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Abstract

The regulation of neuronal cell death by the neuronotrophic factor, nerve growth factor (NGF), has been
described during neural development and following injury to the nervous system. Also, reduced NGF ac-
tivity has been reported for the aged NGF-responsive neurons of the sympathetic nervous system and cholin-
ergicregions of the central nervous system (CNS) inaged rodentsand man. Although thereis some knowledge
of the molecular structure of the NGF and its receptor, less is known as to the mechanism of action of NGF.
Here, a possible role for NGF in the regulation of oxidant—antioxidant balance is discussed as part of a
molecular explanation for the known effects of NGF on neuronal survival during development, after
injury, and in the aged CNS.

Abbreviations: K, equilibrium dissociation constant; kD, kilodalton; MC192, monoclonal antibody 192;
MC20.4, monoclonal antibody 20.4; NGF, nerve growth factor; NGFR, NGF receptor; PAGE, polyacrylamide
gel electrophoresis; SDS, sodiumdodecyl sulfate; ALCAR, acetyl-L-carnitine; TM, tunicamycin; WGA, wheat
germ agglutinin; RA, retinoic acid.

Index Entries: NGF; NGF receptor; receptor-associated protein; purification; acetyl-L-carnitine; aged; cell

death; neurotrophic factor; growth factor; retinoic acid; astrocyte lymphocyte; mitogen.

Cell Death
in the Nervous System

There are several developmental and
physiological events that havecell death at their
core, such as invertebrate metamorphosis, the
death of T-lymphocytes in immune reactivity,
orneuronal death cell during development. The
latter, neuronal cell death during development,
isacommon occurrence in the nervous system.
It can occur as a corollary of the competitive
innervation of target tissues at critical stages
during development (see Fig. 1) as a conse-
quence of traumatic injury, or as one of several
manifestations of aging (Cowan, 1973; Ham-
burger and Oppenheim, 1982; Johnson et al,,
1986; Oppenheim, 1985; Perez-Polo and
Werrbach-Perez, 1988; Ramon y Cajal, 1928;
Thoenen et al., 1981) (Table 1).

It is known that early during development,
there are neurons that express dependence on
neuronotrophic factors as target innervation
takes place, and that competition for target de-
rived growth factors, which are to be retro-
gradely transported to the neuronal soma,
provides a mechanism for the establishment of
appropriate synaptic connections and the culling
of those neurons and neurites that do not suc-
cessfully connect to their appropriate targets. In

Table 1
Neuronal Cell Death

—Competition for target derived trophic factors in
development

—Injury-induced secondary cell death

—Aging-associated cell loss and shrinkage of
cholinergic CNS neurons

adulthood, injury to neurons can be lethal ina
fashion that depends in part on the distance
between the cell soma and the site of axotomy
(Ramony Cajal, 1928). It hasbeen demonstrated
thatsuch secondary cell death canbe prevented
in some measure by increasing levels of
neuronotrophicactivity in situ (Heftietal., 1984;
Nieto-Sampedro et al., 1984; Williams et al.,
1986; Whittemore and Seiger, 1987). Finally,
therearereports that treatment of the CNS with
neuronotrophic factors can spare cholinergic
neurons of the CNS from aging associated defi-
cits in rodents (Fischer et al., 1987).

During the development of the nervous sys-
tem, it has been proposed that, although it is
unlikely that in all instances all of the respon-
sible molecular events will be the same, it would
appear that, for certain classes of neurons, there
may be common regulatory features present
during neuronal cell death in development,
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Fig.1. Proposed mechanism of cell death caused by competition for target derived growth factors during thedevelopment
of the PNS. (A) Increases in the ambient levels of neuronotrophic factors (NTF) stimulate neuroblasts, resulting in
maturation to a postmitotic state, stimulation of neurotransmitter metabolism, and production of neurites and growth cones.
(B) Consequently, some neurons, but not all, are able to synapse on target tissues. (C) As NTF activity levels drop in the
surroundings of the neuronal cell bodies, only those neurons that can import NTF by retrograde transport from target tissues
survive, Thus, only the synapsing neurites remain. Adapted from Perez-Polo and Haber 1584.

following injury or associated withaging in the
CNS. Forexample, the toxicity thatis abyproduct
of oxidative metabolism may be exacerbated in
neurons as a consequence of developmentally
drivenneuronal celldeath, dendriticand axonal
injury occurring proximal to the cell soma, or
cumulative events accentuated in the aged ner-
vous system. It may also be that certain degen-
erative neurological disorders, or the even less
dramatic manifestations of viral infections, im-
mune challenges, electrical seizures, or chronic
stressful stimuli may perturb some neurono-
trophic factor mediated events.

Although the number of known or suspected
neuronotrophic factors increases on a daily
basis, the demonstration of a physiological role
for these has been laggard. Certainly, the best
characterized neuronotrophicfactoris thenerve
growth factor protein (NGF). NGFis known to
play a crucial role in the regulation of neuronal
cell death in the developing sympathetic and
embryonic sensory system, and to promote the
survival of injured cholinergic neurons of the
basal forebrain (Hamburger et al., 1981; Ham-
burger and Oppenheim, 1982; Korsching,
1986a,b; Levi-Montalcini, 1987; Whittemoreand
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Seiger, 1987). Although muchisknownabout the
regulation of neurite outgrowth and neurotrans-
mitter synthesizing enzymes by NGF (Table 2),
less is known about its regulation of neuronal cell
deathat the molecular level during development,
following injury, or as an end point in the aged
CNS. Also, given that NGF acts on several target
tissues (Table 3), it may be that similar trophic
effects are mediated by different molecular
mechanisms in different tissues.

Here, we will discuss the role of neuronotro-
phic activity and, more specifically, of NGF ac-
tivity in neuronal cell death. It is known that
exogenous NGF, orits withdrawal by anti-NGF,
hassignificant and permanent effects on axonal
sprouting and the survival of sympathetic, sen-
sory, and striatal neurons (Bostwick et al., 1987;
Hulsebosch et al., 1987a,b; Levi-Montalcini,
1987). In particular, we will consider the hy-
pothesis that effects of NGF on oxidant-an-
tioxidant balance might berelevant to theregu-
lation of cell death at critical periods during
development, following injury and, more
chronically, throughout aging or the course of
certain degenerative disorders that are associ-
ated with aging. There may be other effects of
NGF that are also relevant to cell death and
there are also likely to be other factors at play.
Although the proposed hypothesis is sweep-
ing, it may be only applicable to some, and not
all, of the three cell death associated phenom-
ena discussed here. Furthermore, it may be
more relevant for NGF-responsive neurons of
peripheral and not central origin, or vice versa.
Also, NGF effects on oxidant-antioxidant bal-
ance may be one of several effects of NGF that
bring about a similar outcome.

Since neurons have low endogenous levels
of antioxidants, the regulation of oxidant-
antioxidant balance by neurotrophic factors
may control neuronal cell death. Free radicals,
such as hydroxyl radicals, can arise as a result
of increases in oxygen species and their conver-
sion to hydrogen peroxide by the enzyme
superoxide dismutase (Fig. 2). Hydrogen
peroxide and ferrous iron, in turn, can yield

Perez-Polo et al.

Table 2
Cellular Effects of Hydrogen Peroxide

Energy metabolism
HMP shunt activation
Increased oxidized sulfhydryls
Decreased ATP
Decreased NAD
Poly (ADP-ribose) polymerase activation
Decreased glycolytic flux

Damaged molecules
DNA single strand breaks
Increased intracellular free calcium
Plasma membrane “blebbing”
Lipid peroxidation
Cell death

Table 3
Effects of NGF on PC12 Cells

Gene expression
c-fos
c-jun
c-myc
NGFIA
NGFIB
Actin
Ornithine decarboxylase

Second messengers
cAMP (?)
Calcium (influx and release)
Phosphoinositides
Protein kinase C
Protein kinase N

Cytoskeletal proteins
Tubulin
MAP-1/MAP-2/Tau
Vimentin
Neurofilament proteins (68/200 kDa)

hydroxyl radicals that initiate self-sustaining
lipid peroxidation reactions at the plasma
membrane of the neuron. These amplified re-
actions will spread to the cytoplasm of the cell,
where proteins canbecome inactivated, leading
tocell death. Increasesinironspecies can occur
following injury caused by heme release, and
also as a concomitant of inflammatory events
associated with a compromised blood-brain
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Fig.2. Someof the principal pathways responsible for oxidant-antioxidant balance and effects on energy metabolism.
Here, antioxidant activities are boxed in. Enzymatic activities, such as superoxide dismutase, catalase, and peroxidase,
directly act on free radicals or free radical generators. Ceruloplasmic binding of ferrous species influences hydroxyl
radical generation. Glutathione metabolism directly affects hydrogen peroxide conversion to water in a series of coupled
reactions associated with the hexose monophosphate shunt system. Adapted from Jackson et al., 1990.

barrier. Inthisinstance, cell death hasalso been
called secondary cell death, and may result in
partfromreoxygenination events that take place
after those ischemic events that occur initially
following injury. Intheaged CNS, itis notclear
whether increased free radical damageisacon-
sequence of trophic activity deficits or meta-
bolicresponses to ongoing degenerative events
resulting in cell death, debris, and diminished
antioxidant activities.

There are three principal ways in which hy-
drogen peroxide can be rendered nontoxic (Fig.
2). Catalase enzymes can convert hydrogen
peroxide to water in a very efficient reaction;
ceruloplasmin binding to ferrous iron can dra-
matically shift the equilibrium of the Haber-
Weiss equation (1934); and the hexose mono-
phosphate shunt system driven by glutathione
peroxidase can generate water from hydrogen
peroxide. It is a corollary of this hypothesis
that reductions in NGF activity can result in
damaging shifts in oxidant-antioxidant balance
and energy metabolism (Jackson et al., 1990a,b;
Perez-Polo and Haber, 1984; Perez-Polo and
Werrbach-Perez, 1985,1987).

There are other sources of toxic molecular
species that are affected by intracellular in-
creases in free radical concentrations. The inte-

rior of mitochondria contain very high levels of
freeradical generating moleculesand, curious-
ly, havelow endogenouslevels of antioxidants.
Thus, increased peroxidative activity in the
cytoplasm will not only disrupt free calcium
levels, but will also result in release of calcium
from mitochondrial stores or increased influxes
of calcium resulting from membrane peroxida-
tion induced damage (Koike et al., 1989). Such
an increase in intracellular free available cal-
cium can activate proteases that, in turn, de-
grade proteins and break nucleic acid strands
(Davies, 1987; Richter, 1987; Richter and Frei,
1988). It has been suggested that cumulative free
radical insults over time may result in mito-
chondrial DNA losses to the cytoplasm, and that
the cumulative incorporation of this “excised
mitochondrial DNA” into the nuclear genome
might bring about increased incorrect gene ex-
pression, which accounts for aging associated
phenomena (Richter, 1988). These explanations
for cell deathin the nervous system are not mu-
tually exclusive, butrather, may be synergistic.

Another explanation for the NGF cell-spar-
ing effect is that since cycloheximide, a protein
synthesis inhibitor, protects cultured sensory
neurons from the cell death normally observed
following removal of NGF, it may be that NGF
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suppresses expression of “suicide genes” (Martin
etal., 1988). Thus, there are two possible ways in
which trophic factors abrogate the cell death re-
sponse. The hypothesis that NGF regulates oxi-
dant-antioxidant balance would suggest that NGF
sparing of cells marked for death is caused by
induction of certain genes, such as genes coding
for catalase and glutathione peroxidase. That is,
proteins are synthesized that protect the cell from
free radical inflicted damage. The suicide gene
hypothesis states that neuronal cell death in de-
velopment is the result of the activation of a cas-
cade of death associated proteins, culminating in
so-called “thanatins,” or death proteins (Johnson,
1990). Thus, trophic factors act by repressing the
synthesis of specific gene products. Evidence for
theexistence of thanatinsinthe peripheryrestson
the use of mRNA transcription and translation
inhibitors. There are several candidates for
thanatin molecules, but none have been dem-
onstrated to date.

It has not been established whether free radi-
cals and peroxidative damage play a role in de-
velopment. Thatis, it is not known whether there
are surges of peroxidative damage that result in
the death of those neurons that are known to
depend oncompetition for target derived growth
factorsto prevent theirdeath duringdevelopment.

The situation is different for secondary cell
death caused by injury and aging. It is known
that a consequence of neuronal injury or aging is
oxidative stress, partially manifested by an in-
crease in peroxidative events that disturb energy
metabolism, and damage proteins and mem-
branes (see Fig. 2)(Cand and Verdetti, 1989; Hall
and Braughler, 1982; Hall 1987; Harman, 1988).

This issue is further complicated because low
concentrations of hydrogen peroxide stimulate
neuronal metabolism whereas high concentra-
tionsof hydrogen peroxideare toxic (Demopoulos
etal., 1979; Chan et al., 1984; Laval, 1988). Hydro-
gen peroxide can have several different effects on
energy metabolism in addition to its more direct
effects on molecules (Table 2). Thus, it is not sur-
prising that oxidative stress can induce xenobi-
otic responses, much like exposure of most mam-
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malian cells to heavy metals (Spitz et al., 1987).
Thus, the regulation of free radical scavenging
mechanisms is important, because free radicals
canaccumulateand adversely affect the functions
of neurons that are highly specialized, have lim-
ited regenerative capacity, and a relatively high
requirement for oxygen. Such a concentration
dependent effect on neuronal survival has also
been proposed for NGF effects on calcium intra-
cellular concentrations under the rubric of the
“calcium set point” hypothesis of neuronal cell
death (Koike et al., 1989).

NGF

NGFis a neurotrophic protein whose structur-
al features have been well-chronicled (Greeneand
Shooter, 1980; Levi-Montalcini, 1987). NGF has
been purified fromthesubmaxillary gland of mice
and rats, murine saliva, several snake venoms,
the guinea pig prostate, bovine seminal plasma,
rodent seminal vesicle, and human term placenta
(Perez-Polo, 1985). Insome tissues, NGF has been
isolated as a subunit containing protein. In all
instances, only the B-NGF subunit, henceforth
called NGF, has been found to have nerve growth
promoting activity (see Fig. 3 and Table 4). To
date, the role of the quaternary structure of NGF
in the mouse submaxillary gland and the nature
of the subunits’ composition, if any, of NGF in
neuronal tissues are not known (see Table 5).

The sequence of the a, B, and NGF genes is
known, for-NGF, the gene sequence is known
for mouse, rat, bovine, human, and chick NGF,
and all are highly conserved (Ebendal et al.,
1986; Goedert, 1986; Isackson et al., 1987; Meier
et al., 1986; Misko et al., 1987; Schwarz et al,,
1989; Scott et al., 1983; Ullrich et al., 1983a,b;
Whittemore et al., 1988). The human gene for
NGEF is on the proximal short arm of chromo-
some1 (Franckeetal., 1983). Recombinant NGF
has been characterized and shown to be bio-
logically active (Bruce and Heinrich, 1989;
Edwards et al., 1988). NGF mRNA levels have
been determined for brain, superior cervical
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A

Fig. 3.(A) Separation by analytical isoelectric focusing gel electrophoresis of two samples of murine 7S NGF (from
Perez-Polo and Shooter, 1975). Isoelectric focusing on polyacrilamide gels with a 3-10 pH gradiant. {B) Same
electrophoretic analysis of murine B-NGFisolated from male submaxillary gland. (C) Amino acid sequence of murine B-
NGF (from Hogue-Angeletti and Bradshaw, 1971).



Table 4
Quaternary Structure of NGF

Perez-Polo et al,

Table 5
Studies on NGF

Species: Tissue Subunits present

o
Mouse: submaxillary gland +
Rat: submaxillary gland +
Snake: venom -
Guinea pig: prostate
Human: term placenta
Bovine: seminal plasma
Bovine: seminal vesicle

I+ 1+ =

++ +F+ + + +

N 4

ganglia, and spinal cord, and correlated with
NGF protein levels as a function of develop-
ment, innervation, and response to injury
(Aubergeretal., 1987; Ayer-LeLievreetal., 1988;
Goedertetal., 1986; Heumann etal., 1984, 1987;
Korsching et al., 1985, 1986; Large et al., 1986;
Lu et al., 1989; Rennert and Heindrich, 1986;
Shelton and Reichardt, 1984). Although there
is only one mature form of NGF expressed in
the nervous system, there are two different
precursor forms caused by differential RNA
splicing (Edwards et al., 1986).

Levels of NGFmRNA and proteinin the PNS
and CNS correlate with the density of sympa-
thetic innervation (Korsching et al., 1985; Shel-
ton and Reichardt, 1984). NGF mRNA and
protein are widely distributed in CNS. The
highest levels are in cortex and hippocampus,
whichare terminal regions for projections from
basal forebrain cholinergic neurons. This is
where NGF effects on ChAT induction and cell
sparing, following lesions, have been best
documented (Gnahn et al., 1983; Hefti et al.,
1984; Mobley et al., 1986). It should be empha-
sized that, at early developmental stages, NGF
and NGF receptor mRNA levels are highest in
noncholinergic CNS structures, such as the
cerebellum and outside the nervous system in
the immune system (Buck et al., 1987,1988;
Ebendal et al., 1986; Ernsfors et al., 1988; Large
etal., 1986). Here, it is not known what the role
of NGF is during development, and these
noncholinergic neurons do not remain NGF-
responsive into adulthood (Dreyfus, 1989;
Whittemore and Seiger, 1987).

Biological variables studied
Neurite outgrowth
Cell hypertrophy
Cellular proliferation
Synaptogenesis
Cell survival
Cell death
Neurotransmitter expression
Neuro-immune-endocrine activation

Biological phenomena of interest
Development
Regeneration after spinal and head trauma
Chronic degenerative neurological dysfunction
Aging associated phenomena
Behavioral disorders

The Nerve Growth Factor
Receptor

The first step of NGF action is the binding to
specific membrane receptors (Banerjee et al.,
1973; Frazier et al., 1973; Herrup and Shooter,
1973). In the PNS, two distinct NGF receptor
(NGFR) sites have been found (Godfrey and
Shooter, 1986). In the CNS, where NGF bind-
ing has not been as extensively characterized,
preliminary reports would suggest that NGF
binding activity has similar kinetic properties
to its PNS counterparts (see Figs. 4 and 5)
(Angelucci et al.,, 1988a; Bernd et al., 1988;
Cohen-Cory et al., 1989; Raivich and Kreutzberg,
1987; Taglialatela et al., 1990). It should be em-
phasized that, although the NGF receptor ex-
pressed by PC12 cells and some peripheral
neurons has been partially characterized, less
is known about the structural properties of
NGFRexpressionin CNSand nonneural tissues.
In part, this is as a result of the use of NGFR
genetic probes based on the cDNA coding for
only one of the NGF binding sites, the low af-
finity receptor (Radeke et al., 1987).

Therearedifferent ways to characterize NGF
receptor activity. One method is to use recep-
tor binding assays. Two NGF binding activi-
ties have been demonstrated for most neuronal
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Fig. 4. Scatchard analysis of equilibrium binding of
P[-NGFto solubilized samples. (A) PC12cells; (B) rodent
basal forebrain cells or homogenized tissues were
solubilized in 0.5% NP40 and assayed for NGF binding
activity, as described in Angelucci et al., 1988.

tissues with equilibrium dissociation constants
(K,) ofaround 10" and 10°M (Stach and Perez-
Polo, 1987; Sutter et al., 1979). The former rep-
resents a highaffinity, low capacity binding site
(NGFR-]) that has a slow dissociation rate con-
stant for ligand; the latter represents a low af-
finity, high capacity binding site (NGFR-II) that
has a fast dissociation rate constant. It is gen-
erally believed that the NGFR-I is the physio-
logically relevant receptor present in neuronal
populations (Green et al., 1986; Sonnenfeld and
Ishii, 1985). Unfortunately, most demonstra-
tions of high affinity NGF binding in the CNS
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have been indirect, and have relied on autora-
diographic analysis of tissue sections exposed
to '’I-NGF, and not on Scatchard analysis of
specific, saturable binding of an NGF ligand
(Cohen-Cory et al., 1989; Riopelle et al., 1987
a,b; Yip and Johnson, 1987). The one exception
would suggest that the proportion of low affin-
ity sites to high affinity sites is greater outside
the PNS making such an analysis difficult (see
Figs. 4 and 5)(Angelucci et al., 1988a; Tagli-
alatela et al., 1990). It has been proposed that
binding of NGF to the low affinity receptor
converts it to its high affinity counterpart
(Landreth and Shooter, 1980). There is also
evidence that molecular species other than NGF
can increase the proportion of high affinity re-
ceptors to NGF in isolated fractions of NGFR
practically devoid of high affinity binding at
the expense of the low affinity sites present there
almost exclusively (Marchetti and Perez-Polo,
1987). The NGF-NGFR complex is internalized
via high affinity binding mechanisms, a step
thought to be necessary for NGF action, al-
though thereis nodirect evidence for this (Bernd
and Greene, 1984; Green et al., 1986; Hosang
and Shooter, 1987).

A second approach that has been useful for
thestudy of NGFR structure is sodium dodecyl
sulfate polyacrylamid gel electrophoresis (SDS-
PAGE) of "*[-NGF, which has been covalently
crosslinked to NGFR. SDS-PAGE analysis has
also been carried out on immunoprecipitated
NGF-NGFR complexes, iodinated surface pro-
teins of NGF responsive cells, and partially iso-
lated NGFR enriched fractions relying on
immunoaffinity chromatography, preparative
isoelectric focusing, and reverse-phase high-
performance liquid chromatography, RP-HPLC
(see Fig. 6)(Beck et al., 1989; Buxser et al., 1985;
Green and Greene, 1986; Grob et al., 1985; Ho-
sang and Shooter, 1985; Kouchalakos and
Bradshaw, 1986; Marano et al., 1987; Marchetti
and Perez-Polo, 1987; Massague et al., 1982;
Puma et al., 1983). Most descriptions of rodent
NGFR are consistent witha 70-80 kD protein as
the prevalent NGFR species, whereas, as shown
in Fig. 6 and also Puma et al., 1983 and Riopelle

Perez-Polo et al.

et al., 1987b, in human NGFR bearing cells,
NGER proteins of 92.5 kD have been reported.
In both instances, there are higher mol wt spe-
cies of NGFR recognized. Kouchalakos and
Bradshaw (1986) have analyzed the various
reports for NGFR, and described a set of four
different species of NGFR: class A (70-81 kD),
class B (87-105 kD), class C (120-145 kD), and
class D (190-300 kD). The low affinity NGFR-
IT in PC12 cells, in human neuroblastoma LA-
N-1 cells, and in human melanoma A875 cells
was assigned to classes A and B. The larger M,
NGFR in the class D category could be dimers
of the class B since their peptide maps are simi-
lar and there is some evidence for
interconversion of the D to the B class under
reducing conditions (Buxser et al., 1985; Grob
etal., 1985; Marchetti and Perez-Polo, 1987). It
is likely that B and C forms are part of one
spectrum of biologically active NGFR, and A
and D, respectively, represent truncated or ag-
gregated forms (DiStefano and Johnson,
1988a,b). Ambiguities as to reported sizes may
be the result of differences in the glycosylation
or phosphorylation of NGFR, as well as of the
many existing disulfide linkages present (Grob
et al., 1983, 1985; Ross et al., 1984). Also, there
is indirect evidence for a receptor associated
protein with structural and functional effects
on NGF binding (Hosang and Shooter, 1985;
Marchettiand Perez-Polo, 1987). Onedifficulty
here is that data from different tissues and
species using different techniques are difficult
tocompare. It would appear that in most cases
NGEFR can be identified as two or more differ-
ent mol wt species.

The third approach to the characterization of
NGFR relies on recombinant DNA technology.
Both rat and human NGFR are the product of a
single gene that does not appear to undergo
differential splicing (Johnson et al., 1986; Large
et al., 1989; Radeke et al., 1987). Based on the
known NGFR DNA sequence, it has been de-
termined that the human NGFR is synthesized
as a precursor molecule with 427 amino acids
(Johnson et al., 1986). The rat NGFR is highly
homologous, and is a synthesized 425 amino
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acid precursor protein (Radekeetal., 1987). Af-
ter removal of the N-terminal signal peptide, the
protein core consists of 399 (human) or 396 (rat)
amino acids, with an estimated mol wt of 42 or
49 kD. The protein core is subsequently glyco-
sylated to yield a 75-80 kD NGFR (Grob et al.,
1985; Johnson et al., 1986). However, the
identification of only a single gene for NGFR
does not explain the existence of two different
NGF binding activities, or of the different
molecularspecies of NGFR. The gene for NGFR
has been localized on human chromosome 17
(Huebner et al., 1986; Rettig et al., 1986).

Receptors for NGF are present on cells de-
rived fromall three germlayers, consistent with
the hypothesis that NGF is not exclusively a
neuronotrophic factor (Perez-Poloand Werrbach-
Perez, 1987; Thomson et al., 1988; Thorpe etal.,
1987a,b,1989; Thorpeand Perez-Polo, 1987). For
the CNS and PNS, NGFR and NGF mRNA ex-
pression appear to be coordinated and related
to density of innervation (Buck et al., 1987;
Korsching, 1986a,b; Whittemore and Seiger,
1987). There is NGF mRNA present in the
hippocampus, cortex, thalamus/hypothala-
mus, brainstem, striatum, cerebellum, and
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spinal cord, in decreasing order. In some CNS
regions, such as cerebellum, there is NGF and
NGFR mRNA early in development not associ-
ated with cholinergic neurons (Whittemoreand
Seiger, 1987). The distribution of NGFR protein
in the CNS is most evident in the hippocampus,
frontal cortex, basal forebrain, and cerebellum
(Angelucci et al., 1988a; Taniuchi et al., 1986a).

NGFRs aresynthesized predominantly in the
cell bodies of cholinergic neurons and sub-
sequently transported via anterograde trans-
port to theaxon terminals (Buck et al., 1987). At
the terminals, NGFR binds NGF, and the NGF-
NGFR complexis internalized and retrogradely
transported to neurons of the basal forebrain
nuclei (Johnson et al., 1987; Seiler and Schwab,
1984). The continuous flux of NGF and NGFR,
as well as, of the NGF-NGFR complex, may
have regulatory significance on target tissues
innervated, innervating neurons, or both (Hefti,
1986). However, NGF binding activity, NGFR
protein,and NGFRmRNA inall regions of brain
and lymphoid tissues, during some stages of
development, have been reported for both the
chick and the rat (Buck et al., 1988; Ernfors et
al., 1988).

Model Systems

There are obstacles to the study of the mech-
anism of action of NGF in vivo. Itis difficultto
have homogenous cellular populations, to ob-
serve isolated cellular events, and to quantita-
tively manipulate the cellular environment
(Perez-Polo, 1987). Cell lines have distinctive
advantages because of their homogeneity and
relative ease of production. Although caution
must be exercised before extrapolating con-
clusions gleaned from studies with transformed
cells, these in vitro paradigms are useful when
used in conjunction with the more complex in
vivo paradigms.

Three neuronal cell lines that have proven
useful in the study of NGF are the PC12 rat
pheochromocytoma line, the SK-N-SH-SY5Y
(5Y5Y), and the LA-N-1 human neuroblastoma
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lines. Therat pheochromocytoma cell line PC12
is the most extensively studied NGF respon-
sive cell line (Greene and Tischler, 1976). NGF
has several major effects on PC12 cellsthathave
been classified temporally and based on their
RNA transcription dependence Table 3, (Greene,
1984; Levi et al., 1988):

1. In common with other growth factors, NGF
elicitsrapid cell-surfaceruffling, stimulated ion
fluxes across the cell membrane, and internali-
zation of the NGFligand (Connollyetal., 1979);

2. NGF induces short-term transcription-inde-
pendent phosphorylation of several cytoplas-
mic proteins (Halegoua and Patrick, 1980;
Romanoetal., 1987); and transcriptionof some
proto-oncogenes, such as c-myc, c-fos,and c-jun
(Milbrandt, 1986, 1988; Wu et al., 1989);

3. NGFinduces short-term synthesis of ornithine
decarboxylase (Greene and McGuire, 1978);

4. NGF induces long-term transcription-depen-
dent synthesis of those cytoskeletal proteins
and cell adhesion molecules that are required
for normal neurite growth; and

5. NGF can induce mitotic arrest under some
conditions for PC12 cells.

This broad spectrum of responses is not uni-
que to NGF, but rather, represents the response
of the PC12 cell; other classes of NGF respon-
sive cells may display a different spectrum of
responses (Thorpe et al., 1989). Also, even for
one cell line, such as the PC12 line, the different
cell responses may not be coupled, and repre-
sent different segments of physiologically dis-
tinct outcomes. For some cell types like astro-
cytes and Schwann cells, ambient conditions
can drastically affect the NGF response
(Bothwell et al., 1980; Burstein and Greene,
1978,1982; Green et al., 1986; Levi et al., 1988).

Human neuroblastoma cell lines are another
model for studying the structure of NGFR and
the effects of NGF (Perez-Polo and Werrbach-
Perez, 1985, 1987). These cell lines are geneti-
cally stable, dependent on NGF for cell survival
when grown in the absence of serum, and re-
versibly responsive to NGF. Similar to the
findings in PC12 cells, treatment of neuroblas-
toma cells with NGF induces neurite outgrowth
and hypertrophy (see Figs. 7-9)(Perez-Polo et
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Fig.7. PC12cells culturein (A) the presence of 1 ug/mL
NGF for 6 d and (B) control (250x). Culture conditions as
described in Jackson et al., 1990.

al., 1979; Sonnenfeld and Ishii, 1982), increases
protein synthesis (Perez-Polo et al., 1982;
Sonnenfeld and Ishii, 1982), and induces elec-
trical excitability (Kuramoto et al., 1981). The
study of NGF effects on neuroblastoma cells
offers unique opportunities since the cells pos-
sess properties not present in PC12 cells.
First, only the high affinity NGFR-I type bind-
ing hasbeendetected inneuroblastomaSY5Y cells
(Sonnenfeld and Ishii, 1982, 1985). Second, SY5Y
cells are reported to have NGFR mRNA of the
same size as that reported for the low affinity
NGF receptor and, when the SYSY NGFR gene
is transfected to mouse fibroblast-like L cells,
the receptor expressed is also the NGFR-II type
(Chao etal, 1986; Hempstead et al., 1989). This
implies that, in SY5Y cells, there may exist a
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Fig. 9. Effect of 1 ug/mL NGF on SY5Y cell diameter
in culture, as described by Perez-Polo et al., 1982a.

specific cellular environment thatisresponsible
forthe expression of the NGFR geneasanNGFR
protein expressing high affinity binding.

NGFR in Model Systems

Two binding sites for NGF have been de-
scribed for LA-N-1 and PC12 cells, using
equilibrium binding assays. They are the high
affinity binding site (NGFR-I) and the low af-
finity binding site (NGFR-II) identical to that
described for sensory and sympathetic neurons
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(Sutter et al., 1979; Stach and Perez-Polo, 1987).
It is believed that the physiologically relevant
binding site for neurons is the high affinity site,
and that the low affinity site may act as a “res-
ervoir” of NGF binding sites because the equi-
librium dissociation constant (K,) for NGFR-I
binding is approximately equal to the half-
maximal effective concentration of NGF in situ;
and in the absence of NGFR-II, such as in
neuroblastoma SY5Y cells, cells remain re-
sponsive to NGF (Sonnenfeld and Ishii, 1985).
Also, there are PC12 cell variants that possess
NGFR-II but not NGFR-], and do not respond
to or internalize NGF (Green et al., 1986). It has
also been proposed that internalization of the
NGF-NGFR complex is necessary for NGF
action (Bernd and Greene, 1984; Green et al,,
1986; Hosang and Shooter, 1987). Thatconver-
sion of NGFR ITto NGFR I may be a physiologi-
cally relevant event is suggested by the fact that
tunicamycin (TM) and wheat germ agglutinin
(WGA) increase the affinity of NGFR to NGF
(Baribault and Neet, 1985; Grob and Bothwell,
1983; Landrethetal., 1985). WhenTMand WGA
treatment deplete the number of NGFR-II on
PC12 cells, the PC12 neurites will no longer
respond to NGF by turning in the direction of
increasing concentrations of NGF. Further-
more, at the NGF concentration required for
the chemotactic response of neurite turning or
increased tyrosine hydroxylase activity,
roughly half the low affinity binding sites are
occupied. This finding is compatible with the
idea that these particular effects of NGF are
mediated through NGFR-II (Gundersen and
Barrett, 1980; Hefti et al., 1982). Also, NGF in-
duces ornithine decarboxylase activity in cul-
tured neural crest cells as well as increased
thymidine uptake in rodent lymphocytes, and
both of these cell types express only NGFR-II
(Bernd, 1986; End et al., 1983; Thorpe et al,,
1987a,b,c, 1989). It may be that NGFR-I and
NGFR-II are responsible for a different spec-
trum of cellular responses to NGF.
Alternatively, the presence of highaffinity NGF
binding on a cell does not necessarily mean that
there are NGF responses. There are high affinity
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NGFbindingsiteson the A875 cell linethat do not
respond to NGF (Buxser et al., 1985; Rubenstein
etal.,, 1985). Also, WGA treatment increases high
affinity binding of NGF to PC12 cells when it
blocks the NGF response (Grob and Bothwell,
1983; Hashimotoetal., 1985; Landreth etal., 1985).

The fact that there are several mol wt values
reported for NGFR and that all of these appear
to be recognized by the two species specific
monoclonal antibodies to NGFR, MC192 to the
rodent species and MC20.4 to the human spe-
cies, would suggest that the NGFR identified
share an epitope and/or are modified forms of
NGFR derived from a core protein (Green and
Greene, 1986, Hosang and Shooter, 1985). One
such modification, the binding of a receptor-
associated protein to the NGF binding subunit
may be required for NGF action. Such binding
may facilitate hydrophobic interactions be-
tween NGFR and other proteins, such as an
adaptor complex, or may provide a hydropho-
bic environment for the regulation of protein
kinase C (Snoek et al., 1988).

Based on the molecular species of putative
NGFR reported for PC12 cells, one can propose
atentative model that accounts for the relation-
ships among the different molecular species of
NGFR. The basic assumption in this model is
that all the high molecular weight species of
NGFR are derived from the interactions of a
core protein, with other proteins (Green and
Greene, 1986; Marchetti and Perez-Polo, 1987).
There is evidence that the NGF receptor-asso-
ciated protein is notencoded by the NGFR gene
that has been cloned and sequenced (Hemp-
stead et al., 1989; Radeke et al.,, 1987). An
understanding of whether the different forms
of NGFR play a role in the different aspects of
NGEF activity is not at hand.

Effects of Retinoic Acid
on NGF Action

Retinoic acid (RA) is a vitamin A metabolite
that is known to affect cell differentiation
(Brockes, 1989; Giguere et al., 1989). It can also
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modify glycoprotein synthesis, and has been
shown to stimulate neurite extension and inhibit
cellular proliferation of human LA-N-] neuro-
blastoma cells (Sidell, 1982; Sidelland Horn, 1985).
Although RA increases NGF binding in LA-N-
land PC12 cells (Haskell et al., 1987; Jackson et
al., 1990a,b), the effects are not mediated solely
through its effects on NGFR expression.

Differentiation can be induced by RA in a
variety of NGF-unresponsive cell types (Pohl
et al,, 1988). RA is also capable of inducing
expression of the NGF gene in mouse L cells
(Wionetal.,1987). Even for some NGF-respon-
sivecells, RA does not elicit the sameresponses
as NGF. For example, RA has no effect on basal
or NGF-stimulated levels of ChAT in rat septal
cultures (Knusel and Hefti, 1988), but it does
cause SK-H-SH-SY5Y to differentiate into cho-
linergic neurons (Sidel and Horn, 1985). It in-
hibits expression of c-myc in neuroblastoma cells
as compared to NGF stimulation of c-myc ex-
pression in PC12 (Greenberg et al., 1985; Thiele
etal., 1985). RA also has opposite effects from
NGF on prostaglandin E-stimulated accumu-
lation of cyclic AMP in neuroblastoma cells (Yu
etal., 1988). OnPC12 cells, RA has no effect on
morphology, although it does protect PC12 cells
from hydrogen peroxide treatment in a similar
way to the protection conferred by NGF (Jack-
son et al., in press). Thus, NGFR expression
and hence NGF activity are modulated by sub-
stances, such as RA, that can in part have simi-
lar effects on such cells as NGF, and can also
augment the NGF effect.

Known Effects of NGF

Nerve growth factor (NGF) regulates neuro-
nal cell death, neurite extension, and synapse
formation during the development of sensory
and sympathetic ganglia, and is also trophic to
some neurons in the central nervous system
(Levi-Montalcini, 1987; Thoenen and Barde,
1980; Whittemore and Seiger, 1987). The role
played by NGF in the PNS has been well estab-
lished and extensively reviewed (Greene and
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Shooter, 1980; Levi-Montalcini, 1987). During
neuronal development, increased ambient
levels of NGF in the region of the developing
neurons provide guidance to outgrowing neu-
ronal fibers in a process that may involve in-
creased synthesis of NGF and NGFR by
Schwann cells (Assouline and Pantazis, 1989;
DiStefano and Johnson, 1988b). Once target
tissues are innervated, Schwann cell synthesis,
secretion of NGF and NGFR is curtailed, and
target derived NGF is taken up at nerve termi-
nals and retrogradely transported to the soma
to maintain the differentiated state of the neu-
ron (see Fig. 1 and Tables 5 and 6) (Hamburger
and Oppenheim, 1982; Levi-Montalcini, 1987).

Althoughlessis knownabouttherole of NGF
in the development of the CNS, there is evi-
dence that it provides trophic support to basal
forebrain cholinergic neurons (Gnahn et al,,
1983; Hefti et al., 1984; Whittemore and Seiger,
1987; Williams et al., 1986). For example, NGF
is synthesized in hippocampus and frontal cor-
tex, and released in the proximity of nerve ter-
minals of the basal forebrain where it is bound
by NGFR, internalized, and retrogradely trans-
ported to mostly, but not only, the cholinergic
neurons of the basal forebrain nuclei (Johnson
etal., 1987). After fimbria-fornix transection, a
lesion that interrupts the NGF-NGFR flux be-
tweenthe hippocampusand the basal forebrain,
the cholinergic neurons of the diagonal band of
Broca and septum undergo rapid cell death or
severe cell shrinkage. Exogenous administra-
tion of NGF prevents this phenomenon in rats,
when the fimbria-fornix has been severed or
aspirated, thusdemonstrating that the cell death
exhibited by the cholinergic neurons of the basal
forebrainunder these conditions is likely caused
by the lack of retrogradely transported NGF of
hippocampal origin (Hefti, 1986; Willand Hefti,
1985; Williams et al., 1986). In aged humans
and rats, there are deficits in NGF and NGFR
(Angelucci et al., 1988b; Gomez-Pinilla et al.,
1989; Hefti and Mash, 1989; Koh and Loy, 1988;
Larkforsetal., 1987; Mufson etal., 1989a,b). The
intraventricular infusion of NGF into aged rats
rescues septal cholinergic neurons and im-
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proves behavioral performances in a spatial
orientation task (Fischer et al., 1987).

It must be remembered that NGFR is also
expressed in noncholinergic areas of the brain
and spinal cord, where it may play different
roles in development, such as the regulation of
cell migration (Schatteman et al., 1988) and
neurite outgrowth (Collins and Dawson, 1983).
Also, not all NGF-responsive tissues are in the
nervous system. NGF has been showntoactas
a mitogen on cultured chromaffin cells (Aloe
and Levi-Montalcini, 1979; Lillien and Claude,
1985) and some classes of hemopoietic cells
(Matsuda et al., 1988; Thorpe and Perez-Polo,
1987). Thus, different target cells respond to
NGF in different fashions.

NGF Responses
and Receptors in Glia

NGF does not induce proliferation in astro-
cytescultured in serum containing media (Yong
etal.,, 1988a,b). However, astrocytes arecapable
of supporting the survival of NGF-dependent
neurons in vitro (Lindsay, 1979), and can syn-
thesize and secrete NGF (Furukawaetal., 1986;
Tarris et al., 1986) in vitro and in vivo after
hypoxic injury (Lorez et al., 1989). It has been
proposed that low affinity NGF receptors can
stabilize neuron—glia interactions (Zimmer-
mann and Sutter, 1983). There, type I, low af-
finity NGFR may be required for directed ax-
onal growth along Schwann cell surfaces that
are decorated with type II NGFR with bound
NGEF that is released to the high affinity type I
NGFR on the advancing growth cone surface
during early development or regeneration in
PNS (DiStefano and Johnson, 1988b; Taniuchi
etal., 1986b). The inability to identify NGFR in
adult astrocytes in vivo is consistent with the
proposed role for NGFR during early stages of
development of nonneuronal cells.

The mol wt of the NGFR present on astro-
cytes has not been reported, whereas the mol
wt of the NGFR-NGF complex present on
Schwann cells is similar to the 92 kD NGF-
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Table 6
Studies on NGF

Target tissues: In vitro studies

Explanted and dissociated sensory and
sympathetic ganglia

Adrenal chromaffin cells

Rat pheochromocytoma (PC 12)

Human neuroblastoma (LAN and SKN-SH
subclones)

Explanted CNS tissues

Lymphocytes, thymocytes, and macrophages

Schwann cells, astrocytes, and
aligrodendrocytes

Others

Target tissues: In vivo studies
Peripheral nervous system
Central nervous system
Immune system
Adrenal hypothalamic pituitary axis
Reproductive system

NGFR complex presentin PC12 cells (DiStefano
and Johnson, 1986b; Taniuchi et al., 1986a).
When soluble receptor binding assays for NGF
are carried out on purified cultured rat astro-
cytes, there is a low affinity NGF binding site
present, with a equilibrium dissociation con-
stant (K)) of around 2.7 nM consistent with the
presence of type II or low affinity NGFR (see
Fig. 10X(Marchetti et al., 1987). Curiously, im-
munohistochemical staining, using the MC192
monoclonal antibody to rodent NGFR, does not
demonstrate the presence of NGFR on
nonneuronal cells in adult rat brain, except for
Muller glia in retina (Kiss et al., 1988; Schat-
teman et al., 1988; Foreman et al., unpublished
observations) or in cultures of purified astro-
cytes (DiStefano and Johnson, 1988a; Perez-Polo
et al., unpublished observations). Itis possible
that theloss of neuronal contacts associated with
tissue culture may induce the expression of
NGFR mRNA and NGFR protein in astrocytes
under some culture conditions but not others,
in a manner that is similar to that reported for
Schwann cells after axotomy (Heumann et al,,
1987; Taniuchi et al., 1986a). Thus, the species
of NGFR expressed on some NGF responsive
cells may depend on their cellular environment.
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This may have important significance for dif-
ferences in neuronal responses, such as cell
death during development, as compared to
following injury since cellular environments
and involvement of the immune system result-
ing from inflammatory events are likely to be
very different in these two circumstances.

NGF and the Immune System

The role for NGF in inflammation and the
immune system is not well understood. It has
been suggested that NGF may affect the im-
mune response indirectly by increasing sym-
pathetic innervation in immunocompetent or-
gansand, thus, increase catecholamine induced
lymphoblast transformation (Abramchiketal.,
1988). On the other hand, direct demonstration
of NGF binding, NGFR protein, and NGFR
mRNA on isolated lymphocytes (see Figs. 10,
11, and 12 [Ernfors et al., 1988; Morgan et al.,
1989; Thorpeetal., 1987ab]) would suggest that
NGF may have direct effects on lymphocytes.
In comparison, soluble receptor binding assays
for NGF, using lymphocytes, show asingle low
affinity binding site, witha K, ofaround 2.5nM
(Morganetal., 1989; Thorpeetal., 1987a,b). NGF
not only increases the proliferation of lympho-
cytes, but also potentiates the lymphoprolif-
erative responses to several T-cell and B-cell
mitogens (Thorpe and Perez-Polo, 1987). NGF
also increases the expression of interleukin-2
receptors onlymphocytes(Thorpeetal., 1987b).
Unlike astrocytes, the expression of NGFR per-
sists in lymphocytes of adult rats and humans
(Ernfors et al., 1988), suggesting that some, but
not all, lymphocytes are under the constant in-
fluence of NGF. However, it should be re-
membered that around 85-90% of spleen cells
do not stain for NGFR (Thorpe et al., 1987a).
Whether these cells reflect the presence of lym-
phocytes in a quiescent stage, in a way similar
to the astrocytes in adult brain, is not clear.
Macrophages can respond to injury by synthe-
sizing IL-1, which in turn can stimulate
Schwann cells to synthesize and secrete NGF
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Fig.10. Scatchard analysis of NGF equilibrium binding
to solubilized rat astrocytes in vitro, as described in
Marchetti et al., 1987.

(Heumann et al., 1987). More direct stimula-
tory actions of NGF on most cells have been
demonstrated in vivo and in vitro (Aloe, 1990).
The effects of NGF on glial and lymphoid cells
may be restricted to their early development,
or to consequences of injury associated with
inflammation in the latter case.

Outcome of Neuronal Injury

It has been established that, although neu-
rons of the adult mammalian PNS are able to
regenerate, the opposite is true for most of the
CNS, in which abortive sprouting is more com-
mon (Ramon y Cajal, 1928). In those instances
in the periphery, where it has been established
that regeneration takes place, it has been dem-
onstrated that ambient conditions under the
control of Schwann and satellite cells are per-
missive for axonal sprouting, growth, and
synaptogenesis. Inthe periphery, neurons that
are isolated from target tissues, for example as
a consequence of injury, exhibit a more rigor-
ous dependence on the appropriate survival
factors. Also, a procession of metabolic changes
takes place in the Schwann and satellite cells,
such as expression of NGF and NGFR mRNA,
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Fig.11. Scatchard analysis of equilibrium NGFbinding
to human peripheral blood monocytes, as described in
Morgan et al., 1989.

among others, that may account in part for the
success of regeneration in the periphery, as
compared to the CNS. The time sequelae in-
volved in these injury induced changes in the
nonneuronal cells of the periphery may be one
of the important factors that differentiate the
PNS from the CNS with respect to regenera-
tion. Less is known about the molecular sig-
nalsthatact on glial and mast cells as part of the
inflammation, gliosis, and scarring associated
with neuronal injury. Thus, manipulations of
ambient levels of neuronotrophic substances,
and of other time-dependent events involved
in the neuronal response to injury may answer
the question of whether external manipulation
of the organism can overcome the inability of
the CNS to recover functionally from certain
traumatic injuries.

The Effect of Exogenous
NGF on the Outcome
of Neuronal Injury

The human neuroblastoma cell line SK-N-
SH-SY5Y (SY5Y) is a nearly diploid NGF re-
sponsive cell line that in the presence of NGF
extends neurites, and undergoes cell hyper-
trophy. In vitro NGF treatment of SY5Y cells
protects them against 6-hydroxydopamine (6-
OHDA), a known generator of H,0, (Tiffany-
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Fig. 12. SDS-PAGE analysis of immunoprecipitated
rodent splenocyte NGFR from Thorpe et al., 1987.
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Fig. 13. Antioxident enzyme levels of SY5Y, human
glioma A B, and Chinese hamster ovary CHO cells.
Enzyme levels expressed as units of activity per 10, cells.
Adapted from Tiffany-Castiglioni et al., 1982.

Castiglioni and Perez-Polo, 1981). The SY5Y
line has low endogenous levels of catalase,
glutathione transferase, and glutathione per-
oxidase activity as compared to AlBl human
glioma cells and CHO Chinese ovarian ham-
ster fibroblast cells (Fig. 13)(Tiffany-Castiglioni
et al,, 1982). The protection of the SY5Y was
shown to be caused by NGF stimulation of
metabolic events, and not as a result of dopam-
ine uptake, morphological, or extracellular
substrataassociated events (Tiffany-Castiglioni
etal,, 1979, 1982; Tiffany-Castiglioni and Perez-
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Polo, 1980, 1981; Perez-Polo and Werrbach-
Perez, 1985,1987). Thus, when SY5Y uptake of
labeled dopamine was measured in the presence
of 6-OHDA, there was a marked inhibition of
dopamineuptake, suggesting that the 6-OHDA,
adopamineanalog, could compete for the labe-
led dopamine. This would suggest that, if
dopamine, and hence 6-OHDA uptake, were to
be blocked, there would be a reduction in tox-
icity resulting from the intracellular 6-OHDA.
Since cocaine, a dopamine blocker, does not
significantly alter 6-OHDA toxicity, 6-OHDA
effects are independent of dopaminergic
transport systems (Perez-Polo et al., 1982b).
Similarly, treatment of SY5Y with dibutyryl
cyclic AMP, which elicits neurites but not other
NGF effects, did not protect cells from 6-OHDA,
but rather exacerbated toxicity (Tiffany-Cas-
tiglioni and Perez-Polo, 1980; 1981; Perez-Polo
and Werrbach-Perez, 1985, 1987). Rather, 6-
OHDA generated free radicals appear to be the
principal toxic agent, and catalase, but not su-
peroxide dismutase, SOD, affords almost total
protection from 6-OHDA insults in culture
(Tiffany-Castiglioni etal., 1982; Perez-Polo and
Werrbach-Perez, 1985, 1987).

Since 6-OHDA toxicity relies on the genera-
tion of hydrogen peroxide, the application cf
hydrogen peroxide itself can be used asamodel
of free radical damage in the CNS (Kovachich
and Mishra, 1980; Pellmar, 1986, 1987). Hydro-
gen peroxide reacts with transition metals, such
as copper and iron, to produce the very reac-
tive hydroxyl free radical through the Fenton
reaction (Haberand Weiss, 1934). Thehydroxyl
radical is a strong oxidant and, as such, can ini-
tiate lipid peroxidation.

Chain reactions in the lipid environment of
the plasma membrane result in an amplifica-
tion of cytoplasmic hydroxyl radical levels,
which in turn inactivate proteins, cleave DNA,
and disrupt energy metabolism (Kim et al., 1985;
Hyslop et al., 1988; Imlay et al., 1988). Treat-
mentof bothPC12and SY5Y with NGFincreases
catalase and glutathione peroxidase activity
levels, but has no effect on SOD activity (Fig.
14). Dose-response curves for H,O, toxicity,and
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for the protection afforded by catalaseand NGF
toPC12and SY5Y, are similar (Figs. 15and 16).
In both instances, addition of exogenous SOD
to cultures offers no protection. This is not sur-
prising, since for fixed low levels of catalase
activity, addition of SOD will further dismute
those oxyl radicals present under culture con-
ditions and further elevate the concentration of
hydrogen peroxide (Fig. 2). Since PC12 cells
aggregate in the presence of NGF, making dye
exclusion tests for viability difficult to evalu-
ate, ¥S-met incorporation into protein can be
used as a viability testunder certain conditions,
as described in Tiffany-Castiglioni and Perez-
Polo (1980). If PC12 cells are protected from
H,O, by NGF in the presence or absence of
aminotriazole, AZ, a small mol wt inhibitor of
catalase that can cross the plasma membrane,
NGF protection is significantly reduced (Fig.
17). It is interesting that, for cells not treated
with NGF, there is a significant loss in viability
inthose cultures exposed to H,O,and AZ when
compared to those deprived of AZ, suggesting
that AZ is acting here to reduce endogenous
levels of cellular catalase activity. Taken to-
gether, theseresults suggest that neuronal cells
in vitro are more susceptible to free radical
damage compared to nonneuronal cells, and
that NGF confers partial protection to PC12and
SYSY cells against H,0O, by virtue of its stimu-
lation of catalase, but not superoxide dismutase
activity.

The Conditioning Lesion Paradigm

If a neuron suffers a second injury in close
temporal proximity to a first injury, the rate at
which regeneration takes place is significantly
accelerated (Gutmann, 1942). This effect on re-
generation by a prior injury is called the “con-
ditioning lesion” paradigm. Conditioning le-
sion effects have been described for the CNS
(Grafstein and McQuarrie, 1978; McQuarrieand
Grafstein, 1982; Nieto-Sampedro and Cotman,
1985; Nieto-Sampedro et al., 1987) and the PNS
(Edstromand Kanje, 1988; Jenq et al., 1988; Perry
et al., 1987). One proposed mechanism of ac-
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Fig. 15. Dose response of H O, effect on SY5Y cell
viability determined by dyeexclusion following treatment
with (50 pg/mL) superoxide dismutase, SOD (50 ug/mL),
or NGF (1 ug/mlL) for 5 d, as described in Jackson et al.,
1990a.

tion is that injury induces the synthesis and se-
cretion of neuronotrophic and neurite promot-
ing factors. Thus, at the time of the second le-
sion, cells are primed in the sense that critical
mRNA species would be available for transla-
tion independent of transcription. Also since
the increase in trophic activities takes 6-12 d,
an effect of a prior lesion is to augment signifi-
cantly ambient levels of neuronotrophic growth
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Fig. 16. Dose response of H O, effect on PCI2 cell
viability determined by dye exclusion, following treatment
with ac decribed in Morgan et al., 1989.
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Fig. 17. Effect of aminotriazole on NGF protection of
PCi12 from H,0,. Viability determined by **S-met
incorporation into protein, as described in Jackson et al.,
1990a.

factors to beneficial levels at a time when, as a
consequence of axotomy, there is a disruption
of the retrograde transport of growth factors
from nerve terminals to the soma of the neuron.
Increased availability of growth factors then can
reduce secondary neuronal cell death, and can
have the greatest biological impact and facili-
tate the acceleration of recovery from further
injury (Manthorpe et al., 1983; Needels et al.,
1985, 1986; Nieto-Sampedro et al., 1983, 1984,
1987; Whittemore et al., 1985).

Since many traumatic or ischemic injuries to
the nervous system generate free oxygen radi-
cal species (Halliwell and Gutteridge, 1985;
McCord, 1985), and NGF treatment in vitro im-
parts resistance to H,O, (Jackson et al., 1990a;
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Fig. 18. Conditioning lesion paradigm. PC12 cells are
grown in log phase at equal cell densities. Cells are
exposed, or not, to hydrogen peroxide at three concen-
trations (0, 0.5, and 5 mM) of H,0,. Survivors are
harvested 1 d later and grown for 1 wk exposed, or not
(not shown), to NGF for 1 wk, at which time, at equal cell
densities, cells are exposed to varying concentrations of
H,0O, and viability measurements arecarried out 1d later,
as described in Jackson et al., 1990a,b.

Tiffany-Castiglioni and Perez-Polo, 1981;
Tiffany-Castiglioni et al., 1982), it is of interest
to know the extent to which conditioning le-
sions enhance regeneration by virtue of in-
duction of catalase, stimulated NGF autocrine
effects, or in other ways (Jackson et al., 1990b).
In focusing on catalase, it is clear that only one
component of antioxidant cellular defenses is
being addressed, and that the mechanism by
which NGF stimulates catalase activity may not
besimilar to effects on otheraspects of oxidant-
antioxidant balance and energy metabolism.

Trophic Effects
of Conditioning Lesions

When PC12 cells are exposed to a conditioning
lesion consisting of either 0.5 mM (“low-dose”) or
5.0 mM (“high dose”) H,O, for 30 min, followed
by arecovery period in the presence or absence
of NGF (1 pg/mL), cells display an enhanced
ability to survivea second H,O, treatment (Figs.
18,19, 20). In the absence of NGF, the effect of
a low-dose conditioning lesion is an apparent
upward displacement in the dose response to
H,0, forlesioned survivors. Thisis not what s
observed in the presence of NGF, in which the
effect of the conditioning lesion on theresponse
of PC12 to further injury is enhanced by NGF.

77

a 120 e —_—

100 L]

S—met ncorporation (%
o [&V)
o o

35¢

Feide DM

meal incorparation (%)

Cn .
< [

/ ’

F \- 3

5‘ B

§
o—

36 me

—
20 T Q

0

G 04 5.0
H00 (mM)
C 180
. C—C lires
= i ® —@ TriirsfZ0 e HAD,

40 S———©

15

YIS —met incorparation {
@ w
o B
[ ]
[ ]

0 34 5.0

F905 (mM)

Fig. 19. PC12 cells were grown and exposed to H,O,
conditioning lesions as described in Fig. 19and in Jackson
et al., 1990a,b. (A) Survivors of conditioning lesion. (B)
Effect of 0.5 mM H,0, conditioning lesion on subsequent
H,0, injury. (C) Effect of 5 mM H, 0, conditioning lesion
on subsequent H O, injury.

The conditioning lesion enhancement of NGF
protection from H,0, cannot be accomplished
by increasing NGF concentration (Jackson et
al., 1990b). Also, the conditioning lesion by it-
self does not dramatically alter the catalase-
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Fig.20. Morphology of PC12 cells conditioned at 0.5 mM H,0O, and controls: (A) conditioned at0.5 mM H,0, and treated
with NGF; (B) conditioned at 0.5 mM H,O, without NGF; (C) control PC12 cells treated with NGF alone; (D) control PC12
cells treated with neither H,O, nor NGF. Phase contrast. x250. From Jackson et al., 1990b.

specificactivity measured in lesioned survivors.
This would suggest that NGF protection and
conditioning lesion protection mechanisms may
have overlapping components, but are differ-
ent with regard to effects on the regulation of
catalase activity. The net effect of the highdose
conditioning lesion is primarily cytotoxic, and
NGF is incapable of eliciting neurite extension
among these surviving PC12 cells. Further-
more, the survivors of the low-dose condition-
inglesiondisplay an accelerated rate of neurite
elongation, following NGF exposure, which is
analogous to the enhanced rate of axonal out-
growth reported for conditioninglesions in vivo
(data not shown). The degree of neurite exten-
sion observed in lesion survivors after 24 h is
comparable to that seen only after 3-4 d of NGF
treatment in control cells. This would suggest
that the conditioning lesion does not merely
select cells, but rather has a stimulatory effect

on cells, although stimulation of catalase activ-
ity is not a major component of this stimulus as
opposed to the NGF effect.

Antioxidant Effects
of a Conditioning Lesion

Two explanations of the conditioning lesion
phenomenon may be proposed: first, PC12 cells
in culture express a spectrum of antioxidant
capabilities. The conditioning lesion selects for
those cells with more robust enzymatic de-
fenses. Second, the conditioning lesion itself
acts to induce free radical detoxifying activi-
ties. The second explanation proposes that
sublethal doses of H,O, are capable of inducing
axenobioticresponsethatis similar totheheavy
metal induction of metallothionein proteins or
of DNA repair enzymes by ionizing radiation
(Durnham and Palmiter, 1981, 1984; Kyse and
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Tyrrel, 1987). There are reports of induction of
hydrogen peroxide resistance by pretreatment
with low concentrations of H,0, (Laval, 1988;
Spitz et al., 1987).

If the first explanation is correct, i.e., the con-
ditioning lesion acts via a selective, rather than
aninductive, mechanism, one would expect that
a stronger selective stimulus would result in a
more pronounced resistancetoinjury. Thisclearly
is not the case, as evidenced by the lack of sig-
nificant resistance imparted by pretreatment
with 5.0 mM H,O,. Thus, the available evidence
seems to favor the second explanation that sub-
lethal H,O, treatment stimulates antioxidant
activities in PC12. It should be noted, however,
that the two hypotheses are not mutually ex-
clusive and that, for different concentrations of
H,O, exposure, different mechanisms may be
involved. The results discussed here would be
in agreement with there being a stimulation of
antioxidant activities by lesions at sublethal
levels. Since NGF treatment of PC12 cells does
induce small, but significant, increases in the
activity of catalase (Jackson et al., 1990a), one
possible explanation is that pretreatment with
asublethal dose of H,O, increases resistance to
further insults via an enhancement of catalase
activity. To test this hypothesis, one can com-
pare thelevels of catalaseactivity in naive PC12
cells to the survivors of low-dose H,O, treat-
ment, bothin the presenceand absence of NGF.
In all instances, H,O, treatment resulted in
lower levels of catalase-specific activity in sur-
viving PC12, irrespective of whether NGF
treatment was involved or not. Thus, PC12
survivors of a conditioning lesion had lower
levels of catalase-specific activity as compared
tounlesioned PC12 cells, and NGF-treated PC12
survivors of a conditioning lesion had lower lev-
els of catalase-specific activity as compared to
unlesioned NGF-treated PC12 cells. Clearly
these results speak against selection of PC12
cells within the population that have high en-
dogenous levels of catalase activity by NGF or
conditioning lesions. Also, this result would
suggest that, although the mechanism of action
of protection from H,O, by NGF and the con-
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ditioning lesions may share certain elements,
the stimulation of catalase activity is not one of
them (Jackson et al., 1990a,b).

These data are supportive of the hypothesis
that one of the effects of the conditioning lesion
is to shift cellular oxidant-antioxidant balance
toamoreresistantstate, and to accelerate NGF-
induced neurite outgrowth. It is not known
whether such a mechanism is present follow-
ing neuronal injury in vivo, where injury-in-
duced neuronotrophic factors may act in a
paracrine fashion, minimizing a secondary
wave of neuronal cell death. Such an inter-
pretation is consistent with the results obtained
in vitro, and provides a mechanistic model for
the study of conditioning lesions and the design
of therapeutic strategies for neuronal injury.
This would suggest that cell survival and cell
deathare highly regulated eventsand that both
oxidativestress, as evidenced inaconditioning
lesion, and neuronotrophic factors have direct
and somewhat different regulatory roles
through induction of catalase activity in the case
of NGF, and of other antioxidant mechanisms
in the case of conditioning lesions. This is par-
ticularly interesting because these specific con-
ditioning lesion effects speak to autocrine-like
responses that are independent of externally
provided growth factors ina possible paracrine
fashion. The nature of such “lesion-dependent”
messenger molecules is not known.

NGF and the Aged CNS

It would appear that there may be a correla-
tion between cognitive deficits expressed in the
aged and thelevels of trophicactivity in cholin-
ergic areas of the CNS, as measured by the
functional levels of critical growth factors, such
as NGF and their receptors (Cortes et al., 1989;
Eldridge et al., 1989 a,b; Flood and Coleman,
1988; Gageetal., 1988; Gomez-Pinillaetal., 1989;
Hefti and Mash, 1989; Koh and Loy, 1988;
Lahtinen, 1989; Larkfors et al., 1987, 1988;
Mufsonetal., 1989a,b; Pezzoli etal., 1988). Since
there is a reduction in trophic and principally
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Fig.21. NGFbinding in rodent brain. B__ obtained by
Scatchard analysis of'®[-B-NGF bmdmg to NP-40-
solubilized tissues of rat brain. H: hippocampus, BF: basal
forebrain, as compared to SCG: superior cervical ganglion,
L: liver, Cb: cerebellum, and A:adrenal. From Angelucci
et al., 1988.

NGF associated activity in those cholinergic re-
gions that display age-associated pathology
(Gomez-Pinilla et al., 1989; Hefti and Mash,
1989; Koh and Loy, 1988; Kudo et al., 1989;
Larkfors etal, 1988; Mufson etal., 1989a,b), it is
not surprising that there is a reduction in the
NGF and NGF binding capacity in the neurons
of the aged rodent basal forebrain and hip-
pocampusinthe CNS, as well asinsympathetic
neurons in the PNS (see Figs. 21 and 22)
(Angeluccietal.,, 1988a; Uchida and Tonionega,
1987). Similar deficits in NGF and NGFR pro-
tein and mRNA have also been demonstrated
in the CNS although, at the present time, it is
notknown if these deficits area consequence of
neuronal atrophy and cell loss there, or are a
cause of such cell loss and atrophy (Flood and
Coleman, 1988). It has been suggested that
addition of exogenous NGF may reverse some
cognitivedeficitsin theaged (Phelps etal., 1989).

It is not known if the mechanism by which
NGEF rescues basal forebrain cholinergic neu-
rons following deafferentation lesions in the
adult is the same as that by which NGF has
sparing effects on aged rat cholinergic neurons
of the CNS. It is difficult to speculate as to dif-
ferences in possible mechanisms of cell death,
such as death resulting from neuronal injury as

Perez-Polo et al.

1a0 L T Bl control (n=4)

T [ ] Aged th=m T

] ac =3
11

1

Hippocampus Basal Forebrain

120 -

% Bmax (fm/mg)

Cerebeilum

Fig. 22. Effect of aging and acetyl carnitine treatment
of aged rodents on NGF binding inrodent brain. Relative
B_, obtained by Scatchard analysis of *I-3-NGF binding
to NP-40-solubilized brain tissues of young, aged,or ALC-
treated aged rats expressed as percent of values obtained
for 4-mo-old rats. From Angelucci et al., 1988.

discussed here and cell death among NGF re-
sponsiveneuronsin theaged CNS. Itis encour-
aging that acetyl-L-carnitine, a substance that
ameliorates some age-associated cognitive
deficits in aged rodents (Angelucci et al., 1986;
Angelucciand Ramacci, 1986) and thatappears
to prevent age-associated decreases in NGF
binding in hippocampus and basal forebrain
(Angelucci etal., 1988), can also stimulate NGF
binding activity in PC12 cells (Taglialatela et
al.,, 1990a,b). Although the precise mechanism
by which acetyl-L-carnitine stimulates NGFR
expression is not known, it is likely to be a gen-
eral stimulation of trophic activity in the CNS
acting by appropriate increased receptor ex-
pression.

Effects of Cold Stress
on NGF Binding Activity

Itis intriguing that, during late aging events
in the CNS, there is a similar loss of corticoster-
oid and NGF receptors associated with cholin-
ergic neuronal shrinking and cell death in the
hippocampus {(Angelucci et al., 1988a,b). One
explanation is that age-associated reductions
in NGF activity might be the result of a dis-
inhibition of the hypothalamic—pituitary-
adrenocortical-axis (HPAA), and the resultant
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prolonged exposure of the CNS to increased
corticosterone in the rat, as aging progresses.
In this context, many of the age-associated
deficits would result more directly from the
disinhibition of feedback mechanismsin HPAA.
Two obvious consequences would be a lower-
ing of immunoreactivity and of the stress re-
sponse setpoint, and the feedback mechanisms
responsible for the return of corticosteroid
plasma levels to basal values after a stressful
event. Thus, stressful events might have been
expected to have an effect on NGF binding
capacity in hippocampus. When adult rats are
exposed to 1 h of cold stress for 5 d, there is a
reduction in the measured B_, for 'I-NGF in
the hippocampus and basal forebrain, in agree-
ment with the hypothesis that corticosteroid
and NGF binding activity are related. The na-
ture of this relationship is not simple. Thereare
also reports of other behavioral variables that
have effects on NGF activity in vivo (Alleva et
al., 1986, 1987; Aloe et al., 1986; Lakshmanan,
1986, 1987).

Understanding therole of NGFactioninaged
dysfunction in CNS will require a knowledge of
the molecular mechanisms by which NGF and
corticosteroid affect neuronal cell death in the
hippocampus. Whether these aspects of cell
death share common features with cell death
regulation after injury or during development
remains to be determined. The use of common
NGF responsive neuronal tissues in the para-
digms described here may prove useful to theun-
derstanding of neuronal cell death mechanisms.
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