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High Levels of Synthesis and Local Effects of Nerve Growth Factor
in the Septal Region of the Adult Rat Brain

Michael S. Saporito and Susan Carswell*
Cephalon, Inc., West Chester, Pennsylvania 19380

NGF found in the basal forebrain is believed to be localized
to NGF-dependent cholinergic neurons and derived via ret-
rograde axonal transport from NGF-synthesizing target hip-
pocampal and cortical neurons. The basis for this concept
of target-derived NGF is the detection of only limited
amounts of NGF mRNA in the basal forebrain, despite rel-
atively high NGF levels there. Our work, using a more sen-
sitive and quantitative RNase protection method for de-
tecting relative NGF mRNA levels, suggested, instead, rel-
atively high levels of NGF mRNA synthesis in the septal
region of the basal forebrain (BF-S), a region which con-
tained primarily cells that project to the hippocampus. Sim-
ilar results were obtained in analyses of a larger portion of
the basal forebrain, designated “BF,” that encompassed
cholinergic neurons that project to both the hippocampus
and the cortex. The level of NGF mRNA measured in both
BF-S and BF was equivalent to approximately 50% of the
amount observed in the hippocampus. Furthermore, rela-
tive NGF mRNA levels detected in the BF-S, cortex, and
hippocampus were shown to be proportional to NGF pro-
tein levels quantitated in each region. The detection of rel-
atively high amounts of NGF synthesis in the BF-S was
supported in studies demonstrating rapid NGF receptor
(Trk) activation in the basal forebrain by exogenous NGF
and in experiments showing that NGF mRNA was inducible
in the BF-S by 1,25 dihydroxyvitamin D,. The extent of NGF
mRNA induction was similar (approximately twofold) in the
BF-S, hippocampus, and cortex, suggesting similar regu-
latory mechanisms. This latter result also points to the pos-
sibility of increasing NGF synthesis with pharmacological
agents in these brain regions as a possible therapeutic
strategy for treating Alzheimer’s disease.

[Key words: NGF, mRNA, expression, induction, 1,25 di-
hydroxyvitamin D,, basal forebrain, localization]

Considerable evidence indicates that NGF enhances the survival
and function of degenerating cholinergic neurons projecting
from the basal forebrain to the hippocampus and frontal cortex
in the adult brain. Because the degeneration of these pathways
correlates with the pathology and memory impairment of Al-
zheimer’s disease, the potential of NGF as a therapeutic is under
intense investigation (reviewed in Saffran, 1992). In previous

Received July 18, 1994; revised Sept. 19, 1994; accepted Sept. 23, 1994.

We express appreciation to Jeffry Vaught, Forrest Haun, Nicola Neff, Barry
Greenberg, and David Kaplan for helpful discussions and Kristin Hartpence,
Ellen Brown, and Heide Wilcox for technical assistance.

Correspondence should be addressed to Susan Carswell, Cephalon, Inc., 145
Brandywine Parkway, West Chester, PA 19380.

Copyright © 1995 Society for Neuroscience 0270-6474/95/152280-07$05.00/0

work NGF levels were found to be most abundant in the basal
forebrain, hippocampus, and cortex, with amounts in the basal
forebrain and cortex ranging from approximately 30-60% of that
measured in the hippocampus, depending on the study (Korshing
et al., 1985; Large et al., 1986; Whittemore et al., 1986; Whit-
temore and Seiger, 1987; Nishio et al., 1992). NGF mRNA lev-
els were reported to be approximately proportional to protein
yields in the hippocampus and cortex, but very little NGF
mRNA was detected in extracts derived from the basal forebrain
(Korsching et al., 1985; Large et al., 1986; Shelton and Rei-
chardt, 1986; Whittemore et al., 1986). In contrast, a recent in
situ hybridization study (Lauterborn et al., 1991) demonstrated
NGF mRNA synthesis does occur in discrete regions of the basal
forebrain, but not in the septal area of the basal forebrain (des-
ignated in this work as “BF-S”), which contains cholinergic
cells that project to the hippocampus. This reported dispropor-
tionality between levels of NGF and its mRNA in the septal
region is the basis for the generally accepted hypothesis that
NGEF is delivered from target hippocampal neurons via retro-
grade axonal transport to the septal cholinergic cell bodies,
where it mediates neurotrophic effects. In support of this model
of distally derived NGE, specific, albeit low, labeling of cholin-
ergic cell bodies in the septal region can be detected approxi-
mately 24 hr after injection of radiolabeled NGF into the hip-
pocampus (Schwab et al., 1979; Seiler and Schwab, 1984; Fer-
guson et al., 1991; DiStefano et al., 1992). However, the func-
tional relevance of this process of internalization and slow
retrograde transport of NGF is unclear, especially in light of the
recent identification of Trk as the high affinity NGF receptor
(Hempstead et al., 1991; Kaplan et al., 1991a,b; Klein et al.,
1991). Trk is a tyrosine kinase protein on the plasma membrane
which is localized in the CNS predominantly to the basal fore-
brain (Holtzman et al., 1992; Steininger et al., 1993). For other
members of this tyrosine kinase growth factor receptor family
of molecules, such as the receptors for IGE, FGE PDGE and
EGE the extraceliular binding of the growth factor ligand elicits
conformational changes that rapidly activate the intracellular ty-
rosine-kinase domain. The activated tyrosine kinase is then
thought to elicit a cascade of intracellular events (reviewed mn
Schlessinger and Ullrich, 1992). Similarly, activated (e.g., au-
tophosphorylated) Trk, not internalized NGE appears to act on
intracellular targets, thereby triggering second messenger sys-
tems that ultimately lead to NGF-mediated neurotrophic re-
sponses (reviewed in Keegan and Halegoua, 1993). Therefore,
the localization to cholinergic neurons in the basal forebrain of
high affinity NGF binding sites (Richardson et al., 1986; Holtz-
man et al.,, 1992) as well as the less understood plasma-mem-
brane-bound low affinity NGF receptor (Dawbarn et al., 1988)



may suggest that NGF delivered locally to these cholinergic cells
may be involved in providing to them NGF-mediated trophic
support. The commonly held model of distally derived NGF
acting on basal forebrain neurons also provides no satisfactory
explanation for the survival of basal forebrain cholinergic neu-
rons observed after destruction of virtually all hippocampal neu-
rons (Sofroniew et al., 1990) or the failure to observe a loss in
NGEF in the septum following a transection of the septo-hippo-
campal axonal pathway (Gasser et al., 1986). Such inconsisten-
cies suggested to us and others (Gasser et al., 1986; Lu et al.,
1989; Ceccatelli et al., 1991; Lauterborn et al., 1991; Naumann
et al., 1992; Roback et al., 1992) that locally derived NGF might
play an important role for the function of basal forebrain cho-
linergic neurons, and led us to examine the extent of NGF syn-
thesis in that region, using a more sensitive method than was
previously available.

Materials and Methods

Animals. Adult male Sprague-Dawley rats weighing 200-250 gm were
used in all experiments. Animals were housed in a pathogen-free en-
vironment and maintained on a 12 hr/12 hr light/dark cycle and were
allowed food and water ad libitum.

Dissection of specific brain regions. Animals were killed after 10 d
of housing. Basal forebrain regions were dissected using the coordinates
of Paxinos and Watson (1986). For dissections of the septal region (the
area referred to as “BF-S”’), a coronal section was removed extending
from +1.2 to +0.2 anterior-posterior (AP), then the cortex, caudate,
and olfactory areas were dissected away. Remaining regions included
medial and lateral septum, vertical limb of the diagonal band, and the
medial aspect of the horizontal limb. For the larger basal forebrain dis-
section (designated “BF”), the coronal area extended from +1.2 to
—1.8 AP. The final tissue piece included those regions obtained in the
BFE-S dissection, plus the lateral aspect of the horizontal limb of the
diagonal band and the magnocellular neurons of nucleus basalis (nbm).
The entire hippocampus was removed for analysis. The region of the
cortex used in these studies included the frontal-parietal cortex rostral
of the sterotaxic AP coordinate +1.7 of bregma.

NGF RNase protection analyses of relative NGF mRNA levels. The
procedure used was described previously (Saporito et al., 1993). Ani-
mals were sacrificed at 6 weeks of age. Total RNA purified from each
brain region was quantitated spectophotometrically and 20-40 g were
subjected to RNase protection analysis, using a CRNA probe that hy-
bridized to 411 nucleotides of mature NGF mRNA, as described pre-
viously (Lu et al., 1989), and protected bands were quantitated by phos-
phorimager analysis. Actin mRNA was also measured as an internal
standard, using a 300 nucleotide probe that was cohybridized to each
sample. Phosphorimager units obtained from the band corresponding to
NGF mRNA in each sample were corrected for obtained values for actin
mRNA in that sample.

NGF EIA. A two-site enzyme-linked immunosorbent (EIA) assay was
employed to measure NGF protein levels in dissected brain regions, as
described previously (Saporito et al., 1994). Briefly, protein extracts
were prepared from tissue. Equivalent volumes of material were then
subjected the NGF EIA. Correction for differences in protein content
of each sample was made after analysis of total protein content.

In vivo Trk autophosphorylation studies. NGF (1 pg) was adminis-
tered intracerebroventricularly, as described previously (Williams et al.,
1986). The BF-S was dissected 20-30 min later. Protein extracts were
prepared and phosphorylated Trk was detected, as described previously
(Saporito et al., 1994). Briefly, Trk was immunoprecipitated from 1 mg
of total protein, using rabbit anti-Trk sera generated against a Trk-spe-
cific peptide, described previously (Klein et al., 1991). Western blot
analysis was then performed, probing with anti-phosphotyrosine anti-
bodies, to reveal autophosphorylated Trk molecules.

Induction of NGF mRNA by 1,25 dihydroxyvitamin D, Rats were
administered 10 nmol of 1,25 dihydroxyvitamin D, intracerebroventri-
cularly, as described previously (Saporito et al., 1993). Eight hours after
treatment, RNA was purified from dissected brain regions and analyzed
by RNase protection, as described above.

Statistics. Data was analyzed by a paired Student’s ¢ test, assuming
equal variance.
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Results

Relatively high levels of NGF mRNA are synthesized in the basal
forebrain. NGF mRNA purified from two subsections of the
basal forebrain—BF-S and BF—and from the hippocampus and
frontal-parietal cortex was quantified by a highly sensitive and
quantitative RNase protection assay (Lu et al., 1989). Unex-
pectedly, and in conflict with previous studies, amounts of NGF
mRNA equivalent to approximately 50% of hippocampal yields
and slightly lower than levels observed in the frontal cortex were
consistently measured in the BF-S, the septal region of the basal
forebrain which contained primarily neurons that projected to
the hippocampus (Fig. 1, Table 1). The relative levels of NGF
mRNA observed in a larger section of the basal forebrain (BF)
were similar to those detected in BF-S (Fig. 2). Quantitation
revealed that the band corresponding to NGF mRNA in the BF
in the experiment depicted in Figure 2 was 49.9% (*4.0) of
hippocampal NGF mRNA levels, which corresponds well with
values obtained in the BF-S region (52.1% = 12). The BF re-
gion encompassed neurons which innervated both the hippocam-
pus and the cortex and which, unlike the BF-S, also contained
NGF cRNA-labeled cells by in situ hybridization (Lauterborn et
al., 1991).

Proportionality between NGF and NGF mRNA levels in the
septal region, cortex, and hippocampus. Relative NGF levels in
protein extracts prepared from the BF-S, cortex, and hippocam-
pus were quantified by EIA (Carswell et al., 1992). The basal
forebrain was found to contain approximately 50% of the rela-
tive levels of NGF protein as the hippocampus (Table 1), which
compares well with previously published values (Korsching et
al., 1985; Large et al., 1986; Whittemore et al., 1986; Whitte-
more and Seiger, 1987; Nishio et al., 1992). A comparison of
relative NGF to NGF mRNA levels revealed that they are ap-
proximately proportional in each of these brain regions (see Ta-
ble 1). These results may suggest that the majority of NGF de-
tected in a given region is synthesized there, rather than being
produced by a distal tissue.

Trk activation by exogenously supplied NGF in the septal re-
gion of the basal forebrain. It was next asked whether the NGF
receptors in the BF-S can be activated by NGF delivered extra-
cellularly to this region. If this were the case, it would demon-
strate that extracellular supplies of NGF in the BF-S can act
locally, thereby supporting the notion that they exist in the septal
region. Trk autophosphorylation was measured immediately
(within 30 min) after 1 pg NGF was administered intracere-
broventricularly. The Western blot of tyrosine phosphorylated
Trk in Figure 3 demonstrates that NGF Trk receptors were ac-
tivated under these conditions over levels observed in vehicle-
treated controls. The identity of the autophosphorylated band in
Figure 3, which increased after NGF treatment, was confirmed
as Trk in a series of control experiments, in which this species
was shown to comigrate with the autophosphorylated Trk seen
after NGF treatment of PC12 cells and to be competed by a
peptide contained within the Trk molecule (Saporito et al.,
1994).

Pharmacological induction of NGF in the septal region. We
recently showed that NGF mRNA can be induced approximately
two- to fourfold in the hippocampus and cortex with single in-
tracerebroventricular injections of interleukin 1 8, 1,25 dihydro-
xyvitamin D, or 4-methylcatechol (Saporito et al., 1993). To
determine whether NGF synthesized in the basal forebrain is
subject to similar regulation, levels of NGF mRNA in the BF-S
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Constitutive synthesis of NGF in the septal region of the basal forebrain. Sprague-Dawley male rats were sacrificed at six weeks of

age; 20 pg of RNA purified from each brain region shown was subjected to RNase protection analysis of NGF and actin mRNA. A lighter exposure
of actin mRNA, the internal control, is shown in B. Each lane contains RNA from a single animal. HIP, Hippocampus; CTX, cortex; BF-S, septal
region of the basal forebrain. BF-S includes cholinergic cell bodies that project to the hippocampus (see Materials and Methods for details of

dissections).

were measured after treatment with compounds that induce NGF
in target tissues. Comparable levels of induction by 1,25 dihy-
droxyvitamin D; were observed in the basal forebrain, hippo-
campus and cortex (Fig. 4). Analogous findings were also ob-
served with dexamethasone (Saporito et al., 1994).

Discussion

This report demonstrates that NGF is synthesized in relatively
high amounts in the basal forebrain of adult rats. Levels that

were approximately 50% of those observed in the hippocampus
were measured in a region of the basal forebrain, “BF-S,” that
contained cholinergic cells which projected to the hippocampus,
and also in a larger section, “BE” that encompassed both the
BF-S and cells that innervated the cortex (Figs. 1, 2; Table 1).
We postulate that the basis for the discrepancy between our ob-
serving relatively high levels of NGF mRNA in the BF-S while
previous investigators (Korsching et al., 1985; Large et al., 1986;
Whittemore et al., 1986) did not is that the RNase protection

Table 1. Correlation between levels of NGF protein and mRNA in the hippocampus, cortex, and

basal forebrain

Brain NGF mRNA NGF NGF:NGF
region n (% hip) n (% hip) mRNA
Hippocampus 11 100 (12.7) 30 100 (17.2) 1.00
Cortex 11 63 (15)* 29 56.5 (18.6)* 0.90
Basal foregrain

(septal region) 11 52.1 (12.0)* 24 48.5 (12.1)* 0.93

Relative levels of NGF mRNA in the brain regions shown were quantitated from RNase protection analyses, as
described in Figure 1. NGF protein levels in extracts prepared from these regions were also measured, using a two-
site EIA (see Materials and Methods), and were corrected for protein content by Bradford analysis. Results are
expressed relative to hippocampal measurements. The basal forebrain is the region defined as “BF-S" in Figure 1.
Mean hippocampal NGF levels were 101 pg/mg protein. Standard deviations are shown in parentheses.

* All NGF mRNA and NGF protein results from cortical and basal forebrain were statistically different from re-
spective hippocampal controls (p < 0.05).
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Figure 2. Constitutive NGF synthesis in a larger portion of the basal forebrain. This study was performed as described in Figure 1, except that
the basal forebrain region “BE" which includes cholinergic cell bodies that project to the hippocampus and the cortex, was dissected (see Materials
and Methods for details); 20 pg of basal forebrain RNA and 40 pg of RNA from the other regions were analyzed.

methodology is more sensitive and quantitative than the older
methods of Northern blot analyses of polyadenylated RNA with
nick-translated' genomic DNA probes. The RNase protection
method employs liquid hybridization, which, combined with the
use of cRNA probes, increases sensitivity as much as 100-fold
and enables the accurate quantitative detection of NGF mRNA
in 0.1-100 pg of hippocampal RNA (Lu et al., 1989). This pro-
cedure also circumvents the need to purify polyadenylated RNA,
which is known to make for imprecise quantification.
Moreover, our findings are supported by recent primary cul-
ture studies using sensitive methodologies for measuring NGF
mRNA. Lu et al. (1991) demonstrated that primary embryonic
cultures of basal forebrain cells produce detectable levels of
NGF mRNA. Additionally, Roback et al. (1992) demonstrated

Figure 3. Rapid autophosphorylation of NGF receptors in the septal
region by exogenous NGE The BF-S region was dissected 30 min after
intracerebroventricular administration of 1 pg of NGE Protein extracts
were prepared and analyzed for phosphorylated Trk content, as de-
scribed previously (Kaplan et al., 1991a). Briefly, Trk was immunopre-
cipitated, using anti-Trk sera. Western blot analyses, probing with anti-
phosphotyrosine antibodies, was used to reveal autophosphorylated Trk
molecules.

NGF mRNA in reaggregated embryonic rat basal forebrain cul-
tures in the absence of target tissue. Although these findings in
primary embryonic cell cultures do not necessarily reflect NGF
synthesis in the adult basal forebrain, they do point to its pos-
sibility in that they demonstrate that basal forebrain cells have
the capacity to synthesize NGE

Results showing control levels of NGF in the basal forebrain
of adult rats following a full fimbrial transection (Gasser et al.,
1986), which have been confirmed by our laboratory (data not
shown), provide further support that NGF is synthesized in the
septal region, since this lesion severs the axons which connect
cholinergic cell bodies to their major potential source of distally
derived NGE the hippocampus.
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Figure 4. Comparable induction of NGF mRNA in the basal forebrain
(BF-S), hippocampus, and cortex. Rats were administered 10 nmol 1,25
dihydroxyvitamin D3 intracerebroventricular or vehicle (n = 6), as de-
scribed previously (Saporito et al., 1993). Eight hours after treatment,
RNA was purified from the brain regions shown (HIP, hippocampus;
CTX, cortex; BF-S, septal region) and analyzed by RNase protection.
Error bars represent SDs. All results obtained from treated animals were
statistically different from untreated controls (HIP and CTX, p < 0.05;
BF-S, p < 0.01).
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Lauterborn et al. (1991) demonstrated that neurons in several
regions of the basal forebrain express NGF mRNA. However,
the in situ hybridization methodology used in this study was
unable to detect NGF-synthesizing cells in the portion of the
basal forebrain that we have designated “BF-S,” the septal re-
gion that contains cholinergic cells which project to the hippo-
campus. Their failure to detect NGF cRNA-labeled cells in the
BF-S combined with our observation of relatively high levels of
NGF mRNA in this region using RNase protection analysis (Fig.
1, Table 1), suggest that some cells in the BF-S region may make
quantities of NGF mRNA that are too small per cell to measure
with in situ techniques. Moreover, the detection of this mRNA
would appear to require a method with increased sensitivity that
allows the pooling of RNA from many such low NGF-producing
cells, such as RNase protection analysis.

Interestingly, when NGF mRNA levels were assessed in the
larger BF section, levels similar to those seen in BF-S alone
were obtained (compare Fig. 1 to Fig. 2). The BF encompassed
areas reported not to contain NGF cRNA-labeled cells in the
Lauterborn study (1991), including the BF-S and the nbm, but
also contained the NGF-cRNA labeled cells of the lateral aspect
of the horizontal limb of the diagonal band described by Lau-
terborn and coworkers (1991). Together, these data suggest that
NGF synthesis may occur at low levels in many cells of the
basal forebrain, but also at much higher levels in selected cell
populations. The regions which encompass the cholinergic neu-
rons that project to the hippocampus and the cortex would ap-
pear to contain virtually none of the high NGF-expressing cells
(Lauterborn et al., 1991), but, instead, include predominantly
cells that are inferred to make amounts too small to identify
individually by in situ hybridization.

The experiments herein do not address which cell types in the
basal forebrain produce these relatively small amounts of NGE
Work by others, however, suggests that astrocytes are likely can-
didates. Neurons are known to synthesize amounts of NGF
mRNA detectable by in situ hybridization (Rennert and Hein-
rich, 1986; Ayer-LeLievre et al., 1988; Whittemore et al., 1988;
Lauterborn et al., 1991). Yet, NGF mRNA can also be detected
by RNase protection analyses in cultures of actively growing
primary glia derived from the basal forebrain (Lu et al., 1991).
Further, NGF was detectable in vivo by immunohistochemistry
in hippocampal astrocytes following excitotoxic destruction of
hippocampal neurons (Bakhit et al., 1991), and in basal forebrain
glia subsequent to bilateral decortication (Lorez et al., 1988) or
activation with interleukin-1p (Oderfeld-Nowak et al., 1992),
raising the possibility that NGF is synthesized in these glial cells
at levels too low to detect unless NGF is induced by a stimulus
such as injury.

A pivotal finding of this work was the observation that NGF
mRNA and NGF protein in the BF-S were each approximately
50% of the levels measured in the hippocampus (Table 1). This
result strongly suggests that the majority of the NGF localized
to the septal region is synthesized in that tissue, rather than being
derived from a distal target via axonal retrograde transport. Fur-
thermore, if a large proportion of the NGF made in the cortex
and hippocampus were actually delivered to basal forebrain cho-
linergic cell bodies, as has been previously postulated, a low
ratio of NGF-to-NGF mRNA might be predicted in the target
tissues, while a high one would be anticipated in the basal fore-
brain. However, this was not observed. A proportionality be-
tween NGF and its mRNA was observed in the cortex and hip-
pocampus, and, importantly, in the septal region of the basal

forebrain (Table 1). Together, these data suggest the likelihood
that most of the NGF found in each of these brain regions is
synthesized locally.

Activation by NGF of the NGF receptor, Trk, over levels de-
tected in vehicle-treated controls was observed in the BF-S (Fig.
3). The phosphorylated Trk seen in the controls has also been
observed in untreated animals (unpublished data) and in those
administered vehicle peripherally (Saporito et al., 1994). We
postulate that this band represents either a steady-state level of
Trk autophosphorylation in the basal forebrain, or, alternatively,
nonspecific phosphorylation elicited by the antibodies or tissue
processing procedure used. Regardless, NGF administration con-
sistently produced levels of phosphorylated Trk higher than
those seen in controls. This NGF-induced activation is consistent
with previous data demonstrating that Trk in the CNS is local-
ized predominantly to the basal forebrain (Holtzman et al., 1992;
Steininger et al., 1993) and that NGF induces Trk phosphory-
lation in primary cultures of basal forebrain cells (Knusel et al.,
1992). Our data is also supported by the well-established finding
that exogenously administered NGF stimulates other functional
responses in basal forebrain cholinergic neurons in animals with
complete transections of the septo-hippocampal pathway (Lap-
chak et al., 1993). Further, the rapidity of the Trk autophos-
phorylation in Figure 3 (within 30 min) argues against its re-
sulting from distally acquired NGE since retrograde transport
reportedly requires approximately 24 hr (Schwab et al., 1979;
DiStefano, 1992). Our results, therefore, suggest the likelihood
that much of the Trk found in the basal forebrain is inserted into
the plasma membrane of cholinergic cell bodies, where it is ca-
pable of responding to locally synthesized NGE Together, the
demonstration of activatable NGF receptors and NGF synthesis
in the septal region strongly suggests a local mode of action.

A model that fits the available data is that NGF made in the
hippocampus activates Trk receptors on the axonal termini of
basal forebrain cholinergic cells which project to that target tis-
sue. This receptor activation elicits a retrograde signaling re-
sponse. Meanwhile, NGF made in the septal region of the basal
forebrain activates the Trk receptors on cholinergic cell bodies
and processes in the septal region. Retrograde transport of NGF
might be a part of the degradation pathway for internalized NGE,
as has been documented for other growth factors with analogous
membrane-bound tyrosine kinase receptors (reviewed in Ullrich
and Schlessinger, 1990). Alternatively, NGF might function in-
tracellularly as well as outside the cell, although internalized
NGF has no known activity. Regardless of the purpose of ret-
rogradely transported NGF, our results showing immediate ac-
tivation of Trk by exogenous NGF indicates that its intracellular
delivery from the hippocampus is not required to generate an
NGF-mediated biological effect (Fig. 3).

The two- to threefold inducibility of NGF mRNA in both
basal forebrain and target tissues by pharmacological agents
such as 1,25 dihydroxyvitamin D, (Fig. 4) and dexamethasone
(Saporito et al., 1994) suggests that NGF synthesis is similarly
regulated in these regions. The molecular mechanism of NGF
regulation by each of these agents most likely differs, in as much
as each of these compounds activates a specific receptor. Also,
this data does not address whether these compounds directly
activate the NGF promoter via their activated receptors or, in-
stead, whether the observed increase in NGF mRNA occurs
through a more indirect mechanism. Regardless, the critical as-
pect of these results is that they demonstrate that the pathways



activated by each of these compounds culminates in increases
in NGF mRNA to a similar extent in all three brain regions.

The pharmacological inducibility of NGF in the basal fore-
brain (Fig. 4 and Saporito et al., 1994) also suggests that con-
ditions may exist in which NGF can be induced in this region
to support degenerating basal forebrain cholinergic neurons. In
Alzheimer’s disease, cholinergic neurons, in addition to other
neuronal types, are vulnerable. As discussed above, NGF is con-
stitutively synthesized (Lu et al., 1991) in primary septal astro-
cytes. Furthermore, experiments by Furukawa and coworkers
(1989) and our laboratory (unpublished data) demonstrate that
NGF can be induced pharmacologically in primary astroglial
cultures. Astrocytes are not vulnerable in Alzheimer’s disease
and, accordingly, may be capable of producing therapeutic levels
of NGF after administration of an NGF-inducing agent. How-
ever, even if NGF induction in neurons were needed to elicit
protection against neurodegeneration, it is possible that treatment
with an NGF-inducing compound at an early stage in the disease
might have efficacy in rescuing the degenerating cholinergic
cells in the CNS. The results in this work give promise that,
even if cholinergic neuronal terminals are compromised in the
hippocampus of afflicted patients, sufficient quantities of NGF
may be locally inducible at needed sites to prevent further de-
generation of basal forebrain cholinergic neurons, thereby halt-
ing or slowing the progression of those parameters of the disease
attributable to cholinergic deficits.
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