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Several findings obtained in recent years suggest that NGF, 
aside from its well-established function as a neurotrophic factor 
for peripheral sympathetic and sensory neurons, also has tro- 
phic influence on the cholinergic neurons of the basal forebrain. 
The present study assessed whether NGF was able to affect 
survival of central cholinergic neurons after axonal transections 
in adult rats. The septo-hippocampal pathway was transected 
unilaterally by cutting the fimbria, and animals were implanted 
with a cannula through which NGF or control solutions were 
injected intraventricularly over 4 weeks. The lesions reduced the 
number of large ceil bodies, as visualized by Nissl staining in 
the medial septal nucleus and in the vertical limb of the diagonal 
band of Broca. Furthermore, in the same nuclei, they reduced 
the number of cell bodies positively stained for AChE after pre- 
treatment with diisopropylfluorophosphate (a method known to 
result in reliable identification of cholinergic neurons in the 
septal area). On lesioned sides, the number of cholinergic cells 
in medial septal nucleus and the vertical limb of the diagonal 
band was reduced by 50 + 4%, as compared to the number on 
contralateral sides. On lesioned sides of animals chronically 
treated with NGF, the number of AChE-positive cells in these 
areas was reduced only by 12 f 6%, as compared to control 
levels. These findings suggest that fimbrial transections resulted 
in retrograde degeneration of cholinergic septo-hippocampal 
neurons and that NGF treatment strongly attenuated this le- 
sion-induced degeneration. Rat septo-hippocampal cholinergic 
neurons belong to the group of ascending forebrain cholinergic 
neurons that is homologous to the population of cholinergic neu- 
rons that seems to selectively degenerate in Alzheimer’s disease. 
The findings reported here, therefore, suggest that increasing 
the availability of NGF to cholinergic neurons might prevent or 
reduce their degeneration. 

Nerve growth factor is normally believed to be a selective neu- 
rotrophic factor for sympathetic and sensory neurons of the 
peripheral nervous system (Greene and Shooter, 1980; Thoenen 
and Barde, 1980; Varon and Adler, 1980; Vinores and Guroff, 
1980). However, several findings obtained in recent years sug- 
gest the possibility that the ascending choline& neurons of the 
basal rat forebrain respond to NGF. First, NGF, as well as the 
mRNA coding for NGF, are present in the rat brain and their 
levels seem to be highest in the hippocampus, i.e., in a target 
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area of forebrain choline& neurons (Crutcher and Collins, 
1982; Korsching et al., 1985; Shelton and Reichardt, 1986). 
Second, NGF injected into target areas of forebrain cholinergic 
neurons (i.e., hippocampus and cortex) is taken up by nerve 
terminals and transported in a retrograde fashion to the cholin- 
ergic cell bodies located in the basal forebrain (Schwab et al., 
1979; Seiler and Schwab, 1984). Since NGF uptake is mediated 
by specific receptors, these findings suggest the existence of NGF 
receptors on cholinergic neurons. The presence of NGF recep- 
tors on forebrain cholinergic neurons has recently been directly 
demonstrated using receptor autoradiography (Riopelle et al., 
1985). Third, stimulation of NGF receptors on cholinergic neu- 
rons results in an elevation of the activity of CAT, the key 
enzyme in the synthesis of ACh, in cultures containing cholin- 
ergic neurons of the fetal rat forebrain (Hefti et al., 1985; Ho- 
negger and Lenoir, 1982), in the brain of adult rats with partial 
lesions of a cholinergic pathway (Hefti et al., 1984), and in adult 
rats receiving transplants of fetal septal tissue (Toniolo et al., 
1985). Fourth, the notion that NGF acts as a neurotrophic factor 
for forebrain choline& neurons is supported by results from 
lesion studies. Destruction of the cholinergic input to the hip- 
pocampus results in an ingrowth of peripheral sympathetic fibers 
that matches the previous distribution of cholinergic terminals 
in the hippocampus (Crutcher et al., 1979; Loy and Moore, 
1977; Stenevi and Bjorklund, 1978). Since peripheral sympa- 
thetic neurons react to NGF, it has been postulated that the 
hippocampal signal attracting sympathetic fibers is identical to 
NGF, and that, in intact brains, NGF acts upon and is taken 
up by the cholinergic terminals in this area (Crutcher and Davis, 
1981). 

In the experiments on adult rats with partial transections of 
the fimbria, intraventricular applications of NGF over 4 weeks 
were found to increase CAT activity in the hippocampus (Hefti 
et al., 1984). However, this effect was only transitory, since CAT 
activity in NGF-treated animals was found to be equal to that 
of control animals when measured several weeks after termi- 
nation of the NGF applications (Will and Hefti, 1985). Fur- 
thermore, the NGF-mediated increase in hippocampal CAT 
activity was not accompanied by an increased density of cho- 
linergic fibers in this area (Hefti et al., 1984). On the basis of 
these findings, it was concluded that NGF transitorily stimulates 
CAT synthesis in remaining cholinergic fibers without affecting 
their regenerative growth. However, in these experiments, NGF 
treatment, besides stimulating CAT activity in the hippocam- 
pus, resulted in increased CAT activity in septum, and this 
increase in septal CAT activity was not transitory, as it was still 
present several weeks after termination of the NGF applications 
(Hefti et al., 1984; Will and Hefti, 1985). On the basis of these 
findings, it was hypothesized that NGF might affect survival of 
septal choline& neurons. I now report that NGF is able to 
promote survival of forebrain choline& neurons after axonal 
injury in vivo. 
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Figure 1. Transection ofthe fimbria as performed in the present study. 
At anteroposterior level A6100 (Koenig and Klippel, 1963) a specially 
designed knife was inserted into the brain and moved laterally. Because 
of the elasticity of the fimbria, and to ensure its transection, it was 
necessary to move the knife further laterally than the fimbria’s normal 
lateral position. CC, Corpus callosum; CZ, internal capsule; CP, caudate 
putamen; F, fomix; GP, globus pallidus. 

Materials and Methods 

Fimbrial transections and NGF treatment 
The septo-hippocampal fibers were transected in adult female Wistar 
rats (200 gm) by cutting the fimbria. A specially designed knife was 
lowered into the brain at anteroposterior level A6000 (according to the 
atlas of Koenig and Klippel, 1963) and at a position 1 .O mm lateral to 
the midline. The knife was moved vertically into the brain until its tip 
reached the dorsoventral level of 0.5 mm. It was then moved laterally 
to 4.0 mm lateral to the midline and retrieved at this position (see Fig. 
1). After making the lesion, a cannula was inserted into the lateral 
ventricle of the lesioned side and permanently fixed. Twice weekly, the 
lesioned animals received intraventricular injections of mouse 2.5 S 
NGF (10 pg in 5 ~1 of saline) or of an equal amount of control protein 
(cytochrome c, which has biochemical properties similar to those of 
NGF, but no activity on NGF receptors; see Hefti et al., 1985). 

Histochemistry 
Four weeks after lesioning, NGF-treated and control animals were sac- 
rificed and their brains were taken for histochemical analysis. Cholin- 
ergic cell bodies were visualized using AChE histochemistry after pre- 
treatment with diisopropylfluorophosphate (DIP), following Butcher et 
al. (1975). Animals received 2 mg/kg of DFP and were killed 8 hr later 
by intracordial perfusion with PBS containing 4% formaldehyde, 1% 
glutaraldehyde, and 5% sucrose. Brains were frozen and frontal sections 
of 30 Mm thickness were cut and taken for Nissl staining using cresyl 
violet (Clark, 198 1), or for visualization of AChE (Geneser-Jenden and 
Blackstad, 1979). 

For AChE histochemistry, brain sections were incubated for 1 hr at 
37°C in 50 mM acetate buffer, pH 5.0, containing 4 mM acetylthio- 
choline, 2 mM cupric sulfate, and 10 mM glycine. Nonspecific esterases 
were inhibited by inclusion of 0.2 mM ofethopropazine in the incubation 
medium. Sections were rinsed with H,O, exposed for 1 min to 1.25% 
Na,S, washed with H,O, and exposed for 1 min to 1% AgNO,. The 
sections were then washed with H,O, dehydrated, and mounted. Spec- 
ificity of the staining was tested using the AChE inhibitor 1,5-bis(4- 
allyldimethylammoniumphenyl)pentan-3-on dibromide (BW 284C5 1). 

Figure 2. Counting of cholinergic neurons in animals with fimbrial 
transections. Brains were sectioned in a standardized manner, and neu- 
rons were counted between anteroposterior levels A6700 and A9000 
(Koenig and Klippel, 1963). Cholinergic neurons were ascribed to one 
of the following two groups: first, to medial septal nucleus and the 
vertical limb of the diagonal band of Broca (i.e., areas containing cho- 
linergic neurons projecting to hippocampus; dots); second, to the hor- 
izontal limb of the diagonal band of Broca and substantia innominata 
(i.e., areas containing cholinergic neurons not projecting to the hippo- 
campus; triangles). CA, Anterior commissure; CC, corpus callosum; 
CP, caudate putamen. 

Cell counting 
To count cholinergic cell bodies in the septal area, brains of lesioned 
animals were cut in a standardized manner. The sectioned part of the 
brain contained the entire medial septal nucleus and the diagonal band 
of Broca, i.e., the areas containing cell bodies projecting to the hippo- 
campus (McKinney et al., 1983; Fig. 2). Twenty-four sections (30 pm) 
were taken between anteroposterior levels A6700 and A9000 (Koenig 
and Klippel, 1963), and the number of AChE-positive cell bodies was 
counted using a L&z Dialux 22 microscope. The total number of cho- 
linergic cell bodies was calculated by multiplying the number ofcounted 
cells in 24 sections by 3, thereby accounting for the fact that only every 
third section was taken for analysis. Cells were assigned to medial septal 
nucleus, the vertical limb of the diagonal band of Broca, the horizontal 
limb of the diagonal band of Broca, and substantia innominata, as 
defined by McKinney et al. (1983). The border between the vertical and 
horizontal limb of the diagonal band was defined as shown in Figure 2. 

Materials 
Chemicals of analytical grade were obtained from Sigma or Mallinck- 
rodt. Mouse NGF was purified from adult mouse submandibular glands 
according to the method of Bocchini and Angeletti (1969), with the 
modifications described by Suda et al. (1978). 

Results 

Efects of lesion 
Unilateral fimbrial transections resulted in a loss of large cell 
bodies, visualized by Nissl staining, in the areas of the medial 
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Figure 3. Neuronal degeneration after unilateral fimbrial transection. A-C, Sections taken for Nissl staining 3 weeks after lesioning. A corresponds 
to level A8400; B and C to level 7000 of the atlas of Koenig and Klippel(l963; see Fig. 2). C, Vertical bars indicate the median of the brain. A 
reduction of the number of large cell bodies is evident on lesioned (right) sides. D, A section stained for AChE 4 d after lesioning. Arrow indicates 
the median of the brain. Swollen fibers, indicative of degenerative changes, are visible on the lesioned side. Bars, 100 pm in A, B, and D, 50 pm 
in C. ms, Medial septal nucleus; vl, horizontal (ventral) limb of the diagonal band of Broca; dZ, dorsal (vertical) limb of the diagonal band of Broca. 
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Figure 4. Effect of intraventricular administration of NGF on choline& neurons in medial septal nucleus after axonal transections. Rats received 
unilateral fimbrial transections and were then injected intraventricularly over 4 weeks with NGF (10 pg twice weekly) or with equal amounts of a 
control protein. Four weeks after lesioning, animals were taken for visualization of cholinergic cell bodies, using AChE histochemistry after 
pretreatment with DFP. A, Septal area of a lesioned control animal. B, Same area of a lesioned animal treated with NGF. C and D, Medial septal 
nucleus of a control and an NGF-treated animal, respectively. Arrows indicate the median of the brain. Bars, 100 pm. UC, Nucleus accumbens; hl, 
horizontal limb of the diagonal band of Broca; vl, vertical limb of the diagonal band of Broca. 

septal nucleus and the vertical limb of the diagonal band of 
Broca (Fig. 3) in confirmation of earlier findings (Daitz and 
Powell, 1954). This cell loss became evident 2-3 weeks after 
transections. During the first week after lesioning, enlarged cell 

bodies were occasionally observed in the septal area of the le- 
sioned side. 

AChE histochemistry after pretreatment with DIP, as per- 
formed in the present study, resulted in visualization of cell 
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bodies in septum, nucleus of the the diagonal band of Broca, 
substantia innominata, and nucleus basalis in unlesioned con- 
trol animals and on control sides of lesioned animals. AChE 
visualized after pretreatment with DFP has been shown to be 
a reliable marker for choline& neurons in these nuclei, since 
80-90% of all AChE-positive neurons were found to be co- 
stained for CAT (Eckenstein and Sofroniew, 1983; Levey et al., 
1983). In lesioned control animals, the fimbrial transections 
resulted in a pronounced reduction of the number of AChE- 
positive cell bodies in the medial septal nucleus and in the 
vertical limb of the diagonal band on the brain side ipsilateral 
to the lesion (Fig. 4). The disappearance of AChE-positive cell 
bodies paralleled that of the large cell bodies visualized by Nissl 
staining. Reductions in the number of AChE-positive cells be- 
came maximal 2-3 weeks after lesioning. During the first week 
after transection, swollen AChE-positive fibers were found 
throughout the septal area (Fig. 30). 

The fact that fimbrial transections resulted at first in the ap- 
pearance of swollen AChE-positive fibers, and later in the dis- 
appearance of AChE-positive cell bodies and of the large cell 
bodies visualized by Nissl staining, indicates that these lesions 
produced retrograde degeneration of cholinergic cells located in 
the medial septal nucleus and the vertical limb of the diagonal 
band of Broca. Cholinergic neurons located in the horizontal 
limb of the diagonal band, in substantia innominata and nucleus 
basalis, were not affected by the lesions. These findings confirm 
that cholinergic neurons projecting to the hippocampus are lo- 
cated in medial septal nucleus and the vertical limb of the di- 
agonal band (McKinney et al., 1983; Meibach and Siegel, 1977; 
Mesulam et al., 1983; Segal and Landis, 1974; Wainer et al., 
1984). 

Effects of NGF treatment 
Since degenerative changes in the septal area after fimbrial tran- 
sections were complete after 2-3 weeks, a period of 4 weeks was 
chosen to study the effects of NGF administration. In lesioned 
control animals receiving intraventricular injections of a control 
protein over 4 weeks, there was a pronounced loss of AChE- 
positive neurons, as observed before. In contrast, there was no 
obvious difference in the number of AChE-positive cells be- 
tween the lesioned and the control side in all areas containing 
cholinergic cell bodies in lesioned animals chronically treated 
with NGF (Fig. 4). 

For quantitative comparisons, cholinergic neurons projecting 
to the hippocampus (i.e., those located in the medial septal 
nucleus and the vertical limb of the diagonal band) were grouped 
together and compared with neurons not projecting to the hip- 
pocampus (i.e., those located in the horizontal limb of the di- 
agonal band and the substantia innominata). The quantitative 
analysis was restricted to areas anterior to the anterior com- 
missure and therefore did not include nucleus basalis (see Fig. 
2). In lesioned control animals, the fimbrial transections reduced 
the number of AChE-positive cell bodies in medial septal nu- 
cleus and the vertical limb of the diagonal band to 50% of the 
number counted on the unlesioned side (Table 1). In contrast, 
in lesioned animals chronically treated with NGF, the number 
of AChE-positive cell bodies in these areas was reduced only 
by 12% on the lesioned side (Table 1). These findings indicate 
that the chronic intraventricular injections of NGF were able 
to attenuate the degeneration of cholinergic neurons produced 
by the fimbrial transections. 

In contrast to the almost complete prevention by NGF of the 
lesion-induced disappearance of AChE-positive cell bodies, NGF 
treatment only partly counteracted the disappearance of large 
cell bodies observed in Nissl-stained sections. The number of 
large cell bodies on the lesioned sides of NGF-treated animals 
was higher than that on the lesioned sides of control animals, 
but did not reach control levels (Fig. 5). In sections of NGF- 

Table 1. Effect of intraventricular injections of NGF on the number 
of cholinergic neurons surviving in basal forebrain nuclei after 
fimbrial transections” 

Animals 

Controls (9) 

Horizontal limb 
Medial septum and of diagonal 
vertical limb of band and sub. 
diagonal band innominata 

Control side 
Lesioned side 

(% of control side) 

NGF-treated (10) 

1428 t 114 1407 + 120 
696 + 69b 1260 + 111 

(49.9 AZ 3.9) (89.8 + 2.3) 

Control side 1377 + 93 1263 f 99 
Lesioned side 1209 + 99 1242 f 93 

(% of control side) (87.8 + 6.2p (98.8 f 2.1) 

Animals were lesioned as described in the text and were injected intraventricularly 
over 4 weeks with NGF (10 pg, twice. weekly) or with equal amounts of a control 
protein (controls). Cholinergic neurons were visualized as described in the legend 
of Figure 2. To facilitate the counting of cholinergic cell bodies in the septal area, 
brains of lesioned animals were cut in a standardized manner. The sectioned part 
of the brain contained the entire medial septal nucleus and the diagonal band of 
Broca, i.e., the areas containing cell bodies projecting to the hippocampus. Twenty- 
four sections were taken between anteroposterior levels A9000 and A6700. 
Choline& cell bodies were ascribed to one of the following groups: to medial 
septal nucleus and the vertical limb of the diagonal band of Broca (i.e., areas 
containing cholinergic neurons projecting to the hippocampus); or to the horizontal 
limb of the diagonal band and substantia innominata (i.e., areas containing 
cholinergic neurons not projecting to the hippocampus). The total number of 
cholinergic cell bodies was calculated by multiplying the number of counted cells 
in 24 sections by 3, thereby accounting for the fact that every third section only 
was taken for analysis. 
0 Means f SEM; number in parentheses indicates number of animals analyzed. 
b Different from corresponding side; p < 0.01 (analysis of variance). 
c Different from lesioned side of control animals; p < 0.01 (analysis of variance). 

treated animals taken for both AChE and Nissl staining, all the 
large cell bodies on the lesioned sides were co-stained for AChE 
(Fig. 6). On control sides, approximately half of the large cell 
bodies showed positive staining for AChE, confirming earlier 
findings indicating that choline& neurons represent 30-50% 
of the entire population of large cell bodies in the medial septal 
nucleus and the diagonal band of Broca (Mesulam et al., 1983; 
Wainer et al., 1985). These non-cholinergic neurons also con- 
tribute to the septo-hippocampal pathway (Wainer et al., 1985). 
The findings of the present study suggest that NGF treatment 
only counteracts the lesion-induced degeneration of the cholin- 
ergic septo-hippocampal neurons, but not that of other types of 
septal neurons contributing to this pathway. 

Discussion 
The results of the present study indicate that NGF promotes 
the survival of forebrain cholinergic neurons after axonal tran- 
section. Earlier findings had demonstrated that NGF was able 
to elevate CAT levels in forebrain cholinergic neurons studied 
in vivo and in vitro (Gnahn et al., 1983; Hefti et al., 1984, 1985; 
Honegger and Lenoir, 1982; Toniolo et al., 1985). However, in 
cultures of fetal septal neurons, NGF failed to promote the 
survival of cholinergic neurons (Hefti et al., 1985). On the basis 
of these findings, it had been concluded that the role of NGF 
in the function of forebrain cholinergic neurons was limited to 
a regulation of the synthesis of transmitter-specific enzymes 
(Hefti et al., 1985). The findings ofthe present study significantly 
broaden the role of NGF in the function of forebrain choline& 
neurons by indicating that NGF is able to affect the survival of 
these cells. 

Transection of peripheral nerves does not result in degener- 
ation of neurons but, rather, leads to the characteristic chro- 
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Figure 5. Effect of chronic intraventricular administration of NGF on 
the number of N&l-stained cell bodies in the medial septal nucleus 
after fimbrial transection. Animals were treated as described in the 
legend of Figure 4, and were then taken for staining with cresyl violet. 
A and B, Medial septal nucleus of a control animal and of a NGF- 
treated animal, respectively. Arrows indicate the median of the brain. 
Asterisk points to an area containing large cell bodies on the lesioned 
side of an NGF-treated animal. Bar, 100 pm. 

matolytic response of the cell body and axonal regeneration. In 
choline& motoneurons and autonomic ganglion cells, chro- 
matolysis is associated with reduced expression of AChE (for a 
review, see Lieberman, 197 1). On the basis of these facts, it 
could be argued that the disappearance of AChE staining in the 
septal area after fimbrial transections, as was observed in the 
present study, does not reflect degeneration of cholinergic neu- 
rons but only a down-regulation of AChE synthesis. However, 
results obtained with Nissl staining clearly indicate a loss of 
large cell bodies in medial septal nucleus and in the diagonal 
band of Broca (cJ Figs. 3, 5, and 6). These findings are in 
agreement with those of an earlier study reporting extensive cell 
loss after fimbrial transections in rats (Daitz and Powell, 1954). 
NGF treatment resulted in a partial prevention of the loss of 
Nissl-stained large cell bodies in the septal area, in accordance 
with the fact that 30-50% of the large cells in medial septal 
nucleus and the diagonal band are cholinergic. This very strongly 
suggests that septal cholinergic neurons indeed degenerate after 
fimbrial transections and that NGF is able to promote their 
survival. However, the findings do not completely rule out the 
possibility that fimbrial transections did not result in degener- 

ation of cell bodies, but only in shrinkage associated with a 
complete loss of AChE expression. Shrinkage of cholinergic neu- 
rons located in nucleus basalis has been reported to occur after 
cortical damage in the rat (Sofroniew et al., 1983) and in the 
brains of patients affected with Alzheimer’s disease (Pearson et 
al., 1983). However, even though smaller in size, these cholin- 
ergic neurons still expressed the choline& enzymes CAT and 
AChE, and their cell bodies could be visualized using histolog- 
ical techniques for both these markers. Therefore, there is no 
example of axonal transection resulting in shrinkage of the cell 
body and complete loss of transmitter-specific enzymes, and it 
seems most probable that, in the present study, fimbrial tran- 
section did indeed result in degeneration of the forebrain cho- 
linergic neurons. 

The septo-hippocampal pathway lesioned in the present study 
represents the best-characterized part of the ascending cholin- 
ergic projection of the basal forebrain, which innervates cortex 
and hippocampus (McKinney et al., 1983; Mesulam et al., 1983; 
Wainer et al., 1984). The septo-hippocampal pathway was cho- 
sen to study the effects of NGF on the survival of cholinergic 
neurons after injury because its anatomy is well described and 
the fibers coursing through the fimbria are easily accessible for 
lesioning (Meibach and Siegel, 1977; Milner et al., 1983; Nadler 
et al., 1974; Segal and Landis, 1974). All parts of the ascending 
cholinergic neurons apparently react to NGF since, besides pro- 
moting survival of septal cholinergic neurons, NGF also stim- 
ulates survival of cholinergic neurons from nucleus basalis in 
vitro (F. Hefti, unpublished observations). Furthermore, NGF 
injected into hippocampus and cortex is taken up and trans- 
ported in retrograde fashion to cell bodies in septum and nucleus 
basalis (Seiler and Schwab, 1984). Furthermore, cholinergic in- 
terneurons of the striatum have been reported to react to NGF 
(Mobley et al., 1985; Martinez et al., 1985). Ascending cholin- 
ergic neurons of the basal forebrain and cholinergic striatal in- 
terneurons seem to be the only groups of central neurons that 
react to NGF. NGF’s lack of effect on central catecholaminergic 
neurons has been amply demonstrated (Dreyfus et al., 1980; 
Konkol et al., 1978; Schwab et al., 1979). In cultures of brain 
neurons in which NGF elevated CAT activity, the activities of 
enzymes involved in the synthesis of GABA and catecholamines 
were not affected (F. Hefti, unpublished observations). Fur- 
thermore, NGF injected into hippocampus and cortex is taken 
up and transported in retrograde fashion by forebrain cholin- 
ergic neurons only, and not by other neurons having terminals 
in these areas (Schwab et al., 1979; Seiler and Schwab, 1984). 
However, the effects of NGF are not related to the type of 
transmitter used by a neuron. In the PNS, catecholaminergic 
sympathetic neurons are affected. In the brain, both cholinergic 
neurons of the basal forebrain and of the corpus striatum, but 
not the choline&c motoneurons, respond to NGF (Dribin and 
Barrett, 1980; Mobley et al., 1985; Smith and Appel, 1983). 

Fimbrial transections, as described in the present study and 
performed bilaterally, result in deficits in the rats’ performance 
in a radial maze task. These behavioral deficits are alleviated 
by chronic intraventricular applications ofNGF (Will and Hefti, 
1985). Given the finding that NGF increases CAT activity in 
remaining cholinergic fibers in such animals (Hefti et al., 1984), 
it has been hypothesized that these behavioral improvements 
might be due to a facilitation of cholinergic transmission in the 
hippocampus. The findings of the present study indicate that 
such an effect might also be mediated by septal choline& neu- 
rons rescued by NGF from lesion-induced degeneration. The 
notion that NGF’s effect on radial maze performance involves 
cholinergic neurons is supported by the fact that these neurons 
have a major role in memory function (Bartus et al., 1982; 
Biedermann, 1975; Davies, 1985; Matthies, 1974). However, 
at the present time there is no evidence that directly supports 
the notion that the NGF-mediated improvement in behavioral 
performance involves changes in cholinergic transmission, and 



The Journal of Neuroscience NGF Promotes Survival of Forebrain Cholinergic Neurons 2161 

Figure 6. Combined Nissl- and AChE-staining of medial septal nucleus of an animal with a unilateral fimbrial transection, and treated with NGF. 
Vertical bars indicate position of the brain median. Large, strongly stained cell bodies represent AChE-positive cells, which are found on both sides 
of the brain. Weak staining indicates Nissl stain. Large, AChEnegative cell bodies visualized with Nissl staining (indicated by aster&) are present 
on the control, but not on the lesioned (right), side. Horizontal bar, 50 pm. 

the possibility that the effect is mediated by other neuronal 
systems cannot be excluded. 

The findings of this study have implications for human Alz- 
heimer’s disease, which is associated with a selective loss of 
cholinergic neurons of the basal forebrain (Bartus et al., 1982; 
Coyle et al., 1983; Davies, 1985). Even though some other neu- 
ronal systems are also affected, the loss of choline& neurons 
seems to be a principal factor responsible for the memory loss 
that is characteristic of this disease. A treatment preventing the 
degeneration of these neurons would therefore be of great value 
in the therapy of this disease. Such a therapeutic tool might 
promote the survival of remaining cholinergic neurons in mildly 
affected patients and might therefore prevent the normally pro- 
gressive behavioral deterioration. I have earlier hypothesized 
that the selective loss of cholinergic neurons in Alzheimer’s 
disease might be caused by a lack of NGF available to these 
neurons (Hefti, 1983). The idea was based on the general hy- 
pothesis of Appel(198 l), who suggested that diseases associated 
with selective neuronal degeneration might be due to absence 
of the corresponding neurotrophic factor. I also drew attention 
to the possibility that NGF, or drugs mimicking NGF’s actions, 
might be useful in the treatment of Alzheimer’s disease. The 
new findings indicating that, in experimental animal models, 
NGF promotes the survival of cholinergic neurons after axonal 
injury strongly support this notion. 
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