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ABSTRACT

A key component of the cognitive deficits associated with aging is the loss of function of cholinergic neurons in
the basal forebrain due to neuronal losses and decreased cholinergic function of spared neurons. A model to mimic
one aspect of this phenomenon is to kill cholinergic neurons selectively in the basal forebrain via administration
of the immunotoxin IgG-192-saporin. Here we discuss apoptotic regulators, such as nerve growth factor, in age-
associated changes present in the cholinergic system and the role of the NF-«B signaling system in cellular com-
mitment to apoptosis. We also examine the age-associated decline in intrinsic response mechanisms, which may
account for the age-associated reduction in recovery from both acute and chronic insults to the central nervous

system. Antiox. Redox Signal. 2, 437-447.

INTRODUCTION

THE DEVELOPMENT OF AGE-ASSOCIATED COGNI-
TIVE DEFICITS may be the result of adaptive
behaviors by brain structures to increased ex-
posure to reactive oxygen species (ROS) or ni-
tric oxides (NO). The neurotransmitter systems
essential to cognitive function (for example,
glutamate and acetylcholine, ACh) can also ex-
ert toxic effects via NO generation and in-
creased intracellular Ca2* fluxes (glutamate) or
postsynaptic stimulation of oxidative processes
(ACh), a plausible explanation for the ack-
nowledged “fragility” of some hippocampal
and striatal structures in the face of ischemic or
traumatic insults. What is not known is the se-
quence of events that results in the age-associ-
ated deficits. Thus, while it is clear that there is
some neuronal cell loss and reduced neuro-
transmitter function in the hippocampii of aged
rodents, apes, and humans, we do not know

the cause of these losses or their relationship to
the more prominent pathological markers pre-
sent in the aged and Alzheimer’s disease (AD)
brain.

The need for linkage between the molecular
and cellular indices, such as extracellular de-
position of amyloid deposits that form senile
plaques and the prominent appearance of in-
tracellular neurofibrillary tangles (for reviews,
see Coyle et al., 1983; Whitehouse et al., 1985;
Yankner, 1996), and behavioral (memory loss)
outcomes may perhaps explain the present fas-
cination with “impaired signaling processes”
as a possible cause for the described losses of
cells and functions. Therefore, it would seem
reasonable to ask if pertinent signaling re-
sponses to stress are impaired in the aged ro-
dentbrain? An extension of the question would
ask if any impairment of signaling processes is
specific or part of a more general intrinsic meta-
bolic property of aged organisms? Lastly, the
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proper analyses of these age-induced pertur-
bations of stress response signal transduction
pathways might elicit clues as to the nature of
the aging process in terms of the respective
roles of intrinsically versus extrinsically trig-
gered signaling pathways.

AGE-ASSOCIATED
CHOLINERGIC DEFICITS

That there is a relationship between cholin-
ergic function and memory and learning was
initially ascertained from observations of aged
and demented patients in their responses to
various pharmacological manipulations. Ap-
plication of the muscarinic receptor antagonist
scopolamine to young normal subjects pro-
duces deficits in cognition and memory that are
similar to those seen in aged subjects. Addi-
tionally, administration of the cholinergic ago-
nist physostigmine to aged human subjects re-
sults in an improvement in memory function
(Bartus et al., 1982; Coyle et al., 1983; Drachman,
1977).

Neuropsychological, biochemical, and phar-
macological evidence further supports the no-
tion of a significant role for cholinergic func-
tion in age-related memory disturbance
leading to a proposal of a cholinergic hypoth-
esis of dementia in aging and age-related dis-
orders. The presence of cholinergic deficits and
the loss of cholinergic basal forebrain neurons
(CBENSs) in the aged and AD brains have been
well documented (Davies and Maloney, 1976;
Perry et al., 1977; Whitehouse et al., 1982). Post-
mortem studies have shown that there is a pro-
found reduction in cortical presynaptic cholin-
ergic markers in patients with AD and senile
dementia of the Alzheimer’s type. For exam-
ple, choline acetyltransferase (ChAT) activity
decreases 60-90% in the cerebral cortices and
hippocampi of AD patients. The cholinergic
neurons of the nucleus basalis of Meynert
(NBM), the major source of cortical cholinergic
innervation, undergo a profound (greater than
75%) and selective degeneration in these pa-
tients and the degree of loss correlates with the
severity of the observed cognitive impairments
(Perry et al., 1978; Whitehouse et al., 1982). In
addition, an in situ hybridization study (Strada
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et al., 1992) has shown decreased ChAT mRNA
expression in the NBM in AD patients, sug-
gesting that expression of ChAT mRNA might
be down-regulated in surviving cholinergic
neurons. Reductions are also observed in high-
affinity choline uptake (HACU) (Rylett et al.,
1983), ACh, and acetylcholinesterase (AChE)
levels in cortex (Richter et al., 1980) and cere-
brospinal fluid (CSF) (Elble et al., 1989). Nerve
growth factor (NGF) receptor and ChAT re-
main colocalized in the NBM in AD patients
(Kordower et al., 1989). Apart from the pres-
ence of cholinergic dysfunction, there are (Scott
et al., 1995) moderate increases in NGF-like ac-
tivity throughout the brain of AD coupled with
significant declines in NBM cell numbers com-
pared to aged healthy individuals. Although
the mechanisms that lead to the degeneration
of cholinergic neurons in the NBM are un-
known, it has been speculated that neuronal
death may result in part due to a failure of neu-
rotrophic support for the maintenance of oxi-
dant-antioxidant and glutathione peroxidase
homeostasis (Perez-Polo et al., 1990; Jackson et
al., 1994; Pan et al., 1997).

There is a substantial decrease in ChAT ac-
tivity in the striatum, and there are decreases
in HACU in the frontal cortex and hippocam-
pus, of 24-month-old rats when compared to 4-
month-old rats (Williams and Rylett, 1990).
However, Ogawa et al., (1994) found that re-
duced ChAT activity and muscarinic M1 re-
ceptor levels in aged Fisher 344 rat brains did
not parallel their mRNA levels, suggesting that
some age-related impairments of the choliner-
gic system may be due to post-transcriptional
events. Immunocytochemistry and retrograde
transport labeling results have shown that
there is a decline in the number of neurons ret-
rogradely transporting tracers and also that
there is a significant shrinkage in cell-surface
area in the basal forebrain cholinergic system
of aged rats, consistent with there being atro-
phy of cholinergic basal forebrain neurons and
impairment of uptake or retrograde transport
mechanisms in the aged brain (De Lacalle et al.,
1996).

Although the loss of CBFNs in the aged and
AD brains has been well documented, the rel-
ative contributions of cell death versus other
signaling deficits are not known (Davies and
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Maloney, 1976; Perry et al., 1977; Whitehouse et
al., 1982). In addition to significant cholinergic
dysfunction, there are (Scott et al., 1995) in-
creases in NGF-like activity and losses in
cholinergic neurons throughout the brain of
AD compared to aged healthy individuals. Al-
though the mechanisms that lead to the de-
generation of cholinergic neurons are not
known, it could be that the decreases in cell
number are the result of persistent oxidative
stress and perturbed oxidant-antioxidant and
glutathione peroxidase homeostasis (Perez-
Polo et al., 1990; Jackson et al., 1994; Pan et al.,
1997). Thus, it could be hypothesized that as a
result of persistent exposure to oxidative stress
those signaling pathways that normally medi-
ate stress responses to restore homeostasis
gradually and selectively become impaired
over time. One can differentiate between an
age-associated endogenous or intrinsic change
in intracellular signaling pathways versus im-
pairment due to deafferentation by comparing
stress responses associated with recovery
processes that maintain cholinergic function.
For example, the number of neurons actively
involved in retrograde transport into the basal
forebrain decreases in parallel with increasing
atrophy of CBFNs in the aged brain (De Lacalle
et al., 1996). Administration of submaximal
doses of 192 IgG-saporin can mimic age-asso-
ciated partial degenerations of basal forebrain
cholinergic projections with demonstrable
graded behavioral and biochemical changes
and reorganization in the cholinoceptive target
areas (Waite et al., 1995; Leanza et al., 1996b;
Rossner et al., 1996).

IMMUNOLESION MODEL SYSTEM

There are several animal model systems that
have attempted to determine the mechanisms
of impairment of cholinergic function, cell
death and recovery processes that might be
useful in the design of relevant therapeutic
strategies. These have typically relied on fim-
bria-fornix transections, mechanical lesions
with radiofrequency and electrolysis, systemic
or intracerebral injections of excitotoxins,
which are analogues of the excitatory amino
acid neurotransmitter glutamate (e.g., kainic
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acid, ibotenic acid, quisqualic acid, N-methyl-
D-aspartase (NMDA), and DL-a-amino-hy-
droxy-methyl-isoxaze propionic acid (AMPA),
high-affinity choline transport inhibitors (eth-
ylcholine mustard aziridinium ion, AF64A), or
murine anti-AChE monoclonal antibodies. The
limitations of these lesion paradigms are that
they not only cause cholinergic deafferentation,
but that they also deplete noncholinergic pro-
jections, such as GABAergic, serotonergic, no-
radrenergic, and dopaminergic innervations.
Thus, the differential affinities of the different
excitotoxins to distinct glutamate receptor sub-
types may partly explain the differential cyto-
toxic effects of each glutamate analogue on dif-
ferent regions of the brain.

A more selective approach would be to de-
stroy cholinergic neurons selectively, while
sparing other cell types. For example the
CBFNs display p75NTR receptors (Gage et al.,
1989; Yan and Johnson, 1989; Steininger et al.,
1993) that will bind and internalize the well-
characterized monoclonal antibody to p75NTR,
192 IgG. When 192 IgG is cross-linked via a
disulfide bond to the ribosomal inactivating
protein, saporin, an immunotoxin (IT), the 192
IgG-saporin complex, results that is also inter-
nalized into CBFNs (Wiley et al., 1991). Thus,
after an intra cerebroventrical (i.c.v.) injection
of 192 IgG-saporin, the IT is specifically inter-
nalized by the terminals of p75N'R-bearing
CBEFEN:s, retrogradely transported and accumu-
lated in the cell bodies of CBFNs. Treatment
with intraventricular administration of IT pro-
duces selective and dose-dependent cell death
among p75NTR-bearing CBFNs best measured
by substantial reductions in AChE and ChAT
activity in the rat basal forebrain and its neo-
cortical and hippocampal afferents (Wiley et al.,
1991; Book et al., 1992; Berger-Sweeney et al.,
1994; Heckers et al., 1994; Torres et al., 1994;
Leanza ef al., 1995; Rossner et al., 1995a,c; Waite
etal.,1995;Yuet al.,1995,1996). Prelabeling cor-
tical projecting neurons in the NBM with flu-
oro-gold shows that only those neurons that are
also labeled for ChAT are destroyed in the IT-
treated animals, suggesting that IT is lethal to
cholinergic cells, rather than suppressing
cholinergic expression in existing cells (Book et
al., 1994). Thus, all evidence points to cell loss
and not decreased AChE and ChAT decreases
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in surviving cells. There is also evidence that
192 IgG-saporin treatments impair perfor-
mance in learning and memory tasks in a man-
ner consistent with the extensive loss of CBFN's
(Nilsson et al., 1992; Berger-Sweeney et al., 1994;
Baxter et al., 1995; Leanza et al., 1995, 1996a; Wi-
ley, 1997).

THE NEUROTROPHIC HYPOTHESIS
AND THE AGED CNS

The neurotrophic hypothesis, that the sur-
vival of neurons depends on their competition
for neurotrophic factors synthesized in limiting
amounts by their innervation targets, could ex-
plain how age-associated changes in retrograde
transport of neurotrophins bring about cell
losses and recovery processes (Thoenen, 1995;
Davies, 1996). NGF is the best-characterized
member of the neurotrophin (NT) family,
which also includes brain-derived neu-
rotrophic factor (BDNF), neurotrophin-3 (NT-
3), neurotrophin-4/5 (NT-4/5), and neu-
trophin-6 (NT-6) (for reviews, see Thoenen,
1991; Lindsay, 1994b; Bothwell, 1995; Thal,
1996; Hefti, 1997; Ibanez, 1998). NTs are highly
basic proteins (pI 9-10.5) of approximately 120
amino acids with three intrachain disulfide
bonds; they share 50-60% amino acid homol-
ogy and display distinct, yet overlapping, re-
gional distribution and regulate the survival,
differentiation, and phenotypic maintenance of
specific neuronal populations. In the CNS,
NGF is expressed in different brain areas, with
the highest levels present in the hippocampus,
cerebral cortex, and olfactory bulb, the princi-
pal target areas of CBFNs (Thoenen, 1995;
Thoenen et al., 1987; Whittemore and Seiger,
1987), and affects a variety of cholinergic pop-
ulations of the forebrain, including those of the
medial septum, NBM, substantia innominata,
and striatum.

NT action is via two transmembrane recep-
tor proteins, a p140'™*A and a p75NTR (Chao and
Hempstead, 1995; Kaplan and Miller, 1997;
Chao et al., 1998; Frade and Barde, 1998). NGF
receptors in the CNS are synthesized in the
CBFNs and anterogradely transported to hip-
pocampal and cortical axon terminals that in-
nervate NGF-producing neurons. There NGF
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binds to and is internalized at nerve terminals
and retrogradely transported to the CBFN
soma. The p75NTR receptor is involved in the
internalization and retrograde transport of all
neurotrophins (Johnson et al, 1987). The
p75NTR receptor has been implicated in a NF-
kB-mediated signal transduction cascade that
decreases apoptotic cell commitment (Ra-
bizadeh et al., 1993; Carter et al., 1996; Casac-
cia-Bonnefil et al., 1996; Taglialatela et al., 1996,
1997).

NGF treatment at pharmacological doses ef-
fectively prevents the degeneration of axo-
tomized CBFNs in both young and aged ani-
mals (Hefti, 1986; Williams et al., 1986; Gage et
al., 1988; Tuszynski et al., 1990; Koliatsos et al.,
1991a; Tuszynski et al., 1991; Kordower et al.,
1994). Furthermore, the atrophy of CBFNs and
the cognitive deficits displayed by aged rats
can be reversed by NGF (Fischer et al., 1987,
1991). Chronic i.c.v. injections of NGF elevate
hippocampal ChAT activity in adult rats after
partial septohippocampal lesions (Hefti et al.,
1984), induce synaptogenesis and hypertrophy
after decortication of adult rats (Garofalo et al.,
1992), and ameliorate cholinergic neuronal at-
rophy and behavioral impairment after brain
injury or extreme aging (Fischer et al., 1987;
Chen and Gage, 1995; Martinez-Serrano and
Bjorklund, 1998). Interestingly, injury models
(e.g., fimbria fornix transections or immunole-
sions) increase neurotrophin protein levels in
young, but not aged, rats (Fischer ef al., 1987;
Williams ef al., 1993; Scott et al., 1994; Gu et al.,
1998; Fig. 1). One explanation for this differen-
tial age-associated impairment of a stress re-
sponse signaling pathway that may regulate
the recovery of ACh function and inhibit neu-
ronal commitment to apoptosis would be at the
level of transcription factor activation by ox-
idative stress. That is, the persistent increase in
oxidative stress associated with the aging
process could serve to desensitize stress re-
sponse activation of transcription at the level
of the activation levels of a transcription factor
or at the level of subsequent binding to gene
promoter sites and activation of mRNA syn-
thesis.

It has been suggested that oxidative stress
due to ischemia, trauma, excitotoxicity, and
neurodegenerative diseases may stimulate
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FIG. 1. Effect of total immunolesions on brain ChAT
activity and NGF protein levels in the CBFN target ar-
eas of young and aged Fischer 344 X Brown Norway hy-
brid rats at 4 weeks postlesion. Hippo, Hippocampus; Cx,
cortex; BF, basal forebrain; OB, olfactory bulb. Values are
expressed as percentage of immunolesioned values to
treated animals where mean = SEM of 4 young control, 4
young lesioned, 8 aged control, and 7 aged lesioned ani-
mals. p < 0.05, significantly different from young control
rats; p < 0.05, significantly different from young lesioned
rats, two-way analysis of variance (ANOVA) with post-
hoc Fisher’s LSD analysis. Adapted from Gu et al. (1998).
(Upper panel) CHAT. (Lower panel) NGF for Fig. 1.

neuronal apoptosis (Siesjo et al., 1989; Coyle
and Puttfarcken, 1993; Olanow, 1993). Al-
though many transcription factors are involved
in stress response gene regulation, two factors
known to play a dominant role are NF-«B and
activator protein (AP-1) (Tong et al., 1998). Both
transcription factors, AP-1 and NF-«B, play
roles in the signal transduction pathways po-
tentially associated with regulation of apopto-
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sis (Tong and Perez-Polo, 1995; Taglialatela et
al., 1997; Cui et al., 1999).

NF-xB

While AP-1 activation involves induction of
de novo synthesis of the AP-1 protein dimers,
NF-«B activation is via sudden response to
changes in cellular redox state (Bauerle, 1991;
Siebenlist et al., 1994). Because NK-«B is a pre-
formed transcriptional factor with regulatory
activity, it can be rapidly activated by mecha-
nisms that do not require de novo protein syn-
thesis in contrast to the immediate-early tran-
scription factor AP-1 family, whose activity is
regulated via prompt, robust, and transient
gene induction.

Activation of NF-«B by various stimuli leads
to subsequent transcriptional activation of
many target genes (Baeuerle and Henkel, 1994;
O’'Neill and Kaltschmidt, 1997), including
proinflammatory cytokines such as tumor
necrosis factor (TNF), interleukin-1 (IL-1), IL-6,
and interferon-vy; inducible nitric oxidase syn-
thase (iNOS), manganese superoxide dismu-
tase (Mn-SOD), and cyclooxygenase-2 (COX-2);
major histocomatibility complex class-I (MHC-
I); vascular cell adhesion molecule-1 (VCAM-
1); the neuropeptide dynorphin; and viral hu-
man immunodeficiency virus type 1 (HIV-1)
gene.

NF-«B belongs to a family of homo- and het-
erodimeric proteins related by a conserved
~300 amino acid residue amino-terminal
Rel/homology domain that includes p65 (also
referred to as RelA), p50, and p49 (also referred
to as p52) as well as RelB and c-Rel. NF-«B
binds to a 10-bp generic DNA consensus se-
quence 5'-GGGRNNYYCC-3" (G, guanine; R,
purine; N, any nucleotide; Y, pyrimidine; C, cy-
tosine). NF-«B is regulated by redox modifica-
tion (Mosialos et al., 1991; Matthews et al., 1992;
Hayashi et al., 1993; Meyer et al., 1994). A role
for ROS as second messengers in NF-«B regu-
lation is suggested by the activation of NF-«B
by H,O, and its inhibition by antioxidants,
such as N-acetylcysteine (NAC) and thiore-
doxin (Kaltschmidt et al., 1993, 1994, 1995;
Meyer et al., 1993; Schenk et al., 1994). Upon
stimulation, I-«B is phosphorylated and de-
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FIG. 2. Effect of partial immunolesions (0.65 ug of

192IgG-Saporin bilateral injections) on hippocam-
pal NF-«B binding activity in young (3-month) and
aged (30-month) Fischer 344 X Brown Norway hy-
brid rats expressed as percentage of activity in im-
munolesioned as compared to controls at 16 days af-
ter the immunolesion. In all cases, DNA-binding activity
is larger in the 30-month-olds as compared to the 3-
month-olds, p < 0.001. Adapted from Gu, Z., Yu, J., and
Perez-Polo, J.R. (1998). Responses in the aged rat brain af-
ter total immunolesion. J. Neurosci. Res. 54:7-16, Wiley-
Liss, Inc., a subsidiary of John Wiley & Sons, Inc.

graded (Ghosh and Baltimore, 1990; Lin et al.,
1995), and nuclear translocation (NLS) domains
on NF-«B proteins are exposed, which facilitate
translocation to the nucleus for DNA binding.

NF-«B is an inducible transcription factor
that is responsive to a broad range of stimuli
(Baeuerle, 1991; Baeuerle and Baltimore, 1988),
such as IL-1 and other cytokines, TNF, bacter-
ial lipopolysaccharide (LPS), HIV-1, T-cell mi-
togens (e.g., lectins, phorbol esters), UV A radi-
ation (Vile et al., 1995), hydrogen peroxide
(Schmidt et al., 1995), and hypoxia (Koong et al.,
1994). The converging event for different stim-
uli appears to be the removal of IkB proteins
from a cytoplasmic complex with NF-«B via
phosphorylation of IkB and subsequent ubiq-
uitination and degradation by proteasomes
(Baeuerle and Baltimore, 1996; Woronicz et al.,
1997; Zandi et al., 1997).

NF-«B has constitutive activity in the hip-
pocampus, cortex, and basal forebrain (Kalt-
schmidt et al., 1993, 1994; Helenius et al., 1996;
Suzuki et al., 1997; Toliver-Kinsky et al., 1997).
Increased NF-«B has been identified in neurons
and astrocytes of brain sections from AD pa-
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tients in association with early plaque forma-
tion (Boissiere et al., 1997; Kaltschmidt et al.,
1997). Interestingly, aged rats display increased
basal levels of NF-«B activity and, whereas im-
munolesions stimulate NF-«B levels in young
rats, they have no such effect on their aged
counterparts (Fig. 2).

There is ample evidence for increased NF-«B
activity after acute injury to the brain and
spinal cord, although the role of transient ver-
sus persistent NF-«B activation is not under-
stood (Salminen et al., 1995; Yang et al., 1995;
Perez-Otano et al., 1996; Tong and Perez-Polo,
1996; Bethea et al., 1998; Clemens et al., 1998).
Both the induction of Mn-SOD by TNF-a and
C2-ceramide treatment, and the suppression of
peroxynitrite formation and membrane lipid
peroxidation by the peroxynitrite scavenger
uric acid, is via increased NF-xkB activation
(Mattson et al., 1997). NF-kB mediates increased
calcium currents and decreased NMDA- and
AMPA /KA-induced currents in hippocampal
neurons treated with TNF-a (Furukawa and
Mattson, 1998). Also, the sphingomyelin-ce-
ramide signaling pathway stimulates the ex-
pression of iNOS via LPS- or cytokine-medi-
ated activation of NF-«B in astrocytes (Pahan
et al., 1998). There is evidence that high consti-
tutive NF-«B activity mediates resistance to ox-
idative stress in neuronal cell populations
(Lezoualc’h et al., 1998). Thus, NF-«B is likely
to play an antiapoptotic role under neurode-
generative conditions resulting from metabolic
and oxidative insults.
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ABBREVIATIONS

ACh, Acetylcholine; AChe, acetylcholin es-
terase; AD, Alzheimer’s Disease; AF64A, eth-
ylcholine mustard aziridinium ion—inhibitor
of high-affinity choline transport; BDNF, brain-
derived neurotrophic factor; CSF, cerebro-
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spinal fluid; CBFN, cholinergic basal forebrain
neurons; HACU, high-affinity choline uptake;
HIV-1, human immunodeficiency virus type 1;
IL-1, interleukin-1; IT, immunotoxin; LPS,
lipopolysaccharide; NAC, N-acetylcysteine;
NBM, nucleus basalis of Meynert; NGF, nerve
growth factor; NO, nitric oxide; NT, neu-
rotrophin; p75NTR, low-affinity neurotrophin
receptor; ROS, reactive oxygen species; SOD,
superoxide dismutase; TNF, tumor necrosis
factor; VCAM-1, vascular cell adhesion mole-
cule.
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