitin (see below; I am using the
term APF-1 to the point where it was identified as
ubiquitin and then change terminology accordingly).
In retrospect, the decision to start the purification
efforts with fraction I turned out to be important, as
fraction I contained only one single protein - APF-
1 - that was necessary to stimulate proteolysis of the
model substrate we used at the time, while fraction
II turned out to contain many more. Later studies
showed that fraction I contains other components
necessary for the degradation of other substrates,
but these were not necessary for the reconstitution of
the system at that time. This enabled us not only to
purify APF-1, but also to quickly decipher its mode
of action. If we would have started our purification
efforts with fraction II, we would have encountered
a significantly bumpier road. A critically important
finding that paved the way for future developments
in the field was that multiple moieties of APF-1
are covalently conjugated to the target substrate
when incubated in the presence of fraction II, and
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the modification requires ATP (Ciechanover et al,
1980a; Hershko et al, 1980) (Figures 3 and 4). It
was also found that the modification is reversible,
and APF-1 could be removed from the substrate or
its degradation products (Hershko et al, 1980).

The discovery that APF-1 was covalently
conjugated to protein substrates and stimulates their
proteolysis in the presence of ATP and crude fraction
I1, led in 1980 to the proposal of a model according
to which protein substrate modification by multiple
moieties of APF-1 targets it for degradation by a
downstream, at that time an yet unidentified, protease
that cannot recognize the unmodified substrate;
following degradation, reusable APF-1 was released
(Hershko et al, 1980). Amino-acid analysis of APF-
1, along with its known molecular mass and other
general characteristics raised the suspicion that APF-
1 was ubiquitin (Ciechanover et al, 1980b), a known
protein of previously unknown function. Indeed,
Wilkinson and colleagues confirmed unequivocally
that APF-1 was indeed ubiquitin (Wilkinson et al,
1980). Ubiquitin had been first described as a small,
heat-stable and highly evolutionarily conserved
protein of 76 residues. It was first purified during the
isolation of thymopoietin (Goldstein, 1974) and was
subsequently found to be ubiquitously expressed in
all kingdoms of living cells, including prokaryotes
(Goldstein et al, 1975). Interestingly, it was
initially found to have lymphocyte-differentiating
properties, a characteristic that was attributed to
the stimulation of adenylate cyclase (Goldstein et
al, 1975; Schlessinger et al, 1975). Accordingly,
it was named UBIP for ubiquitous immunopoietic
polypeptide (Goldstein et al, 1975). However, later
studies showed that ubiquitin was not involved in the
immune response (Low & Golstein, 1979), and that
it was a contaminating endotoxin in the preparation
that generated the adenylate cyclase and the T-cell
differentiating activities. Furthermore, the sequence
of several eubacteria and archaebacteria genomes
as well as biochemical analyses in these organisms
(unpublished) showed that ubiquitin was restricted
only to eukaryotes. The finding of ubiquitin in
bacteria (Goldstein et al, 1975) was probably due
to contamination of the bacterial extract with yeast
ubiquitin derived from the yeast extract in which
the bacteria were grown. While in retrospect the
name ubiquitin is a misnomer, as it is restricted to

eukaryotes and is not ubiquitous as was previously
thought, it has remained the name of the protein.
The reason is probably because it was the name that
was first assigned to the protein, and scientists and
nomenclature committees tend, in general, to respect
this tradition. Accordingly, and in order to avoid
confusion, I suggest that the names of other novel
enzymes and components of the ubiquitin system,
but also of other systems as well, should remain as
were first coined by their discoverers.

An important development in the ubiquitin
research field was the discovery that a single ubiquitin
moiety can be covalently conjugated to histones,
particularly to histones H2A and H2B. While the
function of these adducts has remained elusive until
recently, their structure was unraveled in the mid
1970s. The structure of the ubiquitin conjugate
of H2A (uH2A; was also designated protein A24)
was deciphered by Goldknopf and Busch (1975;
1977) and by Hunt and Dayhoff (1977) who found
that the two proteins are linked through a fork-like,
branched isopeptide bond between the carboxy-
terminal glycine of ubiquitin (Gly™) and the &-NH,
group of an internal lysine (Lys'") of the histone
molecule. The isopeptide bond found in the histone-
ubiquitin adduct was suggested to be identical
to the bond that was found between ubiquitin and
the target proteolytic substrate (Hershko et al,
1981), and between the ubiquitin moieties in the
polyubiquitin chain (Hershko & Heller, 1985; Chau
et al, 1989) that was synthesized on the substrate
and that functions as a proteolysis recognition
signal for the downstream 26S proteasome. In
this particular polyubiquitin chain the linkage is
between Gly’® of one ubiquitin moiety and internal
Lys*® of the previously conjugated moiety. Only
Lys*-based ubiquitin chains are recognized by the
26S proteasome and serve as proteolytic signals. In
recent years it has been shown that the first ubiquitin
moiety can also be attached in a linear mode to the
N-terminal residue of the proteolytic target substrate
(Ciechanover & Ben-Saadon, 2004). However, the
subsequent ubiquitin moieties are generating Lys*-
based polyubiquitin chain on the first linearly fused
moiety. N-terminal ubiquitination is clearly required
for targeting naturally occurring lysine-less proteins
for degradation. Yet, several lysine-containing
proteins have also been described that traverse this
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pathway, the muscle-specific transcription factor
MyoD for example. In these proteins the internal
lysine residues are probably not accessible to
the cognate ligases. Other types of polyubiquitin
chains have also been described that are not
involved in targeting the conjugated substrates for
proteolysis. Thus, a Lys®-based polyubiquitin chain
has been described that is probably necessary to
activate transcription factors (reviewed recently in
Muratani & Tansey, 2003). Interestingly, the role
of monoubiquitination of histones has also been
identified recently, and this modification is also
involved in regulation of transcription, probably
via modulation of the structure of the nucleosomes
(for recent reviews, see, for example, Zhang, 2003;
Osley, 2004).

The identification of APF-1 as ubiquitin, and the
discovery that a high-energy isopeptide bond, similar
to the one that links ubiquitin to histone H2A, links
it also to the target proteolytic substrate, resolved
at that time the enigma of the energy requirement
for intracellular proteolysis (see however below)
and paved the road to the untangling of the complex
mechanism of isopeptide bond formation. This
process turned out to be similar to that of peptide
bond formation that is catalyzed by tRNA synthetase
following amino acid activation during protein
synthesis or during the non-ribosomal synthesis of
short peptides (Lipman, 1971). Using the unraveled
mechanism of ubiquitin activation and immobilized
ubiquitin as a ‘covalent’ affinity bait, the three
enzymes that are involved in the cascade reaction of
ubiquitin conjugation were purified by Ciechanover,
Hershko, and their colleagues. These enzymes are:
(i) E1, the ubiquitin-activating enzyme, (ii) E2, the
ubiquitin-carrier protein, and (iii) E3, the ubiquitin-
protein ligase (Ciechanover et al, 1982; Hershko et al,
1983). The discovery of an E3 which was a specific
substrate-binding component, indicated a possible
solution to the problem of the varying stabilities
of different proteins — they might be specifically
recognized and targeted by different ligases.

In a short period, the ubiquitin tagging hypothesis
received substantial support. For example, Chin
and colleagues injected into HelLa cells labeled
ubiquitin and hemoglobin and denatured the injected
hemoglobin by oxidizing it with phenylhydrazine.
They found that ubiquitin conjugation to globin

was markedly enhanced by denaturation of
hemoglobin and the concentration of globin-
ubiquitin conjugates was proportional to the rate of
hemoglobin degradation (Chin et al, 1980). Hershko
and colleagues (1982) observed a similar correlation
for abnormal, amino acid analogue-containing short-
lived proteins. A previously isolated cell cycle arrest
mutant that loses the ubiquitin-histone H2A adduct at
the permissive temperature (Matsumoto et al, 1983),
was found by Finley, Ciechanover and Varshavsky
to harbor a thermolabile E1 (1984). Following heat
inactivation, the cells fail to degrade normal short-
lived proteins (Ciechanover et al, 1984). Although
the cells did not provide direct evidence for substrate
ubiquitination as a destruction signal, they still
provided the strongest direct linkage between
ubiquitin conjugation and degradation.

At this point, the only missing link was the
identification of the downstream protease that would
specifically recognize ubiquitinated substrates.
Tanaka and colleagues identified a second ATP-
requiring step in the reticulocyte proteolytic system,
which occurred after ubiquitin conjugation (Tanaka
et al, 1983), and Hershko and colleagues (1984)
demonstrated that the energy was required for
conjugate degradation. An important advance in the
field was a discovery by Hough and colleagues, who
partially purified and characterized a high-molecular
mass alkaline protease that degraded ubiquitin
adducts of lysozyme but not untagged lysozyme, in
an ATP-dependent mode (Hough et al, 1986). This
protease which was later called the 26S proteasome
(see below), provided all the necessary criteria for
being the specific proteolytic arm of the ubiquitin
system. This finding was confirmed, and the
protease was further characterized by Waxman and
colleagues who found that it was an unusually large,
~1.5MDa enzyme, unlike any other known protease
(Waxman et al, 1987). A further advance in the field
was the discovery (Hough et al, 1987) that a smaller
neutral multi-subunit 20S protease complex that was
discovered together with the larger 26S complex,
was similar to a “multicatalytic proteinase complex”
(MCP) that had been described earlier in bovine
pituitary gland by Wilk and Orlowski (1980). This
20S protease was ATP-independent and has different
catalytic activities, cleaving on the carboxy-terminal
side of hydrophobic, basic and acidic residues.
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Hough and colleagues raised the possibility -
although they did not show it experimentally - that
this 20S protease could be a part of the larger 26S
protease that degrades the ubiquitin adducts (Hough
et al, 1987). Later studies showed that indeed, the
20S complex is the core catalytic particle of the
larger 26S complex (Eytan et al, 1989; Driscoll &
Goldberg, 1990). However, a strong evidence that
the active ‘mushroom’-shaped 26S protease was
generated through the assembly of two distinct sub-
complexes - the catalytic 20S cylinder-like MCP and
an additional 19S ball-shaped sub-complex (that was
predicted to have a regulatory role) - was provided
only in the early 1990s by Hoffman and colleagues
(1992) who mixed the two purified particles and
generated the active 26S enzyme.

The proteasome is a large, 26S, multicatalytic
protease that degrades polyubiquitinated proteins to
small peptides. Itis composed of two sub-complexes:
a 20S core particle (CP) that carries the catalytic
activity, and aregulatory 19S regulatory particle (RP).
The 20S CP is a barrel-shaped structure composed of
four stacked rings, two identical outer o rings and
two identical inner  rings. The eukaryotic o and 3
rings are composed each of seven distinct subunits,
giving the 20S complex the general structure of
a,.B,.B,a . The catalytic sites are localized to
some of the B subunits. Each extremity of the 20S
barrel can be capped by a 19S RP each composed
of seventeen distinct subunits, nine in a “base” sub-
complex, and eight in a “lid” sub-complex. One
important function of the 19S RP is to recognize
ubiquitinated proteins and other potential substrates
of the proteasome. Several ubiquitin-binding
subunits of the 19S RP have been identified, although
their biological roles and mode of action have not
been discerned. A second function of the 19S RP is
to open an orifice in the a ring that will allow entry
of the substrate into the proteolytic chamber. Also,
since a folded protein would not be able to fit through
the narrow proteasomal channel, it was assumed that
the 19S particle unfolds substrates and inserts them
into the 20S CP. Both the channel opening function
and the unfolding of the substrate require metabolic
energy, and indeed, the 19S RP “base” contains six
different ATPase subunits. Following degradation
of the substrate, short peptides derived from the
substrate are released, as well as reusable ubiquitin

(for a scheme describing the ubiquitin system, see
Figure 5; for the structure of the 26S proteasome,
see Figure 6).

CONCLUDING REMARKS

The evolution of proteolysis as a centrally
important regulatory mechanism has served as a
remarkable example for the evolution of a novel
biological concept and the accompanying battles
to change paradigms. The five decades journey
between the early 1940s and early 1990s began
with fierce discussions on whether cellular proteins
are static as has been thought for a long time, or are
turning over. The discovery of the dynamic state
of proteins was followed by the discovery of the
lysosome that was believed - between the mid-1950s
and mid-1970s - to be the organelle within which
intracellular proteins are destroyed. Independent
lines of experimental evidence gradually eroded
the lysosomal hypothesis and resulted in a new
idea that the regulated degradation of intracellular
proteins under basal metabolic conditions via a
non-lysosomal machinery. This resulted in the
discovery of the ubiquitin system in the late 1970s
and early 1980s. Interestingly, modifications of
different target substrates by ubiquitin and ubiquitin-
like proteins are now known to be involved in
all aspects of lysosomal degradation, such as in
the generation of the autophagic vacuoles, and
in the routing of cargo-carrying vesicles to the
lysosome (see below). Modifications by ubiquitin
and ubiquitin-like proteins are now viewed, much
like phosphorylation, as a mechanism to generate
recognition elements in trans on target proteins
to which downstream effectors bind. In one case,
generation of Lys*-based polyubiquitin chains, the
binding effector is the 26S proteasome that degrades
the ubiquitin-tagged protein. In many other cases,
different modifications serve numerous proteolytic
(lysosomal) and non-proteolytic functions, such as
routing of proteins to their subcellular destinations.
We were fortunate at the beginning of our studies to
have in mind a clear distinction between lysosomal
and non-lysosomal proteolytic systems not knowing
what we know nowadays that the two processes are
linked to one another and are mediated via similar
modifications. Had we known that, our route would
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have been much more complicated.
Withtheidentification ofthereactionsand enzymes
that are involved in the ubiquitin-proteasome cascade,
a new era in the protein degradation field began at
the late 1980s and early 1990s. Studies that showed
that the system was involved in targeting of key
regulatory proteins - such as light-regulated proteins
in plants, transcriptional factors, cell cycle regulators
and tumor suppressors and promoters - started to
emerge (see for example Refs. Shanklin et al, 1987;
Hochstrasser & Varshavsky, 1990; Scheffner et al,
1990; Glotzer et al, 1991; Ciechanover et al, 1991).
They were followed by numerous studies on the
underlying mechanisms involved in the degradation
of specific proteins, each with its own unique mode
of recognition and regulation. The unraveling of the
human genome revealed the existence of hundreds
of distinct E3s, attesting to the complexity and the
high specificity and selectivity of the system. Two
important advances in the field were the discovery
of the non-proteolytic functions of ubiquitin such
as activation of transcription and routing of proteins
to the vacuole, and the discovery of modification
by ubiquitin-like proteins (UBLs), that are also
involved in numerous non-proteolytic functions
such as directing proteins to their sub-cellular
destination, protecting proteins from ubiquitination,
or controlling entire processes such as autophagy
(see for example Mizushima et al, 1998)(for the
different roles of modifications by ubiquitin and
UBLs, see Figure 7). All these studies have led to the
emerging realization that this novel mode of covalent
conjugation plays a key role in regulating a broad
array of cellular process — among them cell cycle and
division, growth and differentiation, activation and
silencing of transcription, apoptosis, the immune and
inflammatory response, signal transduction, receptor
mediated endocytosis, various metabolic pathways,
and the cell quality control - through proteolytic and
non-proteolytic mechanisms. The discovery that
ubiquitin modification plays a role in routing proteins
to the lysosome/vacuole and that modification by
specific and unique ubiquitin-like proteins and
modification system controls autophagy closed an
exciting historical cycle, since it demonstrated that
the two apparently distinct systems communicate
with one another. With the many processes and
substrates targeted by the ubiquitin pathway, it

has not been surprising to find that aberrations
in the system underlie, directly or indirectly, the
pathogenesis of many diseases. While inactivation
of a major enzyme such as E1 was obviously lethal,
mutations in enzymes or in recognition motifs in
substrates that do not affect vital pathways or that
affect the involved process only partially, may result
in a broad array of phenotypes. Likewise, acquired
changes in the activity of the system can also evolve
into certain pathologies. The pathological states
associated with the ubiquitin system can be classified
into two groups: (a) those that result from loss of
function - mutation in a ubiquitin system enzyme or
in the recognition motif in the target substrate that
result in stabilization of certain proteins, and (b)
those that result from gain of function - abnormal
or accelerated degradation of the protein target (for
aberrations in the ubiquitin system that result in
disease states, see Figure 8). Studies that employ
targeted inactivation of genes coding for specific
ubiquitin system enzymes and substrates in animals
can provide a more systematic view into the broad
spectrum of pathologies that may result from
aberrations in ubiquitin-mediated proteolysis. Better
understanding of the processes and identification of
the components involved in the degradation of key
regulatory proteins will lead to the development of
mechanism-based drugs that will target specifically
only the involved proteins. While the first drug,
a specific proteasome inhibitor is already on the
market (Adams, 2003), it appears that one important
hallmark of the new era we are entering now will
be the discovery of novel drugs based on targeting
of specific processes such as inhibiting aberrant
Mdm2- or E6-AP-mediated accelerated targeting of
the tumor suppressor p53 which will lead to regain
of'its lost function.

Many reviews have been published on different
aspects of the ubiquitin system. The purpose of this
article was to bring to the reader several milestones
along the historical pathway along which the
ubiquitin system has been evolved. For additional
reading on the ubiquitin system, the reader is
referred to numerous review articles written on the
subject (for some older reviews, see for example
Glickman & Ciechanover, 2002; Pickart & Cohen,
2004). Some parts of this review, including several
Figures, are based on another published review
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article (Ciechanover, 2005).
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LONG-TERM POTENTIATION IN ANIMAL MODELS OF ALZHEIMER’S DISEASE
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The discovery of long-term potentiation (LTP) of hippocampal synaptic transmission, which
represents the principal experimental model for the synaptic changes underlying learning and memory,
has stimulated over the past years substantial progress in the understanding of pathogenic mechanisms
underlying neurodegenerative disorders, such as Alzheimer’s disease (AD). Indeed, several lines of
evidence point to synaptic dysfunction not only as a core feature but also a leading cause of AD. Following
intensive investigations into LTP in AD models, a variety of compounds have been found to rescue LTP
impairment via numerous mechanisms. However, very few of these discoveries have been successfully
translated into disease-modifying compounds in humans. This review recapitulates the main molecular
mechanisms underlying LTP, the synaptic alterations across the different AD models and the disease-

modifying strategies targeting amyloid p-protein (Ap) successfully tested in experimental AD.

Before and during the 1960°s there were ongoing
efforts to explain how information was encoded
in the brain. Such work was driven by the desire
to explain the biological basis of cognition and to
answer such intriguing questions as to the cellular
basis of learning and memory. A major breakthrough
came with the identification in Oslo of a process in
the hippocampus whereby synaptic transmission was
enhanced for long periods of time following brief
periods of high frequency stimulation to the perforant
path input into the dentate gyrus of the hippocampal
formation (Lemo, 1966). This phenomenon, which
is now called long-term potentiation (LTP), was
originally described in two classic papers published
in the Journal of Physiology (Bliss and Lemo,
1973; Bliss and Gardner-Medwin, 1973). Almost
10,000 papers have been written about LTP since
its discovery in 1973. It is now widely accepted that
LTP represents a fundamental cellular phenomenon
underlying normal learning and memory (Bliss and
Collingridge, 2003).

In the present review, I will describe (i) the
main molecular mechanisms underlying LTP,
(i) how synaptic dysfunction contributes to
neurodegenerative diseases, using Alzheimer’s
disease (AD) as a model, (iii) how LTP may serve
as a tool to test the efficacy of novel compounds
with disease-modifying potential. This paper will
not address the full repertoire of long-term synaptic
plasticity mechanisms and its pharmacological
modulation; for a fuller account the reader is referred
to recent work (Collingridge et al, 2010 and Nistico
et al, 2012).

MOLECULAR MECHANISMS
UNDERLYING LTP

LTP has been mainly described in the Schaffer
collateral-commissural pathway that provides a
monosynaptic excitatory connection between CA3
and CAl pyramidal neurons. LTP is triggered
by physiological patterns of activity. Although
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experimentally it is commonly induced by a period
of high frequency stimulation referred to as a tetanus
(e.g., 100 stimuli delivered at 100 Hz) it can be
induced by very few appropriately timed stimuli
(such as a single stimulus followed 200 ms later by
2-4 stimuli at 100 Hz). Such patterns of activity fall
well within the physiological firing range.

In the early 80’s Graham Collingridge was a
postdoctoral fellow in Hugh McLennan’s laboratory
in Vancouver. Using recently developed glutamate
receptor antagonists they observed that low
frequency synaptic transmission was mediated by
the activation of a class of non-NMDA receptors
(now known to be AMPA receptors) and that the
induction of LTP required the activation of NMDA
receptors (Collingridge et al, 1983). Specifically,
the NMDA receptor antagonist AP5, which had been
developed by Jeff Watkins (Davies et al, 1981), was
able to block the induction of LTP without affecting
baseline transmission. Thus they had identified
NMDA receptors as a trigger for the induction of
synaptic plasticity.

However, not all forms of LTP are dependent on
the activation of NMDARs. For example, it was
observed that LTP at the monosynaptic connection
between dentate gyrus granule cells and CA3
neurons, the mossy fibre pathway, was insensitive
to NMDA receptor antagonists (Harris and Cotman,
1986). Thus, LTP is now classified according
to whether it is dependent or independent on the
synaptic activation of NMDA receptors.

Considering that LTP involves molecular
mechanisms that are involved in cognitive processing
this finding led to hypothesize that NMDA receptor
antagonists should impair learning. Accordingly,
this was clearly demonstrated by Richard Morris
and colleagues (Morris et al, 1986) who infused AP5
into the brains of rats and observed impairment in
the learning of a spatial memory task.

Several groups focused on trying to understand
how the synaptic activation of NMDA receptors
triggered the induction of LTP. Soon it was
established that the unusual properties of the NMDA
receptor voltage-dependent block by Mg?* and Ca?*
permeability - were the key. Another key discovery
was the finding that induction of LTP was prevented
by the postsynaptic infusion of a Ca?* chelator into
CAIl neurons (Lynch et al, 1983). This clearly

established the locus of induction of LTP at these
synapses as postsynaptic. After Ca?* enters the
neuron, following the activation of NMDA receptors,
it activates a complex biochemical cascade. The
first such members of this cascade to be indicated
were calmodulin (Finn et al, 1980), protein kinase
C (Lovinger et al, 1987) and CaMKII (Malinow
et al, 1989). In addition to the first Ca®* sensitive
proteins to be identified in LTP, there was also the
first indication that Ca?*-induced Ca*" release might
in someway be involved in the process (Obenaus et
al, 1989).

The apparently simple question of whether the
increase in synaptic strength during LTP is due
primarily to some postsynaptic modification in
AMPARS or some presynaptic change in transmitter
release generated a debate that lasted for many years.
It is now accepted that a fundamental mechanism for
the expression of LTP involves increasing the number
of AMPARs in the plasma membrane via activity-
dependent changes in AMPAR trafficking (Bredt
and Nicoll, 2003; Malenka and Nicoll, 1999) or via
their direct phosphorylation (Benke et al, 1998; Lee
et al, 2003). Present understanding of the molecular
mechanisms that control the activity-dependent
regulation of AMPAR trafficking to synapses has
been reviewed extensively elsewhere (Bredt and
Nicoll, 2003; Malinow and Malenka, 2002).

NEUROTRANSMITTERS INVOLVED IN LTP

Beyond glutamate, several otherneurotransmitters
can influence LTP in the hippocampus. Among
these, dopamine (DA) certainly plays a central role
(Frey et al, 1990). The modulation of hippocampal
CA1 synaptic plasticity through activation of
dopaminergic receptors is somehow surprising,
given that the levels of dopamine in this area are
relatively low compared to the other monoamine
neurotransmitters (Lindvall and Bjorklund, 1978).
Nevertheless, despite its low concentration in the
hippocampus, the modulation of hippocampal
synaptic plasticity by DA remains an intriguing
phenomenon that has yet to be fully elucidated.

Beside DA, also the other catecholamine
noradrenaline (NA) influences both synaptic
plasticity and memory. In fact, the hippocampus
receives significant noradrenergic input, and
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endogenous release of NA triggers some forms
of hippocampal synaptic plasticity (Frey et al,
2004; Walling and Harley, 2004). Activation of al-
adrenergic receptors mediates diverse responses
in area CAl. al-adrenergic agonists facilitate LTP
induction and maintenance when paired with weak
electrical tetanus (Izumi and Zorumski, 1999;
Pussinen and Sirvid, 1998). Moreover, NA application
prevents depotentiation of LTP by low-frequency
stimulation (LFS) and this effect is mediated via al
and [} adrenergic receptors (Katsuki et al, 1997).
The data on the influence of serotonin on LTP is
quite complex, possibly depending on the receptor
subtype involved. Stimulation of either 5-HT,,
or 5-HT, receptors via specific agonists leads to
enhancement of LTP in the hippocampus (Wang
and Arvanov, 1998; Barnes and Sharp, 1999). On
the other hand, agonists of the 5-HT,, receptors
have been described to specifically impair long-term
depression (LTD) (Normann et al, 2000). Moreover,
fluvoxamine, a selective serotonin reuptake inhibitor,
inhibits LTP in area CAl, an effect that has been
ascribed to 5-HT, , receptors desensitization (Kojima
et al, 2003). In addition, 5-HT, antagonists facilitate
LTP, which suggests that 5-HT, receptors may inhibit
LTP induction (Staubli and Xu, 1995). Notably,
complete abolishment of 5-HT innervation in the
hippocampus increases LTP in vivo (Ohashi et al,
2003), suggesting that overall serotonin exerts an
inhibitory role on LTP. However, it cannot be ruled
out that this effect is secondary to other changes.
Acetylcholine (ACh) has been extensively
implicated in synaptic plasticity and learning and
memory related to cognitive processes (Bartus et al,
1982; Buresova et al, 1964). Indeed, LTP is typically
impaired following disruption of cholinergic
transmission in mouse models of AD. Numerous
studies have now shown that activation of nicotinic
acetylcholine receptors (nAChRs) facilitates the
induction of LTP in vitro. In particular, facilitation
is observed in acute brain slices from naive animals,
in animals chronically treated with nicotine, and
also in slices from aged animals in which LTP is
reduced (Hamid et al, 1997; Fujii et al, 1999; Fujii
and Sumikawa, 2001; Ji et al, 2001; Ge and Dani,
2005). In contrast to in vitro models, where nicotine
converts short-term potentiation (STP) to LTP, in the
intact anesthetized animal very high doses of nicotine

are sufficient to induce LTP even in the absence of a
conditioning train (Matsuyama et al, 2000). Besides
nAChRs, the action of ACh on learning and memory is
also mediated by muscarinic acetylcholine receptors
(mAChRs) (Blokland, 1996). Application of mAChR
agonists to hippocampal slices produces network
oscillations (Huerta and Lisman, 1993; Fisahn et
al, 1998, 2002), which modulate the induction of
hippocampal LTP (Williams and Johnston, 1988;
Huerta and Lisman, 1993; Shimoshige et al., 1997),
mainly through activation of M1 receptors (Shinoe
et al, 2005).

The ability of GABA inhibition to regulate the
induction of LTP and to limit the synaptic activation
of NMDA receptors has been firmly established. It
was shown that GABA acts on autoreceptors to reduce
GABA release during high frequency transmission
(Davies et al, 1990). This autoreceptor was a
G-protein coupled GABA  receptor and its inhibition
led to a facilitation of postsynaptic GABA , receptor-
mediated inhibition. The time-course of the GABA
auto-inhibition is such that it becomes particularly
effective during theta patterns of activation. Indeed,
GABA antagonists can prevent the induction of LTP
when theta patterns of stimulation are used (Davies
et al, 1991). It is, however, unclear whether long-
term changes in GABAergic inhibition occur after
a tetanic stimulation, and if so, how such a change
may affect LTP.

Accumulating evidence has suggested that glycine
is abundantly expressed in the hippocampus where
it plays an important role in regulating excitability
and synaptic plasticity. Accordingly, application
of glycine potentiates NMDAR-mediated currents
through its high-affinity binding with NMDARs
and facilitates LTP at CA1 hippocampal synapses
(Johnson and Ascher, 1987; Wilcox et al, 1996).
These effects are likely mediated via NMDARs,
since endogenous glycine has a substantially higher
affinity for NMDARSs rather than glycine receptors
(GlyRs) (Chattipakorn and McMahon, 2002). When
excessive glycine is accumulated in the synaptic
cleft, it could spill over to extrasynaptic sites, hence
activating GlyRs to produce an inhibitory response.
Accordingly, high concentrations of a specific
inhibitor of glycine transporter type 1 (GlyT1)
reduce NMDAR-mediated currents with no increase
in LTP magnitude (Martina et al, 2004). In addition,
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high levels of glycine induced chemical LTD of
EPSCs in CA1 pyramidal neurons (Chen et al, 2011).
Overall, these results suggest that the synaptic levels
of glycine finely regulate excitability of neurons,
dictating the direction of synaptic plasticity.

Opiate drugs alter cognitive performance and
affect hippocampal excitability, including LTP and
seizure activity. The dentate gyrus (DG) contains both
enkephalins and dynorphins, which have opposing
effects on excitability and synaptic plasticity
(reviewed in Drake et al, 2007). Enkephalins
preferentially bind to delta- and mu-opioid receptors
to increase excitability and facilitate LTP through
the suppression of GABAergic inputs to the granule
cell (Xie and Lewis, 1990; Bramham et al, 1991).
On the other hand, dynorphins preferentially bind
to kappa-opioid receptors to block the induction of
LTP (Wagner et al, 1993). Functionally, dynorphins
released by high-frequency stimulation act as
retrograde transmitters, providing negative feedback
to the presynaptic terminal (Wagner et al, 1993).
Notably, exogenous opioids are capable of inhibiting
hippocampus-dependent learning and memory in
rodents (Decker and McGaugh, 1991).

Cannabinoid agonists generally have a disruptive
effect on synaptic plasticity and hippocampus-
dependent learning and memory (Akirav, 2011). CB1
receptors regulate both inhibitory and excitatory
neurotransmitter release in the hippocampus, thus
exerting a fine control over synaptic plasticity
events. Stimulation of CBI1 receptors reduces
glutamate release below the level required to activate
N-Methyl-d-aspartate (NMDA) receptors, in turn
blocking the induction of either LTP or LTD in the
hippocampal slice preparation (Shen et al, 1996;
Misner and Sullivan, 1999). On the other hand, CB1
blockade favors LTP in the hippocampus (Slanina et
al., 2005) and mice lacking CB1 receptors display
enhanced LTP (Bohme et al., 2000).

THE SYNAPTIC BASIS OF ALZHEIMER’S
DISEASE

Synaptic plasticity has certainly contributed
to our understanding of various diseases that
affect cognition. This is typified by work on AD.
Identification of genetic mutations linked to familial
AD led to the generation of several transgenic animal

models. Most of these express human amyloid
precursor protein (APP) and presenilin (PS1, PS2)
mutations. Such models allowed the investigation
of the role of age-related factors such as plaque
deposition and functional deficits and provided an
excellent opportunity to design novel therapies for
the treatment and/or prevention of AD. Since loss
of memory is one of the major hallmarks of the
disorder, the phenotypic characterization of these
animals has classically included electrophysiological
studies to analyze synaptic transmission and LTP in
the hippocampus.

Interestingly, most currently studied models
show cognitive deficits and age-related disruption
of synaptic markers and amyloid plaque deposition,
but few strains show evidence of significant cell
death (Janus et al, 2000; Chapman et al, 2001). Most
studies have reported, principally, either inhibition
of LTP or reduction in baseline fast excitatory
transmission (Fitzjohn et al, 2001) prior to plaque
deposition. However, several discrepancies emerged
so far, potentially due to differences in the models
and the experimental conditions used (Marchetti and
Marie, 2011). Importantly, however, recent work has
shown that the plasticity phenotype can be strongly
influenced by the cognitive history of the animal
(Middei et al, 2010). Thus, whilst LTP is normal
at naive synapses it is severely impaired following
training of a spatial task.

Although transgenic animals offered many
advantages, it was still not possible to clearly unravel
the role of APP per se or the different soluble and
fibrillar AB species. The direct exogenous application
of AP provided an alternative approach. Generally,
LTP was impaired when synthetic Ap was applied
in vitro (Lambert et al, 1998) and in vivo (Cullen et
al, 1997).

Good evidence that disruption of LTP is caused by
AP oligomers was provided when naturally secreted
soluble oligomers of human AP were injected
intraventricularly into rats (Walsh et al, 2002). These
studies contributed to elucidate the cellular and
molecular mechanisms of A action.

RESCUE OF AB-MEDIATED SYNAPTIC
DYSFUNCTION

Understanding precisely how AP accumulation
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and assembly compromise synaptic structure and
function has become the focus of therapeutically
oriented research on AD during this decade. In this
frame, electrophysiological studies provided a useful
tool to test novel therapeutic strategies.

Currently, the amyloid cascade hypothesis is
the most important theory of AD postulating that
accumulation of AP into plaques is the causative
pathological event (Hardy and Allsop, 1991). Based
on this hypothesis, interventions that reduce A load
in the brain would be likely to attenuate both the
neuropathological changes and functional deficits
characterizing AD. Indeed, several different AB-
lowering strategies have been developed over the
past years.

Among these, AP fibrillogenesis represents a
major target for the therapeutic intervention in AD
and related human B-amyloidoses (Findeis, 2002).
Certain small-molecule inhibitors of synthetic Ap
fibrillogenesis (RS-0406 and RS-0466) inhibit
formation of cell-derived, secreted oligomers of
AP, and prevent the impairment of LTP induced
by AP (Nakagami et al, 2002a,b). Importantly, this
protective effect was achieved only under conditions
in which they prevented new oligomer formation
(Walsh et al, 2005). In fact, in order to be effective,
inhibitors of fibrillogenesis need to be used at the
initial stages of oligomerization thus avoiding a
paradoxical enhanced neurotoxicity which may
derive from active pre-fibrillar assemblies such
as low-n oligomers released following inhibition
of fibril formation. For these reasons, a promising
strategy consisted in preventing the formation of Af
by enhancing a-secretase activity or inhibiting either
B-secretase or y-secretase activity.

The first attempt to test the potential effects
of targeting y-secretase was conducted by Walsh
et al (2002). In an intriguing study, these authors
showed that the cell-penetrant y-secretase inhibitor
DAPM was able to restore LTP disruption after
intracerebroventricular infusion of oligomers of
human A in rats. A related study showed that 3
days of oral dosing with the y-secretase inhibitor
MK-560 was sufficient to reverse LTP deficit in
6 month-old Tg2576 mice, at a stage when mice
show synaptic dysfunction and behavioral changes
before significant plaque deposition (Townsend et
al., 2010). This study also highlights the ability of

some y-secretase inhibitors to cross the blood-brain
barrier (BBB). Although inhibition of y-secretase
represents a rational pharmacological approach,
serious concerns about their toxicity have been
raised due to the fact that y-secretase can cleave
several other membrane proteins, the most relevant
of which is the Notch protein. The discovery that
some NSAIDs behave as y-secretase modulators,
thereby preventing AB42 production by binding to
APBPP rather than to y-secretase, suggested a way
to avoid Notch toxicity. In line with this, we have
recently demonstrated that oral administration of the
novel y-secretase modulator CHF5074 was able to
restore synaptic plasticity in 5 month-old Tg2576
mice, and this effect was associated with reduced
hyperphosphorylated tau and intraneuronal AP
(Balduccietal, 2011). Notably, CHF5074 is currently
undergoing phase II clinical trial evaluation. Beyond
targeting y-secretase, also the pharmacological
inhibition of ABPP cleavage by B-secretase rescued
synaptic deficits in a mouse modeling familial
Danish dementia (FDD) (Tamayev et al, 2011).

One of the most promising disease-modifying
therapies for AD is immunization against Ap.
Intracerebroventricular injection of naturally secreted
human A inhibited LTP in rat hippocampus in vivo
but a monoclonal antibody (6E10) to A completely
prevented LTP impairment even when injected after
AP. Partial protection against the block of LTP was
also present in rats that were successfully actively
immunized with pre-aggregated AP (Klyubin et
al, 2008a). A later report showed that also a single
intraperitoneal (i.p.) injection of the antibody
6E10 was able to rescue LTP deficit observed
in Tg Arc mice (Knobloch et al, 2007). More
recently, it was suggested that systemic passive
immunization achieved with intracardiac injection
of the monoclonal anti-Af antibody 4G8 was able
to prevent the disruption of synaptic plasticity by
AP dimer-containing human CSF in vivo (Klyubin
et al, 2008b). Moreover, also gantenerumab, an
investigational anti-Af  monoclonal antibody
currently undergoing phase II and III clinical trials,
has proven effective in rescuing LTP deficit in a
transgenic model of AD (Bohrmann et al, 2012).

Several studies suggest that reduced levels of
brain derived neurotrophic factor (BDNF) and
NGF are associated with AD. In particular, a deficit
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in BDNF and TrkB receptors has been found in
the CAl region of the hippocampus (Ginsberg
et al, 2010) and decreased levels of BDNF have
been observed in mouse models of AD (Marchetti
and Marie, 2009). Therefore, increasing BDNF
levels was proven effective in restoring cognitive
function (Nagahara et al, 2009). Also nerve growth
factor (NGF) plays a critical role in regulating
hippocampal plasticity and learning in rodents
(Conner et al, 2009). In fact, a transgenic mouse line
expressing chronic NGF deprivation displays age-
dependent defects in synaptic plasticity at medial
perforant path—dentate gyrus synapses, supporting
the “neurotrophic unbalance” hypothesis underlying
AD-related neurodegeneration (Houeland et al,
2010). Importantly, NGF application rescued DG-
LTP in an AD-like mouse model (La Rosa et al,
2013). These findings suggest that neurotrophins
can play a role in hippocampal function and memory
also in humans, due to their modulatory role in LTP
and synaptic plasticity.

CONCLUSIONS

The identification of soluble oligomers of AP as
diffusible assemblies that are capable of interfering
with synaptic function and integrity provides an
important opening for understanding the basis of
memory loss in AD. Importantly, similar findings
in other disorders might indicate convergent
mechanisms of synaptic plasticity failure in several
neurodegenerative diseases. Emerging data suggest
how different aggregation-prone proteins that
characterize neurodegenerative diseases such as
AD, Parkinson’s disease, Huntington’s disease,
Down syndrome and prion disorders share common
structural features. This might indicate thatassemblies
produced by different disease-causing proteins might
trigger similar downstream mechanisms, raising the
possibility of targeting their common structures for
therapeutic treatment.

To date, however, very few preclinical findings
have resulted in target validation and yet none
in successful translation into disease-modifying
compounds in humans. The latest clinical trial failure
of bapineuzumab confirms growing concerns about
how preclinical studies are conducted (see Nistico et
al, 2012). In spite of their limitations, experimental

models of AD still remain the most important tool
to understand the basic mechanisms underlying AD.
Indeed, a more careful design of preclinical studies
together with recent advances in imaging technology
and biomarker discovery in mice will hopefully
provide important contributions to the development
of the first approved disease-modifying drug for AD
and other neurodegenerative diseases.
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The major neuropathological hallmarks of Alzheimer’s disease (AD), the most common form
of neurodegenerative disorder, are the presence of extracellular amyloid plaques and intracellular
neurofibrillary tangles. Currently, most biomarker research in AD is focused on either brain imaging or
is fluid-based. In the area of fluid biomarker research, cerebrospinal fluid (CSF) has been demonstrated
to be an excellent source for biomarkers. Indeed, given that CSF is in the adjacent vicinity of the brain,
biochemical alterations in the cerebral tissue affect its biomarker composition. Valid CSF biochemical
markers are accessible for amyloid pathology (A, ), neurofibrillary pathology (hyperphosphorylated
protein tau, p-tau), and cortical axonal degeneration/damage (total tau, t-tau). The diagnostic sensitivity
and specificity of the established “core” CSF biomarkers in discriminating AD from cognitively healthy
individuals and from other varieties of dementing pathologies has been satisfactorily accomplished.
Notably, a combination of more than one “core” biochemical marker in the CSF is believed to provide
higher diagnostic accuracy of AD. Over the last decade, besides CSF biomarkers, there has been a
substantial increase of studies concerning neuroimaging techniques for AD. Many of these methods are
already employed in routine clinical practice. Magnetic resonance imaging (MRI) is a tool for clinical
assessment of dementia patients and offers an important aid to the clinical diagnosis and subtyping of
dementia in earlier stages. The main characterized structural MRI biomarker in AD is represented by
cortical diffuse atrophy. Diffusion tensor imaging (DTI), investigating white matter microarchitecture
and integrity, has been employed in several AD studies. Furthermore, more advanced protocols have
been fruitfully utilized in AD. The introduction of machine learning algorithms has made practicable to
manage images from different modalities simultaneously and to classify a single subject into a predefined
group. These techniques have been identified as promising tools in neuroimaging data analysis. In the
future, machine learning algorithms are expected to be integrated into scanner softwares along with all
the pre-processing steps necessary to assist the radiological expert in the semi-automated detection of
prodromal AD stages based on pattern recognition strategies.
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Basic and clinical research progresses over the
past decades provided a growing familiarity with
molecular/cellular mechanisms as well as clinical
development of Alzheimer’s disease (AD), the
most common neurodegenerative disorder in the
elderly. Current estimates have clearly demonstrated
that there are around 5.3 million people with AD
in the USA (Wimo and Prince, 2010). In light of
this — regardless of fluctuations on estimates of the
burden of AD in Europe, North America, Japan,
and elsewhere in the world — the number of people
with AD is expected to rise drastically as the global
population ages, unless ways for disease prevention
or treatment are swiftly introduced (Trojanowski and
Hampel, 2011). AD recently displaced diabetes as
the 6™ leading cause of death in the USA. By 2030,
as many as 7.7 million individuals may be affected
by AD in the USA only; this number could grow to
about 11-16 million people within the year 2050. It is
presently estimated that AD costs in the USA exceed
US $150 billion annually, and this devastating
pathological condition will strike the economies of
other populations, including developing countries, to
a similar extent (Wimo and Prince, 2010).

THE PATHOGENESIS OF ALZHEIMER'S
DISEASE

From the time AD was first described more than
a century ago and through to present times, a definite
diagnosis of AD has needed neuropathological
examination based on the visualization of pathologic
alterations of senile plaques (SPs) and neuronal
neurofibrillary tangles (NFTs). In this connection,
there have been significant progresses in the
elucidation of the neuropathological basis of the
disease. Most studies indicate that AD lesions
accumulate progressively, starting with the extensive
accumulation of SPs followed by NFTs (Braak and
Braak, 1991; Jack et al, 2010); however, the exact
sequence is still questioned (Braak and Del Tredici,
2011).

Extracellular amyloid beta (AP) deposits of SPs
and intraneuronal NFTs have been largely recognized
as the two histological hallmarks of AD. SPs consist
of fibrillar amyloid material that contains A} peptide.
AP is synthetized by the anomalous proteolytic
cleavage of amyloid precursor protein (APP), a

membrane-bound protein that is physiologically
cleaved by a-secretase to produce non-amyloidogenic
fragments. In AD, the cleavage of AP by B- and
y-secretases leads to the release of 37-43 amino acid
long AP peptides (Haass and Selkoe, 1993). The
predominant forms of the peptides are insoluble Af3,
. and AB, . fibrils. The former is the most abundant
whereas the latter, highly hydrophobic, forms
oligomers and fibrils accumulating in extracellular
plaques (Andreasen and Zetterberg, 2008). Plaques
have been frequently reported to be “sticky” with
other molecules that are collected within the plaques
including Apolipoprotein E (ApoE), interleukins,
and proteins of the complement system (Thal et al,
2000).

The structural unit of NFTs is represented by the
tau protein. This cytoplasmic microtubule-associated
protein (MAP), synthesized in all neurons and found
in the glia as well, is implicated in the assembly and
stability of microtubules in the nerve cells and in
axoplasmatic transport. The microtubule connection
is modulated by a complex interaction between tau
expression and phosphorylation (Perl et al, 2010).
Under physiological conditions, both phosphorylated
and dephosphorylated forms of tau are in equilibrium.
In the AD brain, tau is hyperphosphorylated
(phospho tau, p-tau) at several amino acid residues.
As a result of this aberrant phosphorylation, p-tau
separates from axonal microtubules and aggregates
into paired helical filaments (PHFs) in the neuronal
perikarya in order to generate NFTs, and in the
neuronal dendrites to produce neuropil threads
(Ballatore et al, 2007; Braak and Braak, 1988). Such
pathological mechanisms lead to disrupt the axonal
transport and intracellular organelles activities, such
as mitochondria (Reddy, 2011).

Among all various tau post-translational
modifications suggested to promote tau aggregation,
tau phosphorylation (including 85 putative
phosphorylation sites especially at the level of
serine (Ser) and threonine (Thr) amino acids) is the
most prominent. In light of this, disturbance of the
equilibrium between tau kinase and phosphatase
activities has been proposed to be at the basis of
anomalous tau phosphorylation and aggregation
(Martin et al, 2013a,b). A number of protein kinases
have been associated with the genesis of p-tau,
namely glycogen synthase kinase-3f (GSK3p),
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cyclin-dependent protein kinase-5 (CDKS5), and
mitogen activated protein kinases (MAPK) such
as p38, Erkl1/2 and JNK1/2/3). Tau phosphatases
belong to phosphoprotein phosphatase PPP group
(PP1, PP2A, PP2B and PPS5) and protein tyrosine
phosphatase (PTP) group. In AD brains, total
phosphatase activity is diminished by half (Liu et al,
2005) with PP2A, PP1 and PP5 activities reduced by
50%, 20%, and 20%, respectively, hence indicating
that distinct tau phosphatases account for AD process
(Gong et al, 1993; 1995).

In aged brains and in those presenting AD
pathology, NFTs have been described in a distinctive
regional depiction. In this regard, a peculiar
distribution and progression of NFTs in the brains
of elderly — that encompasses six stages, beginning
in the transentorhinal and entorhinal layers and
progressing advancing to the neocortex — has been
reported (Braak and Braak, 1991).

Mutations in APP or in the presenilin genes
(PSENI or PSEN2) encoding proteins that participate
to APP metabolism have been demonstrated to
induce familial forms of AD (Blennow et al, 2006).
Based on these mutations, AP — specifically the AB,
peptide — has been assumed to be the key constituent
in the disease mechanism. Actually, the “amyloid
cascade hypothesis” (Hardy and Selkoe, 2002)
speculates that an imbalance between the production
and clearance of AP is the opening event in AD, with
the increase in AP load finally accounting for tau
pathology, neuronal degeneration, and dementia.

Besides SPs and NFTs, there are other typical
neuropathological and neurochemical features of
AD. These consist of selective death of neurons,
loss of synapses, and reductions in markers for some
neurotransmitters. Nerve cells primarily susceptible
in AD comprise those in layer II of the entorhinal
cortex, the pyramidal layers of the hippocampus, and
some regions of the temporal, parietal, and frontal
cortices. Although the majority of neurons exposed
to AD utilize glutamate as neurotransmitter, there
is also depletion and/or dysfunction of specific
subcortical neurons, for instance: noradrenergic
cells in the locus coeruleus and central cholinergic
neurons in the basal forebrain (BF) (Holtzman et al,
2011). It is well-known that cholinergic cells release
acetylcholine (ACh), which can bind two categories
of receptors: the nicotinic ACh (nAChRs) and the

muscarinic ACh receptors (mAChRs). Numerous
lines of evidence relate nicotine neurotransmission
to AD pathogenesis (Pakaski and Kalman, 2008).
Besides cell loss (Whitehouse et al, 1981; 1982),
the degenerating BF exhibits neuronal shrinkage
(Vogels et al, 1990) and depletion of cortical
cholinergic markers, including a substantial decrease
of ACh levels, choline acetyltransferase (ChAT) and
acetylcholine esterase (AChE) enzymatic activities,
in AD (Perry et al, 1978; Gil-Bea et al, 2005).
Intriguingly, since both the impact of APP and AP
toxicity on the viability of cholinergic neurons and
the effects of the modulation of cholinergic receptors
or enzymes on APP metabolism/Af production have
been constantly reported (see reviews by Pakaski and
Kalman, 2008 and by Schliebs and Arendt, 2006),
the link between AP and the components of the
cholinergic system is expected to be bidirectional.

THE CLINICAL DIAGNOSIS OF ALZHEIMER'S
DISEASE

AD clinical diagnostic criteria have been reported
almost 30 years ago by the National Institute of
Neurological and Communicative Disorders and
Stroke-Alzheimer’s Disease and Related Disorders
Association (NINCDS-ADRDA) (McKhann et al,
1984). As stated by these criteria, AD diagnosis
is based completely on the assessment of clinical
signs. In addition, both the Diagnostic and Statistical
Manual of Mental Disorders, fourth edition (DSM-
IV) and the International Classification of Diseases
10 (ICD-10) criteria for AD also need that a patient
has dementia before a diagnosis of AD can be
implemented. These recommendations designated
a neuropathologically advanced disease, i.e. the AD
cases were disclosed late during the disease process.
Although the study of dementia has more than 100-
year history, systematic efforts to address scientific
and clinical challenges to differential diagnosis of
AD syndrome are quite recent (Khachaturian, 2006).
Subsequently, a number of complications had to
be overcome during the period between the 1984
NINCDS-ADRDA criteria and 2011 (Khachaturian,
2011). Moreover, substantial efforts have been made
to summarize recommendations for the clinical
stage preceding dementia. In this connection, the
introduction of the paradigm of mild cognitive
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impairment (MCI) (Petersen et al, 1999) as a
potential precursor or “prodrome” of the disease has
represented a major landmark (Khachaturian, 2006).
Unlike previous recommendations, the recently
established new diagnostic criteria for AD — both
the International Working Group for New Research
Criteria for the Diagnosis of AD (Dubois et al,
2007; 2010) and the National Institute on Aging
and Alzheimer’s Association initiative (NIA-AA)
(McKhann et al, 2011; Albert et al, 2011; Sperling
et al, 2011) — have pointed out the integration of the
use of biomarkers as crucial supportive criteria for
preclinical stages of AD (Sperling et al, 2011).

“CORE” NEUROCHEMICAL BIOMARKERS IN
ALZHEIMER'S DISEASE

The present evolving status of multimodal core
biomarker discovery, development, and validation
integrating neurobiochemical/neurogenetic as well
as structural/functional/metabolic neuroimaging
studies in AD has been comprehensively scrutinized
providing the converging viewpoints of industry
stakeholders and regulatory bodies (Hampel et
al, 2012; Weiner et al, 2012; Hampel et al, 2010a;
Blennow et al, 2010; Hampel et al, 2008; Teipel et
al, 2013; Hampel and Lista, 2012; Ewers et al, 2011).

Basically, the most relevant markers under
inspection and their correlation with AD pathological
mechanisms can be categorized as follows: (I)
core markers that mirror crucial neuropathological
processes in AD such as deregulated metabolism of
AP and APP; (II) downstream markers that reflect
secondary changes to brain structure and function,
i.e. volumetric and metabolic alterations to temporo-
medial structures (Forlenza et al, 2010).

Cerebrospinal fluid (CSF) is presently considered
the best source for biomarker discovery and
development as it is in direct contact with the
extracellular space of the brain and can reproduce
biochemical modifications occurring within the brain.
Apprehension due to lumbar puncture-associated
side-effects should not impede CSF examination,
since complications are very uncommon in the
elderly, on condition that systematic well-known
precautions to any qualified physician are taken
(Blennow et al, 1993; Peskind et al, 2005).

A lot of examinations have been performed in

order to validate CSF levels of AB, ., p-tau, and
total tau (t-tau, i.e. all isoforms of tau regardless of
phosphorylation state) as biomarkers reflecting key
features of the fundamental AD processes.

- Low CSF concentrations of A, . are indicators
of the aggregation of AP into SPs and, consequently,
the peptide retention in the brain parenchyma
(Strozyk et al, 2003; Fagan et al, 2006; Forsberg et
al, 2008; Grimmer et al, 2009). This biochemical
modification is assumed to be the initial step during
the advancement of AD (Fagan et al, 2009). The most
abundant CSF A isoform is AB1-40. Unlike AP, ,,,
there are no major changes in AR, CSF levels in
AD. Notably, there is a marked decline in the CSF
AB, /AB, ,,ratio in AD and MCI that seems to be
more evident than the reduction observed in AB1-
42 alone (Hansson et al, 2007). This ratio might be
more important to the AD neurobiology compared
to the absolute concentration of AB, ,, (Hampel et al,
2010b).

- High CSF amounts of p-tau are the most
accurate parameter indicating an enduring AD
process and reflect the formation of NFTs within the
brain (Hampel et al, 2010c). Actually, measurements
of p-tau in CSF specimens, collected both during
life and at autopsy, disclosed associations for p-tau
phosphorylated at Thr181 (p-tau,) or Thr231
(p-tau,, ) with neocortical NFT pathology and with
the rate of hippocampal atrophy in the brain (Buerger
et al, 2006; Hampel et al, 2005).

- Pathophysiologic mechanisms damaging axons
in the cortex and disrupting their function lead to
growing CSF levels of t-tau. This is an established
biomarker of the intensity of neuronal/axonal injury/
degeneration regardless of pathognomonic aetiology
(Samgard et al, 2010).

Overall, these established “core” biomarkers are
able to detect and predict AD pathophysiology in
prodromal MCI with a sensitivity and specificity of
75% t0 95% (Blennow et al, 2010). The combined use
of t-tau, p-tau, and AP, ,, demonstrates an enhanced
predictive value to detect subjects of prodromal AD
in MCI subjects (Mattsson et al, 2009). The elevated
diagnostic performance of these “gold standard”
CSF biomarkers has been further reasserted in
large multinational multi-center validation studies
(1) such as the Worldwide Alzheimer’s Disease
Neuroimaging Initiative (WW-ADNI) (Weiner et al,
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2012), the DESCRIPA (Development of screening
guidelines and criteria for predementia Alzheimer’s
disease) study (Visser et al, 2009), and the Swedish
Brain Power (SBP) initiative (Blennow et al, 2010).

Biomarker studies have stressed a reappraisal of
the time course of AD (Cummings, 2012). Numerous
studies of conducted in the CSF demonstrate that
AP concentration start decreasing as well as t-tau
and p-tau levels start growing many years prior to
the onset of AD dementia (Buchhave et al, 2012).
Likewise, amyloid imaging studies prove that
amyloid is deposited in the brain a number of years
previous to the onset of dementia in AD (Aizenstein
et al, 2008). Brain atrophy detected by magnetic
resonance imaging (MRI), hypometabolism on
fluorodeoxyglucose (FDG) positron emission
tomography (PET), and hypoperfusion on single-
photon emission computed tomography (SPECT)
display aberrations before the onset of dementia
and parallel or are in anticipation of the beginning
of cognitive impairment (Westman et al, 2012;
Ossenkoppele et al, 2012; Alegret et al, 2012).

In summary, valid CSF biomarkers are accessible
for amyloid pathology (A, ,,), neurofibrillary
pathology (p-tau), and cortical axonal degeneration/
damage (t-tau). However, the biochemical data should
be interpreted with caution in the framework of the
whole clinical picture that should also incorporate
results from neuroimaging examinations as well as
neuropsychological testings (Zetterberg et al, 2010).

NEUROIMAGING MARKERS

Over the last decade there has been a considerable
increase of studies regarding neuroimaging
techniques for AD. Many of these techniques are
already used in routine clinical practice. In particular
structural MRI is an important tool for clinical
assessment of dementia patients providing a valuable
aid to the clinical diagnosis and subtyping of dementia
in earlier stages. In fact, in the 2011 revision of the
NINCDS-ADRDA criteria structural and functional
biomarkers are included to provide evidence of AD
(McKhann et al, 2011).

Shrinkage and atrophy of the brain is one of the
pathologic hallmarks of AD, based on the neuron
death and assonal loss. The role of structural MRI
consists in the morphometrical and volumetric

evaluation of the brain structures in order to provide
biomarkers that may not only exclude disease but
also help in early diagnosis. Several studies have
demonstrated the reliability and reproducibility of
these MRI measurements in repeated examinations
with minimal interscan variability (Byrum et al,
1996; Giedd et al, 1995) once minimal criteria for
scanner quality are met.

Mainly there are two methods to assess cerebral
atrophy: a qualitative method which consists of
visual assessment for the presence and severity of
cerebral atrophy, and a quantitative method which
measures the volume of brain structures. Methods
of measuring brain regions from MR images include
both manual and semi-automated methods.

The main structural MRI biomarker in AD
is cortical diffuse atrophy which is caused by
neuronal degeneration involving in particular the
temporal and parietal lobes with the most severity
in the hippocampus. The reported sensitivity and
specificity of hippocampal measurements in the
diagnosis of AD have been reported to be 85% and
88% respectively (Laakso et al, 1998) Furthermore
it has been reported that MRI volumetric measures
demonstrate significant atrophy of the hippocampal
formation even during prodromal stages of AD
and predict later conversion to AD with about 80%
accuracy (Jack et al, 1999).

Bobinski and colleagues (2000) showed that
very accurate volumetric measurements of the
hippocampus could be obtained by using MRI,
demonstrating positive correlations between the
MRI and the histological volume. Furthermore,
the same authors of this study pointed out a very
strong correlation between the MRI volume and
the calculated total numbers of neurons in the
hippocampus, confirming the relationship between
volume reductions and neuronal loss (Bobinski et al,
2000).

Different approaches have been suggested for the
evaluation of atrophy. The most used and validated
method is the visual score of Global Cortical
Atrophy (GCA-scale) and Medial Temporal lobe
Atrophy (MTA-Scale). GCA is the mean score for
cortical atrophy of the whole cerebrum, but because
atrophy is common to different kind of dementias
this method may be aspecific for AD. This scale
ranges ranges from 0 to 3, with 0 representing no
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cortical atrophy, 1 mild atrophy (widening of sulci),
2 moderate atrophy with loss of gyri and 3 severe
atrophy.

Several techniques are available for the
assessment of MTA: volumetric assessment, linear
assessment and visual qualitative rating. The latter is
the most clinically accessible and therefore most used
in clinical routine. This method is based on a visual
rating scale, developed by Scheltens and colleagues,
evaluating the width of the choroid fissure, the
temporal horn and the height of the hippocampus
assessed through a specific coronal image passing
through the corpus of the hippocampus at the level
of the anterior pons (Scheltens et al, 1995). This
scale ranges from 0 to 4 with 0 representing no
atrophy, 1 the widening of only the choroid fissure, 2
the widening of the temporal horn and reduction of
the hippocampal height as well, 3 moderate-severe
atrophy with an increased widening of the choroid
fissure and temporal horn and further reduction of
the hippocampal height compared to grade 2, grade
4 represents end-stage atrophy with severe volume
loss of hippocampus. Scores 0 and 1 are normal for
individuals younger than 75 years and, while 2 is an
acceptable score for individuals of age beyond this
threshold, 3 and 4 are always abnormal values.

MTA, just as GCA, needs to be rated in both
hemispheres separately in order to assess the eventual
presence and degree of asymmetry which is usually
not found in AD patients but may affect individuals
with an early stage disease. Shi and colleagues
performed a meta-analysis of MRI studies evaluating
hippocampal volume and asymmetry in MCI and AD,
and evaluated hippocampal asymmetry. To compare
the asymmetry of the left and right hippocampi,
meta-analyses were performed in controls from 29
studies for a total of 915 subjects, 365 individuals
affected by MCI from 14 selected studies, and 700
AD patients from 23. The analysis pointed out a left-
less-than-right asymmetry in all three groups but
with different extent but least in AD patients with a
decreased prevalence with disease progression (Shi
et al, 2009).

In AD the most important structural imaging
feature is progression of atrophy which is estimated to
be 2.5 times greater in normal subjects with a strong
relationship between memory loss and hippocampal
damage, making serial evaluations mandatory. For

this purpose visual manual volumetric assessment
of regional brain atrophy is obtained using multiple
Regions of Interests (ROIs) on a series of adjacent
MRI images. Because of the complexity of the
evaluated regions (mainly the hippocampus) and the
uncertain relationships between cytoarchitectonic
areas and anatomical landmarks which makes
this kind of assessment subject to interindividual
variability and therefore poorly reproducible, EADC
(European Alzheimer’s Disease Consortium) and
ADNI harmonize the available protocols for the
manual tracing of the hippocampus in order to create
astandard protocol. Furthermore, it is understandable
how this approach is laborious and time consuming,
and for these reasons the ROIs studied in a single
investigation is generally limited making this method
not well suited for a comprehensive assessment of
the whole brain.

For these reasons automated methods would be
useful in clinical practice. The most widely published
is voxel-based morphometry (VBM) which allows
the assessment of focal differences in brain anatomy.
VBM is based segmentation, spatial normalization
and smoothing of MRI images in order to evaluate
local gray matter concentration and perform a
comparison between groups of subjects. This can be
obtained through different workflows and performed
using different algorithms.

Several cross-sectional studies have employed
VBM to compare MCI subjects to healthy controls,
reporting in the first group prevalent atrophy of the
medial temporal lobe, temporal neocortex, thalamus
andthe cingulate gyrus (Chetelatetal,2002; Pennanen
et al, 2005) whereas another study demonstrated that
aging affects the gray matter density in the prefrontal,
medial temporal and striatal cortices (Tisserand et al,
2004). In this latter study, Tisserand and colleagues
also reported that longitudinal cognitive decline is
related to posterior parietal, medial temporal and
prefrontal cortices (Tisserand et al, 2004). VBM has
also been used in longitudinal studies to investigate
the evolution of atrophy between MCI non-converter
patients and MCI converters (Chetelat et al, 2002;
Bozzali et al, 2006). The results of these studies
showed that in MCI converters atrophy is prevalent
both in frontoparietal and MTL areas as well as in
the posterior medial parietal cortices. The same data
were later confirmed by Hdmildinen and colleagues
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that demonstrated the presence of widespread
cortical atrophy already two and a half years before
a clinical diagnosis of dementia could be set and
showed the utility of neuroimaging combined with
neuropsychological testing in potentially predicting
the development of dementia

Another MRI technique that has been proposed
in AD is Magnetization Transfer Imaging which
demonstrated a correlation between defined
demyelination and axon loss and the Magnetization
Transfer Ratio (MTR) as reported by Dousset and
colleagues (1998) suggesting that this technique
can provide information on brain structure on a
microscopic scale. A recent longitudinal study
assessed MTR in 28 mild to moderate AD patients
at 6 and 12 months, and 19 healthy individuals. In
this study, reported a significant reduction in all
global MTR metrics in subjects affected by AD in
comparison to healthy controls was reported (Ropele
et al, 2012). The biggest difference was recorded in
the hippocampal region where MTR values were
significantly lower than in the control group while
no significant differences were seen in the putamen,
caudate nucleus, and thalamus. MRI is also used
to assess other biomarkers such as the presence
of microbleeds which are seen at high frequency
in patients with AD and are considered to be a
manifestation of cerebral amyloid angiopathy, one of
the hypothesize pathological mechanism behind AD.
For this reason when present in a lobar subcortical
distribution, they represent a helpful finding in the
differential diagnosis of dementia. Structural MRI
may also detect white matter lesions (using the
Fazekas scale) which may suggest a small vessel
disease.

Advanced Imaging and Processing Techniques
Diffusion Tensor Imaging (DTI) (Basser and
Jones 2002) is a leading technique in investigating
white matter microarchitecture and integrity, and has
been employed in numerous studies investigating
AD and MCI (Bozzali and Cherubini, 2007; Chua
et al, 2008; Hess, 2009). Usually one observes a
decrease in Fractional Anisotropy (FA), commonly
accompanied by an increase in mean diffusivity (MD)
in AD and MCI (Liu et al, 2011; Medina et al, 2006;
O’Dwyer et al, 2011), which points to unspecific
bundle degeneration, and correlations between

WM integrity and disease severity have also been
reported in AD (Fjell et al, 2009; Heo et al, 2009).
While early (MCI stage) WM alterations have been
detected within the parahippocampus, hippocampus,
posterior cingulate fibers, and splenium (Chua et
al, 2009; Takahashi et al, 2002; Zhang et al, 2007;
Zhuang et al, 2010), most DTI-based investigations
of both MCI and AD consistently report alterations
in the uncinate fasciculus, the entire corpus callosum
and the cingulum tract. In contrast, a recent study on
AD and MCI patients (Douaud et al, 2011) revealed
an increase in FA in MCI as well as an increase of
anisotropy mode (MO) (Ennis and Kindlmann, 2006).
In the regions where an FA increase was detected,
the accompanying increase in MO allowed to deduce
a selective degeneration of only one of two crossing
fibers. In addition, DTI has been able to track the
age-related advance in AD in terms of progressive
white matter degeneration and, in agreement with
the retrogenesis hypothesis, white matter changes
seem to appear earliest in specific brain regions
such as prefrontal cortex white matter, the inferior
longitudinal fasciculus and temporo-parietal areas
(Chua et al, 2008; Chua et al, 2009; Stricker et al,
2009; Teipel et al, 2007). It should be noted that
DTI employs extremely noisy Echo-Planar Imaging
sequences, demanding strict quality control and
quality assurance routines (Giannelli et al, 2011),
as indicated by a recent meta-analysis (Sexton et al,
2011) and a recent European multicenter study, the
European DTI Study in Dementia (EDSD) (Teipel
et al, 2012), which demostrated a significant center-
related effect in DTI-derived measures. Also, more
advanced protocols such as Diffusion Spectrum
Imaging (Wedeen et al, 2008), Diffusional Kurtosis
Imaging (Fieremans et al, 2011; Giannelli et al, 2012;
Hui et al, 2008; Jensen and Helpern, 2010), higher
order tensor models (Alexander, 2005), compartment
models (Assaf and Basser, 2005; Assaf et al, 2008)
and anomalous diffusion (Alexander et al, 2010;
De Santis et al, 2011a), which can be optimized
in order to enhance their suitability in a clinical
setting (De Santis et al, 2011b), have been already
been successfully employed in several pathologies
including AD (Falangola et al, 2008; Iraji et al, 2011;
Mintun et al, 2006; Wang et al, 2011).

Several functional MRI (fMRI) studies have
detected functional alterations which precede AD
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symptoms or AD-related structural neurodegeneration
(Bookheimer et al, 2000; Borghesani et al, 2008;
Filippini et al, 2009). Task-based fMRI has been
used to study memory-related activation in the
hippocampus and MTL, usually reporting a decrease
in hippocampal or parahippocampal activity during
information encoding (Golby et al, 2005; Gron et al,
2001; Hamalainen et al, 2007; Sperling, 2007; Sperling
et al, 2010). Also, several studies have reported a
decreased activation in the MTL in patients with MCI
(Celone et al, 2006; Johnson et al, 2006; Petrella et al,
2007). A number of fMRI studies have focused on the
“default mode network” (DMN), i.e. the interaction
between a set cortical regions and the hippocampal
memory system (Satterthwaite et al, 2007), and several
investigators have reported dysfunctional modulation
of encoding-related network activity in AD (Celone et
al, 2006; Fleisher et al, 2009; Pihlajamaiki et al, 2011;
Pihlajaméki et al, 2008; Pihlajamiki et al, 2010) or
altered default mode activity in AD patients (Greicius
et al, 2004; Greicius et al, 2009; Sorg et al, 2007,
Wang et al, 2007; Wermke et al, 2008). Also, fMRI
can detect drug-induced modulation of memory-
related networks (Kukolja et al, 2009), however only
a few studies have demonstrated altered activation
after (e.g.) long-term treatment with cholinesterase
inhibitors in MCI and AD (Goekoop et al, 2006;
Rombouts et al, 2002; Saykin et al, 2004; Shanks et
al, 2007).

While modern scanners allow multimodal
imaging, which can be optimized to simultaneously
target the assessment of brain structure and function
within a scanning time compatible with clinical
constraints (Landman et al, 2011), it should be
noted that multimodal investigations necessitate
analysis tool which are able to integrate information
from different protocols into the same processing
pipeline. This approach is expected to aid in better
discrimination and staging of AD (Casanova et al,
2007; Ewers et al, 2011; Oakes et al, 2007; Yang et
al, 2011), however conventional analysis techniques
are not able to classify a single subject into a
predefined group or predict disease evolution and/
or drug response using a baseline MR examination
alone. In contrast, machine learning algorithms
(e.g. support vector machines) are able to manage
images from different modalities simultaneously
and, importantly, to classify a single subject into a

predefined group (e.g. diseased or control group).
Such techniques have recently been identified as
promising tools in neuroimaging data analysis (Orru
et al, 2012), and it has recently been shown that their
performance is not significantly degraded if same-
modality data is collected in different centers (Orru
et al, 2012). In the context of atrophy quantification,
machine learning algorithms can be trained to
recognize spatial patterns of brain atrophy which
best distinguish between AD patients and controls,
and pattern recognition strategies can detect
prodromal AD pathology in MCI subjects with
accuracies which can reach 80% (Diciotti et al, 2012;
Misra et al, 2009) as well as assess an individual s
risk for future cognitive decline (Davatzikos et al,
2009). Also, preliminary applications in multimodal
neuroimaging have succeeded in discriminating AD
and MCI patients (Zhang et al, 2012a; Zhang et al,
2012b). In the foreseeable future, machine learning
algorithms will be incorporated into scanner software
along with all the preprocessing step necessary to
assist the radiological expert in the semi-automated
detection of prodromal AD stages based on pattern
recognition strategies.

CONCLUSIONS

Major progresses have occurred in the exploration
and development of disease markers for AD in
the past two decades. Longitudinal studies have
proven that in subjects who ultimately develop AD
dementia, the cognitive signs begin insidiously and,
in most cases, evolve slowly. The existence of AD
typical pathological process might be documented
several years preceding the onset of AD dementia.
As a result, the dementia form of AD denotes a late
stage of the biological process.

In light of the findings from neurobiochemical and
neuroimaging markers, AD can be re-conceptualized
as a progressive disorder that evolves from biological
alterations in the brain with any associated memory
defects, to a condition of cognitive decay with
biomarker fluctuations linked to AD, to mild,
moderate, severe stages of AD dementia.
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HUMAN UMBILICAL CORD BLOOD-DERIVED MONONUCLEAR, HEMATOPOIETIC
AND NGF-RESPONSIVE STEM CELLS CONFER NEUROPROTECTION
IN ISCHEMIC MODELS
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Human umbilical cord blood (HUCB), which is a valuable source for cell therapy of hematologic
diseases, was recently found to harbor a population of cells that confer neuroprotection in animal
models of brain injury. To explore the neuroprotective properties of cord blood we investigated HUCB-
derived mononuclear cells (MNC), CD45" hematopoietic cells as well as a unique MNC population of
a collagen-adherent cells which in the presence of nerve growth factor (NGF) and interferon-gamma
(IFN-y) differentiate in vitro into a neuronal phenotype (termed HUCBNP). In vitro co-culture of
MNC with oxygen-glucose-deprived PC12 cells resulted in about 30% neuroprotection, as assessed by
decreased LDH release and inhibition of caspase 3 activity, and yielded a decrease by 95% in the level
of free radicals, concomitant with the secretion of antioxidants and growth factors, such as NGF into
the culture medium. Using a closed head injury (CHI) brain trauma mouse model, we also compared
neuroprotective effects of HUCB-derived MNC and CD45" cells upon either brain intraventricular (icv)
or intravenous (iv) transplantation. The in vivo experiments in which iv implantation of MNC or CD45"
cells in mice with TBI indicated a fast 2 h homing of the cells to the brain lesion followed by a progressive
neuroprotective effect maintained up to 3 weeks. In conclusion, our studies are in line with other reports
and propose that either HUCB-derived MNC or CD45" fraction may represent a valuable source of
neuroprotective cells such as NGF-responsive progenitors for therapy of ischemic disorders such as
stroke, brain trauma and myocardial infarct.

Over the last decade, as some of the complex
molecular mechanisms of neuronal cell death
following traumatic brain injury have been

a clinically proven neuroprotective therapy, which
would effectively ameliorate brain injury and prevent
neurodegeneration, still does not exist (Bordet et al,

addressed (Kazantsev, 2007), a plethora of drugs
with putative neuroprotective effects have been
evaluated. However, despite impressive progress,

2007). The emerging consensus suggests that an
approach based on the use of a single neuroprotective
agent may not be sufficient for neuronal rescue (Lo,
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2008). Rather, novel therapeutic approaches are
required targeting multiple biochemical pathways
involved in ischemic cell death.

Traumatic brain injury (TBI) represents a major
health care problem and a significant socioeconomic
challenge worldwide. According to the Center
for Disease Control, at least 1.4 million patients
suffer TBI each year in the United States alone.
The mortality of severe TBI remains as high as 35—
40% (Beauchamp et al, 2008). Posttraumatic brain
damage is determined by a combination of primary
and secondary insults (Bramlett and Dietrich, 2007).
Primary damage results from the mechanical forces
applied at the time of impact, while secondary
brain damage evolves over time, and shares
similar mechanisms with those which occur after
cerebral ischemia (Leker and Shohami, 2002). The
closed head injury (CHI) model of TBI is induced
by a standardized weight-drop device generating
a blunt focal brain injury across an intact skull
(Chen et al, 1996; Flierl et al, 2009). The resulting
mechanical impact triggers, with high consistency
and reproducibility, a profound neuroinflammatory
response within the brain leading to neurological and
cognitive impairment and breakdown of the blood-
brain barrier (Beauchamp et al, 2008). Although
cytokinesreleased in the brain after ischemia exhibit
both pro- and anti-inflammatory effects, the overall
balance of the initial post-ischemic inflammatory
reaction appears to enhance cell death, neuronal loss,
and finally, expansion of the infarct zone (Stoll and
Jander, 1999). Attraction of hematopoietic cells from
the blood circulation and from the spleen toward the
ischemic lesion site includes recruitment of bone
marrow-derived mesenchymal and hematopoietic
stem cells that are involved in the “natural healing”
of the damaged brain tissue (Stumm et al, 2002),
which in most cases is slow and incomplete. Since
these endogenous stem cells (SC) do participate in
regenerative process, but not with high efficacy,
the use of exogenous SC offers an attractive
complementary cell therapy approach in experimental
models of TBI and cerebral ischemia. For example,
local injection into the ischemic boundary zone or
systemic iv injection of bone marrow (BM) cells
resulted in functional improvement and attenuated
brain damage after middle cerebral artery occlusion
and stroke models in rats (Chen et al, 2000; Chen et

al, 2003; Zhang et al, 2006). Regarding TBI, Han
and colleagues found that injection of BM cells into
the injury site after TBI have limited therapeutic
potential with respect to neuroprotection. However,
injection on day 7 after TBI produced greater
functional improvements in neurobehavioral tests
and more effectively suppressed astroglial activation
than an injection on post-injury day 1 (Han et al,
2013).

Human umbilical cord blood (HUCB), once
a discarded material, has been shown both in the
laboratory and clinical to be valuable source for
(stem) cell transplantation, in addition to BM. HUCB
cell transplantation made its clinical appearance in
1988, when it was used to successfully treat a 5-year-
old child afflicted with Fanconi anemia (Gluckman
and Rocha, 2005). To date, with the aid of cord
blood banks, more than 20,000 HUCB transplants
have been performed worldwide, many of them with
unrelated allogeneic donor blood (Tse and Laughlin,
2005; Stanevsky et al, 2010; Shahrokhi et al, 2012).
Similar to BM, the indication for using HUCB has
been limited to hematopoietic malignancies, marrow
failure, and immunodeficiency disorders (Goldstein
et al, 2007). Current studies, however, suggests that
certain HUCB derivatives may be a much more
versatile and powerful clinical resource and tool. By
comparison to SC from adult sources, the relative
immaturity of HUCB cells, which are fetal in origin,
suggests a high potential for cellular plasticity. The
use of HUCB cells as an alternative to whole BM
transplantation continues to grow as research better
defines their composition, mechanisms of action,
safety and broad therapeutic capacity. For example,
like BM, HUCB cells confer neuroprotection in
experimental cerebral ischemia (Willing et al,
2003; Vendrame et al, 2005). Although functional
improvement and attenuation of brain damage were
demonstrated after transplantation of HUCB cells
it is yet unclear how and which HUCB-derived
populations mediate neuroprotection in ischemic
brain lesion.

HUMAN UMBILICAL CORD BLOOD (HUCB)
The interest in the clinical potential of HUCB

began when it was found that it contains a much
larges population of hematopoietic stem cells
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(HSC) than do adult sources (Harris, 2008).
Moreover, HUCB provides an easily accessible, low
immunogenic source of multipotent stem-cell-like
progenitor cells that reportedly have the capability to
become many type of cells in the body under specific
differentiation conditions (Arien-Zakay et al, 2010a).
In general, the level of maturity of a cell is identified
by the expression (or lack thereof) of a combination
of specific cell surface antigens. For example, the
CD34* population in HUCB can be defined as more
primitive than those found in BM, because a higher
proportion of them are negative for CD38, which is
a marker for pre-lymphoid cells (Broxmeyer et al,
1989; Cardoso et al, 1993; Conrad and Emerson,
1998). CD133" cells have also been identified in
fetal brain and are in this context considered to be
neural stem cells (NSC) (Conrad and Emerson,
1998; Tamaki et al, 2002). However, it is not yet
known whether the CD133" cells found in HUCB are
phenotypically and functionally identical to the NSC
found in fetal brain.

Mesenchymal stem cells (MSC)

MSC have also been found in HUCB, however in
much lower numbers than in BM ranging from 0.05-
2.8 or 2-5 mesenchymal stem cells per one million
mononuclear cells of either cord blood or bone
marrow, respectively (Goodwin et al, 2001; Wexler
et al, 2003). MSC can give rise to diverse lineages
such as osteoblasts, chondroblasts and adipocytes
(Pittenger et al, 1999) and, presumably, also neural
cells, such as (astrocytes and neurons) (Goodwin et
al, 2001). Other differentiation pathways for MSC
also have been documented in vitro with varying
degrees of rigor. It is clear that cultured MSC may
spontaneously, or by induction, co-express genes
characteristic of multiple lineages even on single-
cell analysis raising doubts about the validity of gene
expression/lineage assumptions made in vitro. Several
investigators have claimed muscle, tendon, central
nervous system (CNS) and other potentialities for
MSC, supporting their claims by morphologic, gene
expression, and/or phenotypic criterion. However,
the reproducibility of these experiments has been
variable and, in general, functional criteria have not
been satisfied (Javazon et al, 2004). Unequivocal
identification of MSC populations is challenging
because they currently lack a definitive phenotype as

well as consensus on exactly which surface antigens
are unique markers for these cells. For example,
Robinson et al. suggested that MSC are positive
for the markers CD13, CD29, CD44, CD73, CD90,
CD105, and CD166 and negative for the markers
CD14,CD31, CD34, CD45,CD51/61, CD64, CD80,
CD106 (Wexler et al, 2003; Robinson et al, 2005;
Sueblinvong et al, 2008; Lee et al, 2010). MSC
used in recent clinical trials have been characterized
by the expression of the following markers CD29,
CD54, CD73, CD90 and CD106 (Kranz et al, 2010).
Some form of agreement on the phenotype of these
cells needs to be reached before their true abundance
in HUCB can be established unambiguously.

Mononuclear cells (MNC)

In the first step of isolation of progenitor cells
from HUCB, the whole blood, collected and stored
in an appropriate blood bag, is layered over a cushion
of Ficoll to allow centrifugation and separation of
progenitor cells, which localize in the interphase
between the Ficoll and serum, while the erythrocytes
sediment to the bottom of the separation tube
(Jaatinen and Laine, 2007). It is estimated that the
MNC fraction of HUCB contains a heterogeneous
mixture of SC, which then can be further separated
according to a variety of hematopoietic and non-
hematopoietic biomarkers (Ali and Bahbahani,
2010). In recent clinical trials the use of HUCB-
derived MNC was approved, similar to whole HUCB
transplants, for treating a variety of illnesses, such
as chronic spinal cord injury, ischemic stroke and
acquired hearing loss in children (NCT01354483,
NCT01673932, and NCT01343394 ClinicalTrials.
gov, respectively).

CD45 positive hematopoietic stem cells (CD45")
The HUCB contains multiple populations
of pluripotent SC, capable of giving rise to
hematopoietic, epithelial, endothelial, myotubes and
neural cells (Arien-Zakay et al, 2010b). These cell
populations can be selected based on the expression
of various cell-type specific markers and may be
divided into hematopoietic and non-hematopoietic
SC, according to the expression of hematopoietic-
related biomarkers such as CD34, CD133 and CD45.
PTP, a cell membrane protein tyrosine phosphatase
(also known as CD45) is abundantly expressed on all
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nucleated hematopoietic cells and is critical for the
classical antigen receptor signaling, as indicated by
the arrested development of B and T cells in CD45-
deficient mice (Huntington and Tarlinton, 2004).
In a recent study we demonstrated that CD45" but
not CD45 cells are responsible for the therapeutic
effect after brain trauma (Gincberg et al, 2013). The
pan leukocyte CD45 phosphatase plays an essential
role in trafficking and repopulation of the BM by
CD34" HSC. Inhibition of CD45 negatively affected
development of hematopoietic progenitors ex vivo
and their recovery in transplanted recipients in vivo,
supporting the central role of CD45 in the regulation
of hematopoiesis (Shivtiel et al, 2011). Therefore,
the ability of HUCB to improve neurological deficits
in the CHI mice may be explained by a direct
effect of CD45" cells homing to the brain. Minimal
manipulation is necessary for CD45 isolation from
HUCB. This property, together with the ability to
reduce neurological deficits even when transplanted
8 days after the insult and their capacity for fast
homing to the brain, proposed that CD45" should
be considered for translational therapy in treating
patients with brain trauma (Gincberg et al, 2013).

Neuronal progenitors (HUCBNP)

Buzanska et al. used the CD347/CD45 non-
hematopoietic MNC fraction of HUCB to obtain
a population of what appeared to be neural stem-
cell-like cells (Buzanska et al, 2002). Upon
differentiation of nestin-positive HUCB cells, either
by direct treatment with differentiation-promoting
media or by plating clone-forming cells onto poly-
L-lysine-coated coverslips both with the addition
of retinoic acid (RA) or in combination with brain
derived neurotrophic factor (BDNF), 40% of the
cells expressed markers of more advanced neuronal
differentiation, P-tubulin III and microtubule
associated protein (MAP-2), while 30% the astrocytic
markers glial fibrillary acidic protein (GFAP) and
S100B8 and 11% expressed the oligodendrocytic
marker galactosylceramide. More recently, Jurga
et al. showed that treatment of the HUCB-derived
MNC fraction for 7 days with RA and BDNF also
induced neural differentiation, with 80% of the cells
expressing PB-tubulin III and 64% co-expressing
MAP-2 (Jurga et al, 2006). Xiao and colleagues
isolated a line of cells from HUCB that they termed

non-hematopoietic umbilical cord blood SC (nh-
UCBSC) (Xiao et al, 2005). After intravenously (iv)
injection of these cells into a rat model of ischemic
brain injury, a 50% reduction in infarct volume was
observed compared to control group. Some labeled
human nuclei cells were also positive for NeuN,
indicating the expression of a neuronal phenotype
of transplanted cells. However, these cells were
rather insignificant in the brain, suggesting effect
through other mechanisms than cell replacement.
Sanchez-Ramos et al. used HUCB-derived MNC
cultured with RA and nerve growth factor (NGF)
and measured the expression of established neural
markers Musashi-1, B-tubulin [II and GFAP in those
cells (Sanchez-Ramos et al, 2001). Furthermore,
Zigova et al. showed that MNC fraction of
HUCB treated with RA and NGF survived in the
subventricular zone of the rat neonatal forebrain for a
month and was positive for TuJ1 and GFAP (Zigova
et al, 2002). Characterization of cell populations
within cultured HUCB indicated the expression
of neurotrophin receptors TrkB and TrkC in both
the non-adherent and adherent cellular fractions
(Chen et al, 2005). McGuckin et al. induced neural
differentiation of HUCB using a three-step protocol
(cell isolation, expansion, and differentiation). Their
isolation procedure yielded a purified fraction of
small (CD7-, CD33-, CD45-, CD235a’) putative SC
that co-express embryonic SC markers Oct4 and
Sox2 and termed embryonic-like stem cells. Initial
expansion was performed in high density cultures
(510 million cells per 1 ml) in which the cells were
grown on fibronectin and collagen type IV coated
surfaces and treated with epidermal growth factor.
Subsequent neural differentiation as assessed by the
expression of neural markers such as nestin, GFAP,
MAP-2 and TUJI, required sequential treatment with
RA, BDNF and cyclic AMP (McGuckin et al, 2008).

Our laboratory described the isolation of a
neuronal population from the MNC fraction of
HUCB using yet another approach (Arien-Zakay et
al, 2007). Selection of HUCB-contained neuronal
progenitors (HUCBNP) was based on cell adherence
to type I and IV collagens. Collagen-adherent MNC
were also nestin-positive progenitors expressing
o, (CD49a) and a, (CD49b) integrin receptors and
survived in conventional monolayer culture for more
than 14 days. In vitro differentiation of HUCBNP
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was induced by treatment with 10% human SH-
SY5Y neuroblastoma cell-conditioned media (CM)
supplemented with 10 ng/ml NGF. A majority of
the surviving progenitors (83£8.2%) acquired a
neuronal-like morphology, i.e. they developed
neurite-like cellular outgrowths of different lengths.
About 35+6% of the differentiating HUCBNP had
outgrowths with a length/cell diameter ratio greater
than 2, typical of developing neurons. The majority
of these progenitors expressed common neuronal
markers such as MAP-2, NGF-neurotrophin receptor
TrkA, neurofilament-160 (NF-160), B-tubulin III,
and neuron-specific enolase (NSE). The identity of
the progenitors was further established by assessing
gene expression using Affymetrix microarray
technology. The “naive” progenitors were negative
for the hematopoietic markers: CD34, CDA49c,
CD49d, CD62e, CD62p, CD106, CD117, CD133,
CD235a, HLA-DRB4, HASI, and positive for
the mesenchymal markers: CD13, CD29, CD44,
CD49a,b, CD49¢, CD73, CDI105 and vimentin
(Arien-Zakay et al, 2009a). Combined treatment
with CM and NGF induced constitutive activation
of the mitogen-activated protein kinases ERK2,
p38a and p38P, most likely related to survival
and/or differentiation (Arien-Zakay et al, 2007).
Affimatrix™ DNA microarray analysis of gene
expression in HUCBNP committed towards neural
differentiation clearly indicated that 28% of the
induced genes were related to neural differentiation,
while 35% of suppressed genes were related to
hematopoiesis. This genomic analysis focused on
the significant transcriptome shift of the human cord
blood neuronal progenitors from hematopoiesis to
neural differentiation upon cell adhesion to collagens
and treatment with CM and NGF (Figure 1).

A key component of in the CM used for the
induction of differentiation of HUCBNP was
interferon gamma (IFN-y). A neutralizing antibody
against IFN-y significantly inhibited either IFN-y
or CM-induced differentiation. Analysis of the
transcriptome in CM-differentiated HUCBNP,
identified 25 genes that were induced by IFN-y,
such as 2,5-oligoadenylate synthetase 1 and 2
and STAT1 (IFN-y-receptor signal transducer and
activator of transcription), hallmark genes under
IFN-y regulation (Saha et al, 2010). Treatment of
HUCBNP with human recombinant IFN-y, inhibited

cell proliferation in a dose-dependent manner and
enhanced neuronal differentiation, as assessed by
neurite outgrowth and increased expression of the
neuronal markers B-tubulin III, MAP-2, neuronal
nuclei (NeuN), neurofilament-M (NF-M) and NSE.
IFN-y additively cooperated with NGF to induce the
differentiation of HUCBNP. These findings indicate
that IFN-y and NGF are two well-defined factors that
promote neuronal differentiation of HUCB-derived
progenitors, suggesting their use in future protocols
towards neuronal progenitor/SC-based therapies
(Arien-Zakay et al, 2009a).

Divya and colleagues recently reported that
HUCB-derived MSC contain a unique population
of progenitor cells co-expressing mesenchymal
and neuronal markers. Interestingly, these
progenitors were capable of instantaneous neuronal
differentiation, suggesting the commitment of
early neuronal progenitors within pluripotent MSC
populations (Divya et al, 2012), as also proposed
earlier by us (Arien-Zakay et al, 2009a).

In order to further optimize the survival and
neuronal differentiation of HUCBNP, we cultured
these neuronal progenitors in three-dimensional (3D)
collagen constructs (Bercu et al, 2012). In contrast
to conventional two-dimensional (2D) culture
conditions in which their life-span was limited
up to 20 days (Arien-Zakay et al, 2007) the cells
survived in 3D for more than 2 months (Bercu et al,
2012). Importantly, under 3D conditions, HUCBNP
underwent spontaneous neuronal differentiation,
which was further enhanced by treatment of the
constructs with CM and NGF. Neurite outgrowth was
significantly enhanced under 3D conditions in the
presence of CM/NGF, concomitant with a reduced
expression of the early neuronal marker nestin, and
increased levels of mature neuronal markers such as
MAP-2, B-tubulin III and NSE and the appearance
of the synaptic marker synaptophysin. To assess
the feasibility for clinical usage, we also isolated
HUCBNP from frozen HUCB samples, (stored for
up to 6 months) and cultured the cells under 3D
conditions. Our data suggest that the neurotrophic
(survival) and neurotropic (neurite outgrowth)
properties are essentially fully preserved in frozen
cells. We believe that 3D culture conditions are
essential for both maintenance of HUCB neuronal
progenitors in vitro and for investigating specific
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features of neuronal differentiation and that these
constructs may be an indispensible step towards
future use in regenerative therapy (Bercu et al, 2012).
As yet unknown is whether these in vitro-
produced, HUCB-derived neuronal cells function
similar to their in vivo-derived counterparts. Each
laboratory may be using phenotypically distinct
NSC, since these cells have been differentiated by
different sets of neurotrophins or chemicals and/
or cultured on different ECM proteins (Jurga et al,
2011; Zychowicz et al, 2011), therefore differing in
the expression of neuronal markers, and potentially
in their identity and functionality. Recently, an
interesting attempt was made to reverse the HUCB-
NSC phenotype to the pluripotent state by using
small molecules representing epigenetic modulators
(histone deacetylase inhibitor Trichostatin A and
DNA methyltransferase inhibitor RG-108) in
conjunction with “classical” reprogramming factors
(OCT4, SOX2 and KLF4) to generate induced
pluripotent stem cells (iPS). This study indicates
the plasticity of HUCB neural progenitors and their
amenability for manipulation in differentiation
directions (Szablowska-Gadomska et al, 2012).

IN VITRO NEUROPROTECTIVE EFFECTS OF
HUCB, HUCB-DERIVED SC AND OF NGF

We used oxygen-glucose-deprivation (OGD)/
reoxygenation-induced injury in rat PCI12
pheochromocytoma as an established ischemia
model (Tabakman et al, 2002; Tabakman et al, 2004a;
Tabakman et al, 2004b; Tabakman et al, 2005), to
test for the neuroprotective effect of both HUCB
cells and HUCBNP. Using both undifferentiated
(dopaminergic) or NGF-differentiated (adrenergic)
PC12 cells, we have employed this model in the past
to measure the neuroprotective effects of the anti-
Parkinsonian drug Rasagiline (Azilect) (Abu-Raya
et al, 1999), as well as those of antioxidants, such as
Carnosine, Homocarnosine and Tempol (Tabakman
et al, 2002). Subsequently, we refined this model
to measure cell-cell-induced neuroprotection,
using a double chamber approach, enabling the
addition of HUCBNP with spatial separation from
the PC12 cells at any time during the insult. With
the ability to remove HUCBNP from the system we
can assess apoptotic/necrotic cell death in OGD/

reoxygenation-insulted PC12 cells by respectively
measuring caspase-3 activity and LDH release. In
our pharmacologically validated model (Tabakman
et al, 2005) the HUCBNP conferred neuroprotection
upon mild insult (20-50% cell death), independently
of their state of differentiation and irrespective
of whether or not they were in direct contact with
the insulted PC12 cells. The data strongly suggest
that the observed neuroprotection is mediated by
soluble factors, rather than by cell-cell contact
(Arien-Zakay et al, 2009b). The neuroprotective
effect of HUCBNP in OGD/reoxygenation-insulted
PC12 cells was similar to the neuroprotective
effect of the HUCB-derived MNC, from which the
HUCBNP were isolated. This was shown in primary
rat cortical neuronal cultures exposed to hypoxia,
in hippocampal slice cultures exposed to OGD/
reoxygenation (Vendrame et al, 2005), as well as
in differentiated neuroblastoma SH-SYSY cells
exposed to hypoxia in vitro (Hau et al, 2008).

HUCBNP-induced neuroprotection was
correlated with suppression of reactive oxygen
species (ROS) in the OGD/ reoxygenation-insulted
PC12 cells and the secretion of antioxidant(s) and
NGF into the culture medium. ELISA assays with
different specificities for rat or human NGFs clearly
indicated that the NGF in the medium was derived
from both the OGD/reoxygenation-insulted PC12
and the neuroprotective human HUCBNP cells. The
CM of the co-cultures also induced neuroprotection,
most probably due to NGF presence, as evident from
the inhibitory effect of K252a, an NGF receptor
antagonist (Arien-Zakay et al, 2009b).

NGF is the prototype of the neurotrophin family
of growth factor molecules. NGF regulates the
growth, development, and plasticity of cholinergic
neuronal populations in the nervous system (Arien-
Zakay et al, 2011). Neuronal NGF expression in
vivo is markedly upregulated by seizure, forebrain
ischemia, marked hypoglycemia and tissue injury
(Gall and Isackson, 1989; Zafra et al, 1991; Lindvall
et al, 1994). Studies in vivo and in vitro indicate that
cerebral insults modulate NGF gene expression via
excitatory amino acid receptors, as well as through
other pathways (Lindvall et al, 1994). The functional
consequences of the increased production of NGF
and other neurotrophic factors following brain injury
might represent part of the intrinsic neuroprotective
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signals (Lindvall etal, 1994; Arien-Zakay etal, 2011).
Among its different functions, NGF signaling appears
to play important roles in neural repair in response
to injury or disease (Arien-Zakay et al, 2011). NGF
induced neuroprotection in the PC12 ischemic model
supports the role of NGF as a neuroprotective agent
in the nervous system as previously documented in
variety of other neuronal insults (Tabakman et al,
2004c¢) and in the neuroprotective effect of HUCB
cells (Arien-Zakay et al, 2011).

NGF is known to be released from PC12 cells
by autocrine regulation (Gill et al, 1998) and to
confer neuroprotection in OGD/reoxygenation-
insulted PC12 cells (Boniece and Wagner, 1993),
a phenomenon, which might be related to the
attenuation of MAPK isoforms (c-Jun amino-
terminal kinase 1 and stress-activated kinases p38a
and p38P) (Tabakman et al, 2004b). One of the
potential mechanisms for its neuroprotective effect
in our in vitro ischemia model as well as in an in vivo
stroke model (Andsberg et al, 2002), may be ability of
NGF to suppress intracellular ROS accumulation by
rapid activation of antioxidants defenses in neurons
(Kirkland et al, 2007).

NEUROPROTECTIVE EFFECTS OF HUCB IN A
BRAIN TRAUMA MOUSE MODEL

Following ischemic insult, a small fraction of iv
administered HUCB-derived MNC, is able to migrate
to/survive at the site of injury in the brain and improve
functional recovery (Meier et al, 2006; Gincberg et
al, 2013). Since HUCB cells are readily available and
have been used clinically for hematopoietic-related
illnesses, they or some of their derivatives, such as
HUCBNP, that confer neuroprotection in vitro, may
represent a suitable source of cells for the treatment
of ischemic brain injury. We hypothesized that the
release of neurotrophic and angiogenic factors (Cho
etal, 2006; Alexanian et al, 2008) and/or antioxidants
in vivo, as described for the in vitro scenario,
would be highly specific and locally limited to the
damaged brain area contributing to the observed
neuroprotection conferred by HUCB-derived MNC.
To test this hypothesis, first we implanted unpurified
HUCB-derived MNC locally into the lesion cavity
of mice brains 1- or 8-days after CHI brain trauma.
We found significant improvement in functional

outcome in terms of the motor and modified
neurological severity score (mNSS) in the animals
receiving HUCB-derived MNC (Gincberg et al,
2013). In order to identify the active population in
the MNC fraction, we separated the cells according
to their CD45 expression, for hematopoietic CD45-
positive and non-hematopoietic CD45-negative
fractions. Only the CD45-positive fraction conferred
neuroprotection and improvement in the mNSS
(Gincberg et al, 2013).

NGF INDUCED PROTECTION ON
MYOCARDIAL ISCHEMIC REPERFUSION
INFARCT

In addition to its neuroprotective role in the
CNS (following ischemic stroke and brain trauma)
it is important to emphasize that NGF also supports
the survival and differentiation of sympathetic
neurons in the heart. Increased NGF expression
after myocardial infarct was correlated with cardiac
sympathetic hyper-innervation and arrhythmias
(Govoni et al, 2011). We recently reported that NGF
protects the rat heart after exposure to ischemia/
reperfusion injury (IRI) (Strande et al, 2013).
NGF was administered iv 15 min before ischemia,
at different concentrations (0.015-15 pg/kg body
weight) in the absence or presence of inhibitors of
phosphatidylinositol-3 kinase (PI3K) or nitric oxide
synthase (NOS) in rats with left coronary occlusion
for 30 min followed by 120 min reperfusion.
At an optimal dose (0.15 pg/kg) NGF treatment
significantly reduced the infarct size tantamount to
60% cardioprotection. This beneficial effect of NGF
was partially abolished by the inhibition of PI3K and
NOS using wortmannin and N (G)-monomethyl-I-
arginine, respectively. These findings extend the
neuroprotective role of NGF in the CNS (ischemic
stroke and TBI) to the potential for neuroprotection
outside of CNS, for example following myocardial
infarction.

CONCLUSIONS

In regenerative medicine to date, MSC (Trounson
et al, 2011), including HUCB-derived MSC (Zanier
et al, 2011) represent the most active SC population
for pre-clinical and clinical therapeutic trials of
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brain injury. While the majority of clinical trials
using MSC have proven safety in phase I, many of
the phase II clinical trials, addressing efficacy, are
still ongoing. The translation of basic research data
to clinical application in TBI patients has invariably
failed, and results from prospective clinical trials are
disappointing. This is in part due to the short temporal
window of opportunity for intervention and failure
of many candidate drugs to cross the blood-brain
barrier (Menon, 2009). To date, single and double
HUCB units are used in the clinics for therapy of
hematopoietic-related disorders, however there is
no FDA approval, yet, for the clinical utilization of
HUCB-derived isolated populations such as MSC,
since minimally manipulated, unrelated allogeneic
placentalHUCB are intended for hematopoietic
reconstitution for specified indications (FDA Draft
HPC-C IND Guidance).

Recent studies from a number of laboratories,
including ours, showed that HUCB-derived MNC
can act as a neuroprotective agent in brain trauma
and other neurodegenerative disorders, such as
stroke (Meier et al, 2006; Arien-Zakay et al, 2011;
Zanier et al, 2011; Gincberg et al, 2013). As of
today, only a limited narrow therapeutic window of
4-6 h has been established for experimental clinical
intervention and no pharmacologically agent was
found to demonstrate therapeutic effect beyond
this window. A unique and novel finding from our
laboratory extends the window up to 8 days post-
trauma by given locally, in the damaged brain area,
HUCB-derived MNC 8 days following the onset of
TBI. Moreover, profound behavioral improvement
was observed in this model upon systemic iv infusion
of HUCB-derived hematopoietic (CD45") fraction
(Gincberg et al, 2013). The HUCB-derived CD45" is
being considered by medical community for therapy
of hematopoietic and non-hematopoietic disorders,
since it can be easily isolated and is the most
abundant in the mononuclear fraction. We suggest
that this particular fraction has promising therapeutic
potential for treating TBI. The administration of
HUCB-derived populations most likely inhibits
the apoptotic cascade and/or locally modulates
the immune/inflammatory response to the injury,
providing neuroprotection (Figure 2).

Hence, HUCB-derived populations provide
neuroprotection most probably through a “bystander

effect”, i.e. by secretion of soluble factors, such as
NGF and other anti-inflammatory growth factors
(Arien-Zakay et al, 2009b; Gincberg et al, 2012;
Gincberg et al, 2013; Figure 2). Most likely, HUCB
cells provide, in addition to NGF, a complex
arsenal of therapeutic growth factors (Arien-Zakay
et al, 2009b; Neuhoff et al, 2007) that no single
pharmacological agent could mimic. The ability
of HUCB-derived populations to synthesize and
secrete NGF and other neurotrophins in an ischemic
environment provides circumstantial evidence
for the important neuroprotective role of NGF. If
indeed this is the case, adjuvant therapy with human
recombinant NGF and other growth factors may
be also considered in order to reach an effective
dose for neuroprotection. NGF has an important
therapeutic role in the treatment of both stroke and
myocardial infarct (Strande et al, 2013; Figure 2),
a possibility which deserves further pre-clinical and
clinical investigation.

There is a growing agreement regarding the
neuroprotective  potential of HUCB-derived
populations in ischemic disorders (Figure 2).
Establishing their mechanism of action in vitro
concomitant with ascertaining in vivo efficacy, safety
and conditions for transplantation will be crucial
before HUCB-derived populations can be utilized
for therapy of ischemic diseases in a clinical setting.
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Recent data from different lines of research point to an imbalance in the homeostasis of the NGF
system as an upstream driver for Alzheimer’s neurodegenerations. In this framework, the first
therapeutic choice would be to use NGF itself as a drug. However, it is a challenge to deliver NGF into
the brain, in a safe and efficient manner and a clinical application of NGF requires solving two major
problems: effective CNS delivery, since NGF does not readily cross the blood-brain-barrier, and, second,
the pronociceptive actions of NGF, that is a potent pain sensitizing agent. Inspired by a genetic mutation
in the NGF gene, that is found in patients suffering from a rare genetic congenital form of insensitivity to
pain (HSAN V), we have engineered painless NGF, a recombinant form of NGF that is traceable against
endogenous NGF, has equal neurotrophic potency to NGF but has a 10 fold lower nociceptive activity
with respect to NGF. The painless hNGF P61 R100 traceable NGF molecule represents a candidate drug
that has the potential for being developed not only into a disease-modifying non invasive therapy for

Alzheimer’s Disease, as well as for other therapeutic indications.

The case for NGF and Alzheimers disease: the
classical connection (cholinergic and retrograde
transport)

NGF (Levi-Montalcini and Hamburger, 1951) has
been classically connected to Alzheimer’s Disease
(AD) on a purely correlative basis, because of the
selective vulnerability of basal forebrain cholinergic
neurons (BFCNs) in AD (cholinergic connection)
and of the retrograde transport of NGF in these
neurons (retrograde transport connection). BFCNs
provide major projections to the cerebral cortex and
the hippocampus, subserving cognitive functions
and memory. NGF is BFCN principal target-derived
neurotrophic factor, protecting these neurons from
various insults and from their aging dependent
atrophy (Mobley et al, 1986; Li et al, 1995; Holtzman
et al, 1993). Accordingly, a decreased trophic
support, due to a reduced amount of NGF available
to BFCNSs, could contribute to the cholinergic cells
loss observed in AD (Mufson et al, 1999).
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NGEF is produced in the cortex and hippocampus
and retrogradely transported to BFCN (Mufson
et al, 1999). NGF expression is not altered in AD.
Several findings collectively support the view
that a diminished retrograde transport of NGF can
determine a reduced neurotrophic support to BFCNs
(Mufson et al, 1999). A reduced capacity of TrkA-
dependent retrograde transport of NGF may lead
to the loss of BFCNs observed in early AD and
explains the seemingly paradoxical observation
that, in AD postmortem brains, NGF and proNGF
proteins are increased in the cortex and hippocampus
and are diminished in basal forebrain (Mufson et al,
2000; Fahnestock et al, 1996). Indeed, cytoskeletal
transport dysfunctions, and a reduced axonal
transport of NGF, represent a common link between
NGF trophic deficits, cholinergic dysfunction, and
neurodegeneration (Salehi et al, 2003; Schindowski
et al, 2008), so that neurons in AD cannot take full
advantage of NGF, since both APP and Tau are
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involved in axonal transport. However, according to
this view, a reduced neurotrophic support would be
downstream of APP (or Tau) alterations.

The case for NGF and Alzheimers disease: NGF
deficits as an upstream driver for neurodegeneration

Recent evidence from independent laboratories
and different experimental lines point to a mechanistic
role for deficits in the homeostasis of the NGF system
as an upstream driver for AD neurodegeneration
(Capsoni and Cattaneo, 2006).

The principal lines of evidence in support of this
view are:

1) the neurodegeneration phenotype observed
in AD11 mice, expressing an anti NGF antibody
transgene (Capsoni et al, 2002a).

2) cell death of hippocampal neurons, in vitro,
induced by removal of NGF (Matrone et al, 2008).

3) the homeostasis of the NGF system and
the emerging complexity of the proNGF/NGF
equilibrium.

Anti-NGF AD11 Mice as a Comprehensive Model for
Sporadic Alzheimer s disease

The first demonstration that NGF deficits could
have consequences beyond a direct interference
with the cholinergic system came from studies in
the anti-NGF ADI1 mouse model (Capsoni et al,
2000; Ruberti et al, 2000). These mice express a
recombinant, highly specific anti-NGF antibody in

the adult brain and allow studying the effects of a
chronic neutralization of NGF in the adult brain,
after normal development. Quite unexpectedly,
these mice progressively develop a comprehensive
AD-like neurodegeneration, more severe than the
expected cholinergic deficit per se, with functional
and behavioral impairments, encompassing
several features of human AD. The progressive
impairment of working memory, revealed by a
number of behavioural tasks (Berardi et al, 2007,
De Rosa et al, 2005) is accompanied by synaptic
plasticity deficits in the cortex (Origlia et al, 2006)
and the hippocampus (Sola et al, 2006). At the
neuropathological level, besides the expected deficit
in BFCNs, AD11 mice show an intracellular and
extracellular accumulation of B-amyloid in the
hippocampus and a progressive neuronal expression
of hyperphosphorylated and truncated Tau (Capsoni
et al, 2002a). The neurodegeneration in AD11 mice
is NGF dependent, since it can be fully reverted by
NGF administration (Capsoni et al, 2002b; De Rosa
etal, 2005), demonstrating that NGF sequestration by
antibodies results in Alzheimer’s neurodegeneration.
Cholinergic drugs fail to substantially revert
neurodegeneration in AD11 mice, confirming that
the cholinergic neurotransmission deficit is not a
primary event of the neurodegeneration cascade in
ADI11. Breeding AD11 mice under environmental
enrichment (EE) conditions rescues their memory
and neuropathological deficits (Berardi et al, 2007).

Dosage % of NGF in | NGF amount in the
Route the brain brain
(mg /kg)
Intranasal 0.96 0.023 0.22
Endovenous 0.96 0.001 0.0096

Table 1. NGF has a great potential for the treatment of AD, but the therapeutic administration of NGF represents a
significant challenge, due to the difficulty to deliver relevant doses to the brain, in a safe and non-invasive way. An
efficient and non-invasive delivery of NGF to the brain in animal models, is represented by the intranasal route. In the
table a comparison between intranasal and intravenous routes is showed. The dose through endovenous route, needed to
reach the same amount of NGF in the brain, must be 23 times higher, i.e. = 22.8 ug/kg. The dose that determined pain in

humans is 1 ug/kg
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hNGF 1.23 10°
hNGFR100E 1.34 10°
hNGFP61S 0.79 10°
hNGFP61S/R100E  1.07 10°

1.16 103 0.94 1.06 10°
1.93 107 1.44 6.9 10°

1.09 103 1.38 7.26 10®
1.4510° 1.35 7.41 10®

hNGF 3.05 10°
hNGFR100E 4.51 10*
hNGFP61S 3.92 10°
hNGFP61S/R100E  5.43 10*

4.68 10 1.53 6.5210%
5.62 107 125 8.02 10°
8.8310° 2.25 4.44 10®
10.9 103 200 4.98 10°

Table I1. SPR analysis. Summary of the derived kinetic and equilibrium binding constants of hproNGF and hNGF and the
muteins P61S and P61S/R100E towards TrkA and p75 receptors.

EE is a complex stimulus, and its effectiveness in
rescuing ADI11 neurodegeneration confirms this
neurodegeneration to be a multifactorial process.

In summary, AD11 mice display a comprehensive
and progressive neurodegeneration reminiscent of
LOAD (Late Onset Alzheimer’s Disease). Unlike
other transgenic AD models, and similarly to LOAD,
in AD11 mice beta-amyloid pathology arises from
endogenous APP, in the absence of a mutation in
APP/APP processing genes. The phenotype of AD11
mice has uncovered a new mechanism whereby
neurotrophic deficits are an upstream driver, causally
linked to altered APP processing and Tau pathology,
in addition to determining a cholinergic deficit
(Capsoni and Cattaneo, 2006; Cattaneo et al, 2008).

Linking directly NGF Deficits to the Activation of the
Amyloidogenic cascade
The AD11 model establishes direct links between

alterations in NGF signaling and aberrant APP/Tau
processing. Further independent evidence supporting
this concept came from subsequent studies in cultured
neurons, which allowed dissecting the precise
mechanisms whereby deficits in NGF signaling
determine the activation of the amyloidogenic
cascade (Matrone et al, 2008). These studies also
uncover a different and novel role for NGF induced
TrkA signaling, in concert with APP. First, NGF-
differentiated PC12 cells, deprived of NGF, were
shown to undergo apoptosis by a mechanism
involving activation of APP amyloidogenesis, with
release and accumulation of secreted Abeta peptide,
with prevalence of AB1-42 over AB1-40 peptides. The
down-regulation of amyloidogenic APP processing
with selective — beta and gamma -secretase inhibitors
or with anti AP antibodies, significantly reduced the
apoptotic death of NGF-deprived PC12 neurons,
providing further evidence linking neuronal death
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Fig. 1. Reduced pro-nociceptive responses of hNGF muteins (mechanical allodynia): dose-response allodynic effects
of hNGFRI00E, hNGF P61S and hNGF P61S RI100E compared to hNGF, 5 hours after intraplantar injection in the
hindpaw. The allodynic response was reduced for hNGF R100E and hNGF P61S R100E compared to hNGF. (Modified

from Capsoni et al. PLOS 2011)

and amyloidogenic APP metabolism. The link
between NGF deprivation and amyloidogenesis
was further corroborated in NGF-deprived primary
hippocampal cultures (Matrone et al, 2008). Thus,
also in NGF-deprived hippocampal neurons, it was
observed that: 1) removal of NGF activates aberrant
APP processing, with the released Abeta peptides
creating a neurotoxic loop, ii) beta and gamma -
secretase inhibitors - and AP antibodies, largely
prevented not only the AP intra- and extra-cellular
production but also neuronal death; iii) silencing the
mRNA coding for APP correspondingly reduced the
extent of cell death (Matrone et al, 2008).

The overproduction of AP in NGF deprived
hippocampal neurons correlates with early, specific
and temporally-restricted phosphorylation state
changes of tau protein. Indeed, similar NGF-
dependent modifications of site-specific tau
phosphorylation have been found in the AD11 animal
model, in correlation with the temporal appearance
of AP peptide species (Capsoni et al, 2002a).

Interestingly, 24 h after NGF withdrawal, the
NGF receptor TrkA, in the apoptotic hippocampal
primary neurons, regained its phosphorylated state.

This paradoxical, NGF-independent, delayed TrkA
phosphorylation appears to represent an intracellular
signaling linked to AP increase. Incubation of
NGF-deprived neurons with TrkA antagonists,
largely protect hippocampal neurons from apoptotic
death. Furthermore, an identical anomalous
TrkA phosphorylation was evoked in neurons by
exogenously added synthetic Ap peptide, and TrkA
mRNA silencing also paradoxically favored neuronal
survival, suggesting that the NGF receptor may
switch from pro-survival to pro- apoptotic action in
the absence of its specific ligand. Relevantly, in p75-
silenced neurons, TrkA did not appear phosphorylated
following NGF removal (Matrone et al, 2009),
supporting previous suggestions about a p75 role as
an early mediator of the toxic A effect (Coulson et
al, 2009). Thus, the same TrkA membrane receptor
may switch from pro-survival to pro-apoptotic action,
in the presence or absence of its physiological cognate
ligand, suggesting a causal relationship between NGF
withdrawal, amyloidogenic APP metabolism and
NGF independent TrkA phosphorylation (Longo and
Massa, 2005). This conclusion is further supported by
evidence on a direct interaction between TrkA and APP,
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crucially involving phosphorylation of APP residue
Y682 (Matrone et al, 2011). These studies suggest that
NGF and APP functions are strictly interconnected,
probably via some sort of direct interaction, and that
the NGF/TrkA signaling pathway could indeed be
causally involved in AD pathogenesis.

Thus, one of the consequences of trophic factor
deprivation (or other NGF signaling and processing
alterations, such as proNGF/NGF imbalance, see
below) of BFCN in vivo, could be a local action
on their synaptic axonal terminals, involving the
activation of the aberrant APP processing cascade.
The Emerging Complexity of proNGF/NGF
Equilibrium

The emerging complexity of the proNGF/NGF
system adds another element to the picture of the
NGF connection to AD mechanisms.

NGF is translated as a pre-pro-protein, which is
cleaved intracellularly or extracellularly by furin or
plasmin and matrix metalloprotease-7, respectively
(Bruno and Cuello, 2006). ProNGF and NGF have
distinct biological activities (Lee et al, 2001):
proNGF has a higher affinity for p75NTR and a
lower one for TrkA compared to mature NGF and
induces p75NTR-dependent apoptosis. ProNGF
can also induce TrkA-dependent neuronal survival,
although less effectively than NGF (Fahnestock
et al, 2004). The prodomain of NGF interacts with
sortilin, a neuronal type-1 VPS10-domain receptor,
a coreceptor with p7SNTR for proNGF (Goate et
al, 1991). The levels of proNGF and its coreceptor
sortilin increase in mild cognitive impairment and
early AD brains (Counts et al, 2004; Fahnestock et
al, 2001), paralleling the progressive decline in TrkA
receptors and a diminished conversion of proNGF
to mature NGF and an increased NGF degradation in
AD brains is observed (Bruno et al, 2009). Thus, the
biological activities of proNGF versus NGF influence
the balance between cell death and cell survival
(Nykjaer et al, 2005; Hempstead, 2006), and an
imbalance in this complex ligand/receptor system has
been correlatively linked to AD neurodegeneration,
and direct proof in vivo has been obtained recently
(Capsoni and Cattaneo, 2006; Tiveron et al, 2013).

The NGF binding properties of anti-NGF
mAbaD11, expressed in the brain of ADI1 mice,
provided a first clue (Covaceuszach et al, 2008)

towardsamechanisticandnotcorrelativelink between
proNGF/NGF imbalance and neurodegeneration.
The anti-NGF mAbaD11, expressed in AD11 brains,
binds NGF with a three orders of magnitude higher
affinity than that for proNGF, with binding to NGF
being virtually irreversible. The preferential binding
ofmAbaD11 to mature NGF, with respect to proNGF,
would determine, under limiting concentrations in the
mouse brain, an experimentally induced functional
imbalance between NGF and proNGF by irreversibly
“sequestering” mature NGF while leaving proNGF
free to act in the functional “absence” of mature NGF.
proNGF would activate the proneurodegeneration,
proamyloidogenic pathways, interacting with sortilin
and p75NTR receptors (Capsoni et al, 2006). A first
test of this mechanism (Capsoni et al, 2010) comes
from studies in which AD11 mice have been crossed
to p7SNTR knock-out mice (p75NTR —/—). The
resulting offspring (AD12 mice) shows a complete
reversion of the AP phenotype, demonstrating
that amyloidogenesis in the AD11 model involves
proNGF/p75 signaling. Accordingly, the main
determinant of neurodegeneration in anti-NGF mice
would be the selective neutralization of NGF versus
proNGF by an antibody in the brain: “too little NGF,
too much proNGF” (Cattaneo et al, 2008). In a more
recent study, transgenic mice expressing a furin-
uncleavable form of proNGF in the postnatal brain
were derived. As a result, proNGF mice express
not only high levels of proNGF, but also higher
levels than normal of mature NGF. Surprisingly,
these mice develop a striking cholinergic deficit
phenotype, accompanied by formation of Amyloid
beta oligomers and severe learning and memory
behavioral deficits (Tiveron et al, 2013).

This provides the missing link for a proNGF/NGF
centered vicious cycle, integrating data on Amyloid
beta inducing dysmetabolism of proNGF (Bruno
and Cuello, 2006; Bruno et al, 2009) and on proNGF
increase in AD brains (Fahnestock et al, 2001).

NERVE GROWTH FACTOR AND
ALZHEIMER’S DISEASE: THE “NEW” STORY

The experimental studies on NGF deficit induced
neurodegeneration in transgenic mice, as well as
the mechanistic studies on the anti amyloidogenic
actions of NGF/TrkA signalling in primary neuronal
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cultures demonstrated a novel causal link between
neurotrophic signaling deficits and Alzheimer’s
neurodegeneration. Given these results, a new
NGF hypothesis could proposed, with neurotrophic
deficits of various types representing an upstream
driver of core AD triad pathology (Cattaneo et al,
2008; Cattaneo and Calissano, 2012). Thus, AD
neurodegeneration would arise from alterations of
the homeostatic equilibrium of the NGF system,
leading through a series of interconnected loops to
the activation of local and global neurodegeneration
processes, ultimately determining the central core of
AD hallmarks.

These neurotrophic deficits would be “located”
upstream of the “amyloid cascade”, as currently
described, but would be part of a negative feedback
loop that involves several feedback steps from the
downstream process itself (e.g., links between APP,
Tau, and axonal transport). Also, the cellular targets
for NGF/proNGF actions, in this negative loop,
could be more widespread than envisaged so far.

Essential elements of this mechanism, besides
the “classical” NGF/TrkA/p75NTR system, are
the proNGF/sortilin pathway and immune and
inflammatory effectors acting on astrocytes,
microglia and synapses, progressively broadening
the cellular basis of the pathology.

In any event, the “new” NGF hypothesis for
LOAD has significant therapeutical implications.
Any therapy aimed at reestablishing the homeostatis
of'the NGF system appears to have a clear and strong
rationale, as being truly able to interfere directly
with a neurodegeneration mechanism involved in the
disease process.

NERVE GROWTH FACTOR BASED
THERAPIES FOR ALZHEIMER’S DISEASE:
TAKING PAIN OUT OF NGF

In this framework, the first therapeutic choice
would be to use NGF itself as a drug. Clinical
application of NGF requires solving two major
problems: effective CNS delivery and limitation
of adverse effects (most notably, pain). It is indeed
a challenge to deliver NGF into the brain in a safe
and efficient manner. First, NGF does not readily
cross the blood brain barrier. A second major issue is
represented by the pro-nociceptive actions of NGF.

Thus, NGF is a key pain mediator, controlling both
the neural and the inflammatory components of pain
(Pezet and McMahon, 2006). The capacity of NGF
to cause pain has been demonstrated in humans
in the course of pilot clinical trials in AD patients
(Eriksdotter Jonhagen et al, 1998), as well as during
clinical trials undertaken to explore the potential use
of NGF in peripheral polyneuropathies (Grimm et
al, 2007).

This has severely limited, in previous clinical
trials, the dosage administrable to patients,
jeopardizing the efficacy of the treatment (Apfel,
2002).

The clinical application of NGF in AD is therefore
limited by a double constraint, of achieving a
pharmacologically adequate concentration in target
brain areas while preventing its adverse pain effects.
For this reason, clinical trials evaluating NGF for AD
have used invasive approaches, such as neurosurgery
for the implant of autologous fibroblasts, engineered
to secrete NGF, directly in the brain (Tuszynski et al,
2005), the direct stereotactic delivery into the brain
of adeno-associated viral vectors encoding human
NGF, or the chronic neurosurgical implant into
the brain of biopolymer capsules filled with NGF-
producing cells.

These invasive clinical approaches of NGF gene/
cell therapy provide an independent validation
of the therapeutic potential of NGF in AD, and
their outcome will provide insights into the safety,
efficacy, and liabilities of NGF therapies. However,
the approach is highly impractical for its extension
to large numbers of AD patients. Therefore, a safe
route for an effective, non-invasive delivery of NGF
to the brain is required.

We have shown that the intranasal route allows a
non-invasive, safe, and pharmacologically effective
delivery of NGF to the brain (Capsoni et al, 2002b; De
Rosaetal, 2005; Capsoni et al, 2009). NGF intranasal
delivery represents an effective compromise to meet
the required therapeutic window for NGF, leading to
NGF build-up in target brain areas while minimizing
its bio-distribution to non-targeted districts where it
induces pain (CSF and bloodstream) (See Table 1).

To facilitate optimal dosing, we designed a
modified human NGF (hNGFP61S), “tagged”
with a single distinctive residue, that can be
easily traced against endogenous NGF and has a
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potency and bioactivity identical to that of hNGF
(Covaceuszach et al, 2009). hNGFP61S constitutes
a backbone whereby additional desirable functions,
such as antinociceptive properties, could be further
engineered into the therapeutic NGF molecule.

Is it possible to take pain out of NGF, engineering
an NGF mutein having neurotrophic properties
identical to hNGF but lacking its nociceptive pain-
inducing activity? To answer this question, we were
inspired by genetic data on rare human syndromes
determining congenital insensitivity to pain. Two
rare forms of human congenital insensitivity to
pain are due to mutations in genes related to NGF
signaling: hereditary sensory and autonomic
neuropathy, type IV (HSAN IV), is due to mutations
in the gene for TrkA (Indo et al, 1996; Indo, 2001),
while HSAN type V is associated with a mutation
(R100W) in the NGF gene (Einarsdottir et al, 2004).
Both HSAN IV and V are characterized by profound
loss of pain sensitivity and perception, accompanied,
in HSAN 1V, by severe mental retardation and
learning problems. On the other hand, HSAN V
patients show no mental retardation and have most
neurological functions intact. The HSAN V mutation
NGFR100W separates, from a clinical point of
view, the neurodevelopmental effects of NGF from
those involved in the activation of peripheral pain
pathways, after development.

This mutation could form the rational basis for
the design of a “painless” NGF variant that, while
displaying a full neurotrophic activity, shows a
reduced nociceptive activity (Covaceuszach et al,
2010; Capsoni et al, 2011). Indeed, receptor binding
measurements demonstrated that while the affinity
of NGF R100 mutants for the TrkA receptor was
substantially unchanged, the binding for p75SNTR
was 100-fold lower (Covaceuszach et al, 2010)
(see Table 2). The neurotrophic potency of hNGF
R100 mutants, in a number of different cellular
bioassays, was indistinguishable from that of wild
type hNGF. Interestingly, mutants hNGFR100, and
hNGFP61/R100, were equally effective as hNGF and
hNGFP61S in activating, through TrkA, downstream
Shc and Akt pathways but failed to activate PLC-1y.
This selective TrkA signaling failure is noteworthy
since the PLC-1y pathway has been implicated in
TrkA-mediated sensitization of sensory nociceptors
(Chuang et al, 2001; Prescott and Julius, 2003). Thus,

from a pharmacological point of view, painless NGF
acts as a biased agonist, selectively

To study the effects of the mutation in the NGF
gene on nociceptive responses in vivo, ANGFR100
and hNGFP61/R100 were administered to mice by
intraplantar injection in the hind paw and mechanical
allodynia was measured (Capsoni et al, 2011). A
significant time- and dose-dependent allodynic effect
was induced by hNGF, reaching a maximum effect 5
hours after the injection. On the contrary hNGFR100
and hNGFP61/R100 failed to show any allodynic
effect (Capsoni et al, 2011), confirming that the
R100 mutation in NGF makes a molecule equally
neurotrophic, but less nociceptive (see Figure 1).
The lack of pronociceptive effect of mutant hNGF
was also confirmed when thermal hyperalgesia was
evaluated (Capsoni et al, 2011). In a dose response
study, a 10 fold greater concentration of painless
hNGFR100 is needed, to sensitize the mice to the
same extent as wild type hNGF does. This implies
that a 10 fold greater concentration of painless NGF
can be used, than has been used in past clinical
trials for NGF, before the pain inducing threshold is
reached.

In vivo studies in neurodegeneration models have
confirmed the therapeutic potential of these painless
NGF molecules, by showing that intranasally
delivered NGF in different neurodegeneration
mouse models (including AD11 mice and APPxPS1
transgenic mice) is very effective in rescuing several
aspects of the neurodegenerative phenotype (Capsoni
et al, 2012). It is noteworthy that the therapeutic
efficacy of painless NGF is observed at many
different levels of the complex neurodegenerative
phenotypes of transgenic AD models, including both
neuropathological endpoints, such as cholinergic
deficit, hyperphosphorylated tau pathology and
Abeta related pathology, as well as behavioural
learning and memory deficits.

Current efforts are aimed at completing the
preclinical activities required to advance the painless
NGF molecule into clinical testing in humans.
Among these, optimization of the production process,
to increase the yields of the expression system for
recombinant painless NGF, represent a high priority.
Current yields are in the order of 10-15 mg/l of
bacterial culture, and further scaling up is ongoing.

In conclusion, these studies demonstrate that by
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exploiting a mutation from a human rare genetic
condition, that leads to congenital insensitivity to
pain, the therapeutic window for the therapeutic
uses of NGF in clinical conditions in man has been
significantly broadened. The painless hNGFP61/
R100 traceable NGF molecule represents a candidate
drug that has the potential for being developed
not only into a disease-modifying non invasive
therapy for Alzheimer’s Disease, but also for other
indications where the systemic use of NGF in man
has shown significant pharmacological potential, but
also difficulties, linked to its nociceptive properties,
such as diabetic polyneuropathy.
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Alzheimer’s Disease (AD) is an irreversible
and progressive neurodegenerative disease which
affects approximately 5.1 million of people in USA
(Hebert et al, 2003) and about 7.3 million in Europe.
Patients affected by AD are unable to interact with
their environment or care for themselves. Functional
deficits appear in all the domains of cognition
and behavior including memory loss, language
difficulties, poor executive functions, behavioral and
psychiatric disorders, e.g. delusion and depression,
psychomotor agitation and decline in functional
status, i.e. activities of daily living (ADLs) and self-
care (See Herrup, 2012 and Burns & Illiffe, 2009). The
first symptom of AD is often memory impairment. As
the disease progresses, memory continues to decline
and other functions like language capability and
decision making become more difficult. Personality
and behavior changes may also occur. An individual
with AD may no longer recognize his family and
friends and depends on other people for assistance
in the most basic ADLs. A “National Plan to Address
Alzheimer’s Disease” has been recently published
by the US Department of Health and Human
Services of FDA (February 2013) as a consequence
of US President Barack Obama signature into law
of the National Alzheimer’s Project Act (NAPA;
see http://napa.alz.org/), on January 04, 2011. This
law required the development of a national plan in
order to make faster research toward prevention and
treatment of AD, and to improve care, services, and
support to AD people, their families, and caregivers.

Pathognomonic anatomo-pathological features
of the AD brain are the senile plaques (SPs) and
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neurofibrillary tangles (NFTs). The main plaque
constituent is represented by macromolecular
aggregates of a short peptide termed beta-amyloid
(AP) (Glenner and Wong, 1984). Notably, the
predominant forms of the peptides are insoluble
AB,,, and AB, . fragments. The former is the most
abundant whereas the latter, highly hydrophobic,
forms oligomers and fibrils accumulating in the
extracellular plaques (Andreasen and Zetterberg,
2008).

TheNFTsconsistofpaired helical filaments (PHFs)
whose main constituent is a hyperphosphorilated
form of the microtubule-associated protein tau
(Grundke-Igbal et al, 1986; Delacourte e Defossez,
1986). Therefore, the accumulation of abnormal
intra- and extra-cellular protein deposits represents
the main defect in protein processing and consequent
alteration of normal neuronal functioning which
ultimately results in neuronal death.

The most accredited pathogenetic hypothesis is
the so-called “amyloid cascade”. According to this
hypothesis, the familial forms of AD (fAD), exhibit
a genetic predisposition to an aberrant process of
the Amyloid Precursor Protein (4PP) gene leading
to the accumulation of AP, in particular the AP
peptide which is the most amyloidogenic form.

Clinically, fAD accounts for only 1-5% of cases
of AD and is caused by mutations in one of three
definite genes, namely APP, presenilin-1 (PSENI),
and presenilin-2 (PSEN2) (Bateman et al., 2011).
Moreover, fAD is usually referred to as early onset
AD (EOAD) with an average onset of 50 years of
age and some cases showing symptoms as early as
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the mid-30’s (Bertram et al., 2010).

In sporadic forms of AD (sAD) — without
apparent familial aggregation (i.e., non-Mendelian
inheritance) — the disease begins with a slow, age-
related accumulation of extracellular AB. It is
acknowledged that the majority of AD cases (>95%)
are apparently non-Mendelian forms with age at
onset of 65 years or above. As a result, such cases
are referred to as late-onset AD (LOAD) (Bertram
etal., 2010).

Mouse models of hereditary AD have
demonstrated that a variety of transgenes produce
heavy AP plaque deposition in the cortex. However,
mice carrying an amyloid accumulation for three-
quarters or more of their life show no significant
neurodegeneration or behavioral problems, but
only spatial orientation deficiencies and long-term
memory deficits.

However, whatever are the mechanisms
underlying cell death in various areas of the
brain in AD, i.e. amyloid cascade hypothesis, tau
hyperphosphorylation, mitochondrial dysfunction,
and abnormal generation of reactive oxygen species
(ROS) since clinical trials with several classes of
drugs have begun too late in the disease process
to be effective (see Herrup, 2012 and Schneider,
2012), no drugs for the treatment of mild cognitive
impairment (MCI) and for the prevention of AD
have been approved so far. With reference to the
treatment of AD, no other drugs have been approved
for marketing authorization since memantine in
Europe and in USA in 2002 and 2003, respectively
(Schneider, 2012).

The limited efficacy as well as the existence
of adverse effects characterizing the available
drugs has led to substantial controversy about the
use and usefulness of current treatment options
(see Schneider, 2012). The development of new
pharmacological treatment for AD is driven by the
enormous need, a large market perspective, and the
high profit potential. Currently, drug development
programs are aimed at new targets since the last
clinical trials have been unsuccessful.

The regulatory criteria for marketing of
symptomatic and disease modifying therapies for AD
require the demonstration of efficacy in the cognitive
domain accompanied by improvement in functional
or global measure of the patients, i.e., ADLs and

often evidence of overall clinical improvement
or less overall decline, accompanied by adequate
evidence of safety (Schneider, 2008). The criteria
issued by the Food Drug Administration (FDA),
as draft guideline, and by the European Medicine
Agency (EMA), as formal guideline, have both
tended to facilitate drug development by providing
a road map of the types of clinical trials required,
imposing development programs by indicating how
drugs for a complex disorder can be developed.
The guidelines encourage similar programs for
very different drugs (see Broich et al, 2012 and
EMA Guidelines). Unfortunately, despite numerous
recent clinical trials, only few drugs with modest
therapeutic effects are available and we should ask
ourselves the reasons underlying such a failure.

Despite a partial restoration in synaptic plasticity
and long-term potentiation (LTP) alterations in
experimental models of AD was shown to occur after
nerve growth factor (NGF), (LaRosa et al, 2013) ,
brain-derived neurotrophic factor (BDNF) (Lu et al,
2013) and drug treatment (y-secretase modulators
(Balducci et al, 2011), it is highly probable that the
goal of treating AD when the symptomatology is
overt is an almost impossible mission since, in this
circumstance, millions of neurons are already killed
both in the neocortex and in the hippocampal system.
Therefore, only a treatment employing neural stem
cells transplant or NGF could potentially repair
the disrupted synaptic communication between
neurons and eventually ameliorate the cognitive
and behavioral disorders. However, the restoration
of the brain areas destroyed in AD by means of
implantation of neural stem cell is thought to be
an hard task considering the complex architecture
of neuronal networks and circuits in the affected
areas. In particular, the different nature of neuronal
pathways, the tens of neurotransmitters, the many
other endings impinging on neurotransmitter nerve
terminals as well as the mosaics of different pre-
and post-synaptic receptors render the goal of stem-
cells to repair or perfectly reproduce a functioning
synaptic communication as remote goal.

The major risks of maintaining the present
regulatory guidelines is represented on one side
by the impossibility to reduce or cure the terrible
symptoms of the patients and the suffering of their
families, relatives, and friends. On the other side,
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should the present guideline persist, another risk is
represented by the discouragement of pharmaceutical
industry or research consortia to carry out research
and new developmental projects since so far they
have in vain invested enormous resources and funds .

Obviously it seems logical to change the
strategy to treat AD and recently the Food and
Drug Administration has proposed and distributed
for comments a draft guidance for applicants
(February 2013) allowing alternative targets of
intervention pointed in early stages of AD. Recently,
an international task force of investigators from
academia, industry, nonprofit foundations, and
regulatory agencies met in Monte Carlo, Monaco,
on October 31, 2012, to review lessons learned from
the recent bapinezuzumab and solanezumab trials,
and to incorporate insights gained from these failed
trials into future clinical studies. Although there is a
broad consensus that AD should be treated during its
early stages, the concept of secondary prevention has
evolved to be described more accurately as treatment
of preclinical, presymptomatic, or early AD. There
continues to be a strong emphasis on biomarkers and
a need for new biomarkers; however, there has also
been a realization, based on completed trials, that the
most reliable indicator of clinical efficacy across the
entire spectrum of disease from asymptomatic to AD
dementia is likely a measure of cognition (Vellas,
Carrillo, Sampaio, Brashear et al, 2013). Therefore,
the new guidance for FDA suggests potential
approaches to clinical trial design and execution
that allow for regulatory flexibility and innovation
(Kozauer and Katz, 2013).

Notably, the FDA guideline covers the selection
of patients for trials in early stages of AD. In this
regard, there is a consensus within the Alzheimer
research community that clinical diagnosis of early
cognitive impairment might be coupled with specific
appropriate biomarkers of the disease.

The currently evolving status of multimodal
core biomarker development and validation that
encompass neurochemical/neurogenetic as well
as  structural/functional/metabolic neuroimaging
studies has been extensively assessed and revised
(Blennow et al., 2013; Hampel and Lista, 2013;
Hampel et al., 2012; Hampel and Lista, 2012; Ewers
et al., 2011; Hampel et al., 2008) providing also the
converging perspectives of industry stakeholders and

regulatory bodies on the AD biomarker discovery/
development area (Hampel at al., 2010; Blennow et
al., 2010). Notably, criteria have been established
and are being validated by various working groups.
In particular, the recent advances in biomarkers of
AD, which provide in vivo information about the
pathophysiologic processes associated with AD,
have encouraged the proposal of new diagnostic
criteria by the International Working Group (IWG)
for New Research Criteria for the Diagnosis of
AD (Dubois et al., 2007; 2010). According to the
IWG/Dubois criteria, the diagnosis of AD was
reconceptualized as a “clinical-biological” entity
with a specific clinical phenotype and confirmatory
in vivo pathophysiologic evidence of AD (Sarazin et
al., 2012; Cummings et al., 2013).

More recently, the National Institute of Aging-
Alzheimer’s Association (NIA-AA) workgroups
published new diagnostic guidelines for AD
(McKhann et al., 2011; Albert et al., 2001; Sperling
et al., 2011) that also incorporate biological and
imaging markers to establish an earlier diagnosis of
AD (Sarazin et al., 2012).

In both IWG/Dubois and NIA-AA diagnostic
criteria, a discussion of preclinical stages of
AD is offered, focused on the existence of a
pathophysiologic process that precedes the clinical
manifestations of the disease (Sarazin et al., 2012)
and data on specificity, sensitivity and predictive
values are awaited.

Biomarkers discussed include brain [-amyloid
load, as measured by positron-emission tomography
(PET) and cerebro-spinal fluid (CSF) levels of
B-amyloid and tau proteins (Hampel and Carrillo,
2012). However, validation of these biomarkers is
still lacking although of the 19,104 published papers,
142 longitudinal studies related to the biomarkers of
interest were identified which included subjects who
had objective cognitive impairment but no dementia
at baseline (see Noel-Storr et al, 2013).

As far as CSF biomarkers are concerned in arecent
paper it was reported that the overall variability of
data coming from a total of 84 laboratories remains
too high to allow the assignment of universal
biomarker cut-off values for the specific intended
use (Mattsson et al, 2013) underpinning the need
for better collaboration and standardization in such
conditions.
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A specific suggestion by the FDA guidance for
clinical trials focusing on patients in whom overt
dementia seems imminent is the use of a single scale
that combines assessment of both cognition and
function such as the score on the Clinical Dementia
Rating Sum of Boxes (CDR-SB) (Kozauer and Katz,
2013). For patients, whose disease is at an even earlier
clinical stage, we agree that despite biomarkers
validation tests are not defined yet, it seems possible
to approve a drug through an accelerated procedure
pathway on the basis of assessment of only cognitive
symptoms. The accelerated approval mechanisms
will allow drugs that address an high unmet medical
need to be approved on the basis of a surrogate end
point or an intermediate clinical endpoint (i.e. a
sensitive cognitive measure). This approach would
be a “conditional” approval which implies that the
applicantis obliged to carry out long-term longitudinal
clinical studies after marketing authorization to
confirm clinical efficacy and safety. Only after the
approval and long-term treatment it would be possible
to properly follow the amelioration of cognitive and
behavioral disorders as well as the slowing of the
progression of neurodegenerative lesions as shown
by neuroimaging techniques (Hampel and Carrillo,
2012). In order to improve the diagnostic accuracy
and possibilities for follow-up in patients with MCI,
new validated neuropsychological test batteries,
functional and global impairment measures are
needed, which are sensitive to change. e.g. Richard
et al (2013) have recently proposed a new memory
test, the Net Reclassification Improvement (NRI)
which, followed by MRI and CSF analysis, might
be an attractive and easy to interpret measure for
clinicians. EMA has established a qualification
procedure for such novel methodologies for clinical
trials and stakeholders are encouraged to use the
procedure (Isaac M et al. 2011; Manolis E et al. 2011)

The focus of new drug development to be shifted to
earlier stages of AD has been recently raised by one of
us (G.N.) at EMA Management Board (March 2013)
and remains a challenging scientific question. It is
desirable that both EMA and FDA consult each other
to decide the best design for the new clinical trials in
AD prevention and treatment at the various stages of
the disease , which should enrich the AD therapeutic
armamentarium to alleviate clinical symptoms and/or
to prevent progressive devastating effects.
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MESENCEPHALIC CELL CULTURES FROM CYP2E1 KNOCKOUT MICE:
A STUDY ON MPP+ TOXICITY

C. PARDINI, C. VIAGGI, C. GERACE, G.U. CORSINI, F. VAGLINI

Department of Translational Research and New Technologies in Medicine and Surgery,
University of Pisa, Italy

The relevance of the P450 2E1 isozyme (CYP2E1) in 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine-
induced parkinsonism in C57bl mice has been reported previously. Recently, we generated mesencephalic
cell cultures from Cyp2el(-/-) and wild-type 129S1/SvimJ (Cyp2el(+/+)) embryos. In the present study
we demonstrated that Cyp2el(—/-) primary cultures proved to be a valuable in vitro model of 1-methyl-
4-phenylpyridinium ion (MPP+) toxicity and metabolic study. After 24 h of MPP+ exposure, Cyp2el(-/-)
mesencephalic cells were less sensitive to the toxic insult compared with Cyp2el(+/+) cultures. The MPP+
kinetic study revealed long-term enhanced uptake of the toxin inside the neurons with a total retention
that was double that of controls. The dose-response study of the long-term retention of MPP+ revealed that
the difference is observed only at a low concentration of the toxin. Our data suggest that in Cyp2el(—/-)
cultures, once MPP+ is inside the cells, it enters preferentially into vesicles where its storage represents a

sort of protection with respect to other toxic sites such as mitochondria.

Parkinson’s disease (PD) is a neurodegenerative
disorder characterised by the degeneration of
dopaminergic (DA) neurons in the substantia nigra
(SN). Despite extensive investigation, the aetiology
of the sporadic disease is still unknown. Attention has
recently focused on neurotoxins, both endogenous
and environmental, which can rapidly and selectively
damage mesencephalic DA neurons. The discovery
that a contaminant found in an illicit substance of
abuse, 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine
(MPTP), was able to induce a severe syndrome of
parkinsonism in humans, gave a considerable impulse
to research on the pathophysiology of PD (Davis et
al, 1979; Langston et al, 1983). Treatments with the
neurotoxin MPTP and its active metabolite 1-methyl-
4-phenylpyridinium ion (MPP+) have been used as
experimental models for PD. DA neurons accumulate
MPP+ through the high-affinity dopamine transporter
(DAT) (Javitch & Snyder, 1984). Inside the neuron,

MPP+ is taken up by vesicles and mitochondria,
where it is accumulated, directly inhibiting complex I
(Nicklas et al, 1985). Accordingly, MPP+ toxicity has
been directly associated with failure of energy supplies
in some in vitro models (Di Monte et al, 1986).
Compounds such as diethyldithiocarbamate
(DDC), diallyl sulphide (DAS), and phenylethyl
isothiocyanate (PIC) have been shown to potentiate
MPTPtoxicity and the consequent selective DA neuron
degeneration (Corsini et al, 1985; Vaglini et al, 2004).
These compounds share a common feature: they are
all substrates/inhibitors of the cytochrome P450 2E1
isozyme (CYP2E1) (Vaglini et al, 2004). Recently,
Cyp2el knockout mice were challenged with MPTP
and, surprisingly, the animals showed a reduced
sensitivity to the toxin (Viaggi et al, 2009). Cyp2el
has been previously detected in the brain of rodents
and humans, and also localised in mesencephalic
DA neurons (Tindberg & Ingelman-Sundberg, 1996;
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Upadhya et al, 2000; Watts et al, 1998).

It is well known that primary cultures from
mesencephalic cells obtained from dissected ventral
mesencephalon of embryos at 13 days of gestation are
a good in vitro model for DA neuron development.
Although the number of DA neurons in such cultures
is extremely limited (2-5%), toxicological and
biochemical studies on these neurons have been
extensively performed (Prochiantz et al, 1983).

The objective of this study was to show that primary
cultures from Cyp2el knockout and wild-type 129S1/
SvimlJ (Cyp2el(+/+)) embryos are a valuable in vitro
model for toxic and metabolic studies by investigating
MPP+ toxicity and its retention time.

MATERIALS AND METHODS

Materials

Chemicals: Eagle’s minimum essential medium
(MEM), Ham’s nutrient mixture F-12, L-glutamine, and
phosphate buffer saline (PBS) were all purchased from
Sigma Aldrich (St. Louis, MO, USA), NU-serum V was
purchased from Collaborative Research (BD Biosciences,
Steroglass, Perugia, Italy), rabbit tyrosine hydroxylase
(TH) antibody was purchased from Chemicon (Temecula,
CA, USA), the Vectastain Elite ABC kit was purchased
from Vector Laboratories (Burlingham, CA, USA), and
[3H]MPP+ from NEN Research Products , CytoScint (ICN
Research Products, Costa Mesa, CA, USA). All tissue
culture supplies were provided by Falcon (Steroglass).

Knockout mice

As previously described (Viaggi et al, 2009), Cyp2el
knockout mice 129/SV-Cyp2eltml1Gonz (Cyp2el(—/-)
stock number: 002910) and their wild-type counterparts
129S1/SvimlJ (Cyp2el(+/+) stock number: 002448) were
obtained from the Jackson Laboratory (Bar Harbor, ME,
USA). Cyp2el —/— status in adult animals was confirmed
by the absence of CYP2El as determined by tail-tip
DNA polymerase chain reaction (PCR) phenotyping. The
animals were treated in accordance with the National
Institutes of Health guide for the care and use of Laboratory
animals (NIH Publications No. 8023, revised 1978).
The experiments described in this article were formally
approved by the Committee for Scientific Ethics of the
University of Pisa.

Cell cultures

Timed pregnant Cyp2el(—/—) and Cyp2el(+/+) mice
were generated in our animal room. Brain were obtained
from 13-day-old mouse embryos and placed in cold, sterile,

balanced salt solution (PBS). Briefly, the midbrain was
dissected under microscopic observation and placed in
a nutrient medium composed of F-12 and Eagle’s MEM
(ratio 1:1), supplemented with 2 mM glutamine, 10%
Nu-serum V, and 33.3 mM glucose. The mesencephalon
was mechanically dispersed, using borosilicate-coated
fire-polished Pasteur pipettes, centrifuged at 800 x g for 3
min, and re-suspended in the culture medium. Cells were
counted with a haemocytometer and plated at a density of 5
x 105 in multi-well plates (16-mm-diameter wells; Falcon).
The surfaces of the multi-well plates were pre-coated with
15 pg/ml of poly-D-lysine (high molecular weight, i.e.
> 300,000) in an aqueous solution for 1 h at 37 °C, and
rinsed three times with sterile water before plating. The
cultures were maintained in a humidified atmosphere of 5%
C02/95% air at 37 °C. Experiments were performed in the
absence of glial cells (Vaglini et al, 2008).

Cell morphology was assessed by direct microscopic
observation of the mesencephalic monolayer, using an
optic-inverted phase-contrast microscope (Nikon TMS;
Nikon).

Experimental procedure

Mesencephalic cells Cyp2el(—/—) and Cyp2el(+/+)
were grown in 2 ml of culture medium. On day 9 after
plating, cells were treated with different doses (0.5, 1, and
5 uM) of MPP+. After 24 h, cells were functionally tested
for [3H]dopamine uptake. In addition, a separate set of
cells were fixed in paraformaldehyde (4% in PBS), and TH
immunocytochemistry was performed.

In a separate set of experiments at 9 days in vitro (DIV),
mesencephalic cell cultures were either exposed to [3H]
MPP+ at 2 nM for 1, 2, 4, 6, and 24 h, after which the
cells were scraped and evaluated for [3H]MPP+ content,
or to [3H]MPP+ at 1, 10, 100, and 1,000 nM for 4 h, after
which the cells were scraped and evaluated for [3H]MPP+
content.

Assay of [3H]dopamine uptake

Mesencephalic cells Cyp2el(—/—) and Cyp2el(+/+)
were grown in 2 ml of culture medium. On day 9, cells were
functionally tested for dopamine uptake. Mesencephalic
cultures were rinsed with PBS with 1 mM CaCl2, 1 mM
MgCI2, and 33.3 mM glucose, and incubated for 15 min
with 50 nM [3H]dopamine (28.0 Ci/mmol). Uptake was
stopped by removing the reaction mixture containing the
radioligand, and rinsing the wells three times with ice-cold
PBS. The cells were scraped into 0.5 ml of 0.2 N NaOH
containing 0.2% Triton X-100. The pH was neutralised by
adding 0.5 ml of 0.2 N HCI. An aliquot of 10 []1 was taken
for protein determination (Lowry et al, 1951). Blank values
were obtained by incubating cells at 0 °C, a condition
that blocks specific uptake in vitro. The radioactivity was
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counted with 10 ml of CytoScint in a liquid scintillation
B-counter (Wallac). Results are expressed as disintegrations
per minute (dpm)/mg of protein, based on three experiments
performed in triplicate wells.

TH immunocytochemistry

Cultures from Cyp2el(—/—) and Cyp2el(+/+) were
washed twice in PBS and fixed in 4% paraformaldehyde in
PBS (pH 7.4) for 1 h at room temperature. After two washes
in PBS, the cultures were incubated overnight at 4 °C with
arabbit TH antibody diluted 1:1,000 in PBS (containing 0.2
% Triton X-100). Cultures were then washed with PBS, and
incubated with a biotinylated anti-rabbit immunoglobulin
G, followed by incubation with an avidin-biotin conjugate
of peroxidase (Vectastain). The peroxidase was visualised
using diaminobenzidine and hydrogen peroxide.

Total TH+ cell numbers were counted in 10 randomly
selected fields (1.13 mm2/field) at 20x magnification with
a Nikon inverted microscope, and cell morphology was
assessed by microscopic observation of the immunostained
mesencephalic monolayer. Micrographs were taken with a
Nikon D40x digital camera mounted on a phototube.

Assay of [3H]MPP+ uptake

Mesencephalic cells Cyp2el(—/—) and Cyp2el(+/+)
were grown in 2 ml of culture medium. On day 9, cells
were functionally tested for MPP+ uptake. Mesencephalic
cultures were rinsed with PBS with 1 mM CaCl2, 1 mM
MgCl2, and 33.3 mM glucose, and incubated for different
times (1, 2, 4, 6, and 24 h) with 2 nM [3H]MPP+ (81.0 Ci/
mmol). In the dose-dependent uptake (described in section
4.5), different concentrations of [3H]-conjugated toxin were
stopped after 4 h of incubation. Uptake was stopped by
removing the reaction mixture containing the radioligand,
and rinsing the wells three times with ice-cold PBS. The
cells were scraped into 0.5 ml of 0.2 N NaOH containing
0.2% Triton X-100. The pH was neutralised by adding 0.5
ml of 0.2 N HCI. Blank values were obtained by incubating
cells at 0 °C, a condition that blocks specific uptake in vitro.
The radioactivity was counted with 10 ml of CytoScint in a
liquid scintillation B-counter. Results are expressed as dpm/
mg of protein, based on three experiments performed in
triplicate wells.

Statistical evaluation

Data are presented as mean values § SEM. The statistical
significance between individual data was assessed using
ANOVA (Scheffé F test); the null hypothesis was rejected
when p was lower than 0.05.

RESULTS

In 2007 we have demonstrated that wventral

mesencephalon cell cultures from Cyp2el knockout
mice were similar to those from wild-type animals.
With phase-contrast microscopy, the apparent images
of the two types of cell culture overlapped with regard
to number of surviving cells and their shape. (Pardini
et al, 2008). In order to confirm our preliminary
observation about the possibility that mesencephalic
CYP 2el -/- cells were less sensitive to MPP+ toxicity
in respect to wild type, we have performed new
experiments.

Fig. 1 shows the dose-dependent reduction of [3H]
dopamine uptake observed after 24 h in the DIV 9
cultures exposed to MPP+ at different concentrations
(0.5, 1 and 5uM). The reduction curve is less steep
in cell cultures from Cyp2el(—/-), suggesting that
DA neurons from knockout mice are less sensitive
to the toxic effect of MPP+. The decrease in [3H]
dopamine uptake is significantly less pronounced at
all doses tested; treatment with 0.5, 1, and 5 uM of
MPP+ caused a reduction of [3H]dopamine uptake in
the wild-type cell cultures of 69.9% + 1.3%, 58.3%
+ 1.4%, and 41.6% =+ 1.2%, respectively, whereas
for knockout cell cultures the reduction was 85.3% +
1.7%, 74.5% + 1.0%, and 41.3% + 1.1%, respectively.

Direct microscope observation showed the
normal aspect of a mesencephalic culture containing
polygonal-shaped neurons with their axon
processes from both wild-type and knockout mice
as shown by TH immunoreactivity (Fig. 2 A, B).
Immunocytochemistry analysis on mesencephalic
cells with an anti-TH antibody from Cyp2el(+/+) mice
showed that treatment with increasing doses of MPP+
resulted in TH+ neurons with progressively damaged
fibres (Fig. 2 C, E). In particular, at the highest MPP+
dose (5 uM), the spared TH+ neurons had a roundish-
shaped body and were without fibres (Fig. 2E). In
contrast, TH+ neurons from knockout mesencephalic
cultures (Fig. 2 D, F) showed longer processes. At
5 uM  mainly, the TH immunoreactivity cell count
indicated that Cyp2el(—/—) cultures showed a relative
higher number of DA neurons (Fig. 2F), suggesting
that these cultures were more resistant to the toxic
insult compared with those from Cyp2el(+/+) mice.

The relative percentages of TH+ cells after
neurotoxin treatment are shown in Fig.2.

MPP+ kinetics
Trace amount of [3H]MPP+ (2 nM) uptake into
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Fig. 1. Effect of different concentrations of MPP+ on the survival of mouse mesencephalic cell cultures from Cyp2el (+/+)
and Cyp2el(—/—), evaluated as [3H]dopamine uptake. After 9 DIV, mesencephalic cell cultures were exposed to MPP+
0.5, 1, or 5 uM. [3H]dopamine uptake assay was performed 24 hours later. Values represent means + SE. Statistical
analysis consisted of ANOVA Scheffé F test. *p < 0.05 vs. control value (basal); **p < 0.05 vs. Cyp2el(+/+) at the same

MPP+ concentration.

mesencephalic cultures from different strains of mice
was performed to determine whether there were any
strain differences to accumulate the toxin. At DIV
9, mesencephalic cells from wild-type and knockout
mice were tested for long-term in vitro uptake of [3H]
MPP+. In Cyp2el(—/-) cultures, long-term exposure
(1,2, 4, 6, and 24 h) to a trace amount of [3H]MPP+
(2 nM) induced an enhanced (almost double) uptake
of the toxin compared with Cyp2el(+/+) cultures,
with a maximum at 6 h of exposure (73.2 £ 3.3 and
41.03+ 9.1 fmol/mg of protein respectively); uptake
remained almost at a plateau until 24 h (71% 1.6 and
46.8 £ 2.1 fmol/mg of protein respectively) (Fig. 3).

Short-term uptake ([3H]MPP+ exposure < 15 min)
did not show any significant differences between the
two types of culture (data not shown).

The dose-response curve, shown in Fig. 4,
indicates that at increasing concentrations of MPP+
the difference between the two cultures, observed
after 4 h of MPP+ exposure, tended to cancel out
progressively, already reaching a plateau at 0.1 uM.

DISCUSSION

In the 80’s numerous compounds were tested under
acute treatment in order to modify MPTP toxicity;
only a few enhancers of MPTP toxicity (DDC, ethanol
and acetaldehyde) were found (Corsini, 1987). The
‘enhancers’ prolonged the striatal half-life of MPP+,
the toxic metabolite of MPTP (Irwin et al, 1987;
Zuddas et al, 1989), and this was interpreted as the
causal factor underlying this enhancement. However,
amore recent article demonstrated that striatal in vivo
MPP+ levels do not necessarily correlate with MPTP
toxicity in the same animal species (mouse) (Vaglini
etal, 1996).

More recently, similar to DDC, it was found that
DAS or PIC also markedly enhanced MPTP toxicity,
as measured by the dramatic decrease in striatal
dopamine content after the treatments (Vaglini et al,
2004) . All the enhancers share the common feature of
being substrates/inhibitors of CYP2E1.

CYP2EI is an enzyme of the P450 family whose
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A R

C D

E F
Treatment Cyp2el(+/+) Cyp2el(-/-)

%TH+ cells

Control 100+0.5 98+0.7
MPP+ (13M) 27+0.2 28+0.4%
MPP+ (5 uM) 20+0.3 26+0.5%*

Fig. 2. TH immunoreactivity in mesencephalic cell cultures from Cyp2el(+/+) and Cyp2el(—/-) mice after exposure to
different MPP+ concentrations. A, B: control microphotograph of typical aspect of the culture; C, D: after 24 h of incu-
bation of MPP+ at 1 uM; E, F: at 5 uM, of Cyp2el(+/+) and Cyp2el(—/—), respectively. Scale bar = 40 um. The table
shows the TH immunoreactivity neuronal counts expressed as a percentage, compared with control culture. The average
number of TH+ cells in the control cultures was 8 cells/field. Values represent means = SE. Statistical analysis consisted
of ANOVA Scheffé F test. *n.s. with respect to 1 uM of MPP+ treated Cyp2el(+/+)cells; **p < 0.05 vs. 5 uM of MPP+
treated Cyp2el (+/+)cells. n.s. = not significant; TH = tyrosine hydroxylase.

occurrence at high concentration is typical in the liver. 1990; Hansson et al, 1990; Thomas et al, 1987).
Its presence in extrahepatic organs such as kidney, The enzyme has many endogenous and exogenous
lung, and brain has been reported (de Waziers et al, substrates, some of which are toxic and, generally,
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Fig. 3. Time curve of the long-term in vitro [SH]IMPP+ uptake in mesencephalic cell cultures from Cyp2el(+/+) and
Cyp2el(—/—) mice. At 9 DIV, mesencephalic cell cultures were exposed to [3HIMPP+ at 2 nM for 1, 2, 4, 6, and 24 hours,
after which the cells were scraped and evaluated for [3H]MPP+ content. *p < 0.05 with respect to Cyp2el(+/+) values.

DIV = days in vitro, n.s. = not significant.

small non-polar molecules (Lieber, 1997). To date,
many inhibitors and inducers of CYP2El have
been found, and a complete list is available at the
cytochrome P450 database (http://cpd.ibmh.msk.
su) CYP2E1 was detected in neurons and glial cells
of many nuclei including the SN of the rat brain
(Hansson et al, 1990). Later, the enzyme was found
in the rat basal ganglia, including the striatum, and it
could be induced by ethanol or nicotine administration
(Anandatheerthavarada et al, 1993; Sohda et al,
1993). Cyp2el mRNA expression was demonstrated
in several areas of the human brain, including the
SN (Farin & Omiecinski, 1993). In this same region,
the enzyme was found in cells that morphologically
resembled DA neurons (Riedl et al, 1996). Watts et
al. (1998) showed definitively that inducible CYP2E1
existed in the same compartment as TH in the rat SN.
In addition, localisation of the enzyme in monkey
brain, as well as in prenatal and adult human brain

was confirmed (Upadhya et al, 2000; Brzezinski et al,
1999; Joshi & Tyndale, 20006).

Recently, we investigated the response of Cyp2el
knockout mice to the toxic insult by MPTP in a typical
paradigm of an acute challenge, and we compared the
results obtained in these animals with those observed
in their wild-type counterparts. For that study, we
reported that Cyp2el(—/—) mice were less sensitive
to the typical nigral damage produced by the toxin,
which strongly indicated that CYP2E1 is involved in
the MPTP mechanism of toxicity (Viaggi et al, 2009).

However, the reduced sensitivity to MPTP and not
the absence of toxicity in Cyp2el(—/—) mice may also
be due in part to compensatory mechanisms taking
place as a consequence of the missing protein. This
phenomenon was observed very clearly by Gonzalez
when his team generated these mice in order to
study acetaminophen-induced liver toxicity (Lee et
al, 1996). The drug causes liver and kidney necrosis
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Fig. 4. Dose-response curve of long-term uptake of [3HIMPP+ in mesencephalic cell cultures from Cyp2el(+/+) and
Cyp2el(—/-) mice after 4 h of exposure. At 9 DIV, mesencephalic cell cultures were exposed to [3HIMPP+ at 1, 10, 100,
and 1,000 nM for 4 hours, after which the cells were scraped and evaluated for [3H]MPP+ content. MPP+ is expressed
as pmoles per mg of protein per MPP+ concentration. *p < 0.05 vs. Cyp2el(+/+). DIV = days in vitro; n.s. = not signi-

ficant

when it is metabolised to an alkylating intermediate by
the P450 system, and more specifically by CYP2El
(Gonzales, 2007; Jollow et al, 1973; Mitchell et al,
1973).

To gain greater insight into the role of CYP2E1 in
MPTP toxicity in mice, in this study we have prepared
mesencephalic cell cultures from Cyp2el(—/—)and
wild type mice and we studied the effect of 24h MPP+
exposure. Here we found that Cyp2el(—/—) cells are
less sensitive to the MPP+ toxic insult as measured by
[3H]dopamine uptake and microscopic observations
after TH immunostaining, in a dose-response curve of
MPP+ with a range of concentrations from 0.5 to 5
uM. Again, as observed in vivo, the difference from the
wild-type control is not dramatic, although significant,
suggesting further that CYP2EL1 is involved in MPTP
toxicity. In contrast, the difference we obtain in the
long-term uptake of MPP+ in our cultures is dramatic.
When MPP+ was measured inside the cells of the

cultures, the total amount retained in the Cyp2el(—/-)
preparation was almost double that of the control
culture. The rate of accumulation inside the cells was
almost similar but the amount of MPP+ at ‘plateau’ at
trace doses (2 nM) was significantly and dramatically
enhanced.

The dose-response study of the long-term retention
of MPP+revealed that the difference is observed only at
small amounts of the toxin. Increasing concentrations
of MPP+ nullified the difference suggesting that the
affinity of the CYP2EI enzyme for the substrate is
highly specific.

At least two important issues must be considered.
Firstly, CYP2EL is an enzyme that produces reactive
oxygen species (ROS) in the liver and also the
brain (Ronis et al, 1996; Karuzina & Archakov,
1994; Shahabi et al, 2008; Staudt et al, 1974). The
production of ROS is elicited either by endogenous
and exogenous substrates or also by inhibitors
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(Shahabi et al, 2008; Montoliu et al, 1995; Tierney
et al, 1992). Thus, the lack of the enzyme leads to a
reduction of oxidative stress in the cell overall when it
is challenged by a toxin.

The second issue concerns the results we
obtained previously in short-term experiments on
ex vivo striatal MPP+ kinetics and dopamine levels
(Viaggi et al, 2009). MPP+ clearance is markedly
accelerated, indicating that MPP+ is eliminated
from a pool with a high turnover rate such as that
represented by vesicular storage and dopamine,
which is displaced by MPP+, decreases at a faster
rate in ex vivo measurements (Jones et al, 1998) as
measured by the rise of 3-methoxytyramine (3-MT)
(Bocchetta et al, 1985; Del Zompo et al, 1993). Our
data from this study might therefore indicate that, in
mice lacking CYP2el, MPP+, once inside the cell
enters preferentially into vesicles where its storage
represents a sort of protection with respect to other
toxic sites such as mitochondria (Kopin, 1992). Our
preliminary results may indicate also that CYP2E1
participates in the fragile balance of mechanisms
producing or removing highly reactive molecules
in the MPTP-induced impairment of DA neurons.
Relevance of all these findings in animal models is
further strengthened by a recent study by Kaut et al.
in humans, who found decreased methylation of the
cytochrome CYPO 2E1 gene and increased expression
of CYP 2E1 messenger RNA in PD patients’ brains,
suggesting that epigenetic variants of this cytochrome
contribute to PD susceptibility (Kaut et al Wiillner,
2012).

More recently Kaut et al (2012) found decreased
methylation of the cytochrome CYPO 2E1 gene and
increased expression of CYP 2E1 messenger RNA in
PD patients’ brains, suggesting that epigenetic variants
of this cytochrome contribute to PD susceptibility.
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